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1. Introduction

The formation of a pull-apart basin is a ubiquitous phenomenon associated with transcurrent
faulting in the Earth’s upper crust (e.g., [1]). Because an oblique mode of subduction provokes
the detachment and transcurrent motion of a forearc crustal sliver [2], numerous pull-apart
basins develop on active plate margins.

Southwest Japan is an island arc that has long been under the influence of the oblique sub-
duction of oceanic plates. Figure 1 delineates its bisecting fault, the Median Tectonic Line
(hereafter referred to as MTL). Regional pull-apart basins related to sinistral motion of the MTL
during the late Cretaceous were described by Noda and Toshimitsu [3]. Vigorous sinistral
faulting also caused regional wrench deformation of the adjoining terranes [4]. The north-
westward motion of the Philippine Sea Plate, depicted as a positive gravity anomaly (red-
colored) portion within the Pacific Ocean in Figure 1, resulted in dextral slips on the MTL since
the Pliocene. Although the recent activity of the MTL is key to understanding the neotectonic
regime of southwest Japan [5], basin-forming processes along the regional fault system have
not been fully described.

The authors attempt to present a quantitative description of sedimentary basins at the western
and eastern terminations of the MTL, namely, the Beppu-lyo Basin and Osaka Basin, respec-
tively (Figure 1). As shown by negative gravity anomalies, they are enormous depressions
filled by recent clastics. Seismic surveys in the study areas became popular in recent decades,
but interpretation has not reached a mature stage. Thus, we utilize gravimetric methods for
estimating their morphology and volume. Geomagnetic anomaly modeling helps us to identify
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subsurface constituents of the sedimentary basins. Additionally, the evolutionary processes
of the basins are argued based on geologic information. This is a multidisciplinary case study
of basins ahead of a comprehensive visualization of the basin interior with seismic information.
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Figure 1. Index map of the studied basins. Base map shows Bouguer gravity anomaly [6]. Bouguer density is 2670
kg/m3. The northern part of the Philippine Sea Plate is depicted as a positive gravity anomaly (red-colored) portion
within the Pacific Ocean. Shape of an oceanic plate is generally delineated by positive Bouguer anomaly in ocean, be-
cause an area of deep water is accompanied by positive gravity values as a result of correction procedures (cf. Y. Itoh,
K. Takemura and S. Kusumoto in this book)

2. Volumetric analysis

Volume estimation of the basins is necessary in order to consider the mass balance of the upper
crust around the island arc. Utilizing a gravity database [6], we present the analytical results
for the Beppu-Iyo and Osaka Basins in the following sections.

2.1. Beppu-Iyo Basin

The large depression of the Beppu-Iyo Basin is divided into the Beppu Bay (west) and Iyonada
Sea (east) areas by a relative high of the Bouguer anomaly. Beppu Bay is a younger part of an
extensive tectonic depression, the Hohi Volcanic Zone, which has been developed since the
Pliocene [7]. As for the Beppu Bay basin, active trace of the MTL is terminated around
southwestern coast of the bay (e.g., [7]). Right-stepping lateral faults are aligned on the
northern corner of the bay, and the parallel two fault strands are connected by normal listric
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faults constituting a rhomboidal depression surrounded by the faults [7]. These structural
patterns are characteristic for releasing bend of strike-slip fault.

The Iyonada Sea is characterized by a remarkable negative gravity anomaly [8,9], but its origin
has not been discussed so far. In contrast with the Beppu Bay basin, ambiguous points remain
in the formation mechanism of the extensive Iyonada Sea depression. Paired dextral fault is
not identified, and the basin is not regarded as an elongate sag in an area of propagation of
lateral fault terminations because the sag is buried by recent sediments (Age assignment of a
sedimentary unit upon the basin margin is presented in a following section.) simultaneous
with those in the western termination of the MTL (Beppu Bay; [7]).

2.1.1. Beppu Bay

Kusumoto et al. [10] determined a three-dimensional subsurface structure around Beppu Bay
on the basis of gravimetric data. We adopt their structural model and estimate the volume of
the sedimentary basin. Figure 2 is a compiled map of the Hohi Volcanic Zone. The volume of
the basement depression is calculated by the Gauss-Legendre numerical integration [11], from
depth data given on the mesh with a 10 km interval, and is 4.1x10° km?.
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Figure 2. Simplified geology around the Hohi Volcanic Zone including Beppu Bay. Overlain basement structural con-
tours are based on gravity anomaly modeling after Kusumoto et al. [10]. Grid shows data points for volumetric analy-

sis

257



258 Mechanism of Sedimentary Basin Formation - Multidisciplinary Approach on Active Plate Margins

2.1.2. Iyonada Sea

Figure 3 is a Bouguer anomaly map around the Iyonada Sea with two-dimensional gravity
modeling lines (1-10). Although a previous study [9] assumed there to be three units with
different densities in the basement rock, its geologic context still remains ambiguous. Therefore
we adopted a simple two-layered (sediment and basement) model. We applied Talwani’s
method [12] in order to estimate two-dimensional subsurface structures and assumed that the
each structure at both ends of each profile was infinity to the depth. As shown in Figure 4, the
remarkable elongate depression has a profile common with a half-graben, implying a tensile
stress state. An isopach map indicating the top basement structure (Figure 5) demonstrates
that the deepest part of the basin reaches 4 km from mean sea level. The volume of the basement
depression is calculated by the Gauss-Legendre numerical integration [11], from depth data
given on the mesh with a 10 km interval, and is 7.2x10° km?.
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Figure 3. Bouguer gravity anomaly map around the Beppu-lyo Basin [9]. Bouguer density is 2670 kg/m?3. Contour in-
terval is 5 mGal. Lines 1 to 10 are for 2-D gravity anomaly modeling in the lyonada Sea. A, B and C show previous
modeling lines [9]
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Figure 4. Examples of Bouguer anomaly profiles calculated for the two-layer models. See Figure 3 for line location
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Figure 5. Isopach map of the lyonada Basin based on 2D gravity anomaly modeling, indicating basement structure of
the lyonada Sea. See Figure 3 for mapped area. Grid shows data points for volumetric analysis

2.2. Osaka Basin

The active trace of the MTL tends to shrink compared to the older phase of faulting. Its eastern
termination is now around 136°E with a length of active segment of 400 km, whereas the
Cretaceous MTL as a significant geological break reached ca. 140°E with a total length of 800
km [13]. The Arima-Takatsuki Tectonic Line (E-W trending fault on the northern flank of the
Osaka Basin; Figure 1) is the unique parallel fault around the shrunken eastern termination
having comparable dextral slip rate during the Quaternary [14]. Although this fault alignment
should act as a confining bend, the area is characterized by recent vigorous basin formation
around the Osaka Bay. We, therefore, attempt to simulate the deformation pattern introducing
effect of reverse slips on secondary faults which show complex arrangement as a result of
longstanding differential motion of crustal blocks (cf. Y. Itoh, K. Takemura and S. Kusumoto
in this book) in a following section.

A regional structural model around the eastern termination of the MTL has not been shown
because complicated basin morphology does not allow two-dimensional modeling. Thus, we
estimated mass deficiency from the gravity anomaly data of the Osaka Basin given on the mesh
with a 5 km interval (Figure 6) by Gauss’s theorem [15]:

1 o
MM = [, Ag(x,y)dxdy M
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Here, Ag(x, y) is the gravity anomaly data given on an xy mesh with a constant interval. G, ©
and AM are the universal gravitational constant, circular constant and deficiency/excess of
mass, respectively. Next, a first approximation of the volume of the sedimentary basin was
calculated, from the estimated deficiency of mass by assuming a density contrast of 400
kg/m? between sediment and basement, to be 9.1x10? km?.
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Figure 6. Bouguer gravity anomaly map [6] around the Osaka Basin. Bouguer density is 2670 kg/m?3. Grid shows data
points for volumetric analysis. UBH is the Uemachi Basement High in the Osaka Basin

The present result indicates that the total volume of the sedimentary basin at the western end
of the MTL is 10 times larger than that of the eastern counterpart. It may be attributed to a
difference in the mechanism of basin formation between releasing and confining steps of strike-
slip faults, which will be discussed later.

3. Sedimentation process of the Beppu-Iyo Basin

Itoh et al. [7] demonstrated that the Hohi Volcanic Zone, including the Beppu Bay, has shifted
its depocenter according to the transition of active segments of major faults, among which the
MTL acted the most significant role for the development of tectonic sedimentary basin. As for
the Iyonada Sea, which lacks seismic or drilling survey subsurface information, we aim at
finding a temporal change in sediment supply pattern deduced from lithologic observation of
an adjoining onshore sedimentary unit.

Figure 7 shows a geologic map around the eastern part of the Iyonada Sea [16]. It is known
that a conspicuous sedimentary unit known as the Gunchu Formation is distributed along the
northwestern coast of the Shikoku Island [17], which is a non-marine deposit containing
abundant plant remains and has a steep homoclinal structure affected by the Quaternary

261



262

Mechanism of Sedimentary Basin Formation - Multidisciplinary Approach on Active Plate Margins

activity of the MTL running along the southern margin of the Iyonada Sea [18]. The Middle
Member of the Gunchu Formation contains a considerable amount of crystalline schist gravels
that were derived from the Sanbagawa metamorphic belt [19]. Its sedimentological descrip-
tion, however, has not been reported. Therefore the authors present the results of our prelimi-
nary geologic survey and chronological analysis in the following sections.

Cretaceous sedimentary rock
|:| (Izumi Group)

Cretaceous granite (Ryoke
belt)

. Sanbagawa metamorphic rock 4

Figure 7. Geological index around the eastern part of the lyonada Sea [16]

sample mineral No.of Spontaneous track Total U count r P (x?) U Agexloc Method
crystals (%) (ppm) (Ma)

p; (cm?) N, p.(cm?) N,

granite zircon 30 1.11x107 4938  3.48x10% 154845 0.856 O 280 77.9+6.11S

Table 1. Fission-track age of granite pebbles contained in basal part of the Gunchu Formationr is correlation
coefficient between p, and p,. P (x?) is the probability of obtaining x,-value for v degrees of freedom (where v = No. of
crystals - 1). 1S means internal surface

3.1. Provenance and sedimentary structure

Figure 8 shows results of the geologic survey of the Middle Member of the Gunchu Formation
along the coastal section. It is clear that the composition of gravels fluctuates along the section
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in response to changes in lithology. The content of schist gravel is related to sediment supply
from the Outer Zone, a geologic zone on the southern side of the MTL. The paleocurrent
direction, based on the imbrication structure of gravels, also shows considerable variation. It
seems that the E-W elongate trough of the Iyonada Sea was alternately buried by the westward
and northward influx of clastics. Further facies analysis would help provide an understanding

of the sedimentary system of the pull-apart basin.
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Figure 8. Sedimentological description of the Pleistocene Gunchu Formation. Left: Lithologic column of the Middle
Member of the Gunchu Formation. Center: Gravel composition of selected horizons. Right: Rose diagrams showing
paleocurrent directions (downcurrent directions) of the selected horizons measured using imbricate structure of grav-
els. Number of data is 100 for each measured horizon
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3.2. Chronology

Kitabayashi et al. [20] executed fission-track dating of an ash layer intercalated in the Lower
Member of the Gunchu Formation, and obtained an age of 2.2 Ma. Thus the subsidence and
burial of the huge depression of the Beppu-Iyo Basin seems to be a recent event, maybe in
response to an accelerated slip rate on the MTL. From the viewpoint of sediment provenance,
we executed fission-track dating for pebble samples. It is noted that the Lower Member of the
Gunchu Formationislacking in schist gravels, and is characterized by sporadic granite pebbles.
Table 1 and Figure 9 suggest that the granite pebbles were derived from the Cretaceous Ryoke
intrusive rocks, which are distributed on the northern side of the MTL (Figure 7). Cessation of
sediment supply from the northern terrane is thought to reflect entrapment of clastics in a
deepening tectonic basin, and the succeeding emergence of voluminous schist gravels may
correspond to an episodic uplift of the forearc sliver. Thus the drastic change in the pattern of
sediment supply is a key to describe development processes of the tectonic basin.

10
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Figure 9. Result of fission-track dating of granite pebbles contained in the lowermost part of the Gunchu Formation.
See Table 1 for detailed analytical data
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4. Development of the Osaka Basin

In contrast to the simple half-graben on the western end of the MTL, the Osaka Basin at the
eastern end is characterized by a complicated subsurface morphology reflected in the pattern
of the gravity anomaly [21,22] (Figure 10). We argue a mechanism of basin formation based
on numerical modeling, describe the seismic reflection profile showing the deformation
pattern during the development of the basin, and interpret the origin of a concealed geologic
unit on the basis of gravity and geomagnetic anomaly modeling in the following sections.

135°15' 30" 45'

i Legend Quaternary terrace deposit E
4 . Osaka Group
—— active fault (Okada and Togo, 2000) ¢ borehole . . .
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Figure 10. Geologic and geophysical database of the Osaka Basin (mainly for land area). Gravity contour is compiled
after Nakagawa et al. [21] and Komazawa et al. [22]
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4.1. Paradox of basin formation at a confining bend of a fault

Figure 11 delineates the deformation scheme at stepping parts of strike-slip faults. Generally
speaking, a depression is formed at a right-stepping part of a dextral fault (Figure 11a), whereas
an upheaval is formed at a left-stepping part of a dextral fault (Figure 11b). The MTL and the
Arima-Takatsuki Tectonic Line (Figure 11c) are considered to act as a confining left-step of the
regional dextral fault. However, geologic information shows that the Osaka Basin is a site of
Quaternary basin formation. In order to solve the paradox, Kusumoto et al. [23] executed
dislocation modeling for assessment of the vertical displacement at a complex termination of
a strike-slip fault. They found that actual basin morphology could be restored by introducing
reverse motions to secondary faults as shown in Figure 11c. The simulated deformation field
predicts that a relative basement high, which corresponds to the Uemachi Basement High
(UBH) in Figure 6, emerges within a depression surrounded by the modeled active faults.

MediankTectonic]liine]

Figure 11. Architecture of numerical modeling of the formation of the Osaka Basin [23]. (a) Normalized vertical dis-
placement at a releasing bend of a strike-slip fault. (b) Normalized vertical displacement at a confining bend of a
strike-slip fault. (c) Dislocation model of the Osaka Basin. Red lines are major faults adopted for the modeling. Warm
and cold color gradations indicate upheaval and subsiding areas, respectively
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4.2. Seismic interpretation

Figure 12 is an E-W seismic reflection profile across the northern part of the Osaka Plain (land
area of the Osaka Basin) [24]. Although the internal structure of the sedimentary basin should
be discussed with detailed stratigraphic control utilizing borehole information in the future,
itisnoted that faults within the profile show normal and reversed displacements in the western
and the eastern portions, respectively. A close-up of the western portion is characterized by a
master normal fault accompanied by a collapsed anticline on its downthrown side. It coincides
with the area of relative upheaval in the numerical modeling (shown by warm-colored portions
within the fault-bounded basin in Figure 11c), and accords with the actual extensional
structure, which is generally expected around an area of upheaval in the modeling of crustal
deformation.
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Figure 12. A depth-converted seismic profile (Osaka-Suzuka) crossing the northern part of the Osaka Plain [24]. See
Figure 10 for line location

Seismic data indicate a large diversity in structural attitudes in the Osaka Basin. Figure 13 is
an E-W seismic profile across the southern part of the Osaka Plain [25]. Remarkable vertical
displacement with a steep gradient of the Bouguer gravity anomaly is observed at the
easternmost part of the profile, and interpreted as the southern part of the Ikoma fault system
(Figure 11c). A strong reflection in the eastern part of the basin is correlated with the Miocene
volcanic surface based on surface geology along the survey line. It is noteworthy that a unit
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showing similarity in reflection pattern with the volcanic rocks is buried on the upthrown side
of a reverse fault around the western part of the section. As the unit is accompanied by a
positive gravity anomaly [21] and geomagnetic anomaly [26], we will construct three-
dimensional models for the subsurface seismic unit.

W Yamatogawa_South E

Sakai Mikunigaoka  Shirasagi Mihamakita Furuichi Kashiwara

0 1 2km
brrrotrrrrtrrrrtre
—— Ma 8: marine clay in Osaka Group assigned to ca. 0.5 Ma
surface of Miocene accompanied by positive
volcanic units (Nijo Group) magnetic anomaly
acoustic interpreted as Cretaceous
~ basement granitic rocks
— fault .l Steep gradient of Bouguer anomaly

Figure 13. A depth-converted seismic profile (Yamatogawa South) crossing the southern part of the Osaka Plain [25]
without vertical exaggeration. See Figure 10 for line location

4.3. Anomaly modeling

Middle Miocene volcanic rocks, collectively named the Nijo Group, are exposed in a hilly
province upon the eastern margin of the Osaka Basin. It has been studied from stratigraphic
(e.g., [27]) and paleomagnetic (e.g., [28]) points of view, and regarded as a volcanic product
formed just after the clockwise rotation of southwest Japan related to the opening of the Japan
Sea.

We assumed that conspicuous gravity and geomagnetic anomalies in the southern Osaka Plain
are caused by a buried middle Miocene volcano, and estimated its three-dimensional structure
based on Talwani’s methods [29,30]. Figure 14 summarizes the modeling parameters. We
assumed that the body of the volcano is magnetized parallel to the Earth’s axial dipole field
because the majority of the Nijo Group acquired its thermoremanent magnetization during
the normal polarity Chron after the Miocene clockwise rotation of southwest Japan. As shown
in Figure 14, gravity and geomagnetic anomalies are successfully simulated on the assumption
of a conical volcano on the base of the sedimentary basin. In the Osaka Basin, there are isolated
positive Bouguer anomalies associated with magnetic signatures from place to place. Com-
bined anomaly modeling is a useful tool to estimate the origin of subsurface units in advance
of a comprehensive interpretation of seismic data.
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3D Talwani Modeling 3D model of subsurface volcano
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Figure 14. Three-dimensional gravity and geomagnetic modeling of subsurface structure in the southern Osaka Plain.
See Figure 10 for mapped area

5. Summary

An integrated geophysical study of sedimentary basins was executed on an active plate
margin. Volumes of conspicuous depressions upon both terminations of the Median Tectonic
Line (MTL), a dextral bisecting fault of the southwest Japan arc, were estimated by means of
gravimetric methods. The western end of the MTL and its secondary faults constitute a
releasing step and form a gigantic composite depression of the Beppu-Iyo Basin and has been
developed since the Pliocene. Sedimentological and chronological investigation revealed that
the major constituent, the Iyonada Sea depression, was rapidly buried during the Quaternary
by clastics derived from different geologic terrains. On the other hand, the eastern end of the
MTL is a site of basin formation (Osaka Basin), even though the fault architecture is regarded
as a confining step. Numerical modeling showed that a combination of major strike-slip and
secondary reverse faults can provoke complicated ups and downs within an area surrounded
by faults. The stress regime predicted through the modeling of the vertical displacement was
concordant with the deep structure of the basin visualized by seismic interpretation. Although
the present study area is not accompanied by sufficient geologic evidence of a deep basin
interior provided by drilling survey, geomagnetic anomaly modeling successfully delineated
a buried volcanic unit, which was anticipated from the viewpoint of regional geology.
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