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Abstract 

The Osaka Bay is situated at a seismically active region north of the Median Tectonic Line and east of Awaji Island 
in western Japan, known as part of the Kinki Triangle and the Niigata–Kobe Tectonic Zone. Dense distribution 
of active faults and high geodetic strain rates characterize the region, posing a major seismic hazard potential 
to the coastal and metropolitan areas of the Kansai region. To investigate the shallow structure and recent deforma-
tion history of active faults in the Osaka Bay, we acquired 15 high-resolution seismic profiles using a Mini-GI airgun 
and a Boomer as active sources, together with multi-beam bathymetry data across the Osaka Bay Fault. Our seismic 
sections image a ~ 0.1 to 3.7 km-wide asymmetric anticline forelimb above the Osaka Bay Fault at shallow depths, 
coupled with a ~ 2.6 km-wide syncline to the west, and a broad, ~ 11 km-wide syncline in the footwall to the east. The 
synclinal axial surface at shallow depths measured in this study ranges 75°–89°. We observe the vertical displacement 
of the Osaka Bay Fault increasing northwards along strike. The sediment thickness on the hanging wall, however, 
is variable, modified by non-tectonic processes such as by tidal currents, affecting the geometry of growth strata. 
The most recent deformation by the Osaka Bay Fault reaches to near the seafloor by active folding, with large verti-
cal offsets of 8–14 m over the last ~ 11 ka, and 5–11 m over the last ~ 5 ka. By combining with previously reported 
borehole age data, the average uplift rate on the Osaka Bay Fault is estimated to be ~ 1.0 to 1.7 m/ka during the Lat-
est Pleistocene to Holocene. The inferred slip of the Osaka Bay Fault during the Holocene is likely to account for > 5% 
of the regional geodetic strain accumulation within the Kinki Triangle. Further studies to evaluate the Holocene slip 
rates of regional faults are necessary to assess the seismic hazards and the internal strain budgets within the Kinki 
Triangle and the Niigata–Kobe Tectonic Zone.
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Graphical abstract

Fig. 1 Tectonic setting of the Kinki Triangle, western Japan. (a) Distribution of active faults (red lines) and the Kinki Triangle (yellow) after National 
Institute of Advanced Industrial Science and Technology (2012). Shaded relief and bathymetry (10-m and 500-m horizontal grid-spacing, 
respectively) are based on digital elevation map by the Geospatial Information Authority of Japan. White triangles: Quaternary volcanoes 
(Committee for Catalog of Quaternary Volcanoes in Japan 1999). Box shows location of study area closed-up in Fig. 2a. Dotted line shows location 
of cross-section in Fig. 1c. (b) Interseismic secular velocity at onland GNSS and offshore GPS-A stations modified from Nishimura et al. (2018). Vectors 
are velocities relative to the stable Amurian plate with 95% confidence limit ellipsoids (Nishimura et al. 2018). The shaded yellow region and pink 
line are the Niigata–Kobe Tectonic Zone (Sagiya et al. 2000) and the Median Tectonic Line, respectively. Depth contour (km) of the upper boundary 
of the Philippine Sea and Pacific Plates are from Nakajima and Hasegawa (2007). (c) Schematic cartoon of the E–W cross-section and inferred 
geometry of faults at ~ 34°N based on previous studies modified after Sato et al. (1998, 2009). Shaded gray: sedimentary basin in this region. OsF: 
Osaka Bay Fault. KaF: Kariya Fault. NoF: Nojima Fault. UeF: Uemachi Fault. IkF: Ikoma Fault. NbF: Nara Basin East Edge Fault. TgF: Taguchi Fault. IsF: Isshi 
Fault. YiF: Yokkaichi Fault. The upper/lower crust boundary is inferred at the downdip limit of the seismogenic zone (cross-hatched area) (e.g., Tanaka 
2004). A possible detachment is speculated. Box shows region of study area closed-up in Fig. 2a

(See figure on next page.)
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Fig. 1 (See legend on previous page.)



Page 4 of 50Hamahashi et al. Progress in Earth and Planetary Science            (2024) 11:8 

1 Introduction
Further than 100 km inboard from the subduction inter-
face in central-western Japan, the crustal seismogenic 
zone is 5–20  km depth, based on the cut-off depths of 
seismicity and on heat flow gradients (Tanaka 2004; 
Nakajima and Hasegawa 2007). Active faulting is mani-
fested under the contemporary compressional regime 
formed by the oblique subduction of the Philippine 
Sea Plate under the Japan arc at a current velocity of 

40–65 mm/yr (Seno et al. 1993; Miyazaki and Heki 2001; 
Zang et  al. 2002). The “Kinki Triangle” (Huzita 1962) is 
a seismically active region north of the Median Tectonic 
Line and east of Awaji Island, characterized by a dense 
distribution of active faults and high geodetic strain rates, 
also known as part of the “Niigata–Kobe Tectonic Zone” 
(Sagiya et al. 2000; Nishimura et al. 2018), posing a major 
seismic hazard potential to the coastal and metropolitan 
areas of the Kansai region (Fig. 1a, b). Moderate to large, 

Fig. 2 Geologic map of study area. (a) Distribution of active faults (red lines) around the Osaka Bay (e.g., Kato et al. 2008). Black lines: seismic 
reflection survey lines in this study closed-up in (b). Dotted lines: deep seismic profiles by previous studies. Orange dots: location of boreholes 
referred in this study (Nakaseko 1987; Masuda et al. 2000; Masuda & Miyahara 2000; Nanayama et al. 2001; Kitada et al. 2001). OsF: Osaka Bay Fault. 
The Awaji Island Fault zone consist of the KaF: Kariya Fault, NoF: Nojima Fault, KsF: Kusumoto Fault, HgF: Higashiura Fault, KmF: Kamakuchi Fault, NdF: 
Nodao Fault, and SnF: Senzan Fault. WaF: Wadamisaki Fault. MaF: Maya Fault. RIF: Rokko Island Fault. YoF: Yokooyama Fault. TaF: Takatsukayama Fault. 
OtF: Otsuki Fault. R1-R10: Rokko Fault zone (R1: Nobata Fault. R2: Itami Fault. R3: Koyaike graben. R4: Nishinomiya flexure. R5: Koyo Fault. R6: Ashiya 
Fault. R7: Gosukebashi Fault. R8: Okamoto Fault. R9: Suwayama Fault. R10: Motomachi and Itayado flexures. R11: Suma Fault.). A1-A5: Arima-Takatsuki 
Fault zone (A1: Makami Faults. A2: Ai Fault. A3: Bojima Fault. A4: Kiyoshi-kojin Fault. A5: Rokko Fault). UeF: Uemachi Fault. IkF: Ikoma Fault. Blue stars 
show representative earthquakes. Focal mechanisms are based on Imanishi et al. (2020). Geologic map is modified from Geological Survey of Japan, 
AIST (2022). (b) Close-up of seismic reflection survey lines in this study. Green and black lines were acquired using an Airgun and a Boomer as active 
source, respectively



Page 5 of 50Hamahashi et al. Progress in Earth and Planetary Science            (2024) 11:8  

destructive earthquakes frequently occur in this region, 
represented by the devastating 1995  Mw6.9 Kobe (South-
ern Hyogo Prefecture) earthquake (death toll: 6434) (e.g., 
Kikuchi and Kanamori 1996; Irikura et al. 1996), the 1596 
Keicho-Fushimi Earthquake (death toll: > 600) (e.g., Ikeda 
et al. 2019), the 2018  Mw5.6 Northern Osaka prefecture 
earthquake (death toll: 6) (e.g., Hirata and Kimura 2018), 
and the 2013  Mw5.8 Awaji Island earthquake (e.g., Imani-
shi et al. 2020) (Fig. 2a).

Within the Kinki Triangle, based on patterns of geo-
detic strain accumulation (interseismic secular velocity) 
from Ise Basin to the Osaka Bay, an ESE–WNW to ENE–
WSW shortening of ~ 10 to 20 mm/yr at latitude of 34°N 
can be inferred (Fig. 1b; Sagiya et al. 2000; Sagiya 2004; 
Loveless and Meade 2010; Nishimura et al. 2018, 2020). 
During interseismic periods, the seismogenic zone is par-
tially locked, and strain is released during coseismic peri-
ods by transferring slip onto reverse and strike-slip faults 
in this region. Previous seismic reflection surveys have 
revealed a NE–SW trending fold-and-thrust belt consist-
ing of ~ 30 to 40° west- and east-dipping reverse faults 
beneath the Ise Basin, Suzuka Mountain, Nara Basin, 
and the Osaka Basin (Ishiyama 2003; Sato et  al. 2009; 
Kitada and Mimura 2016; Nishiwaki et al. 2021) (Fig. 1c). 
Whereas, to the west, ~ 70 to 80° east-dipping, high-angle 
reverse- and strike-slip faults characterize the structures 
around the Awaji Island and the Osaka Bay, including the 
Nojima Fault that ruptured in the 1995 earthquake, and 
the offshore Osaka Bay Fault (Iwasaki et al. 1994; Iwabu-
chi et  al. 1995, 2000; Yokokura et  al. 1998; Sato et  al. 
1998) (Fig. 1c).

The largest sedimentary basin in the region comprises 
the Osaka Basin and Osaka Bay. It is bounded by the 
E–W trending Median Tectonic Line to the south, the 
E–W trending Rokko-Awaji Island and Arima-Takatsuki 
Fault zones to the north, the NE–SW trending Nojima 
and Kariya Faults to the west, and the NE–SW trending 
Ikoma and Uemachi Faults to the east (Fig. 2a; Kusumoto 
et al. 2013; Itoh et al. 2013ab; Itoh and Takemura 2019c). 
The Late Pliocene and Quaternary basin fill here is up 
to ~ 3000 m thick (e.g., Yokokura et al. 1998). The subsid-
ence and formation of this sedimentary basin is largely 
thought to have been contributed to by the movement/
reactivation of faults within and surrounding the basin, 
which have been active since the Late Pliocene (Yokokura 
et  al. 1998; Kusumoto et  al. 2001, 2013; Itoh and Take-
mura 2019a, b, c). Here, active faults are buried by sedi-
ments and are often blind, complicating the assessment 
of their distribution and slip histories. Although blind, 
the surface expression of these faults is often observed 
in the form of folding (Ishiyama 2003; Sato et  al. 2009; 
Kitada and Mimura 2016). The 2018  Mw5.6 Northern 
Osaka prefecture earthquake occurred on a previously 

unknown blind fault, demonstrating the damaging effects 
of blind fault earthquakes, and the potential for presence 
of many more hidden faults and/or off-fault seismicity 
(Hallo et al. 2019; Kato and Ueda 2019) (Fig. 2a).

Because these faults are continuously buried in rap-
idly subsiding basins, the progressive fault displacement 
and syn-tectonic growth strata are defined by well-con-
strained stratigraphic sequences. Acquisition of high-res-
olution seismic reflection data enable the documentation 
of deformed strata and imaging of fault and fold geome-
tries, which in combination with borehole data, provides 
opportunities to characterize fault slip histories in detail 
(e.g., Ishiyama et  al. 2007; Hamahashi et  al. 2022). The 
sediments that fill the Osaka Basin and the Osaka Bay 
consist of fluvial, lacustrine, and marine sequences that 
can be correlated with global eustatic sea level changes, 
and their sediment ages are well-constrained by abun-
dant tephra derived from the volcanic arc, in addition 
to marine microfossils, pollen assemblages and mag-
netostratigraphy (e.g., Hyodo et  al. 1985; Masuda 1992; 
Biswas et al. 1999; Masuda and Miyahara 2000; Masuda 
et  al. 2000; Nanayama et  al. 2001; Itoh and Takemura 
2019a).

The motivation for our research is to investigate the 
shallow structure and recent slip history of active faults 
in the Osaka Bay. The Osaka Bay Fault is a blind fault 
that extends for at least ~ 40 km across the bay, exhibit-
ing one of the largest seismic and tsunami risks to the 
surrounding Kansai megacities (Nakamura 1999; Kawata 
et  al. 2005; The Headquarters for Earthquake Research 
Promotion 2014) (Fig.  2a). In this paper, we present 
results from high-resolution seismic profile data that 
we acquired along 15 survey lines in the central-eastern 
portion of the Osaka Bay, using a Mini GI air gun (15/15 
 in3) and a Boomer (100/200 J) as active sources, together 
with multi-beam bathymetry data collected onboard the 
T/S Fukaemaru and R/V Onokoro (Fig. 2b). By combin-
ing with published borehole data around the bay with 
knowledge of deep structures imaged by previous seis-
mic surveys, our newly acquired data documents the Late 
Pleistocene to Holocene deformation history at the cen-
tral segment of the Osaka Bay Fault. Our results also have 
significant implications for changes in depositional envi-
ronment, as well as for the formation of the sedimentary 
basin and interactions with late Quaternary climate and 
tectonic events in this region, situated at the southern 
edge of the Kinki Triangle.

2  Background and geologic setting
2.1  The 1995 Kobe (southern Hyogo prefecture) 

earthquake
The  Mw6.9 1995 Kobe (Southern Hyogo prefecture) 
Earthquake (death toll: 6434) was the most destructive 
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earthquake in Japan since the 1923 Kanto Earthquake 
and the 1944/1946 Nankai-Tonankai Earthquakes, sec-
ond to the 2011 Tohoku-oki Earthquake (Kikuchi and 
Kanamori 1996; Baba and Cummins 2005; Kobayashi 
and Koketsu 2005; Uchida and Bürgmann 2021). The 
mainshock occurred at a depth of ~ 16  km beneath the 
Akashi Strait north of Awaji Island in the Osaka Bay, 
with a right lateral strike-slip focal mechanism and a 
WNW-ESE trending maximum compressional axis 
(Japan Meteorological Agency/JMA 1995; Kikuchi and 
Kanamori 1996; Katao et  al. 1997) (Fig.  2a). The earth-
quake rupture propagated bilaterally towards the land 
in Kobe and Awaji Island along a ~ 60-km-long north-
easterly trending zone consisting of multiple fault traces 
of the Rokko-Awaji Island Fault zone; from the Nojima 
and Kariya Faults to the Suma, Otsuki, Suwayama, and 
Gosukebashi Faults, and to the Arima-Takatsuki Fault 
zone (Hirata et al. 1996; Ide et al. 1996) (Fig. 2a). Dense 
aftershock distributions occurred along and/or near 
these faults, and offshore northern Awaji Island in Osaka 
Bay (Hirata et al. 1996; Katao et al. 1997). The propaga-
tion of the rupture produced long-period pulses in the 
observed fault-normal ground motions, and a “damage 
belt” where more than 30% of wooden-frame houses col-
lapsed (seismic intensity VII defined by JMA) occurred 
along the topographic boundaries between the cities and 
hills in the Kobe-Hanshin area (Furumura and Koketsu 
1998). The location of the damage belt deviated from the 
earthquake distributions and was closer to the coast, and 
was mainly explained by strong ground motions caused 
by rupture directivity from basin edge effects (Furu-
mura and Koketsu 1998; Hallier et al. 2008; Koketsu and 
Miyake 2008). Field surveys have found surface ruptures 
occurring on a ~ 9 to 15-km-long segment of the preex-
isting right-lateral Nojima Fault on the Awaji Island with 
a maximum horizontal displacement of ~ 1.9 to 2.1  m 
and vertical offsets of up to ~ 1.0 to 1.2 m, whereas sur-
face ruptures were not reported in the Kobe area (Awata 
et al. 1995; Ikeda et al. 1995; Nakata and Yomogida 1995; 
Nakata et al. 1996; Sato et al. 1998).

In response to the disastrous 1995 earthquake, the 
Japanese government, national and private institutes 
and universities conducted seismic reflection surveys to 
assess the structures of active faults and seismic hazards 
in this region (Iwabuchi et  al. 1995, 2000; Yokota et  al. 
1997; Yokokura et  al. 1998; Sato et  al. 1998; Nanayama 
et al. 2000; Grothe et al. 2014; Itoh and Takemura 2019b). 
Seismic reflection surveys around the Osaka Bay have 
characterized the distribution of high-angle (~ 80°), NE–
SW trending strike-slip/reverse faults responsible for the 
1995 earthquake; the east-dipping Nojima Fault along the 

west coast of Awaji Island, and the west-dipping Higashi-
ura and Kariya Faults along the east coast (Yokota et al. 
1997; Sato et al. 1998) (Fig. 2a). These fault systems have 
likely contributed to the narrow uplift of the Awaji Island 
that extends to the Rokko Mountains (e.g., Huzita 1990; 
Kato et  al. 2008). Offshore of the Awaji Island, multiple 
blind reverse faults have been identified within the Osaka 
Bay, including the ~ 70° west-dipping, NE–SW trending 
Osaka Bay Fault and a subsidiary fault ~ 15 km and ~ 3 to 
5 km east of the island, respectively (Iwabuchi et al. 1995, 
2000; Yokota et al. 1997; Yokokura et al. 1998; Sato et al. 
1998; Nanayama et al. 2000) (Fig. 2a). These fault systems 
have likely made a significant contribution to the long-
term subsidence of the basin in the footwall side (e.g., 
Itoh et al. 2000, 2001). Despite the proximity to the faults 
around the Awaji Island that ruptured during the 1995 
earthquake, the Osaka Bay Fault is not reported to have 
ruptured during the earthquake, as inferred from main-
shock and aftershock distributions, although aftershock 
microseismicity was observed offshore northern Awaji 
Island, possible along the subsidiary faults between the 
Kariya Fault and the Osaka Bay Fault (Hirata et al. 1996; 
Katao et al. 1997).

2.2  The Osaka bay fault
The Osaka Bay Fault is responsible for the deformation 
of the ~ 3-km-thick Late Pliocene to Quaternary sedi-
ments of the Plio-Pleistocene (< 3 Ma) Osaka Group and 
the Late Pleistocene-Holocene strata (colluvium, allu-
vium) that extend to the Osaka Basin, and the underlying 
Cretaceous granitic basement rocks of the Ryoke Group 
(e.g., Yokota et al. 1997). The deformation caused by the 
fault is observed in the form of thrust folding, character-
ized by an asymmetric anticline (~ 1 to 2 km-wide flex-
ure) of which its forelimb becomes steeper with depth, 
and a broad syncline (~ 10 km wide) in the footwall side, 
depositing packages of growth strata (Iwabuchi et  al. 
1995, 2000; Yokota et al. 1997; Yokokura et al. 1998; Sato 
et al. 1998; Usami 2002; Grothe et al. 2014). The fault tip 
is not directly imaged by previous studies, although it is 
inferred to lie > 1 km below the seafloor based on trishear 
modelling (Grothe et al. 2014). The vertical displacement 
by the Osaka Bay Fault reaches ~ 1 km at the base of the 
sediments during the last ~ 3 Ma, and reaches to a total 
of ~ 2.5 to 3 km relative to the uplifted Awaji Island when 
combining with the displacements by other faults along 
the east coast and the Kariya and Higashiura Fault sys-
tems (e.g., Sato et al. 1998). The lateral displacement by 
the Osaka Bay Fault is unknown, and previous studies 
have not been able to clarify the strike-slip offsets from 
their seismic images (e.g., Yokokura et al. 1998). Although 
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dip slip is largely supported from the geodetic principal 
strain axis (ESE–WNW to ENE–WSW) that is nearly 
perpendicular to the strike (NE–SW) of the main fault 
traces of the Osaka Bay Fault (Sagiya 2004; Nishimura 
et  al. 2018, 2020) (Fig. 1b), right-lateral strike-slip fault-
ing is also expected from the steep dips (> 70°) of these 
faults, and the regional earthquake focal mechanisms 
that show strike-slip and reverse slip senses (Hirata et al. 
1996; Katao et  al. 1997; Nakamukae et  al. 2003; Matsu-
shita and Imanishi 2015). The P-axes of regional focal 
mechanisms generally show ESE–WNW to ENE–WSW 
compressions, but with some complexities (e.g., NE–SW, 
SE–NW and N–S compressions and normal faulting), 
possibly due to the variable geometry of faults and/or 
local stress changes (Katao et al. 1997; Nakamukae et al. 
2003; Matsushita and Imanishi 2015). In the northern 
region of the Osaka Bay, right-lateral strike slip is likely to 
be more dominant where the Osaka Bay Fault bends and 
strikes WSW–ENE parallel to the Rokko-Awaji Island 
Fault zones (e.g., Nakamukae et al. 2003) (Fig. 2a).

The Osaka Bay Fault can be divided into the northern, 
central, and southern segments based on the along-
strike variations in fault geometry, that may partly be 
due to the structural relationship with the surrounding 
Rokko-Awaji Island Fault zone, the Median Tectonic 
Line, and the Uemachi Fault zone (Fig.  2a). Under-
standing how these major faults structurally link with 
each other is important for assessing the regional seis-
mic hazard and the complex rupture processes that 
may involve movement of multiple fault strands dur-
ing a single or sequential earthquake (e.g., Honda and 
Yomogida 2003). At the northern segment, the Osaka 
Bay Fault is known to splay into three strands (namely 
the Wadamisaki, Maya, and Rokko Island Faults), as 
the fault approaches the adjacent Rokko-Awaji Island 
Fault zone to the north (Yokokura et  al. 1998; Nanay-
ama et al. 2000). At the central segment, displacement 
by the Osaka Bay Fault is mainly occurring at the main 
fault, in addition to distribution of subsidiary faults in 
the eastern and western portions of the bay (Yokokura 
et  al. 1998; Sato et  al. 1998; Iwabuchi et  al. 2000). In 
contrast, at the southern segment, the geometry of the 
Osaka Bay Fault changes, and is likely partitioning into 
several strands, as also inferred from gravity anoma-
lies and isopach models that show complex basement 
morphologies and varying sediment thickness (Kom-
azawa et al. 1996; Yokokura et al. 1998; Iwabuchi et al. 
2000; Afnimar et al. 2002; Itoh et al. 2013a). However, 
due to the lack of seismic imaging in the southern por-
tion of the Osaka Bay, the fault geometry at this seg-
ment is unknown. This segment has importance in the 

structural relationships with the Median Tectonic Line 
to the south, and the Uemachi Fault zone beneath the 
Osaka Basin to the east that is gradually bending west-
ward towards the southern Osaka Bay (Fig. 2a; Research 
and Development Bureau/MEXT & DPRI 2013).

While previous seismic reflection surveys in the 
Osaka Bay have mostly targeted great depths of ~ 2 km 
below the seafloor, inferring the overall deformation 
structure from the basement to the sedimentary sec-
tion (Iwasaki et  al. 1994; Yokokura et  al. 1998; Sato 
et al. 1998; Iwabuchi et al. 2000), the shallow structures 
of the faults have not been studied in detail. Previous 
surveys that targeted shallow depths (Hayakawa et  al. 
1964; Huzita and Maeda 1969; Inouchi 1990; Iwabu-
chi et al. 1995; Nanayama et al. 2000) have inferred the 
existence of multiple blind faults in the bay (e.g., Iwabu-
chi et  al. 1995; Usami 2002), suggesting possible fault 
ruptures associated with the 1995 earthquake (Iwabu-
chi et al. 1995), but detailed studies have been limited 
to the northern segment of the fault close to the coast 
(Nanayama et al. 2000). The recent deformation history 
of the Osaka Bay Fault is not well constrained, together 
with the lack of historical earthquakes (The Head-
quarters for Earthquake Research Promotion 2014). 
Detailed constraints on the shallow structure and sub-
surface deformation are crucial for assessing the Holo-
cene fault slip rates and seismic risks that may involve 
tsunami generation at the seafloor (e.g., Nakamura 
1999; Kawata et al. 2005) and strong ground motions in 
the sedimentary basin, and is the primary focus of this 
study.

2.3  Depositional environment and late quaternary 
sedimentary sequence around the Osaka Bay

The Osaka Bay is situated at the eastern edge of the 
Seto Inland Sea in western Japan (Figs. 1, 2). The Seto 
Inland Sea has generally shallow water depths of ~ 30 to 
50 m, and is connected with the Pacific Ocean via the 
Kitan and Naruto Straits to the southeast and the Hoyo 
Strait to the west, and connects with the Japan Sea via 
the Kanmon Strait, consisting of multiple enclosed bays 
(Osaka, Harima-nada, Hiuchi-nada, Hiroshima, Iyo-
nada, and Suo-nada Bays) laterally linked by narrow 
straits (Akashi, Bisan-seto, Kurushima and Tsurushima 
Straits) (e.g., Yasuhara 2008; Saito et  al. 2016). While 
the paleo-Seto Inland Sea is thought to have originated 
from repeated, episodic rifting events in the Asian 
continent since the Eocene–Oligocene (e.g., Nakajima 
2018), partially overprinted by Setouchi volcanism in 
the Mid-Miocene (~ 15  Ma) (Kimura et  al. 2005; Tat-
sumi 2006), the current Seto Inland Sea is overlain by 
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Plio-Pleistocene (< 3 to 6 Ma) sedimentary basins (e.g., 
Mizuno 2018) that have likely interacted with the con-
temporary compressional regime associated with the 
subduction of the Philippine Sea Plate and reactivation 
of the Median Tectonic Line since the Late Miocene 
(Kamata and Kodama 1994; Kimura et al. 2005, 2014).

Past fluctuations in relative sea-levels and conse-
quent opening of the straits and formation of bays 
have resulted in a dynamic depositional environment 
in and around the Osaka Bay (e.g., Irizuki et  al. 2001; 
Yasuhara et  al. 2004; Yasuhara 2008; Masuda and Ito-
moto 2015). The sedimentary sequence underlying 
the Osaka Bay and Osaka Basin consists of alternating 
marine and non-marine strata of the Plio-Pleistocene 
Osaka Group, overlain by Late Pleistocene colluvium 
and Holocene alluvium (e.g., Huzita and Maeda 1984; 
Itihara eds. 1993; Itoh and Takemura 2019a). While the 
Osaka Group and colluvium sediments are partially 
exposed at the surface in the surrounding mountains 
and elevated fluvial terraces in the Osaka Basin, the 
Holocene alluvium is distributed more broadly, forming 
the coastal alluvial fan and floodplains (e.g., Itoh and 
Takemura 2019a) (Fig. 2a). The stratigraphy of the sedi-
mentary sequence in this region has been characterized 
on the basis of tephrochronology, magnetostratigraphy, 
pollen assemblage, and marine clay beds (individually 
numbered “Ma 1”–“Ma13”) correlated to eustatic sea 
level high-stands and marine oxygen isotope records 
(e.g., Itihara 1960, 1993; Yoshikawa et  al. 1987; Itoh 
et  al. 2000, Itoh and Takemura 2019a), in addition to 
regional unconformities (e.g., Huzita 1990), established 
from outcrops and deep drilling results in the Osaka 
Basin and coastal areas in Kobe (e.g., Ikebe et al. 1970; 
Mitamura et al. 1998, 2000).

The Late Pleistocene colluvium in this region consist 
of terrigenous fluvial sands and gravels during the Last 
Glacial Period, containing marine clay beds “Ma 12” 
and “Ma 11”, correlated to Marine Isotope Stages (MIS) 
3 and 5, respectively, whereas the major composition of 
the Holocene alluvium is the “Ma13” clay, silt, and sand, 
correlated to MIS 1, consisting of inner bay deposits and 
tidal delta sediments (e.g., Masuda 1992; Nanayama et al. 
2001). Based on detailed facies analysis and dense 14C 
dating from sediment cores offshore Kobe and Kansai 
Airport, and along the coastal edge of the Osaka Basin 
(e.g., Nakaseko 1987; Masuda 1992; Irizuki et  al. 2001; 
Yasuhara et  al. 2004; Kitada et  al. 2001), the sediments 
beneath the Osaka Bay are interpreted to have transi-
tioned from fluvial, estuary to inner bay deposits during 
a rapid rising stage of sea level (transgression) starting 

at ~ 11  ka when sea level was -51  m below modern sea 
level (Masuda and Miyahara 2000; Nanayama et al. 2001; 
Masuda and Itomoto 2015). This period was followed by 
tidal delta deposition consisting of sand and mud, origi-
nating from the Akashi Strait that was formed at ~ 9.7 ka, 
when sea level was − 30 m below modern sea level (Mas-
uda and Miyahara 2000). The sedimentary sequence was 
then overlain by bay-floor deposits during marine flood 
and sea level high-stands that occurred at ~ 5.3 to 5  ka, 
during which sea level was + 1 to 2 m above modern sea 
level (Masuda et  al. 2000). The most recent sediments 
consist of coarse bedload deposits transported by strong 
tidal currents from the Akashi Strait, and the uppermost 
marine clay which are primarily floodplain suspension 
loads transported by the Yodo and Mukogawa River sys-
tems from the Osaka Basin, inferred to have deposited 
following periods of marine regression that started at ~ 1 
to 1.7  ka (Masuda and Miyahara 2000; Nanayama et  al. 
2001).

The distribution of contemporary seafloor sediments 
in the Osaka Bay is not homogeneous, where marine clay 
is restricted to the eastern portion of the bay, whereas 
coarser sediments are more dominant in the central to 
western part of the bay (Huzita and Maeda 1969; Inouchi 
1982; Inouchi 1990; Fujiwara  et al. 1989; Yashima 1992; 
Masuda and Miyahara 2000; Nanayama et  al. 2001). 
Sediment distribution is affected by wave and tidal cur-
rents operating in the bay, producing various erosional 
and depositional processes near the straits and in the 
shelf (e.g., Yashima 1992; Ikehara and Kinoshita 1994). 
In a longer timescale, the sediments are also affected by 
coastal tectonic deformation, forming the sedimentary 
basin (e.g., Sato et al. 2017). In this study, we investigate 
the shallow structure and distribution of seafloor sedi-
ments in the Osaka Bay, and document the geometries of 
sequence stratigraphic surfaces and deformation, provid-
ing constraints on the dynamic interactions of tectonics, 
sea level fluctuations, and tidal currents that led to the 
formation of the late Quaternary sedimentary basin in 
this region.

3  Methods
We conducted our surveys in the central-western por-
tion of the Osaka Bay along E–W trending lines that are 
nearly perpendicular to the fault traces of the Osaka Bay 
Fault (e.g., Iwabuchi et  al. 1995; Yokokura et  al. 1998; 
Usami 2002; National Institute of Advanced Industrial 
Science and Technology 2012), and along N–S trend-
ing lines that intersect with the E–W trending lines to 
characterize the three-dimensional structure (Fig.  2). 



Page 9 of 50Hamahashi et al. Progress in Earth and Planetary Science            (2024) 11:8  

We acquired high-resolution seismic profile data along 
eight survey lines using a Sercel Mini-GI airgun with 
volume reducers (15  in3 generator and 15  in3 injector) as 
active source, equipped at Kobe University onboard the 
T/S Fukaemaru (449 t). The shot spacing was 10  s with 
a record length of 8 s, every 23 m while the vessel ran at 
an average speed of 4.5 knot. The towed streamer cable 
had 6 channels with 6.25 m hydrophone group intervals 
and a total length of 150 m. The received seismic reflec-
tion signals were recorded at a 1 ms sampling rate by the 
DAQLink 4 seismograph (Seismic Source). The locations 
of receivers and shots were determined by GPS. The 
acquired data was processed with static correction, band-
pass filter, amplitude recovery, 12.5  m binning, normal 
moveout correction using constant velocity (1500  m/s), 
and Stolt migration. The data are also visualized with an 
automatic gain control. The frequency range for band-
pass filter was set to 50–450 Hz.

We also acquired high-resolution seismic profile data 
along seven survey lines onboard the R/V Onokoro (9.7 
t), using a Boomer (Applied Acoustics, AA251) as active 
source, with an energy output of 100 J or 200 J per shot, 
equipped at the Geological Survey of Japan (Suzuki et al. 
2021). The shot spacing was 1  s with a record length of 
800  ms, every 1.56  m while the vessel ran at an aver-
age speed of 3–3.5 knot. The towed streamer cable had 
16 channels with 3.125  m hydrophone group intervals, 
combined to a total length of 50  m. The received seis-
mic reflection signals were recorded at a 0.125 ms sam-
pling rate by the GeoEel multi-channel digital streamer 
system (Geometrics), and the locations of receivers 
and shots were determined by GPS. The acquired data 
was processed with the sequence of format conversion 
and trace edit, geometry application to trace header, 
band-pass filter, gain recovery, deconvolution, veloc-
ity analysis, normal moveout corrections, CMP stack-
ing, and data visualization after a second band-pass 
filter. The frequency range for band-pass filter was set to 
300–2000 Hz.

At the vicinity of our seismic reflection profile data, 
high-resolution multi-beam bathymetry data cover-
ing ~ 170  km2 around the survey area was acquired 
onboard the T/S Fukaemaru, using a Kongsberg EM 712 
(1.0° × 1.0°) Multi-beam Echo Sounder, operating at sonar 
frequencies in the 40–100  kHz range, and swath cover-
age of 140° with 400 beams by dual swath (Figs. 3, 4). To 
account for submetric error on the beam positioning, the 
system was interfaced with Differential Global Position-
ing System and motion Reference Unit (Kongsberg) for 
attitude determination and motion compensation. The 

in situ surface water sound speed was acquired for cali-
brating proper beam steering, by sound velocity probes 
equipped at on-keel station located near the multi-beam 
transducers, and by CTD profiling of the water column. 
Bathymetry and backscatter data were processed with the 
Seafloor Information System (SIS) and CARIS HIPS & 
SHIPS software. Noise reduction due to artificial instru-
mental spikes and poor-quality beam exclusion were car-
ried out by swath editing and de-spiking tools.

We interpret lithostratigraphy and sequence bounda-
ries and assign the ages in our seismic profiles by cor-
relating with published borehole data acquired in the 
vicinity of our survey lines offshore Kobe city and Kansai 
Airport, and along the coastal plain of the Osaka Basin 
(Nakaseko 1987; Masuda 1992; Masuda et al. 2000; Mas-
uda and Miyahara 2000; Nanayama et  al. 2000, 2001; 
Kitada et  al. 2001; Masuda and Itomoto 2015). We use 
observed stratigraphic geometries and age constraints 
from boreholes to estimate fault displacements and slip 
rate.

4  Results
4.1  Bathymetry and backscatter data
Figures  3, 4, 5 shows the acquired multi-beam bathym-
etry data (10-m horizontal grid spacing) acquired in this 
study, plotted with the M7000 digital bathymetry data 
published by the Japan Hydrographic Association. The 
seafloor of the Osaka Bay has generally shallow water 
depths (10–20 m) at the eastern region, abruptly transi-
tioning into deeper water depths (30–65  m) at the cen-
tral-western part of the bay, across a concave-shaped 
inner shelf and slope (Fig. 3a). The deepest portion of the 
bay (> 70  m water depth) is restricted to the northwest 
and northcentral regions offshore northern Awaji Island, 
which gradually shallows towards the south (Fig.  3b). 
Seafloor morphology is most complex near the Akashi 
Strait to the north and the Kitan Strait to the south, 
and is characterized by multiple pockets of bathymet-
ric lows and highs, interpreted to be caused by deposi-
tional and erosional processes linked to tidal currents 
(e.g., Inouchi 1990; Yashima 1992; Ikehara and Kinoshita 
1994) (Fig. 3b). The Akashi Strait has a water depth of up 
to ~ 100 m, indicating dominant erosion; previous studies 
have documented bedrock granites exposed at the sea-
floor beneath the strait (Huzita and Maeda 1984). Coin-
cidently, the epicenter of the 1995 Kobe Earthquake is 
also at this vicinity, where the Nojima and Kariya Faults 
(Rokko-Awaji Island Fault zone) run across northern 
Awaji Island towards Kobe city (e.g., Kato et  al. 2008) 
(Fig. 2a).
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Fig. 3 Multi-beam bathymetry data (10-m horizontal grid spacing) acquired in this study, plotted with the M7000 digital bathymetry data (light 
blue contours) by the Japan Hydrographic Association. (a) Location of survey area. (b). Close-up of survey area. Grey lines: seismic reflection survey 
lines (#1–15). Red line: Trace of the Osaka Bay Fault. Box shows region of distinct sand wave structures closed-up in Fig. 5a. Blue dotted square: area 
of negative polarity reflector observed along Lines 3, 5, and 12 (Sect. 4.2.1)

At about 6  km offshore northern Awaji Island, our 
bathymetry data clearly image a NW–SE trending 
bathymetry high region (27–30 m water depth), extend-
ing 6.4  km (long axis) × 2.6  km (short axis) wide with 
relative heights of 5–10  m (Fig.  3b). This bathymetric 
high, locally called the “Okinose” sand bank (Inouchi 
1990; Yashima 1992; Kojima 2020), is associated with 
ESE–WNW trending lineation fabrics interpreted to 
be sand wave bedforms comprising a subaqueous dune 
complex (Figs.  3b, 5a). The sand waves are oriented 
approximately 12–45 degrees to the long axis of the 
Okinose sand bank, and are characterized by asymmet-
ric shapes with steeper southern flanks (Fig.  5b). The 
largest sand waves are up to ~ 5 m in height with 100–
150 m wavelengths and 1–5 km along-crest length, and 
are concentrated on the northwestern region, whereas 
the smaller waves are < 1  m high with a wavelength 

less than 20 m and > 1 km along-crest length (Fig. 5b). 
The morphology of the western and southern part 
of the dune complex are bounded by steep edges and 
sharp steps in bathymetry, characterized by an NW–SE 
trending ~ 5  m-high escarpment in the western side, 
and WNW-ESE trending ~ 5 m-high escarpment in the 
southern side (Fig. 3b). These escarpments intersect at 
34.53° N, 135.10° E south of the summit of the bathym-
etric high, with an angular contact between the western 
and southern flanks (Fig.  3b). The Okinose sand bank 
is interpreted to be a sand dune complex formed by 
strong tidal currents from the Akashi Strait (Inouchi 
1990; Yashima 1992; Kojima 2020). To the east and west 
of the dune complex, the water depth deepens to ~ 60 
to 78 m (Fig. 3b). The regional depressions to the east 
of the Okinose sand bank is an area locally named 
“Yokose”, and are likely forming seafloor cauldrons and 
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scour hollows eroded by tidal currents (Inouchi 1990; 
Yashima 1992; Ikehara and Kinoshita 1994).

Figure  4 shows the backscatter intensities acquired in 
this study linearly mapped to a greyscale mosaic with 
a lateral resolution of 1  m and dynamic mosaic range 
of − 41.2 to 15 dB. The compensated backscatter imagery, 
normalized at reference levels on flat seafloor, provide 
relative intensities for qualitative analyses. We define 
three characteristic backscatter imagery facies at the 

seafloor within our survey area: (1) a heterogeneous, 
moderate reflective (grey; − 20 to 10  dB) facies (“back-
scatter facies 1”), (2) a homogeneous, weak-to-moderate 
reflective (dark grey; − 40 to − 20 dB) facies (“backscatter 
facies 2”), and (3) a homogeneous, moderate-to-strong 
reflective (light grey; − 20 to 10  dB) facies (“backscatter 
facies 3”) (Fig. 4).

The region of backscatter facies 1 is associated with the 
Okinose sand bank. Notably, the moderate backscatter 

Fig. 4 Backscatter intensities acquired in this study linearly mapped to a greyscale mosaic with a resolution of 1 m and dynamic mosaic range 
of -41.2–15 dB. Light blue contours: M7000 digital bathymetry data. Three characteristic backscatter imagery facies are identified (boundary traced 
by green-dotted lines). Facies 1: heterogeneous, moderate reflective (light grey) facies. Facies 2: homogeneous, weak-to-moderate reflective (dark 
grey) facies. Facies 3: homogeneous, moderate-to-strong reflective (light grey) facies. Black lines: seismic reflection survey lines (#1–15). Red line: 
Trace of the Osaka Bay Fault. Box shows region of distinct sand wave structures closed-up in Fig. 5b

Fig. 5 Close-up of bathymetry and backscatter imageries across the Okinose sand bank. (a) Bathymetry data image the morphology of the sand 
bank, with characteristic ENE–WSW trending lineation fabrics interpreted to be sand wave bedforms. (b) Elevation of bedforms across i–ii (left), 
and iii–iv (right) shown in (a). The sand waves generally have steeper southern flanks. Note smaller-scale waves in southern portion of the dune. (c) 
Backscatter intensities detect the morphology of individual sand waves (blue arrows: example of larger-scale sand waves, yellow arrows: example 
of smaller-scale sand waves). The backscatter imagery provides fine details of the small-scale sand waves that extends to the southern flanks 
of the dune complex. Note occasionally patchy distributions. Black box: example of heterogeneous, high backscatter intensities not related to sand 
waves

(See figure on next page.)
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reflectivity extends east and southeast of the sand bank 
(Fig. 4). The sand wave bedforms and morphology of the 
dune complex are also clearly detected in the backscatter 
imagery (Fig. 5c). The backscatter over the sand waves is 
generally weak (dark grey to grey), whereas low backscat-
ter level (dark grey) is observed on the sand wave crests, 
and strong levels (light grey) in the flanks and troughs, 
with occasionally patchy distributions (Fig.  5c). Patches 
of heterogenous, high backscatter intensities (light grey) 
not associated with sand waves are also present (Fig. 5c). 
Across the local depressions northeast of the Okinose 
sand bank, patches of low backscatter intensities (dark 
grey) are observed, indicating a complex distribution of 
seafloor sediments and erosion (Figs. 4, 5c).

The crest of the southern escarpment of the Okinose 
sand bank is visible from the lineations of low backscat-
ter levels (dark grey) (Fig.  4). At the southern flank of 
the Okinose bank, the water depths gradually deepen 
from ~ 35 to ~ 40  m, and a sharp transition from back-
scatter facies 1 to facies 2 is observed at the foot of the 
dune (Fig.  4). The seafloor south of the Okinose bank 
corresponds to the region of backscatter facies 2, which 
is distributed broadly and has an overall smooth bathym-
etry (< 55 m water depth) (Fig. 4).

Westward from the region of facies 1 and 2, a sharp 
transition from backscatter facies 2 to facies 3 is observed 
from east to west at our northern and central survey 
areas (Fig. 4). Backscatter facies 3 is associated with the 
gradual increase of water depths (> 60 m) as the seafloor 
forms a local embayment (Fig. 3b). At the southern area, 
in contrast, the boundary between backscatter facies 
2 and 3 is gradually curved westward along the south-
ern rim of the embayment as the water depths shallow 
(Fig. 4). Here, backscatter facies 2 is continuously distrib-
uted from east to west.

Generally, the intensities of acoustic signals backscat-
tered from the seafloor indicate seafloor characteristics 
such as interface roughness, acoustic impedance, and 
surficial heterogeneity, related to seafloor composition 
and small-scale topographies (e.g., Lamarche et al. 2011; 
Yu et  al. 2015). The increase in backscatter intensities 
with grain size have been noted in previous studies (e.g., 
Goff et  al. 2000; Collier and Brown 2005; Ferrini and 
Flood 2006), and is likely perceptible in this study. We 
attribute the high backscatter intensity facies 1 and 3 to 
represent coarser sediments such as sands and gravels, 
and lower backscatter intensity facies 2 to represent finer 
sediments such as silt and clay.

4.2  Seismic reflection data
The Osaka Bay Fault is inferred to run NE–SW across 
the western-central part of the Osaka Bay (Fig.  2a). In 
this section, we interpret the structures below the sea-
floor imaged by seismic reflection data obtained from 
a Mini-GI airgun (imaged to ~ 1000  ms, ~ 700  m below 
the seafloor) and a Boomer (imaged to ~ 150 ms, ~ 50 to 
80 m below the seafloor) as active sources (Sect. 3). Due 
to challenges in seafloor multiples in the data and scat-
tering of signals across higher-angle strata at greater 
depths, we use the upper < 300 to 500 ms (~ 200 to 400 m 
below the seafloor) to resolve for confidence in struc-
tural interpretations, and assume a constant velocity 
of 1500  m/s for depth conversion. Based on the band-
path width of 300–2000 Hz for Boomer and 50–450 Hz 
for airgun (Sect.  3), we estimate the accuracy of depth 
measurement for Boomer to range ~ 0.4 to 2.5 m, and ~ 3 
to 17 m for airgun. In this section, we divide our survey 
areas into the northern, central, and southern regions, 
and constrain the geometry of observed structures and 
stratal dips (Figs. 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 
18, 19, 20, 20, 21). We trace distinct seismic reflectors 
and assign seismic units based on stratal terminations 
(angular disconformities) and characteristics of seismic 
reflections (Figs. 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 
18, 19). The area of greatest folding, itself a proxy for fault 
shear at a particular stratigraphic level in growth strata 
above the Osaka Bay Fault is mostly contained between 
the anticlinal fold axis and the synclinal fold axis (Figs. 7, 
8, 9, 10, 13, 14, 15, 16, 17). The widths of fold limbs in this 
study are measured from the range of width between the 
anticlinal fold axis and synclinal fold axis in the imaged 
depths.Fence diagrams are constructed to observe the 
spatial distributions of seismic units and their geometries 
across our study area (Fig.  21). To interpret the surface 
expressions of structures and distribution of seafloor sed-
iments, we combine our observations with bathymetry 
and backscatter data (Sect. 4.1) (Figs. 3, 4). For the deeper 
sections, we identify seismic horizons at the base of rep-
resentative seismic reflectors that are traceable among 
all the sections (Horizons C1–C5; Figs. 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19). In Sect.  5.1.2, the ages of 
these deeper horizons are estimated by comparing with 
the age-correlated reflectors of marine clay marker beds 
by Grothe et  al. (2014) along previously acquired deep 
seismic lines (Yokokura et al. 1998), OD-B (Iwasaki et al. 
1994; Yokokura et al. 1998; Iwabuchi et al. 2000).
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Fig. 6 Seismic profile Line 1 (Boomer). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image (post-stack, 
vertical exaggeration = 20). Red triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted image. Star shows 
location of sediment thickness measurement in Fig. 24. Unit A1 exhibits chaotic internal structure with a wavy and irregular base, indicating 
an erosional contact (CMP #3000–3800). Continuous tilting of strata by the hanging wall anticline of the Osaka Bay Fault is observed to reach 
to shallow depths

Fig. 7 Seismic profile Line 2 (Airgun). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image (post-stack, 
vertical exaggeration = 20). White triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted image. The seismic 
units at deeper sections (light to dark pink) are assigned at the base of representative seismic reflectors traceable with other sections. Blue 
dotted line: anticlinal axial surface. Yellow dotted line: synclinal axial surface. Dip measurements of representative layers are shown. Star shows 
location of sediment thickness measurement in Fig. 24. The base of Unit A1 is wavy and irregular, indicating an erosional contact (CMP #120–260). 
Continuous tilting of strata by the hanging wall anticline of the Osaka Bay Fault is observed to reach to shallow depths
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4.2.1  Northern survey area
At our northern survey area, our E–W, NE–SW, and 
NW–SE sections that cross oblique to high-angle to the 
structure of the Osaka Bay Fault show a monoclinal panel 
consisting of a coupled anticline and syncline (Figs. 3b, 6, 
7, 8, 9, 10). We observe a distinct fold axis of the hanging 
wall anticline buried beneath recent sediments above the 
Osaka Bay Fault. The anticlinal axial surface, or growth 
axial surface, dips 12–25° to the west, separating shal-
lowly-dipping reflectors to the west from a 0.4–13° east-
dipping panel which comprises the ~ 0.3–2.0-km-wide 
forelimb to the east (Figs.  6, 7, 8, 9, 10). The anticline 
has a 0.2–0.9° west-dipping backlimb, which dips gentler 
than the forelimb (Figs. 6, 7, 8, 9, 10). The synclinal fold 
axial surface, in contrast, dips ~ 84–85° to the east along 
Lines 2 and 3, and dips ~ 75° to the west along Lines 4 and 
5, and separates the forelimb to the west from shallowly-
dipping reflectors to the east (Figs. 7, 8, 9, 10). The seismic 
reflectors are continuously folded across these fold axes, 
thinning the strata across the fold, with the forelimb and 
backlimb of the anticline progressively steepening with 
depth, and the overall monocline widening at shallower 

depths. It is noted that Lines 1–3 cross at high-angle to 
the structure of the Osaka Bay Fault, reflecting the geom-
etry of the fault-normal fold and its greater synclinal fold 
axial surface (84–85°), compared to Lines 4 and 5, which 
cross oblique to the strike of the fault (Fig. 2a).

At our northern sections, the uppermost sequence 
consists of a 7–14-m-thick seismically transparent 
package with occasional chaotic fabric, associated with 
the local topographic high (Okinose sand bank) imaged 
from bathymetry data (Sect.  4.1), which we assign 
as Unit A1 (Figs. 6, 7, 8, 9, 10). The base of Unit A1 is 
erosive along the northern edge of the Okinose bank 
(Lines 1 and 2) (Figs. 6, 7), whereas continuous deposi-
tion is observed at the center of the dune (Lines 3–5) 
(Figs. 8, 9, 10).

Along Lines 3–5, the section (up to ~ 11  m thick) 
beneath Unit A1 consists of parallel reflectors contrast-
ing with the less-reflective Unit A1, which we assign as 
Unit A1’ (Figs. 8, 9, 10). Between this transition, a local-
ized section of high-amplitude negative polarity reflec-
tor is observed, indicating the presence of a low velocity 

Fig. 8 Seismic profile Line 3 (Airgun). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image (post-stack, 
vertical exaggeration = 20). White triangle: representative seafloor multiple. Note the presence of high-amplitude negative polarity reflector 
at shallow depths (CMP #180–270). (b) Trace of seismic reflectors in (a) and interpreted image. The seismic units at deeper sections (light to dark 
pink) are assigned at the base of representative seismic reflectors traceable with other sections. Blue dotted line: anticlinal axial surface. Yellow 
dotted line: synclinal axial surface. Dip measurements of representative layers are shown. Star shows location of sediment thickness measurement 
in Fig. 24. Continuous tilting of strata by the hanging wall anticline of the Osaka Bay Fault is observed to reach to shallow depths
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material relative to the surrounding strata (Lines 3, 5, 12; 
Figs. 8, 10, 11).

Unit A1’ is underlain by a 13–16-m-thick sequence of 
thin, well-defined parallel seismic reflections, which we 
assign as Unit A2 (Figs. 6, 7, 8, 9, 10). Beneath this sec-
tion, < 5  m-thick sequences of continuous, high-ampli-
tude reflections are present, which we assign as Unit 
B1. At the base of Unit B1, sequences of discontinuous 
and wavy reflectors are observed, contrasting with the 
sequence above, which we classify as Unit B2 (Figs. 6, 7, 
8, 9, 10). At the deeper section of Unit B2, well-defined 
continuous reflectors are present. Towards the western 
side of our sections, Units A1, A2 and B1 gradually thin, 
and Unit B2 is exposed at the seafloor, as the water depth 
increases west of the Okinose bank (Figs. 9, 10).

Along Lines 1 and 2, the base of Unit A1 is wavy and 
irregular, indicating an erosional contact (Figs.  6, 7). 

Here, Unit A2 is eroded at the base of Unit A1, and Unit 
A1’ is absent or only partially distributed. Erosion is most 
significant across the bathymetric depression east of the 
Okinose bank, and the uppermost sequence (10–11 m) at 
the eastern side of Line 1 exhibits chaotic internal struc-
ture, overlying the < 20-m-thick sub-horizontal Units A1’ 
and A2 (Line 1; Fig. 6).

Our N-S sections (Lines 12, 13) show that Unit A1 ter-
minates south of the Okinose bank, and a 13–14-m-thick 
sequence of thin, well-defined parallel seismic reflections, 
which we assign as Unit A1’, is exposed at the seafloor 
(Figs. 11, 12). The sub-horizontal base of Unit A1’ under-
lain by Unit A2 is well-imaged as clear seismic reflectors 
from north to south. Here, Units A2, B1, and B2 are con-
tinuously distributed below Units A1 and A1’ (Figs.  11, 
12). From the fence diagram crossing our N-S and E–W 
sections, these units are spatially correlated (Fig.  21; 

Fig. 9 Seismic profile Line 4 (Airgun). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image (post-stack, 
vertical exaggeration = 20). White triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted image. The seismic 
units at deeper sections (light to dark pink) are assigned at the base of representative seismic reflectors traceable with other sections. Blue dotted 
line: anticlinal axial surface. Yellow dotted line: synclinal axial surface. Dip measurements of representative layers are shown. Star shows location 
of sediment thickness measurement in Fig. 24. Units A1, A1’ and A2 onlap onto Unit B1, underlain by continuous tilting of strata by the hanging wall 
anticline of the Osaka Bay Fault
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Additional file 1: Fig. S1). The top of Unit A1’ beneath the 
Okinose bank (the boundary between A1 and A1’), how-
ever, is discontinuous and likely erosive (Figs. 6, 7, 8, 9, 10).

Our NW–SE sections (Lines 1, 2, 3) cross at high-
angle to the structure of the Osaka Bay Fault, and 
nearly parallel to the long axis of the Okinose bank 
and to the strike of the shelf northeast of our sections 
(Figs.  3b, 6, 7, 8). Here, continuous tilting of strata of 
Units A1, A1’, A2, B1, and B2 are observed from near 
the seafloor, revealing the shallow deformation by uplift 
on the hanging wall anticline forelimb above the Osaka 
Bay Fault. We measure 0.5–3.2° east-dipping strata and 
shallowly-dipping strata separated by a synclinal axial 
surface within these units, associated with distinct thin-
ning of sediments in the hanging wall and thickening in 

the footwall (Figs. 6, 7, 8). Here, the uplifted stratigra-
phy in the hanging wall is preserved from erosion, and 
the continuous deformation by the anticline to the shal-
low subsurface is clearly observed.

Our E–W and NE–SW sections (Lines 4, 5), by con-
trast, cross at an oblique angle to the structure of the 
Osaka Bay Fault, and also oblique to the shelf and to 
the long axis of the Okinose bank (Figs.3b, 9, 10). From 
these sections, we observe progressive onlap and over-
lap of Units A1, A1’, and A2 onto Unit B1. Here, Units 
A1 and A1’ dip sub-horizontally to the west, sub-paral-
lel to the dip of the current seafloor (Figs. 9, 10). In con-
trast, tilting of strata are observed in Units A2, B1, and 
B2, which we interpret to represent the shallow defor-
mation by the hanging wall anticline forelimb above 

Fig. 10 Seismic profile Line 5 (Airgun). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image (post-stack, 
vertical exaggeration = 20). White triangle: representative seafloor multiple. Note the presence of high-amplitude negative polarity reflector 
at shallow depths (CMP #1–20). (b) Trace of seismic reflectors in (a) and interpreted image. The seismic units at deeper sections (light to dark pink) 
are assigned at the base of representative seismic reflectors traceable with other sections. Blue dotted line: anticlinal axial surface. Yellow dotted 
line: synclinal axial surface. Dip measurements of representative layers are shown. Star shows location of sediment thickness measurement in Fig. 24. 
Units A1’ and A2 onlap onto Unit B1, underlain by continuous tilting of strata by the hanging wall anticline of the Osaka Bay Fault
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Fig. 11 Seismic profile Line 12 (Airgun). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image 
(post-stack, vertical exaggeration = 20). White triangle: representative seafloor multiple. Note the presence of high-amplitude negative polarity 
reflector at shallow depths (CMP #120–180). (b) Trace of seismic reflectors in (a) and interpreted image. The seismic units at deeper sections (light 
to dark pink) are assigned at the base of representative seismic reflectors traceable with other sections

Fig. 12 Seismic profile Line 13 (Boomer). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image 
(post-stack, vertical exaggeration = 20). Red triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted image

Fig. 13 Seismic profile Line 6 (Airgun). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image (post-stack, 
vertical exaggeration = 20). White triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted image. The seismic 
units at deeper sections (light to dark pink) are assigned at the base of representative seismic reflectors traceable with other sections. Blue 
dotted line: anticlinal axial surface. Yellow dotted line: synclinal axial surface. Dip measurements of representative layers are shown. Star shows 
location of sediment thickness measurement in Fig. 24. Note the onlap of Units A1’ and A2 onto Unit B1, underlain by continuous tilting of strata 
by the hanging wall anticline of the Osaka Bay Fault. Unit A1’ is also likely truncated by Unit A2 (CMP #100–160)

(See figure on next page.)
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Fig. 13 (See legend on previous page.)
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the Osaka Bay Fault (Figs. 9, 10). We measure 0.4°–3.4° 
east-dipping strata and shallowly-dipping strata sepa-
rated by a synclinal axial surface within these units, 
associated with distinct thickening of sediments from 
the hanging wall to the footwall. The onlap of Units A1, 
A1’ and A2 onto Unit B1 infer major sequence strati-
graphic surfaces. At the deeper section of Unit B2, 
folded strata are continuously observed in the hanging 
wall and footwall.

4.2.2  Central survey area
At our central survey area, our NW–SE sections (Lines 
6–10) cross at oblique to high-angle to the structure of 
the Osaka Bay Fault, and nearly perpendicular to the 
shelf east of our sections (Figs.  3b, 13, 14, 15, 16, 17). 
Our seismic sections show a monoclinal panel bounded 
by synclinal and anticlinal axial surfaces beneath the sea-
floor. We observe a distinct fold axis of the hanging wall 
anticline above the Osaka Bay Fault, separating a ~ 0.2 to 
15° east-dipping panel which comprise the ~ 0.1–3.7-km-
wide forelimb to the east, from shallowly-dipping reflec-
tors to the west (Figs.  13, 15, 16). This anticlinal axial 
surface dips 13–25° to the west. Notably, the dip of the 
forelimb is gentler in the south (0.2–5.2°) (along Lines 8 
and 9) (Figs. 15, 16), compared to the north (1–15°) (Line 
6) (Figs.  13). Towards the eastern side on the footwall, 
our sections (Lines 7, 10) image the strata gradually tilt-
ing 0.2°–0.8° to the west, forming a broad syncline with 
a gentler dip than the hanging wall anticline (Figs.  14, 
17). This synclinal fold axis dips ~ 89° to the west along 
Line 6, whereas it dips 85°–87° to the east along Lines 8 
and 9, separating shallowly-dipping reflectors to the east 

from the forelimb to the west (Figs.  15, 16). Our sec-
tions also image the 0.4°–1.4° west-dipping backlimb 
of the hanging wall anticline above the Osaka Bay Fault 
(Figs.  15, 16). The seismic reflectors are continuously 
folded across these fold axes, thinning the hanging wall 
strata across the fold and with the dips of tilted strata in 
the forelimb and backlimb progressively steepening with 
depth (Figs. 13, 14, 15, 16, 17). The deeper sections west 
of the backlimb dip east, forming an additional synclinal 
fold structure buried by overlying sediments along Line 
7 (Fig.  14). This structure may relate to the subsidiary 
fault between the Kariya and Osaka Bay Faults reported 
by previous studies (Yokokura et al. 1998; Iwabuchi et al. 
2000) (Fig. 2a). This eastern synclinal fold axis dips ~ 8.6° 
to the west, and separates shallowly-dipping reflectors 
to the east from ~ 0.8° east-dipping panel to the west 
(Fig. 14). Overall, our sections show that the monocline 
above the Osaka Bay Fault at shallow depths consists 
of a coupled ~ 4.4 to 4.5  km wide anticline bounded by 
a broad ~ 11  km wide syncline to the east, and a nar-
row ~ 2.6 km wide syncline to the west (Figs. 14, 17; Addi-
tional file 1: Figs. S2, S3).

The uppermost ~ 31-m-thick sequences in the foot-
wall are on-lapping the underlying tilted strata; these 
sequences are deposited only on the eastern side of 
our sections (Figs. 13, 14, 15, 16, 17). Here, Unit A1 is 
absent, and the observed sequences are characterized 
by thin, parallel reflectors similar to Units A1’ and A2 
at the northern survey area, and the bases of Units A1’ 
and A2 are correlated with our N-S sections (Figs.  12, 
13, 14). However, the top of Unit A1’ is not corre-
lated from north to south, and Unit A1’ at the central 

Fig. 14 Seismic profile Line 7 (Boomer). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image 
(post-stack, vertical exaggeration = 20). Red triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted 
image. Blue dotted line: estimated anticlinal axial surface. Yellow dotted line: estimated synclinal axial surface. Star shows location of sediment 
thickness measurement in Fig. 24. Note the onlap of Units A1’ and A2 onto Unit B1, underlain by continuous tilting of strata by the hanging 
wall anticline of the Osaka Bay Fault. An additional synclinal fold structure is observed west of the hanging wall anticline (CMP #400–1200). The 
widths of the syncline and anticline reported in the main text are estimated from the width of the two points where the folded strata intersect 
with the inferred undeformed stratal dip (Additional file 1: Figs. S2, S3)
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survey area is 16–22-m thick, deposited to the sur-
face (Figs.  12, 13, 14, 15, 16, 17). Unit A1’ is relatively 
undeformed, onlapping and truncated by the underly-
ing 9–15-m-thick sequence of Unit A2, indicating some 
erosion (Figs.  13, 17). The strata of Unit A1’ dip ~ 0.1° 

to the west, sub-parallel to the dip of the current sea-
floor (Figs. 13, 14, 15, 16, 17). In contrast, we measure 
0.06–0.2° east-dipping strata and ~ 0.1° west-dipping 
strata separated by a synclinal axial surface within Unit 
A2 along Lines 6, 8, 9, and 10, which we attribute to 

Fig. 15 Seismic profile Line 8 (Airgun). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image (post-stack, 
vertical exaggeration = 20). White triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted image. The seismic 
units at deeper sections (light to dark pink) are assigned at the base of representative seismic reflectors traceable with other sections. Blue 
dotted line: anticlinal axial surface. Yellow dotted line: synclinal axial surface. Dip measurements of representative layers are shown. Star shows 
location of sediment thickness measurement in Fig. 24. Note the onlap of Units A1’ and A2 onto Unit B1, underlain by continuous tilting of strata 
by the hanging wall anticline of the Osaka Bay Fault
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the shallow deformation via the hanging wall anticline 
forelimb above the Osaka Bay Fault (Figs.  13, 15, 16, 
17). We interpret the observed stratal termination and 
truncation of Unit A2 below Unit A1’ to represent an 
erosional sequence stratigraphic surface. Near the east-
ern edge of our sections, an additional downlap surface 
may also be present at the shallow portion of Unit A1’, 
although the imaging is not clear (Figs. 14, 17).

At the western side of our sections in the hanging 
wall, the 4–11-m-thick tilted sequence below Unit A2 
is exposed at the seafloor, and is on-lapped by Units A1’ 
and A2 (Figs. 13, 14, 15, 16, 17). This sequence is charac-
terized by well-defined high-amplitude reflections, which 
we assign as Unit B1. We measure 0.2–1° east-dipping 
strata and ~ 0.14° west-dipping strata separated by a syn-
clinal axial surface within Unit B1 on the hanging wall 
anticline forelimb (Figs. 13, 14, 15, 16, 17). The stratal ter-
mination and onlap of Units A1’ and A2 above Unit B1 
infer a major sequence boundary. Notably, the geometry 
of the boundary between Units A2 and B1 is wavy and 
irregular, indicating an erosional contact (Figs. 13, 14, 15, 
16, 17). Here, thinning of strata in the hanging wall and 
thickening in the footwall within Unit B1 are obscured 
due to erosion in the footwall.

Our E–W sections and bathymetry data show a gradual 
westward increase in water depth, in a direction nearly 
perpendicular to the shelf to the east, with a deeper 
bathymetry in the hanging wall and shallower bathym-
etry in the footwall of the Osaka Bay Fault (Figs. 3b, 13, 
14, 15, 16, 17). The shallower water depth in the eastern 
regions coincides with the deposition of Units A1’ and A2 
on the footwall side, which are absent or thinner in the 
western regions on the hanging wall. The observed vari-
ations in sediment thickness may partly be explained by 
enhanced erosion due to uplift by the fault in the hanging 
wall and larger sediment accommodation in the footwall 
due to subsidence. Furthermore, the clear difference in 
stratal dips observed between the folded strata (e.g. Units 
A2 and B1) and the shallow strata (Unit A1’) sub-parallel 
to the current dip of the seafloor, suggest additional pro-
cesses at shallow depths (Figs.  13, 17). Here, additional, 
non-tectonic surface processes such as tidal currents 
operating in the bay and sea-level fluctuations across the 

shelf, are also likely playing a major role in creating the 
variations in sediment thickness (Sect. 5.2).

Beneath Unit B1, sequence of wavy and discontinu-
ous, irregular reflections is present, which we assign as 
Unit B2, underlain by well-defined continuous reflec-
tions at the deeper section (Figs.  13, 14, 15, 16, 17). 
Along Lines 6–8, Unit B1 is eroded at the seafloor, 
exposing Unit B2 on the hanging wall (Figs. 13, 14, 15). 
By contrast, south of these sections along Lines 9 and 
10, Unit B1 is preserved at the seafloor, overlying Unit 
B2 (Figs. 16, 17). The contact between Units B1 and B2 
is also observed in our N-S sections (Lines 15 and 16) at 
the hanging wall side, where the southern sub-horizon-
tal sequence of Unit B1 is underlain by ~ 0.2° southward 
dipping sequence of Unit B2, associated with the over-
all southward thickening of strata (Figs. 18, Additional 
file  1: Fig. S4). At the deeper sections of Unit B2, the 
southward tilting of strata (~ 0.6°) becomes progres-
sively steeper with depth, indicating that these struc-
tures are tectonically driven, showing an increase in 
uplift to the north (Figs. 18, Additional file 1: Fig. S4). 
The on-lap of Unit B1 onto Unit B2 observed from the 
N-S section may suggest a significant age gap between 
Units B1 and B2 (Fig.  18). The southward thicken-
ing of strata is coincident with the gradual southward 
shallowing in water depth shown by bathymetry; the 
northward dip of the seafloor is contrary to the south-
ward dip of the underlying strata, indicating additional 
variations in surface processes (e.g., erosion by tidal 
currents) (Figs.  3b, 18). The deepest regions coincide 
where Unit B1 is eroded at the seafloor, exposing Unit 
B2, whereas the shallower region preserves Unit B1 at 
the seafloor (Figs. 3b, 18).

4.2.3  Southern survey area
Our E–W section (Line 11) at our southernmost survey 
area is located where the bathymetry shallows southward 
of the northern embayment, at an oblique angle to the 
inferred structure of the Osaka Bay Fault (Figs.  3b, 19). 
Units A1’, A2, B1, and B2 have similar seismic character-
istics as those in the central and northern survey areas, 
and are traceable along our N-S section (Lines 13 and 14) 
(Figs.  12, 18). Notably, the boundary between Units B1 

(See figure on next page.)
Fig. 16 Seismic profile Line 9 (Airgun). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image (post-stack, 
vertical exaggeration = 20). White triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted image. The seismic 
units at deeper sections (light to dark pink) are assigned at the base of representative seismic reflectors traceable with other sections. Blue 
dotted line: anticlinal axial surface. Yellow dotted line: synclinal axial surface. Dip measurements of representative layers are shown. Star shows 
location of sediment thickness measurement in Fig. 24. Note the onlap of Units A1’ and A2 onto Unit B1, underlain by continuous tilting of strata 
by the hanging wall anticline of the Osaka Bay Fault
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Fig. 16 (See legend on previous page.)
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and A2 is wavy, indicating an erosional contact (Fig. 19). 
Here, sediments are overall thinner compared to the 
north, but Units A1’ and A2 (13–23-m thick in total) are 
continuously deposited on top of Unit B1 (6–11-m thick). 
Unlike other sections to the north, Unit B1 is not exposed 
at the seafloor, and the tilting of strata is less distinct at 
shallow depths (Fig. 19). We interpret the tilting of strata 

in the deeper section beneath Unit B2 to represent the 
deformation by the hanging wall anticline.

4.2.4  Comparison of seismic facies with backscatter data
When combining seismic reflection and backscatter data, 
the seismic unit boundaries at the seafloor constrained 
from the seismic sections are coincident with the 

Fig. 17 Seismic profile Line 10 (Boomer). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image 
(post-stack, vertical exaggeration = 20). (b) Trace of seismic reflectors in (a) and interpreted image. The seismic units at deeper sections (light to dark 
pink) are assigned at the base of representative seismic reflectors traceable with other sections. Blue dotted line: estimated anticlinal axial surface. 
Yellow dotted line: estimated synclinal axial surface. Star shows location of sediment thickness measurement in Fig. 24. Note the onlap of Units 
A1’ and A2 onto Unit B1, underlain by continuous tilting of strata by the hanging wall anticline of the Osaka Bay Fault. An additional synclinal fold 
structure is observed west of the hanging wall anticline (CMP #3500–3700). The widths of the syncline and anticline reported in the main text are 
estimated from the width of the two points where the folded strata intersect with the inferred undeformed stratal dip (Additional file 1: Figs. S2, S3)

Fig. 18 Seismic profile Line 14 (Boomer). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image 
(post-stack, vertical exaggeration = 20). Red triangle: representative seafloor multiple. (b) Trace of seismic reflectors in (a) and interpreted image. The 
seismic units at deeper sections (light to dark pink) are assigned at the base of representative seismic reflectors traceable with other sections. Note 
that the strata dips and thickens southward, with an increase of tilting at greater depths, suggesting tectonic deformation
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observed transitions in backscatter intensities (Sect. 4.1) 
(Fig. 4). Units A1 correspond to the heterogenous, mod-
erate backscatter intensity facies 1, whereas Units A1’ 
and B1 correspond to the homogeneous, weak-to-mod-
erate backscatter intensity facies 2, and Unit B2 to the 
homogeneous moderate-to-high backscatter intensity 
facies 3 (Sect. 4.1, Fig. 4). These comparisons suggest that 
Units A1 and B2 consist of coarser-grained sediments 
such as sands and gravels, and Units A1’ and B1 likely 
consist of finer-grained sediments such as silt and clay. 
The lithostratigraphy of seismic units is further discussed 
in Sect. 5.1.

4.2.5  Summary of observed deformation structures 
of the Osaka Bay Fault

Our seismic sections are all consistent with the presence 
of an asymmetric anticline above the Osaka Bay Fault 
imaged at shallow depths (50–400 m below the seafloor), 
characterized by a ~ 0.1 to 3.7-km-wide, steep forelimb 
that is dipping 0.2°–15° east and a gentler and broader 
backlimb that is dipping 0.2°–1.4° west, associated with 
an additional ~ 2.6-km-wide syncline at the western 
extent of the anticline (Figs. 6, 7, 8, 9, 10, 11, 12, 13, 14, 
15, 16, 17, 18, 19, 20, 20, 21). Towards the eastern side 
of our sections, the tilted strata dips 0.2–0.8° gently west, 
forming a broad ~ 11-km-wide syncline in the footwall.

Our northern, central, and southern sections clearly 
show that the dip of the anticline forelimb is steeper in 
the northern area (0.4°–15°) with larger offsets across the 
fold, compared to that of the south (0.2°–5.2°) (Fig. 20). 
The southward tilting and thickening of strata observed 
in our N-S sections on the hanging wall to the west, also 

indicate larger amounts of uplift to the north (Fig.  18). 
The observed north–south variations in the width and 
geometry of the folds indicate along-strike variations 
in the amount of displacement of the underlying Osaka 
Bay Fault and its slip rate, and are further discussed in 
Sect. 5.2.

Our seismic data show no presence of fault plane reflec-
tions at our imaged depths, and confirm that the Osaka 
Bay Fault is blind. The deformation, however, reaches to 
and near surface by an asymmetric fold that grows pro-
gressively steeper with depth, showing clear evidence 
of limb rotation and fanning of limb dips (Fig.  20). The 
lengths of the limbs increase with depth, forming growth 
triangles between the anticlinal and synclinal fold axes, 
characterized by upward narrowing kink bands, where 
shear occurs within the triangular zone (“trishear”) (e.g., 
Erslev 1991; Hardy and Ford 1997; Cardozo et  al. 2011; 
Allmendinger 1998) (Fig. 20). The shear along the fault is 
not localized onto a narrow zone that is meters to tens 
of meters thick, but rather, shear is spread out across 
the entire forelimb in the trishear envelope, reaching to 
near the surface. An asymmetric fold commonly devel-
ops in the hanging wall of a thrust fault that is propagat-
ing towards the surface (e.g. Jamison 1987; McClay 1992; 
Almeida et al. 2018). We observe slip on the fold decreas-
ing towards the surface, which is typical for a trishear 
fault-propagation fold that is continuously buried by sed-
iments during its uplift history (e.g., Erslev 1991; Hardy 
and Ford 1997; Cardozo et al. 2011; Allmendinger 1998). 
At the bottom of the sedimentary basin (~ 2 km depths), 
previous studies image the Osaka Bay Fault offsetting the 
pre-growth strata of the granitic basement of the Ryoke 

Fig. 19 Seismic profile Line 11 (Boomer). TWT: two-way travel time. Vertical line represents location of cross lines. (a) Uninterpreted image 
(post-stack, vertical exaggeration = 20). (b) Trace of seismic reflectors in (a) and interpreted image. Star shows location of sediment thickness 
measurement in Fig. 24
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Fig. 20 Overview of E–W sections acquired in this study. Left: uninterpreted image. Right: interpreted image. Vertical exaggeration = 20. Note 
the northward increase in vertical displacement across the Osaka Bay Fault
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Fig. 21 Fence diagram of all seismic sections acquired in this study. Vertical exaggeration = 20. (a) Uninterpreted image. (b) Interpreted image. (c) 
Interpreted image excluding Lines 7, 10, and 11



Page 28 of 50Hamahashi et al. Progress in Earth and Planetary Science            (2024) 11:8 

Group (e.g., Sato et al. 1998; Yokokura et al. 1998), indi-
cating the presence of a fault plane extending to deeper 
depths, with the fault tip estimated to exist at 1.5–4.5 km 
based on trishear modelling (Grothe et  al. 2014). We 
interpret that the observed fold is a fault-propagation 
fold, and that the Osaka Bay Fault has accrued enough 
slip to generate this entire fold panel at its fault tip.

The seismic data from both our study and previous 
studies do not reveal clear stratigraphic cutoffs across 
the Osaka Bay Fault and measurable fault-dip angles. 
We measure fold axial surfaces that characterize the 
shear occurring within the growth triangle bounded by 
the anticlinal axial surface (growth axial surface) dip-
ping ~ 12 to 25° to the west, and the synclinal axial sur-
face dipping ~ 75 to 89° (to the west along Lines 4, 5, 6, 
and to the east along Lines 2, 3, 8, 9), along which shear is 
most concentrated throughout the stratigraphic column 
(Fig. 20; e.g., Hardy and Ford 1997; Cardozo et al. 2011). 
The more gently inclined anticlinal fold axis compared to 
the synclinal fold axis is consistent with the growth axial 
surface in the growth triangle above the blind thrust but 
at shallower levels (Grothe et  al. 2014). It likely records 
the interplay between the migrating edge of the sheared 
trishear envelope and deposition of sediments deposited 
as the fold grows upward through the stratigraphic sec-
tion (Grothe et al. 2014). The anticlinal fold axis is thus 
not necessarily a planar surface, as rates of sedimenta-
tion can vary its geometry; for example, faster sedimen-
tation would tend to steepen the anticlinal axial surface 
and vice versa. It also marks the change in thickness of 
the growth strata in the trishear envelope, as predicted 
by fault related fold theory for trishear fault propagation 
folds (e.g., Allmendinger 1998; Grothe et al. 2014).

The synclinal axial surface marks the edge of the tris-
hear envelope on the footwall side of the fault, but does 
not indicate the actual dip of the thrust per se (Grothe 
et al. 2014). The synclinal axial surface at shallow depths 
measured in this study ranges 75°–85° (84°–85° along 
Lines 1–3, and 75° along Lines 4 and 5) and 85°–89° in 
our northern (Figs.  6–10) and central (Figs.  13, 14, 15, 
16, 17) survey areas, respectively, steeper than the syn-
clinal axial surface measured in previous studies (~ 72°) 
at greater depths (e.g. Sato et al. 1998; Grothe et al. 2014). 
The steeper dips of the synclinal axial surface at shal-
low depths are associated with an upward propagating 
growth triangle with ongoing sedimentation (e.g., Hardy 
and Ford 1997; Cardozo et  al. 2011). The presence of a 
backlimb on the fault-related fold of the Osaka Bay Fault 
may relate to the steepening of the trishear envelope 
(e.g., Seeber and Sorlien 2000). The fact that the back-
limb steepens progressively with depth is also indicative 
of a curved thrust fault (e.g., Seeber and Sorlien 2000). 

The shallow part of the fault-structure documented by 
our study in previously unavailable detail, provides new 
insights on the geometry of subsurface deformation 
caused by the Osaka Bay Fault.

Our sections show that the strata thin across the folds 
and thicken in the footwall, indicating that these units 
represent syn-tectonic growth stratigraphy (i.e., depo-
sition during deformation) (e.g., Hardy and Ford 1997; 
Cardozo et al. 2011; Grothe et al. 2014) (Figs. 6, 7, 8, 9, 10, 
11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 20, 21). The sediments 
in the growth strata have continuously buried the fold 
scarps formed by slip on the Osaka Bay Fault, recording 
the amount of relative uplift as the difference in strati-
graphic thickness between the uplifted fold crest in the 
hanging wall and the subsided trough in the footwall. 
The ages of growth strata therefore define the timing of 
deformations. In Sect. 5.2, we measure the differences in 
stratigraphic thicknesses and combine age constraints 
from nearby borehole data to discuss the recent slip his-
tory of the Osaka Bay Fault.

The geometries of growth structures are controlled 
primarily by folding mechanism and the relative rates of 
sedimentation and tectonic uplift (e.g., Hardy and Ford 
1997; Cardozo et  al. 2011). From our seismic sections, 
we observe two contrasting features of growth strata; (1) 
progressive folding and thinning of recent strata across 
the fold, and (2) distinct on-lap of recent strata concen-
trated on the footwall above tilted strata (Figs.  6, 7, 8, 
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 20, 21). These 
structural contrasts are either showing variations in rates 
of sedimentation and/or uplift within the bay. We investi-
gate these processes and interpret the sequence stratigra-
phy in Sects. 6 and 7.

Our seismic sections and bathymetry data overall show 
no clear surface expression of the active fold scarps of the 
Osaka Bay Fault (Figs. 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 
17, 18, 19, 20, 20, 21). The slope of the seafloor is likely 
modified by various non-tectonic surface processes (ero-
sional and depositional) such as by tidal currents. We 
observe along-strike variation of sediment thickness 
of recent sediments on the hanging wall and footwall, 
revealing horizons where the erosional surface of the fold 
is exposed at the seafloor, and horizons where the fold is 
buried by recent sediments (Figs.  20, 21). This trend is 
associated with the eastward and southward shallowing 
of water depth, and deeper water depths at the northwest 
region (Fig.  3b). The along-strike variation of sediment 
thickness is inconsistent with the northward increase 
in uplift on the hanging wall (Fig.  20, Sect.  5.2), which 
would predict a northward decrease in sediment thick-
ness, clearly illustrating the imbalance between uplift and 
erosion.
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5  Discussion
5.1  Interpretation of stratigraphy and age
To investigate the lithostratigraphy and provide age con-
straints for the structures imaged by our seismic reflec-
tion data, we compare our seismic survey with published 
borehole data acquired from offshore Kobe city and 
Kansai Airport, and along the coastal plain of the Osaka 
Basin (Nakaseko 1987; Masuda 1992; Masuda et al. 2000; 
Masuda and Miyahara 2000; Nanayama et al. 2000, 2001; 
Kitada et al. 2001; Masuda and Itomoto 2015) (Figs. 2a, 
22, 23). Although our survey lines do not directly cross 
over the boreholes, we are able to compare geological 
information and infer sequence stratigraphy (e.g., Van 
Wagoner et al. 1988; Catuneanu et al. 2009) with our seis-
mic reflection and backscatter facies units and observed 
stratal geometries.

We start by extending our sections to the nearest 
boreholes (Sites 57–30, 56–23, 56–24, 56–25) offshore 
Kansai Airport ~ 2.3  km east of our survey Lines 7 and 
8 (Figs. 2a, 22; Nakaseko 1987; Masuda 1992). Based on 
previous studies, the sedimentary sequence in the upper 
30–35 m at these sites is primarily marine clay “Ma 13” 
of the Holocene alluvium (bearing the K-Ah tephra 
layer; ~ 7.3  ka) interpreted to be estuary and inner bay 
deposits, underlain by non-marine, sandy to gravely flu-
vial sequences of the Late Pleistocene colluvium (bear-
ing the AT tephra layer; ~ 25  ka) (Fig.  22; Nakaseko 

1987; Masuda 1992). Our E–W sections show that these 
sediments thicken seaward and thin towards the coast 
(Fig. 22). We correlate Units A1’ and A2 observed from 
our sections with the Holocene marine clay, and Unit B2 
with the fluvial sands and gravels of the Late Pleistocene 
colluvium (Fig.  22). We interpret Unit B1 to represent 
a sandy to clayey section transitioning from fluvial to 
marine facies across the Holocene–Late Pleistocene. Unit 
B1 thins to the east and is not well preserved in bore-
holes from offshore Kansai Airport, but is recovered and 
constrained by abundant microfossil 14C ages and pollen 
assemblages from boreholes offshore Kobe (Sites OB-1 
and OB-2) and coastal Osaka (Sites Suminoe-A and B) to 
the north (Figs. 2a, 23; Nanayama et al. 2000, 2001; Mas-
uda et al. 2000; Kitada et al. 2001; Masuda and Miyahara 
2000).

At Sites OB-1 and OB-2, ~ 6.8  km north of our sur-
vey Line 1 (Fig.  2a), the upper fluvial sequence at the 
base of marine clay, that we correlate with Unit B1, con-
sists of normally-graded, interlayered silt and medium 
to coarse sand with pebbles, and has reported 14C ages 
of 11.6–11.9  ka at Site OB-2 (Fig.  23; Nanayama et  al. 
2000). This sequence of Unit B1 is deposited up to ~ 10 m 
thick above the AT tephra layer (~ 25  ka), overlain by a 
15–40 m thick coarser gravel sequence (Nanayama et al. 
2000; Kitada et al. 2001), which we correlate to Unit B2 
(Fig. 23). The AT tephra layer is also observed to cap the 

Fig. 22 Seismic Lines 7 and 8 combined with lithology previously reported at borehole sites #57-30, 56-9, and 56-2 near Kansai Airport, ~ 2.3 km 
east of Line 7. Boreholes are placed in their reported distance and depths. Lithology bar is modified after Nakaseko (1987). Ages (ka) are based 
on tephra and pollen assemblages (Nakaseko 1987). Ma: marine clay. The bases of Ma 13 and 11 correspond to the bases of the Holocene alluvium 
and Late Pleistocene colluvium, respectively. Units A1’, A2, and B1 defined in this study are interpreted to represent the Holocene alluvium (Ma13), 
and Unit B2, C1, and C2 to comprise the Late Pleistocene colluvium. Note that the correlation of the base of C3 with Ma 11 is speculative, and may 
not necessarily coincide (Sect. 5.1.2). The red-dotted line is an extrapolation of the bedding geometry indicated from the seismic section
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gravely sequence of Unit B2 at the boreholes offshore 
Kansai airport (Fig.  22; Nakaseko 1987; Masuda 1992). 
At Site Suminoe ~ 25  km northeast of our survey Line 
1, the sandy and gravely sequence of Unit B1 (4–8  m 
thick) is dated 10–14  ka based on pollen assemblage at 
Suminoe-A, with a radiocarbon age of ~ 12.7 ka at Sumi-
noe-B, and Unit B2 (7–12 m thick) of similar lithology is 
dated > 47 ka based on radiocarbon at Suminoe-A and B, 
separated by an unconformity at > 13 ka (Fig. 23; Nanay-
ama et  al. 2001). The youngest pollen assemblage (P2 
zone, subgroup b) obtained from Unit B2 at Site Sumi-
noe-A is 50–55 ka (Fig. 23; Nanayama et al. 2001). Here, 
the AT tephra layer is not well preserved, and were likely 

removed or disrupted by erosion at the base of Unit B1 or 
at the top of B2 (Fig. 23; Nanayama et al. 2001). Based on 
these data, we assign the age of Unit B1 to be ~ 11–14 ka, 
with a possibly older age (~ 25 ka or older) at the base (as 
inferred from the presence of AT tephra and the young-
est pollen age (50–55 ka) at the top and upper section of 
Unit B2, respectively) (Fig. 23).

The stratal termination and onlap of Units A1’ and 
A2 above Units B1 and B2 observed from our E–W 
sections are consistent with a major sequence bound-
ary (Figs.  20, 21). The younger strata of the Holocene 
alluvium containing more distal facies of marine clay 

Fig. 23 Lithology bar at boreholes sites OB-1 and OB-2 (offshore Kobe) and sites Suminoe-A and B (Osaka Basin), modified after Masuda et al. 
(2000), Masuda and Miyahara (2000), Nanayama et al. (2000, 2001), and Kitada et al. (2001). Ages (yr) are based on these studies (red: tephra, black: 
radiocarbon dating, blue: pollen assemblage). The Holocene alluvium consist of a lower sequence of clay, silt, and sand interpreted to be marine 
clay deposited in an estuary and inner bay environment during marine transgression via the Kitan Strait, overlain by middle and upper sequences 
of coarser-grained, silt, sand, and clay in marine and tidal delta environment, following the opening of the Akashi Strait (~ 9.7 ka) (Masuda 
and Miyahara 2000; Nanayama et al. 2001). Green, blue, yellow, and pink lines mark the base of seismic units defined in this study. Bases of Units 
A1 and A1’ in the northern area in this study are correlated with the bases of the middle and upper sequences (tidal delta facies), and the base 
of Unit A2 with the that of lower sequence (inner bay and estuary facies). Unit A1 comprises the contemporary Okinose sand bank, which have 
likely initiated during the sea-level highstand at ~ 5 ka (also see Fig. 24). Unit B1 is correlated to the finer-grained fluvial facies of the early Holocene 
alluvium, and Unit B2 to the coarser-grained fluvial facies of the Late Pleistocene colluvium. Note that in the central to southern area, Unit A1 
is absent, and Unit A1’ is deposited to the surface (~ 9.7 ka to present)
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indicate transgression, whereas the underlying proximal 
facies of the coarser-grained colluvium indicate retro-
gradation (e.g., Van Wagoner et  al. 1988; Masuda 1992; 
Catuneanu et al. 2009). We interpret the base of Unit B1 
to represent a maximum regressive surface at the begin-
ning of transgression (sea-level rise), when depositional 
trends switched from coastal progradation (regression) 
to retrogradation (transgression). Units B1 and B2 are 
interpreted to represent fluvial sediments in a lowstand 
systems tract across the Last Glacial Period, correlated 
to the incised lower terrace levels of the Tenman and the 
Uemachi Sub-Groups in the Osaka Basin, with Unit B1 
incorporated to the early Holocene alluvium due to its 
relatively young age (Fig. 23; Masuda and Miyahara 2000; 
Nanayama et  al. 2001). The boreholes indicate that the 
age of Unit B2 derived from AT tephra and pollen assem-
blage is significantly older (> 25–55 ka) than the overlying 
sediments, thus the base of Unit B1 is likely erosive with a 
possible hiatus, due to enhanced fluvial erosion during a 
sea level drop at MIS 2 (Fig. 23; Nanayama et al. 2001). At 
Sites OB-1, OB-2, Suminoe-A and B, the deepest section 
of the coarse gravel sequence of Unit B2 is marked by a 
sharp transition from finer-grained sediments (transi-
tioning to marine clay Ma 12 at greater depth), floored by 
the Ata tephra (~ 100 ka) at OB-1 and OB-2, with a pol-
len assemblage suggesting ~ 70 ka (P3 zone, subgroup e) 
at Suminoe-A and B (Fig. 23; Nanayama et al. 2000, 2001; 
Kitada et al. 2001). The base of Unit B2 (~ 70 to 100 ka) is 
interpreted to represent the onset of forced regression at 
the beginning of sea-level drop at MIS 4 (Nanayama et al. 
2001). In the current study, however, we cannot correlate 
the location of the base of Unit B2 from our seismic sec-
tions with the previously reported boreholes, due to the 
lack of traceable reflectors for the base of this horizon 
(Sect. 4.2).

Notably, the geometry of the boundary between Units 
B1 and A2 observed in our sections is wavy, suggesting 
fluvial erosion and/or wavy bedforms (possibly similar to 
the contemporary Okinose sand bank) of the sedimen-
tary sequence (Figs. 13, 14, 15, 16, 17). We interpret this 
base of Unit A2 to represent an erosional surface that 

formed by means of waves during transgression (i.e., a 
transgressive ravinement surface; Catuneanu et al. 2009). 
The overlying sediments of Unit A2 are observed to 
drape and pond in the erosional spaces, rather than erod-
ing the underlying sediments, consistent with the inter-
pretation of a marine clay deposition in an estuary and 
inner bay environment (Figs.  13, 14, 15, 16, 17; Nanay-
ama et al. 2000; Masuda and Miyahara 2000). The abrupt 
landward shift of marine systems (as a result of a land-
ward shift of fluvial delta systems) suggests that the rise 
in sea level occurred rapidly and at rates higher than the 
rate of sedimentation (e.g., Catuneanu et al. 2009). Here, 
the marine clay of Units A1’ and A2 have likely onlapped 
in the direction of coastal retreat/advancement of the 
sea, perpendicular to the shelf or parallel to the shoreline 
trajectory, as sediment accommodation space increased.

The ages of the Holocene alluvium are well-constrained 
at Sites OB-1, OB-2, and Suminoe (Figs. 23, 24; Masuda 
and Miyahara 2000; Nanayama et  al. 2000, 2001). The 
Holocene alluvium recovered from Sites OB-1 and OB-2 
consist of a lower sequence of clay, silt, and sand inter-
preted to be marine clay deposited in an estuary and 
inner bay environment during transgression, dated at the 
base to be ~ 11  ka by 14C (Figs.  23, 24; Nanayama et  al. 
2000; Masuda et  al. 2000). This lower sequence is over-
lain by middle and upper sequences of silt, sand, and clay, 
interpreted to represent tidal delta deposition driven by 
strong currents emerging from the Akashi Strait, in addi-
tion to marine clay deposition from floodplains of the 
Osaka Basin, dated by 14C to be ~ 9.7  ka (radiocarbon, 
OB-1) at the base of the middle sequence, which is also 
supported by a pollen assemblage suggesting ~ 9.5  ka at 
OB-2, with a slightly older radiocarbon age of 10.9  ka 
below (Figs. 23, 24; Nanayama et al. 2000; Masuda et al. 
2000). Here, the upper sequence of the Holocene allu-
vium is distinguished with the middle sequence by a 
decrease in sedimentation rate starting at ~ 8  ka, and 
ostracod assemblages suggestive of deepening of water 
in the upper section at ~ 5 to 5.3  ka, and is interpreted 
to represent highstand systems tract across a maxi-
mum flooding surface at ~ 5  ka, which is supported by 

(See figure on next page.)
Fig. 24 a Depositional curves at representative sites along Lines 1–11 (location shown in Figs. 1–10, 13–17, 19) and at Site OB-1 offshore Kobe 
(Masuda et al. 2000), plotted with the relative sea-level curve derived from ostracod paleo-depth assemblage from a borehole at the Osaka Basin, 
Kitatsumori (Miyahara et al. 1999; Masuda et al. 2000; Masuda and Itomoto 2015). Elevation is measured from present sea-level. Note that the middle 
sequence of the Holocene alluvium (Unit A1’) is distinguished with the lower sequence (Unit A2) by a decrease in sedimentation rate starting 
at ~ 8 ka and deepening of water at ~ 5 ka representing the sea-level highstand. The decrease in sedimentation rate is likely due to the further 
landward shift of marine and fluvial delta system near the sea-level highstand. During the sea-level highstand, the tidal currents have strengthened, 
and the Okinose sand bank (Unit A1) was likely initiated during this period (Masuda et al. 2000; Nanayama et al. 2001). Note the increase 
in sedimentation rate of Unit A1 compared to Unit A1’ at Lines 1–5. (b) Comparison of stratigraphic records with Northern Hemisphere summer 
solar insolation (W/m2) (red line; Berger and Loutre 1991), orbital precession cycle (amplitude/ no unit) (orange line; Berger and Loutre 1991) 
and Greenland ice core records (δ18O /‰) (gray line; Wolff et al. 2010). MIS: marine isotope stage. YD: Younger Dryas. H1-H6: Heinrich events
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radiocarbon ages of 4.7–5.4 ka at the onset of tidal delta 
sequence identified at Sites OB-1 and OB-2 (Figs.  23, 
24; Masuda and Miyahara 2000; Masuda et  al. 2000; 

Nanayama et al. 2000, 2001). During the sea-level high-
stand, the tidal currents have likely strengthened, depos-
iting coarser sediments; the Okinose sand bank was likely 

Fig. 24 (See legend on previous page.)
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initiated during this period (Masuda et al. 2000; Nanay-
ama et  al. 2001). While the fluvial delta shifted further 
landward, decreasing the sedimentation rate of marine 
clay during the sea-level highstand, this period is fol-
lowed by a gradual increase in sedimentation rate as the 
sea-level went down again (Fig.  24; Masuda et  al. 2000; 
Nanayama et al. 2001). We correlate the lower sequence 
(inner bay and estuary facies) with Unit A2, and the 
middle sequence (marine clay and tidal delta facies) and 
upper sequences (marine clay and tidal delta facies; sea-
level highstand) with Units A1’ and A1 in our northern 
sections, respectively (Figs. 23, 24). The erosional surface 
at the base of Unit A1 observed in our section is inter-
preted to have formed by wave scouring and high-energy 
tidal currents, indicating a transgressive ravinement sur-
face during the sea-level highstand (Lines 1, 2; Figs.  6, 
7, 24). In the northern part of our survey area (Fig. 23), 
based on the information above, we assign the following 
units the following ages; base of Unit A2 ~ 11 ka, base of 
Unit A1’ ~ 9.7 ka, and base of Unit A1 ~ 5 ka.

Our seismic sections show that Unit A1 (~ 5 ka to pre-
sent) is present only in the northern area, and is replaced 
by Unit A1’ to the surface (~ 9.7  ka to present) in the 
central area (Sect. 4.2.2, Figs. 13, 14, 15, 16, 17). Our sec-
tions in the central survey area show Unit A1’ onlapping 
onto Units A2 and B1 (Figs. 13, 14, 15, 16, 17), consist-
ent with marine transgression (retrogradation). The 
observed truncation of Unit A2 below Unit A1’ may 
indicate erosion of Unit A2, suggesting that the base of 
Unit A1’ is also an earlier transgressive ravinement sur-
face produced by waves and tides during sea-level rise. 
At the shallower portion of Unit A1’, we infer a possible 
additional downlap surface at the eastern side of our 
E–W sections (Figs. 14, 17), which may correlate with a 
switch to progradation of marine clay and further sea-
ward shift of floodplains during recent marine regression 
at ~ 1 to 1.7 ka (Masuda et al. 2000). Similarly, the shal-
lowest section of Unit A1’ closer to the fault (to the west) 
may also be downlapping onto the underlying sediments. 
Although we interpret an overall onlapping relationship 
that is consistent with marine transgression, Unit A1’ 
may additionally be prograding towards the east, due to 
the growth of the hanging wall anticline creating more 
sediment accommodation space eastward, forming a 
downlap surface onto Unit A2. The geometry of growth 
strata is further discussed in Sect. 5.1.1.

The Holocene alluvium in the northern regions off-
shore Kobe and coastal Osaka are likely to be coarser-
grained compared to the clay-rich alluvium recovered 
offshore Kansai Airport, possibly due to the stronger 
effects of tidal currents around the Akashi Strait (Masuda 

et al. 2000; Masuda and Miyahara 2000; Nanayama et al. 
2000, 2001; Kitada et al. 2001; Masuda and Itomoto 2015) 
(Fig. 23). We infer that Units A1’ and A2 are a combina-
tion of both marine clay and tidal delta facies, but are 
likely to be finer-grained in our central and southern sur-
vey areas compared to the north, although these units 
could be seismically traced laterally across our survey 
area (Figs. 21, 23).

The timing of marine transgression (base of Unit A2) is 
dated ~ 11 to 11.4 ka from Sites OB-1 and OB-2, slightly 
older than the timings dated at the boreholes in coastal 
Osaka such as in Suminoe (~ 8.5 to 9.2 ka) (Masuda and 
Miyahara 2000; Nanayama et al. 2001) (Fig. 23). The tim-
ing of transgression is likely diachronous and becomes 
younger towards the basin margin. Similarly, sediment 
deposition arising from the opening of the Akashi Strait 
(Units A1 and A1’) is also expected to be diachronous, 
likely becoming younger with increasing distance from 
the sediment source. However, we are unable to constrain 
the spatial variations of age and their full error range at 
the base of these units, as we do not have sufficient age 
data from offshore across the Osaka Bay. In this study, we 
therefore refer to the ages from OB-1 and OB-2 which 
are nearer to our survey lines, and use ~ 11 ka for the base 
of Unit A2, and ~ 9.7 ka for the base of Unit A1’ in all our 
sections.

In summary (Table 1), we interpret Units A1, A1’ and 
A2 to represent combined facies of marine clay and 
tidal delta sediments of the Holocene alluvium. Unit A1 
comprises the contemporary Okinose sand bank and is 
coarser-grained, compared to the marine clay-rich Units 
A1’ and A2. We correlate Unit B1 with the finer-grained 
fluvial facies of the early Holocene alluvium, and Units 
B2 to the coarser-grained fluvial facies of the Late Pleis-
tocene colluvium. These interpretations are consistent 
with facies assignments based on backscatter intensity 
(Sect. 4.2.4), from which it can be inferred that coarser-
grained facies comprise the seafloor of Units A1 and B2, 
whereas Units A1’ and B1 comprise finer-grained facies 
(Fig.  4; Table  1). Internal seismic reflections also repre-
sent differences in lithology; the sequences of discontinu-
ous and wavy reflectors that characterize Unit B2 in this 
study indicate the distribution of buried channels and 
deposition of coarser-grained, fluvial sediments form-
ing wavy beds and scour surfaces (Figs. 6, 7, 8, 9, 10, 11, 
12, 13, 14, 15, 16, 17, 18, 19). The seismically-transparent 
and chaotic facies of Unit A1 is consistent with coarse-
grained tidal facies, whereas the thin, parallel seismic 
reflections of Units A1’ and A2 likely represent interbeds 
of finer-grained marine clay (Figs. 6, 7, 8, 9, 10, 11, 12, 13, 
14, 15, 16, 17, 18, 19).
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5.1.1  Variations in sedimentation rates and geometries 
of growth strata

Figure 24 shows the depositional curves of Units A1’, A1, 
A2, and B1 using the assigned ages at representative loca-
tions above the footwall syncline along our northern, 
central and southern sections, plotted with the published 
depositional curve at Site OB-1 offshore Kobe (Masuda 
et al. 2000; Masuda and Miyahara 2000) and the relative 
sea-level curve of the Osaka Bay constrained from a bore-
hole in Kitatsumori, coastal Osaka (Miyahara et al. 1999; 
Masuda et al. 2000; Masuda & Itomoto 2015) (Additional 
file 2: Table S1). Based on the inferred age and sediment 
thickness, we identify a sharp decrease in sedimentation 
rate of Unit A1’ compared to Units A2 and B1 in all our 
sections (Fig. 24). Units A2 and B1 generally show higher 
sedimentation rates of 1.0–12  m/ka and 2.2–7.6  m/ka, 
respectively, whereas Unit A1’ show lower sedimentation 
rates of 0.9–3.7  m/ka (Fig.  24). This is likely reflecting 
the decrease in sedimentation rate of marine clay due to 
the further landward shift of the fluvial delta during the 
sea-level highstand (Masuda et al. 2000; Nanayama et al. 
2001) (Fig. 24).

The sediments are generally thicker in the northern 
region around the Okinose sand bank, characterized by 
higher sedimentation rates of 1.4–4.0  m/ka for Unit A1 
and 2.1–3.7  m/ka for Unit A1’ compared to the central 
and southern regions (Fig. 24). The progressive thinning 
of Units A1, A1’, A2, and B1 across the fold observed in 
our northern survey areas indicate that the sediments 
were deposited while deformation was occurring (Figs. 6, 
7, 8). This was likely achieved by the high sedimentation 
rate of coarser deposits that possibly exceeded the uplift 
rate, preserving the overall growth stratigraphy from sur-
face erosion beneath the Okinose sand bank (Figs.  6, 7, 
8).

The high sedimentation rate around the Okinose sand 
bank is also inferred from the high-amplitude negative 
polarity reflector that is partially distributed at the base 
of Unit A1. The high-amplitude negative polarity reflec-
tor may imply a localized horizon of abnormally high 
sediment porosity, suggesting that compaction and dewa-
tering may not have kept pace with high rates of sedi-
mentation. Rapid rates of sedimentation may produce 
elevated fluid pressure, possibly inducing submarine 
land-sliding at the base of the sand dune complex (e.g., 
Terrinha et  al. 2019; Zhang and Askarinejad 2019). The 
steep flanks and multiple escarpments of the Okinose 
sand bank observed from our bathymetry data also imply 
that past gravitational collapse and syn-sedimentary nor-
mal faulting may have shaped the current morphology 
(Sect. 4.1, Figs. 3, 4, 5). The distribution of the negative 
polarity reflector along Lines 3, 5, and 12 is located across 
one of the steep flanks of the sand bank (Figs.  3, 8, 10, 

11), and therefore may be related to past landslides that 
formed this topography. It is notable that this negative 
polarity reflector is only partially distributed and rather 
localized, which may indicate that this horizon could 
itself be a past landslide deposit. While we do not have 
direct evidence suggesting the occurrence of landslides 
(e.g., collapsed materials around the escarpments), mul-
tiple escarpments can be also be formed by other pro-
cesses such as tidal erosion, rapid deposition of sand, 
and oversteepening of slope by sediment deposition at 
dune crest (e.g., Inouchi 1990; Yashima 1992; Ikehara and 
Kinoshita 1994).

In our central survey area, we observe distinct on-lap 
of Unit A1’ onto Units A2 and B1, with no tilting of strata 
within Unit A1’ (Figs. 13, 14, 15, 16, 17). This is likely due 
to the relatively low sedimentation rate of Unit A1’ (~ 1.1 
to 1.5  m/ka), possibly slower than or nearly equal to the 
uplift rate, suggesting that the marine clays were not con-
tinuously deposited during deformation (Fig.  24). The 
onlap may in fact be a result of several independent fac-
tors: marine transgression across the shelf, low sedimenta-
tion rate, and decrease in tectonic uplift to the south. The 
stratal dips of Unit A1’ are sub-parallel to the current dip 
of the seafloor, thinning towards the west above the hang-
ing wall (Figs.  13, 14, 15, 16, 17). The erosional contact 
between Units A1 and A2 suggest a major shift in depo-
sitional styles with possible age gaps. We therefore cannot 
use the upper section of Unit A1 as continuous record of 
growth strata to infer tectonic rates (Figs.  13, 14, 15, 16, 
17). The underlying Units A2 and B1, however, show tilting 
of strata, preserving growth stratigraphy due to its higher 
sedimentation rate compared to Unit A1.

5.1.2  Implications for stratigraphy at deeper sections 
(Horizons C1–C5)

Past cycles of sequence stratigraphy are continuously 
recorded in the Pleistocene sediments in the Osaka Bay 
(e.g., Muslim et al. 2002; Inoue et al. 2003) (Fig. 22, Addi-
tional file  1: Fig. S5), providing a reference for inferring 
stratigraphy at greater depths. Marine clay layers that 
correlate with global eustatic sea-level highstands pos-
sess distinctive physical property contrasts with the sur-
rounding non-marine strata that create high-amplitude 
reflections, and have been used as prominent strati-
graphic markers by previous studies (Muslim et al. 2002; 
Inoue et  al. 2003; Grothe et  al. 2014). Notable of the 
marine clays are Ma 12 (~ 127 ka), Ma 11 (~ 242 ka), Ma 
10 (~ 334  ka), Ma 9 (~ 427  ka), Ma 6 (~ 621  ka), Ma 3 
(~ 865 ka), Ma 1 (~ 1070 ka), Ma 0 (~ 1120 ka), and Ma 
-1 (~ 1200 ka), that correlate with isotope stages MIS 5, 
7, 9, 15, 21, 25, and 27, respectively (Additional file 1: Fig. 
S5). Ma 11 marks the base of the Late Pleistocene collu-
vium and the top of the Upper Osaka Group, whereas the 
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bases of Ma 3 and Ma -1 mark the top and bottom of the 
Middle Osaka Group, respectively (e.g. Itoh et  al. 2000, 
2001). In Additional file  1: Figures S6–S20, we compare 
the bases of Horizons C1–C5 in our seismic profiles with 
the age-correlated reflectors of marine clays reported 
by Grothe et al. (2014) near the intersection points with 
our survey lines, along previously acquired deep seismic 
Lines GS-8ME (Yokokura et  al. 1998), OD-B (Iwasaki 
et al. 1994), and HD-3 (Iwabuchi et al. 2000), correlated 
with the 1700-m deep borehole (Site GS-K1) at Higashi-
nada, Kobe city (e.g., Itoh et al. 2001; Muslim et al. 2002; 
Inoue et al. 2003). Here, we refer to the published depth-
converted profiles by Grothe et  al. (2014), in which the 
two-way travel time section to depth conversion was 
made based on published stacking velocity functions by 
Yokokura et  al. (1998). Due to the various uncertainties 

in correlation of seismic reflectors arising from velocity-
model-dependent depth-conversions between this study 
and previous studies, however, we are unable to constrain 
reliable ages for the bases of Horizons C1–C5 in the cur-
rent study Additional file 3: Table S2).

5.2  Estimation of fault displacement and slip rate 
of the Osaka Bay Fault: Implications for seismic 
hazards

5.2.1  Late Pleistocene–Holocene slip rate of the Osaka Bay 
fault

To document the strain accommodated by the Osaka 
Bay Fault, we measure the vertical offsets across the 
forelimb (i.e. the amount of relative uplift between the 
uplifted fold crest in the hanging wall and the subsided 
footwall trough) for the following stratigraphic horizons 

Fig. 25 Vertical uplift measured in this study plotted with inferred age and error bars. Vertical offsets across the forelimb (i.e. the amount of relative 
uplift between the uplifted fold crest in the hanging wall and the subsided footwall trough) were measured at the base of Units A1, A1’, A2, and B1. 
The range of uplift rates estimated along each seismic line incorporating the full error of the ages (based on the minimum and maximum ages 
of each horizon) are shown in Additional file 1: Figs. S30–S33. (a) Uplift versus age measured from Lines 1–5, 9, and 10 in this study. (b) Uplift 
versus age measured from the northern sections Lines 1–5. The slope of the linear regression represents the estimated uplift rate using average 
ages. (c)Vertical uplift measured in this study and from previous deep seismic lines plotted with average age of marine clays and bases of Units A1, 
A1’, A2, and B1. Uplift rate is estimated from the range of the slope of linear regression. Note the northward increase in uplift rate. Box on upper right 
shows data plotted from this study closed-up in a 
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(Sect. 5.1); the bases of Units A1 (~ 5 ka), A1’ (~ 9.7 ka), 
A2 (~ 11  ka), and B1 (12.5 ± 1.5  ka), and the bases of 
Horizons C1, C2, C3, C4, and C5 (Additional file 1: Figs. 
S21–S29, Additional file 4: Table S3). For comparison, we 
also measure the vertical offsets of the marine clays Ma 
12, Ma 11, Ma 10, and Ma 9 using the depth-converted 
images along the deep seismic Lines GS-8ME (Yokokura 
et  al. 1998), OD-B (Iwasaki et  al. 1994), and HD-3 
(Iwabuchi et  al. 2000) from previous studies (Grothe 
et  al. 2014) (Additional file  1: Figs. S6–S19; Additional 
file  4: Table  S3). For this analysis, we picked the high-
est position on the hanging wall fold crest and the most 
subsided position on the footwall syncline, and avoided 
undulating surfaces that are not planar (Additional file 1: 
Figs. S21–S29). We then plot the measured vertical off-
sets with known age to obtain uplift rates from the slope 
of the linear regression (Figs.  25, Additional file  1: Figs. 
S30–S33). To incorporate the full error of the ages, we 
estimate the range of uplift rates based on the minimum 
and maximum ages of each horizon (Additional file  1: 
Figs. S30–S33).

The most recent time period defined in this study is 
from the bases of Units A1 (~ 5 ka) and A1’ (~ 9.7 ka) to 
the present. The total vertical uplift over the last ~ 5  ka 
ranges ~ 5 to 11 m, and ~ 6 to 14 m over the last ~ 9.7 ka 
in our northern survey area (Fig. 25a, b; Additional file 1: 
Figs. S30–S33). At the base of Unit A2, the vertical uplift 
ranges ~ 8 to 14  m and > 2–9  m over the last ~ 11  ka at 
the northern and central regions, respectively, and adds 
up to a total of ~ 9 to 19 m (northern) and > 6 m (central) 
over the last ~ 11–14 ka at the base of Unit B1 (Fig. 25a, 
b; Additional file  1: Figs. S30–S33). Units A2 and B1 at 
the central survey area are partly eroded at the seafloor, 
giving a minimum value for uplift (Figs.  13, 14, 15, 16, 
17, 25a; Additional file  1: Figs. S31–S33). From the lin-
ear regression of the measured vertical offsets and age, 
the Late Pleistocene–Holocene uplift rate is estimated to 
range ~ 1.0 to 1.7 m/ka (Additional file 1: Figs. S31–S33) 
(average ~ 1.2 to 1.4 m/ka; Fig. 25b, Additional file 1: Fig. 
S30) and > 0.6 m/ka at the northern and central regions, 
respectively (Additional file  1: Figs. S31–S33). When 
using fault dip of ~ 70° estimated from greater depths by 
previous studies (Grothe et al. 2014), the uplift rates cor-
respond to fault slip rates of ~ 1.1–1.8 m/ka and > 0.6 m/
ka.

From previous studies along deep seismic Lines GS-
8ME (Yokokura et al. 1998), OD-B (Iwasaki et al. 1994), 
and HD-3 and HD-4 (Iwabuchi et  al. 2000), average 
uplift and fault slip rates of ~ 0.5  m/ka (with a range 
of ~ 0.5 to 1.0 m/ka), ~ 0.3 m/ka (with a range of ~ 0.2 to 
0.7  m/ka), ~ 0.3  m/ka (with a range of ~ 0.03 to 0.7  m/
ka), and ~ 0.1  m/ka (with a range of ~ 0.05 to 0.4  m/ka), 
are inferred in the northern, central, south-central, and 

southern regions along the Osaka Bay Fault, respectively, 
based on measured displacements at the bases of marine 
clay bed markers (Ma 12 to Ma − 1) during the Middle 
Pleistocene (< ~ 1.2  Ma), using the velocity functions by 
Yokokura et al. (1998) (Grothe et al. 2014) (Fig. 25c; Addi-
tional file  4: Table  S3). This is generally consistent with 
the Pleistocene uplift rates estimated by previous studies; 
Yokokura et al. (1998) reported vertical uplift rate of 0.5–
0.6 m/ka along the Osaka Bay Fault during the early–late 
Pleistocene, whereas Iwabuchi et al. (2000) reported ver-
tical uplift rate of 0.5 m/ka over the last 200 ka, 0.6 m/ka 
over the last 600 ka, and 0.6–0.7 ka over the last 1200 ka.

It is noted that the measured depths and amount 
of uplift from the seismic profiles are velocity-model 
dependent. The depth conversion of the seismic profiles 
acquired in this study uses constant velocity at 1500 m/s 
(Section  4.2). If we use the downward increasing veloc-
ity functions by Yokokura et al. (1998) which predict that 
the velocity increase from ~ 1500 m/s up to ~ 1700 m/s 
at ~ 500 ms along Line GS-8ME close to the fault and 
close to our survey line, the total depths (up to ~ 500 
ms) along our seismic profiles would deviate up to 7% 
increase at the trough of the footwall syncline, and up to 
4% increase at the crest of the hanging wall anticline. If 
using this velocity function at the hanging wall and foot-
wall (Yokokura et al. 1998), we estimate the deviation of 
uplift from that measured using constant velocity (1500 
m/s) in the northern survey area at the bases of Units 
A1–C1 to be 0%, and ~ 1.3% increase at the base of Unit 
C2, indicating that the consequent errors for Late Pleis-
tocene–Holocene uplift rates documented from Units 
A1–B1 in this study are minimal. In comparison, we also 
estimate the deviation of uplift in the central survey area 
to be ~1.6% increase at base of Unit C1, ~ 2.3% increase 
at the base of Unit C2, and ~1% increase at the base of 
Unit C3. As a result, the estimated uncertainties of meas-
ured uplift from our seismic profiles would range + 0.2–
0.8 m at the base of Unit C1, + 0.9 to 1.3 m at the base of 
Unit C2, and + 0.8–1.1 m at the base of Unit C3.

The uplift rates estimated across the Late Pleistocene–
Holocene in this study (~ 1.0 to 1.7 m/ka) (Fig. 25b; Addi-
tional file 1: Figs. S30–33) is larger than estimated across 
the Pleistocene (~ 0.5 to 0.7 m/ka; Yokokura et al. 1998; 
Iwabuchi et al. 2000), suggesting that the slip rate on the 
Osaka Bay Fault may have increased since the Late Pleis-
tocene. We note, however, that the Pleistocene uplift 
rates are averaged over longer time periods than our Hol-
ocene uplift rates measured in higher resolution, and the 
assumption of an uplift rate remaining constant between 
the time intervals of marine clays (~ 100 ky) in the Pleis-
tocene may not be applicable. The fault slips along the 
Osaka Bay Fault have likely been variable in space and 
time within the ranges stated above (Fig. 25c).



Page 39 of 50Hamahashi et al. Progress in Earth and Planetary Science            (2024) 11:8  

For a given fault slip, a steeper fault dip will produce 
larger vertical uplift. We infer steeper synclinal fold axis 
(~ 75 to 90°) in the recent strata from the dips of the east-
ern synclinal fold axis, compared to that measured from 
greater depths by previous studies (~ 72°) (Sect. 4.2). The 
presence of a backlimb also implies that the fault steep-
ens upward (Seeber and Sorlien 2000). However, the 
overall range of these steep dips (~ 70° or near vertical) 
do not contribute largely to the increase in fault slip, 
showing that the slip rates may have likely increased in 
recent strata.

Larger fault slip rates may imply a higher probabil-
ity of frequent earthquake recurrences, although fault 
slip can be accommodated by both coseismic, interseis-
mic, and aseismic events (e.g., Scholz 2019). The lack of 
localized microseismicity and aseismic creep along the 
Osaka Bay Fault (e.g., Katao et al. 1997; Nakamukae et al. 
2003; Matsushita and Imanishi 2015; Nishimura et  al. 
2020), however, indicate that fault slip is largely accom-
modated by large earthquakes and long-term inelastic 
deformation such as folding. Coseismic events, especially 
large magnitude earthquakes, produce large and rapid 
fault slips compared to aseismic deformation. During 
the 1995  Mw6.8 earthquake, for example, vertical off-
sets of up to ~ 1.2 m was inferred along the Nojima Fault 
(Awata et  al. 1995; Nakata and Yomogida 1995; Nakata 
et  al. 1996). The total vertical uplift of ~ 5–11  m over 
the last ~ 5  ka observed along the Osaka Bay Fault may 
therefore indicate the occurrence of multiple earthquake 
events.

Previous shallow seismic surveys using a single-chan-
nel sonoprobe conducted by Nanayama et  al. (2000) 
along the northern extent of the Osaka Bay Fault, ~ 9 km 
north of our survey Line 1, reported vertical uplifts 
of ~ 5.5 to 8  m during the last ~ 7.3 to 8.6  ka, and ~ 2 to 
3.5  m during the last ~ 0.9 to 1.2  ka, which is the most 
recent time period of fault activity that has been so far 
documented along the Osaka Bay Fault. Their results are 
comparable with our uplift estimates of ~ 5 to 11 m over 
the last ~ 5 ka, and ~ 6 to 14 m over the last ~ 9.7 ka in our 
northern survey area (Fig. 25a).

Although there is no direct paleoseismological record 
reported at the Osaka Bay Fault, previous on-land trench 
excavation studies at other faults have reported rup-
tures during the 1596 A.D. Keicho-Fushimi Earthquake 
(~ M7.5), prior to the 1995 Kobe Earthquake, along mul-
tiple fault strands of the surrounding Arima-Takatsuki 
and Rokko-Awaji Island Fault zones (e.g., Nojima and 
Gosukebashi Faults), in addition to the Median Tectonic 
Line in Shikoku (Nakata et al. 1996; Lin et al. 1998; San-
gawa 2001; Ikeda et al. 2019). According to trench stud-
ies at the Nojima Fault, the 1596 and 1995 events were 
preceded by events that occurred at ~ 2 and ~ 4 ka (Awata 

et al. 1996; Nakata et al.1996). At several trenches along 
the Arima-Takatsuki Fault zone, rupturing events that 
occurred at ~ 2.8 to 3  ka were also identified as predat-
ing the 1596 event (Sangawa 2001). Studies of the Gosu-
kebashi Fault, for example, report that the 1596 event 
was predated by an event at ~ 416 A.D. (Yamato Earth-
quake), and an event occurring between ~ 6 ka and 1596 
AD (Maruyama et  al. 1997; Lin et  al. 1998). Although 
the recurrence intervals of earthquakes along individ-
ual faults are likely variable, the 1995 and 1596 events 
have demonstrated that multiple fault segments in this 
region can potentially slip in a single or multiple events 
at around the same time period, leading to disastrous, 
large-magnitude earthquakes (Hirata et  al. 1996; Kato 
et al. 2008; Ikeda et al. 2019). The Osaka Bay Fault may 
have ruptured in the form of fold scarps during these 
events (1596 AD, 416 AD, ~ 2  ka, ~ 4  ka), together with 
the surrounding faults in this region, producing the total 
vertical uplift of ~ 5–11 m over the last ~ 5 ka, as inferred 
from our study (Fig. 25a,b). It is important to note that, 
although blind, the fault displacement along the Osaka 
Bay Fault can potentially extend to the surface during 
earthquakes, as demonstrated from the shallow deforma-
tion across its entire forelimb (Sect. 4.2.5).

The possible increase in fault slip rates inferred in 
this study emphasize the importance of documenting 
recent deformation of strata and averaging slip rates over 
shorter time periods for probabilistic seismic hazard 
assessments. Our results suggest that slip rates and sedi-
mentation rates averaged over longer time intervals may 
yield lower estimates of earthquake recurrence. Variable 
fault slips in space and time along the Osaka Bay Fault 
have also been documented by Grothe et al. (2014), infer-
ring steadier fault slip rates at longer timescales of ~ 100 s 
of ky, which have also been noted for faults in other tec-
tonic regions (e.g., Mouslopoulou et  al. 2009; Bergen 
et al. 2017; Mueller 2017).

5.2.2  Northward increase in slip on the Osaka Bay Fault 
and implications for slip rates

Our study and previous seismic reflection studies docu-
ment a northward increase in vertical uplift and slip rates 
along the Osaka Bay Fault (Figs. 20, 25; Additional file 1: 
Figs. S30–S33), indicating higher fault activity and/or 
structural maturity in the north (Yokokura et  al. 1998; 
Iwabuchi et  al. 2000; Grothe et  al. 2014). This is sup-
ported by our observation that the dip of the anticline 
forelimb is steeper in the northern area (~ 0.4 to 15°) with 
larger offsets across the fold, compared to the dip of the 
forelimb in the central regions (~ 0.2 to 5.2°), indicating 
southward decrease of fault-related folding (Sect.  4.2). 
The southward tilting and thickening of strata observed 
in the hanging wall are also consistent with northward 
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increase in uplift (Fig. 18). Despite the larger offsets and 
steeper forelimbs in the northern region, however, the 
dip of the eastern synclinal axial surface and inferred 
fault dip are steeper in the central regions (~ 85 to 89°) 
compared to the north (~ 75 to 85°) (Sect. 4.2), suggesting 
that the total fault slip indeed increases northward.

Grothe et al. (2014) inverted fault tip depths from the 
tips of the triangular zones inferred from the geometry 
of folded growth strata of the Osaka Bay Fault based on 
2D asymmetric trishear modeling. Their models sug-
gest greater initiating depths of the fault tip in the north 
(~ 3.5 to 5 km) and shallower depths in the south (~ 1.6 to 
2.5 km) (Grothe et al. 2014). The fault tips initiate from 
older strata (~ 1.5  Ma) in the north than in the south, 
implying that the fault may have propagated laterally 
from north to south with time (Grothe et al. 2014). The 
greater depths of fault tips in the north may have been 
influenced by the depth of the basement and thickness of 
overall sediments that increase from south to north, as 
inferred by isopach models and gravity anomalies shown 
by previous studies (Komazawa et  al. 1996; Yokokura 
et al. 1998; Iwabuchi et al. 2000). Sediment thickness in 
the basin is likely related to the effect of flexural load-
ing by surrounding faults, although other far-field pro-
cesses occurring deeper in the lithosphere may also 
play a role. The greater thickness of the depocenter at 
depths in the northern region is likely recording subsid-
ence on the footwall of the Kariya Fault offshore north-
ern Awaji Island, counteracted by uplift on the hanging 
wall of the Osaka Bay Fault (Fig. 2a). The southward tilt-
ing and thickening of recent strata observed in this study 
(Fig.  18), however, is contrary to the northward thick-
ening at greater depths (> ~ 1000  m depths; > 1.2  Ma) 
(Iwabuchi et  al. 2000), and suggests increased effects of 
uplift on the Osaka Bay Fault compared to the Kariya 
Fault in relatively recent strata (< 1.2 Ma).

Lateral propagation and growth of the fault may indi-
cate that the fault lengths and areas of the Osaka Bay 
Fault have increased with time (Grothe et al. 2014). Gen-
erally, for a newly-initiating fault, an increase in fault 
length would correspond to greater displacement, lead-
ing to estimations for larger maximum potential earth-
quake magnitudes and seismic hazards (e.g., Bergen and 
Shaw 2010). Accelerated Holocene slip rates along active 
faults have also been reported for blind thrust fault sys-
tems in other regions such as beneath the Los Angeles 
basin (Bergen et  al. 2017; Mueller 2017). The possible 
increase in slip rates during the Late Pleistocene–Holo-
cene inferred in this study may be a result of enhanced 
lateral fault propagation since the Late Pleistocene, that 
led to an increase in average displacement per earth-
quake and occurrence of larger earthquakes.

The trishear modelling by Grothe et  al. (2014), how-
ever, suggested that the Osaka Bay Fault is reactivated, 
based on the shallow depth of the fault tip early in its 
history, instead of a fault that initiated from the base of 
the seismogenic crust (e.g. Figure 1c). A reactivated fault 
may not necessarily involve lateral fault propagation in its 
recent history. Furthermore, changes in fault slip rate and 
propagation may not necessarily be directly correlated; 
fault propagation may depend on the strength of rock 
and faults (Hardy and Allmendinger 2011), whereas fault 
slip rates may depend on stressing rates and interaction 
among other neighboring faults.

Alternatively, the increase in slip rates may occur as a 
consequence of an overall increase in frequency of small-
to-large earthquakes along the Osaka Bay Fault, which 
may not necessarily relate with increase in fault lengths. 
Other external forcing not related to tectonics may also 
affect fault activity (Mueller 2017), such as by unload-
ing or loading by sea-level fluctuations and erosion (e.g., 
Calais et al. 2010; Luttrell and Sandwell 2010; Steer et al. 
2014), or shorter timescale stress transients caused by 
earthquakes in the vicinity (e.g., Freed 2005; Ishitsuka 
et al. 2020). In the current study, we cannot rule out the 
cause of the inferred transient slip, although short-term 
forcing is less likely based on the time duration (> ~ 10 ka 
to present) of the inferred increase in slip rates in this 
study (Fig. 25).

5.2.3  Comparison of slip rates with regional faults
The Osaka Bay Fault is surrounded by the NE–SW trend-
ing Rokko-Awaji Island Fault zone (e.g. Nojima, Kariya, 
Kusumoto, and Higashiura Faults) to the west and north, 
the Uemachi Fault zone to the east, and the E–W trend-
ing Median Tectonic Line to the south (Fig.  2a). The 
average slip rate along the Nojima Fault that ruptured 
during the 1995 earthquake is 0.4–0.5  m/ka vertically 
and 0.9–1.0  m/ka right-laterally (Mizuno et  al. 1990). 
The right-lateral average slip rate of the Kusumoto Fault 
is estimated to range 0.5–1.0 m/ka (Mizuno et al. 1990). 
The average slip rates of the E–W faults that extend to 
the Rokko Mountains are inferred to have larger lateral 
slip component, ranging ~ 2.0  m/ka right-laterally and 
0.3–0.4  m/ka vertically (e.g. Itoh et  al. 2000). For the 
Arima-Takatsuki Fault zone to the north, 0.06–0.2  m/
ka vertical and 0.5–1.5 m/ka right-lateral slip rates have 
been reported (Sangawa 1978). The Uemachi and Ikoma 
Fault zones to the east have reported average vertical 
slip rates of ~ 0.4  m/ka and 0.5–1.0  m/ka, respectively 
(Research and Development Bureau/MEXT & DPRI 
2013; The Headquarters for Earthquake Research Promo-
tion/Earthquake Research Committee 2001). The overall 
similar slip rates in the region may suggest that the faults 
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behave as a linked system. We note however that our 
slip rates are larger than most of the uplift rates reported 
by previous studies. By contrast, the long-term uplift 
rate estimated from the height of the mountain ranges; 
2–3  km of vertical offset between the Osaka Basin and 
the Rokko Mountains (and Awaji Island) during the last 
3 million years (e.g. Sato et  al. 1998), yield a long-term 
uplift rate of 0.7–1.0  m/ka. This value is approximately 
the average between the Middle–Late Pleistocene slip 
rates inferred from previous studies (0.5–0.7  m/ky; see 
Yokokura et al. 1998; Iwabuchi et al. 2000) and the Late 
Pleistocene–Holocene slip rates (1.0–1.7  m/ka) inferred 
in this study (Fig.  25b; Additional file  1: Figs. S30–S33) 
at the Osaka Bay Fault, supporting that these rates are 
plausible.

The northern Osaka Bay Fault is known to splay into 
three strands (Wadamisaki, Rokko Island, and Maya 
Faults), and the average uplift rate of the Wadamisaki 
Fault is reported to range ~ 0.2–0.3 m/ka (Yokokura et al. 
1998). The observed northward increase in slip along the 
Osaka Bay Fault may be translating to these splays. Nana-
yama et al. (2000) reported large Holocene uplift of ~ 6 m 
during the last ~ 6–7.3  ka on the Wadamisaki Fault, 
although they did not find that significant uplift occurred 
during the Holocene along the Rokko Island and Maya 
Faults.

By contrast, the average slip rates along the Median 
Tectonic Line to the south range ~ 0.8–1.0  m/ka verti-
cally beneath the Kitan Strait (Nanayama 1999), with 
right-lateral slip rates of ~ 1.8–3.5  m/ka and ~ 6  m/ka 
onland to the east and west of the strait, respectively 
(Okada 1970; Okada and Sangawa 1978; Saito et al. 1997; 
Okada and Tsutsumi 1997). Near the Kitan Strait, E–W 
trending fault strands that may possibly be the seaward 
extension of the Uemachi Fault zone have been reported 
beneath the southern Osaka Bay, revealing vertical 
uplifts (Yokokura et  al. 1998). These fault strands run 
parallel to the Median Tectonic Line, indicating a struc-
tural link with the faults beneath the Osaka Bay and the 
Median Tectonic Line. We do not have sufficient data 
for the southern region to fully address the structural 
link between the N-S trending Osaka Bay Fault with the 
E–W trending fault zones of the Median Tectonic Line 
and the Uemachi Fault zone. Structural complexities in 
the southern Osaka Bay are inferred from changes in the 
overall fault geometry and partitioning of multiple fault 
strands (Yokokura et al. 1998; Iwabuchi et al. 2000) and 
variable basement morphologies that are overall uplifted 
towards the Kitan Strait above the Cretaceous Izumi 
Group (Komazawa et al. 1996; Afnimar et al. 2002; Itoh 
et al. 2013a) (Fig. 2a, Sect. 2.2).

The southward decrease in slip of the Osaka Bay 
Fault along-strike observed in this study, and the lateral 

southward fault tip migration suggested by Grothe et al. 
(2014) may indicate that the southern segment of the 
Osaka Bay Fault has accommodated less slip after its 
reactivation compared to the northern segment. The 
recent increase in slip to the north may be related to its 
prior slip history; for example, the northern fault may be 
weaker in strength compared to the south, due to more 
slip accumulating in prior periods. Additionally, the 
northern segment of the Osaka Bay Fault may be more 
active than the south due to the interactions with other 
larger fault systems such as the Rokko-Awaji Island and 
Arima-Takatsuki Fault zones to the north. In the south-
ern Osaka Bay, slip may be partitioning into other fault 
strands to the west (Iwabuchi et al. 2000), which may also 
relate to the southward decrease in slip of the Osaka Bay 
Fault. Alternatively, a change in stress state within the 
bay (Katao et al. 1997; Nakamukae et al. 2003; Matsushita 
and Imanishi 2015) may also contribute to the change in 
vertical component of slip.

If it is assumed that the total amount of slip adding 
all the faults in the system has been constant with time, 
the inferred increase in slip rate on the Osaka Bay Fault 
may indicate that the slip rate on other faults may have 
decreased. Alternatively, the total amount of slip in the 
system may have overall increased, with increased slip 
rates on other faults in addition to the Osaka Bay Fault. 
Based on the recent occurrence of the 1995  Mw6.8 Kobe 
(Southern Hyogo prefecture) Earthquake on the Rokko-
Awaji Island Fault zone, it is possible that the fault activ-
ity of the whole system may have increased since the Late 
Pleistocene, leading to greater seismic risks in this region. 
It is crucial to study recent slip rates on other faults in 
order to fully evaluate the regional fault activities.

Fault slip rates in this region could reasonably be 
expected to have been transient during recent and earlier 
periods. Thus, while previous studies have inferred that 
the average slip rates have been fairly constant through 
time (e.g., Yokokura et al. 1998), other studies have dem-
onstrated fluctuations in past slip rates (possibly from 
as low as ~ 0.1 mm/yr to as high as ~ 1.0 mm/yr) on the 
Uemachi, Osaka Bay, and the Rokko-Awaji Island Fault 
zones beneath the northern Osaka and Kobe Basins 
and in the Osaka Bay during the Middle Pleistocene 
(Itoh et al. 2000; Grothe et al. 2014). Grothe et al. (2014) 
reported variable fault slip in space and time, in which 
the Osaka Bay Fault propagated at greater rates in the 
north compared to the south, after its reactivation and 
onset of slip (~ 1.5 Ma), later building more slip around 
profile GS-8ME. Itoh et  al. (2000) detected three main 
episodic changes occurring within the Osaka and Kobe 
Basins, where the subsidence rates show a sharp decline 
during the Ma 5/6 interval (~ 712–621 ka), followed by a 
second episode of differential rise and fall of subsidence 
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rate occurred during Ma 7/8 (~ 578–528 ka), and a third 
episode of reduced subsidence on the western and east-
ern edge of the basin during Ma 8/9 (~ 528–427 ka) (Itoh 
et  al. 2000). The first episode at Ma 5/6 corresponds to 
the Mantidani Unconformity (Huzita 1990), an upward-
coarsening facies boundary at the base of the Upper 
Osaka Group found in the Awaji Island, Kobe and the 
Osaka Basin, implying a regional event (Inoue et al. 2003). 
Previous studies have attributed this episodic decline of 
subsidence in the northern Osaka Basin to be linked with 
the shift of the western part of the Median Tectonic Line 
at about ~ 700 ka (Itoh et al. 1998, 2000). The second and 
third episodic changes are inferred to link with the build-
up of the Uemachi Basement High and the N-S warping 
of the sedimentary basin that caused accelerated north-
westward tilting and subsidence in the south-eastern 
Osaka Basin during the Middle to Late Pleistocene (Itoh 
et al. 2000, 2001).

Fault slip rates are important because they are used 
in seismic hazard assessments, as a proxy for moment 
release along a fault over time, where they are merged 
with records of earthquake magnitude and recurrence 
intervals inferred from paleoseismic investigations and 
historical earthquakes (e.g., Matsuda 1975, Kanaori 2000; 
The Headquarters for Earthquake Research Promotion 
2001; Mueller 2017). Our study investigates slip rates 
over the last several to tens of ky, owing to the continu-
ous fold growth strata preserved in the sedimentary basin 
and high-resolution seismic imaging techniques coupled 
with drilling. These intermediate time-scales allow the 
identification of transient fault slip rates and bridge the 
observational time gaps between geologic cross sections 
that average longer time scales (~ few mys) and short-
term observations based on paleoseismology (~ few hun-
dred yrs to several kys), geodesy and seismology (~ few 
seconds to few yrs). Transient fault slip rates indicate 
changes in potential earthquake magnitudes, frequen-
cies, slip distributions, and/or interactions with sur-
rounding faults with time, and this time-variant nature 
challenges characteristic earthquake cycle models that 
typically assume repeating rupture size and displacement 
on individual fault segments (e.g., Grant 1996; Bergen 
et  al. 2017; Nakatani 2020). In this study, we highlight 
the importance of using observations of slip rates aver-
aged over intermediate (Late Pleistocene-Holocene) time 
scales, and incorporating these aspects to improve earth-
quake models for potential seismic hazard assessments.

5.3  Implications for regional tectonics and comparisons 
with geodetic slip rates

5.3.1  The onset of active faulting related to forearc sliver
The differential right-lateral and vertical slip motions of 
regional faults resulted in the formation of the Osaka, 

Kobe, and Nara Basins, bounded by the Rokko, Ikoma, 
and Suzuka Mountains within the Kinki Triangle (Huz-
ita 1962). The vertical slip component is accommodated 
largely by fold-and-thrust faulting, with folding being 
dominant in the sedimentary section (Ishiyama 2003; 
Sato et  al. 2009), as observed in this study. The bases 
of the sedimentary basins are dated ~ 3  Ma, which is 
coincident with the timing of reactivation of regional 
faults such as the Median Tectonic Line (Maruyama 
& Lin 2004; Famin et  al. 2014). However, on the basis 
of regional unconformities and marine clay distribu-
tions within the Osaka Group, previous studies have 
inferred that the subsidence of basins and uplift of ranges 
occurred rapidly after ~ 1 Ma, indicating that the activity 
of major faults in the region accelerated <  ~ 1 Ma (Huzita 
1990; Itoh et  al. 2000; Kato et  al. 2008). A broad distri-
bution of marine clay Ma 1, 2 and 3 (~ 1070 ka, 960 ka, 
and ~ 865 ka, respectively) of the Middle Osaka Group is 
identified within the Kyoto and Nara Basins that extend 
from the Osaka Basin across the Rokko and Ikoma 
Mountains, and the preservation of these strata across 
these elevated ranges indicates that uplift was not sig-
nificant during deposition of Ma 1–4, and that significant 
uplift occurred later (e.g. Huzita 1990). During and possi-
bly prior to this period (~ 3–1 Ma), the basement rocks of 
the Ryoke Group were likely deformed via a detachment 
fold without localized uplift (Huzita 1990; Poblet and 
McClay 1996). Whereas, the marine clays of the Upper 
Osaka Group (Ma 6 ~) (< 621 ka) are not deposited on the 
mountains and are only preserved in the basins, with the 
strata clearly offset by dominant faulting and fault-related 
folding that have likely accelerated after ~ 1  Ma (e.g., 
Huzita 1990). The current arrangement of the basins 
and mountain ranges are therefore likely a topographic 
expression of the faulted blocks in the basement rocks 
that have propagated to the sedimentary section (Huzita 
1990; Itoh et al. 2000).

The onset of the current tectonic framework in SW 
Japan is governed by the oblique subduction of the Phil-
ippine Sea Plate along the Nankai, Ryukyu and Phil-
ippine Trenches, which is estimated to have initiated 
around ~ 6 Ma, as inferred from ocean drilling results in 
the Nankai subduction zone (Moore et al. 2015; Kimura 
et  al. 2014, 2018), geologic surveys on the Median Tec-
tonic Line (Maruyama and Lin 2004; Famin et al. 2014), 
and plate reconstruction models (Wu et al. 2016). The slip 
sense of the Median Tectonic Line changed from domi-
nantly reverse faulting to right-lateral strike-slip faulting 
at around ~ 3 Ma (Maruyama and Lin 2004; Famin et al. 
2014), suggesting that the oblique subduction strength-
ened during this period. The contemporary left-stepping 
dextral Median Tectonic Line is likely a result of trans-
lation of the forearc sliver, in addition to reactivation of 
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other major E–W trending dextral faults to the north 
(e.g., Arima-Takatsuki Fault zone) (e.g., Kanaori 1990; 
Tsukuda 1992). The NE–SW to N-S trending faults north 
of the Median Tectonic Line, such as the Nojima, Osaka 
Bay, Uemachi, and Ikoma Faults, have likely initiated as 
en echelon right-lateral- and reverse faults and folds 
associated with the forearc sliver (e.g., Tsukuda 1992), 
evolving from a detachment fold system to a fault-propa-
gation fold system as the structures matured and as more 
sediments accumulated.

The onset of contemporary inland active faulting and 
the growth of the accretionary prism at the Nankai sub-
duction zone were likely punctuated events occurring in 
several time steps; ~ 6  Ma, ~ 3  Ma, ~ 2  Ma, and ~ 1  Ma, 
most likely related to the kinematics of the plate subduc-
tion (e.g., Moore et  al. 2001, 2015; Kimura et  al. 2018). 
Seismic reflection studies coupled with drillings along 
the Nankai Trough have shown a major unconformity 
at ~ 6 Ma that implied resurgence of Philippine Sea Plate 
subduction after a long period of cessation since ~ 12 Ma 
(Kimura et al. 2018). Drilling results have also indicated 
rapid formation of the frontal prism (imbricated thrust 
zone) in the Nankai Trough after ~ 2  Ma (e.g., Moore 
et  al. 2001), and rapid <  ~ 2  Ma uplift on the megasplay 
fault and landward tilting in the Kumano Basin (e.g., 
Moore et  al. 2015), in addition to strike-slip faulting 
inferred along the Kumano Basin Edge Fault zone (e.g., 
Martin et  al. 2010). The punctuated growths of the off-
shore accretionary prisms and forearc basins are inferred 
to be coincident with the period when the slip sense of 
the Median Tectonic Line changed to right-lateral strike-
slip faulting (e.g., Maruyama and Lin 2004; Famin et  al. 
2014), suggesting a large-scale tectonic reorganization 
that involved vast areas of the upper plate. The volcanic 
activities around the Beppu-Shimabara grabens and 
the Higo volcanic zone are also reported to have onset 
at ~ 5–6 Ma and ~ 2 Ma (e.g., Kamata and Kodama 1994). 
The opening of the Okinawa Trough is also coincident 
with these periods (e.g., Sibuet et al. 1987). Plio-Pleisto-
cene sedimentary basins were formed in many parts of 
the region, likely related to tectonic events (e.g., Naka-
jima 2018).

The recent tectonic phase may also relate to the ini-
tiation of convergence of the Amurian Plate with the 
Okhotsk Plate along the eastern margin of the Japan Sea 
(Kimura et  al. 2018; Nishimura et  al. 2018). Previous 
studies have inferred similarities in geodetic strains and 
tectonic block movements east of Awaji Island with the 
blocks in the Kanto region that is known as part of the 
Okhotsk Plate, implying the presence of a N-S trending 
tectonic boundary that may explain the regional E–W 
compression (Nishimura et al. 2018).

5.3.2  Comparisons with geodetic strain rates
The contemporary crustal deformation in southwest 
Japan has been monitored by dense GNSS (Global 
Navigation Satellite System) networks represented by 
GEONET (GNSS Earth Observation Network System) 
onland stations and GPS-A (Global Positioning System-
Acoustic) seafloor stations (e.g. Sagiya 2004; Yokota 
et  al. 2016; Nishimura et  al. 2018) (Fig.  1b). The inland 
velocity fields in most regions show west-northwestward 
movement almost parallel to the motion of the subduct-
ing Philippine Sea Plate along the Nankai Trough, sug-
gesting strong interplate coupling at the subduction 
zone (Nishimura et  al. 2018) (Fig.  1b). The existence of 
numerous active faults and high seismicity on the island 
arc and continental crust of Japan are consistent with sig-
nificant slip partitioning and diffuse deformation in the 
upper plate (Fig. 1a). While the strain rate distribution in 
the inland regions are not homogeneous, several zones 
of strain concentration are recognized from GNSS data 
(Loveless and Meade 2010; Nishimura et  al. 2018). One 
of the most active boundaries with geodetic slip rates 
of ≥ 9 mm/yr is the Median Tectonic Line, accommodat-
ing part of the margin-parallel component of the current 
oblique convergence by right-lateral shear motion (Love-
less and Meade 2010; Nishimura et  al. 2018) (Fig.  1b). 
Another significant high-strain rate zone is the Niigata–
Kobe Tectonic Zone, a ~ 50–200 km wide NE–SW trend-
ing zone north of the Median Tectonic Line which has 
large geodetic slip rates of > 15 mm/yr (e.g., Sagiya et al. 
2000; Loveless and Meade 2010; Nishimura et  al. 2018) 
(Fig. 1b). The active faults around the Osaka Bay and the 
Kinki Triangle constitutes the southern portion of the 
Niigata–Kobe Tectonic Zone (Fig. 1ab).

Loveless and Meade (2010) and Nishimura et  al. 
(2018) defined a tectonic block around the Kinki Tri-
angle bounded by the Rokko-Awaji Island Fault zone, 
the Arima-Takatsuki Fault zone, and the Median Tec-
tonic Line in their models, and inferred large internal 
strain rates of − 52.4 to − 82.8 nanostrain/yr within the 
block surrounding Osaka. The geodetic strain rate (sur-
face deformation) within the Kinki Triangle expressed 
as a sum of rigid block rotations and interseismic elastic 
deformation due to locked faults on the block boundaries 
(Nishimura et al. 2018) is estimated to be ~ 15 mm/yr (T. 
Nishimura, personal communication, December 2023). 
The compressional strain within the block dominates in 
a direction of relative plate convergence, and is nearly 
perpendicular to the NE–SW trending Osaka Bay Fault 
and other faults such as the Uemachi and Ikoma Faults, 
which may indicate relatively dominant dip-slip thrust-
ing for these faults, whereas right-lateral slip is relatively 
dominant along E–W trending faults of the Rokko-Awaji 
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Island and Arima-Takatsuki Fault zones (Loveless and 
Meade 2010; Nishimura et al. 2018). Across the central–
northern Osaka Bay (within a box extending ~ 140  km 
oriented perpendicular to the strike of the Osaka Bay 
Fault with its center aligned parallel to the fault), GNSS 
velocity data by Nishimura et  al. (2018) suggest relative 
geodetic strain and shortening rates of ~ 10 to 11  mm/
yr (T. Nishimura, personal communication, December 
2023). The Late Pleistocene–Holocene slip rate (~ 1.1 
to 1.8  mm/yr) on the Osaka Bay Fault estimated in our 
study (Sect.  5.2.1) may account for ~ 10 to 18% of the 
regional geodetic strain accumulation across the cen-
tral–northern Osaka Bay (~ 10 to 11 mm/yr), and ~ 7.3 to 
12% of the regional geodetic strain accumulation within 
the Kinki Triangle (~ 15  mm/yr). The remaining strain 
accumulation may be accommodated by other faults, 
which may indicate the possibility for more previously-
unknown hidden faults in the region, and/or larger slip 
rates on other faults. By contrast, the interblock right-
lateral motions along the Rokko-Awaji Island and Arima-
Takatsuki Fault zones are inferred to range ~ 3 to 9 mm/
yr, and ~ 3 to 6  mm/yr along the Median Tectonic Line 
(Nishimura et  al. 2018), which is likely relatively more 
compatible with geologic slip rates of known faults. 
Geodetic strain rates generally include a sum of the slip 
rates and slip senses of individual faults existing in the 
system (e.g., Bourne et al. 1998). However, discrepancies 
between geodetic and geologic slip rates may arise from 
various processes such as by elastic deformation due to 
interplate coupling on the plate boundary included in 
geodetic strains, long-term (geologic) transient slip rates 
that are not accounted for in geodetic rates, and/or when 
there is significant amount of deep, inelastic deformation 
that is not expressed in geomorphological features and 
hence excluded in geologic slip rates (e.g., Hashimoto 
1990; Meade and Hager 2005; Ohzono et al. 2011; John-
son 2013). We demonstrate that a detailed study of Holo-
cene slip rates of regional faults is necessary to assess the 
seismic hazards and the internal strain budgets within 
the Kinki Triangle and the Niigata–Kobe Tectonic Zone.

6  Conclusion
To investigate the shallow structure and recent deforma-
tion history of active faults in the Osaka Bay, we acquired 
high-resolution seismic profiles and multi-beam bathym-
etry data across the central segment of the Osaka Bay 
Fault. Our main results are:

(1) The Osaka Bay Fault is characterized by an asym-
metric anticline at shallow depths, composed of 
a ~ 0.1–3.7-km-wide, steeper forelimb that dips 
east and a gentler and broader backlimb that dips 
west, associated with an additional ~ 2.6-km-wide 

syncline at the western extent of the anticline. 
Towards the eastern side of our sections, the tilted 
strata dip gently west, forming a broad ~ 11-km-
wide syncline in the footwall. Our seismic data 
confirm that the Osaka Bay Fault is blind, and that 
the deformation reaches near surface by a fault-
propagation fold. The forelimb and backlimb of the 
fault-propagated anticline progressively steepens 
with depth, and the overall monocline widens at 
shallower depths.

(2) The synclinal axial surface at shallow depths meas-
ured in this study ranges from 75 to 89°. This dip 
observed at shallower depths is steeper than meas-
ured in previous studies (~ 72°) from deep seismic 
lines. The steeper dips of the synclinal axial surface 
at shallow depths are associated with an upward 
propagating growth triangle with ongoing sedi-
mentation. The presence of a backlimb on the fault-
related fold may also relate to the steepening of the 
trishear envelope. The shallow structure of the fault 
documented by our study in previously unavailable 
detail provide insights on the subsurface deforma-
tion by the Osaka Bay Fault.

(3) Our northern, central, and southern sections clearly 
show that the dip of the anticline forelimb is steeper 
in the northern area (~ 0.4 to 15°) with larger offsets 
across the fold, compared to that of the south (~ 0.2 
to 5.2°). The sediment thickness on the hanging 
wall, however, is variable (north >  > central < south), 
suggesting that erosion does not balance uplift. We 
attribute this variation to varied mobilization of 
sediment by tidal currents active in the bay dur-
ing the Holocene. Major sequence boundaries such 
as onlap of recent sediments onto tilted strata and 
basal erosional surfaces during marine transgres-
sion and sea level highstands are inferred to affect 
the geometry of growth strata.

(4) In the northern Osaka Bay, the most recent defor-
mation by the Osaka Bay Fault reaches to near the 
seafloor by active folding, with large vertical off-
sets of ~ 8–14 m over the last ~ 11 ka, and ~ 5–11 m 
over the last ~ 5  ka. By combining with previously 
reported borehole age data, the average uplift rate 
on the Osaka Bay Fault during the Late Pleistocene 
to Holocene in this study is estimated to be ~ 1.0 to 
1.7 m/ka, larger than the uplift rates previously doc-
umented (~ 0.5 to 0.7  m/ka) from deeper sections 
spanning the Pleistocene (Yokokura et  al. 1998; 
Iwabuchi et al. 2000).

(5) The inferred slip on the Osaka Bay Fault during the 
Late Pleistocene–Holocene may account for ~ 7.3 
to 12% of the regional geodetic strain accumulation 
within the Kinki Triangle. Further studies to evalu-



Page 45 of 50Hamahashi et al. Progress in Earth and Planetary Science            (2024) 11:8  

ate the Holocene slip rates of regional faults are 
necessary for the assessment of seismic hazards and 
the internal strain budgets within the Kinki Triangle 
and the Niigata–Kobe Tectonic Zone.
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