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Abstract

Multi-channel reflection records across the Central Rift Zone of
the Middle Okinawa Trough, near the Natsushima-84 Deep in which
an extremely high heat flow was observed, indicate reflections that are
probably from the top of a magma chamber.

Refraction seismic study using 10 OBS’s and four tons of explo-
sives indicated that the crust of the Middle Okinawa Trough has a
5km thick 6.0 km/sec layer above a highly attenuating 6.8 km/sec
layer. Moho was not detected even at epicentral distances greater
than 130 km. The crust was considered to be continental but low in
Q in its lower part and the uppermost mantle to be anomalously low
in both wave velocity and Q. ‘

Observations of natural earthquakes, carried out for about one
month by 10 OBS’s, detected highly active micro-seismicity in the
area. Some OBS’s recorded particular phases which suspect of reflec-
tions - from magma sheets as well as particular waves similar to
voleanie tremors,

A. Multi-channel Seismic Profiles

The seismic structures of the topmost part of the surveyed area
were studied by means of a multi-channel seismic profiling system
through the KT-84-14 cruise of the TANSEI-MARU, the Ocean Re-
search Institute, University of Tokyo. Three continuous track lines were
planned in order to cross over a conspicuous depression (Iheya Deep)
elongated along a NE-SW direction (Fig. II-1). One of the three lines
(Line 2) crosses a graben, tentatively called Natsushima-84 Deep (see
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Table II-1. Some characteristic features of hydrophone
streamer cable.

Section name Length (m) Number of elem.
Lead-in section 100 1
Weighted section 3 1
Stretch section 25 2
Dead section 25 2
Active section 50 6
Stretch section 25 1
Tail section 150 1
Depth/distance section 1 3

Depth in water; approx. 10 m
Distance between vessel and the ship side end of the active sec-
tion; approx. 200 m

Characteristic features of airgun

Line No. Volume of gun
1, 2 120 cubic inches (1.8 lit.)
3, 4 300 cubic inches (5.0 lit.)

Pressure of compressor; approx. 100 atm
Depth in water; approx. 10 m

Section V of this report) where a series of high heat flow values were
obtained by two recent cruises (DELP-84 WAKASHIO, Part IV of this
report and SONNE 34, YAMANO et al. 1986). The area was studied in
detail in 1984 prior to the KT-84-14 cruise by use of seabeam mapping
by R/V TAKUYO of Japan Maritime Safety Agency and R/V JEAN-
CHARCOT and also through visual observations by the submersible Shinkai
2000 (UYEDA et al. 1985). Two other lines are running approximately
parallel to Line 2 about 50 to 100 miles away. The seismic profiler data
were processed by on-shore study through stacking, filtering and decon-
volution to obtain better refined cross sections.

The multi-channel seismic profiler system is composed of a hydro-
phone streamer towed about 300 meters behind the vessel, a pneumatic
airgun and an on-board digital data acquisition equipment. Some charac-
teristic features of the system are listed in Table II-1. During the whole
cruise, the airgun was shot every 20 seconds while the vessel was run-
ning straight with a steaming velocity of five knots which in turn means
a shot every 50 meters.

Track lines of the seismic profiling study are shown in Fig. II-1.
The northeastern line was divided into two sections and numbered as
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Line 3 and 4 for convenience in the later data processing.

Cross sections of the seismic profiles after processing are shown in
Figs. II-2 through II-5 where the vertical scale is expressed in two-way
travel time, and the horizontal direction is aligned from left (SE end of
lines) to right (NW end) with a thick bar representing a 10 km distance
calculated from ship’s positioning by the NNSS-incorporated Loran C navi-
gation system. The profiles in Figs. II-2 through II-5 are provisionally
interpreted as shown in Figs. II-6 through II-9 referring to the land
geology of the Ryuku island are (KiMURA 1985; Usnie 1985). The con-
tinuous thick sedimentary basement layer (Layers A and B) in the sur-
veyed area could be correlated to the Shimajiri Formation composed of
a pile of soft muddy materials and probably formed in the late Miocene
(6 Ma-7 Ma) to early Pleistocene. However, there seems to be no layers

Table II-2. Positions of track lines of multi-channel seismic profiles.

L N (Start at) (End at) Track Line
. No.
Lat. Long. Lat. Long. Length (km)
1 27-43.4 126-41.3 27-17.86 126-46.91 47.95
2 27-22.2 127-19.3 27-50.7 127-04.7 56.8
3 27-38.1 128-25.4 27-52.40 128-06.83 39.7
4 28-10.3 127-46.8 27-51.40 128-08.5 51.45

Table II-3. Interpretation of seismic profiles.

Line 1 (Fig. 1I-6) » ,

The stratigraphic sequénce is classified into three units. By correlating the seismic
sequence with the data from test drill wells TO-KA-1 and OKINAWA 1x, we interpret
the upper two units (A and B) as the Shimajiri Formation from late Miocene to Pleistocene
and the lowest unit (C) as Cretaceous strata.

Many normal faults appear in the lowest unit indicating that block movements occurred
by tensional stress.

An active normal fault appears in the middle part of the profile covered by thick
sediment. .

Line 2 (Fig. 1I-7)

The Shimajiri Formation appears on both ends of the profile but it is scarcely visible
in the middle part. Topographic rises seem to be intrusive igneous rock bodies.

Many normal faults are observed in the lowest unit similar to Line 1. Active normal
faults appear in the middle part as observed in other pull-apart basins.

Possible reflections from the roof of a magma chamber are detected beneath the central
rift.

Line 3 (Fig. 1I-8)
The Shimajiri Formation is barely visible.
Line 4 (Fig. 1I-9)
Active normal faults appear on both ends.
The lowest unit forms a.large graben shaped depression and thick sediment covers it.
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SECOND

LINE4

Interpretations of seismic profile, Line 4.

Fig. II-9.
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A pnd B in the narrow central part of Line 2 (Natsushima-84 Deep in
the Theya Deep where extremely high heat flow values were observed).
This portion shows a structure which is very similar to the typical
structure of crustal rifting as seen on the on-board monitoring rocords
(Figs. II-10 through II-13). The graben (Iheya Deep) seems to be
elongated in the NE-SW direction as revealed by seabeam mapping.

Characteristic internal structures of the formation inferred from
these four seismic records are briefly summarized in Table II-3.

In addition to the conventional profiling study, variations of reflection
waveforms were examined in the central part of the presumed rift along
Line 2. It was found that a wave packet of the shooting wave reverses
its phase at around the depth where a vague reflector (arrow in Fig.
II-3B and II-7) can be traced in the central rift. If there is a good
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Fig. II-10. On board monitor records of single channel seismic profiler, Line 1.
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method to subtract or eliminate multi-reflection ghost patterns in the
profiler records, this vague feature could be more precisely traced. Eli-
mination of the multi-reflection phase is being attempted at present with
more refinement of data. At the present stage, however, it may be said
that the vague boundary mentioned above carries a characteristic feature
of an interface between hard rock (upper layer) and soft materials (lower)
or at least of a very high downward negative gradient in velocity struc-
ture. Even though the evidence on the multi-channel seismic profile
itself is not sufficiently convincing, this boundary may correspond to the
interface between rock cover and a magma chamber when the surpri-
singly high heat flow values (1500 mW/m’, Section IV of this report) are
taken in account. This problem is also discussed later in the section C
where the results of deep structural study by explosion shooting, com-
bined with ocean bottom seismometer observation, are presented.
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Fig. 1I-11. On board monitor records of single channel seismic profiler, Line 2.
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B. Airgun—OBS operations for the study of fine crustal structure

Airgun shooting was used for clarifying the fine crustal structures
by means of the refraction method. Two long lines of airgun shooting
and the area of explosion shooting are covered by 10 sets of OBS as
shown in Fig. II-14. One of the 10 OBS’s is a digital OBS developed by

Table II-4. Location and water depth of OBS’s.

OBS. No. Deployment Date Lat. Long. W.D. (m)
OK-1 1984.08.25 26-39.16 126-06.00 1928
OK- 2 1984.08.25 27-07.69 126-39.79 1853
OK-3 1984.08.26 27-35.98 127-13.09 1467
OK- 4 1984.08.26 27-29.65 126-43.59 1689
OK-5 1984.08.25 27-27.93 126-38.46 1634
OK- 6 1984.08.26 27-40.79 127-29.11 1469
OK-17 1984.08.25 26-30.88 125-48,98 1686
OK-38 1984.08.25 26-20.09 126-02. 54 2074
OK-9 1984.08.26 27-41.99 126-41.67 1484
0K-10 1984.08.25 26-40.90 126-30.61 1710
OK-11 1984.09.02 27-19.24 127-21.67 1255

SVinsus TRIVGIY

Fig. 1I-12. On board monitor records of single channel seismic profiler, Line 3.
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KASAHARA et al. (1985) and was deployed to test its seabottom performance.
The location and water depth (W.D. in meters) of all the OBS’s are
listed in Table II-4.

Bathymetric cross sections along Lines A and B (Fig. II-14) are
shown in Figs. II-15 and 16. Two pairs of OBS’s (Nos. 2 and 3, and Nos.
4, and 6) were to be used for airgun-OBS structural study. However,
it was found after all the OBS’s were recovered that No. 4 was not
running for unknown reason. The positions of the other OBS’s (No. 2, 3
and 6) are also shown on the bathymetric records in Figs. II-15 and 16.

The physical and mechanical features of the airgun are listed in
Table II-5. The shooting interval could hardly be controlled precisely
because the triggering of the blast could be obtained only by balancing
pressures between the blast and confining chambers. The shooting in-
stances, therefore, were picked up through an acoustic element located
close to the airgun chamber towed behind the vessel. The blast sound
was sent to the vessel through electric wire and a set of digital timer

Table II-5. Pneumatic Airgun (large volume)

Volume; 10 liter
Pressure; 100 atm
Shooting interval; ca. 180 see.
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Fig. II-13. On board monitor records of single channel seismic profiler, Line 4.
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Fig. II-15. Bathymetric features along survey line A as referred in Fig. II-14.
Distances are given in relation to station No. 6 toward SWW along survey line A in

units of meters.

Water depths are given in

devices was activated by the sound pulse to provide digital shot instance

data.
Time (JJY).

Shot instances of the airgun were corrected to the Japan Standard

Airgun shooting dates were from July 30, 14957™ to July
81, 06H¥21M (453 shots) for Line A, and from Aug. 1, 085¥24™ to Aug. 1,
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Fig. 1I-16. Bathymetric features along survey line B in the proximity of
the OBS stations 2 and 8 from the SW side toward the NE side. Further
details are referred to in a caption of Fig. II-15.
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Fig. II-17. An example of distance-time section display on way of the seismic
structural analyses. Data are shown from OBSH records (output from Hydrophone)
obtained at station 2 (OK-2). Filter: band-pass, 10-20 Hz with stop frequency 30 Hz.
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20H59M (339 shots) for Line B. (The list of the corrected shot time data
are available from the authors.)

Analog data of the OBS’s were then digitized and a series of editing
measures were applied to the original wave records. The distance be-
tween OBS and the sound source was calculated by using the arrival
time of the water break combined with the water depths of the OBS.
After all these editing procedures, the time-distance sections of the
filtered wave record were displayed on a high speed laser printer con-
nected to computer systems.

An example of the computer output of the filtered band-pass phase
which is used to determine the distance of OBS-airgun pair is shown in
Fig. II-17. After obtaining the time-distance record section, more steps
of data processing have to be applied to reconstruct the fine structure
of the surveyed area. A simple horizontal layering model (shown in
Fig. 1I-18) gives only a crude velocity structure around the three ter-
minal points of Lines A and B.
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Fig. II-18. Crude seismic crustal structures obtained by a series of airgun
refraction studies by OBSH at stations OK-2, OK-3 and OK-6. Depths from
the sea surface are shown in units of km along a vertical line on the left.
Values in the columns are seismic velocities in units of km/sec.
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C. Explosion seismic refraction survey

1. Introduction

The objectives of the explosion seismic refraction survey in the
Middle Okinawa Trough of the DELP-84 WAKASHIO cruise were two-
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Fig. II-19. Location of seismic refraction survey Line A and Line B.
Solid circle: OBS stations (OK-1~0K-11),
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fold: firstly, to see if any oceanic crust has already been formed beneath
the trough axis and secondly, when the oceanic crust has not yet been
formed, to see how far the continental crust has been destroyed. Several
mechanisms have been proposed for the back-arc basin formation, for
instance, stretching, thinning, necking, spreading, rifting, oceanization,
collapse, faulting and fragmentation etc.

We expect the seismic data to tell us which of these are actually
taking place in the Middle Okinawa Trough. Topographically, the Middle
Okinawa Trough tends to terminate towards the northeast. The water
depths in the axial zone are shallower (about 2200-2500 m) than those
in the Southwestern Okinawa Trough, where the existence of an ocean
crust has been reported (LEE et al. 1980). Therefore the Middle Okinawa
Trough was considered to be a suitable place to study the mechanism
and process of the initiation of the back-arec basin formation.

2. Outline of the experiment
We performed two shooting lines: Line A, right above a segment

Fig. II-20. Configuration of shot points and OBS stations.
Line A: Shots E-42~E-62 for OBS stations OK-6 and OK-5.
Line B: Shots E-01~E-41 for OBS stations OK-1~0K-3.
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of probable rift axis (Theya Deep) and Line B, along the regional axial
zone of the trough (Fig. II-19). We deployed 6 OBS’s on these lines;
namely, stations OK-5, 4, 3 and 6 on Line A, and stations OK-1, 2, 3,
and 6 on Line B. In addition to these stations, we deployed another 5
OBS’s (stations OK-7, 8, 9, 10 and 11) in the same area for the seismi-
city study as shown in Fig. II-19. These OBS stations also formed a
configuration of fan-shooting. The OBS station data are given in Table
I1-4, and the explosion data (shot position, shot time, charge amount,
water depth, ship speed etc.) are given in the Appendix. Explosives
were dropped from the moving ship and detonated at the depth of about
100 m from the sea surface using fuse wire. Larger shots (125-500kg)
were fired at several points for detecting the Moho, and many small
shots (2-50kg) were fired at close intervals (2-20km) for detecting shal-
low strata. The total amount of explosives was four tons, and the total
number of shots was 64. The configuration of shot-point numbers and
OBS stations is shown in Fig. II-20. The digital OBSH (at station OK-
5) was recovered right after the shooting operation. The other OBS’s

100 s
km )

OK 5, Digital OBS

o~ %Wwwwmmmm ot ‘*VMIWMNMMWNM/WMWMWMWWMWWMJWNW

] 22090 lé T——— Wﬂ‘WV\WNMMWMWMMVMVMWWWNMWMN 'V

“"'“‘;'“M"VEAA(IWQ)I ““”‘“WWW“WW"‘\ﬂ “’Mﬂ:‘x ":"I ':l IMM il \MW WJW”AM il LWMW“{IIVI i ”/I“ i
Jzeem ‘ o~ : b : ‘l‘ ; ; ”T il i gk -A"\

il

€45(100Kg) Yy gl L S I i
i W i

~ le61(5Kg)

" [E60(5Kg)

" [E59(5Kg)
" [E46(50KQ) |,

50

" | EA7(50Kg)
ESSUK:

w [E5u(5Kg) |

N |ES30sKa) |
. EAe(mﬂ(g)
TiEs2(g)__|

ol 'xh it
i LI i lwi

Wl
o 22 N L Il ! L] I ! ] 1 1 1 1 ] L 1] 1 1 L 1 1 J

105
T-X/6

Fig. 1I-21. Record section (vertical component) for station OK-5 along Line A
(Digital OBSH). Travel times are reduced by 6.0 km/sec.
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were recovered during the cruise of the R/V TANSEI-MARU (KT-84-
14) in October about two months after the shooting operation. This
enabled us to record natural earthquakes for a period of about one
month.

3. Instrumentation
We used 10 acoustic-release, free-fall-pop-up type OBS’s, and one

e s AT A
OK-6A
T-X/6.0
Sac
\(!VIII\!OIV'I!1I11I1I°III|l|l'||llllll|lllllll|!V'(
o :

B |
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T |
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Fig. II-22. Record section (vertical component) for station OK-6 along Line A.
Reduced velocity: 6 km/sec.
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Digital OBSH, which has been recently developed (KASAHARA et al., 1985).
Since the operation area is in the route of the Kuroshio-Current, we
omitted the use of the radio-beacon so as to escape the antenna noise
which would be caused by a possible strong bottom current. The re-
covery operations were made by acoustic ranging. All the OBS’s were
recovered. For ship positioning, we used Loran-C combined with NNSS.
The predetermined shot positions were occupied with high accurracy (less
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Fig. 11-23. Record section (vertical component) for station OK-1 along Line B.
Reduced velocity: 6 km/sec.
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than 0.1 n. miles) by the navigation contrcl using a real time shlp-track
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display system.

4. Results

The travel-time record sections have been prepared. On these sec-
tions, we can directly see several important features of the crustal struc-

ture.
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Fig. 11-24. Record section (vertical component) for station OK-6 along Line B.
Reduced velocity: 6.0 km/sec.
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Line A: Along Line A, the sedimentary layer is underlain by a 6.0
km/s layer whose refractions appear as first breaks from the epicentral
distance 20 km up to about 80 km for station OK-6, and up to 50 km for
station OK-5. The travel-time record sections of Line A from station
0K-5 and OK-6 are shown in Figs. II-21 and II-22 The 6.0 km/s layer
could be a granitic layer, which is abundant in the neighbouring regions.
Since Line A is selected along a segment of possible rift axis inferred
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Fig. 11-25. Record section (vertical component) for station OK-2 along Line B.
Reduced velocity: 6.0 km/sec.
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from topography (Part V of this report) and since is very close to an
axial ridge (bathymetric map by R/V JEAN-CHRCOT cruise, 1984), it is
likely that an oceanic crust has not yet been formed beneath the rift
axis.

Line B: Along Line B, the 6.0 km/s layer is underlain by a 6.8 km/s
layer, whose refractions appear as first breaks beyond the distance of
about 70 km showing a cross-over of the travel time curves of 6.0 km/s
and 6.8km/s. The record sections of Line B from stations OK-1 and OK-6
are shown in Figs. I1-23 and II-24. The attenuation of the 6.8 km/s refrac-
tions is remarkable and refractions diminish beyond the distance of about
130 km. No Moho refractions were detected over a 130 km distance in
spite of the 500 kg charges. These features may indicate that the lower
crust has been partially destroyed and the uppermost mantle beneath
the axial zone is anomalous, probably low-velocity and also low-Q. The
destruction might be caused not only by mechanical fracturing but also
by thermal anelasticity as well as partial melting. At station OK-2, the
sedimentary layer which overlies the 6.0 km/s layer has a velocity of 4.1
km/s, which is seen as first breaks up to a distance of about 10 km (Fig.
11-25).

DEPTH Vp kmv/s
km

WATER 1.5
SEDIMENTS Z~2Z~ : 2.

T T
1

CRET. + . +« .

S5 do —

2

X x
GRANITIC *
P X

x X X

LOWER
CRUST

Y4 4

AY

ANOMALOUS MANTLE

Fig. 11-26. Approximate P-wave velocity structure in the Middle Okinawa Trough.
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From the geological data of the area and multi-channel seismic re-
flection profiles in the adjacent area (section A of this Part II), the
4.1 km/s layer could be correlated with Cretaceous formations. The thick-
ness of the 4.1km/s layer may vary from station to station. In Fig.
II-26 is shown an approximate structure of the layer-thickness and depth
based on a calculation for the constant-velocity layered model.

5. Conclusion

The operation of the seismic refraction survey was very smooth and
successful. We have obtained a considerable amount of good quality
data. They can be used as a basis for further studies. The data pre-
sented in this report show that, under the Middle Okinawa Trough, there
still remains a continental crust in which, however, destruction appears

28N
9+ *
) by Y
5 4=
®B + 11
to =
2 27
C
, a1 +10
<
Y OE (UMESIMA S
+8 - <
- £
- o
. . 26
126 127E

Fig. II-27. Distribution of hypocenters (mark M) which are well determined
by several OBS stations (mark +) during a period of about one month observa-
tion (July—August, 1984). The depths are shallow (less than 15km). Three
earthquake swarms are identified at the locations B, C and E (marked by
circles).
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to have reached its lower part and the uppermost mantle may be ano-
malously low in both velocity and Q.

D. Seismicity Studies

In order to study the natural earthquake activity in the region of
the Middle Okinawa Trough, a network observation was made at the 10
OBS stations described in the preceding section C (Fig. II-19). We ob-
tained a data-set of continuous good quality recordings for a period of one
month from Aug. 26 to Sept. 26, 1984, at 8 stations (shown in Fig. I1I-27
and Table II-4). Although no micro-earthquake activity has been reported
by landbased stations for a long period of time including our observation
period, our OBS observation revealed intensive seismic activities in almost
the whole region of the Middle Okinawa Trough. At almost all the

et o
LR

Lol bslsnellecl
LA (L}

Fg. 11-28. 'An example of peculiar phase x which appears between P and S phases,
observed at the station OK-2. This may be a reflection from a possible magma sheet.
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Fig. 11-29. An example of another peculiar phase ‘SR’, which appear after S-
arrivals, observed at station OK-2. This may be a reflection from a magma sheet.
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ORIGIN TIME
SEP. 11 1984 1:11

AT OK1 A=100 km

v

1 min

Fig. II-30. An example of attenuation of seismic waves beyond the epicentral
distance of about 120km. Records are at three station OK-1 (distance =100 km),
OK-8 (distance =126 km) and OK-7 (distance=132km). The epicenter and ray paths
are shown in Fig. II-31. V: vertical component, H: horizontal component, HYD:
hydrophone, P: arrival of P-phase, T: T-phase.
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stations, micro-earthquake activities were recorded including several swarm
earthquakes. Among them, at three stations (OK-2, OK-1 and OK-10),
nearly 1000 micro-earthquakes were detected during a period of one
month observation. The foci of a limited number of relatively large
events among these swarm earthquakes were located at three places (Fig.
I1-27). One place was located between stations OK-5 and OK-2 (location
B), near the western termination of the segment of the rift axis (seismic
refraction Line A). The other two places were located near the axial zone
of the trough; one between stations OK-10 and OK-1 (location C) and

28°

|
126°E

Fig. 1I-31. The ray paths for the records shown in Fig. 1I-30. The Epi-
center (mark ®) is west of the station OK-2.

OK6 AUG 29 1984 19:06~
v WLt

RN

I
LA

Fig. 11-32. An example of earthquake swarm observed at station OK-6.
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another slightly south of station OK-1 (location E). Interestingly, the
sizes of these swarm earthquakes were nearly the same, being about
M=3 or less.

Another interesting phenomenon to note was the the presence of
peculiar phases on the earthquake seismograms. One was a phase ap-
pearing between P and S-phases, an example of which is shown (by a
mark X) in Fig. II-28. This may be the converted phase either from P
to S or S to P from some reflector which might exist along the ray path.
The other was a phase appearing in later phases of S-phase, an example
of which is shown (by a mark SR) in Fig. II-29. This may be the reflec-
tion of S-phase from some reflector. These phases indicate the presence
of efficient reflectors which may be magma sheets.

Attenuation of seismic waves was large beyond the epicentral dis-
tance of about 120 km. An example is shown in Figs. II-30 and 31.
This was consistent with the results obtained by the seismic explosion
experiment. ‘

Two kinds of signals, which closely resemble volcanic tremors were
observed. One was a ceaseless occurrence of numerous isolated shocks

OK1 SEP. 24 1984 18:44
v

e A i N

M Dbl

My gy

S A N AR R

10 sec

Fig. II-33. An example of records which suggests volcanic tremors observed at
station OK-1.
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(Fig. 11-32). The other was a sinusoidal oscillation with predominant
frequencies of 5-7 Hz (Fig. 11-33).

These seismic features, when combined with the results of the seismic
refraction study, indicate that the Middle Okinawa Trough has been sub-
jected to an incipient spreading where the destruction of continental crust
has reached the lower crust with magmatic activity.
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Appendix

Explosion shot data: shot position (degree and minute), water depth
(km), ship speed (kt), burning time (sec), change size (kg), and corrected
shot time (JST). The correction of shot time is made to the sea-surface
shot. The sinking speed of the explosive is 80 m/min. The shot depth
was kept at 100 m from the sea-surface for shots whose sizes are larger

than 100 kg.
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