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Recently various seismological studies in Japan suggest a presence of the large-
scale anomalous structure in the upper mantle beneath the Japan arc and its adjacent
island arcs. Many seismological anomalous phenomena are observed in relation to
this anomalous structure. For example, travel times of P-wave passing through such
a structure can differ as much as 5sec and those of S by up to 10 sec from standard
travel times. To explain the observed anomalous travel times and, inversely, to detect
the anomalous structure using observed travel time anomalies, it is necessary to trace
the path of body waves through laterally heterogeneous earth models.

In this study, a recent developed method of three-dimensional seismic ray tracing
is used to interpret P-wave travel time anomalies in Japan obtained from the earth-
quakes occured in and near Japanese region. For this purpose, two different models
of anomalous structure are considered. Omne has a high-velocity (+6%) zone that dips
from the vicinity of the trench beneath the arc to a depth of 500km, and the other
has a dipping high-V (43%) zone and two low-V (—3%) zones that lie in the upper
mantle on the inner (continental) and outer (oceanic) sides of this dipping zone. For
these two models, it is clearly seen that the traced rays, started from both deep and
shallow sources, are anomalously refracted at the upper or lower boundary of the
anomalous structure, and accordingly P-wave travel times are shifted from standard
travel times.

Travel time anomalies computed for the deep source using the first model are
seemed to be consistent with observed anomalies. For the shallow source, however,
the first model makes a wide shadow zone that covers the southern half of Japanese
islands because of the absence of low-V zones. Such a computed travel time pattern
does not agree with the observed one. Therefore, the second model that has low-V
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zones is introduced to explain the observed pattern. Tt is seemed to be reasonable
that the relative velocity contrast between the high-V zone and the surrounding mantle
is 6%. The existing of the outer (oceanic side) low-V zone is not excluded to explain
the observed travel time pattern from the shallow events. But the inner (continental
side) low-V zone is not confirmed in this study.
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Fig. 1. A model for the anomalous structure in the upper mantle
of the northern Japan arc (after UTsU 1971 b).
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Fig. 2. Left; depth contours of the deep seismic plane in and around the
Japan arc. These are based on UTSU and OKADA (1968) for the
Japan arc, FEDOTOV et al. (1969) for the southern Kuril are, and
KATSUMATA and SYKES (1969) for the Izu-Bonin arc. Right;
vertical cross sections at (A), (B) and (C). The seismic plane is
represented by the center line in each inclined zone.
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Table 1. Numerical representation of the upper surface
of the deep seismic zone in the Japan and its
adjacent island arcs.
longitude, °E

lat.
N depth

Okm 50km 100km 150km 200km 250km 300km 350km 400km 450km 500 km
46.0 | 152.8 151.4 149.8 148.0 146.0 143.5 141.0 1385 136.0 133.2 1305
45.5 | 152.0 150.5 148.8 146.8 144.7 141.8 1394 137.1 1347 131.8 129.2
45.0 | 151.2 1495 147.7 145.6 143.2  140.3 138.3 136.0 133.3 130.7 128.2
44.5 | 150.2 148,66 146.5 144.2 141.5 139.2 137.3 135.0 132.3 129.8 1275
44.0 | 149.3 1475 145.1 142.5 1399 138.5 1366 134.2 131.6 129.2 127.1
43.5 | 148.3 1462 143.5 1409 139.3 138.0 1359 133.6 131.2 128.8 126.8
43.0 | 147.2 1447 142.0  140.1 139.0 1376 1353 133.1 130.8 128.6  126.6
42.5 | 145.7 143.1 141.0 139.8 138.8 137.2 1349 1327 1306 1285 1265
42.0 | 144.2 141.8 140.7 139.7 1386 136.9 134.7 1325 130.5 128.5 126.5
41.5 | 142.8 1416 140.6 139.6 1384 136.7 1346 1324 1306 128.6 126.7
41.0 |} 1427 1416 140.6 1396 138.3 136.5 134.5 1324 130.7 128.8 126.9
40.5 | 1427 141.7 140.6 139.5 138.1 136.3 134.5 1325 130.8 129.0 127.2
40.0 | 142.7 141.6  140.6 1394 138.0 136.2 1345 132.6 131.0 129.3 1275
39.5 | 142.6 1416 1405 139.3 137.8 136.1 1345 1328 131.2 129.7 127.8
39.0 | 1424 141.5 1404 139.2 137.7 136.0 134.6 133.0 131.4 130.0 128.3
38.5 | 142.3 141.4 140.2 139.0 137.6 1359 134.7 1332 131.7 130.3 128.7
38.0 142.2 141.2 139.9 138.8 137.5 135.9 134.8 133.4 132.0 130.7 129.2
37.5 | 142.0 140.9 139.7 138.7 137.3  136.0 135.0 133.6 1323 131.1 129.7
37.0 | 141.7 140.6 139.5 1384 137.3  136.2 1352 1339 1327 131.5 130.2
36.5 | 141.1 140.3 1394 138.2 137.3 136.3 1354 134.2 133.0 131.8 130.6
36.0 | 140.7 140.0 139.3 138.2 1374 136.5 135.7 1345 133.3 132.3 131.0
35.5 | 140.3 139.8 139.2  138.3 137.6 136.8 136.0 134.8 133.7 132.7 131.4
35.0 | 140.3 139.8 139.2 138.5 137.8 137.1 136.3 135.2 134.0 133.1 131.8
34.5 | 140.3 139.8 139.3 138.7 138.1 137.4 136.6 1355 134.3 1334 132.2
34.0 | 140.3 1399 1394 138.8 138.3 137.7 1369 1359 1347 133.8 132.7
33.5 | 1404 140.0 1395 139.0 138.5 137.9 137.2 136.2 135.1 134.2 133.0
33.0 | 140.6 140.1 1396 139.2 138.7 138.1 1374 1365 135.5 1345 133.4
32.5 | 140.7 140.2  139.8 139.3 138.8 138.3 137.7 136.8 135.8 134.8 133.8
32.0 | 140.8 140.3 1399 139.5 139.0 138.5 1379 137.1 136.2 135.2 134.2
31.5 | 141.0 140.5 140.1 139.7 139.2 138.7 138.1 137.3 136.5 135.6 134.5
31.0 | 1411 140.6  140.2 139.8 139.3 138.9 138.3 137.6 136.8 135.9 134.8
30.5 | 141.3 1407 140.3 1399 1395 139.1 1385 137.8 137.1 136.2 1352
30.0 | 141.5 140.8 140.4  140.0 139.6 139.2 138.7 138.1 137.3 136.4 135.5
29.5 | 1416 141.0 140.6 140.2  139.8 139.3 138.8 138.3 137.6 136.7 135.8
29.0 | 141.7 141.2 140.8 1404 140.0 1395 139.0 138.5 137.8 137.0 136.1
28.5 | 141.8 141.3 140.9  140.5 140.1 139.7 139.2 138.7 138.0 137.2 136.3
28.0 | 142.0 141.5 141.0 140.7 140.2 139.8 139.3 138.9 1383 137.4 1365
27.5 142.1 141.7 ‘ 141.2  140.8 140.3 139.9 139.5 139.0 1384 137.6 136.7
27.0 | 142.3 1418 1413 1409 140.5 140.0 139.6 139.1 138.5 137.8 136.8
26.5 | 1424 141.9 141.4 141.0 140.6 140.2 139.7 139.3 138.7 137.9  137.0
26.0 | 1425 142.0 141.5 141.1 140.7 140.3 139.8 139.4 138.8 138.0 137.1




RO KK 7 BUC & D RS h b PROERFRE

37

Table 2. Numerical representation of the lower surface
of the deep seismic zone in the Japan and its
adjacent island arcs.
longitude, °E

lat.
°N depth

100km 150km 200km 250km 300km 350km 400km 450km 500 km
46.0 153.8 152.3 150.7 148.9 146.7 144.0 141.5 138.9 136.4
45.5 153.0 151.5 149.7 147.7 145.3 142.6 140.1 137.7 135.1
45.0 152.2 150.4 148.6 146.4 143.8 141.2 138.9 136.5 133.9
44.5 151.2 149.3 147.4 144.8 142.2 140.0 137.8 135.3 132.7
44.0 150.0 148.2 146.0 143.3 140.8 139.0 136.9 134.5 131.9
43.5 149.0 146.8 144.5 141.8 139.9 138.4 136.2 133.7 1314
43.0 147.8 145.5 142.8 140.7 139.4 137.9 135.7 133.3 131.0
42.5 146.5 143.8 141.6 140.2 139.1 137.4 135.3 133.0 130.8
42.0 145.2 142.5 141.1 140.0 138.8 137.1 135.0 132.7 130.7
41.5 143.7 142.1 141.0 139.8 138.6 136.8 134.8 132.7 130.7
41.0 143.1 142.0 140.9 139.7 138.4 136.6 134.7 132.7 130.8
40.5 143.0 142.0 140.8 139.6 138.2 136.5 134.6 132.8 130.9
40.0 142.9 141.9 140.7 139.4 138.0 136.4 134.6 132.9 131.0
39.5 142.8 141.7 140.6 139.2 137.9 136.3 134.7 133.1 131.2
39.0 142.7 141.6 140.5 139.0 137.8 136.3 134.8 133.3 131.4
38.5 142.6 141.4 140.3 138.8 137.7 136.2 134.9 133.5 131.7
38.0 142.4 141.2 140.1 138.7 137.6 136.3 135.1 133.7 132.1
37.5 142.2 141.0 139.8 138.6 137.6 136.4 135.3 134.0 1325
37.0 141.8 140.7 139.6 138.5 137.6 136.5 135.5 134.3 132.9
36.5 141.3 140.3 139.4 138.5 137.7 136.7 135.7 134.6 133.3
36.0 140.8 140.1 139.4 138.6 137.8 136.8 136.0 135.0 133.7
35.5 140.7 140.0 139.5 138.7 138.0 137.2 136.3 135.3 134.1
35.0 140.7 140.1 139.6 138.9 138.3 137.5 136.6 135.7 134.5
34.5 140.7 140.2 139.7 139.2 138.6 137.8 136.8 136.0 134.8
34.0 140.8 140.3 139.8 139.3 138.8 138.1 137.2 136.3 135.1
33.5 140.9 140.4 140.0 139.5 139.0 138.3 137.4 136.6 135.4
33.0 141.0 140.6 140.2 139.7 139.2 138.6 137.7 136.9 135.8
32.5 141.2 140.7 140.3 139.8 139.3 138.8 138.0 137.2 136.2
32.0 141.3 140.8 140.4 139.9 139.4 139.0 138.3 137.4 136.5
31.5 141.4 140.9 140.5 140.1 139.7 138.2 138.5 137.7 136.8
31.0 141.5 141.0 140.6 140.2 139.8 139.3 138.7 138.0 137.1
30.5 141.6 141.2 140.7 140.3 139.9 139.5 138.9 138.2 137.3
30.0 141.7 141.3 140.8 140.4 140.0 139.6 139.0 138.4 137.5
29.5 141.8 141.4 141.0 140.6 140.1 139.7 139.1 138.5 137.7
29.0 141.9 141.6 141.1 140.7 140.2 139.8 139.2 138.6 137.8
28.5 142.0 141.7 141.2 140.8 140.3 139.9 139.3 138.7 137.9
28.0 142.1 141.8 141.3 140.9 140.5 140.0 139.4 138.8 138.0
27.5 142.2 141.9 141.4 141.0 140.6 140.1 139.5 138.9 138.1
27.0 142.3 142.0 141.5 141.1 140.7 140.2 139.6 139.0 138.2
26.5 142.4 142.1 141.6 141.2 140.8 140.3 139.7 139.1 138.3
26.0 142.5 142.2 141.7 141.3 140.9 140.4 139.8 139.2 138.4
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Fig. 3. Representation of the upper sur-
face of the dipping anomalous
structure. Its numerical represen-
tation is compiled in Table 1, and 1200
for the lower surface (not figured),

compiled in Table 2. E
o £ bt
pigang a 1300 .
®
a 3
Normatl
L 400 HERRIN 68 1
®
Normal .
§ ? $ 9 2 10
P-Velocity (km/sec)
Fig. 5. Velocity-depth plofiles of various part
Fig. 4. Schematic representation of the of the upper mantle. Solid line repre-
three-dimensional velocity struc- sents HERRIN et al. velocity for the
ture of the Japan arc. Vertical . normal part. @, @, ® and @, ®, ®
velocity distributions at @, @), @ profiles correspond to @, @, ® in Fig. 4

are shown in Fig. 5. and @, ®, ® in Fig. 26, respectively.
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Fig. 6. Projection of the traced rays to 35°N vertical plane. The ray source
is located at 35°N, 135.3°E 350 km. Numbers on the traced rays represent
take-off angles measured upward from the horizon at the source. Ray
azimuthes at the source are all N65°E, and this direction is nearly
perpendicular to the strike of the arc structure.
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Fig. 8. Source location {open cir-
cle, 35°N, 136°E, 50 km) and in-
itial azimuth (arrow, N 65°E) of
the traced rays shown in Fig. 9.
Solid circles with number 1, 2,
3 represent earthquake foci for
travel time comparison, and
their observed J-B residuals are
shown in Fig. 11, 12, 13, respec-
tively. Thin lines on foci are
nearly parallel to the strike of
the arc structure, and they clas-
sify the observed data into two
groups (NE- and SW-group).
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Projection of the traced rays to 35°N vertical plane.
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Fig. 10. P travel times versus epicentral distance

computed by the rays shown in Fig. 9.
Solid circles represent that the rays ar-
rive at NE- direction from the source,
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and open circles SW- direction.
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Fig. 11. Observed J-B residuals from the earthquake 1 in Fig. 8. Small
solid and open circles represent observed residuals of NE- and
SW-group, respectively, and large solid and open circles repre-
sent mean values in every 1° epicentral distance. The bars on

the large circles are their standard deviations.
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Fig. 12. Observed J-B residuals from the earthquake 2 in Fig. 8.
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Fig. 13. Observed J-B residuals from the earthquake 3 in Fig. 8.
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Fig. 14. Comparison of ‘relative residuals’ between computed (solid circles con-
nected with lines) and observed (large solid circles with bars) ‘relative
residuals’. The bars on the large circles are standard deviations of
NE-group identical to the one calculated in Fig. 11, 12, 13.
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Fig. 15. ‘Computed residuals’ obtained from the ray scanning. Take-off angle
varies from 5° to 75° in every 5° and from 90° to 155° in every 15°
and azimuth varies from N20°E to N110°E in every 10° (measured
clock wise). Classification into two groups is identical to Fig. 10.
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Fig. 16. Source location
(open circle, 27°N, 1385
°E, 450 km) and initial
azimuth (arrow, NI1O°E)
of the traced rays shown
in Fig. 17. This azimuth
is nearly parallel to the
strike of the arc. So-
lid circle represents the
earthquake epicenter for
comparison.
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Fig. 17. Projection of traced rays to 138.5°E vertical plane.

Ray pathes from

the source to about 30°N are not shown because the total path-length
is too long. Take-off angles of rays at the source are —5°, —4°
—3° —2° —1° 0° 1°% 4° 7° and 10° from bottom to top.
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Fig. 19. Computed P travel times versus epicentral distance.
E- and W-groups correspond to the traced rays
shown in Fig. 17 and 18, respectively.
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Fig. 20. ‘Computed residuals’ versus epicentral distance within 10°
calculated from computed P travel times shown in Fig. 19.
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Fig. 21. Observed J-B residuals from the earthquake shown in Fig. 16.
The data are devided into two (E and W) groups by N1O°W
line because of the difference between the earthquake hypo-
center and the ray source location.
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Fig. 22. Typical P and S travel time pattern for a shallow earthquake
east off Hokkaido, represented as reduced travel times. Solid
and open circles indicate the stations on the continental and
oceanic sides of the volcanic front, respectively (after UTsuU
1971 b). The epicenter is plotted in Fig. 23 as solid circle.
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Fig. 24. Projection of the traced rays to 147°E vertical plane.
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Fig. 25. P travel times versus epicentral distance computed
by the rays shown in Fig. 24.
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Fig. 27. Projection of the traced rays to 147°E vertical
plane using the modified model.
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Fig. 28. Reduced P travel times versus epicentral distance
computed by the rays shown in Fig. 27.
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