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1, Introduction

This paper describes the geomorpholgical classification of trenches around Japan to discuss the
process of formation of their topographic features which have recently been revealed by remarkable
progress in sea-bottom surveys. The latest detailed morphological cata presented here are those
obtained from the Nanseisyoto Trench (or Ryukyu Trench), the eastern part of the Nankai Trough, the
Palau Trench, the Challenger Deep in the Mariana Trench, the Suruga Trough, the northernmost section
of the Izu-Ogasawara Trench and the triple junction of trenches off central Japan. For comparison
among them, published geomorphological data for several trenches covered with multibeam bathymetry
were used.

In particular, the formation process of the northern Palau Trench and of Nanseisyoto Trench is
thoroughly discussed using data from seismic profiling as well as geomagnetic anomaly and gravity
measurements in addition to the detailed geomorphological data. These are suitable areas for examina-
tion trench morphology because these areas were already covered by dense sea-bottom survey data.

Sea-bottom topography has heretofore been comprehended by filling in the gaps between survey lines
by analogical interpretation. Even though knowledge was limited to the outline of the geomorphology
at that stage, distinct differences have been recognized between sea-bottom and land topography (Sato,
1969). These differences can be summarized in two principles, as follows:

i) In the formation of a topographical feature, the process of sedimentation dominates on the sea
bottom while erosion dominates on land. Although there may be a number of exceptions to this
principle, it is the fundamental factor in clarification of the difference between land and sea-bottom

features.
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ii ) Tectonic landforms can easily be preserved on the sea-bottom. This principle has a close relation
to i) above. The Philippine Basin, referred to in section 3. 1. 3 below, is an apt exarple of this
principle. Remarkable linear ridges and depressions formed 50 to 60 Ma ago are well preserved in
the Philippine Basin. Becuse a trench zone or convergent plate boundary, as discussed in this paper,
is the site of active crustal movement, many kinds of tectonic features are recognized there.

There is no doubt that a trench is formed at a convergent plate boundary, plate subduction accounting
for the depth of the trench. As is wellknown, characteristic topography is recognized on both sides of
the trench floor. Detailed data collected in recent years have been enabling to reveal differences in
trench topography. An attempt to classify the morphological and geological structure of the trench
according to the plate subduction form has been discussed elsewhere (Seely, 1978; Uyeda and Kanamori,
1979). It is, however, limited to the general tendency becuse of the existence of various parameters of
plate subduction form and the lack of detailed data on trench topography.

The recent remarkable increase in detailed geomorphological data on submarine trenches has brought
to light important information for the study of tectonics and the history of trench formation; however
no study has been done comparing and examining the properties of trenches by means of such detailed
submarine geomorphological data.

It now becomes possible to build up a hypothesis about the history of trench formation by using three
dimensional and detailed geomorphological data for such features as the northern part of the Palau
Trench and the Nanseisyoto Trench.

Figure | shows locations of the geomorphological data used in this study. The majority of the data
were obtained by the Survey Vessel Takuyo of the Hydrographic Depmtment, Japan Maritime Safety
Agency. The Takuyo, 2,600 gross tons, launched in 1983, is designed for use in ocean surveys and
observations, and is equipped with, among others, a multi-narrow beam echo sounding system, a Sea
Beam System and a multi-channel seismic reflection survey system.

Although compilation of the detailed bathymetric data on trenches is not yet completed, this paper
intends to classify the trench features into several types and to examine the evolution of each type in

relation to plate subduction.

2. History of trench studies
2. 1 Trench and convergent plate boundary
The subject of discussion of this paper is the convergent plate boundary where an oceanic plate
subducts beneath another plate. The convergent boundary consists of a subducting boundary and a
collision boundary, and a submarine trench is formed along the subducting boundary (Isacks et al., 1968).
For plate subduction to occur, it is necessary that the subducting plate be of oceanic crustal structure.
The name of a submarine feature is defined by the characteristics of its configuration but not by the
genesis of its formation. The definition of a trench by IHO and IOC (1985) is ’a long, narrow, characteris-
tically very deep and asymmetric depression of the sea floor, with relatively steep sides’. A depression
more than 6,000 meters deep is usually named a ’trench’. A depression shallower than 6,000 meters, even
though it is located at a subducting plate boundary, is named a ’trough’ in accordance with the definition
of THO and IOC (1985). Accordingly, this study deals with trenches and troughs under the IHO and I0OC

definition. Henceforth ’trench’ in this paper refers to any depression at a convergent plate boundary,
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Figure 1.

The distribution of the convergence boundary of plates around the
Philippine Sea area. CAR: Caroline plate, EUR: Eurasian plate, PAC;
Pacific plate, PHS: Philippine Sea plate. Numbered boxes indicate location:
of studied areas displayed in the following figures.

Bathymetry from Japan Oceanographic Data Center (1984).
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including a ’trough’.

2. 2 Depth of trenches

Lead sounding surveys for laying trans-ocean submarine cables revealed the existence of trenches in
the 19th century. Since then, the sounding method has been changed from lead sounding to echo
sounding. A depth greater than 10,000 meters was first reported in the Philippine Trench in 1927, and the
world’s deepest trench was later reported there. At that time, data on trench morphology had been
obtained only for several cross-sections of the trench. Nothing was known about the characteristics of
trench geomorphology except that this was the deepest part of the ocean on the earth.

From the 1930s to the 1950s, scientists’ interests were concentrated on the survey of ocean depths as
sea~bottom survey techniques had been developed remarkably, and deep earthquake zones were
discovered along some trenches. Also in this perion, the idea of the arc-trench system became conceiv-
able, since the results of gravity measurement at trenches were related to earthquake distribution and
other geological/geophysical phenomena (Otuka, 1938; Umbgrove, 1938; Hess, 1948). After World War
II, the amount of geomorphological, geological and geophysical data on trenches increased rapidly. A
number of morpholgical cross-sections were obtained together with other geophysical data such as
gravity, geomagnetism and heat flow. It is recognized that trench geomorphology is characterized by
deep sea terraces, outer ridges and benches on the landward slope, and horst and graben structure and
marginal swells on the seaward slope of the trench (Iwabuchi, 1969; 1970a). Seismic profile data also
became obtainable (e. g. Ludwing et al., 1966). Ludwing et al. revealed that a horst and graben structure
is formed by faults, and recognized a horizontal trench fill layer in a part of the trench axis.

The characteristics of topography, crustal structure and gravity of the trench had been recognized by
the 1960s as follows:

i) A trench extends along an island arc or a continental margin arc, and its axis is generally convex
to the ocean side.

ii) Deep sea terraces and outer ridges are distributed on the landward slope, while marginal swells and
graben-like depressions occur on the seaward slope.

iii) A deep earthquake zone or Wadati-Benioff zone inclines from the trench to the island arc or
continental margin arc.

iv) A negative anomaly zone of gravity, whose minimum anomaly is located on the trench axis or
slightly landward, is recognized. As low-density materials were lacking beneath the trench, it was
considered that the negative anomaly was due to the downward force. The distribution of the
density beneath the trench was revealed by surveys of the crustal structure using artificial seismic
sources (e. g., Fisher and Hess, 1963).

v ) A striped anomaly pattern of geomagnetic anomaly on the seaward area of the trench gradually
attenuates from the trench landward.

vi) Heat flow values at the trench are low in general.

2. 3 The trench as a plate subducting zone

According to the theory of plate tectonics that appeared in the 1960s, trench is formed at the place
where an oceanic plate is subducting. A few characteristics of the trench mentioned in the above section
have been explained by the fact that the relatively heavy ocean lithosphere formed in the ocean floor

subducts beneath the island arc or continental margin arc.
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As the amount of trench survey data increased, a variety of ideas to explain the topography and
structure of the trench were submitted. Among them, a significant concept in trench morpholgy is the
accretionary prism model on the landward slope of trench (Fig. 2) proposed by Seely et al. (1974), Karig
and Sharman (1975) and Seely (1978). That model is derived from the data obtained by a multi-channel
seismic reflection system with high output and high resolution. Seely et al. (1974) stated that the
landward slope of the trench consisted of accreted material with well-deformed imbricate structure, and
that the accreted material was formed by the trench fill layer and the pelagic layer on the oceanic plate,
which could not subduct with the plate and remined at the foot of the landward slope.

Isacks et al. (1968) indicated that the marginal swell on the seaward side of the trench was formed
prior to subducting, and that the faults on the swell were formed by tension on the surface of the bending
lithosphere. Actually, the seismic mechanism along trenches and their seaward approach supports this
idea (Stauder, 1968; Yoshii, 1979). The existence of the accretionary prism was later confirmed by a
number of multi-channel seismic data and data from the Deep Sea Drilling Project. The discovery of the
lack of accretionary prisms in some other areas led Uyeda and Kanamori (1979), Ida and Uyeda (1981)
and Uyeda (1982) to present a model in which the subduction zone was divided into two types, the
Chilean type and the Mariana type (Fig. 3). Thus, they tried to explain synthetically the large-scale
morphology, geology and geophysics of the trench. The difference in general characteristics of trench
morphology was also examined in these types. This presentation has a significant meaning for the study
of submarine trench geomorphology.

Ida and Uyeda (1981) explained that, in the Chilean type subdction zone, the bulge or margial swell
on the seaward slope of the trench and the accretionary prisms on the landward slope were well
developed, with a shallow trench floor in between; the Mariana type subduction zone had a well-
developed graben structure on the seaward slope, presenting a deep trench, and barren trench walls on
the landward slope where tectonic erosion (Hilde, 1983) occurred.

2. 4 Contemporary studies on trenches
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Figure 2. A model of a trench landward slope showing an
accretionary prism. (Seely et al., 1974)
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Figure 3. Diagrammatic sections showing two general models of subduction
and their possible tectonic implications and causes (not to scale).
(Uyeda, 1982)

As mentioned above, many studies on trench morpholgy mainly have been done with the data on cross
sections of the trench, together with geophysical and geological data. But three-dimensional analysis of
trench morphology, such as the analysis of the direction of faults on the seaward slope, was insufficient
due to lack of detailed bathymetric data on trenches and their surrounding sea floors.

Recently, the three-dimensional analysis of trench morphology has been initiated by utilizing detailed
bathymesric data. Exampls are studies on the bottom morphology surveyed by the Sea Beam system for
the Deep Sea Drilling Project (Shipley and Moore, 1985; Fontas et al., 1984), the Sea Beam survey of the
Japanese-French cooperative Kaiko Project (Cadet et al.,, 1987a, b), and the sea floor image data
collected by side scan sonar for deep ocean (e. g. Karig et al., 1987). More concrete discussions (e. g. on

sedimentation and deformation processes of the trench fill layers) have been started by combining the
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detaliled geomorphological data with other existing data.

However, such research has mostly been limited to discussions of regional tectonics, and there has
been very little comparative analysis such as the research done by Uyeda (1982).

This paper intends to classify the trench features into several types and to examine the formation of

each type in relation to the specific character of subduction.

3. Geomorphological description and examination of several trenches

This chapter discusses the morphology and characteristics of the Nanseisyoto Trench, the eastern
part of the Nankai Trough, the Palau Trench, the Challenger Deep in the Mariana Trench, the Suruga
Trough, the northernmost section of the Izu-Ogasawara Trench and the triple junction of trenches off
central Japan.

These examples lead to a better understanding of the details and efficiency of geomorphological data
provided by the Sea Beam system and other geological and geophysical data. The Sea Beam system, one
of the multi-narrow beam echo sounding systems, manufactured by General Instruments Co., was
introduced by Renard and Allenou (1979) and Asada and Nakanishi (1986).

3. 1 Nanseisyoto Trench
3. 1. 1 Outline of the Naneisyoto Trench

The Nanseisyoto Trench is the convergent boundary of the western part of the Philippine Sea plate
subducting beneath the Eurasia plate (Fig. 1). On the Philippine Sea plate neighboring the trench, the
Philippine Basin extends in the southern part, and the Daito Ridge group (general name for the Amami
Plateau, Daito Ridge and Oki Daito Ridge) occupies the northern part.

It is believed that the direction of movement of the Philippine Sea plate in relation to the Eurasia plate
in this area is northwest (Circum-Pacfic Map Project, 1981; Kimura et al., 1983; Seno and Maruyama,
1984). The Philippine Sea plate is colliding with the Naneisyoto or Ryukyu Arc at the Amami Plateau,
where the bottom of the trench on the west side of the plateau is shallow (Tokuyama et al,, 1985b). In
the research conducted by the Deep Sea Drilling Project, the Philippine Basin was found to be a marginal
sea which had been expanding since 40 to 60 Ma with the Central Basin Fauit as its axis, and was
believed to be older than the adjacent Sikoku Basin and the West Mariana Basin divided by the Kyusyu
-Palau Ridge (Karig, 1975; Kobyashi and Nakada, 1978), The Daito Ridge group is said to be a remnant
island arc formed before expansion of the Philippine Basin.

In the central part of the Nanseisyoto Trench discussed here which adjoins the Philippine Basin with
depths of 5,000-6,000 m, the trench bottom is more than 7,000 meters deep. The axis of the trench forms
a gentle arc convex to the southeast. The Nanseisyoto Trench is situated in a sea area where very few
studies have been conducted so far despite the probability that it has a close relation to the history of
formation of the Ryukyu Arc and the Okinawa Trough, a back arc basin of the Ryukyu Arc. This may
be due to the fact that practically no data were available with reference to the topography and the
geological structure of the trench.

The tectonics and topographical variations relative to the subducting of the Nansisyoto Trench will
be considered on the basis of newly obtained data such as the detailed bathymetry of the central part

of the Naneisyoto Trench, south of Okinawa Island, obtained by the Sea Beam system, seismic profiling,
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and geomagnetic and gravimetric measurements.
3. 1. 2 Data obtained by Sea Beam survey and other sea-bottom surveys

The data used for this study were principally those obtained by sea-bottom surveys conducted by the
survey vessel Takuyo in December 1986 and January 1987. The survey items were a bathymetric survey
by Sea Beam system, single-channel seismic profiling (352 c. in. air-gun) and multi-channel seismic
profiling (1,000 c. in. air-gun and a 12-channel streamer cable).

As shown in Fig. 4, the survey lines were set in an east-west direction at intervals of five nautical
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Figure 4. Track lines of the seabottom survey by the S/V Takuyo in the Nanseisyoto
Trench. Box shows the location of Fig. 5. Lines $26, S28 and S31 show the
seismic sections in Fig. 6.
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miles. The survey lines near the Nanseisyoto Trench were spaced at 2.5 nautical miles. Thus, over 70%
of the ocean floor was covered by Sea Beam, and detailed configuration of the ocean floor revealed.
These data certainly gave highly precise and, moreover, homogeneous geomorphological details of this
area for the first time. With these data it became possible to observe the very isteresting submarine
morphology of the Nanseisyoto Trench and the Philippine Basin.

3. 1. 3 Minor ridge province and the Northern Border Tectonic Line of the Philippine Basin

In the Philippine Basin near the Nanseisyoto Trench, linear ridges in parallel are developing in NW
-SE direction; these are called 'minor ridges’ by Iwabuchi (1982), who originally gave this name to the
group of parallel ridges found in the Sikoku Basin and the West Mariana Basin. Parallel ridges 200 to
1,000 meters high rise from the floor of the Philippine Basin with depths of over 5,000 meters. Long,
narrow depressions separate these ridges, some exceeding 6,000 meters in depth. A major feature of
these ridges is that practically all extend uniformly in the N45° W direction. The bathymetric map of
this area and line drawings of the seismic profiles are shown in Figs. 5 and 6, respectively.

In this area, positive and negative geomagnetic anomal belts extend in the same direction as the
topography. Figure 7 is taken from a geomagnetic anomaly map prepared by the U. S. Naval Oceanogra-
phic Office (1976). Since this is based on an aerial magnetic survey, it covers a wider range than the sea
bottom survey by the S/V Takuyo. According to Fig. 7, the amplitude of anomaly is 150 to 450 nT, and
an emergence interval (wavelength) from positive to positive is 40 km on the average, which is several
times longer than the interval of the minor ridges. The difference in emergence intervals of the

geomagnetic lineation and the minor ridges in the marginal sea has already been pointed out by Kasuga
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Figure 5. Bathymetric map of the Nanseisyoto Trench. 1: Northern Border Tectonic Line of
the Philippine Basin, 2: Large normal Fault. Lines 526, 528 and S31 show the
seismic sections in Fig. 6. Contour interval 250m. See Figs. 1 and 4 for location.
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Figure 6. Line drawings of three seismic sections across the
Nanseisyoto Trench.

et al. (1987) in the southern part of the Sikoku Basin.

From the afore-mentioned anomalous distributions of morphology and geomagnetism, it is thought
that the floor of the Philippine Basin near the Nanseisyoto Trench may be an ocean floor expanding in
the NE-SW direction.

The geomorphological province of the minor ridges of the Philippine Basin stretches to the southwest
of a line extending southeast from a position at 25°N, 128°10’E. On the other hand, the area to the
northeast is a flat ocean floor consisting of a smooth basement on which a sedimentary layer with an
acoustic thickness of about 0.1 to 0.2 second lies. These two provinces are extremely contrastive (Figs.
5 and 6). Similar to the geomorphology, the geomagnetic anomaly map also shows this contrastive
feature, with its northeastern part being smooth while the southwestern part with development of
lineations due to the minor ridges.

If the minor ridge province in the Philippine Basin was formed by expansion of the marginal seas, the
boundary of the geomorphological province extending southwest from the position of 25°N, 128°10’E may
be considered the significant tectonic line (called the North Border Tectonic Line) delimiting the north

margin of the expanding Philippine Basin.
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Figure 7. Gemagnetic total intensity anomaly distribution, adapted from U. S. Naval
Oceanographic Office (1976). Dotted area : +100 nT, hatched area : below —100 nT,
solid line : 0 nT, thick dotted line : trench axis, arrow : large normal fault outside
the trench and its extension.

3. 1. 4 Large fault on the seaward side of the trench

A large normal fault divides the geomorphological province of the minor ridges from the Nanseisyoto
Trench. This fault is slightly different from the faults outside such trenches as the Japan Trench (Cadet
et al,, 1987a) and the Middle America Trench (von Huene and Aubouin, 1982; von Huene et al., 1982) and
has the following features:
(1) Its length is over 200 km.
(2) It is extremely straight.
(3) It runs almost parallel to the foot of landward slope, indicating the position of the trench. The
interval between the fault and the foot of the landwamd slope, however, becomes wider toward the
southwest, the latter forming a gentle arc.
(4) The relative height of the fault exceeds 1,000 meters around 25°30’N near the trench axis, while it
is under 500 meters around 24°30’'N, slightly distant from the trench axis.
(5) Tt is almost orthogonal to the direction of the minor ridges of the Philippine Basin.

While a number of bending faults develop generally elsewhere on the outside of and in parallel with
the trench, this long fault is conspicuous,and there is actually no remarkable fault running parallel to

this fauit.
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It is believed that this feature indicates the concentration of stress due to bending of the plate along
the long, straight and weak tectonic line originally formed on the floor of the Philippine Basin. If the
stress due to bending is concentrated on one fault, displacement will accumulate on the fault as the fault
approaches the trench, and a greater relative height of the fault will be attained, which is in harmony
with feature(4) above.

A matter which may come first to mind when considering a straight, weak tectonic line on the floor
of a marginal sea is a fracture zone as a remnant of a transform fault orthogonal to the axis of
expansion of the plate. Features (2) and (5) above indicate that the fracture zone was reactivated as a
bending fault near the trench. This idea may be supported by the fact that the geomagnetic lineation
observed in the geomorphological province of the minor ridges in the Philippine Basin, shown on the
geomagnetic anomaly map in Fig. 7, becomes obscure on the northwest side of this fracture zone and
its southwest extension.

3. 1, 5 Mesh-shaped structure in the trench floor

The floor of the Nanseisyoto Trench (Fig. 8) is narrowed by a large normal fault on the seaward side
and the landward slope, showing an extremely complex configuration. Short lineations in the floor,
which show two directions crossing almost orthogonally, can be recognized from this topography. The
directions of these are in conformity with those of the trench axis and of the minor ridges in the
Philippine Basin, presenting a "mesh-shaped” geomorphological structure. This mesh-shaped structure
may be considered a composite of old and new lineations, i. e., the lineation of the old minor ridge on
the Philippine Basin (NW-SE) and that of the new bending faults (NE-SW) on the outside of the trench.

On the trench floor, only a thin sedimentary layer about 0.5 second thick was recognized. The flat
portion of the trench floor covered with sediment was limited to a narrow area. The mesh-shaped
structure of the trench floor may be developed under the following three conditions: (1) orthogonal
intersection of the directions of the minor ridges and the trench, (2) preservation of the configuration of
the minor ridges not buried in sediments, and (3) poor supply of sediments on the trench floor.

3. 1. 6 Conclusive remarks on the Nanseisyoto Trench

The bathymetry, geological structure, magnetic anomaly and gravity anomaly of the central part of
the Nanseisyoto Trench were clarified by recent sea-bottom surveys. A summary of the results which
have newly been confirmed is as follows:

(1) On the floor of the Philippine Basin, minor ridges have been well developed, accompanied by the
geomagnetic lineation running in the same direction as these ridges. This fact implies that this basin
is a marginal basin formed by expansion of the sea floor.

(2) The large normal fault seaward of the trench limits the northwest margin of the area where the
minor ridges are developed. This fault may be a reactivated fracture zone made by the bending of
the trench formation. There is a possibility that, with progress in surveys of the Philippine Basin in
the future, other fracture zones parallel to this fault will be discovered.

(3) Short lineations with two directions crossing almost orthogonally are recognized in the floor of the
Nanseisyoto Trench. This 'mesh-shaped’ structure may be considered a composite of old minor
ridge lineations and new bending fault lineations.

3. 2 Fastern part of the Nankai Trough

3. 2. 1 ”Ribge and trough zone”

Report of Hydrographic Researches Vol. 27 1991
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127°30'E
At 3 +‘25°N

A\
Figure 8. Mesh-shaped structure in the Nanseisyoto Trench floor. 1: Thrust fault at the foot of
landward slope, 2: Large normal fault, 3: Faults and lineaments, 4: Trench floor below

7,250m depth.

There is a well-undulated zone on the landward slope of the eastern part of the Nankai Trough off
Kumano Nada and Ensyu Nada, which is the convergent boundary of the north border of the Philippine
Sea plate. This zone, 30 km wide, was called the 'ridge and trough zone’ by Iwabuchi (1970b), as it shows
a peculiar configuration of ridges or elevations and troughs or depressions alternately running in
parallel with the axis of the Nankai Trough (Fig. 9). The ridges are, in general, 10 to 40 km long, 5 to
10 km wide and 500 to 1500 m high. The geological structure of this zone has been identified to some
extent by a number of multi-channel seismic reflection profiles across the Nankai Trough (Kato et al.,
1983; Aoki et al., 1983; Kato, 1987). Migrated depth sections and their line drawings are shown in Figs.
10 and 11, respectively.

The landward slope of the Nankai Trough along every survey lile in Fig. 10 consists of well-deformed

and acoustically obscure layers. In these layers, there are many thrust faults and fold structures due to

Report of Hydrographic Researches Vol. 27 1991






- 793 [ = it E —+
{ KYOoTO s < #\_ [ " A ff"”".gfnf?.fi e ‘ 1S
| 2w 0 = & g N 2 2
) Y. b s SIZ A — = - WA
B ) iff 7k - 0
o ! | | U e | imize 54 s )@ - 35"
:O B o glllll|||]ll“llllil”l[[llli‘”l|]’H| THTTTYY I I||[||[[]]J|]|
o Yokkait N . g N oie
~ ;5 3 Sizuoka A = SES.
. s L,
3*:‘m[!]i» ﬁw \\’\ é 832 7:& % :ﬁ s
. y : < i § Asagi Sunl
Rak’ia".’sy:» e “ﬁgﬁsﬂn’ F //q‘4. 3 21v oy : - A
532 L - /! & i o /10 : o 7o) o
.85 N ! =@ B - Big SO = ; ~ - b
N i ) i N L ® Mikawa Wen < Torohasi oty fw . & oo Q Y\ s
are B Ise Wan b . K 2 ( Raves | Sihohs ) §
= E l% /& G 11! . - //t_\_?m\ .. \ ' ! 5
MIE P2 — 3 ~ sl 3, 4 /o
rql.%s 5 %3 U
I sy 15 15 /
n°‘° 87 ag&s*
1029 W i b, ”
_6 oba €
“1418 .
- &_f;,
™\ g I/..
Xt B
Hak‘\(nﬂ.’s‘:l.lu'« '04-?;:5'1& e \4/ //
/ IR e
) e Y 2
NN g nE.SW o
F - ! *
o
18 %
Told B W R
@ \(,\ WAKAYAMA
) AN -
?( 1 Zap, \{ - ". El‘ﬂaygl
; ‘ Zog~ \
; \
: 500 N\
() :
l"oo
R B = S
| UG
-
i
s 0 E

AKX ER
= Q Hatizyb Basin

Figure 9. Bathymetric map of the eastern part of the Nanakai Trough (Hydrographic Department, Maritime Safety Agency,
1982) and locations of the multi-channel seismic reflection lines. Box with broken thick line shows the location of
Fig. 13. Box in the Suruga Trough shows the location of Fig. 21. Contour interval 100m.
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Figure 10, Depth sections of the multi-channel seismic reflec-
tion survey across the eastern part of the Nankai
Trough. For location of profiles, see Fig. 9.

horizontal compression. The deformed layers at the foot of the landward slope on lines G and I are
overthrusting onto the trough fill horizontal layers. From this it is considered that the layers of the
landward slope resulted from the deformation of the trough fill layers and pelagic sedments deposited
in the Sikoku Basin. The structure of the thrust faults at the foot of the landward slope along line I is
the best example for examining of the process of the formation of landward slope layers (Fig. 12). An
anticline is recognized as a newly built accretionary ridge at the foot of the landward slope. After the
folding had occurred, the trough fill layer was displaced by the thrust faulting. An over-riding folding
in western Nankai Trough, which seems to be a well-developed type of such deformation, was examined
by the data from the Deep Sea Drilling Project (Moore and Karig, 1976). The faint anticline along

seismic line E in the northeastern part of the Nankai Trough floor is thought to be a nascent ac-
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Figure 10. (Continued)

cretionary ridge, which will develop into a ridge on the landward slope. These seismic data indicate that
the structure of the landward slope of the eastern part of the Nankai Trough presents typical imbricated
tilt-shape deformed layers, or a so—called accretionary prism. The landward slope zone with a very
undulated configuration along lines E and I, the so-called ridge and trough zone, is considered to be the
morphological expression of an accretionary prism, an imbricated structure of the trench or trough fill
and hemi-pelagic layers deformed by compressional stress due to plate subduction. These layers are
welldeformed and divided into many inclined tilt-like blocks mutually bordered by thrust faults (Seely
et al., 1974). The eastern part of the Nankai Trough has been surveyed by many sesimic surveys but only

partially by Sea Beam survey, as shown in Fig. 13. Accordingly, it is difficult to discuss the detailed
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Figure 12, Enlarged migrated time section of the landward
slope foot along line I across the Nankai Trough
(above) and its line drawing (below).

geomorphology of this region at the moment. As and when detailed data become available, detailed
discussion will be possible on this subject.

The trough fill layer in the eastern part of the Nankai Trough is very thick, so that there are sufficient
materials to form accretionary prism, even though the hemi-pelagic sediment is thin. The landward
slope of the Nankai Trough, including its western part (Kagami, 1985; Moore and Karig, 1976), is the
most developed region of the accretionary prism on the landward slope of the plate boundary mentiond
in this paper.

3. 2. 2 Flat trench floor and channels

The eastern part of the Nankai Trough off Kumano Nada and Ensyu Nada has a flat trough floor

more than 10 km in width (Fig. 9). The multi-channel seismic sections in Fig. 10 show that the flat trough

floor is formed by a wedge-shaped trench fill layer 2 to 3.5 km in thickness. Some channels are
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Figure 13. Sea Beam bathymetric map of the northeast end of the Nankai Trough (Kaiko I Research Group, 1986). See Fig. 9 for location.

Report of Hydrographic Researches Vol. 27 1991



A GEOMORPHOLOGICAL STUDY ON THE CLASSIFICATION 23
AND EVOLUTION OF TRENCHES AROUND JAPAN

NE
DC

20 km

=
n

B

=

e =
=

0
\\/_/ kn

)

/

o
\
W
N\
\
7
—
—
—
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dotted lines show the small channels in the trough floor.
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recognized on the trough floor from the bathymetric map of this area shown in Fig, 9. These channels,
slightly meandering, can be traced to the SW or WSW, Remarkable channels are seen on the lines of
seismic profiles F and G in Fig. 10. In some parts of the trough floor, however, no channel is seen. It
appears that trough floor with channels and very flat floor without channels alternate. Longitudinal and
cross-sections of the eastern part of the Nankai Trough are shown in Fig. 14. Here the trench floor
deepens gradually to SW. The trough floor with channels shown by dotted lines in Fig. 14 corresponds
to the slightly steep portion on the longitudinal section. On the other hand, the very flat trough floor
without channels corresponds to the more gentlly sloping portion.

This difference in the degree of development of channels may be due to undulations of the subduction
plate along the trough axis, and these undulations may owe their origin to fingering subduction. The
finger-like configurations of the Philippine Sea plate are recognized in the micro earthquake zone
beneath the Tokai district (Yamazaki and Ooida, 1985), supporting the above-mentioned theory of the
origin of the undulations.

The trough fill layer mainly consists of terrigenous turbidite transported through the Suruga Trough
(Taira et al., 1984). Therefore, it is probable that the channels on the trough floor served as routes for
the sediment flow towards the SW. On the multi-channel seismic sections in Fig. 10, there is a relatively
old trough fill layer, slightly deformed by the fold structure and faults, at lines F and G where channels
are developed. In contrast to this, the trough fill layer across seismic lines C, D and I shows a very flat
feature without channels, consisting of an undeformed horizontal Quaternary layer.

From these observations itis inferred that the trough floor without channels may be the area where
turbidite is being deposited, while the trough floor with channels may be the area where sedimentation
of turbidite has been suspended. The distribution of the channels in the eastern part of the Nankai
Trough has been examined on the bathymetric chart prepared from the data of sounding along tracks
spaced at 2 nautical miles. This specific feature is also recognized on the detailed bathymetric map
prepared by the Sea Beam system data (Fig. 13). Almost all of the area shown in Fig. 13 shows a very
flat trough floor without a channel, and a channel head is recognized in the western part from 138°20’
E.

3. 3 Palau Trench
3. 3. 1 Outline of the Palau Trench

The Palau Trench is situated in the southernmost part of the Izu-Ogasawara-Mariana Trench system
extending along the eastern margin of the Philippine Sea. The Yap Trench and the Palau Trench are
arranged in right-stepped manner from the southern extremity of the Mariana Trench. Tayama (1935)
described it as follows: ”The Palau Trench lies in echelon on the west side of the Yap Trench. It extends
north and south in a slightly convex form towards southeast. The width of the trench is 30 nautical miles,
and the maximum depth is 8,138 meters located to the east of Babelthuap Island, which is the main island
of the Palau Islands”.

Fisher (1974) reported that rugged peaks and ridges lie on the seaward slope of the trench axis and
that the trench bottom is V-shaped on the basis of the analysis of several bathymetric profiles of the
trench, Weissel and Anderson (1978) considered that the Palau Trench is located at the boundary where
the Caroline plate is subducting beneath the Philippine Sea plate. The geological structure indicating

subduction was recognized by the onboard monitoring of multi-channel seismic propiling carried out
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across the Palau Trench (Tokuyama et al., 1985a). The convergence rate of the subduction boundary has
been estimated as very low (Wu, 1979; Circum-Pacific Map project, 1981).

Bathymetric survey of the Palau Trench using a Sea Beam system was carried out by the Takuyo
(Kato et al., 1986). This chapter presents the geomorphological description of the northern Palau Trench

on the basis of the detailed bathymetric map Prepared and discusses the tectonics and geomorphological
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Figure 15, Bathymetry of the Palau and Yap Trenchs and Sea Beam survey areas. A:
Northern box (Fig. 16), B: Central box (Fig. 18).
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Figure 16, Detailed bathymetry of the northern part of the Palau Trench.

Line s-s’ shows the location of the seismic profile in Fig. 19. a:

Sea Beam map. Contour interval 20 m. b: Structural features. 1:
Thrust fault, 2: Normal fault, 3:”"Tear drop” flat trench floor, 4;

Step in the landward slope.

Report of Hydrographic Researches

Vol. 27 1991



A GEOMORPHOLOGICAL STUDY ON THE CLASSIFICATION 27
AND EVOLUTION OF TRENCHES AROUND JAPAN

8°N L
\/‘\"\

/ Kossol Ridge b

6

7°30' i

10km
|

|
135°E

Figure 16, (Continued)

Report of Hydrographic Reseayches Vol. 27 1991



28

SHIGER [ KATO

S

S

3 t‘t’- }5 v’%ii%i‘é,

L
'.g“ﬁaa;%*ﬁgﬁ 3

e
2

s

i
i
L

By
SR

|
x’- }\}%3; é
s
e

s

e
N
.-}'-,&:@';m.: %

oo e
e
M =
"w""""":“f,.; e
i

W a%?
,*% e
Pl
.

SN
%

) %% O
&‘%g N
\

S 5
.

o

SHRETINY
ey, »:’% ]
Y

AN

Figure

17, Three*dimensional image map of the Northern payt of the Palay Trench

Repoyrt of ]ﬁfa’rogmp/zz'c Researches

Vol 27 19971



SoYIUDISAY  INYGVATOAPAL] [0 14042y

1661 2Z I10A

(f, &/ Q‘& //_*‘”‘

Y

7°20°N

7°00°

a

134°40°

135°00’E

——

Figure 18. Detailed bathymetry of the central part of the Palau Trench. a: Sea Beam map. Dotted line shows the axis of

trench. Contour interval 10m. b: Structural features. I: Thrust fault, 2: Lineament, 3:Step in the landward slope,

4: Seamount in the seaward slope.

NVIVI ANQOYV SAHINAYL A0 NOLLANTOAA ANV
NOILVIIHLISSVI) AHL NO AdNLS TVIOIOOTOHdIOHOAI V

6¢



30 SHIGERU KATO
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Figure 18. (Continued)

history of the Palau Trench.
3. 3. 2 Sea Beam survey and detailed morphology of the northern Palau Trench

The survey area is shown in Fig. 15. A bathymetric chart obtained from this survey is shown in Fig.
16a. Figure 17 is a three-dimensional view of the area drawn on the basis of Fig. 16a, viewed from the
SSW and exaggerated vertically about 8 times.

Geomrphologically, the area surveyed consists of a trench axis-floor, a landward slope, a seaward
slope and the Kossol Ridge. A flat broad trench floor, 9 km wide and 23 km long, exists at the extreme
north of the trench. Water depths to the floor range from 8,000 to 8,040 meters. This flat floor is in a
teardrop shape, wider in the north and narrower to the south. A trench with a V-shaped profile axis like

a canyon extends from the teardrop-shaped flat southward to the central part of the Palau Trench, as
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Figure 19, Line drawing of a seismic section across the northern
part of the Palau Trench (Tokuyama et al., 1985a).
For location of seismic line, see Fig. 16.

shown in Fig. 18, decreasing in depth.

Several deep sea steps at depths of 6300 to 7200 meters are recognized on the landward slope of the
trench. The largest deep sea terrace in this area is located to the west of the teardrop flat, while small
terraces are distributed to the south.

The seaward slope of the trench monotonously inclines at about 10 degrees without such steps as on
the landward slope. However, many parallel lineations in NW-SE direction are recognized on the
seaward slope to the north of 7°50’N.

A ridge extends east-west at the north of the trench. This ridge is named "Kossol Ridge” in this paper
because it is situated east of Kossol Reef in the Palau Islands. Kossol Ridge puts an end to the Palau
Trench as if it collided against the eastern slope of the Palau Islands. The summit of the Kossol Ridge
is 5,000 to 5,200 m deep, and about 3,000 meters heigher than the teardrop flat. The southern slope of the

ridge is the steepest slope in the survey area and extends to the east.
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3. 3. 3 Discussion on the formation of the trench features

The detailed bathymetric data thus presented allow some interpretation of the geological history of
the trench with reference to the seismic profile there (Tokuyama et al., 1985a). The geological structure
indicating the subduction can be recognized on the seismic profile illustrated in Fig. 19. The profile runs
east-west across the teardrop flat along 7°46’N (s-s’ in Fig. 16).

Tokuyama et al. (1985a) pointed out the existence of a turbidite wedge layer beneath the trench floor,
slight development of an accretionary prism on the lower part of the landward slope, and a graben
structure on the seaward slope.

With reference to the above-mentioned geological structure, it may be considered that the tectonics
and the development of the morphology of the northern Palau Trench are as follows:

The Caroline plate probably subducts beneath the Palau Island arc from the east. The convergence
rate at the Palau Trench has been estimated as 1 cm per year by Weissel and Anderson (1978). Depths
of over 8,000 meters indicate that the Palau Trench is subducting at a plate boundary. Compared to the
other trenches, the Palau Trench has peculiar characteristics such as lack of volcanoes along the Palau
arc, obscurity of the deep earthquake zone, i. e. the Wadati-Benioff zone (Circum-Pacific Map Project,
1981), proximity of the axis of the Palau arc to the trench axis, and small-scale geological structures
only indicating the subduction. The reason for this may be considered as follows. the Palau Trench is
a nascent convergent boundary, where the convergent rate is very low, or the subducting dip is very
steep.

The teardrop flat has been filled by turbidite supplied mainly from the south via the V-shaped trench
axis. The wedge-shaped trench fill layers are pressed against the slope, due to the subduction of the
plate. Consequently, an accretionary prism was developed at the lower part of the landward slope. The
accretionary prism is more developed in the northern part of the Palau Trench, which is filled with
thicker trench fill sediments. At the northern Palau Trench, the trench axis is close to the axis of the
island arc. An accretionary prism forms step-like topography. Another type of step-like topography
formed by accretion is recognized along the Suruga Trough where the landward mass is close to the
trench axis and the subduction slub subducts at a steep angle (Kato et al., 1983).

There is a possibility that the Kossol Ridge constitutes the western end of the Yap island arc, and that
the southern margin of the ridge is the right-lateral transform boundary. This is based on the mor-
phological characteristics of the Kossol Ridge. Discrepancy in strikes between the Palau and the Yap
arcs is obvious. Accordingly, a plate boundary connecting the Palau Trench and the Yap Trench is
expected to exist between them. To find its exact location, more extensive data are necessary.

Lineations of NW-SE direction on the seaward slope (Fig. 16b) probably correspond with the faults
bounding graben structures or anticlinal-synclinal structures. In general, a graben structure of the
seaward slope is caused by the tension of the plate bending. The strike of the structure, NW-SE, may
suggest, however, that the stress field due to bending is distorted by the effect of the existance of the
Kossol Ridge, which might show westward collisional movement relative to the Palau arc. On the basis
of these assumptions, a tectonic map of the northern Palau Trench is drawn as in Fig. 16b.

3. 3. 4 Central part of the Palau Trench
As is clear on the Sea Beam map in Fig. 17, the central part of the Palau Trench shows a V-shaped

axis, and the seaward slope shows a smooth, moundless surface, inclining at 4 to 6 degrees. Small-scale
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lineaments, possibly due to normal faults, are distributed on the seaward slope of the northern part of
the Palau Trench, but no lineament or fault is recognized on the seaward slope of the central part of the
Palau Trench (Fig. 18b).

3. 4 Characteristics of other trenches around Japan

3. 4, 1 Challenger Deep in the Mariana Trench

The Challenger Deep in the southern part of the Mariana Trench, which was said to have the deepest
point on the earth, is selected as an example of the Sea Beam survey results. Many bathymetric surveys
were carried out at the deep in the 1960s.

The Mariana Trench, a part of the Izu-Ogasaxara-Mariana Trench system, is largely arched toward
the east. The Pacific plate eastward of the Mariana Trench subducts WNW-ward at a rate of 11 cm per
year (Circum-Pacific Map Project, 1981). The Mariana Trench is divided into several parts by
seamounts belonging to the Magellan Seamounts on the Pacific plate (Sato, 1969). The Challenger Deep
is situated in the southern part of the Mariana Trench, where the trench axis extends in the east-west
direction (Fig. 1).

A bathymetric survey in the Challenger Deep was carried out by the S/V Takuyo in February 1984,
along the trench axis and at the deepest portion reported. Track lines are shown in Fig. 20a. In order
to measure exactly the depth of the world’s deepest point, and additional line was surveyed across the
point right above the deepest portion after finishing the survey along the planned lines. The reason for
this was to obtain the maximum depth with a vertical beam of the Sea Beam System. The vertical beam
is more accurate than the slant beam as the latter contains more scattering reflection and requires
additional correction to the beam bending due to the difference in sound velocity through the water
column. The soundings were corrected by the directly measured sound velocity data which were
provided in the survey area by continuous measurement of vertical water temperature and salinity down
to 4,500 meters deep with a continuous depth, temperature and salinity measurement system. For sound
velocity data of deeper zones, the deep-sea measurement results by Mantyla and Reid (1978) were used.
The data shallower than 4,500 meters collected by the Takuyo were harmonized with the data deeper
than 4,500 meters by means of the method of Mantyla and Reid (1978).

The deepest depth of the Challenger Deep was obtained as 10,924 meters by the survey of the Takuyo
during that cruise. This depth was obtained by the multi-narrow beam sounding which covered almost
1009% of the target area, and was carefully corrected for the velocity of sound in sea water. The survey
also revealed that the deepest point was located not in the previously reported positions, but rather at
the eastern part of the Deep (* in Fig. 20).

The characteristics of the geomorphology of the Challenger Deep are illustrated in Figs. 20b and 20c.
The axis of the trench extends from ENE to WSW, and echelon depressions are formed along the axis.
Linear ridges are recognized at 5 to 7 km intervals on the seaward slope of the trench. The ridges, with
relative heights of 200 to 700 meters, extend obliquely to the trench axis. The angle between the direction
of these ridges and the trench axis is about 5 degrees. These oblique ridges may be formed by the
resultant force of the oblique subduction and the bending of the Pacific plate. The landward slope of the
trench in the survey area presents a mono-slope inclining 3 to 13 degrees.

3. 4, 2 Suruga Trough

The Suruga Trough extends NNEward into Suruga Bay from the eastern extremity of the Nankai

Report of Hydrographic Researches Vol 27 1991



34 SHIGERU KATO

=N N I @
N A N
Ve N —
C \ N 3\
JQ J ~

= g o - E

10 KM

11°10'
141°55' 143°00

Figure 20, Detailed bathymetry of the Challenger Deep in the Mariana Trench. a: Track chart.
b: Sea Beam map. Dotted line shows the trench axis. Contour interval 100m. c:
Structural features. I: Thrust fault, 2: Normal fault, 3: Deepest point of the Challenger
Deep, 4: Flat floor of the trench axis.

Trough, and is believed to be the plate boundary where the Philippine Sea plate subducts beneath the
Eurasian plate as well as the Nankai Trough. The floor of the Suruga Trough is very narrow less than
5 km in width, compared with that of the Nankai Trough, which is 10 to 30 km in width. The landward
slope of the Suruga Trough is characterized by a step-shaped configuration in the middle of the steep
slope, each step of which is 1 to 2 km in width and 2 to 4 km in length. This step-shaped topography
is obvious on the bathymetric map from Sea Beam data shown in Fig. 21. The structure of the landward
slope of the Suruga Trough can be detected in the multi-channel seismic reflection profiles shown in
Figs. 10-B and 11-B.

The lowest part of the slope consists of layers with distinct fold structures, and the axis of the

anticline renders an elevated configuration. There is a fault inclined to the west between the eastern
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Figure 21. Sea Beam map of the Suruga Trough. Contour interval 10m. a: northern part,
b: central part, c: southern part.
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Japan. Broken line shows the plate boundary; box shows the
location of Fig. 23. Bathymetry from Japan Oceanographic Data
Center (1984).

wing of the fold and the horizontal layer of the trough floor (F1 in Fig. 11-B). This fault is thought to
be a reverse fault because of the form of the acoustic reflectors. Many steps are developed in the middle
of the landward slope. Although it is difficult to detect the continuity of the fault line from the acoustic
refectors, a reverse fault is known to form the step geomorphology at F2 in Fig. 11-B. From the above,
it appears that the reverse faults incline to the west from the foot of step-shape morphology, and the
deformed structure shows the accreted layer of the trough floor, or accretionary prism.

Narrow flats and gorges lie alternately on the Suruga Trough floor. On the detailed bathymetric map
of the Suruga Trough shown in Fig. 21, the gorges appear to be the transportation route for turbidite,
as there are no trench fill layers.

3. 4., 3 Triple junction of trenches off central Japan

The triple junction of trenches whose detailed bathymetric map is shown in this section is the meeting
point of the Izu-Ogasawara Trench and the Sagami Trough off the Boso Peninsula of central Japan
(Fig. 22). It is believed that the southern part of the Sagami Trough belongs to the Philippine Sea plate
and the eastern area of the Izu-Ogasawara Trench belongs to the Pacific plate. The northern part of the
Sagami Trough has been considered to belong to the Eurasian plate (Sugimura, 1972). However,

Nakamura (1983) and Kobayashi (1983) proposed a nascent plate boundary between northeast Japan and
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Figure 23. Detailed bathymetry of the northernmost part of the Izu-Ogasawara Trench.
Line s-s’ shows the location of the seismic profile in Fig. 24. a; Sea Beam map.
Contour interval 100m. Dotted line shows the trench axis. b: Structural feature
of the northern end of the Izu-Ogasawara Trench. I: Thrust fault, 2: Normal
fault, 3: Flat trench floor, 4: Mogi Submarine Fan at the eastern end of the
Sagami Trough, 5: Kiyosumi Seamount broken by the normal faults.
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the Japan Sea, and the north side block of the Sagami Trough is now considered to be a part of the

North American plate (Niitsuma, 1985) or a micro-plate of northeast Japan (Ishibashi, 1984). This block

is called ’the northeast Japan block’ in this study. The Pacific plate subducts benecth the northeast Japan

block at the Izu-Ogasawara Trench at the average rate of 10.5 cm per year, while the Philippine Sea
plate moves NW towards the northeast Japan block at the average rate of 4 cm per year (Circum

-Pacific Map Project, 1981).

The morphology of the trench floor at the triple junction in the Izu-Ogasawara Trench is character-
ized by a very wide, extremely flat floor 20 km in width at depths of 9,100 to 9,200 meters of water. This
extremely flat trench floor is formed by the deposition of thick trench fill, wihch is supplied via the route
through the Boso Canyon after flowing through the Sagami Trough (Kato et al.,, 1985). Fig. 23a shows
the detailed bathymetric map prepared from the Sea Beam survey by the S/V Takuyo. In this map, a
deep sea fan, named the Mogi submarine fan, is recognized at the end of the Boso Canyon. This deep
sea fan shows a distorted morphology (Kato et al., 1985). The middle part of the fan is steeper from 8,
600 to 9,000 metrs than the other part of the fan. Because of this, an uphaval is considered at the upper
western part of the fan, in contrast to its lower eastern part.

The Izu-Ogasawara Trench floor becomes suddenly narrower to the north, as is discussed in section
3. 4. 4, from the triple junction area.

3. 4. 4 Northernmost part of the I[zu-Ogasawara Trench

Depressions arranged in echelon are recognized at the floor of the northernmost part of the Izu
-Ogasawara Trench, from 34°30’N to 34°50°’N, which lies to the north of the triple junction area discussed
in 3. 4. 3.

These depressions are 10 to 20 km in length and 3 to 5 km in width. A multi-channel seismic reflection
section, shown in Fig. 24, indicates that trench fill layers there are thin. The trench floor feature with
depressions in echelon is formed by the faults on the seaward slope obliquely crossing the trench axis.
All of the cliffs or steep slopes bounding the echelon depressions continue as far as the faults on the
seaward slope,

Many large-scale normal faults are distributed on the seaward slope of the northernmost part of the
Izu-Ogasawara Trench (Fig. 23a). These faults range in height from 200 to 500 meters, with a few
exceeding 1,000 meters, They are dislocated toward either west or east. Those toward the west are
predominant over those toward the east. According to the multi-channel seismic reflection section
shown in Fig. 24, these faults dislocated the basement together with its overlaying pelagic layer of nearly
uniform thickness.

There are two local characteristics of these normal faults:

(1) The Kiyosumi Seamount, located at 34°30’N, 142°15’E, is divided into three portions by the normal
fault dislocation, as recognized on the bathymetric map shown in Fig. 23a. The Daiiti Kasima
Seamount, divided at a trench in a way to the Kiyosumi Seamount is the best-known seamount
(Mogi and Nishizawa, 1980; Kobayashi et al., 1987).

(2) Strikes of normal faults differ on the north and the south sides of a zone along the 34°50’N parallel.
The strike of the faults on the north side is in the NNE-SSW direction, which almost coincides with
that of the trench axis. On the other hand, the strike on the south side shows NNW-SSE direction,

crossing the trench axis at an angle of 30°. The relationship between the strike of normal faults on
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Landvard slope

Figure 25, Geomorphological types of the landward slope of the submarine trench. a:
Ridge and trough type, b: Step type, c: Mono-slope type, d: Slump scarp type.

the seaward slope and the trench axis will be discussed in section 4. 3.

4. Characteristics of the trench morphology deduced from case studies

In this chapter, the author classifies the geomorphological features of trenches into several types
according to the landward slope, Trench floor and seaward slope of the trench, and examines their
history of formation. The landward slope, in this case, does not include the continental slope, the deep
sea terrace and the outer ridge, although both the deep sea terrace and the outer ridge, which borders
the trench side of the terrace, may undergo the influence of plate subduction. It is likely, however, that
these features have no direct relation with plate subduction in the late Quaternary.

In the consideration of the seaward slope of a trench, marginal swell is excluded because of the lack
of detailed morphological data, although it seems to have a closer relation with the plate subduction in
the late Quaternary.

4. 1 Landward slope of the trench

The growth of the accretionary prism controls the morphology of the landward slope. The lower part
of the landward slope of the Challenger Deep in the Mariana Trench is estimated to lack accretionary
prisms (Fig. 20-b). The eatsern part of the Nankai Trough and the Suruga Trough, as described in 3. 2.
1 and 3. 4. 2, have well-developed acretionary prisms. Based on these examples, classification of the
morphology of the landward slope is considered in this section.

Table | shows the geomorpholgical characteristics of the several trenches mentioned in chapter 3. On
the basis of such case studies, schematic types of landward slope morphology of the submarine trench
can be drawn as shown in Fig, 25, and the following conclusions are obtained.

The degree of development of the accretionary prism dominates the geomorphology of the landward
slope of the trench. The best example of a developed accretionary prism is the eastern part of the
Nankai Trough (c. f. 3. 2. 1), called the ridge and trough zone, where large-scale undulated topography
is formed by the accretionary prism (Fig. 25a).

Another well-developed type of accretionary prism has a step-shaped configuration, which can be
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PN Trench floor

Figure 26. Geomorphological types of the trench floor. a : Flat floor type, b . Echelon type, ¢ . Gorge type

seen in the Suruga Trough and the northern part of the Palau Trench (Fig. 25b).

In contrast to these, the landward slopes of the northern part of the Izu-Ogasawara Trench, the
central part of the Palau Trench and the Callenger Deep in the Mariana Trench have steep and smooth
surfaces. No remarkable accretionary prism is recognized on the seismic profiles in these trenches (Fig.
25¢). From Table 1 it can be inferred that the accretionary prism of the landward slope of a trench has
a strong correlation with the volume of sediments and the rate of sedimentation at the trench fill layer.
In other words, a large-scale accretionary prism is formed along a trench where sedimentation rate is
high or where the trench fill layers are thick and vice versa.

Although it may be considered that the pelagic sediments have also contributed to the growth of the
accretionary prism morphology, the trench fill layer is more closely and directly connected with the
growth, especially at the lower part of the landward slope. Pelagic sediments appear to be important
material for underplating (Kagami, 1985), due to decollement under the middle or upper part of the
landward slope of the trench.

1t is difficult to form the accretionary prism morphology in an area where the landward slope is steep
and smooth and the trench floor lacks trench fill sediments. There are cases where cliffs formed by land
sliding develop on the landward slope, such as in the Japan Trench (Fig. 25d).

Formation of the two types of accretionary prism morphology i. e., the ridge and trough type and the
step type is considered to be related to the difference in the dip angle of the subducting slub. Where the
dip angle near the trench is small, for example, 3 to 5 degrees, as seen at the eastemn part of the Nankai
Trough, the ridge and trough type morphology develops (Kato et al., 1983). This dip angle value is
measured by using the multi-channel seirmic reflection profiles on lines D to I in Fig. 10. In contrast to
this, where the dip angle of the subducting slub is larger, for exarple 23 and 10 degrees, as seen at the
Suruga Trough and the northern part of the Palau Trench, respectively, the step type accretionary prism
morphology develops. These values are also derived from the seismic sections obtained by multi-channel
reflections,

These data, although small in number, indicate that the ridge and trough type is formed when the slab
is subducting gently at an angle of 5 degrees or less, while the step type is formed when the slab is

subducting steeply at an angle of 10 degrees or mere. When the dip angle of the slab is small, a wide zone
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can be reserved for the formation of the ridge and trough type accretionary prism. In the case of a large
dip angle, the ridge and trough type can hardly be formed because of the proximity of the trench axis
and the landward mass.

4. 2 Trench floor

From the cross-section of the trench there are recognized two types of trench axis morphology, i. e.
the flat floor type and the V-shaped type. The eastern part of the Nankai Trough has the flat floor type
with channels; and the triple junction of trenches off central Japan has the extremely very flat trench
floor discussed in sections 3. 2. 2 and 3. 4. 3.

The V-shaped type can further be divided into two types: alternatively arranged V-shape canyons and
narrow flats, and small depressions arranged in echelon along the trench axis. The Suruga Trough is an
example of the former type, and the northern part of the Izu-Ogasawara Trench is the latter type. The
cofigurations of trench floors can be classified into several types, and major factors in the formation of
these types will be discussed in this section.

Typical features of the trench floor can be classified into the three types shown in Fig. 26. Main
factors forming the trench floor morphology are (1) volume and sedimentation rate of the trench fill
layer, and (2) morphology of the adjoining seaward slope. Supply of a large quantity of sediments into
a trench forms a wide flat trench floor (Fig. 26a), no matter what configuration lies beneath the trench
fill sediments.

When the trench is well supplied with sediments continuously, or the sediments are trapped by
something as a barrier, a very flat trench floor is formed. On the other hand, there is a case in which
terrigenous turbidite cut the trench fill sediments to form channels. These channels are formed where
the trench floor inclines with relatively large gradient in the trench axis direction. :

The trench fill layer consists almost entirely of terrigenous turbidite (Taira et al., 1984), and the
quantity of the layer is mainly influenced by the characters of the land area that supplies the sediments.
When the continental margin or the island arc has a wide and rugged land area close to a trench, the
trench fill layer is easily thickened, as source of sediment supply is available on the land area. On the
other hand, when the island arc is almost under the sea surface, sediment supply is less readily available.

Seeing the wide flat floors which are recognized at the eastern part of the Nankai Trough and the
triple junction of trenches off central Japan, as shown in Table 1, it is considered that a wide area of
the adjoining land and the erosion there have supplied a tremendous amount of sediment to form such
wide flat floors.

The quantity of a layer, strictly speaking in this case, relates to the sedimentation rate relative to the
convergence rate of two plates. That in, in order for a wide flat floor to form in a trench, a high rate
of sedimentation is required when the convergence rate is high, while a relatively lower rate of
sedimentation is sufficient when the convergence rate is lower.

When the sedimentation rate is low and the trench floor is narrow, small flat portions are distributed
intermittently, along the trench axis. This feature is mostly formed in a trench associated with an
undulated seaward slope. From this fact, it is thought that, when the sedimentation rate is low, the
formation of a trench floor is controlled by the configuration of the seaward slope of the trench, When
the trench axis is oblique to the faults on the seaward slope, such as in the northernmost part of the Izu

-Ogasawara Trench and the Challenger Deep in the Mariana Trench, the small flats are arranged in
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Seaward slope Seaward slope

Figure 27. Geomorpholgical types of the seaward slope of the submarine trench. a: Mono-slope type, b:
Oblique faults type, c: Parallel faults type, d: Grid structure type, e: Lozenge structure type.

echelon (Fig. 26b); that is, the fault scarp and horst on the seaward slope divide the depression along the
trench axis to form such small flats in echelon. Small flats intermittently arranged along the trench axis
are considered to be more common than in the case of a wide flat extending along the trench axis, as
shown in Table 1. In a case where there is no sediment supply or where sediments are not trapped but
carred away even if they are supplied in good quantity, the trench axis shows a canyon-like morphology
(Fig. 26¢). In this case, the seaward slope of the trench axis needs to be smooth. The central part of the

Palau Trench is an excellent example of such topography (Fig. 18).
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4. 3 Seaward slope of the trench

The morphology of the seaward slope of a trench will be classified into several types, and the degree
of development of normal faults in this section will be discussed as a major factor in the formation of
the seaward slope.

Several examples of the morphology of the seaward slope of a trench ard illustrated in Fig. 27, It can
be pointed out that the major factor conrolling the geomorphic structure is the scale and distribution of
normal faults caused by bending accompanied by the subduction of the lithosphere. It seems that the
strike and distribution of normal faults are closely related to a weak zone in the oceanic lithosphere in
addition to the thickness or age of the plate, physical properties, and dergee of bending of the subducting
plate.

There are cases in which seaward slopes lack the normal faults formed by beniding (Fig. 27a). The
central part of the Palau Trench and the Suruga Trough are apt exmples. From Table 1 it may be
inferred that normal bending faults are not formed when the plate is young or heated by magmas, or
when the plate, even of it is old, is subducting at a low angle. Because the young or heatedplate is warm,
thin and ductile, tension at its surface is not great enough to cause normal faults. The tension on the
surface of an old plate is also weak when the plate subducts at a low angle. In such cases, it is likely
that the seaward slope is formed with a smooth surface.

There are two cases where normal faults develop, i. e., faults parallel with (Fig. 27b) and oblique (Fig.
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Figure 28, Interpretive tectonic map around the tri-
ple junction of the trenches off central
Japan. Dotted line shows the plate bound-
ary. Contour lines in the island arc show
the depth of deep earthquakes (Maki,
1984). a: Turning point of the trench axis,
b: Turning point of strike of faults on the
seaward slope of trench, c: Daiiti Kasima
Seamount, d: Break line of the subduction
slab beneath island arc, vf: Volcanic front
(Sugimura and Uyeda, 1972).
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27c¢) to the axis of the trench. The faults in the former case can be recognized in the area adjacent to
the Daiiti Kasima Seamount in the Japan Trench (Oshima et al., 1985; Kobayashi et al., 1987), the
Mariana Trench (Rangin et al., 1988), the Middle America Trench off Mexico and Guatemala (Aubouin
et al., 1982; Shipley and Moore, 1985) and the northernmost of the Izu-Ogasawara Trench discussed in
section 3. 4. 4.

Normal faults on the seaward slope of the trench caused by bending of the oceanic plate are inferred
to be parallel with the axis of the trench, irrespertive of the subducting direction of the plate against the
trench. It has been proved that the mechanism of earthquakes that occur near the trench yields tension
orthogonal to the trench axis (Stauder, 1968). Despite this, however, there are cases where normal faults
occur oblique to the trench axis, e. g. the Challenger Deep of the Mariana Trench, the northern part of
the Palau Trench, the northernmost part of the Izu-Ogasawara Tranch and the Nanseisyto Trench.

The faults in the northern part of the Palau Trench are considered to be caused by a tensional stress
field due to bending which is distorted by the effect of the Kossol Ridge (cf. 3. 3. 3).

In the northernmost part of the Izu-Ogasawara Trench, there is a possiblility that the strike of normal
faults having NNW-SSE direction may indicate the direction orthogonal to the lai‘gest dip direction of
the subducting slub, because this area is close to the turning point of the trench axis. As mentioned in
3. 4. 3, it is considered that the Pacific plate may be subducting with dip direction WNW in the region
north of 34°50'N and W in the region further south.

According to the deep seismic distribution (Utsu, 1977; Maki, 1984; Ishida, 1986) which shows the
configuration of the subducting plate beneath the island arc, a bend turn of the seismic distribution (d
in Fig. 28) does not extend as far as the triple junction of plates (a in Fig. 28), but extends to the turning
point of strikes of the normal faults further north on the seaward slope (b in Fig. 28).

Renard et al. (1987) estimated, with the data obtained from the Kaiko Project, that the strike of normal
faults on the seaward slope gradually changes from the triple junction of plates to the Daiiti Kasima
Seamount (¢ in Fig. 28) located to the north of the Izu-Ogasawara Trench. Whereas the above
-mentioned turning point of strike of the normal faults has newly been recognized at 34°50’N (b in Fig.
28), it is considered that the break of the subductiong slab at d, the location of which is estimated by the
deep earthquake distribution under the Japan arc (Utsu, 1977) and by the sharp break of the volcanic
front (Sugimura and Uyeda, 1972), started from lat. 34°50’N (b in Fig. 28) in the northernmost part of the
IzuOgasawara Trench.

There is a long and linear fault near the Nanseisyoto Trench slightly oblique to the trench axis, as
mentioned in 3. 1. 4. It is inferred that this fault have been formed by the reactivity of the fracture zone
due to the bending fault in the subducting plate. In other words, the tension accorpanying bending of the
trench has been spent on the reactivity of the fracture zone, resulting in formation of a fault oblique to
the trench axis along the previous fracture zone, that is, a weak zone on the subducting plate.

On the basis of the above, it is considered that there are two types of development of faults oblique
to the trench axis on the seaward slope due to the bending of the plate: {1) disorder of the tension on the
seaward slope due to a discrepancy between the position of the turn of the trench axis and that of the
break is the subduction slab, or due to collision with a seamount or a ridge, and (2) development of
normal faults along the weak zone on the seaward plate, although the direction of tension is orthogonal

to the trench axis.
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The magnitude of normal faults on the seaward slope varies greatly from one trench to another, The
faults in the northernmost pars of the Izu-Ogasawara Trench are well-developed ones. On the other
hand, normal\‘faulting is rarely seen at the central part of the Palau Trench. The difference in the
magnitude of nérmal faults on the seaward slope seems to depend on the age and the angle of the
subducting plate. The age of the plate is almost proportional to its thickless. In a case where the plate
is thick, the tension on the surface of the plate caused by bending becomes so strong that large-scale
faults are formed. This idea, fundamentally proposed by Ida and Uyeda (1981), is well supported by the
examples studied in this paper.

There are cases in which it is difficult to explain the fault development by the age or thickness of the
plates alone. This is the case with the northern part of the Japan Trench and the Izu-Ogasawara Trench,
which are nearly the same age (Kaiko I Research Group, 1986). In this trench system, the scale of faults
increases to the south, towards the triple junction. This may be explained by the fact that the bending
curvature of the subducting plate becomes larger toward south. It is known that the slab beneath the Izu
-Ogasawara arc is remarkably steeper than that beneath the Northeast Japan arc, based on the deep
earthquake distribution (Utsu, 1977). Such a difference in the slab angle is considered to be one of the
cause of differences in the fault scale on the seaward slope.

The grid structure in the Nanseisyoto Trench (cf. 3. 1. 5) is a complex structure made of faults caused
by the plate bending and minor ridge structure on the oceanic plate, which was formed before the
deformation occurring near the trench (Fig. 27d). This grid structure is a rare case because the minor
ridges should run perpendicular to the trench axis; a lozenge structure may be mere common on the

seaward slope (Fig. 27e), although examples have not yet been reported.

5. Summary and conclusions

In this paper the author presents detailed geomorphic data on the Nanseisyoto Trench, the eastern
part of the Nankai Trough, the Palau Trench and other trenches around Japan, and explains topo-
graphic features of the landward slope, axial floor and seaward slope of the trenches. Then, by
classifying them into several types, the main factors in the formation of such trenches are discussed.

In the seaward slope of the Nanseisyoto Trench, linear minor ridges mutually in parallel are develop-
ing in the NW-SE direction. At their NW edge is a long, linear fault. The fault may be a reactivated
fracture zone created by the bending of the trench formation. From the seaward slope to the axial floor
of the Nanseisyoto Trench, a grid structure is formed by minor ridges and bending faults crossing almost
orthogonally.

In the eastern part of the Nankai Trough, it appears that a trough floor with channels and a very flat
floor without channels extend alternatively. The former may be the area where sedimentation of
turbidite has been suspended, and the latter may be the area where turbidite is being deposited. The
difference in the degree of development of channels may be due to undulations of the subduction plate
along the trough axis, and these undulations may owe their origin to fingering subduction. In the
landward slope of the Nankai Trough, a ridge and trough zone is developed. The zone is formed by an
imbricated tilt-shaped deformed layer or so-called accretionary prism.

In the Palau Trench, a flat broad trench floor exists at the extreme north of the trench, and a trench

axis with a V-shaped profile like a canyon extends from the northernmost flat to the central part of the
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Table 1

Geomorphological characteristics of the sev- eral trenches.

Landward slope

Name of trench Figure morphology Trench floor morphology Seaward floor morphol- | Age and property of
number | (accretionary | (thickness of layer) ogy subducting plate
prism)
Nothernmost part of the Izu 22 smooth and steep | echelon depression well-developed faults par- | 130 Ma
-Ogasawara Trench 23 (unknown) (slight) allel with trench axis ocean floor
Triple junction of trenches 22 spur broad flat floor well - developed faults | 130 Ma
off central Japan 23 (unknown) (very thick) oblique to trench axis ocean floor
step gorge and small depression younger than 30 Ma
Suruga Trough 21 (small) (thin) smooth volcanic arc
Eastern part of the Nankai 9 Ridge and trough | broad flat floor channel Zenisu Ridge 20 to 30 Ma
Trough 13 (large) (very thick) u 3 marginal sea floor
- 5 smooth and steep | grid structure large linear fault oblique | 50 to 60 Ma
Nanseisyoto Trench 8 (unknown) (slight) to trench axis marginal sea floor
Challenger Deep in the Mar- 2 smooth and steep | echelon depression well - developed faults | older than 150 Ma
iana Trench (unknown) (slight) slightly oblique to trench | ocean floor
Northern part of the Palau 16 teardrop flat floor small faults oblique to} 30 Ma
Trench (small) (thick) trench axis marginal sea floor
Central part of the Palau 18 smooth and steep | gorge smooth 30 Ma

Trench

(unknown)

(little)

marginal sea floor

08
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trench. A step-like topography formed by the accretionary prism was recognized in the landward slope
of the northern part of the Palau Trench. Similarly, in the Suruga Trough, accretionary prism topogra-
phy is distributed in the landward slope.

Faults oblique to the trench axis in the seaward slope of the trench exist in the Challenger Deep in the
Mariana Trench as well as in the northern part of the Izu-Ogasawara Trench. The oblique faults in the
Challenger Deep may be formed by the resultant force of oblique subdction and beniding of the Pacific
plate. In the case of the Izu-Ogasawara Trench, the oblique faults are considered to be formed by the
discordance between the turn of the trench axis and the break of the subducting slub.

The triple junction of trenches off central Japan is characterized by a very wide flat trench floor with
a deep-sea fan. The flat trench floor is formed by the deposition of a thick trench fill layer which is
supplied via a route through the Boso Canyon.

The geomrpholgical characteristics of the several trenches mentioned above are summarized in Table

The geomrphological features of a trench are classified into several types based on the landward
slope, trench floor and seaward slope (Figs. 25-27), and their evolution is examined.

(1} The landward slope of the trench is geomorphologically classified into a ridge and trough type,
steptype, mono-slope type and slump scarp type (Fig. 25). It is deduced that the main factors in the
differentiation of these types are the degree of development of the accretionary prism and the
difference of inclination of the subducting slub. The mono-slope and slump scarp types develop in
slopes that lack an accretionary prism. The ridge and trough type and step type are formed when
the accretionary prism is well developed. In this case, a low angle of the subduction slab makes the
ridge and trough type, and a high angle makes the step type.

(2) The trench floor topography is classified into a flat floor type, echelon type and gorge type. The
main factors in forming such trench floors are the quantity and rate of sedimentation and the
topographic features of the adjoining seaward slope.

When the trench is well supplied with sediment, the trench floor formed is very flat. Lack of
sediment supply makes echelon type or gorge type. The morphology of the echelon type is controlled
by the configuration of the adjoining seaward slope of the trench.

(3) The morphology of the seaward slope of the trench is classified into a mono-slope type, parallel
fault type, oblique fault type, grid structure type and lozenge structure type. It is deuced that the
main factor in the creation of these types is the development of faults with or without previously
existing weak zones on the seaward plate caused by plate bending. The oblique fault type, in which
faulting is oblique to the trench axis, is formed when (1) there is a discordance of positions between
the turn of the trench axis and the break of the subducting slub, (2) the tension on the seaward slope
is oblique to the trench axis due to collision with a seamount or ridge, or (3) the faulting occurs along
weak zones on the seaward plate.

The magnitude of normal faults on the seaward slope varies greatly from one trench to another. The
difference seems to depend on the age and the bending curvature of the subducting plate. The faults

on an old plate or a well-curved plate become larger.
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GEOLOGICAL STRUCTURE BENEATH TOKYO BAY ANALYSED
BY MULTI-CHANNEL SEISMIC REFLECTION SURVEY IN 1983t

Shinichi Kikuchi* and Takao Kikuchi**
Abstract

A thirteen lines multi-channel seismic reflection survey in Tokyo Bay was carried out by the
Hydrographic Department in October 1983, to follow up on a survey in 1981 to 1982 to clarify the
geologic structure to about 3km depth (Kato, 1984). From analysis of 12-fold stack sections along these
lines, we were able to make some new interpretations of the stratigraphy at shallow depth below the sea
bottom.

The uppermost part of the subsurface geology, called “TA" and corresponding to the Shimosa Group
of the Middle Pleistocene in the Boso Peninsula, represents distinct alternations of dark and light
colored beds. Eight or nine sets of beds are present and each seems to represent a sedimentary cycle
related to glacio-eustatic transgression. The basal boundary of “TA” is a remarkable unconformity
called the Tokyo Bay unconformity.

A gentle dome-like structure appears under the Nakanose Bank, around the south end of the Bay. It

is supposed that the bank was affected by upwarping tectonics.
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Figure 1. Survey lines of multi—channe! seisimic reflection
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Figure 2. Sketch of survey method at sea
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Figure 4. Correlation of velocity and depth
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Figure 25. Burried canyon and acoustic scattering zone
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2. Acoustic scattering zone (type B)

3. Clearly recorded zone

4. Base of alluvium (depth in meter)

5, Burried valleys and trace of Paleo Tokyo river
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THE SUBMARINE TOPOGRAPHY OFF THE EASTERN IZU PENINSULA
AND SUB-BOTTOM STRUCTURE AROUND TEISI KNOLL '

Kazuki Watanabe*, Shoichi Oshima*, Shinichi Kikuchi* and Hidekazu Ohkubo*
Abstract

Three months after the submarine eruption of Teisi Knoll on July 13 1989, survey vessel “Tenyo”
surveyed the southwestern part of Sagami Bay by her narrow multi-beam echo sounder (Hydrochart
II) and sparker (for seismic reflection) in detail. From April 27 to May 1 1990, dredge hauls were
recovered from the top parts of the Higasi-Izu-Oki Submarine Volcanoes by her. Most of the dredged
rock samples are fresh. The NW-SE linear arrangements of these volcanoes are clearly identified by the
detailed submarine topographic map. The direction of these arrangements agrees with that of the lateral
faults that should occur as a result of the subduction of the Philippine Sea Plate. For several ten
thousand years, producing these faults with the subduction of the plate, the submarine eruptions have
occured over and over along their cracks. The last event of those is the submarine eruption of Teisi
Knoll.
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Figure 2. Submarine topographic map off Ito city based on the renult of a survey on October 16—17
1989 by survey vessel “Tenyo”, measured by her narrow multi-beam echo sounder
(Hydrochart II) . (original scale 1.10,000, contour interval 1m)
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Figure 3. Map indicating the sizu and distribution of the volcanic bodies and the location of the
dredge stations.
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Figure 4. Survey tracks of “Tenyo” in the survey area of the southwestern Sagami Bay for the
detailed submarine topographic maps.
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Table 1. Macroscopic description of the dredged rock samples.
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Figure 5. The distribution of the theoretical slip lines with the subduction of the Philippine Sea Plate.
V. F. is a volcanic front. (after Mizoue 1987)
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Figure 6. Side scan sonar image of the sea bottom off Kawana-Saki.
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Figure 7. Survey tracks of “Tenyo” off Ito city for seismic reflection
by sparker.
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Sub-bottom structure around Teisi Knoll based on the seismic reflec-
tion survey by sparker on October 16—17 1989, This figure shows the
strucure with the NE-SW direction of faults and dikes, and horizontal
distribution of small faults related to the magmatic intrusion or the
earthquake swarm.
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Figure 9. Seismic reflection profiles and interpretation diagrams at and around Teisi Knoll.
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Table 2. The thickness and seismic characterization of the sedimentary layers.
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Figure 10, High resolution sub-bottom profile by Uniboom recorded in 1976 across the sea bottom
where the eruption of Teisi Knoll happen in 1989. Track of the record is rinning from south
to north. (after Kato et. al. 1990)
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TECTONIC LANDFORM SURVEYS IN THE
NORTHWESTERN AREA OF SAGAMI BAYY

Katsuhiro Kusunoki*, Shin’ichi Kikuchi*, Shoichi Kokuta*, Kunikazu Fukae**
Abstract

In the past, earthquakes registering a magnitude of about 7 on the Meteorological Agency Scale have
occurred repeatedly in the Odawara area. The earthquakes have often caused injury and damage to
property. The next earthquake will do likewise. The repeating cycle of earthquakes is considered to
be about 70 years and it’s feared that the next earthquake will occur within the next 10,

The purpose of this survey and study is to contribute to the earthquake prediction program. The
Hydrographic Department of Japan performed three kinds of investigation in the sea area. First, we
surveyed the ocean-floor topography using the narrow-multi beam swath survey system for shallow
seas (HydrochartIl). Second, we got further detailed topographic data with a side-scan sonar. Third,
we observed the bottom geology with a ROV (Remotely Operated Vehicle). Thus we have narrowed
the survey area down.

The survey areas given priority were the seaward extention of the Kozu-Matsuda Fault Line, and the
area near Manazuru Knoll. The Kozu-Matsuda Fault is believed by most seismologists and geologists
to be one of the most active and serious faults. Around Manazuru Knoll, it is suspected that there is
Nishi-Sagami Dislocation from south to north, which provokes earthqukes registering a magnitude of
about 7.

After these investigations, the following two results were obtained :

1. The movement of the crust is still active around the seaward extention of the Kozu-Matsuda Fault
Line.
2. The crust around the Manazuru Knoll is bent downwards having a north-south axis. It may be

caused by the subduction at the Nishi-Sagami Dislocation.
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Figure 1. Index map of the areas surveyed with the
narrow multi-beam swath survey system
for shallw seas, the side-scan sonar, and
the ROV in the north-east Sagami Bay.
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Figure 2. The conception of the survey using the narrow-multi beam swath survey system for shallow
seas (Hydrochart II) .
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Table 1, The positions of the slave stations of Trisponder Position Fixing System.

e B A & & : 3 & & B3
RIS R AT 34 47 38.88” N 139° 22" 31.28” E 116.3m

KAEIUN T TEBRZERT 35° 14" 47.54” N 1390 37 51.24" E 243.0m
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Table 2, The principal systems used for the survey in the second year.
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Photo. 1. The external appearance of the ROV
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Table 3. The principal particulars of the ROV.
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Figure 3. The detailed topography in the north-east Sagami Bay derived from the survey data of the

narrow-multi beam swath survey system (Hydrochat II) . The scale of the existent charts
is 1/50,000.
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Figure 4a. The picture of the topography in the south-east of Odawara obtained from the survey data
of the side-scan sonar after some processing with computer. The overprinted contour is the
topography derived from the data of the narrow-multi beam swath survey system.
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Figure 4b. The picture ef the topography in the south-east of
the headland of Manazuru.
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Figure 5b. The interpretation map of Figure 4b.

In the south-west of Manazuru Knoll,
there are the small faults going side

Figure 5c. The interpretation map of Figure
4c. We can see the lava flows at

the north of the center of the
\ by side and a fan. picture and the mounds array at
i 1 ‘\ ! the north-east part of the picture.
W, Ig: RO 20 T\ Nt i TR ' The cliffs in the southern part of
o T " diaas nd 1 the picture are considered to be
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Figure 4c.

tectonic ones.
The picture of the topography in the east of Kawana.
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Figure 6. Track chart of the ROV along the south side wall of Atami Canyon. The circled numbers
indicate the places where the samples were gathered. The informations about samples are
shown in table 4.
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Table 4. The positions where the samples were gathered with the ROV in Atami Canyon and other
informations about samples.
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35 86 36.6
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Photo. 2. The south wall of Atami Canyon obserbed with the video camera of the
ROV.
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Figure 7. The distribution map of the faults. The solid and
broken lines with markers indicate certain and prob-
able faults respectively.
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TECTONIC LANDFORM AND GEOLOGICAL STRUCTURE
SURVEYS IN THE SEA AREA NEAR ITOIGAWA '

Katsuhiro Kusunoki*, Shin’ichi Kikuchi*, Mutsuto Okino*,
Shoichi Kokuta* and Yoshikazu Watanabe*

Abstract

The theory that North-East Japan is on the North American Plate was suggested by scientists after the
Japan Sea Earthquake (M=7.7) of May 26th, 1983. According to this theory, the boundary between
the North American and Eurasian Plates runs from the eastern border of the Japan Sea, through Fossa
Magna in the middle of Japan, to Sagami Bay. The Hydrographic Department of Japan conducted the
surveys in order to investigate this theory and to contribute to the earthquake prediction program.

The surveys were conducted in two periods. The first period was from 1985 to 1987, and the second
was the next two years. In the first period, the area off Itoigawa was surveyed and reported by Asada
et al. (1989) and Kato et al. (1990) . The land area was surveyed by other government offices. If we
survey the middle area, we should be able to determine the features of the entire lineation possibly
considered to be plate boundary. In the second period, we used the narrow-multi beam swath survey
system (Hydrochart II) to investigate the bottom topography, and the seismic profiler system by
electrical discharge to investigate the geological structure in the sea area near Itoigawa. From the data
gathered by these surveys, we have determined some geological features in the area.

The results are as follows:

1. Inthe sea area near Itoigawa, there are some active folds tending from northeast to southwest. They
intimate northwest-southeast pressure in the crust.

2., There are some thrust type faults on the north-south line from the Toyama Trough to Itoigawa.
They run obliquely on the folds. The line is not necessarily the plate boundary because of irregular-
ities along the faults line. The lowered or depressed side of the fault changes alog the fault line.

However it must be a geological “weak line”.

1. Lo
FIAARR O Z 0B S 7 5 v e 2 ED, FodEicii 7o) vrdE, KFEE -7

T Received 8th January 1991
* R ZER Coastal Surveys and Cartography Division

Report of Hydrographic Researches Vol. 27 1991



134 K. KUSUNOKI, S. KIKUCHI, M. OKINO

TH3ITL—bHEELT, BRAMBEHWT L L ->Twd, 2Ol ) ZRRE2LTZ, HREBERGH) S
T A velF, BRMEEICB T, MBRBEFEEFRTIILICL), ET 7 =7 A WL ICL,
INHEOHMBIIBITAMEBETHNHONERR 2B L 2HME LT, BERNTORRREFARTEICL 2

[ BRSO ET 7 + = 7 BT 2858 21985 EH 5 1989F B 1 T8 T #A L B 1T
2 TERI L,

ZORDE T HHI1985EE S 5 1BTEEC AT CTEMEE N, BFCIELED L EEERIERIZB W
T, METOWBREE L BECEHHBE2HL2ICT 2201, w/FF vy ANVRFEFHEER VR
HEERRE L L — U —2ic k 2 EBTHAEZT-> T 5 (REITA, 1989 ; 012, 1990), 551117121988
FERHIBIEE T TEBEN, BTFRZOMEN—ERE L T, KRNI BT, BRI
%, WEBEREZT-7. FREERZOMROBUORAENIRREZ LD, BETLLNTH 5,

2. H -]

HA RS b AR —BREESIC 0T TZ1983ED HAREFMME L2 B/ L L, 2—52 771 —
FrARTL— FHEIOFETL - MERTH L LT HH (P, 1983 /K, 1983) EEZBUTWS,

AFROFE I TRIOEZZ, RETFHOLHOT 7 b= 2 BT rE#R2E 20 L,
B~ EEBHICB T2 F v Y AUVREEFRERESE, frkFo—enFfr—slli@g (- —2)
PE S BELENEHAEZERLZ, INL0fEL L7V FORARAEZTIT L ) REBENEET
DHBERBES LN LNOREBEFEOERE LR TBEEHEFATET 52 L, BELRERBIIETL L
PHRELEELEERY DL CHREF LMY - THE(BAL TWb 2 2%, HRLEHH L L CoFE»H
LhERoTvd (EBEEA, 1989 i, 1990),

—H, BERIcB L CIRARNTIEIREBRENER, 2—J L T7v— k7 v — P TARARAL
BUCIRFIAS 2B AT 5 (Ikami et al, 1986) Z &, FRMMABORERETIRIALD 7L — M EE
NEEZRT & ) ARBROEBDIIT 4 v o7 FHICIRE, UL AN L EITED T RG89 %
HWIEAE T 3 (EBRE, 1988 $H - B4, 1990) = &L SFr@EI N T3,

P~z & i, HRIPAMEBRTRINFNMET 7+ =7 A4 EET 200 BRIB LT
2%, ZOHREOHEBINEIMTCIEREHAENTEARE > Twb, ZITHTTCRIEMENEIME LT,
HABEEI» GBI 7 4+ v P/ HICED E TOEBNLHET 7 F =7 22 BHET 12612, KR40
B2 LIS ABIN - AR BT 5,

3. BEHE

AMRNENME LT, BIMTRHELX TR LB OMOME (F1X) ¢, XiEfAFo——en
FE—28EE (M FoFr— ) RI2EHHEFAEE 05— (REAFTHREER) CL28BE
WEHERES 2 EMIC b 01T 72, LTIc@#MzZE~N2,
(1) RBAFO—SLFE—LARE (M FRFr—MI) £33 XEHERE

A FuFe—FINIER [RE] CERINCREBHET O —2AFE—LREB#KT, FEIE—L,
ERALECTANE — 4 (FR2ARIHEME) 280, KED2MEDBTHOUNEEE N D 5, AFTHE TITH
HOMRE &2 B/ T0.25= 4 )L (#460m) & L, 200mEAROIBR TR A v & 5 BB fE %=
ML 72,

Report of Hydrographic Researches Vol. 27 1991



TECTONIC LANDFORM AND GEOLOGICAL STRUCTURE 135
SURVEYS IN THE SEA AREA NEAR ITOIGAWA

BIMAEGR

AN —H — R

50km

-

Figure 1.  The boxes show the surveyed area and the broken lines are surveyed with seismic profiler
system. The sismic profile record between a and b is shown in figure 3.
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Table 1. The positions of the slave stations of Trisponder Position Fixing System.
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® 3 A £T = 36°58°05".890 137°35°24”.321 108.8m "
4 o - £ &l 36°53'41”.318 137°24°49”.494 32.2m ]
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Figure 2. Track lines of the survey.
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Figure 3.  Detailed topography near Itoigawa derived from the survey data of Hydrochart II.
The scale of the existent charts is 1,750,000. The broken line is considered to be fault.
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Figure 4.  The seismic profile record between the points a and b.

The location of the points a and b are shown in figure 1.
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Figure 5. The distribution map of folds and faults.
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Figure 6. Multi-channel seismic survey lines. Two of three lines were surveyed by Japan National Oil
Corporation in 1987 and the other line was surveyed by Hydrographic Department in 1986.
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SURVEYS IN THE SEA AREA NEAR ITOIGAWA
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Figure 7-a. The multi-channel seismic profile migrated in time domain between A and B on the line No.

17 in figure 6.
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Figure 7-b. The line drawing of the above multi-channel seismic profile.
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Figure 8~a. The multi-channel seismic profile migrated in time domain between C and D on the line No.
18 in figure 6.
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Figure 8-b. The line drawing of the above multi-channel seismic profile.
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LANDFORMS OF SUBMARINE VOLCANOES IN
CENTRAL PART OF THE IZU-OGASAWARA ARC,
BY MULTI-BEAM SOUNDING SYSTEM '

Shinji Nagaoka*, Kyoko Okino*, and Shigeru Kato**
Abstract

There are many submarine volcanoes along the Izu-Ogasawara Arc. The central part of the arc has
some large volcanoes as caldera volcanoes, the diameters of which exceed 5 km, and conical volcanoes
more than 3000m high from the ocean floor. The authors surveyed some volcanoes as follows . Higasi
-Aogasima, Kita-Beyonesu, Sitiyo seamounts (including seven seamounts : Nitiyo Smt, Getuyo Smt,
Kayo Smt, Suiyo Smt, Mokuyo Smt, Kinyo Smt, and Doyo Smt), and Nisino-Sima by the multi~-beam
sounding system of survey vessel “Takuyo” of M.S.A.]., and drew bathymetric charts (geomorphological
maps) of them.

The surveyed submarine volcanoes are geomorphologically classified into five types . large-scale
caldera volcanoes (Higasi-Aogasima, Kita-Beyonesu), simple or complexed conical stratovolcanoes
with pinnacle top (Getuyo Smt, Kayo Smt, and Nisino-Sima), conical stratovolcanoes with small
calderas or craters on its top(Suiyo Smt, Mokuyo Smt, and Kinyo Smt), a conical stratovolcano with
large horseshoe-shaped calderas on its slope (Doyo Smt), and a volcano much deformed by normal
faults (Nitiyo Smt).

The Higasi-Aogasima and Kita-Beyeonesu calderas were formed in one or two eruption cycles with
ejection of a large mount of pumice fragments which were dredged by "Takuyo” and other survey
vessels. The small-scale caldera and crater on the top of Mokuyo Smt indicate that some explosive
events occurred. The large horseshoe-shaped caldera of the Doyo Smt is caused by collapsing of the
northeastern part of the mountain. The debris from the horseshoe-shaped caldera flowed into the

Ogasawara Trough and formed a large crescent-shaped hill, 60 x 30km wide and less than 70m high.

1. BLoic

AMNEH, FE - AERERTR, ELEX NI HYIREL L CGELECENTYW R XILUnE i, EET
WHEEL DBEXKUPEEL TWD (Fig. 1), 72, ERIOEBTHEEINLTILRREEINTWE |
beAlR, 1985, FikIAy, 1988, HEl, 1989). LA L, HEXUOBHE, BLokillok ) icBE L w7 4 —

¥ Received 30th November 1990
* APEflFHZ Z Continental Shelf Surveys Office
% # [ | Planning Division
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Figure 1. Index map of the surveyed submarine volcanoes.
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Figure 3. Whale’s-eye view of the Higasi-Aogasima caldera, from south of the caldera.
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Figure 4. Bathymetric chart of the Kita-Beyonesu caldera. Symbols in Fig.2.
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Figure 6. Bathymetric chart of Sitiyo seamounts
OR :Ogasawara Ridge, OT : Ogasawara Trough, NT ! Nisinosima Trough, STL ' Sohu-gan
tectonic line, S © Sohu-gan, N : Nitiyo Smt (seamount), G : Getuyo Smt, K : Kayo Smt, Si :
Suiyo Smt, M ' Mokuyo Smt, Kn: Kinyo Smt, D Doyo Smt, Ns:@ Nisino-Sima and
Nisinosima-Sin—-To, Dd ' Crescent-shaped hill of subaqueous debris or pyroclastic flows
from Doyo Smt.

Report of Hydrographic Researches Vol. 27 1991



158

30°M,

27°N

Figure 7.

S. NAGAOKA, K. OKINO, S. KATO

00000

22

N N N )
y UNREAPRR LTTNY
N F— gttty
T - , o
N\ . ~ N )
N ., v, . oS [RK
Xl AT (v Tigg ey
| . N i RS
‘ ANPGRS S s T
[ ISP 1)
' [ R . [}

\

Yo0°E 142°30°E
0 50km

Nishinoshi Shichito-iwoto Ogasawara ;0gasawara
Trough Ridge Trough Ridge >
o oNR PO o 0Dpo o~ GHowiiil o5

Quaterna- o %5 i T » !

r NI S A RS . K2 06
———————— AL pr e -

Neogene | Nt-II  N\\Sv-IINY 'V ve-Z, ) N3

Paleagend Sy- 1V S g VS ov @4

Geologocal map of Sitiyo seamounts.

Nt-1, I, III . Alternation of volcaniclastics and hemipelagic sediments in the Nisino-Sima
Trough. Sv-1, II, I, IV ! Volcanic rocks . Dp . Subaqueous debris flows from Doyo
Smt . Sp-1I, I, U, IV . Volcaniclastics ; Ot- I, II, III, IV . Alternation of volcaniclastics
and hemipelagic sediments in the Ogasawara Trough | Ow . Sediments covers the continen-
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Fault . 2 [ Anticline: 3 ! Syncline: 4 ! Slump sheet, 5 ' Diapir dome: 6 . Crater
and caldera. Symbols for seamounts are in Fig. 6.
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Figure 8. Bathymetric chart of Nitiyo Smt.
Symbols in Fig. 2.
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Figure 9. Bathymetric chart of Getuyo Smt.
Symbols in Fig. 2.
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INEDRMICIZ A Z 23BN EE 2 5N BBEEORNE (Figl0c) 282515, BElfilo ik

(Fig.10b) 13, ZogofEflicEL Twa, IHTEIZKERSIMTRII Nk-Tnb,
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Symbols in Fig. 2.

KEEwILA HiE, PVYHEEERBEARUSEY FLy FENTWE (WEMAART, 1985),
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v (Fig. 6)0 KEBIAERO/NER M T 72 50 HEIZI000ml Hicb#ET 5. LA L, 2D TEHNI500m
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Symbols in Fig. 2.
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Figure 12. Bathymetric chart of the Mokuyo Smt.

Symbols in Fig. 2.
ARREHE L KNIl ) B TE 30kmIC & 2 B O EFEAT0mEL b, /NER b5 72 5 D HEA3000m L iz

T AR BRI ITH D, WTERIZIE, BEZ3km, KAE2.3kn, BEZ450m, KELBOmDITIZHEM
WO HNT FHED LNz, HNAT T EOFHRICIFHEIBIMmO IO EHH 5 (Fig.l2a), KESIIMDE
EAIE AT TR ABLORERIZH B (Figleh), LaL, I HWBEREAS L, —REMT O 2
ANTIOHFLERTH 2, Thbb, EmanstmlIE Ik > T3 (Figl2c), o "“EILE"
ROt L LT, O—EDA VT IHENA > Mot ) MEESHOREBE ), @QTHOH LT 7
kA~ b, @—BDANT IHHEA N b & kLES & RO L VIBEHE) L EPELLNL,
LIz, AT IONE, HATFTIENLIICAD EEZ LN LB bAKOMMAEH LS (Figlad). I
I ANT TRERE LS Th b, ZOKINE, B 1 kn, 520.5kn, HEE200mT, KLEZERD
AATFSEED DX 512100—60m b v, ok O EDdLES1E, ZHKDIT I VBEEINTWE, L72d-
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Figure 13. Whale’s-eye view of Mokuyo Smt, from south of the mountain.
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»HoEEbND,

2—8 &MEEL (Fig.l4)
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BEALZETVLOLOE—=I b %), FNLDLEMIZIE, B 10kabl k, B E2000mbl E, 183 kmld |
N "U" FRIOBE R HEE ) OWBEENFH D (Figlba).  5I2, ZOHITIE, ANEWRICIEL. 5ke, &
X3.5km, #31200mLl L L VB OWBEEIES LS (Figldb). Thbh, ZEMDLGRELH
EXND, HLWHIE D OBEEOSEROMEICE, &S200m, EES0mOMELEAZEEL T3 (Fig.
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Figure 14. Bathymetric chart of Kinyo Smt.
Symbols in Fig. 2.
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LANDFORMS OF THE IZU-OGASAWARA TRENCH
BY THE NARROW MULTI-BEAM ECHO SOUNDERf*

Hidenori Seta*, Shinji Nagaoka**and Shigeru Kato***
Abstract

The narrow multi-beam bathymetric survey in the Izu-Ogasawara Trench conducted by the survey
vessel "Takuyo” of Hydrographic Department of Japan. The survey area is from 27°-30' N to 32°-20’
N and about 45km wide along trench axis.

The Izu-Ogasawara Trench extends in N-S direction along the east of the Izu-Ogasawara Arc, and
is situated on the boundary between the Philippine Sea Plate and the Pacific Plate.

The trench is subdivided into three major geomorphological units as follows : 1) the landward wall
of the trench, 2) the trench floor, 3) the seaward wall of the trench which are arranged from west to
east.

On the landward wall of the trench, many gentle slopes originated from submarine landslides are
recongnized. The size of landslides in the southern part of the trench become more largescale than those
in the northern part. In the southern end of the survey area, there is a gigantic landslide which moves
the landward wall of the trench to east and narrows the trench floor.

The trench floor is separated into several basins by the ridges which extend in the NNW-SSE
direction. On the central trench floor, there is a subducting seamount which is deforming by normal
fault.

The seaward wall of the trench has many horsts and grabens which formed by normal faults. The
normal faults are subdivided into two types as follows : 1) faults with the strikes parallel to the trench
axis, 2) faults with the strikes oblique to the trench axis. The parallel faults are formed by the bend
of the oceanic plate (tﬁe Pacific Plate) which is subducting beneath the Philippine Sea Plate. In the
southern part, the oblique faults is more well distributed than those in the northern part. The strike

(NW-SE) of the oblique faults correspond to that of the faults of the fracture zone : the Boso Fracture
Zone, the Ogasawara Fracture Zone on the western part of the Pacific Plate. The fact supports the idea

that the plate bending also forms oblique faults which make use of the lineament of the fracture zones.
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Figure 1. Location map of survey areacontour interval ; 1000m
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Figure 3-a. Landform classification and profiles of the northen part of the Izu-Ogasawara Trench

1 * Fault scarp
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Figure 3-b. Landform classification and profiles of the southern part of the Izu-Ogasawara

Trench
1 ! Fault scarp 2 . Trench floor 3 . Landslide
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DETERMINATION OF PRECISE POSITIONS OF TITI SIMA
AND ISIGAKI SIMA BY SATELLITE LASER RANGING '

Arata Sengoku*
Abstract

Satellite Laser Ranging (SLR) Observations were carried out at Titi Sima and Isigaki Sima
in 1988. The positions of these islands in the global geodetic network were determined by using SLR
data obtained at these two islands, Simosato Hydrographic Observatory (SHO) and foreign SLR
stations. Two analysis methods, a global analysis of Lageos and a very short arc analysis (SPORT)
of Lageos and Ajisai, were tried. The baseline length between Titi Sima and Simosato are determined
precisely by SPORT. The precision of rectangular coordinates of Titi sima and Isigaki Sima is about
5cm.

Keywords . Satellite Laser Ranging (SLR) —Simosato Hydrographic Observatory (SHO) —Titi Sima
—Isigaki Sima—SPORT

1. Introduction

Since 1982, the SLR observation of geodetic satellites has been continued at the Simosato
Hydrographic Observatory (SHO) in order to determine the position of SHO in the framework of
worldwide geodetic system. SHQO is the fundamental fiducial point in the Marine Geodetic Control
Network (Kubo, 1988) of Japan. The position of Simosato has been determined by the Hydrographic
Department (Sasaki, 1990) and each SLR analysis center of IERS (International Earth Rotation Service),
such as CSR (Center for Space Research, University of Texas, USA), GSFC (Goddard Space Flight
Center, National Aeronautics and Space Administration : NASA, USA), DUT (Delft University of
Technology, the Netherlands). As a permanent SLR station in Asia, Simosato has greatly contributed
to the establishment of the conventional terrestrial reference frame.

A project to determine precise positions of the selected major islands was started at the
beginning of 1988. These islands, which are called the first order control points, were not connected to
the main land geodetically at all or connected very poorly. SLR observation and direction observation
by photographs have been carried out at the islands in order to determine the relative positions of the
islands to the fiducial point. Analyzing the data obtained at the islands, Simosato and foreign SLR
stations, we can determine the positions of the islands precisely. In this paper, the results of SLR

analysis of Titi Sima and Isigaki Sima are presented.

2. Observation
The first observation of the transportable SLR system of the Hydrographic Department
(Sasaki, 1988a), named the HTLRS (Hydrographic Department Transportable Laser Ranging Station),

t Received 25th December 1990
* HEMHE Satellite Geodesy Office
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? Simosato Hydrographic
Observatory

i @
Titi sima
A}

Isigaki sima

Figure 1. SLR observation in 1988,

was carried out at Titi Sima from January 5 to March 13, 1988. The second observation of the HTLRS
was made at Isigaki Sima from July 18 to September 17, 1988 (Fig. 1, Sengoku et al., 1990, Fukushima
et al.,, 1991). Observation schedules were made by selecting passes whose maximum elevation was over
30 degrees. The HTLRS was operational only at night. Observing sites are shown in Fig. 2 and 3. Pass
tables of observation passes at Titi Sima and Isigaki Sima are shown in Table 1 and 2. Passes which
were simultaneously observed at islands and SHO are indicated by asterisks in these tables. During the
period of Titi Sima observation, 20 Ajisai passes, 1 Lageos pass and 1 Starlette pass were commonly
observed at both sites. During Isigaki Sima observation, 5 Ajisai passes, 9 Lageos passes and 1 Starlette

pass were commonly observed.

3. Analysis Methods
The positions of Titi Sima and Isigaki Sima were determined by using two methods. The one
was a global analysis of 5-day-arcs of Lageos using global SLR data and the other was a very short arc

Report of Hydrographic Researches Vol 27 1991
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]
o Observing Site
© )
O Observing Site
Figure 2. Observing site at Figure 3. Observing site at
Titi Sima in 1988, Isigaki Sima in 1988.

analysis (SPORT) of Ajisai and Lageos.
3-1. The global analysis of 5-day-arcs of Lageos

The global analysis of 5-day-arcs of Lageos was made by using the software developed by

Sasaki and Sengoku (Sasaki, 1984, Sengoku, 1986, Sasaki, 1988), which is called HYDRANGEA

(HYdrographic Department RANGE data Analyzer). Applied dynamical models are summarized in
Table 3. Used data were collected and delivered by NASA/CDDIS (Crustal Dynamics project’s Data
Information System, Noll et al,, 1987). The positions of several stations were fixed as fiducial points.
Adopted positions of fiducial stations (Table 4) were based on SSC(CSR)85L07 (Tapley et al., 1986)
and the plate motion model of AM0-2 (Minster and Jordan, 1978). The epoch of station coordinates
was 1988, 1. These stations were selected in order to obtain robustness of the network. The positions
of all the other stations were estimated. In order to determine the relative positions of Titi Sima

(Isigaki Sima) to Simosato precisely, the position of Simosato was fixed, because observation data at
Simosato might be scarce during the analyzed period. The same station coordinate set was used in the
analyses of both Titi Sima and Isigaki Sima.

Estimated parameters in the global analysis were initial position and velocity of Lageos,
positions of unknown stations, GM (G : Gravitational constant, M : mass of the Earth), the dynamical
form factor of the Earth (12
coefficient (8), reflectivity coefficient (y) and an empirical force on Lageos (A«). These unkowns

), the Earth orientation parameters (x_,y , dw), a ballistic air-drag

were estimated in every 5-day-arc.
3-2. SPORT

Generally, just as described in the former section, SLR analysis is made by using global SLR
data. This global analysis can determine positions of stations in the geocentric coordinate system, Earth
orientation parameters (EOP), physical parameters of satellites and some physical quantities of the
Earth, However, in this methed, we have to deal with large amount of global data which result in long
CPU time. Furthermore, we have to wait for more than a half year after the observation to collect
global data.
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Table 1. Observation passes at Titi Sima in 1988

(* : commonly observed with Simosato)

Pass Table of Ajisai(EGS) 8606101

Station Start End Number of
ID. yy/mm/dd hh:mm:ss yy/mn/dd hh:mm:ss returns
* 7844 88/01/23 19:48:19 ~ 88/01/23 19:56:15 136
* 7844 88/01/24 18:51:29 ~ 88/01/24 19:00:48 507
* 7844 88/01/24 20:54:27 ~ 88/01/24 21:05:46 389
* 7844 88/01/25 11:44:24 ~ 88/01/25 11:55:09 802
* 7844 88/01/25 13:50:03 ~ 88/01/25 13:55:49 268
7844 88/01/25 18:02:23 ~ 88/01/25 18:03:49 25
* 7844 88/01/25 19:58:16 ~ 88/01/25 20:10:24 895
* 7844 88/01/26 12:51:47 ~ 88/01/26 13:02:48 1395
* 7844 88/01/26 19:11:17 ~ 88/01/26 19:13:15 222
7844 88/01/27 09:57:15 ~ 88/01/27 10:05:19 773
7844 88/01/30 09:17:00 ~ 88/01/30 09:24:41 555
7844 88/01/30 11:15:49 ~ 88/01/30 11:28:19 1453
7844 88/01/30 13:25:47 ~ 88/01/30 13:27:19 32
7844 88/01/30 17:32:37 ~ 88/01/30 17:40:49 814
7844 88/01/30 19:31:54 ~ 88/01/30 19:39:52 1197
7844 88/02/01 09:29:31 ~ 88/02/01 09:37:30 914
7844 88/02/01 11:33:48 ~ 88/02/01 11:34:37 123
7844 88/02/04 08:48:12 ~ 88/02/04 08:52:27 67
7844 88/02/04 10:54:01 ~ 88/02/04 10:54:37 79
* 7844 88/02/04 17:04:11 ~ 88/02/04 17:14:06 1158
* 7844 88/02/04 19:07:33 ~ 88/02/04 19:16:00 597
7844 88/02/05 09:56:03 ~ 88/02/05 10:07:47 1299
* 7844 88/02/05 16:10:56 ~ 88/02/05 16:11:34 61
* 7844 88/02/05 18:11:17 ~ 88/02/05 18:22:43 1120
* 7844 88/02/06 15:18:27 ~ 88/02/06 15:22:45 77
7844 88/02/11 16:51:29 ~ 88/02/11 16:58:05 724
* 7844 88/02/12 09:49:16 ~ 88/02/12 09:52:18 87
* 7844 88/02/12 14:00:23 ~ 88/02/12 14:04:52 279
* 7844 88/02/12 15:57:09 ~ 88/02/12 16:08:17 575
* 7844 88/02/14 14:08:38 ~ 88/02/14 14:20:21 1004
* 7844 88/02/14 16:15:41 ~ 88/02/14 16:16:52 17
* 7844 88/02/22 11:05:06 ~ 88/02/22 11:06:51 75
* 7844 88/02/22 13:03:19 ~ 88/02/22 13:13:07 187
7844 88/02/26 11:31:32 ~ 88/02/26 11:38:54 414
7844 88/02/26 13:32:55 ~ 88/02/26 13:37:55 167
7844 88/02/27 10:35:01 ~ 88/02/27 10:42:13 132
7844 88/02/27 12:36:15 ~ 88/02/27 12:40:24 35
Total number of passes 37

Total number of returns : 18654

In order to overcome these disadvantages, we have developed a very short arc analysis method,
which is named SPORT (Successive Passes Orbit Revising Technique, Sengoku, to be published). In
SPORT, only two passes which are successively and commonly observed at two stations are used (Fig.
4). SPORT is applicable to only local baseline determination since commonly observed data are needed.
The characteristics of SPORT can be summarized as follows.

1) Initial position and velocity of a satellite and position of one station are estimated. Position of
the other station should be fixed.
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Table 1. (continued)

Pass Table of Lageos 7603901

Station Start End Number of
ID. yy/mm/dd hh:mm:ss yy/mm/dd hh:mm:ss returns
7844 88/02/01 09:13:39 ~ 88/02/01 09:16:32 44
7844 88/02/03 10:01:55 ~ 88/02/03 10:03:47 28
7844 88/02/05 10:56:38 ~ 88/02/05 11:12:42 644
7844 88/02/05 19:51:55 ~ 88/02/05 20:04:59 200
7844 88/02/12 08:42:08 ~ 88/02/12 08:47:32 160

* 7844 88/02/12 20:39:44 ~ 88/02/12 20:59:58 115
7844 88/02/14 09:11:20 ~ 88/02/14 09:35:38 578
7844 88/02/22 08:45:28 ~ 88/02/22 09:08:45 1115
7844 88/02/26 19:19:39 ~ 88/02/26 19:51:11 752
7844 88/02/27 08:58:17 ~ 88/02/27 09:28:27 1458
7844 88/02/29 18:52:18 ~ 88/02/29 19:13:49 388

Total number of passes : 11

Total number of returns : 5482

Pass Table of Starllete 7501001

Station Start End Number of
ID. yy/mm/dd hh:mm:ss yy/mn/dd hh:mm:ss returns
7844 88/02/03 13:05:47 ~ 88/02/03 13:09:27 169
7844 88/02/05 11:56:46 ~ 88/02/05 12:02:18 115

* 7844 88/02/12 10:33:16 ~ 88/02/12 10:41:20 209
7844 88/02/14 11:12:40 ~ 88/02/14 11:17:16 102

Total number of passes : 4

Total number of returns : 595

2) Influence of errors in force models is smaller than the global analysis.

3) CPU time is shorter.

4) Results can be obtained quickly since only data of two stations are required.
5) Baseline length is estimated precisely.

6) Global parameters of force models can hardly be determined.

7)  Successively and commonly observed passes are necessary.

Titi Sima—Simosato baseline and Isigaki Sima—Simosato baseline were analyzed by SPORT.
The position of Simosato was fixed to the value in Table 4. Adopted Earth orientation parameters are
estimated by IRIS (IRIS bulletin A).

4. Titi Sima
4-1. Results by the global analysis

The global analysis of Lageos was carried out for three 5-day-arcs. The analyzed data sets are
listed in Table 5 and 6. These data were picked up from full rate data. Since our purpose was to
determine the position of Titi Sima, data obtained at Titi Sima and Simosato are enhanced in number

of data while data of other stations were reduced. There was a commonly observed pass in data set #
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Table 2. Observation passes at Isigaki Sima in 1988

(* : commonly observed with Simosato)

Pass Table of Ajisai(EGS) 8606101

Station Start End Number of
ID. yy/mm/dd hh:mm:ss yy/mm/dd hh:mm:ss returns
7307 88/07/27 18:09:47 ~ 88/07/27 18:15:22 71
7307 88/07/29 12:07:06 ~ 88/07/29 12:16:03 629

* 7307 88/07/31 12:22:21 ~ 88/07/31 12:28:05 350
* 7307 88/07/31 18:34:54 ~ 88/07/31 18:46:29 1764
7307 88/08/01 19:43:13 ~ 88/08/01 19:43:54 38
7307 88/08/02 18:55:55 ~ 88/08/02 19:00:09 659
* 7307 88/08/04 10:53:34 ~ 88/08/04 10:54:53 51
7307 88/08/05 16:06:42 ~ 88/08/05 16:13:36 535
7307 88/08/05 18:07:13 ~ 88/08/05 18:16:25 548
7307 88/08/10 15:40:43 ~ 88/08/10 15:51:04 689
7307 88/08/10 17:43:55 ~ 88/08/10 17:45:23 49
7307 88/08/16 14:19:11 ~ 88/08/16 14:30:49 757
7307 88/08/16 16:22:03 ~ 88/08/16 16:29:08 160
* 7307 88/08/17 13:32:21 ~ 88/08/17 13:35:02 339
7307 88/08/17 15:26:26 ~ 88/08/17 15:36:41 673
7307 88/08/18 12:34:00 ~ 88/08/18 12:39:47 158
7307 88/08/18 14:31:18 ~ 88/08/18 14:44:16 985
7307 88/08/19 13:40:48 ~ 88/08/19 13:50:19 1249
7307 88/08/21 14:00:37 ~ 88/08/21 14:01:09 44
7307 88/08/22 10:58:08 ~ 88/08/22 11:03:12 71
7307 88/08/22 12:57:38 ~ 88/08/22 13:07:36 1437
7307 88/08/23 12:03:31 ~ 88/08/23 12:12:42 650
7307 88/08/24 11:09:41 ~ 88/08/24 11:17:24 474
7307 88/08/24 13:17:34 ~ 88/08/24 13:23:08 412
* 7307 88/08/25 12:17:15 ~ 88/08/25 12:29:35 1465
7307 88/08/26 13:25:48 ~ 88/08/26 13:35:14 1321
7307 88/08/28 11:37:41 ~ 88/08/28 11:49:19 635
7307 88/09/02 11:10:07 ~ 88/09/02 11:21:33 1223

Total number of passes : 28
Total number of returns : 17436

2. Simosato data were poor in number of data in data set #2 and #3.

The results are shown in Table 7. The rms residual is 4.8cm and is nearly the noise level.
Distribution of residuals is nearly Gaussian. The bottom line of Table 7 shows a weighted mean and a
formal error of each component.

It is clear in Table 7 that internal errors of estimated components in respective data sets are
smaller than the scatter, which might be caused by some unmodeled errors in force models or in raw
range data. Therefore, we introduce system error. Total error can be expressed as follows.

(total error)?= (formal error)?+ (system error)®> e (1)
System error is assumed to be 10cm for rectangular coordinates and 5cm for baseline length, which are
half of peak to peak scatter.

The weighted mean of geocentric position of Titi Sima (U,.., V.., W,.) and distance between

T T T
Titi Sima and Simosato (DTS) are as follows.
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Pass Table of lageos 7603901

Station Start End Number of
ID. yy/mn/dd hh:mm:ss yy/mm/dd hh:mm:ss returns
7307 88/07/27 16:46:53 ~ 88/07/27 17:05:29 1032

* 7307 88/07/31 14:47:44 ~ 88/07/31 15:12:08 1510

* 7307 88/07/31 18:11:35 ~ 88/07/31 18:20:16 182
7307 88/08/01 13:32:03 ~ 88/08/01 13:35:29 57
7307 88/08/01 17:01:31 ~ 88/08/01 17:13:30 278
7307 88/08/02 15:30:26 ~ 88/08/02 15:54:46 719
7307 88/08/04 16:09:50 ~ 88/08/04 16:29:22 404

* 7307 88/08/05 14:50:40 ~ 88/08/05 15:19:18 664
7307 88/08/10 15:01:57 ~ 88/08/10 15:28:00 720

* 7307 88/08/17 12:49:40 ~ 88/08/17 13:07:34 207
7307 88/08/19 16:53:18 ~ 88/08/19 17:09:07 388

* 7307 88/08/22 16:22:44 ~ 88/08/22 16:47:43 474
7307 88/08/23 15:20:00 ~ 88/08/23 15:32:53 154

* 7307 88/08/25 15:45:22 ~ 88/08/25 16:22:38 280

7307 88/09/02 15:25:33
* 7307 88/09/08 14:17:43
7307 88/09/09 13:14:50

88/09/02 16:02:29 2212
88/09/08 14:55:19 2558
88/09/09 13:33:30 1250

H

7307 88/09/11 14:14:32 ~ 88/09/11 14:20:36 105
* 7307 88/09/12 12:24:34 ~ 88/09/12 12:54:06 673
* 7307 88/09/12 15:56:47 ~ 88/09/12 16:22:37 24

t

7307 88/09/13 14:28:00 88/09/13 14:49:35 1755

Total number of passes 21
Total number of returns : 15646

Pass Table of Starllete 7501001

Station Start End Number of
ID. yy/mm/dd hhi:mm:ss yy/mm/dd hh:mm:ss returns
7307 88/08/24 11:43:18 ~ 88/08/24 11:49:57 137

* 7307 88/09/13 12:54:06 ~ 88/09/13 13:00:14 379
Total number of passes : 2
Total number of returns : 516

Table 3. Adopted dynamical models

items references
Astronomical constants TAU 1976 system
Precession Lieske, et al. (1977)
Nutation Wahr (1979)
Definition of UT Aoki et al. (1982)
Geopotential Marsh et al. (GEM-T1, 1987)
Earth model Gilbert and Dziewonski (10664, 1975)
Solid Earth tide Shen and Mansinha (1976), Sasao et al.
(1977) and Wahr (1979)
Tidal variation of UT! Yoder et al. (1981)
Atmosphere exponential model
Radiation pressure MERIT standards (Melborne et al., 1982)
Satellite constants ibid
Ephemerides of the moon Japanese ephemeris
and the sun
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Table 4. Adopted station coordinates

Station Station U A% w
ID Name

7090 | Yarragadee Australia| -2389.00764894 5043.33189385 | -3078.52695084

7109 | Quincy USA -2517.23605066 | -4198.55834275 4076. 57178458
7834 | Wettzell FRG 4075. 53013450 931.78128422 4801.61842697
7838 | Simosato Japan -3822.38837195 3699. 36349408 3507. 57310611
7989 | Matera Italy 4641.96513189 1393.06990688 4133.26238539
one pass
next pass

station 1 station 2

Figure 4. Successive Passes Orbit Revising Technique (SPORT).

U T = —4491072.549m £ 0. 058m
\% T = 3481527.972m=%0.059m e (2)
WT = 2887391.714m=0.059m
= . *0.0
DTS 937665.080m +0.031m

Estimated errors are as much as 6cm. The precision of baseline determination between
Simosato and Titi Sima is poor in number of data in data set #3 because of a shortage of Simosato data.
4-2. Results of SPORT

SPORT analysis of Ajisai data was also made for 7 sets of successive passes (Table 8). There
was no data set of successive passes of Lageos during Titi Sima observation. Full rate data of Titi Sima
and Simosato were used in SPORT.

The results are shown in Table 9. The rms residual is 6.0cm, which is nearly the noise level.
Titi Sima data were poor in data set #6, which results in large formal errors. System error of baseline
length is assumed to be 2.0cm in SPORT. The weighted mean of U WT and D
SPORT are as follows.

T ,VT , TS estimated by
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Table 5. Used SLR station in the global analysis of Titi Sima

Station Station Pass Return Noize
ID NAME ratio
%
7090 Yarragadee Australia 11 985 0.2
7105 G.S.F.C. USA i 141 0.0
7109 Quincey UsA 12 782 0.6
7110 Mon Peak USA 12 339 0.6
7122 Mazatlan Mexico 8 425 0.0
7210 Haleakala USA 18 533 10.7
7834 Wettzell FRG 2 25 28.0
7835 Grasse France 25 1,875 3.3
7838 Simosato Japan 1 454 2.1
7839 Graz Austria 2 17 0.0
7840 RGO UK 21 367 5.4
1844 Titisima Japan 10 1,615 0.5
7939 Matera Italy 5 28 32.1
Total 161 7,812 3.7
UT = —4491072.524m+0.042m
VT = 3481527.841m=0.042m = ceereeeereens (3)
WT = 2887391.771m=+0.042m
= .056m+0,
DTS 937665.056 0.009m

It is noteworthy that repeatability of baseline length is quite good. It was mainly because

geometry of sky coverage was fortunately good in most used passes (Fig. 5). Gound tracks of Ajisai

were nearly parallel to Titi Sima—Simosato baseline, and the influence of orbital errors to baseline

length was small
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Table 6. Analyzed data in Titi Sima analysis (the global analysis, Lageos)
Adopted data residuals
No. time SHO Titi others total SHO Titi others total
1 1990 Feb. 1 - & 236 488 1712 2436 0.07Im 0.044m  0.048m  0.049m
2 11 - 15 75 497 1661 2233 73 43 42 43
3 26 - 29 22 622 1980 2624 83 46 52 51
Table 7. Results of Titi Sima analysis (the global analysis, Lageos)
No. Ur Ve Wr Drs
1 -4491072. 548m +/- . 010m 3481527.901Im +/- .009m 2887391.666m +/- .015m 937665.127m +/- .011lm
2 L5411 +/- 10 . 942 +/- 09 .758 +/- 14 L0538 +/- 12
3 .558 +/~ 17 8.082 +/- 29 11T /- 26 L060 +/- 29
mean| -4491072.549m +/- .058nm 3481527.972m +/- .059m 2887391. T14m +/~ .059m 937665. 080m +/- .031m
Table 8. Analyzed data in Titi Sima - Simosato baseline analysis (SPORT, Ajisai)
Adopted data residuals
No. time SHO Titi total SHO Titi total
h h
1 1988 Jan. 24 18 - 21 1104 890 1994 0.076m  0.043m 0.064m
2 Feb. 4 17 - 19 857 1755 2612 .068 . 038 . 050
3 5 16 ~ 18 1528 1181 2709 .076 . 036 . 062
4 12 13 - 16 634 852 14856 .073 . 040 . 056
5 14 14 - 16 636 1019 1655 L0717 . 036 . 056
8 22 10 - 13 456 160 616 L0178 . 035 . 069
Table 9. Results of Titi Sima -~ Simsoato baseline analysis (SPORT, Ajisai)
No. Ur Vr Wr Drs
1 -4491072. 4%0m +/- .007m 3481527.86Tm +/~ .016m 2887391. T42m +/- .014m 937665. 044m +/- .007m
2 .586 +/- 15 L9422 +/- 24 . 798 4/~ 15 . 058 +/- 08
3 L5716 +/- 15 L7190 +/- 16 .83% +/- 13 . 059 +/- 08
4 .607 +/- 18 .897 +/- 25 L8238 +/- 16 L0666 +/- 07
5 417 +/- 23 .819 +/- 19 . 676 +/- 17 L 047 +/- 07
6 . 460 +/- 38 L7106 +/- 54 L7394/~ 70 L062 +/- 21
mean| -4491072.524m +/- .042m 3481527.841m +/- .042m 2887391. 77im +/- . 042m 937665.056m +/- .009m
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Table 10. Used SLR station in the global analysis of Isigaki Sima

Station Station Pass Return Noize

iD NAME ratio

%
7090 Yarragadee Australia 14 559 0.0
7105 G.S.F.C. USA 19 799 1.4
7109 Quincy USA 317 2,314 1.3
7110 Mon Peak USA 25 1, 148 10. 5
7210 Haleakala UsA 21 607 19.5
73017 Isigaki Japan 18 2,190 3.1
7834 Wettzell FRG 14 281 12.1
7835 Grasse France 61 3,824 2.2
7838 Simosato Japan 10 2,104 15. 4
7839 Graz Austria 16 206 0.6
7840 RGO UK 41 339 5.6
7907 Arequipa Peru 22 72 38.9
7939 Matera [taly 33 12 44.3
Total 331 15, 115 6.1

5. Isigaki Sima
5-1. Results by the global analysis

The global analysis of Lageos data was carried out for five 5-day-arcs. The analyzed data sets
are listed in Table 10 and 11. The strategy of data selection was the same as Titi Sima analysis.
Simosato data were poor in data set #3.

The results are shown in Table 12. The rms residual is 5.4cm. System error is the same as

section 4-1. The weighted mean of geocentric position of Isigaki Sima (U VI , WI ) and distance

I 1
between Isigaki Sima and Simosato (D,.) are as follows.

IS
U I =-—3265753.894m £ 0.050m
v 1 4810001.007m £0.050m e (4)
w 1 2614265.506m £0.050m
DIS = 1530149.045m +0.026m

Data set #5 is omitted because there might be biases in SLR data at Isigaki Sima during this
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Table 11. Analyzed data in Isigaki Sima analysis (the global analysis, Lageos)
Adopted data residuals
No. time SHO Isigaki others total SHO [sigaki others total
1 1990 Jul. 27 - 31 531 543 1761 2835 0.091m 0.045m 0.069m 0.068m
2 Aug. 1 - 5 241 526 1895 2662 071 . 045 .044 . 046
3 17 - 21 67 587 2689 3343 . 062 . 040 . 039 . 040
4 22 - 26 460 544 1792 2796 .073 . 041 . 048 . 051
5 Sep. 8 - 12 480 575 1620 2675 . 091 . 045 L0681 . 063
Table 12. Results of Isigaki Sima analysis (the global analysis, Lageos)
No. Ui Vi Wi Dis
1 -3265753.82Tm +/- .012m 4810000. 942m +/- . 01lm 2614265.510m +/- . 010m 1530149.019m +/- .013m
2 L8799 +/- .012 1.045 +/- .008 L4445  +/- 009 L1138 +/- 09
3 L8972 +/- .010 1.094 +/- .01t .637 +/- .008 .002 +/- 12
4 .898 +/- .015 0.948 +/- .007 . 432 +/- .006 L0438 +/- .008
5 .930 +/- .012 0.792 +/- .007 .581 +/- .011 8.844 +/- .011
mean -3265753.894m +/- .050m 4810001.007m +/~ .050m 2614265.506m +/~ .050m 1530149.045m +/~ .026m
¥ : Data set #5 is excluded.
Table 13. Analyzed data in Isigaki Sima ~ Simosato baseline analysis (SPORT, Lageos)
Adopted data residuals
No. time SHO Isigaki total SHO Isigaki total
h h
1 1990 Jul. 31 14 - 18 471 1688 2159 0.065m 0.040m 0.047m
2 Sep. 12 12 ~ 16 903 1597 . 100 .056 . 084
Table 14. Results of Isigaki Sima - Simsoato baseline analysis (SPORT, Lageos)
No. Ui Vi Wi Dis
1 -3265758.813m +/- .076m 4810000.907m +/- .029m | 2614265.447m +/- . 053m | 1530149.035m +/- .018n
2 L9411 +/- 127 L1792 +/- 79 . 562 +/- 109 8.838 +/- 41
mean ~3265753.813m +/~ .126m 4810000.907Tm +/- . 104m 2614265.447m +/- . 113m 1530149.035m +/- .027m
¥ : Data set $2 id excluded.
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Figure 5. Sky coverage of analyzed of passes at Titi Sima
(SPORT).

period (see next section).

SPORT analysis of Lageos data was also made for 3 sets of successive passes (Table 13),
There was no data set of successive passes of Ajisai. Full rate data of Isigaki Sima and Simosato were
used in the analysis.

The results are shown in Table 14. The rms residual is 6.6cm. UI , VI , WI and DIS
estimated by SPORT are as follows.

U 1 —3265753.813m=*0.126m
v 1 4810000.907m=0.104m e (5)
W 1 - 2614265.447m=£0.113m
DIS = 1530149.035m +0.027m

Data set #2 is omitted because residuals are significantly larger than the noise level. There
might be a time bias or a clock offset in Isigaki data in data set #2. Data set #2 is a subset of data set
#5 in the previous section. A formal error of each component is much larger than the previous section

because of the pass geometry.

6. Conclusions
The baseline length between Titi Sima and Simosato are determined precisely by SPORT. It
is because SPORT is a semi-geometrical methed and the influence of orbital errors to baseline length
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is generally small. SPORT is effective for determination of baselines of a few thousand kilomerters of
less. SPORT can be applied to Lageos, Ajisai and other satellites. Unfortunately, since there were not
enough commonly observed passes at Isigaki Sima and Simosato, the baseline length between Isigaki
Sima and Simosato determined by SPORT is not reliable.

The precision of rectangular coordinates of Titi Sima and Isigaki Sima determined by the
global analysis is about 5cm.

Geocentric rectangular coordinates seem to be better determined by the global analysis of
Lageos. One reason is that the effect of gravity model errors on Lageos orbit is smaller than Ajisai.
Another reason is that the global analysis does not suffer from any difference of reference frames. In
SPORT, EOPs are fixed, and inconsistency of reference frames might cause a systematic error in 3-D
position of an unknown station.

The difference between the results of the global analysis and SPORT is several centimeters.
The reason why such difference exists is a problem to be solved.

Recently, many new Earth’s gravity models, such as GEM—T2 (Marsh et al., 1989) or GRIM
—S81 (Reigber, 1990), have been developed for altimeter satellites which will be launched in the early
1990’s. Adopting these new models, we will be able to analyze global data of Ajisai in the near future.
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