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Abstract

Several interesting features of the crust to upper mantle structure
beneath the Northwest Pacific Basin were revealed by a seismic
explosion experiment conducted during the DELP cruises in 1986. A
large lateral heterogeneity was found both in the configuration of the
crust/mantle structure and in the sub-Moho lithosphere. The data
from the long range explosion experiment along the WSW-ENE
survey line do not support the speculation of large scale anisotropy
in this region. The lateral heterogeneities in the crust/mantle struc-
ture are indicated by variations of the velocity gradients within oceanic
layer 3 and in the velocity transitions from layer 3 to the upper
mantle. Wide-angle reflections from inside the sub-Moho lithosphere
are clearly recorded with a good signal to noise ratio by small explo-
sions of only 20kg at distances as far as 450km. However, the
appearance of these phases differs from place to place. In some
places, they are not observed. Lateral heterogeneity of this reflective
layer seems to be related to such tectonic features as the fracture zone
as well as Nakwe deepsea channel.

1. Introduction

We will outline features of the crust and upper-mantle structure
revealed by the seismic explosion experiment coducted during the DELP
1986 cruise in the Northwest Pacific Basin. Topographic features and
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configuration of seismic experiment are presented in Fig. 1. Since the
outline of the seismic experiment is described in Part 1 of this cruise
report, we will describe results of structure analyses obtained from the
EOBS (Earthquake Research Institute Ocean Bottom Seismometer with
hydrophone) stations 1 through 6 shown in Fig. 1. This report consists
of three sections, Section 2 for the explosion experiment of small dyna-
mite charges, Section 3 for the large explosion experiment of large shots
and Section 4 for wide-angle reflections from the sub-Moho lithosphere.

2. Crust to mantle structure

Record sections are presented in Figs. 3, 4 and 5 which are obtained
at three stations EOBS1, 3 and 6 among five EOBSs deployed along the
NNW-SSE survey line. The locations of these stations and their associated
shooting lines are shown in Fig. 2 and listed in Table 1 and 2.

The Station EOBS6 is located at the intersection of the two long
range survey lines; one about 1400km in ENE-WSW direction and the
other about 700 km in NNW-SSE direction. EOBS6 is located on the flank
of the NE-SW trending Hokkaido Rise (see Fig. 1), EOBS1 in the eastern
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Fig. 1. Index map of seismic experiment of the cruise. Symbols about seismic
experiment are explained in Fig. 2.
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margin of the Gipangu Basin, and EOBSs near the SE-facing rim of the
Hokkaido Rise. The NNW-SSE direction survey line is roughly parallel
to, and about 100 km east of the deep sea channel called Nakwe channel
(MAMMERICKX, 1980: bathymetric map) (MAMMERICKX and SMITH, 1985).
This channel runs southward from the Hokkaido Rise south to the Gipangu
Basin. This NNW-SSE line was positioned to avoid fracture zones.
The bathymetric profiles along the shooting lines are shown in Fig.
6, which will be used for identifying the phase alignment on the record
sections in which water depth corrections are not applied. In the shooting
line F for EOBSI, the effect of a seamount about 1 km high near the NNW
end of the line should be taken into consideration for interpreting the
apparent velocities. Also in the shooting line C for EOBS6, the effect
of a small seamount about seven hundred meters high in the WSW side
of the station should be carefully treated.
Appearances of refraction from layer 8 or wide angle reflection from
the layer 3/mantle boundary (hereafter we refer to these two simply as
145°E 150°E 155°E 160°E
440N " 1 i Y ‘
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E.R.I. OBS
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Fig. 2. Configurations of seismic experiment in this cruise. Solid triangles are
EOBSs (1-6). Solid lines mean small explosive shots (A-F). The large explosive
shots in the WSW-ENE direction are presented by solid and open circles
(shots No. 1-19). The amount of explosives: 1 ton for shots No. 1, 19, 20,
and 22; 500 kg for shots No. 2 through 18, and 21. Fans enclosed by two thin
lines between OBS and shot points indicate paths where wide angle reflections
are observed (see details in section 4).
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Table 1. Earthquake Research Institute OBS’s location data.

OBS No. Latitude Longitude Water Depth
------ (deg.) (min.) (deg.) (min.) (meter)
EOBS1 36 5356 152 52.86 5680
EOBS3 38 39.15 151 49.77 5685
EOBS4 39 11.67 151 29.72 5472
EOBS5 40 08.28 150 54.18 5390
EOBS6 40 3251 150 38.35 5432
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Table 2. Small shot data for each line.

Shot Shot time Latitude Longitude W.Dep. Azim. Weight
No  Date (h) (m) (s) (deg.)(min.)(deg.)(min.) (m) (deg) (kg)
N B

151 7/22 06 52 04.723 40 39.38 150 57.87 5410 241 20
152 7/22 0712 08.014 40 38.28 150 55.34 5422 243 20
153 7/22 07 32 01.081 40 37.34 150 52.96 5390 244 20
154 7/22 07 52 06.495 40 36.40 150 50.35 5302 245 20
155 |7/22 08 12 03.652 40 35.48 150 47.83 5403 247 20
156 7/22 08 41 56.730 40 33.91 150 43.57 5282 248 20
157 7/22 09 02 03.339 40 33.01 150 40.95 5386 247 20
158 7/22 09 22 04.534 40 32.03 150 38.37 5442 246 20
159 7/22 0942 05.148 40 31.11 150 35.72 5453 245 20
160 7/22 1002 05.481 40 30.07 150 32.93 5477 246 20
161 7/22 1022 06.411 40 29.07 150 30.33 5493 246 20
162 7/22 1042 07.136 40 28.13 150 27.69 5215 247 20
163 7/22 1102 04.282 40 27.15 150 25.13 4866 245 20
164 7/22 1117 07.423 40 26.34 150 23.00 4999 246 20
165 7/22 1152 02.462 40 24.72 150 18.47 5538 246 20
166 7/22 1212 01.653 40 23.73 150 15.79 5439 247 20
167 7/22 123502.291 4029.52 150 12.74 5417 246 20
168 7/22 1252 03.481 40 21.67 150 10.46 5398 246 20
169 7/22 1312 03.204 40 20.64 150 07.82 5431 247 20
170 7/22 13 32 05.203 40 19.64 150 05.23 5378 245 20
171 7/22 13 53 06.413 40 18.57 150 02.53 5400 246 20
172 7/22 1412 03.099 40 17.53 150 00.06 5561 247 20
173 7/22 14 3206.090 40 16.50 149 57.62 5520 247 20
174 7/22 1452 04.839 40 1545 149 55.05 5513 249 20
175 7/22 1512 07.143 40 14.48 149 52.60 5520 249 20
176 7/22 1527 07.075 40 13.59 149 50.49 5538 249 20
177 7/22 06 52 04.723 40 39.38 150 57.87 5410 241 20
207 7/26 0544 59.583 39 53.97 151 05.33 5420 157 20
208 7/26 06 14 59.883 39 50.78 151 07.66 5413 157 20
209 7/26 06 45 00.273 39 47.51 151 09.94 5446 160 20
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7/26
7/26
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7/26
7/26
7/26
7/26
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7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27
7/27

07 15 00.173

07 45 00.296
08 15 00.205

08 45 00.336
09 15 00.450
09 45 00.067

10 15 00.275

10 45 00.677
11 15 00.640
11 45 00.502
12 14 59.901
12 45 00.564
13 15 00.581
13 45 00.521
14 43 00.424
15 13 00.582
15 43 00.343
07 48 18.377
07 54 17.755
08 00 01.643
08 05 33.642
08 11 18.974
08 17 41.381
08 22 29.156
08 28 04.562
08 33 37.766
08 39 11.414
08 44 44.324
08 49 34.134
09 01 18.511
09 12 21.209
09 21 59.787
09 34 19.794
09 45 20.926

39 44.12
39 40.56
39 37.26
39 33.70
39 30.10
39 26.57
39 23.01
39 19.39
39 15.92
39 12.13
39 08.41
39 04.45
39 00.46
38 56.50
38 50.98
38 47.36
38 43.61
37 22.63
37 21.90
37 21.26
37 20.49
37 19.73
37 18.92
37 18.37
37 17.63
37 16.98
37 16.24
37 15.56
37 15.14
37 13.91
37 12.61
37 11.61
37 10.45
37 09.49

151 11.80
151 13.49
151 15.85
151 17.97
151 20.06
151 22.33
151 24.64
151 27.05
151 29.16
151 31.12
151 32.95
151 34.70
151 36.77
151 38.76
151 42.04
151 44.59
151 47.12
152 36.65
152 37.31

152 37.95

152 38.30
152 38.73
152 39.28
152 39.77
152 39.93
152 40.38
152 40.57
152 41.02
152 41.25
152 41.87
152 42.75
152 43.37
152 44.16
152 44.83
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5327
5272
5304
5409
5123
5401
5519
5474
5464
5591
5741
5632
5654
5734
5674
5617
5833
5394
5106
5060
5013
4794
4846
4996
5153
5367
5830
5772
5787
5769
5765
5834
5804
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158
159
168
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7/27

09 55 00.273
10 07 13.467

10 18 18.332
10 28 00.375
10 40 20.793
10 51 16.934
11 01 00.355
11 13 17.784
11 24 17.353
11 34 00.307
11 41 48.173
11 47 17.777
11 52 53.082
11 58 22.709
12 03 49.026
12 09 00.321
12 17 18.501
12 22 44.899
12 28 18.862
12 33 52.395
12 39 20.131
12 45 32.781
12 56 20.892
13 07 22.001
13 19 02.022
13 29 18.103

113 40 28.567

13 51 59.811
14 02 21.622

14 13 13.698

14 25 03.592

14 29 48.280

14 35 19.421
14 40 49.394

37 08.52
37 07.37

37 06.06
37 05.11
37 04.14
37 02.47
37 01.31

36 59.84

36 58.35
36 57.21
36 56.42
36 55.71
36 55.01
36 54.29
36 53.59
36 53.11
36 52.37
36 51.60
36 51.00
36 50.30
36 49.60
36 48.80
36 47.43
36 46.12
36 44.66
36 43.43
36 42.07
36 40.67
36 39.45
36 38.08
36 36.71
36 36.11
36 35.53
36 34.89

152 45.46
152 46.35

152 48.04
152 48.04
152 48.65
152 49.35
152 49.71
152 50.07
152 50.51
152 50.84
152 51.22
152 51.49
152 51.85
152 52.15
152 52.49
152 52.75
152 53.17
152 53.40
152 54.01
152 54.50
152 54.80
152 55.25
152 55.92
152 56.78
152 57.57
152 58.33
152 59.25
153 00.10
153 01.91
153 01.67
153 02.61
153 02.86
153 03.44
153 03.88

5767
5760

5758
5679
5775
5795
5765
5797
5835

- 5778

5814
5828

5864
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5713
5599
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5776
5810
5787
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278 7/27 14 46 17.544 36 34.25 153 04.30 5773 151
279 7/27 14 51 53.392 36 33.57 153 04.76 5748 151
280 7/27 14 58 05.290 36 32.84 153 05.26 5747 151 20

(24

281 7/27 15 02 47.109 36 32.28 153 05.68 5712 152 5
282 7/27 1508 22.326 36 31.57 153 06.01 5725 153 5
283 7/27 1513 49.611 36 30.95 153 06.56 5749 152 5
284 7/27 1519 22.086 96 30.23 153 06.97 5755 151 5
285 7/27 15 ’24 47.402 36 29.63 153 07.39 5732 152 5
W.Dep.: Water depth ‘
Azim. : Heading azimuth of the vessel.
SSE NNW
4000 ‘ LINE F
WATER EOBS1 +227
DEPTH
m) |*262}
6000 o DISTANCE (km) . 60
400035E NNW
LINE E
»226 .
EOBS 3 207
l v_\/_\/\/"\v._—
6000
183
4000 VW : ENE
LINE C
wwao 2} 40

Fig. 6. Bathymetry along each small explosive shot line.

FPy), P,, and P,P on the record sections are quite different from station
to station. On the record section of EOBS3 shown in Fig. 4, this P; is
very clear with large amplitude up to the distance of about 120 km (Fig.
4), while the amplitude of P, is very small. On the record section of
EOBS1 (Fig. 3), we do not see such a strong line-up of P;. Instead, the
P; phases bend into the P, phases smoothly, forming a simple branch of
the first arrival phases. On the record section of EOBS6 (Fig. 5), we
see strong and less attenuated P, up to a distance of about 70 km.

' We think that such variety in the appearance of P; and P, may be
an indication of lateral heterogeneity in the crust/mantle structure in this
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region. Further detailed study will reveal differences of the velocity
profiles among these stations. Preliminary models using ray-tracing and
WKBJ synthetic seismograms are shown in Figs. 7, 8, and 9. The strong
P, with very poor P, seen at station EOBS3 are caused mainly by a
“step” type velocity structure, which is similar to a classical layered
structure (Fig. 8). Such an appearance of strong P, to a long distance,
say about 120km, is not due to diving P, refraction, but due to P,P or
wide-angle reflection from the Moho. The small amplitude of P, is an
associated consequence; they are mostly head waves along the Moho.

On the other hand, a simple bending from P; to P,P on the record
section of EOBS1 seem to be caused by a large velocity gradient within
the layer 3 (Fig. 7). The amount of velocity step at the Moho boundary
is left for further study. The large amplitudes of both P,P and P,
without P, phases on the record section of EOBS6 seem to be caused by
a specific structure at the transition from layer 3 to the Moho. A kind
of ‘“‘shoulder” type velocity profile (Fig. 9) may cause such a concentration
of diving rays beyond the cross-over distance, resulting in large amplitudes
in a limited distance range. »

In order to see a variety of crustal structure along the survey line,
preliminary P-velocity profiles of stations EOBSI1, 8 and 6 are compared
in Fig. 10. The crustal structure in this region is considered to be

Vp(km/seb)

depth(km)

15

Lol 1t t L | I 1 1 | i L 1 |

Fig. 10.- Comparison of P velocity profiles among three
stations.
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normal oceanic having about 8km thickness at 5.5-5.7km beneath the
seafloor. The thickness of the crust is similar to that obtained by DUEN-
NEBIER et al. (1987).

Although velocity profiles are similar, -some differences are apparent in
the amount of velocity gradient within the layer 3 and in the detailed
velocity structure of the layer 38/mantle transition. These might be
important for studying the difference of petrological processes, as well as
tectonic conditions which might have taken place during the generation
and evolution of the oceanic crust.

3. Upper-Mantle structure

The record sections which we report here are obtained from large
explosive shots (shots No. 1-19; see Table 2 of Part I of this cruis report)
along the WSW-ENE direction survey line. OBS sites and shot locations
are shown in Fig. 2. Station EOBS6 is located on this line, while other
stations (EOBS5, 4, 3, and 1) are off-set for these shots. Topography
along the survey line is shown in Fig. 11.

The length of the observation line from EOBS6 is about 550 km to the
west, and about 850km to the east. The record section provides data for
WSW-ENE azimuth, almost parallel to the paleo-magnetic lineations.
Such long range data are important for studying large scale ‘anisotropy’
in the upper mantle. The record sections are shown in Figs. 12 through
16.

The amounts of explosives are 1 ton (dispersed into 4 pieces, 250kg
each) at Dboth ends (shots No. 1 and 19) of the survey line, and 500 kg (4
pieces, 125kg each) at other shot points (from shot No. 2 to 18; see
Table 2 of Part I of this cruise report). The shot depth was kept at 100
m below the sea surface by suspension from buoys. All large explosives
were fired by electricity. The shots and OBS data are presented in Part
I of this cruise report.

3.1. P, from the Moho

On the record section of EOBS6 (Fig. 12), P, phases are identified
with an apparent velocity of about 8.0 km/s in the distance range of about
200-300 km for the western side and, 150-300 km for the eastern side of
the section. The apparent early arrival at shot No. 7 (about 100 km on
the west side) is caused by a bathymetric high.

The amplitude of P, phases are sufficient to identify their coherency.
Such good signal to noise ratios might be the result of the dispersed
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shooting technique. The water surface reflections of these P, phases are
clearly seen about 7 second later and are of great help in identifying the
real P, phases. Larger amplitude of surface reflections than incident
waves is a common feature of OBS records.

The appearance of such large amplitudes of P, phases up to about
300 km indicates that these are diving refraction rays caused by some
velocity gradient in the uppermost mantle beneath the Moho horizon.

3.2. Refraction from sub-Moho high velocity layers

Beyond about 450 km on the west side, on the traces from shot No.
1 to 3 and also beyond about 400km on the east side from shot No. 14 to
16, we see a bend of the first arrival phases from upper-mantle refraction.
The apparent velocities of these bent phases are higher than the upper-
most mantle P,,' velocity of 8.0km/s, ranging from 8.2 to 8.6 km/sec.
These seem to be multiple branches of travel times in this distance range.
Such high apparent velocities are also identified in the sea-surface-reflection
phases. The line fitting of travel-time curves for these phases is not
unique because of the limited number of traces as well as the wide spacing
between traces. Close inspection of these phases suggests that there are
at least two high velocity layers beneath the Moho discontinuity. It is
certain that there exists a stratified velocity structure in the upper-mantle
along the WSW-ENE direction, although detailed structural analyses are
left for future studies.

Similar large amplitudes of sub-Moho refraction are seen for shots
No. 13, 14, and 15 on the east side, and appear to be caused by a similar
velocity profile within the upper mantle. The disappearance of refraction
from the lower lithosphere beyond about 600 km on the east side), beyond
shot No. 17) may be caused by either a negative gradient in the velocity
structure or large attenuation at that depth.

3.3 Large scale anisotropy

One purpose of the long range explosion experiment along the WSW-
ENE direction planned in this DELP cruise was to further examine a
large scale anisotropy which has been reported in the Northwest Pacific.
Hitherto, for NW-SE azimuth, sub-Moho high velocity layers have been
observed (ASADA and SHIMAMURA, 1976; NAGUMO et al, 1987). However,
such high velocity layers have not been detected in several large explosion
experiments (ASADA and SHIMAMURA, 1984), which had lead them to
suppose the existense of large scale anisotropy in the sub-Moho lower
lithosphere in this region (SHIMAMURA and ASADA, 1984). The only evi-
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dence in these earlier studies for such speculation was the non-detection
of high apparent velocities at long distance ranges in ENE-WSW direction.

Because of many experimental limitations, the certainty of such non-
existence -of the sub-Moho high volocity layers in the E-W direction has
been controversial. Now that sub-Moho high apparent velocities have been
detected along the WSW-ENE direction, the previous speculation of a
large scale anisotropy within the upper mantle seem to have lost its basis.
Instead, what we see in this experiment is large lateral heterogeneity
within the upper mantle. '

On the record sections for EOBS5, 4, and 3 (Figs. 13, 14, and 15), we
can see similar refraction from sub-Moho high-velocity layers beyond the
distance of about 400 km. The appearace of these phases are different for
different stations, suggesting lateral heterogeneities. Some details of this
feature will be describe in the next section.

4. Wide angle reflection from the sub-Moho lithosphere

In this section, we will briefly report on unusual upper mantle phase
which will probably a wide angle reflection from inside the sub-Moho
lithosphere. Such phases were observed on the record sections of EOBS4
for the small explosive shot line D (charge size 20km each, see Fig. 2).-
The record section of the vertical component of EOBS4 for small explosive
shot line D at distance range of about 350-450 km is shown in Fig. 17 and
for the whole shot line in Fig. 18. On the record section, we can see
impulsive phases having mantle apparent velocity. The amount of explo-
sive are as small as 20kg. The horizontal component (Fig. 19) shows
large P to S conversions with a long wave train as the first arrival phases.

The apparent velocity of these phases is about 8.0 km/s, the same as
the I’, velocity. In a closer distance range, from about 350 to 400 km,
the line-up to these phases shows a slight bending. This bending might
be a kind of diffraction effect associated with some lateral discontinuity
of the reflecting horizon. o

It is quite unusual that such small explosions of 20 kg are observed at
the distance range of 350-450 km. Their amplitudes are nearly the same
as those of P, generated by 300-500 km explosions in the 200-300 km range.
From these features, we think that these phases observed by small explo-
sions at the distance range of about 350-450 km are not the upper-mantle
refractions but a wide angle reflection from a certain interface inside the
sub-Moho lithosphere. This may also be related to the mechanism of P,

(ocean P) propagation.
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In order to test such an interpretation, we performed a model study
by ray-tracing, ray-path diagrams, and WKBJ seismograms. An example
of a preliminary model calculation which can account for the observed
arrival times and wave amplitudes is shown in Fig. 20. Figs. ((a)-(c))
are the calculated travel times, ray paths and seismograms from the
model. It is seen that the wide-angle reflections in the distance range of
about 350-450 km appear as almost the first arrivals together with P,.
The depth of the reflector is about 20 km beneath the Moho discontinuity.
In this calculation, the crustal structure is taken from an average of
those reported in section 2. The model shown in Fig. 20, however, does
not explain the bending of the phases which are seen at distances closer
than 400km. We suspect that these features are due to some diffraction
in the reflection horizon.

Similar phases are seen on the other stations (EOBS5, 4 and 3) for
shot line D on the west side of the WNW-ESE direction survey line, but
not for the small explosive shots line B on the east side, except at EOBS5,
the record of which is shown in Fig. 22 (see Fig. 2). These findings
suggest significant heterogeneities in the sub-Moho lithosphere. - As stated
in section 1, the NNW-SSE survey line is located on the east side of the
Nakwe Channel and also along the strike of the fracture zone.

The lateral heterogeneity of the upper mantle may be related to
tectonic features. It would be quite natural to think that the fracture
zone is related to structures deep inside the upper-mantle, indicating the
existence of large scale dynamies.

5. Conclusions

1. In a long range seismic explosion experiment, refractions from
sub-Moho high velocity layers were observed in the ENE-WSW direction.
This observation does not support the existence of anisotropy in the litho-
sphere, but indicates a stratified structure in the sub-Moho lithosphere.

2. Wide-angle reflections, possibly from the sub-Moho lithosphere,
were recorded at several stations for small explosive shots (20kg) at a
distance range about 350-450 km.

3. Large lateral heterogeneities within the lithosphere were observed,
rather than anisotropy.

4, The crust/mantle structure possesses lateral heterogeneity along
the survey line in the P-wave velocity profile, which shows a variety of
transitions from layer 3 to the mantle.
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5. The heterogeneity in the crust/mantle tranisition as well as in the
sub-Moho lithosphere may be closely related to the deep sea Nakwe Channel
and also to the magnetic fracture zones in this region.
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