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Abstract

A refraction seismic experiment was conducted in the southern
Okinawa Trough to study the crustal structure of a back-arc basin.
We deployed 18 ocean bottom seismometers (OBSs) every 11km along
a 195-km profile. We shot three large explosives (600 kg, 500 kg, and
450 kg) and 50 small explosives (50 kg and 25 kg). The explosions were
complemented by shots from an array of a 9-liter airgun and a 16-
liter airgun. The average shot interval of the explosives was 3.8 km,
and that of the airguns was 150 m.

The analysis of the refraction data, using the ¢-p method and
two-dimensional ray tracing forward modeling of the seismic wave
field, showed no evidence of a young oceanic crust even beneath the
central axis of the southern Okinawa Trough. A 2-3-km thick sedi-
ment was underlain by a layer with a P-wave velocity around 6 km/s.
The Moho depth was more than 18 km below the sea surface according
to the phase which was propagated in the lower crustal structure,
although no clear first arrival of the refraction phase of the upper-
most mantle was observed. The distribution of the P-wave velocity
and the thickness of the crust indicated that the crust of the southern
Okinawa Trough is more similar to that of a continent than to that
of an ocean. Our data support the idea that the southern Okinawa
Trough is in the stage of incipient rifting of the back-arc basin ac-
companied by a slight thinning of the continental crust.
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#% NEC Corporation, Tokyo
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Introduction

The Okinawa Trough is the back-arc basin of the Ryukyu Trench-
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Fig. 1. Map showing the locaticn of the southern Okinawa Trough. Isobaths
are in km. Previous seismic refraction profiles are shown by lines with nume-
rals: Profile 1 (1-1) and Profile 2 (1-2) of Iwasaki et al. (1990); Profile 14 (2-1),
Profile 13 (2-2), Profile 12 (2-3) of Ludwig et al. (1973); Nagume et al. (1986)
(8); Profiles 18 and 14 (4-1), Profile 15 (4-2), Profile 16 (4-3), Profile 17 (4-4),
Profile 19 (4-5), Profile 18 (4-6), and Profile 20 (4-7) of Murauchi et al. (1968);
Lee et al. (1980) (5).
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arc-back-arec system. The trough extends over 1000 km, from Ilan plain
in north Taiwan to the shallow sea southwest of Kyushu. In terms of
morphology and sea bottom geology, the trough consists of three units
including the scuthern Okinawa Trough, the middle Okinawa Trough,
and the northern Okinawa Trough (Fig. 1). The water depth reaches a
maximum of 2300m in the southern Okinawa Trough and decreases
northward to about 200 m in the northern Okinawa Trough.

The first extensive seismic refraction investigation, conducted by
MURAUCHI et al. (1968) with the twe-ship method, shows a thick crust
in the northernmoest part of the southern Okinawa Trough, indicating
that the crustal velocity is generally similar to that of a continental
crust. LEE et al. (1980), also using the two-ship refraction method,
showed a 15-km thick crust in the western part of the southern Okinawa
Trough. They interpreted the structure as a thinned continental crust.

The DELP cruise in 1984 conducted a refraction experiment with
ocean bottom seismometers (OBS) in the middle Okinawa Trough. The
result shows a continental crustal structure: The upper part of the
crust is about 10km thick and 6.0km/s in a P-wave velocity. No P,
phase refracted from Moho was detected, indicating very low Q in the
uppermost mantle (NAGUMO et al., 1986).

The northern Okinawa Trough was extensively studied by arrays of
OBSs, and it was found that the trough has a thick crust with con-
tinental properties. The Moho depth increases northeastward from 24 km
to 30km, and the P, velocity is estimated to be 7.5km/s or less
(IWASAKI et al., 1990). The two-ship refraction experiments also indicate
a very thick crust (LupwiG et al., 1973)

Although many geological and geophysical studies suggest reglonal
dlfferences among the troughs, seismic refraction surveys are not yet
adequate to clarify their structural detail. In 1988, the scuthern Okinawa
Trough was covered by an array of OBSs as a part of the 1983 DELP
cruise in order to determine whether the trough has a thinned con-
tinental crust or a very young oceanic crust due to the back-arc spread-
ing. We present here the main results of the 1988 experiment and some
preliminary analysis of data.

Experiment

We deployed 18 ocean bottom seismometers (OBS), spaced every
11 km along a 195-km profile, as receivers to observe refracted seismic
waves. We shot explosives and an array of airguns as controlled seismic
sources along the profile, as shewn in Fig. 2. The ship from which the
OBSs were deployed was positioned by LORAN-C (Long Range Naviga-
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Fig. 2. Positions of the profile along which OBSs were deployed and seismie

sources were shot. Locations of OBSs are shown by solid circles with letters
and numerals. Ischaths are in meters.

tion C) with the aid of NNSS (the U.S. Navy Navigation Satellite System)
and GPS (Global Positioning System). Since the receiving status of
LORAN-C in the area of the present study is not very gocd, we paid
special attention to determing relative positions between OBSs and
seismic sources. We corrected offset distances between OBSs and shots
according to travel times of water waves.

Four types of OBSs were used, which were developed at four in-
stitutions of three universities. Details of individual OBSs are given in
YAMADA et al. (1981), NAGUMO et al. (1982), MATSUDA et al. (1986), and
BABA et al. (1988). In general, however, characteristics of the instru-
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ments are almost the same: each OBS is equipped with a vertical and
one or two horizontal geophones with a natural frequency ranging from
2 to 4.5 Hz. Some OBSs have a hydrophene, which is useful in detect-
ing signals propagating through water. Seismic signals were recorded
by the direct analog recording (DAR) method except for one OBS which
had a digital recorder (KASAHARA et al., 1985). The signals recorded
by the DAR method cover frequencies ranging from a few hertz to 30
Hz. Details of the position and components of observed signals are given
in Table 1. All but one OBS were recovered after the experiment.
Retrieval of the OBSs was completed by transmitting acoustic signals
from the ship that commanded an OBS to release an anchor. Two OBSs
had a preprogrammed timer to release the anchor.

We shot three large explosives with a chemical charge size of 600
kg and 50 small explosives with a charge of 50 or 25 kg. The average
spacing of the explosions is 3.8 km. The explosives are detonated by an
electrical firing system, so that an accuracy of timing of the shot is
within the limit of 0.01s. An array of airguns, including a 9-liter and
a 16-liter BOLT type airgun, was shot at intervals between 50 s and 70 s.
The ship ran at a speed of about 5kt (9 km/h) to give shot intervals
between 125 and 175 m.

Data

All analog data were converted into a digital form with a sampling
rate of approximately 100 samples per second. The digitized data were

DELP 1988 Southern Okinawa Trough
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Fig. 3. Cross-section of the profile showing variation in water depth. An
gcoustic basement interpreted from a multichannel reflection record (FURUKAWA
et al., 1991) is shown by a line with crosses,
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1988 DELP OKINAWA TROUGH S-N
STATION NAME  OKSSATRGUN

REDUCE

10
DISTANCE IN KM
Fig. 4. (e)

DISTANCE IN KM

OKS11S(VH) GAIN=1.5 BUTPAS 5-15

Fig. 4. (f)

Fig. 4. Examples of seismograms generated by the airgun shooting. (a)
Vertical component of the geophone of OKS3, (b) OKS4, (c) OKS6, (d) OKST7,
(e) OKS9, (f) OKS11. Travel times are reduced by D/(5.0 km/s) where D is the
offset distance in km between an OBS and a shot.
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Fig. 5. Observed travel times picked up from seismograms shot by an
airgun array. The reduction velocity of the travel time is 5.0 km/s.
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those placed in water less than 1000 m deep. The quality of data is
summarized in Table 1.

The airgun array generated refracted P-wave signals up to an offset
distance of 45 km, which was used to study the crustal structure parti-
cularly in an upper crust. The shallowmost part of the sediment of the
crust was analyzed by multi-channel reflection data, the results of which
appear in another part of the present cruise report (FURUKAWA et al.,
part 2 of this report). Some examples of seismograms shot by the airgun
array and recorded by the OBSs are shown in Fig. 4. Travel times are
picked up from seismograms by airgun shooting, as shown in Fig. 5.
The data indicate severe lateral heterogeneity in the crustal structure.
The refracted waves with an offset distance of less than 10 km have an
apparent velocity of approximately 2.0 km/s. The apparent velocity. in
the offset range between 10 and 80 km gradually increases from 4.5 to
5.5km/s. In the range of greater than 30 km is a phase with an ap-
parent velocity of about 8.0 km/s for some OBSs. The phases are, how-
ever, strongly correlated to the topographical position of the profile:
All the OBSs in the trough show a change in apparent velocity from
about 5.5 km/s to 7.8 km/s at the very center of the trough, indicating
that the velocity of 7.8 km/s is due to syncline of the crust rather than
being a true velocity of 7.8 km/s.

P-wave signals generated by explosives were propagated in the crast
along the entire distance of the 195-km profile (Fig. 6). Travel times
picked up from the seismograms frecm explosives are shown in Fig. 7.
The phase of an apparent velocity of approximately 7.8 km/s or less
appears as the first arrival beyond an offset distance of 85 km for OBSs
in the central part of the trough. Because the phase corresponds to
that observed on the airgun data which we interpret as the crustal
phase, we also think that the phase is generated by a crustal wave or
wide-angle reflection from Mohe: no clear phase from the mantle (P,)
is observed. '

Analysis and Results

One.-Dimensional Model for the Upper Crust

We transformed the original record in the offset distance(x) - travel
time(t) domain into the intercept time(r)-ray parameter(p) domain and
picked up the 7z-p trajectory of posteritical arrivals. The r-p data were
then inverted into a velocity-depth profile by the r-sum inversion method
(DIEBOLD and STOFFA, 1981). An example of the procedure is illustrated
in Fig. 8, and a velocity-depth profile is shown in Fig. 9. The velocity
profile was correlated with multi-channel reflection data and was seen
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1988 DELP OKINAWA TROUGH S-N

STATION NAME OKST EXPL
REDUCE VELOCITY 8.00
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Fig. 6. Examples of seismograms due to explosives. The reduction velocity
is 8.0km/s. A vertical component of geophone is displayed. (a) OKS3, OKS6,
OKS11, OKS14, and OKS17. (b) OKST7. (e¢) OKS9.

to be consistent. The model indicates a thick sediment including an
upper homogeneous layer with a P-wave velocity of 1.8 km/s and a lower
layer where the velocity increases sharply with depth from 2.2km/s to
about 4 km/s,

Two-Dimensional Model for Deep Crustal Structure

Since the inversion methed dees not account for lateral heterogeneity,
we should modify the velocity model. In addition, the lower crust and
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the upper mantle are poorly constrained by the airgun data because the
energy produced by the guns was not sufficient to penetrate down into
Mcho. The seismic waves generated by the explosives were used to
construct the lower crustal layer structure. We performed a forward
modeling of a P-wave field in a two-dimensionally varying velocity strue-
ture. One of the preliminary models is shown in Fig. 10. The asymp-
totic ray methed of CERVENY et al. (1977) was used to caleculate a complex
heterogenecus medium. We used a computer code developed by Hirata
and Shinjo (1986), which was modified from SEIS83 (CERVENY and PSENGIK,
1983) for ocean bottom seismograms. Calculated travel times from the
model are compared with observed travel times: Fig. 11 shows observed
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Fig. 8. An example of processed data for OKS6. (a) Observed record
section in an offset distance(z) - travel time(f) domain. (b) record section trans-
formed into an intercept time(r)-ray parameter(p) domain. Semblance of the
seismogram is calculated for each p.

and calculated travel times from airgun sheocoting and Fig. 12 shows those
from explosives. We can see that the model explains the overall behavior
of the travel time curves, especially the change of the apparent velocity
at the center of the trough, very well.
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Flg 9. A velocity-depth profile for OKS6 by the r-sum inversion. .Data
from both the northern and the southern sides of the split profile for OKS6
are inverted into the velocity and shown.
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Fig. 10. A 2-dimensional velocity model along the seismic profile of the
1988 DELP cruise in the southern Okinawa Trough. Numerals are P-wave
velocities,
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Fig. 11. Calculated travel times (large symbols) and observed travel times

due to airgun shooting (small symbols). Ray diagrams are shown in the bottom:
(a) OKS3, (b) OKS5, (¢) OKS6, (d) OKS7, (e) OKS9, (f) OKS10, and (g) OKS11.
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Discussion

Analysis of the seismic data indicates that the crust is more than
16 km thick. A phase with an apparent velocity of about 7.8 km/s is a.
crustal phase, which is strongly affected by the change in the thickness
of the upper crust. Our data indicate that the sediment is the thickest
in the center of the trough and its thickness decreases towards the
margins of the trough while the underlying ecrustal layer, which has
velocities between 4.5 and 6.4 km/s, is the thinnest in the center of the
trough. The lower crust seems more uniform than the upper crust,
having a velocity which increases from 7.0 to 7.2km/s or more. Con-
sequently, we conclude that the southern Okinawa Trough does not have
an oceanic crust but that it is comparable to ‘the continental ecrust
characterized by a thick 6-km/s layer.

The important question to be answered by the present experiment
is whether or not the southern Okinawa Trough has started to open due
to back-arc spreading. Our data indicate no evidence of the existence
of a very thin crust associated with the spreading, even in the center
of the trough. Some seismograms (OKS6, OKS7, OKS9, OKS10) show a
shadow zone in the t-x record section, which suggests an abrupt lateral
change in the shallow crustal structure located at the very center of
the trough, such as a small knoll (Fig. 5). Reflection data indicate evi-
dence consistent with an apparent igneous intrusion into the basement
layer. Thus we judge that back-arc spreading in the studied area has
not begun yet, or, if it has, it is too narrow to be detected by seismo-
logical methods. .

Our cbservation is in agreement with a geslogical interpretation by
SIBUET et al. (1987) that the young oceanic crust is limited to a width
of a few tens of kilometers or less in the southern and middle Okinawa
Trough. Furthermore, our data indicate that the width of the oceanic
crust, if any, in the axial portion of the trough is even less than that
proposed by SIBUET et al. (1987). Our data reinforce the view that, if
any, only a limited amount of young oceanic crust exists in the southern
Okinawa Trough. Consequently, the trough is essentially composed of
a continental crust thinned by a tensional process which is indicated by
geological evidence at the sea bottom such as normal faulting (FURUKAWA
et al., part 2 of this report). Our data are consistent with the idea that
the southern Okinawa Trough is in the rifting stage of the back-arc
basin prior to spreading.

LEE et al. (1980) reported the crustal structure in the southern
Okinawa Trough in approximately the same area as covered by the
present study. They claim that Moho exists 15 km below the sea surface
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Fig. 13. P-wave velocity distributions in the erust of the southern Okinawa

Trough., The crustal structures beneath the center of the trough (OKS6 and
OKS9) are compared with the model presented by LEE et al. (1980).

beneath the central rift of the trough. Their model is very different
from the average structure of the cceanic crust in the northwest Pacific
basin. Our data are consistent with their model, although we did not
detect a clear refraction phase from the mantle as would be expected
from the model (Fig. 13). The discrepancy between our results and
theirs is partly due to the ambiguity deduced from the limited amount
of data used in their study. It may also be due to the directions of the
profiles: the split profile of LEE et al. (1980) is parallel to the strike
of the trough while ours is perpendicular to it. If the oceanic crust
underlain by the 8.0-km/s mantle exists only close to the center of the
trough, we did not observe the thin crust: the crust further away from
the center, which we observed, could be thicker than that in the center
of the trough. So we can safely say that even if the young oceanic
crust exists in the southern Okinawa Trough, it will be only in a very
limited area near the axis of the trough.

We should mention that all available seismic data on the crustal
structure of the Okinawa Trough from north to south show a clear
resemblance (Fig. 14): The crust has a thick sediment, which consists
of two or three layers with a P-wave velocity of 2.0-4.9km/s. Below
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the sediment is a layer with a P-wave velocity of arcund 6 km/s. The
distribution of the P-wave velocity in the upper crust is quite different
from that in the Shikcku Basin, which basically has the same crustal
structure as that in the northwestern Pacific Basin. Thus we can say
that all seismic data, including ours, indicate that there is no oceanic
crust in the entire Okinawa Trough.

Still, we need further detailed seismic experiments, because no ex-
periment has had a refraction profile long enough te observe the entire
crustal structure. We need a profile more than 250 km loeng and with
controlled sources strong enough to generate seismic waves to cover the
whole length of the profile.

Conclusion

We conducted a seismic refraction experiment using 18 OBSs and
controlled sources of an airgun array and explosives in the southern
Okinawa Trough. Results of analysis of the seismie data indicate that
the southern Okinawa Trough has a crust 16 km or more thick, suggest-
ing that the trough has not yet started to open due to back-are spread-
ing, or that any spreading that has occurred is too recent to be detected
because no evidence of a very thin young oceanic crust was found.
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