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Abstract

In January 2010, we conducted a multichannel seismic (MCS) reflection survey in Sagami Bay. As a result of this
study, the deformation of the Manazuru Knoll, which is located near the plate boundary, was obtained. The
Manazuru Knoll was formed by an asymmetric anticline, and the knoll has a geometry that is bent in a shape
similar to that of a crank. The anticlinal axis, which was confirmed by MCS data, lies along the anticlinal axis shown
on the bathymetric map, and the axis is bent first to the southeast and then to the east. It is estimated that the
easternmost part of Manazuru Knoll has reached the vicinity of Miura Canyon. The offset of the strike of the
anticline axis is approximately 7 km. A reverse fault related to the formation of Manazuru Knoll was identified in the
southwestern side of the knoll. It is hypothesized that this reverse fault formed as a result of shortening of the
structure, which occurred when the relative motion of the Philippine Sea plate was acting in a perpendicular
direction close to the Manazuru Knoll. Therefore, it is estimated that the relative motion of the Philippine Sea plate
was almost oblique or parallel to the anticlinal axis of Manazuru Knoll and that the eastern end of Manazuru Knoll
was bent into a crank shape by strike-slip motion. This suggests that a part of Manazuru Knoll, located to the west
of the plate boundary, moved to the northwest. Finally, it is assumed that the sediments of Miura Canyon and
Sagami Knoll have been overlapping on the eastern end of Manazuru Knoll.
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Findings
Introduction
Sagami Bay is located along the boundary between the
Philippine Sea plate and the Northeast Japan arc. Great
earthquakes (e.g., the 1923 Great Kanto earthquake and
the 1703 Genroku earthquake) have occurred frequently
along the Sagami Trough, including the portion within
Sagami Bay, and these earthquakes have caused a very
strong motion, large tsunamis, and serious damage
around the Kanto and Tokai areas. Imoto and Fujiwara
(2012) discussed that the estimated probability of a mag-
nitude 8 earthquake along the Sagami Trough within the
next 30 years was 2.0% to 4.6%. Additionally, studies
conducted during the last 25 years have contributed to
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crustal exploration of the Philippine Sea plate (e.g., Suye-
hiro et al. 1996; Kodaira et al. 2007). For example, Taylor
(1992) found that the forearc in the Izu-Ogasawara arc
includes a paleoarc formed during the Eocene and an is-
land arc formed during the Oligocene. Thin crust distrib-
uted between these arcs was rifted during the Eocene and
is overlapped by a thick layer of sediments (e.g., Takahashi
et al. 2011). Because the Philippine Sea plate has these het-
erogeneous structures in the Izu-Ogasawara, it is important
to understand how the plate affects the seismogenic zone
around Sagami Bay.
The Manazuru Knoll and the Sagami Knoll are located

in the central part of Sagami Bay (Figure 1). The depres-
sion between the two knolls is the narrowest in the
northern Sagami Trough, and it is estimated that there
is a plate boundary between the Northeastern Japan arc
and the Philippine Sea plate in this area. Some geological
studies, such as a study of a microfossil obtained by sam-
pling an outcrop of the knolls using a remotely operated
pen Access article distributed under the terms of the Creative Commons
g/licenses/by/4.0), which permits unrestricted use, distribution, and reproduction
roperly credited.
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Figure 1 Location maps of the survey area. The solid red lines are the MCS lines of this survey. MaK, Manazuru Knoll; SK, Sagami Knoll; MC,
Miura Canyon; MiK, Miura Knoll; KC, Katase Canyon; HS, Hatsu-shima; SBF, Sagami Bay Fault; KMF, Kozu-Matsuda Fault (blue line). Black broken lines indicate
the traces of main active faults indicated by Ohkouchi (1990). The yellow arrow shows the crustal movement velocity relative to the stable part of the
Eurasian plate at the seafloor reference point (Saito et al. 2008).
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vehicle and research submersible, have been conducted in
and around these knolls and have indicated that the
Manazuru Knoll and Sagami Knoll have similar geological
structures (Hattori et al. 1992; Yamazaki 1993; Hattori et al.
1995). From the results of these observations, Kanie et al.
(1999) proposed that the Manazuru and Sagami Knolls
were connected until recently and pointed out that there
may have been deepening, similar to that in the Sagami
Trough, between the knolls.
Many seismic reflection studies have been conducted

to obtain a better understanding of the seismotectonics
around Sagami Bay (e.g., Kato 1987; Iwabuchi et al.
1991; Kinoshita et al. 2005; Kinoshita et al. 2006). How-
ever, many of these surveys were conducted using short
streamer cables and small seismic sources; therefore, it
was difficult to image details of the deformation struc-
tures around the knolls due to the complex bathymetry
associated with the structures. Recently, however, seis-
mic acquisition technology for deep seismic imaging has
improved rapidly. For example, Sato et al. (2005) and
Sato et al. (2010) conducted an onshore-offshore seismic
survey around Sagami Bay. As a result of these seismic
data, the Philippine Sea plate has been traced to a depth
of 11 km, suggesting that the Sagami Bay Fault and the
extension of the Kozu-Matsuda Fault are splay faults
caused by megathrusts in the Philippine Sea plate.
In this paper, we describe the relationship between the

Manazuru and Sagami Knolls deduced from a multichan-
nel seismic (MCS) reflection survey and bathymetric data.
In particular, because we suppose the Manazuru Knoll to
be one of the key structures for plate motion, the plate
boundary, and the tectonic history of Sagami Bay, we
emphasize the deformation structure of the Manazuru
Knoll.

Data acquisition and processing
We conducted a MCS survey and bathymetric survey
around the Sagami and Manazuru Knolls in Sagami Bay
from January 4 to 8, 2010 (Figure 1). This survey was
conducted as a part of the site survey for the Kanto As-
perity Project (e.g., Kobayashi et al. 2010), which has
been submitted to the Integrated Ocean Drilling Pro-
gram. The MCS system used in the survey was on the
deep-sea research vessel KAIREI, of the Japan Agency
for Marine-Earth Science and Technology (Miura 2009).
During the survey, the weather and sea conditions were
normal, and the ocean current was weak; therefore, the
data quality of this exploration was good. Bathymetric
data were also recorded continuously during the survey.
To obtain high-quality MCS data, we shot an air gun

array at a spacing of 37.5 m, which corresponds to a spa-
cing of 20 to 30 s depending on the vessel speed (average
of 4 kn). The tuned air gun array had a maximum capacity
of 7,800 in.3 (approximately 130 l) and consisted of 32 air
guns. The standard air pressure was 2,000 psi (approxi-
mately 14 MPa). During the experiment, the air gun array
depth was maintained at 6 m below the sea surface. During
shooting, we towed a 360-channel hydrophone streamer
cable with a group interval of 12.5 m. The lengths of the
total active section and lead-in cable were 4,500 and
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110 m, respectively. The towing depth of the streamer
cable was maintained at 10 m below the sea surface by
depth controllers. The sampling rate and record length
were 2 ms and 15 s, respectively.
Data processing was conducted in the conventional pro-

cessing sequence, which includes trace header edit, trace
edit, common midpoint (CMP) binning with an interval
of 6.25 m, minimum phase conversion, bandpass filter,
datum correction, amplitude recovery, predictivedeconvo-
lution, velocity analysis, normal moveout correction,
demultiple processing, mute, CMP stack, F-X deconvolu-
tion, bandpass filter, and Kirchhoff time migration.

Results and discussion
Interpretation of results
Figures 2 and 3 show the time migration and interpreted
sections of the processed MCS data. We divided the
study area into three parts, the Manazuru Knoll, the
Sagami Knoll, and the Sagami Trough, based on tec-
tonic features.
Figure 2 Time-migrated sections obtained from MCS data of
lines A-E. MaK, Manazuru Knoll; SK, Sagami Knoll; MC, Miura Canyon;
KC, Katase Canyon; ST, Sagami Trough.

Figure 3 Interpreted time sections of lines A-E. Blue areas show
the Manazuru Knoll. Purple areas show the sedimentary layer on the
Sagami Knoll. Orange, green, and black areas show the sedimentary
layer of the Sagami Trough. Black broken lines indicate the reverse fault
related to the Manazuru Knoll. Red arrows indicate the anticlinal axis of
the Manazuru Knoll. Black arrows represent the east-dipping reflector in
the Sagami Knoll. Green arrows show the erosional area in the Sagami
Trough. MaK, Manazuru Knoll; SK, Sagami Knoll; MC, Miura Canyon; KC,
Katase Canyon; ST, Sagami Trough.
The data confirmed that the Manazuru Knoll was formed
by an asymmetric anticline, shown in survey lines C-E. Be-
cause line E was set to be as parallel as possible with the
strike of the anticline, the width of the anticline appears lar-
ger in line E than in the other lines. In contrast, because
lines D and C gradually intersected the strike of the anti-
cline, the width of the anticline appeared to be gradually
decreased. Although the anticline did not appear on the
seafloor at lines A and B, the anticline was obtained be-
neath the seafloor from the MCS data. As the coherence of
reflectors in the anticline was not good, the reflector of the
basement separating the upper crust and sedimentary layers
was not identified. Based on the forms of the anticlines and
the seismic characters of lines A-D, we suppose that the
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reverse fault is located to the south of Manazuru Knoll
(represented by the black dotted line in Figure 3).
The Sagami Knoll is covered with a thinner layer of

sediments than other areas, and the coherence of the
sedimentary layer is not good overall. Because the knoll
has a very complex shape, topography, and structure,
the seismic characteristics and thickness of the sedi-
mentary layer vary greatly with location. The approxi-
mate maximum thickness of the sedimentary layer of
the knoll in each line is as follows: 0.8 s for line A, 0.9 s
Figure 4 Multibeam bathymetric map around the study area and inte
(Top) Multibeam bathymetric map around the study area. MaK, Manazuru Kno
(Bottom) Interpreted map illustrating the formation of the Manazuru Knoll. Blac
Manazuru Knoll, as estimated by MCS and bathymetric data. Red circles and th
MCS data. The red dotted lines are the anticlinal axis of the Manazuru Knoll est
strike offset of the anticline axis, which is bent. The black broken line indicates
in Sagami Bay detected by seafloor geodetic observation (Saito et al. 2008).
for line B, 0.4 s for line C, 0.4 s for line D, and 0.1 s for
line E. The sedimentary layer tends to be thicker in the
northern seismic lines (A and B) than in the southern
seismic lines (C, D, and E). In addition, we found that
the east-dipping reflector in the knoll has a gradually
higher angle toward the northern line (represented by
the black arrows in Figure 3).
The Sagami Trough has the thickest sedimentary layer,

maximum of approximately 2.0 s in the study area. Based
on the amplitude and coherence of the reflectors in the
rpreted map illustrating the formation of the Manazuru Knoll.
ll; KC, Katase Canyon; SK, Sagami Knoll; MC, Miura Canyon; MiK, Miura Knoll.
k solid lines are the seismic lines of this study. The black area shows the
e red solid line show the anticlinal axis of the Manazuru Knoll obtained by
imated by bathymetric data. The yellow lines and yellow arrow show the
the reverse fault. The red arrow represents the crustal movement velocity
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sedimentary layers of the Sagami Trough, we divided the
sedimentary layers into three units. The uppermost unit
(orange area in Figure 3) has a thickness of 0.2 to 0.4 s. The
eastern side of this unit becomes relatively thinner because
of erosion (represented by the green arrows in Figure 3).
The unit is in contact with the top of the Manazuru Knoll
in lines C and D and thickens toward the knoll. The middle
unit (green area in Figure 3) has a thickness of 0.5 to 1.2 s.
The coherence of reflectors is good in this unit, although
their amplitude is small. Lines B-D show onlap of this unit
to the Manazuru Knoll, and line A shows that the unit is lo-
cated at the top of the Sagami Knoll. The bottom unit has a
maximum thickness of approximately 1.0 s. In this unit, re-
flector coherence is not good, but the amplitude of reflec-
tors is relatively large.

Discussion
Some features revealed by the MCS data around the
Manazuru Knoll are very important for the study of the
plate boundary along the northern Sagami Trough. Figure 4
is a plot of the anticlinal axis of the Manazuru Knoll, as
identified in Figures 2 and 3. The anticlinal axis, which was
confirmed by MCS data of lines C-E, is along the anticlinal
axis shown on the bathymetric map, and the axis is bent in
the southeast direction. The anticlinal axis of the Manazuru
Knoll in lines A and B gradually bends to the west. As a re-
sult, the geometry of the eastern end of the Manazuru
Knoll is bent in a shape similar to that of a crank. Based
on the past seismic reflection data in Sagami Bay ob-
tained by Kinoshita et al. (2005), Kinoshita et al. (2006),
and Yamashita et al. (2013), it is estimated that the east-
ernmost part of Manazuru Knoll extends to the vicinity of
Miura Canyon. The offset of the strike of the anticline
axis, which has a crank shape, is approximately 7 km
(indicated by the yellow arrow in Figure 4).
According to the results of seafloor geodetic observa-

tions in Sagami Bay, the seafloor of western Sagami Bay is
moving northwest at a velocity of approximately 4.1
cm/year (Saito et al. 2008). On the other hand, relative
motion along the Sagami Trough (as indicated by GPS
data) was estimated to be 23 to 28 mm/year in the direc-
tion of N 25° W (Nishimura 2011). The direction of rela-
tive plate motion according to these geodetic results is
almost consistent with the bending direction of the anti-
clinal axis of the Manazuru Knoll obtained by this study.
A reverse fault, which is related to the formation of

Manazuru Knoll, is clearly developed to the southwest of
the knoll in lines A to D. Ohkouchi (1990) interpreted that
a reverse fault formed from east to west at the southern
margin of the Manazuru Knoll. We suppose that this re-
verse fault on the southwestern margin of Manazuru
Knoll was formed by structural shortening when the rela-
tive motion of the Philippine Sea plate was acting in a per-
pendicular direction near Manazuru Knoll. Therefore, it is
estimated that the relative motion of the Philippine Sea
plate was almost oblique or parallel to the anticlinal axis
of Manazuru Knoll and that the eastern end of Manazuru
Knoll was bent into a crank shape by right-lateral strike-
slip motion. As a result, it is estimated that most of
Manazuru Knoll, which was located to the west of the
plate boundary, has been moving to the northwest. In
addition, because the development of the crank-shaped
deformation by right-lateral strike-slip motion corre-
sponds with the present plate motion, we suppose that the
development of the crank-shaped deformation occurred
later than the formation of the anticline and reverse fault
by shortening motion. Accordingly, the relationship be-
tween a structure of the Manazuru Knoll formed by short-
ening and the crank-shaped bend structure formed by the
right-lateral strike-slip motion indicates the history of the
plate boundary in the northern Sagami Trough. Further-
more, according to a previous study of calcareous nanno-
fossil ages in and around the Sagami Knoll, the geological
age of the southern outcrop is older than that of the north-
ern outcrop (Kanie et al. 1999). Comparing this study with
the previous study, we suggest that the base of the outcrop
of the southern Sagami Knoll is the same as that of the
Manazuru Knoll.
A clear reflector dipping to the northeast (indicated by

the black arrow in Figure 3) was identified below the base-
ment of the Sagami Knoll. By comparison with the
onshore-offshore seismic survey across the Kozu-Matsuda
Fault and Sagami Trough (Sato et al. 2005; Sato et al.
2010), this reflector is suggested to correspond to the
splay fault from the plate boundary located in the exten-
sion of the Kozu-Matsuda Fault. This suggestion corre-
sponds with the tectonic maps of Ohkouchi (1990) and
Ogawa et al. (2008). Their maps showed that the south-
ernmost extension of the Kozu-Matsuda Fault is located
around Manazuru Knoll. On the other hand, according to
their maps, the positions of many active faults in the
northern Sagami Trough are related to the positions of
the knolls. As described above, Manazuru Knoll, which
was formed by the anticline and reverse fault due to the
shortening movement and was deformed by right-lateral
movement, has been strongly influenced by the plate mo-
tion in Sagami Bay. Therefore, we suggest that there is a
possibility that the end of the southern extension of the
Kozu-Matsuda Fault was constrained by Manazuru Knoll.

Conclusions
The results of this study are summarized as follows:

� Manazuru Knoll was formed by an asymmetric
anticline, and the knoll geometry is bent into a
crank-like shape. It is estimated that the easternmost
part of Manazuru Knoll has reached the vicinity of
Sagami Knoll and Miura Canyon.
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� The reverse fault of the southwestern margin of
Manazuru Knoll formed by shortening of the
structure when the relative motion of the Philippine
Sea plate was acting in a perpendicular direction
near Manazuru Knoll. Therefore, it is estimated that
the relative motion of the Philippine Sea plate was
almost oblique or parallel to the anticlinal axis of
Manazuru Knoll and that the eastern end of
Manazuru Knoll was bent in a crank-like shape by
right-lateral strike-slip motion.

� A clear reflector dipping to the northeast below the
basement of the Sagami Knoll is believed to
correspond to the splay fault from the plate
boundary, which is located in the extension of the
Kozu-Matsuda Fault.
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