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Abstract

Detailed survey by means of PDR, single channel water-gun and
air-gun, multi-channel air-gun, proton and three component magneto-
meters and dredger revealed five segments of central grabens which
are located in the axis of the Okinawa Trough of the study area.
These grabens are aligned en echelon. The “Iheya” Graben is the
most pronounced. No positive evidence was found for the existence
of transform faults connecting the en echelon grabens. A basaltic
ridge and knolls were newly found in the central axis of these grabens.
From these central knolls and the ridge pieces of olivine basalt were
dredged. These are island arc type high alumina basalts with K-Ar
ages younger than 1 Ma. Some rhyolite, dacite and a small quantity
of dacitic andesite younger than 1 Ma (K-Ar and fission track ages)
were also dredged in the vicinity, indicating bimodal volcanism. Thus,
the petrologic evidence does not support the existence of an oceanic
crust but it suggests an extensional stress field in the middle Okinawa
Trough. Based upon the evidence, the middle Okinawa Trough is
concluded to be in a rifting stage of an incipient spreading process in
the continental margin.
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1. Introduction

The Okinawa Trough (Fig. V-1) has been expected to be an area
where the opening of a back-are basin began in relatively recent years.
It was the main purpose of the DELP-84 WAKASHIO Cruise to check
this possibility in the middle Okinawa Trough area. This section is con-
cerned with the topographic and seismic reflection surveys and dredge
hauls conducted during the cruise. Some preliminary results of the survey
and the study on rocks dredged will also be presented. Fig. V-2 shows
the track lines of PDR, seismic reflection (single channel water-gun and
air-gun) and magnetic survey, which are displayed in Figs. V-5 and V-15.
Dredge locations are displayed in Fig. V-3. Fig. V-4 represents the
submarine topography revised from that of KIMURA (1983) by adding the
new data obtained during the DELP-84 WAKASHIO Cruise.

The Okinawa Trough is a big graben represented by the topographic
depression behind the Ryukyu Are. The width of the trough is 100-150
km and the length about 1200 km along the Ryukyu Arc. Thirteen en
echelon grabens had been presented along the axis of the whole Okinawa
Trough (Fig. V-1) which included some half-grabens. Those grabens had
been regarded as central grabens (KIMURA, 1985).

The middle Okinawa Trough is one of most active places in the
whole Okinawa Trough and the topographic features are very irregular.
The water depth is between 1000-2000 m. Extensive young volcanic
features are recognized in the trough-wide area by PDR and seismic
reflection profiles. Plenty of Quaternary volcanic rocks were recovered
from the features during the DELP-84 WAKASHIO Cruise. Sedimentary
covers are very thin in the volcanic area. An earthquake swarm occurred
in the area in 1980.

In the southern Okinawa Trough, the water depth reaches more than
2000 meters and the topographic features show a smooth sea floor except
in the narrow central graben areas. Though young volecanic ridges had
been recognized in the southern Okinawa Trough, they are limited to the
very narrow central grabens offsetting Quaternary thick sedimentary
layers (SIBUET et al., 1986). The northern Okinawa Trough shows a shal-
lower water depth of 500-1000 m and the sea floor is very smooth except
for some knolls distributed in the margins of central grabens. Quater-
nary volcanoes have not been observed in this area.

2. Topography

In the study area, five topographic deeps limited to the axial part
of the trough were recognized. These deeps were tentatively named the
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Fig. V-1. Morpho-tectonic map of the Ryukyu Arc region. Location of the study
area is shown in the frame. The base map shows Quaternary rift system of the Okinawa
Trough (KIMURA, 1985). Legend: 1, Central graben; 2, fault, hatching on the down
thrown side; 3, buried fault; 4, trench; 5, anticline; 6, syncline. OT, Okinawa Trough.
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Fig. V-3. Sites for rock sampling carried out by the DELP-84 WAKASHIO
Cruise (D-1—D-6), the “SHINKAI 2000” dives and a previous cruise of the
Geological Survey of Japan. The sample SU 8491303 was taken at dive site A
by the submersible “SHINKAI 2000”. D134 rock had been dated by SHIBATA
et al. (1984). KK, Karuishi Knoll; ID, Io Deep; Ihd, Iheya Deep; AD, Aguni
Deep; KD, Kume Deep; KeD, Kerama Deep; Ih], Theya Islands; AI, Aguni
Island; OI, Okinawa Islands; TS, Tsunghai Shelf.

Karuishi, Theya, Aguni, Kume and Kerama Deeps from the north to the
south (Fig. V-4). It has been newly found that there are knolls and a
ridge in the axial part of the deeps. These were also recognized by the
seabeam survey by the R/V Jean Charcot POP-1 Cruise (SIBUET et al.,
1986) in 1984 carried out just after the DELP-84 WAKASKIO Cruise.
They are regarded as a central ridge or knolls of the Okinawa Trough.
The prominent central ridge in the axial part of the western portion of
the Theya Deep (Figs. V-5 and V-6F) is tentatively named the “Iheya
Ridge”. The Iheya Ridge is 2-3km wide and at least 20km long, oriented
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Fig. V-4, Submarine topographic map (100m contour interval) used as a
base map of the present report. This map is revised from KIMURA (1983) by
adding the new data from the DELP-84 WAKASHIO Cruise. Io, To Deep; Ih,
Theya Deep; Ag, Aguni Deep; Ku, Kume Deep; Ke, Kerama Deep.

from the west to the east. The relative height of the Iheya Ridge is
about 300m. Plenty of basalt samples were dredged from the ridge (D-5
and D-6 in Fig. V-3 and Table V-1). Central knolls were recognized in
the other four deeps (Fig. V-3). .

3. DPetrochemistry of volcanic rocks

Lava and pumice were sampled during the DELP-84 WAKASHIO
Cruise (Plates V-1, V-2, V-3, V-4, Tables V-1 and V-3) and during the
dives of the submersible “SHINKAI 2000” (UYEDA et al., 1985) (Tables
V-2 and V-3).
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a) Lava

Under the microscope, all the rocks are more or less glassy suggesting
that they were quenched by water. The chemical compositions are given
in Table V-4. As the table shows, rocks are bimodal in composition, i. e.,
they are composed of basalt and dacite with a small- amount of acidic
andesite, lacking in intermediate to basic (58-68% in. SiO, content)
andesite. _

Compositions of basalt are plotted on AlQ,— (Na,0+K,0)—SiO, dia-
gram (Fig. V-6A). The diagram demonstrates that all basalt samples
belong to the high-alumina basalt series.

Dacite and acidic andesite are plotted in the field of hypersthemc
rock series in MgO —FeO* — (Na,0+K.0) diagram (Fig. V-6B). These rocks
contain hornblende phenocryst. These two pieces of evidence show that
the acidie rocks belong to the cale-alkaline series.

The fact that all basalts belong to high-alumina basalt series and
that the rocks are bimodal in composition indicates that this rock suite
has the character of volcanics generated under an extensional tectonic
environment (LIPMAN et al., 1972; KoNDA, 1973).
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- Fig. V-5. Submarine topographic PDR profiles. Locations -are shown in Fig. V-2.

b) Pumice

The chemical compositions of pumice samples are given in Table V-5.
In MgO-FeO*-(Na,0+K.0) diagram (Fig. V-6B), they are divided into two
groups. The first group shown by open-dot circles, (Nos. 8 and 4 in
Table V-3-(2) and Table V-5), is plotted on the variation trend of lava,
while the other group shown by open cirecles, is plotted near to FeO*-
(Na,0+K,0) join, apart from the variation curve. This fact suggests
that pumice of the former group is comagmatic with acidic member of
lava, i.e., dacite and acidic andesite.
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Plate V-1. Chain bag type dredger u for present study.
1) Front view. 2/ Back view.
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(3)

Plate V-2. Rock samples dredged Dredge St. D-1).
(1) and (3), pumice blocks; (2), basalt bloeks (left in the lLox) and

pumice blocks (right in the

0X ).
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Plate V

Dredged pumice blocks (St. D-3).
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Plate V-4. Dredged basalt blocks (St. D-6).
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Table V-3. Identified rock samples. Stations are represented in Tables V-1 and
-2. Nos. 1,4,6,9,11 and 13 in Table V-3-(1) were identified by I.
Kushiro and others by Y. KarTo.

(1) Lava
NO.|Station zzggéﬁation Rock Name
1 D-1 D-1(B) Olivine basalt
D-1YK Olivine-bearing augite basalt (glassy)
s o6 | o-oagivi | Givine pearing aupite basalt Gelesey,
4 D-6(A) Olivine-augite basalt
5 D-6AcrYK | Olivine-bearing augite basélt
6 D-6(B) Olivine-bearing augite basalt
7 D-6BYK Olivine augite basalt
8 |140-3 13-3YK gggggiigde-bearing augite hypersthene
9 1140-3 SU8491303 gggggiggde-bearing augite hypersthene
10 |140-2 13-2YK ﬁ:gi::-bearing hypersthene hornblende
11 D-1 D-1(A) ‘| Dacite
12 |139-2 12-2YK Hypersthene hornblende dacite
13 D-3 D-3(D) . Dacite
(2) Pumice
1 {138-1 11-1YK Pumice
138-2 11-2YK "
3 1139-1 12-1YK "
4 |140-1 13-1YK "
5 D-1 D-1BPYK "
6 D-1APYK "
7 D-3 D-3PYK "

4. K-Ar ages of some volcanic rocks recovered from the
Middle Okinawa Trough ‘

4.1. Samples
Dated samples include a hornblende-bearing augite hypersthene
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Table V-4. Chemical Composition of lava samples.. Nos. 1,4, 6, 9 and 11 were
analysed by H. HARAMURA, and others by Y. KaTo. Nos. 2~12 are dis-
played in Table V-3-(1). Nos. 8, 10 and 12 are cited from KATo (in
_bress). The Nos. are the same as in Table V-3.

No. 1 2 3 4 5 6 7 8 9 10 11 12
5i0, 49.96 * 50.35 '50.41 50.57 .50.82 52.06 52.51 63.17 63.71 68.48, 70.67. 71.57
Tio, 117 1.08 1.09 1.17 1.06 1.25 1.13 ~0.80 - 0.78 0.48 0.1  0.33
Al,0; | 17.66 17.32 16.18 16.79 16.47 16.19 16.00 16.28 15.89 14.57 12.49° 13.56
Fe,04 1.87 1.94 1.30 1.80 1.58 2,01 2.13 1.83 2.27 1.24 0.61 0,79
Fe0 8.01 7.78 8.27 7.90 7.88 7.66 7.40 3.06 2.98 1,93 1.41 1.54
MnO 0.24 0.25 0.18 0.27 0.17 0.26 0.21 0.12. 0.13 0.09 0.08 0.06
Mgo '5.85 '6.03 6.39 5.69 6.24 5.41 5.79 1.5 1.51 0.83 0.33 0.51
a0 11.61 11.14 11.39 11.36 11.18 10.20 10.09 4.41 - 4.50 2.64° .1.33 1.88
Na,0 2.61 2.52 2.86 2.71 2.84 3.18 3.02 4.75 4.73 4.65 5.80 4.51
X,0 0.40 0.35 0.50 0.50 0.50 0.53- 0,52 1.67 1.77 2.41 2.44 2.81

HZO(+) 0.58 0.14 0.19 0.85 0.19 1.09 0.18 0.22 1.63 0.11 4.25 0.06
HZO(-) 0.10 0.85 1.15 °0.10 0.91 0.12 0.88 1.93 0.00 2.24 0.35 2:07
P,0¢ 0.13 0.26 0.09 0.16 0.17 0.16 0.15 0.24 0.02 0.34 0.03 .0.31

Total 100.17 100.01 100.00 99.87 100.01 100.10 100.01 99.99 99,92 100.01 99.90 100.00

Si0, 50.01 - 52.50

2 L. 6
Na,0 + K,0

Fig. V-6 (AS. Chemical compositions of dredged basalt by the DELP-84

WAKASHIO Cruise shown in Table V-4 (Nos. 1-7), plotted on A1,05— (Na,0+K,0)
—8i0, diagram. o

10
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Na0 + K0

Nos. 1~4 are cited from KATo

MgO

Fig. V-6 (B). Mg0-FeO*—(Na,0+KO;) diagram of lava and pumice collected
by the DELP-84 WAKASHIO Cruise and the SHINKAT 2000. Fields of hypers-
thenic (H) and pigionitic (P) rock series of Izu—Hakone are based on Kuno (1954).
Solid circle, lava; open-dot circle, pumice of the group plotted on variation
trend of lava; open circle, pumice of the group plotted apart from the variation
trend of lava. Pumice of the former group is inferred to be comagmatic with
acidic members of lava, i.e., dacite and acidic andesite.

Table V-5. Chemical composition of pumice samples analysed by Y. Kato. Nos.
1~T are displayed in Table V-3-(2).

(in press).
2 s 6

§i0, 68.80 69.39 70.16 70.64 72.82 73.07 73.78
Ti0, 0.32 0.31 0.35 0.3 0.15 0.15 0.19
A1,04 14.81 14.55 13.73 14.09 12.88 13.09 13.03
Fe,04 0.96 0.75 0.86 0.79 0.57 0.57 0.63
FeO 3.25 3.13 1.72 1.73 1.64 1.60 1.93
Mno 0.1s 0.20 0.13 0.06 0.09 0.08 0.10
Mgo 0.34 0.40 0.62 0.64 0.19 0.14 0.28
ca0 2.36  2.27 2.12 2.14 1.31 1.28 2.09
Na,0 5.55 5.52 4.61 4.51 4.85 4.76 4.78
K,0 1.96 1.97 2.65 2.50 2.45 2.40 1.31
P,0, 0.06 0.06 0.06 0.06 0.01 0.01 0.01
H,0(+) 1.42 1.26 2.65 2.36 2.87 2.66 1.78
H,0(-) 0.00 0.18 0.34 0.11 0.i7 06.19 0.10
Total | 99.98 99.99 100.00 99.99 100.00 100.00 100.01
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SU8491303

l;.w cm .._—>l

Fig. V-7. Schematic cross section of the sample SU 8491303.

andesite (SU 8491303) recovered in situ by “SHINKAI 2000” (UYEDA et al.,
1985) and olivine basalts (D-1 (B), D-6 (B)) and dacite (D-3 (D)) dredged
during the DELP-84 WAKASHIO Cruise. Sampling sites are shown in
Tables V-1, 2, 3 and Fig. V-2.

Under the microscope, these samples are relatively fresh, showing no
apparent secondary products. The samples SU 8491808 contains no glassy
part. However, the samples D-1 and D-6 are aphyric and contain glassy
parts of more than 50~60%. The dacite sample D-8 is almost entirely
glassy. Three cores, A.B and E, were drilled from the block SU 8491303
(Fig. V-7). Each portion was dated separately by the K-Ar method to
check reliability. As shown in Fig. V-7, the samples SU 8491303B re-
present the outer portions, whereas sample SU 84913303E the inner one.
If excess “Ar or some secondary processes such as alteration affected
the K-Ar age of this sample, the obtained K-Ar ages would differ among
different portions. For the DELP-84 WAKASHIO samples (D-1(B), D-3
(D), D-6(B)) only the innermost part was analysed.

4.2. Experimental

In the present study, the K content was determined by the XRF
(X-ray fluorescence) method with an uncertainty of about 29,. Ar iso-
topes were analysed on a Reynolds type mass spectrometer (60°, 15cm
radius) and the amount of radiogenic “Ar was determined by the isotope
dilution method with ®*Ar as tracer. The precision of Ar isotopic ratio
measurement ranges from 0.5 to 295, depending on the amounts of Ar
isotopes. The uncertainty in a calculated K-Ar age includes those of the
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Table V-6. K-Ar age of a volcanic rocks determined by I. KANEOKA (UYEDA et al.
1985). Sample name is represented in Table V-8-(1).

40 40 .
L . Arrad. ( Arlair *
Sample Rock Type Weicht K x 1078 (mAr)tot. K~Ar age

() (%) cn3sTP/9) (%) "

*

SU8491303 Dacitic
andesite

(a) . 1.25 . 0.22
} 0.22 = 0.08
(E) . 1.34 98.2 0.24

(B) . (1.26) 94.7 {0.23)

* K content was determined by the XRF (X-ray fluorescence) method with the
uncertainty of about 2%.
#*x K-Ar ages were calculated with the following values (STEIGER and JAGER, 1977).
2,=0.581x10-10 yr-1, 25=4.962x10-10 yr-1, YK/K=1.167%x10-* moles/mole.
The uncertainty in the age represents one standard deviation. The amounts of
AT, 4. for samples (A) and (E) were determined by the isotope dilution method
with 3BAr as a tracer, whereas that for sample (B) was determined by the peak
height method.

Table V-7. K-Ar ages of voleanic rocks determined by I. KANEOKA. Sample
name is shown in Table V-3.

4051‘rad. (40Ar)air
e (x 108
(%) i

cm3STP/g)

Sample Rock Type Weight
* (9)

*%r) tot.
(%)

Olivine 1.637 0.39
basalt

Dacite 0.365 2,03 ~65

Olivine 2,317 0.773
augite basalt

* K content was determined by the XRF (X-ray fluorescence) method with the un-
certainty of about 2%, except for the sample D-3 (D). As the K content for the
sample D-3 (D), the value determined for a different block by the wet chemical
method by H. Haramura was used.

statistical ones in Ar analysis together with those of the amount of the
tracer and K measurements.

4.3. Results and discussion

Results are summarized in Tables V-6 and V-7, where the uncertainty
in a K-Ar age represents lo (standard deviation).

For the sample SU 8591303, three portions show almost the same K-
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Ar ages of 0.22~0.24 Ma. Among them, the amount of radiogenic “Ar
for Su8491303B was determined by the peak height method. Hence, the
calculated age includes more uncertainty than the other two portions
whose radiogenic “Ar was analysed by the isotope dilution method. There-
fore, a weighted mean K-Ar age has been calculated from SU8491303A
and SU8491303E, excluding SU8491303B. The calculated age is 0.22+40.08
Ma. Since this sample contains little glassy part and is relatively fresh,
the K-Ar age would be close to the solidification age of this sample.
Although the sample SU 8491303 was taken directly from acliff facing
the bottom of the Okinawa Trough by the submersible “SHINKAI 2000~
it shows no chilled margin. Such a portion might have been removed
already from the surface, which implies that the formation age of the
cliff may not be very young. The obtained K-Ar age is compatible with
such an interpretation. . .

On the other hand, the DELP-84 WAKASHIO samples show a large
variation in the calculated K-Ar ages. The sample DELP-84 D-1(B)
indicates a K-Ar age almost indistinguishable from zero age if we con-
sider its uncertainty. The sample DELP-84 D-6 (B) indicates a K-Ar age
of 0.42+0.19 Ma, which is apparently older than sample SU 8491303.
Furthermore, the dacite (DELP-84 D-3 (D)) shows a much older K-Ar age
of about 8 Ma, through the uncertainty in the calculated age is quite
large. However all these rocks are quite glassy, as can be seen under a
microscope. It is well known that quenched pillow contains quite large
amount of excess “Ar (e.g.,, DALRYMPLE and MOORE, 1968; DYMOND and
HoGAN, 1978). The amount of excess “Ar can be as much as (2~8)x
10~°* em®STP/g, depending on the cooling condition. The accumulated data
on recent pillow basalts suggest that such excess “Ar is observed in a
sample which shows a glass content of more than 50~609;. Present
dredged samples show glass contents in this range. Furthermore, as
shown in Table V-7, the analysed dredged samples contain (0.4~65) X
107 em’STP/g of non-atmospheric “Ar. Hence we cannot preclude the
possibility that most radiogenic “Ar observed in analysed DELP-84 sam-
ples might represent excess “Ar. Under a microscope, these samples are
fresh and the possibility of Ar loss due to sample alteration is quite
small. Hence, the apparent K-Ar ages of DELP-84 samples obtained in
this study would show only the maximum formation ages.

In Fig. V-8, the present K-Ar age data are plotted together with a
reported K-Ar age for a rhyolite (D134 in Fig. V-2, SHIBATA et al., 1984)
on a geological map of the Theya Deep. As far as these data are con-
cerned, it is possible that basaltic rocks erupted very recently, but felsic
intermediate volcanic rocks might have been formed earlier. Hence the
high heat flow observed in this area (Part IV of this report) might be




Report on DELP 1984 Cruises in the Middle Okinawa Trough. Part V 293

126:50'-E

€042:019 vV VvV YV VVV VY
v . /NVV VVVV VIV VYV
5km VVVVVVVVVVVYV

_— .
, N AVVVYVYVVVYVYV

 Fig. V-8 Submarine geologic map of the eastern Iheya Deep and the
distribution of rocks dated by the K-Ar method. 1, Basalt; 2, Acidic volcanic
rock; 8, Unidentified voleanic rock; 4, Sediment; 5, Sampling site; 6, Fault,
teeth on the down thrown side. Ih is the Iheya Ridge; A is the dive site by
the SHINKAT 2000. Asterisk (*) shows the location of the highest heat flow of
over 1,600 mW/m2 (YAMANO et al., 1986). .

related to the voleanic activity of such basaltic rocks.

5. Geochemical characterization of bottom sediments in the Okinawa
Trough and its adjacent floors of the East China Sea.

5.1. Sedimentological and stratigraphic features of bottom sediments

The surface distribution of bottom sediments in the shelf areas of
the East China Sea was studied extensively by NIINO and EMERY (1969)
and the general patterns of distribution are well understood. However,
the bottom sediments in the deeper Okinawa Trough have been sampled
only sporadically and the type of sediment is poorly known. This section
is intended to characterize the bottom sediments which were dredged
from the Okinawa Trough during the DELP-85 WAKASHIO Cruise and
to compare them with the bottom sediments in other parts of the East
China Sea. The bottom sediments had also been dredged and cored from
the continental shelves and slopes and the floors adjacent to the Okinawa
Islands by several educational cruises (RN Cruises) of the University of
the Ryukyus on R/V NAGASAKI MARU and the KT-84-14 (R/V TANSEI
MARU) Cruise. The descriptions of RN-sediments were made elsewhere
by YAMAMOTO et al. (1984).

Locations of dredged and cored samples which are investigated in
this study are shown in the bathymetric map of Fig. V-9, and the sedi-
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mentological characteristics of the analyzed samples are summarized in
Table V-8. The analyzed samples include three piston cores (RN-80 PC-
3, RN-82 PC-2 core catcher, and KT-84-14 P-1) and three cores from
Smith-McIntyre sampling (RN-84 SM-1 through SM-3) in addition to
dredged samples from 9 sites.

According to the distribution patterns of bottom sediments sum-
marized by N1No and EMERY (1969), the continental shelf area is distri-
buted with sand except for the coastal areas and the tongue-like areas
of the central portion where deltaic muds are distributed, but the sediments
become finer than sand in the area off the continental slopes towards the
Ryukyu Island Are. Such a tendency is well recognized in Fig. V-10
which shows a generalized distribution pattern based on the present
study. However, shallow floors off several islands of the Ryukyu Are
were not studied by N1No and EMERY (1969). The recent studies by
Uik et al. (1983) and YAMAMOTO and Ui (1983) have shown that
biogenous calecareous sand is distributed in these areas. The color of
offshore muddy sediments also shows some generalized patterns as indi-
cated in Fig. V-10. Although the offshore muds may be grayish in most
parts of the continental slope, some parts of the surface floors of the
Okinawa Trough and trench slopes are covered by reddish brown mud.
Such a brown mud appears to cover the surface floors of the basaltic
exposures and their adjacent areas (YAMAMOTO and OOMORI, 1984). It
may be an oxidized product by biological and other reactions (MASUZAWA,
1983).

In this study, the surface reddish brown muds were carefully ex-
amined to characterize their distribution patterns and stratigraphy. The
stratigraphic features of the cored samples are shown in Figs. V-11 and
V-12. No cover of brown mud is recognized for the grayish sand and
mud in the continental shelf and slope areas, but, as mentioned above,
covers of brown mud can be recognized in some parts of the Okinawa
Trough and the trench slope area. In the KT-84-14 P-1 core, about a
35 cm thick layer of brown mud is observed together with bioturbation
and burrows in the layer. The contact with the grayish silty clay is also
bioturbated (Fig. V-12).

5.2. Geochemical analyses and characterization

Heavy metals and other metallic elements were leached and analyzed
for different types of sediments. Table V-8 indicates the results of
analyses with some sedimentological characteritics. The sediment samples
were dried and powdered. 200mg of the powdered samples was leached
overnight with 10ml of 109; (2.86N) HCl. Carbonates and other materials
soluble by 109; HCI were dissolved completely with oceasional shakings.
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Fig. V-9. Site locations of sediment samples shown in Table V-8. - Bathy-
metric contours are shown in km. Sites of dredging stations (asterisk, *) and
coring stations (star, y¢) are indicated together with labels of site designations.
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Fig. V-10. Generalized map of distribution patterns of bottom sediments. Bathy-
metric contours are shown in km. Patterns are labelled as D; Deltaic mud—sandy mud,
S; Arkosic sand—muddy sand, M; Grayish mud (calcareous), locally its surface may be
oxidized to brown mud, R; Reddish brown mud (igneous origin?), C; Caleareous sand—muddy
calcareous sand. Sampling positions of the present study are indicated by dots (-).
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Fig. V-11. Lithologic descriptions of Smith-McIntyre cores from the con-
tinental shelf. Water contents were measured by determining the amount of

sea-water loss on drying.
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The insoluble residue was filtered by a glassfiber filter (GS-25, pore size
1, filtering area 9.6cm?® and weighed after drying. On the other hand,
the filtered solution was brought to exactly 50ml with distilled water
and 13 elements (Ca, Sr, Na, K, Fe, Mg, Mn, Cu, Ni, Zn, Cr, Co, Pb) in
the solution were analyzed by atomic absorption spectrometry.

The relation between Ca and the soluble fraction (weight 9;) by 109
HCI is shown in Fig. V-13A. If Ca is all derived from ecalecium carbo-
nate (CaCQO,) and the material dissolved by 109 HCI is only CaCO,, the
theoretical relation between them can be represented by the line labeled
as CaCO, in the figure. The analyzed samples are deviated from this
theoretical line, but the observed relation seems to follow a certain
line (broken line in Fig. V-138A). The deviation may be related to the
fact that the minute particles passed through pores are counted as soluble
fraction and also to the fact that the clay minerals contained in the
carbonate-rich samples will be leached more easily by HCl than those in
the carbonate poor samples. The carbonate contents of the sediments in
the Okinawa Trough and its adjacent sea floors (RN-82 D-6) are inter-
mediate between the calcareous sediments off the Okinawa Islands and
in the trench slope (KT-84-14 P-1) and the arkosic sands in the con-
tinental shelf (Rn-84 SM-1 to 3), according to the clusters observed in
Fig. V-138A.

The arkosic sands in the continental shelf, calecareous muds in the
trench slope, and brown muds in the Okinawa Trough are clustered also
in the K-Na plots shown in Fig. V-13B, except RN81-D-4A of the Okinawa
Islands which is non-caleareous sand with quartz and chert fragments.
As illustrated in this figure, the Na contents in sediments is related to
the seawater contents of sediments. K is contained more in the ter-
rigenous clay because such clay minerals as kaolinite and illite (BERNER,
1971) in the terrigenous clay can absorb K more than pelagic clay. K
is more leached from the grayish mud than from the brownish mud. In
this respect, the brown mud in the Okinawa Trough is very fine-grained
and may be pelagic in origin.

The pelagic origin of the brown mud in the Okinawa Trough is also
supported by the Fe-Mg plots in Figs. V-13C and V-18D. The muddy
samples including both brown and grayish mud (DE84-D-7a) in the
Okinawa Trough are clustered in the Fe-Mg plots; however, the brown
muds of the Okinawa Trough are plotted on a straight line almost parallel
to the [Fe(%) : Mg(%)=38:1] line (Fig. V-13C). Other types of sediments
are clustered in other areas and the correlations and the ratio of Fe and
Mg in the Okinawa Trough brown mud appear to differ from other
samples. If we compare the Fe-Mg relation with the pelagic brown mud
in the Ogasawara Trench slope KH-80-1, Sts 4 and 5 (YAMAMOTO and
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OOMORI, 1984) on the basis of the concentrations leached by 109, HCI
(Fig. V-18D), the composition of the Okinawa Trough brown mud will be
understood to be different from the terrigenous sediments and to be
similar to the pelagic reddish clay of the Ogasawara Trench slope whose
origin may be associated with clay mineralization of deep-sea intermediate
to basic igneous rocks (YAMAMOTO and OOMORI, 1984).

In the Fe-Mg plots, the calcareous sediments off the Okinawa Islands
are plotted in the high-Mg area and the plots may suggest that the
calcareous sediments off the Okinawa Islands are rich in high-Mg calcite
as skeletal calcareous organisms. Mn, Zn and other heavy metals are
concentrated in some samples. Mn is enriched characteristically in the
reddish silty clays in the Okinawa Trough and the surface layer of the
KT-84-14 P-1 core. There is a tendency for Zn, Cu, Pb and Co to be
slightly enriched in the Okinawa Trough brown mud; particularly, in the
DELP-84 D-Tb sample. The enrichment in brown mud may be caused
by the igneous supply from the axis of the Okinawa Trough.

6. Geology and structure

The surface gelogy of sedimentary and igneous rocks in the study

area is shown in Fig. V-14. The central graben region in the eastern
half of the middle Okinawa Trough is composed mostly of igneous rocks
and of fairly thick sedimentary layers in the western half. The sedi-
mentary layers are probably Pleistocene and younger in age. In the
northern end of the study area, a large volume of rhyolitic pumice blocks
and several pieces of basalt were recovered from the small knoll (D-1)
(Fig. V-3 and Table V-1) in the Io Deep which is adjacent to the Karuishi
Knoll (KK in Fig. V-3) (KIMURA, 1983). From the Karuishi Knoll a large
volume of dacitic pumice blocks had been recovered (HoNnzA, 1976).
Judging from diving observations by the submersible “SHINKAI 2000”
into area A (UYEDA et al., 1985) and its large volume suggests that the
pumice is in situ. The K-Ar age of basalt from the central knoll in the
To Deep is 0.29+0.78 Ma (Table V-7), and the fission track age of rhyolite
pumice in the same station is 0.07+0.02 Ma (Masao HAYASHI, 1936, per-
sonal communication). Pieces of dacitic pumice were obtained from the
surrounding knolls. A lot of basalt was obtained from the Iheya Ridge
(D-5 and D-6 in Fig. V-8) and dacitic pumice was obtained from the sur-
rounding knolls (D-134 and D-3 in Fig. V-3).

The geologic map in the vicinity of the Theya Ridge is shown in Fig.
V-8, in which the distribution of igneous rocks is presented. Based upon
the topographic and geologic information, the Theya Ridge is considered to
have been formed in the latest stage of the igneous activity of the area.
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Comparison of the Okinawa Trough brown muds and the
Ogasawara Trench slope pelagic muds (KH-80-1 St. 4 and §) in Fe-Mg diagram.
Concentrations on both samples are based on leaching by 10% HCI.
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Fig. V-14. Submarine geologic map resulted from the present study. (1)
Unconsolidated Quaternary sediments, (2) Semi-consolidated upper Miocene—
early Pleistocene sedimentary layer, (3) Igneous bodies, (4) Unidentified area
and (5) Active fault, teeth on down-thrown side.
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Fig. V-15 (A). Io Deep. Line 8, showing the central knoll between 5:00 and 6:00.
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Fig. V-15 (B). Lines 9 and 25 showing the Theya Ridge.
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Fig. V-15 (C). Line 20’ representing the central knoll in the Aguni Deep.
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Fig. V-15 (D). Line 15 showing the central knoll in the Kume Deep. Line
39 shows the western part of the Kume Deep where the central knoll and magne-
tic anomaly are not clear.
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Fig. V-15 (E). Kerama Deep shows a small central topographic high and
magnetic anomaly.

Fig. V-15. Examples of topographic and magnetic profiles (total force)
across central grabens of the middle Okinawa Trough. Locations are shown in
Fig. V-2.

7. Central grabens

The position and structure of the central grabens were determined
by seismic reflection profiles, PDR profiles and magnetic profiles (Fig. V-
15). Five grabens, i.e. the Io, Theya, Aguni, Kume and Kerama Grabens
were recognized en echelon arrangement along the axis of the middle
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Fig. V-16. Distribution of central grabens and the basaltic central ridge
or knolls. To; Io Graben (central graben), Ih; Iheya Graben, IR; Iheya Ridge,
Ag: Aguni Graben, Ku; Kume Graben and Ke; Kerama Graben. Legend: (1)
Central Graben rifting igneous bodies; (2) central graben offsetting sedimentary
layers; (3) Central ridge or knolls composed of basalt. Basalt samples were
dredged by the R/V Jean Charcot in 1984 from the Aguni Graben (SIBUET et al.,
1986).
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Okinawa Trough in the study area (Fig. V-16). There exists a central
ridge in the Theya Graben and central knolls in the axis of the Aguni,
Jo, Kume and Kerama Grabens (Figs. V-14 and V-16). Fig. V-15
shows the profiles crossing the central grabens. Figs. V-15B and V-15C
show central ridges with marked magnetic anomalies. Figs. V-15A,
V-15D and V-15E show central knolls with less marked magnetic ano-
malies. It is suggested that in these grabens igneous intrusion is at
greater depths.

In summary, all of the five central grabens have a central voleanic
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Fig. V-17. Compiled map showing active features of the middle Okinawa
Trough. Legend: (1) Central graben in the voleanic area, (2) Central graben
in the sediments, (3) Central ridge, (4) Central knoll, (5) Location of OBS by
DELP-84 WAKASHIO Cruise, (6) Epicenter determined by the OBS, (7) Earth-
quake swarm observed by the OBS, (8) Recent epicenter by JMA, (9) Earth-
quake swarm observed by JMA in 1980, (10) Heat flow value represented in the
heat flow unit (HFU) (YAMANO et al., 1986; YAsul et al., 1970), including those
of DELP-84 WAKASHIO Cruise and of previous works. Black arrows show
location where Quaternary volcanics were recovered by various organizations
and the white arrow in the lower left corner represents the location of large
shells (Honza, 1976) which were identified as Calyptogena sp. (KorcHI NAKAMURA,
1986, personal communication).

ridge or knolls which may be composed of basalt younger than 0.6 Ma
in age. These central knolls and ridges are characterized by normal
magnetic anomaly. :

The main structural orientation of the central grabens is oblique to
the general strike of the arc and characterized by an en echelon pattern
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with a left stepping arrangement. Fig. V-17 shows very high activity
along the central grabens. Although the bathymetric map suggests some
transverse structures between these central grabens, we did not observe
any conspicuous faults cutting the NE trending features. The Iheya and
Aguni Grabens are roughly parallel and may partly overlap. No trans-
form faults offsetting the grabens were found. This situation is con-
sidered to represent the very primitive stage of a spreading system that
is not yet well organized. Thus, the middle Okinawa Trough area is
concluded to be in a rifting stage of an incipient spreading process.
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