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Abstract: We newly developed a three-dimensional subsurface velocity model beneath the Chukyo area,
central Japan, which is one of the most populated and industrial regions in Japan. This region expands on
the ancient "Lake Tokai' sedimentary basin with sediments of over 2000 m thickness. The model fully
covers the sedimentary basin, which consists of the Nobi Plain, the Ise Plain, the Ise Bay, the Chita
Peninsula, and the Okazaki Plain. We have also included the Toyohashi Plain and the Enshu Plain in the
model region. We compiled geophysical and geological data such as well data, depth sections of seismic
surveys, dispersion curves of phase velocity determined from microtremor array surveys, gravity
anomaly, seismic records of natural earthquakes. We newly added depth sections of seismic surveys
conducted in the Nobi Plain and the Ise Plain and the results of microtremor array surveys conducted in
the Chita Peninsula. We first constructed a subsurface geologic model, focusing on distribution of basin-
filled sediments and shape of the basin floor. As a result, our model is different from preexisting models
in several aspects (e.g., western edge of the Nobi Plain and the Ise Plain). We then investigated depth-
dependence of velocity of each sedimentary layer considered in the previous step, and divided the model
region into several areas, assigning different depth-dependence of the velocity on each area. Using the
depth-dependences, we “converted' the subsurface geologic model into a subsurface velocity model, and
tuned the derived velocity model with spectral ratio of the radial component to the vertical component
estimated from the S-coda parts of observed seismic waves. We finally simulated the whole part of
observed seismograms from moderate earthquakes. The simulated ground motions from moderate
earthquakes that occurred in and near the basin principally explain the observed ground motions.
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Table 1. Data used in each step of constructing the subsurface velocity model.

velocity tuning of verification of

data source geologic model model velocity model  velocity model

surface geology
drilling
well-logging
seismic survey

gravity anomaly

© © © © o ©

microtremor array survey
strong motion records 0 0

%2 &K, AR THEH LU EXS.
Table 2. Layers adopted in this study.

(a) Ise Plain, Nobi Plain, Chita Peninsula and Okazaki Plain.

Geologic Time Layer name
late Pleistocene - Holocene Layer A
Pliocene - middle Pleistocene Layer B
Miocene Layer C
Pre-Neogene basement

(b) Toyohashi Plain and Enshu Plain.

Geologic Time Layer name
Layer QI
Quaternary Layer Q2
Layer Q3
unknown Layer D*
Pre-Neogene basement

*exists only beneath the Toyohashi Plain.
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Table 3. Coefficients that describe depth-dependence of S-wave velocity and cut-off velocities.
See Figure 8 for the locations of each region. (a) Layer A, (b) Layer B, (c) Layer C, and
(d) Toyohashi Plain and Enshu Plain.

(a) Layer A (D=aVs’+bVs)

Region Ise Nobi 1 Nobi2 | Nobi3 N. Chita Okazaki
a 0.514 0.463 0.463 0.134 0.000 0.000
b -0.078 -0.258 -0.037 0.12 0.076 0.076
Cut-off Velocity (km/s) 0.6 1.1 1.1 0.7 0.5 0.5

(b) Layer B (Vs=aVs+c)

Region lse | Nobil | Nobi2 | Nobi3 | M@ | opazaki
S. Chita
a 1.162 1.221 0.858 0.965 1.230 0.850
b 0.347 0.286 0.493 0.224 1.000 0.592
c 0.161 0.081 0.297 0.000 0.406 0.300
Cut-off Velocity (km/s) 0.6 1.5 1.5 0.7 1.4 1.0
(c) Layer C (Vs=aVs"+c)
Region Ise, Nobi 1, Nobi2, Nobi 3, N.Chita. Okazaki S. Chita
a 0.238 1.162
b 1.000 0.144
c 1.019 0.670
Cut-off Velocity (km/s) 1.8 1.8
(d) Toyohashi Plain and Enshu Plain
equation (D: depth, Cut-off velocit
Layer Name V;l: S-Wav(e Velorc)ity) a b ¢ (km/s) g
Q1 D=aVs'+bVs 0.022 0.005 N/A 0.6
Q2 Vs=aD'+c 1.175 0.398 0.132 0.7
Q3 Vs =c (constant) N/A N/A 0.700 N/A
Layer D Vs =c (constant) N/A N/A 1.900 N/A

Ak MU ZEoPREEL S B E L ORRAOHEE.
Vp=aVs*+bVs+e AE. BHIONIRITE 8 ME .

Table 4. Coefficients that describe Vp- Vs relation. It is assumed
that Vp=aVs™+bVs+c. See Figure 8 for the locations of
each region.

Layer Name a b c
A 0.234 0.560 1.435
B 0.431 0.585 1.233
C 0.000 1.298 1.456
Q1 0.234 0.560 1.435
Q2 0.431 0.585 1.233
Q3 0.000 0.000 1.700
D 0.000 0.000 4.000
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Table 5. Hypocentral parameters of the events used in the tuning of the subsurface velocity
model (after the earthquake catalogue by the Japan Meteorological Agency).

E;/;nt Year Month Day Hour Minute Second L(a;;t;()ie Lo(réilgtgde ?;Iz)h MIMA
1 1997 3 16 14 51 390.1 34.928 137.525 39 5.9
2 1997 5 24 2 50 38.4 34.501 137.500 23 6.0
3 1998 4 22 20 32 48.4 35.176 136.563 8 5.5
4 1999 3 16 16 43 353 35.930 135.277 12 5.2
5 1999 8 21 5 33 10.9 34.042 135.474 70 5.4
6 1999 11 29 21 34 4.1 35.113 137.027 45 4.8
7 2000 6 5 9 54 41.3 35.721 136.110 9 4.9
8 2000 6 7 16 43.2 36.826 135.563 21 6.2
9 2000 10 6 13 30 17.9 35.274 133.349 9 7.3
10 2000 10 31 1 43 53.0 34.299 136.322 39 5.7
11 2001 1 6 11 48 12.8 35.388 137.117 48 4.8
12 2001 2 23 7 23 47.9 34.793 137.549 32 5.0
13 2001 3 24 15 28 54.5 34.132 132.694 47 6.7
14 2001 4 3 23 57 12.4 35.024 138.094 30 5.3
15 2001 8 25 22 21 25.1 35.152 135.660 8 5.4
16 2001 9 27 18 14 50.4 34.868 137.126 16 43
17 2004 1 6 14 50 52.0 34216 136.714 38 5.4
18 2004 9 5 19 7 7.5 33.033 136.798 38 7.1
19 2004 9 5 23 57 16.8 33.138 137.141 44 7.4
20 2004 9 7 8 29 36.3 33.209 137.293 41 6.5
21 2004 9 8 3 36 21.1 33.225 137.189 40 5.5
22 2004 9 8 23 58 23.2 33.118 137.288 36 6.5
23 2004 10 23 17 56 0.3 37.292 138.867 13 6.8
24 2004 10 23 18 3 12.7 37.354 138.983 9 6.3
25 2004 10 23 18 34 5.7 37.306 138.930 14 6.5
26 2004 10 27 10 40 50.2 37.292 139.033 12 6.1
27 2004 11 9 0 7 25.1 33.788 138.411 51 5.7
28 2005 1 9 18 59 30.3 35.312 136.851 13 4.7
29 2005 3 20 10 53 40.3 33.738 130.175 9 7.0
30 2005 8 16 11 46 25.7 38.150 142.278 42 7.2
31 2006 6 12 5 1 24.8 33.133 131.407 146 6.2
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Table 6. Material constants of crust and mantle assumed in the numerical simulations of waveforms
observed during the moderate earthquakes. See Fig. 15 for the depths of the Conrad and Moho.

Depth Vp (km/s) Vs (km/s) p (g/cm’)
0 or bottom of the basin - 5 km 5.5 3.2 2.63
5 km - Conrad 6.0 34 2.7
Conrad - Moho 6.7 3.8 2.9
below Moho 7.8 4.4 33

873 BT ORIEY 2 L — a v T L BB OB IR ST A— 4.
Table 7. Source parameters of the events used in the numerical simulations of observed
waveforms from the moderate earthquakes.

Event Event origin time Lat. Lon. Depth Mo strike dip rake rise time
ID (yyyy/mm/dd hh:mm:ss)  (deg.) (deg.) (km) (Nm) (deg.)  (deg.) (deg.) (s)
\%! 1998/04/22 20:32:48 35.176  136.563 8 6.74x 10" 163 29 53 0.6
V2 2007/05/15 12:19:29 34791 136.408 11 391x10"° 353 52 115 0.6
V3 2000/10/31 01:42:53 34299 136.322 38 1.70 x 10" 306 72 130 0.6
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Mz : iR (B3 72A), Sd : i3 (L725).

Fig. 1. Index map showing the location of the Chukyo region. A subsurface model is constructeed

for the region shown as the right panel. Black lines stand for active fault after Nakata and
Imaizumi (2002). YF stands for Yoro fault. Black dashed lines show major tectonic lines.
MTL means the Median Tectonic Line. ATL the Akaishi Tectonic Line. Blue lines show
major rivers in this region. NP means the Nobi Plain, IP the Ise Plain, IB the Ise Bay, CP
the Chita Peninsula, OP the Okazaki Plain, TP the Toyohashi Plain, EP the Enshu Plain.
UB is the Ueno basin, YRM the Yoro mountains, SZM the Suzuka mountains, NNM the
Nunobiki mountains, Sz Suzuka, Km Kamaeyama, Sk Seki, Is Isshi, Kg Kawage, Yk
Yokkaichi, Mz Mizunami, Sd Sidara.
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Fig. 2. Surface geological map used in this study. Contour lines show Bouguer anomaly high-

pass filtered with a corner wavelength of 100 km. The assumed density is 2.67 g/cm’.
Geological map used in this study is simplified from the seamless geological map
compiled by Geological Survey of Japan (2005). The original seamless geological map
is edited by Koji Wakita, Shinji Takarada, and Toshie Igawa of the Institute of Geology
and Geoinformation, AIST.
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F3 M. MBS T TV OERICHE R L7e7 — 2000, () Jelis =R
ICEELTWD (RHL) Ay, HREIRAS 200 m 22 CT0D (FkEDOR) R—
Vo7 HA hOoA. (b) HERERARHINR () L@ L—EREOT.L (2
). DDT & 7= R PR AT AR LR TR AR SR LA R 7 = 7 b
(KKFR) CIThI IR PR A ORIM (Sato et al., 2008) %77

Fig. 3. Data used in this study. (a) Distribution of boreholes that reach pre-Neogene
basement rock (red circles) or boreholes with a depth of more than 200 m
(open cirlces). (b) Distribution of seismic survey lines (solid lines) and the
centers of array observation of micro tremor (triangles). The seismic survey
line with the letters "DDT" is the seismic survey line in the Special Project
for Earthquake Disaster Mitigation in Urban Areas (Sato et al., 2008).
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Fig. 4. Map showing the distribution of seismic stations (closed circles) used in this study. The
basemap is the surface geological map shown in Fig. 2. The colors filling the circles
stand for periods at which the ratio of the Fourier spectrum of a radial component to
that of a vertical component reaches the maximum value. The spectrum ratio was
estimated from S-wave codas.
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Y

( Final velocity model )
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Fig. 5. Flowchart for constructing the subsurface velocity model from the geological model.
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Fig. 6. Maps showing the distribution of sediments in the geological model constructed in this study. Only a
major part of the model region is shown. The left panels show the altitude of the corresponding

sediment while the right panels show the thickness. (a) Layer A, (b) Layer B, (c) Layer C.
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Fig. 7. Comparison of the depth distribution of the basin floor. (a) A preexisting model (Aichi Prefecture,
2005), (b) the geological model constructed in this study, (c) depth difference. A positive value
means that the basin floor of our model is deeper than that of the pre-existing model.
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Fig. 8. Map showing the boundaries of the regions in each of which the same velocity profile is used.
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Fig. 9. Comparison of dispersion curves of phase velocity of Rayleigh wave obtained from micro-tremors
observed in the Nobi Plain. (a) Map showing the locations of array sites used in division of the
model space into several areas each of which the same velocity profile is used. Symbols are
different area by area. (b) Comparison of dispersion curves. One dispersion curve is selected
from each of three regions. (d) Comparison of dispersion curves obtained at sites categorized into
Nobi 1. (e) Same as the panel (c) except for Nobi 2. (f) Same as the panel (c) but for Nobi 3.
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Fig. 9. Continued.
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Fig. 10. Flowchart for inferring depth-dependence of seismic velocities.
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Fig. 11. Derived depth-dependence of S-wave velocity. Broken lines stand for depth-
dependence of S-wave velocities when reaching the cut-off velocities. See Table 2 for
values of coefficients and cut-off velocities.
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Fig. 12. Empirical relations between P-wave velocity and S-wave velocity.
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Fig. 13. Distribution of epicenters of the events used in the modification of the
subsurface velocity model. Note that not all events are recorded at each
station. See Table 5 for the hypocentral parameters of these events.
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Fig. 14. Distribution of the depth to the top of the basement after

modification with seismic data.
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structure was used in numerical simulation of moderate-size
crustal earthquakes.
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Fig. 16a. Result of numerical simulation of a moderate-size crustal earthquake (Event ID
V1) whose source parameters are given in Table 7. (a) Map showing the
epicenter of the target earthquake and stations used in this study. The assumed
focal mechanisms are also plotted with lower hemisphere projection.
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Result of numerical simulation of a moderate-size crustal earthquake (Event ID V1) whose source

parameters are given in Table 7. (b) Comparison of waveforms observed at rock (pre-Tertiary basement)
sites and synthetic waveforms. Observed waveforms and synthetic waveforms are shown in black curves
and red curves, respectively. Fourier spectra are also compared. Observed Fourier spectrum and synthetic
one are shown with black and red curves, respectively.
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Fig. 16c. Result of numerical simulation of a moderate-size crustal earthquake (Event ID
V1) whose source parameters are given in Table 7. (c) Comparison of waveforms
recorded at stations on sediment and synthetic waveforms. Fourier spectra are
also compared. The origin of time axis is the event origin time.
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Fig. 16d. Result of numerical simulation of a moderate-size crustal earthquake (Event ID V1) whose
source parameters are given in Table 7. (d) Comparison of waveforms recorded at stations on
sediment and synthetic waveforms. Fourier spectra are also compared. The origin of time axis
is the event origin time.
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Fig. 17a. Same as Fig. 16 except for the target earthquake is another crustal earthquake. See
the panel (a) for the epicenter and the adopted focal mechanism. See also Table 7
for the source parameters.
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Fig. 17b. Same as Fig. 16 except for the target earthquake is another crustal earthquake (Event ID V2). See the
panel (a) for the epicenter and the adopted focal mechanism. See also Table 7 for the source parameters.
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Fig. 17c. Same as Fig. 16 except for the target earthquake is another crustal earthquake (Event ID V2).
See the panel (a) for the epicenter and the adopted focal mechanism. See also Table 7 for the
source parameters.
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Fig. 17c. Continued.
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Fig. 17d. Same as Fig. 16 except for the target earthquake is another crustal earthquake (Event ID V2). See the
panel (a) for the epicenter and the adopted focal mechanism. See also Table 7 for the source parameters.
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Fig. 18a. Same as Figure 16 except for the target earthquake is an intra-slab earthquake
(Event ID V3). See the panel (a) for the epicenter and the adopted focal mechanism.
See also Table 7 for the source parameters.
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Fig. 18b. Same as Figure 16 except for the target earthquake is an intra-slab earthquake (Event ID V3). See the panel (a) for the
epicenter and the adopted focal mechanism. See also Table 7 for the source parameters.
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Fig. 18c. Same as Figure 16 except for the target earthquake is an intra-slab earthquake (Event ID V3).
See the panel (a) for the epicenter and the adopted focal mechanism. See also Table 7 for the
source parameters.
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250

10

‘ F ' Period (s) Period (s)

0

Period (s)

Period (s)



HRCHI O 3 YT i E Y

(c) UD Comp.
Obs. Time (s) Syn. Time (s)
0 20 40 60 B0 100 0 20 40 60 B0 100
MIEHO08 —— o -
22204A ——~ o1s A -
22236A iy 028 S L s S 1 o2
22231A A 03 AW 029
MIE006 M 0z AWt 04
E43 Mt e L e e PP
22227A —UW shbdihl Liaatnntd niae 0.18 M Afnpns 025
548 AN A AN AN A e e et PP
Y- Nl s VAN T O e s ta i U R e
22202A TV WA IV AN g s s M. )
MIEQO3 — AW WMV eant g fraem AN A 4
KWGE_A —— vl ey 45 o AN AN g g
20225A T I A AN g 4 A WA 5,
20005A | T T WIS MMM (g [ e e A A A A 4
222154 | T TN A g 5 VMRS AN 4
12154A | —— AW VAN o A NN AN AN 0
E?Scm.&’a
. | MIEHOB ||| || 22204A ||| | | ||2223BA | 22231A | || | || MIEODG || [
ZTJM mw m\?\n/ ' M%)
E43 | | || || 22227A || | 548 || 22202A |

|| 22225A |

|| 22215A |

NN

S

Period (s)

18 X, 3.
Fig. 18c. Continued.

w

Period (s)

1 L] 1

Period (s)

251

Period (s)

1 n

Period (s)



GE)NG SR - &5 AT - B BRS - S HEIB— - RZILkE— - PTG - AR - SRR - AL - B BE - JEIRCCH

(d) NS Comp.

Obs. Time (s) Syn. Time (s)

0 20 40 60 80 100 0 20 40 60 80 100
12156A | ——p~ MMM NI 57 [ty g
12110A —‘\'"WWNVMWN\NMWM g1 WAl g
12147A —WWMMMVJ'«WWV\M 06 Ay M WA 47
12150A d J\Uﬂ'allr'u“"nlr“‘" WMWM 063 —“’WMWNWJ\’WWV‘U‘LW 0.8
E2406A AN S| A i, 028 [T AWM o
F2102A _”‘”‘”\NVVWW“’W"\!\MNW 038 | T PAAMINAANISAASANVANY 513
F2101A —WmmwwVw 036 SO PR AN AAA
B2411A | —— WAty 0.29 NSNS NI g

E34 —'_‘“““”‘MWVW\MAWWWWW 047 T AN AN 15
E?Scmz’a
o | 12156A || L12110A | [ [12147A) | 12150A | || | | | E2406A || [
ai“ - m M M mm*
F2102A F2101A B2411A o
Period (s) Period (s) Period (s) Period (s)

F18d M. 16 UL, AL, MEEOXIHRELHIFRITAT 7 NHEE (Event ID V3). ERISIV
FIREMEL (a) 2B BRI A—ZITH T KE S,

Fig. 18d. Same as Figure 16 except for the target earthquake is an intra-slab earthquake (Event ID V3).
See the panel (a) for the epicenter and the adopted focal mechanism. See also Table 7 for the
source parameters.
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