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Preface

The Japanese Islands lie on the Northwestern Pacific rim and have been repeatedly
struck by subduction-related earthquakes and associated tsunamis. Until the early
1980s, studies of interplate earthquakes and tsunamigenic processes relied on
seismic remote-sensing techniques to attempt to understand the seismogenic
processes that take place deep beneath the ocean floor. The challenge of under-
standing seafloor geological processes associated with subsea earthquakes and
tsunamis was addressed when the Japan Agency for Marine-Earth Science and
Technology (JAMSTEC) commissioned deep-sea manned submersibles Shinkai
2000 (1982-2002) and Shinkai 6500 (1990-) and various remotely operated
vehicles (ROVs).

Manned submersibles and ROVs have been valuable tools for investigating abys-
sal topography, seafloor profiles across intra-oceanic arcs, and geological processes
at convergent plate boundaries. Since the 1980s, long-range missions by submersibles
have focused on areas in and around deep oceanic trenches near Japan. The French—
Japanese KAIKO project was an early milestone that achieved magnificent results,
including unraveling the structure of accretionary prisms, mapping the distributions
of cold seeps and chemosynthetic bio-communities, and providing detailed geophysi-
cal, geological, and topographic data. The project resulted in publication of papers in
Tectonophysics (1989), Earth and Planetary Science Letters (1987, 1992), and
Paleogeography, Paleoceanography and Paleoclimatology (1989).

Vast amounts of knowledge and experience have now been accumulated from
studies involving submersibles. Further knowledge has been gained from several
geophysical experiments in the Japan region and from ODP and IODP expeditions.
Technological advances in geophysical techniques have provided stunning illustra-
tions of the deep structure of accretionary prisms and decollement surfaces, along-arc
and cross-arc structural variations of the Izu—Bonin Arc, and the Moho discontinuity
in the Philippine Sea and northwestern Pacific. Recent results from studies combin-
ing 3D-seismic and ocean bottom seismograph (OBS) data have been truly amazing.
The commissioning in 2005 of JAMSTEC’s drilling vessel Chikyu extended the
limit for offshore scientific drilling to depths of up to 7 km beneath the seafloor.
The NantroSEIZE IODP expeditions have not yet drilled to the top of the seis-
mogenic zone, but have already demonstrated an excellent match between borehole
data and large-scale structures identified from seismic survey data. Deepening of
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holes and detailed analyses of samples may further improve our understanding of
seismogenic and tsunamigenic processes. Recent technological developments for
autonomous underwater vehicles (AUVs) now allow long-term, continuous subsea
observations without labor costs and risk to human life.

However, these technological developments seem to have suppressed research
use of manned submersibles. The resolution of seismic survey data is too coarse to
identify outcrop-scale structures and their lateral variations. Scientific drilling pro-
vides continuous high-resolution data, but it is restricted to one dimension.
Techniques of seafloor sampling from AUVs have not yet been perfected. The use
of manned submersibles for in situ seafloor observation, sampling, and geological
mapping is the only available method to fill these gaps.

Because no compilation of submarine studies of the northwestern Pacific margins
has been published for the international science readership since completion of the
KAIKO project, we asked the leaders of recent manned dive projects to summarize
their results for publication in a single volume of Springer’s Modern Approaches in
Solid Earth Sciences series under the title of Accretionary Prisms and Convergent
Margin Tectonics in the Northwest Pacific Basin. From many dive projects, thirteen
papers were selected.

The topics of the thirteen papers range widely, including a discussion of the
bathymetric features of oceanic crust, a technological report on an ocean-bottom
observatory, a structural analysis of accretionary prisms, and the petrology of peri-
dotites, to name a few. The opening paper (by Nakanishi) deals with the large-scale
bathymetric features of oceanic crust near the subduction zone along the Kuril and
northeastern Japan Arcs and discusses the effect of subduction on pre-existing
structures in oceanic crust, such as abyssal hills. This broad-scale view is followed
by a study by Ogawa that used observations from a submersible vessel to ground-
truth the work of Nakanishi.

The most remarkable tectonic feature in the Japan region is the Boso triple junction,
where the Pacific and Philippine Sea oceanic plates collide with the Japan Arc. The
unique tectonic relationships of this trench—trench—trench-type triple junction and
its topographic features are reviewed by Ogawa and Yanagisawa. Their description
of the triple junction is followed by Takahashi et al., who provide a large-scale view
of the Izu—Ogasawara (Bonin) Arc system obtained from an active seismic experi-
ment using OBSs. Geological and petrological features across the Izu—Ogasawara
(Bonin) Arc system are reported from the fore-arc (Ueda et al.) and back-arc regions
(Sato and Ishii; Ohara et al.). In the fore-arc region, Ueda et al. attributed serpen-
tinites that accompany eclogitic metamorphic rocks to the existence of a subduction
channel. Sato and Ishii report on the petrological characteristics of ultramafic rocks
from the southern Mariana Trench. Ohara et al. discuss the formation of an oceanic
core complex developed in the Parece Vela Basin, behind the Izu—Ogasawara
(Bonin) Arc.

The rest of the volume is devoted to the accretionary complex bordering the
Nankai trough. Just as valleys are often favored by field geologists for onshore
mapping, the deeply incised profiles along submarine canyons provide an excellent
opportunity for three-dimensional seafloor observations and mapping. Using this
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approach, Anma et al. and Hayman et al. describe mesoscopic- to macroscopic-
scale structures of the accretionary prism along the Shionomisaki and Tenryu sub-
marine canyons, respectively. Kawamura et al. consider the rate of exhumation of
foliated low-grade metamorphic rocks exposed in the Tenryu canyon on the basis
of depositional age and temperature conditions. Michiguchi and Ogawa extend
recent discussions of the importance in the development of accretionary prisms of
dark bands in planar quasi-layered structures oblique to bedding planes, which are
common in recent submarine and onshore (Boso—Miura) accretionary complexes.
Toki et al. demonstrate recent advances in the study of pore-water geochemistry,
reporting results from the Nankai Trough. These papers complement the results of
deep-sea drilling to the seismogenic zone in the Nankai accretionary prism (the
NantroSEIZE project). The volume concludes with a technological paper by
Fujimoto et al. who investigated the stability during seismic events of an ocean-
bottom observatory deployed from the surface.

All of the papers included in this volume demonstrate the effectiveness of direct
observation from manned submersible vessels to produce the outcrop-scale descrip-
tions that are fundamental to the study of geology.

We thank the contributors to this book for their time and effort, and express our
gratitude to a large number of scientists who provided valuable reviews of the chap-
ters in it. We are grateful to Japan Agency for Marine—Earth Science and Technology
(JAMSTEC) for the invaluable support. The provision of research opportunities and
scientifically fruitful and enjoyable cruises are greatly appreciated. Last, but not
least, we thank particularly Petra D. van Steenbergen, Senior Publishing Editor at
Springer, for her enthusiastic support and motivation throughout the preparation
of this book, and Cynthia de Jonge at Springer—Geosciences for her invaluable
assistance in formatting and preparing the book for final publication.

14 December 2010 Y. Ogawa
R. Anma
Y. Dilek
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Bending-Related Topographic Structures
of the Subducting Plate in the Northwestern
Pacific Ocean

Masao Nakanishi

Abstract Elongated topographic structures associated with bending of the subducting
oceanic plate along the western Kuril, Japan and northern Izu-Ogasawara trenches,
were investigated using available multibeam bathymetric data. Magnetic anomaly lin-
eations were also reidentified using available geomagnetic data to reveal controlling
factors for strikes of bending-related topographic structures. The new bathymetric
map demonstrates that most of bending-related topographic structures exist in the
oceanward trench slopes deeper than 5,600 m. The map reveals that bending-related
topographic structures are developed parallel to the trench axis or inherited seafloor
spreading fabrics. Detailed identification of magnetic anomalies reveals curved
lineations and discontinuity of lineations associated with propagation ridges.
A trough with elongated escarpments associated with the propagating ridge in mid-
Cretaceous Quiet Period was discovered near the trench-trench-trench triple junction.
Comparison between the detailed bathymetric and magnetic anomaly lineation maps
elucidates that abyssal hill fabrics were reactivated where the angle between abys-
sal hill fabrics and trench axis is less than about 30°. The topographic expression of
bending-related structures are classified into two types according to whether new faults
develop parallel to the trench axis or inherited seafloor spreading fabrics reactivate.

Keywords Plate bending * Bending-related topographic structure ¢ Deep-sea

trench ¢ Seafloor spreading fabric « Magnetic anomaly lineation

1 Introduction

One of the important properties controlling subduction is the amount of water in
the subducting plate. The release of water from the subducting plate controls the
fluid pressure along the plate interface (Moore and Saffer 2001) and facilitates the
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reactivation of the faults producing earthquakes up to several hundred kilometers
deep into the subduction zones. The percolation of water into the overlying astheno-
sphere reduces the melting temperature of the mantle rock and thus inherently
affects arc magmatism (Riipke et al. 2002). Faults developed by bending the incom-
ing oceanic plate facilitate the infiltration of seawater into the oceanic plate (Ranero
et al. 2003). Seismic reflection data support this hypothesis because bending-related
faults cut at least 6 km into the uppermost mantle (Grevemeyer et al. 2005). The
strike of bending-related faults may give us the useful information about the inter-
mediate-depth seismicity because the seismicity may occur by reactivation of
bending-related faults (Ranero et al. 2005). These evidences indicate bending-
related faults play an important role in tectonic activity at subduction zones.

Bending-related faults of the oceanward slope are ubiquitous structures of oce-
anic plates incoming to trenches. In general, the faults are thought to be formed
parallel or subparallel to the bending axis of the incoming plate, namely the trench
axis, in most trenches. Oceanward slopes of several trenches have bending-related
structure with a strike different from the trench axes (Masson 1991; Kobayashi
et al. 1995, 1998; Ranero et al. 2003). In these areas, abyssal hill fabrics made
parallel to spreading centers by activity of normal faults were reactivated instead of
the creation of new faulting parallel to the trench axes.

The Mesozoic Pacific plate is subducting along the Kuril, Japan, Izu-Ogasawara,
and Mariana trenches (Nakanishi et al. 1992). Kobayashi et al. (1995, 1998) inves-
tigated the bending-related structures of the oceanward trench slope of the western
Kuril and northern Japan trenches using the bathymetric data obtained by the mul-
tibeam echo-sounder, SeaBeam. They concluded that the abyssal hill fabrics are
revalidated when abyssal hill fabrics trend within 30° of trench axes. This conclu-
sion is consistent with the previous work by Masson (1991). Billen et al. (2007)
indicated the critical angle for the reactivation of abyssal hill fabrics is 25°, which
is smaller than that in the previous works. Renard et al. (1987), Kato (1991), and
Seta et al. (1991) described bending-related structures of the oceanward trench
slope only near the trench axis of the Izu-Ogasawara Trench. Bending-related struc-
tures from the southern Japan and Izu-Ogasawara trenches are not well known.

To examine controlling factors for strikes of bending-related structures, it is
indispensable to describe oceanic spreading fabrics and to identify magnetic anom-
aly lineations. The oceanic spreading fabrics consist of inherited abyssal hill fabrics
and other preexisting weak zones related to seafloor spreading process, which are
fracture zones, non-transform offsets, and so on. Magnetic anomaly lineations on
the Pacific plate incoming to trenches east of Japan were identified by Nakanishi
et al. (1989, 1999). The curved lineation was identified at the Japan Trench near
38°N (Nakanishi et al. 1989, 1991), but was not assigned an age. No lineations
were identified very near the trench axis of the Izu-Ogasawara Trench (Nakanishi
et al. 1989). In these areas, it is difficult to examine controlling factors for strikes
of bending-related structures.

In this article, detailed topography of the outer slopes of the trenches near the
Japan Islands will be examined based upon an abundance of multibeam bathymetric
data (Fig. 1) to analyze the characteristics of tectonic fabrics in the outer slopes of the
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Fig. 1 The bathymetric map around the Japan islands. Bathymetric data are ETOPO1 (Amante
and Eakins, 2009). Contour interval is 500 m. A red rectangle represents the area of Figs. 2—4.
KFZ Kashima Fracture Zone, NFZ Nosappu Fracture Zone, JSM Joban Seamounts

trenches with special attention to patterns of fault structures. A priority of mention is
made for the southern portion of the Japan Trench, south of 38°N, which was not
elaborated in detail by the previous works of Kobayashi et al. (1998) and Sasaki
(2003). Magnetic anomaly lineations are reidentified based on the geomagnetic data
newly collected after the previous works (Nakanishi et al. 1989, 1999). Finally, com-
bining the studies of bathymetry and magnetic anomaly lineations, the controlling
factors to determine the strike of the bending-related structures are investigated.
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2 Data and Methods

To process the multibeam bathymetric data and shipboard geomagnetic data and to
make maps of the data, Generic Mapping Tools (GMT; Wessel and Smith 1998),
Marine Geophysics Basic Tools (MAGBAT; Tamaki et al. 1992), and MB-System
(Caress and Chayes 1996) are used.

2.1 Bathymetric Data

After Kobayashi et al. (1998), seven cruises were conducted by the author in the study
area with cruise identifications, KR98-07, KR99-11 (Ogawa 1999), KH-03-1,
KRO04-08 (Nakanishi et al. 2004), KR06-03 (Nakanishi 2007), KH-06-1 and YK08-09
(Nakanishi and Noguchi 2008). We also obtained multibeam bathymetric data in six
cruises by R/V MIRAI from 2008 to 2009 for the study of the tectonics of the Pacific
plate, MR08-02 (Yoneyama 2008), MR08-03 (Kashino 2008), MR08-04 (Shimada
2008), MR08-05 (Honda 2008), MR08-06, and MR09-03 (Kikuchi and Nishino 2009).
Multibeam bathymetric data obtained in the cruises of R/V KAIREI, KRO08-10
(Yamano 2008), were offered for this study by the shipboard scientists. Multibeam
data obtained in the four cruises of R/V Thomas Washington, R/V Melville, and R/V
Roger Reville, RNDB10WT, MGLNO3MV, MGLN04MV, and ZHNGO7RR, were
personally supplied by Geological Data Center, Scripps Institution of Oceanography,
University of California, San Diego. Other multibeam data were obtained from the
databases of Japan Agency for Marine-Earth Science and Technology (JAMSTEC)
for research cruises (http://www.godac.jamstec.go.jp/cruisedata/e/index.html) and
National Oceanic and Atmospheric Administration/National Geophysical Data
Center (NOAA/NGDC; http://www.ngdc.noaa.gov/mgg/bathymetry/multibeam.
html). The unpublished bathymetric data collected in eight cruises by R/V Hakuho-
maru were processed for this study. Finally, bathymetric data compiled for this study
are from the 99 cruises listed (Table 1). The bathymetric data made from multibeam
data collected by S/V Takuyo and S/V Meiyo of Hydrographic and Oceanographic
Department, Japan Coast Guard (JHOD; e.g., Fujisawa 2009) are additionally used to
fill in the data blank areas of the multibeam bathymetric data. Fig. 2 shows ship tracks
of cruises that collected multibeam bathymetric data. The areas surveyed by JHOD
are shown as shaded areas in Fig. 2.

Most bathymetric data used in this study were well navigated by GPS or other
satellite navigation systems. The accuracy of the GPS navigation is generally tens
of meters. R/V KAIREI, R/V YOKOSUKA, and R/V MIRAI are better navigated by
the differential GPS, whose accuracy is 2—3 m. Kobayashi et al. (1998) and Cadet
et al. (1987) used the bathymetric data collected in the KAIKO Project to expose
the topographic expression of several portions of the trenches. The bathymetric data
from the KAIKO project were excluded for this study because ship positions in the
project were determined by Loran-C navigation, whose accuracy is at most several
hundred meters. The inaccurate positioning makes artifacts near swath boundaries
in bathymetric maps.


http://www.jamstec.go.jp/cruisedata/e/index.html
http://www.ngdc.noaa.gov/mgg/bathymetry/multibeam.html
http://www.ngdc.noaa.gov/mgg/bathymetry/multibeam.html
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Table 1 Sources of multibeam bathymetric data used for this study except for data supplied by
JHOD

Multibeam
Research vessel Institution system Cruise identification
Hakuho-maru JAMSTEC (Before SeaBeam (before KH-90-1, KH-92-3, KH-93-1,
2003, ORI, UT) 1998) KH-96-3

SeaBeam 2120 KH-99-2, KH-99-3, KH-00-2,
KH-00-3, KH-03-1, KH-05-2,
KH-05-3, KH-06-1

KAIREI JAMSTEC SeaBeam 2112 KR98-07, KR99-11, KRO1-11,
KRO02-05, KR02-08, KR02-08,
KRO02-09, KR02-15, KR03-07,
KRO03-08, KR03-10, KR04-08,
KRO04-09, KR05-04, KRO5-10,
KR06-03, KR06-09, KR07-06,
KRO08-10

MIRAI JAMSTEC SeaBeam 2112 MR97-K02, MR97-K04,
MR98-KO01, MR98-K02,
MR99-K01, MR99-K02,
MR99-K03, MR99-K04,
MR99-K05, MR99-K06,
MRO00-KO01, MR00-K02,
MRO00-K04, MR00-KO05,
MRO00-K06, MR00-K07,
MRO00-K08, MR0O1-KO1,
MRO01-K02, MRO1-K03,
MRO1-K04, MRO1-KO05,
MRO02-K01, MR02-K02,
MRO02-K03, MR02-K04,
MRO02-K05, MR02-K06,
MRO03-K01, MR03-K02,
MRO04-02, MR04-03, MR04-04,
MRO04-06, MR04-07, MR04-08,
MRO05-01, MR05-02, MR05-04,
MRO05-05, MR06-01, MR06-03,
MRO06-4, MR06-05, MR07-01,
MRO07-03, MR07-04, MR07-05,
MRO07-6, MR07-07, MR08-02,
MRO08-03, MR08-04, MR08-05,
MRO08-06, MR09-03

YOKOSUKA JAMSTEC SeaBeam 2112 YKO01-06, YK02-02, YK05-06,
YKO08-09

Melville S10, UCSD SeaBeam 2000 MGLNO3MYV, MGLN04MV

Roger Revelle  SIO, UCSD EM120 ZHNGO7RR

Thomas SI10, UCSD SeaBeam RNDBO9WT, RNDB10OWT
Washington

Thomas G. University of Hydrosweep DS~ TN168
Thompson Washington

HEALY United States Coast SeaBeam 2112 HLY-04-Tb, HLY-04-Tc

Guard Cutter

JAMSTEC Japan Agency for Marine-Earth Science and Technology, ORI, UT Ocean Research
Institution, the University of Tokyo, SIO, UCSD Scripps Institution of Oceanography, University
of California, San Diego
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Fig. 2 Cruise tracks of the multibeam bathymetric data for this study. Gray areas indicate the
survey areas by JHOD. The solid lines represent the cruise tracks of R/V Hakuho-maru, R/V
KAIREI, and R/V YOKOSUKA. The broken and dotted lines represent those of R/V MIRAI and
other research vessels, respectively
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Where multibeam bathymetric data are stored in the original vendor format,
bathymetry data were manually edited using the interactive graphical utility “mbedit”
module of the MB-System to remove bad beams. After identification of bad beams,
sound-velocity correlation was done if necessary. The depth recorded by any echo-
sounder is strongly dependent on the sound-velocity profile through the water column.
We reconstructed bathymetry directly from the travel-time data by full raytracing
through an appropriate water sound-velocity profile. If there are available data of
expendable bathythermograph or Conductivity-Temperature-Depth casts, sound-velocity
profiles in the water column were computed per cruise using the equation of Del Grosso
(1974). If not available, temperature and salinity data from the 1982 Climatological
Atlas of the World Ocean (Levitus 1982) were used. Finally, a grid file was made,
whose interval is 300 m, using the “mbgrid” module of MB-system.

The accuracy of the widely used multibeam echo-sounder system in the cruises
for this study, SeaBeam 2112, is approximately 0.5% of water depth. The depth of
oceanward slopes has a range from 6,000 to 9,500 m. Thus, the accuracy of the
multibeam system is about 3—5 m. The horizontal resolution of the multibeam sys-
tem is about 2°x2°. This indicates that the horizontal resolution in the study area
is about 210-330 m.

2.2 Geomagnetic Data

Geomagnetic data incorporated in this study were derived from several different
sources (Table 2). We used the same geomagnetic data as Nakanishi et al. (1989)
in which magnetic anomaly lineations were identified in the northwestern
Pacific Ocean. After 1989, to investigate a pattern of lineations which had been

Table 2 Sources of geomagnetic data used for this study except for data supplied by JHOD that
are not included in the database of NOAA/NGDC

Number of

Institution cruises Cruise identification

ORI, UT 28 KH-67-1, KH-67-5, KH-68-3, KH-68-4A, KH-69-2,
KH-70-2, KH-74-2, KH-74-4, KH-75-3, KH-75-4,
KH-78-2, KH-78-3, KH-80-3, KH-82-4, KH-82-5,
KH-84-1, KH-88-3, KH-89-2, KH-96-3, KH-03-1,
KH-06-1, UM6402-A, UM6503-A, UM6402-C,
UMG6503-B, UM66-A, UM67, DELP86KA

JAMSTEC 10 KR98-07, KR99-1, KR03-07, KR04-08, KR05-10,
KR06-03, KR07-06, KR08-10, YK05-06, YK08-09

JHOD 30 HM6703, HM6801, HM6802, HM6804, HM7002,

HM7003, HM7103, HM7104, HM7201, HM7807,
HM970824, HS000822, HS020810, HS7201,
HS7202, HS7502, HS7604, HS7703, HS7802,
HS7803, HS980906, HS981012, HS991013,
HT881203, HT91T253, HT91T260, HT92T261,
HT92T262, HT92T271, HT92T272

(continued)



8 M. Nakanishi

Table 2 (continued)

Number of
Institution cruises Cruise identification

GSJ 20 GH7602, GH7703, GH771-C, GH7801, GH7802,
GH7901, GH7902, GH7903, GH7904, GH801-A,
GHS801-B, GH805-A, GH805-B, GH814-A,
GHS814-B, GH824-A, GH824-B, GH892-C,
GHS894-A, GH894-B
Kobe University, Japan 6 KUMI, JD04, JD06, JD07, JDO8, RF72
Chiba University, Japan 2 DELP87T2, DELP§7WA
SIO, UCSD 36 LUSIO1AR, SCANO3AR, ZTES2BAR, ZTES03AR,
ZTES04AR, ZTESO5AR, JPYNO2BD,
JPYNO4BD, DSDP19GC, DSDP20GC,
DSDP32GC, DSDP55GC, DSDP56GC,
DSDP57GC, DSDP86GC, DSDP87GC,
DSDP88GC, DSDP89GC, HUNTO1HT,
HUNTO2HT, HUNTO3HT, ANTPO3MYV,
GECS-CMV, GECS-DMYV, SILSO1BT,
SILS02BT, SILSO3BT, ARESOSWT, ARESO6WT,
ARESO7WT, INDPOIWT, INDPO2WT,
RAMAO3WT, RAMAO4WT, RNDB10WT,
TSDYO3WT
LDEO 25 RC1007, RC1008, RC1107, RC1108, RC1205,
RC1207, RC1218, RC1219, RC1404, RC1405,
RC2004, RC2005, RC2006, V2006, V2007,
V2008, V2106, V2815, V2816, V2817, V3212,
V3213, V3214, V3311, V3312
Texas A&M University 8 ODPI125JR, ODP126JR, ODP127JR, ODP132JR,
ODPI144JR, ODP145JR, ODP197JR, ODP198JR
U.S. Navy Naval 5 S1343608, S1343615, S1932005, S1932009, S1933010
Oceanographic
Office
SOEST, Univ. Hawaii 4 77031704, 77031705, 83011604, 84042802
IFREMER, France 3 84002112, 84002113, 84003111
Far East Sci Center, 1 PEGASUS
USSR
Mar Geol Geophys, 1 PG30
USSR

GSJ Geological Society of Japan, LDEO Lamont-Doherty Earth Observatory, SOEST School of
Ocean and Earth Science and Technology, IFREMER Institut Frangais de Recherche pour
I’Exploitation de la Mer

unclear in Nakanishi et al. (1989), geomagnetic measurements were conducted by
the author during six cruises by R/V Hakuho-maru, KH-90-1 (Nakanishi et al.
1991), KH-92-3 (Nakanishi et al. 1993), KH-93-1 (Nakanishi 1993), KH-96-3,
KH-03-1, and KH-06-1, four cruises by R/V KAIREI, KR98-07, KR99-11 (Ogawa
1999), KR04-08 (Nakanishi et al. 2004), and KR06-03 (Nakanishi 2007), and one
cruise by R/V YOKOSUKA, YKO08-09 (Nakanishi and Noguchi 2008). We
acquired the geomagnetic data collected by JHOD (e.g., Fujisawa 2009). We also
obtained the geomagnetic data from the databases of JAMSTEC and
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NOAA/NGDC (GEODAS; http://www.ngdc.noaa.gov/mgg/gdas/gd_sys.html).
The geomagnetic data obtained in KR08-10 cruise by R/V KAIREI was personally
obtained from the shipboard scientists of the cruises.

We calculated magnetic anomalies using the 11th Generation International
Geomagnetic Reference Field (International Association of Geomagnetism and
Aeronomy, Working Group V-MOD 2010). The geomagnetic reversal timescale used
in this study is that proposed by Gradstein et al. (2004). Fig. 3 shows magnetic
anomaly profiles in the study area.

The magnetic data were analyzed in the usual fashion for magnetic lineation
studies: anomalies were plotted as wiggles perpendicular to ship tracks using GMT
and MAGBAT and then correlated between tracks by eye. The analysis of geomagnetic
data began with the previous magnetic lineation map (Nakanishi et al. 1989) and
focused on tracing the lineations. As with any magnetic lineation identification study,
the picks were based on a combination of anomaly shape and spacing, extension from
better picks, and constraints imposed by geometry and orientation. To help identify
individual anomalies, profiles were compared with a synthetic magnetic model based
on the Mesozoic geomagnetic reversal timescale of Gradstein et al. (2004).

3 Results

3.1 Overview of the Bathymetric Features

The bathymetric map (Fig. 4) abundantly exposes topography of the seafloor of the
Pacific plate. Bathymetric data extend across the trench slope and outer swell
to the undeformed oceanic plate. Data coverage spreads more than 200 km from the
trench axes and is wider than previous works (e.g., Kobayashi et al. 1998; Sasaki
2003). The wide coverage makes more detailed description of topographic struc-
tures of seafloor possible than in previous works.

The crest of the outer swell, Hokkaido Rise, a gently uplifted topographic feature
parallel to the trench axis, along the Kuril Trench, has a depth of 5,100 m, which is
nearly 1,000 m shallower than the northwestern Pacific basin. The distance between
the crest of the outer swell and trench axis is approximately 70 km in the Kuril
Trench. The outer swell of the Japan Trench is slightly less clear compared to that of
the Kuril Trench. Its crest is deeper than 5,200 m and situated about 80 km east of the
Japan Trench axis. The outer swell is distinctly identified north of 37°N in the Japan
Trench, north of the Joban Seamounts, but is obscure south of 37°N, near the Joban
Seamounts. The outer swell along the Izu-Ogasawara Trench is narrower than those
along Kuril and Japan trenches. Kashima Fracture Zone (Nakanishi 1993; Nakanishi
et al. 1989) is situated just east of the outer swell. Kashima Fracture Zone prevents
the eastern side of the fracture zone from uplifting to make an outer swell.

The remarkable topographic structures on the deep-sea floor, except for deep-sea
trenches and outer swells, are Kashima and Nosappu fracture zones, Joban Seamounts
and subducting seamounts, Erimo, Daiichi-Kashima, and Mogi. The Kashima
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Fig. 3 Along-track magnetic anomaly profiles in the study area. Positive anomalies are shown as
shaded. The scale bar near the upper-left corner is for the amplitude of magnetic anomalies. The
profiles shaded in red with numbers show the profiles used in Fig. 20. Blue rectangles indicate
regions of Figs. 21 and 22. Barbed lines show the approximate location of trench axes with barbs
on the overriding plate
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Fracture Zone, east of the Izu-Ogasawara Trench, is identified by Nakanishi et al.
(1989) from magnetic anomaly lineations and examination of single-beam bathymet-
ric data. The Kashima Fracture Zone is characterized by complex trough morphology
(Nakanishi 1993). The 30 km-wide trough is bounded by ridges. The expression of
the fracture zone is diminished by closing seamounts near 34°N. The western side of
the fracture zone is shallower than the eastern side. Vertical relief of the seafloor
ranges from 400 to 1,000 m. There is no systematic change of the vertical relief with
distance from the axis of the Izu-Ogasawara Trench, implying that the Kashima
Fracture Zones has not reactivated by recent subduction-related tectonism of the Izu-
Ogasawara Trench.

The bathymetric features of the Joban Seamounts, just east of the Japan Trench,
are described in Kobayashi (1991, 1993). The trend of the seamounts is not aligned
with any supposed hotspot tracks on the Pacific plate. Daiichi-Kashima and Erimo
seamounts are subducting at the Japan and Kuril trenches, respectively. The sea-
mounts were investigated by Nautile dives under the KAIKO project (Cadet et al.
1987). Both seamounts are dissected by normal faults. Daiichi-Kashima Seamount is
cut by a large normal fault into two blocks, the western half of which is nearly
vertically offset from the eastern block by ~1,600 m (Kobayashi et al. 1987). Mogi
Seamount, also cut by normal faults, is subducting at the Izu-Ogasawara Trench at
32°50'N.

Bottom topography of the northwestern Pacific basin beyond these outer swells
is generally very smooth except for seamounts and knolls. Numerous knolls are
situated around 38°N. Hirano et al. (2008) indicated that the knolls are formed by
recent volcanism, not related with any plate boundaries.

Abyssal hill fabrics exist on the seafloor east of the Kashima Fracture Zone and
Joban Seamounts. Between 38°N and 41°N, there are abyssal hill fabrics east of
145°E. However, the fabrics are not resolvable on the outer swell along the Kuril
Trench. Most of the abyssal hill fabrics trend N70°E, parallel to that of magnetic
anomaly lineations, with heights of less than 100 m.

3.2 Topographic Expression of the Trenches

The trench axes were determined where direction of trench slopes changes from
oceanward to landward. The depth of the trench axis in the Kuril Trench shallows
westward from 7,300 to 7,100 m (Fig. 5). The Japan Trench deepens southward
from 7,500 to 9,000 m except for the portion of the collision of the Daiichi-Kashima
Seamount around 37°N. The trench axis in the Izu-Ogasawara Trench deepens
southward from 9,000 to 9,500 m. The seafloor of the trench axis of the western
Kuril Trench is smooth at a depth of 7,200 m. The smoothness is due to sediment
flow from the Kushiro Submarine Canyon. The seafloor of the trench axis of the
northern Izu-Ogasawara Trench around the triple junction between Izu-Ogasawara
Trench and Sagami Trough is smooth at a depth of 9,250 m, owing to sediment flow
in the Sagami Trough and other deep-sea channels (Ogawa et al. 1989).
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3.3 Bending-Related Structures of the Oceanward Trench Slopes

The bathymetric map (Fig. 4) displays pervasive elongated structures, escarpments
and ridges, that dissect the oceanward trench slopes (Fig. 6). Increased multibeam
bathymetric data made it possible to expose more elongated structures than previ-
ous works. Elongate escarpments consist of oceanward- and trenchward-dipping
escarpments. Many pairs of oceanward- and trenchward-dipping escarpments form
horst and graben structures. Identification of trenchward-dipping escarpments is
less certain than that of oceanward-dipping escarpments because of the difficulty in
separating these slopes from those made by plate bending and trenchward-dipping
escarpments. Moreover, several segments of trenchward dipping escarpments are
collapsed owing to subduction of the Pacific plate. Thus, we identified bending-
related heights with crests of less than several kilometers width as ridges.

Elongated escarpments and ridges of the oceanward slope of the Japan and Izu-
Ogasawara trenches are almost restricted to areas deeper than 5,600 m (Fig. 6)
except for around 38°N, where the strike of the Japan Trench changes. The 5,600 m
contours are 70 km away from trench axes. The crests of the outer swells along the
trenches are situated far away from the trench axes, implying that elongated topo-
graphic structures are not formed at the crest of the outer swell.

3.3.1 Kuril Trench

The strike of the Kuril Trench is N65°E. The age of subducting Pacific plate is
about 130 Ma (Nakanishi et al. 1989 and see the Sect. 3.4). The bathymetric map
(Fig. 7) shows that the distinctive bending-related topographic structures in the
oceanward slope are elongated escarpments and ridges. The strike of the bending-
related topographic structures range N60—80°E. The length of many escarpments
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Fig. 7 Shaded bathymetric map of the western Kuril Trench. Contour interval is 50 m. Red lines
show positions of the profiles in Fig. 8. Yellow lines show the approximate location of trench axes

and ridges is less than 20 km. The bending-related topographic structures are
limited to areas less than 70 km away from the trench axis (Fig. 8). Ridges and
asymmetric grabens, that is half grabens tilted toward the trench, are more promi-
nent than escarpments in the oceanward slope of the western Kuril Trench. The
height does not show a gradual change. The height of ridges 20 km away from the
trench axis is less than 100 m while those near the trench axis are more than 100 m.
The bending-related topographic structures 80 km beyond the trench axis have a
height of a few tens of meters, which is comparable to that of abyssal hill fabrics.

Oceanward-dipping escarpments are more common than landward-dipping
escarpments east of the Takuyo-Daiichi Seamount (Fig. 9). West of the seamount,
landward-dipping escarpments are roughly equal to oceanward-dipping escarp-
ments. Several escarpments with an N-S strike are identified south of the Erimo
Seamount at the northern tip of the Japan Trench.

3.3.2 Japan Trench

The strike of the Japan Trench bounded by Daiichi-Kashima and Erimo seamounts
changes at around 38°N from about NO8°E in the northern part to ~N30°E in the



16 M. Nakanishi

NNW SSE
0 20 40 60 80 100

WA LT

L
o
S

S o 3
=
— |

Residual
Depth (m)

100
5000

5500 e ]

Depth
K
8

Residual
Depth (m)
o

/\/ VA% WA

[$)
O
[
o

100
5000

5500

c i

~ 6000

= ] /
6500 ¢ A~

7000 \UH\““

7500

Dept

0 20 40 60 80 100
Axis Distance (km)

Fig. 8 Selected examples of bathymetric profiles nearly perpendicular to the western Kuril Trench.
Positions of the profiles are shown in Fig. 7. (a) and (¢) show the original bathymetric (solid) and
filtered (broken) profiles. (b) and (d) show the residual profiles calculated by subtracting filtered
values from the original water depths

southern part (Fig. 10). Most of bending-related topographic structures in the
northern segment of the Japan Trench are subparallel to the trench axis. The
bending-related topographic structures are confined to areas less than ~80 km away
from the trench axis (Fig. 11). Topographic expressions of these north of 39°40'N
are a half graben, an asymmetric graben and ridges, which is similar to that of the
western Kuril Trench. The height of bending-related topographic structures does
not show any gradual trenchward increase. Some of bending-related topographic
structures north of 40°N have the same strike as those of Kuril Trench.

In the middle region of the northern segment between 38°50'N and 39°40'N,
bending-related escarpments form symmetric grabens subparallel to the trench axis
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Fig. 9 Distribution of bending-related topographic structures in the western Kuril Trench. Black
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respectively. RF Ryofu Seamount, 7/ Takuyo-Daiichi Seamount, ER Erimo Seamount

(Figs. 11 and 12). Gradual growing of the bending-related topographic structures is
observed in this area. Trench-subparallel escarpments decrease in relief southward
and a dominant set of escarpments become roughly parallel to the seafloor
spreading fabrics striking at large angles to the trench axis. Between 38°N and
39°15'N, several elongated escarpments have a strike perpendicular to seafloor
spreading fabrics. The abyssal hill fabrics are clear on the outer swell beyond
bending-related deformation in the northeastern corner of the Fig. 10.

In the southern segment of the Japan Trench south of around 38°N, the strike of
the Japan Trench is N30°E (Fig. 13). The outer swell in this region is obscure
around the Joban Seamounts. The bending-related topographic structures are con-
fined to areas less than ~50 km away from the trench axis between the trench and
Joban Seamounts (Fig. 13). There are not any bending-related topographic struc-
tures seaward of the Joban Seamounts. A topographic expression of bending-related
topographic structures is a half graben or ridge, which is similar to that of the west-
ern Kuril Trench (Figs. 13 and 14). Most of bending-related topographic structures
have an NE-SW strike, N50-70°E, and are not parallel to the trench axis, but sub-
parallel to the trend of the Joban Seamounts (Fig. 15).

Around 36°N, near the Daiichi-Kashima Seamount, near the boundary between
Japan and Izu-Ogasawara trenches, the strike of bending-related topographic
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Fig. 10 Shaded bathymetric map of the northern Japan Trench. Red lines show the positions of
bathymetric profiles in Fig. 11. Other conventions are identical to Fig. 7

structures changes notably to an orientation subparallel to the trench axis, N30°E.
The Daiichi-Kashima Seamount is cut by a large normal fault parallel to the trench
axis into two blocks, the western half of which is nearly vertically offset from the
eastern block by about 1,600 m (Kobayashi et al. 1987).
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Fig. 12 Distribution of bending-related topographic structures in the northern Japan Trench.
Conventions are identical to Fig. 9

3.3.3 Izu-Ogasawara Trench

The Izu-Ogasawara Trench physiographically terminates at the subducting
Daiichi-Kashima Seamount. The northernmost portion of the Izu-Ogasawara Trench
forms the trench-trench-trench triple junction with Sagami Trough. The seafloor of
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Fig. 13 Shaded bathymetric map of the southern Japan Trench. Red lines show positions of the
profiles in Fig. 14. Other conventions are identical to Fig. 7

the triple junction, Mogi Fan, is very flat. Previous works indicated thick sediment
transported along Sagami Trough there (Ogawa et al. 1989). The strike of the Izu-
Ogasawara Trench is almost N-S in the study area except for north of 35°10'N and
33°-33°30'N. Those north of 35°10'N and between 33°N and 33°30'N strike
N25°E and N10°W, respectively. The Mogi Seamount is subducting at 32°45'N.
The height of the seamount is about 4,200 m, which is larger than that of the
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Fig. 15 Distribution of bending-related topographic structures in the southern Japan Trench.
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Daiichi-Kashima Seamount subducting in the Japan Trench at 36°N. The Mogi
Seamount is divided into several portions by escarpments.

Seta et al. (1991) and Kato (1991) reported elongated escarpments on the outer
slope of the Izu-Ogasawara Trench from bathymetric surveys using the multibeam
echo-sounder “classic” SeaBeam system. They indicated that most of escarpments
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Fig. 16 Shaded bathymetric map of the northern Izu-Ogasawara Trench. Red lines show positions

of the profiles in Fig. 17. Other conventions are identical to Fig. 7

trend N20-35°W, which is oblique to the strike of trench. Their coverage of
bathymetric data is only within 40 km from the trench axis. The bathymetric map
made in this study (Fig. 16) displays a number of elongated escarpments and ridges.
The coverage of bathymetric data in this study is wider than in previous works
(Renard et al. 1987). Bending-related topographic structures related with subduction
are limited to within 70 km from the trench axis (Fig. 17). Topographic expression
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Fig. 18 Distribution of bending-related topographic structures in the northern Izu-Ogasawara
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spreading ridge. Broken lines illustrate the topographic structures related to Kashima Fracture
Zone. MG Mogi Seamount, KR KAIREI Ridge, PF pseudofault, KFZ Kashima Fracture Zone.
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of most bending-related topographic structures is a symmetric graben. Asymmetric
or half grabens are also observed.

Most of bending-related topographic structures identified north of 33°N have an
NNW-SSE strike (Fig. 18). The strike is the same as that of trench axis between 33°N
and 33°30'N. There are bending-related topographic structures with an N-S strike
around the Mogi Seamount. The bending-related topographic structures with an N-S
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strike are not so much as those with an NNW-SSE strike. One long escarpment with
an N-S strike is situated along 142°50'E between 33°20'N and 34°N (PF in Fig. 18).
There are rarely escarpments or ridges east of the PF escarpment. The bending-related
topographic structure near the trench axis south of 33°35'N is a ridge about 50 km
long. A large escarpment with an NE-SW strike exists between 32°20'N and 32°40'N
southeast of the Mogi Seamount. The height of the escarpment is more than 500 m and
increases trenchward, which is larger than other escarpments with NE-SW strikes.

There is a curved trough with an NE-SW strike from 33°50'N to 35°10'N near
the trench triple junction. The trough is bounded by curved NE-SW trending escarp-
ments of an adjacent elongated ridge. The maximum depth of the trough is 6,000 m.
It narrows northeastward. The shape of the trough bears a close resemblance to that
of a tip of a propagating spreading ridge observed in Pacific-Antarctic Ridge around
64°S (Briais et al. 2002). The elongated ridge in the trough resembles a neo-volcanic
ridge in a propagating spreading ridge (e.g., Kleinrock and Hey 1989; Blais et al.
2002). We conclude that the trough is an extinct propagating spreading ridge and that
is not directly related to plate bending. Curved escarpments east of the trough are
interpreted as traces of pseudofaults associated with propagation of ridge. The south-
west extension of the trough is a fragmented ridge on the outer slope of the Izu-
Ogasawara Trough discovered by Kobayashi (1991) and named as the KAIREI
Ridge by Ogawa (1999). Basaltic rocks were recovered from the KAIREI Ridge
near the trench axis (Ogawa 1999). The continuity between the KAIREI Ridge and
the extinct of the propagating spreading ridge indicates that the KAIREI Ridge is a
part of the sidewall of the extinct propagating spreading ridge. The KAIREI Ridge
is wider than the extinct propagating spreading ridge. The KAIREI Ridge seems to
have grown up by off-ridge volcanism along the escarpment.

3.4 Magnetic Anomalies

Amplitudes of magnetic anomalies in the outer side of the trenches are generally
more than 300 nT, which are larger than those of other contemporary areas in the
western Pacific Ocean (Fig. 3). These have northward increases in amplitude from
300 to 500 nT.

Figure 19 illustrates magnetic anomaly lineations identified in this study. Most of
magnetic anomaly lineations younger than M10 are not changed from Nakanishi
et al. (1989). Results of the identification in this study is similar to that in previous
works (Nakanishi et al. 1989, 1999) except for the areas around the Joban Seamounts,
and between the Kashima Fracture Zone and the Izu-Ogasawara Trench.

Figure 20 shows correlations of magnetic anomalies among selected cruise
tracks and comparison with a synthetic profile calculated from the geomagnetic
reversal timescale of Gradstein et al. (2004). The skewness parameter is —230°,
which is the same as those for the Japanese lineation set (Nakanishi et al. 1989,
1999). Resemblance of shapes of magnetic anomaly profiles makes it easy to identify
magnetic anomaly lineations.
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Fig. 19 Magnetic anomaly lineations identified in the study area. Solid lines with M-number and
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show possible pseudofaults caused by propagating spreading ridges. PR abandoned propagating
spreading ridge
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The most remarkable result about magnetic anomaly lineations in this study is
the discovery of magnetic anomaly lineations north the Joban Seamounts with a
strike different from that of magnetic anomaly lineations in the other areas (Fig. 21).
There are not any remarkable topographic structures near the junction between the
regular and irregular lineations which would indicate any post-spreading, off-ridge
tectonic event. This implies that these lineations formed during a reorganization of
the plate boundaries between the Pacific and Izanagi plates. Nakanishi et al. (1989,
1991) identified similar curved magnetic anomaly lineations and Nakanishi et al.
(1991) speculated that the curved lineations are due to a propagating spreading
ridge. The identifications in this study support that speculation. The identifications
indicate that rift propagation stopped around chron M10 (134 Ma).

The discontinuity of the magnetic anomaly lineations around the Joban
Seamounts is also a remarkable result. Increased density of the geomagnetic data
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Fig. 22 Along-track magnetic anomaly profiles east of the Joban Seamounts. Conventions are
identical to Fig. 21

reveals a discontinuity of lineations between M15 and M12 east of the Kashima
Fracture Zone (Fig. 22). The discontinuity can be traced northeastward to lineation
MI11. The offsets of the magnetic anomaly lineations have a trend different from
fracture zones in this study area. This evidence implies that the discontinuity is due
to a northeastward propagating spreading ridge.

Nakanishi et al. (1989) identified lineations from MI11 to M3 between the
Kashima Fracture Zone and the Izu-Ogasawara Trench, which have a strike a little
different from those east of the Kashima Fracture Zone. The detailed examination
of magnetic anomalies in the study area could not confirm their identification in
spite of the increase of cruise data. Magnetic lineations younger than M7 were
missed in this area.
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4 Discussion

4.1 Strike of Bending-Related Topographic Structures

There is a strong likelihood that the strike of bending-related topographic structures
should be parallel to the trench axis. Previous authors (Masson 1991; Kobayashi
et al. 1995, 1998; Billen et al 2007) suggested that pre-existing abyssal hill fabrics
are also one of the factors controlling the strikes of bending-related topographic
structures. Hilde (1983) questioned the occurrence of any consistent control of this
process. To examine the relationship between strikes of bending-related topo-
graphic structures and oceanic spreading fabrics, rose diagrams were made in refer-
ence to the strike of the strike of trench axes (Fig. 23). Most elongated topographic
structures are not straight. To determine the dominant orientation of topographic
structures, one topographic structure is divided into several straight segments which
length is from several to tens kilometers. After the division, strikes of segments
were separately calculated per each segment.

Table 3 shows a summary of bending-related topographic structures in ocean-
ward trench slopes and possible controlling factors. It is obvious that strikes of
bending-related topographic structures are controlled by strikes of trench axis or by
the oceanic spreading fabrics. This result supports the conclusions by Masson
(1991) and Kobayashi et al. (1998). Masson (1991) showed that convergence direc-
tion and age of the subducting plate have no obvious influences for strikes of
bending-related topographic structures like elongated escarpments. The conver-
gence direction of the Pacific plate is almost the same in the study area, N65-67°W
(Gripp and Gordon 2002). The Pacific plate in the study area ranges from 130 to
140 Ma in age. The homogeneity of the convergent direction and the narrow age
range support the conclusion by Masson (1991).

In the oceanward slope of the western Kuril Trench, bending-related topographic
structures have a mode of strikes, N65—-70°E, which is the same direction of mag-
netic anomaly lineations (Fig. 23a). The topographic expression is a half graben or
ridge and is similar to that of abyssal hill fabrics. These observations support the
conclusion of Kobayashi et al. (1995, 1998) that the bending-related topographic
structures of the oceanward slope of the western Kuril Trench is formed by reacti-
vation of abyssal hill fabrics associated with subduction of the Pacific plate.

The graben structure is predominant in the oceanward slope of the Japan Trench
north 38°N (Table 3, Fig. 23b, c¢). Most escarpments have a strike parallel to the
trench axis, around north-south. Several escarpments south of 39°30'N have a dif-
ferent strike, N20°W. Kobayashi et al. (1998) suggested that the predominant direc-
tion of escarpments is due to reactivation of non-transform offsets. The magnetic
anomaly lineations in this area elucidate a northeastward propagating spreading
ridge before chron M10 (Fig. 19). The seafloor in this area was formed near the
inner pseudofault related with southwestward propagating spreading ridge. The
elongated escarpments with an NW-SE strike seem to be developed in the transform
zone between propagating doomed ridges.
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Fig. 23 Rose diagrams showing statistical distribution of bending-related topographic structures
in the oceanward slopes of the trenches studied in this study. Rose diagrams are normalized by the
number of structures with a mode strike. F strike of the fracture zones, M1 orientation of the magnetic
anomaly lineations except for around 38°N near the Japan Trench, M2 orientation of the magnetic
anomaly lineations around 38°N near the Japan Trench, PR trend of the abandoned propagating
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axis of the Japan Trench north of 38°N, Ts general trend of the trench axis of the Japan Trench
south of 38°N
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Table 3 Orientations of bending-related structures, trench axes, and magnetic anomaly lineations
and types of graben

Mode of strike Magnetic

of topographic anomaly
Trench features Trench axis lineation Types of graben
Kuril N65-70°E N65°E N70°E AorH
Japan N15-20°E NI10°E N70°E A,H,orS
39°20'—41°00'N
Japan N10-15°E NOO°E N70°E AorS
38°00-39°20'N
Japan N55-60°E N20-35°E N50-65°E AorH
35°40'-38°00'N
Izu-Ogasawara N15-20°E N20°E N70°E A,H, orS
35°11'-35°40'N
Izu-Ogasawara N20-25°W N-S N70°E A,H,orS
33°36'-35°11'N
Izu-Ogasawara NO5-10°W N10°W N70°E A,H, orS
33°05'-33°36'N
Izu-Ogasawara NO0-05°E N-S N70°E A,H,orS

32°00-33°05'N
A asymmetric graben, H half graben, S symmetric graben

Between 38°N and the Joban Seamounts (Fig. 23d), N50-65°E trending structures
are predominant. The direction is close to the strike of the magnetic anomaly linea-
tions, which strike is N50-65°E. Ranero et al. (2005) mapped bending-related
structures roughly parallel to Juan Fernandez Ridge along the Chile Trench off-
shore of Valparaiso, Chile. The trend of Joban Seamounts is N50°E, which is not
parallel to any hotspot tracks on the Pacific plate. Thus, it is reasonable that the
NE-SW trending bending-related topographic structures were form by reactivation
of the abyssal hill fabric and that the Joban Seamounts were formed along a crustal
structure parallel to the abyssal hill fabrics.

Bending-related structures in the northern Izu-Ogasawara Trench have two dis-
tinguishable strikes (Fig. 23e—h). One has the same direction of the trench axis. The
other strikes N20°W that is perpendicular to abyssal hill fabrics and dominant
between 33°36'N and 35°11'N (Fig. 23f). Seta et al. (1991) mapped the elongated
escarpments with the similar strike in the southern Izu-Ogasawara Trench and con-
cluded that the escarpments were formed by reactivation of weak zones, for
instance fracture zones, perpendicular to abyssal hill fabrics. This striking also sup-
ports the formation of the bending-related structures with an N20°W strike results
from reactivation of weak zones perpendicular to abyssal hill fabrics.

Elongated topographic structures with an NE-SW strike are also dominant in the
northern Izu-Ogasawara Trench west of Kashima Fracture Zone (Fig. 23e, ). Some
of the structures were formed by propagation of a spreading ridge and are not
related to plate bending. The abandoned propagating spreading ridge is situated
north of Lineation M8 (Fig. 19). No magnetic anomaly lineations younger than
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Lineation M7 parallel to the ridge were identified in this area. These evidences
imply that the spreading ridge west of the Kashima Fracture Zone propagated in
mid-Cretaceous Quiet Period (84—125 Ma).

4.2 Topographic Expression of Bending-Related Structures

The two distinct types of development of bending-related topographic structures
were observed in the study area. The bending-related topographic structures
resulted from faulting by plate bending are parallel or subparallel to the trench axis
and their heights increase progressively trenchward. This type is typically observed
from 38°40'N to 40°N in the northern part of the Japan Trench (Figs. 10 and 12).
Those originated in reactivation of oceanic spreading fabrics are oblique to the
trench axis and not always parallel to trench axis. Their height does not show
clearly gradual trenchward growth. This type is typically observed in the western
Kuril and southern Japan trenches. The bending-related topographic structures in
the Izu-Ogasawara Trench have a combined type.

The dominant topographic expression of the bending-related topographic struc-
tures resulted from newly formed faults by plate bending is dominantly a symmetric
graben (Table 3). That of the bending-related topographic structures originated in
reactivation of oceanic spreading fabrics is an asymmetric graben or a half graben.
In the northern Chile Trench, the similar result is obtained by Ranero et al. (2005).

5 Conclusions

The examination of the detailed bathymetrical maps and magnetic anomaly linea-
tions reveal the following evidences.

1. Most of bending-related topographic structures exist in the oceanward trench
slopes deeper than 5,600 m.

2. Bending-related topographic structures are developed parallel to the trench axis
or inherited seafloor spreading fabrics. Inherited seafloor spreading fabrics are
reactivated when they trend within ~30° from the trench axis.

3. The topographic expression of bending-related topographic structures is classi-
fied into two types according to whether new faults developed parallel to the
trench axis or inherited seafloor spreading fabrics reactivated.

4. Several curved Mesozoic magnetic anomaly lineations exist near the Japan Trench.

5. Discontinuity of magnetic anomaly lineations associated with a propagating
spreading ridge is documented around the Joban Seamounts.

6. A trough with elongated escarpments associated with the propagating ridge in
mid-Cretaceous Quiet Period was discovered near the trench-trench-trench triple
junction.
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Erosional Subduction Zone
in the Northern Japan Trench:
Review of Submersible Dive Reports

Yujiro Ogawa

Abstract Submersible studies of the oceanward and landward slopes of the northern
Japan trench are reviewed, and the typical erosional features of this subduction zone
are discussed. On the oceanward slope, normal faults with tension cracks have cre-
ated horst and graben structures, forming a series of steps. On the landward slope,
brecciated Miocene sedimentary rocks with calcite veins and cement are exposed
on the thrust-controlled slope surfaces, and landsliding of the rocks and sediments
of the lower landward slope fills the grabens of the oceanward slope. As a result of
this erosion, the trench has advanced, moved landward, at a speed of 5-6 km/m.y.
since the middle Miocene.

Keywords Erosional type subduction zone ¢« Normal fault ® Thrust fault » Crack
* Breccias ¢ Calcite cement

1 Introduction

The Nankai subduction boundary around Japan is now considered an accretion-type
margin with typical prism formation (e.g., Moore et al. 2007), although until the
late 1960s, the Nankai trough was thought to have a normal faulted boundary
(Hilde et al. 1969). The accretionary processes and gravitational collapse along this
boundary have been well elucidated by manned submersible studies in Tenryu and
Shionomisaki canyons, which incise the prism (Kawamura et al. 2009, 2011; Anma
et al. 2011).

The Japan trench, on the other hand, has been considered a type example of
subduction erosion with consequent trench advance and trench slope subsidence
(von Huene and Lallemand 1990; von Huene and Scholl 1991; von Huene et al.
2004). However, a rather conspicuous thrust-faulted slope with a locally developed
accretionary prism at its toe has been observed (Suyehiro and Nishizawa 1994).
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Moreover, a large-scale submarine landslide has developed elsewhere on the
landward slope, the orientation of which is controlled by the lineaments of normal
faults in the subducting Pacific slab (Kobayashi 1991; Ogawa and Kobayashi 1994;
Sasaki 2004; Nakanishi et al. 2011).

The Nankai trough and the Japan trench margins differ primarily in that the former
is characterized by a sediment-supplied trench floor without a normal-faulted slab,
and the latter by a sediment-starved trench and a normal-faulted slab. In the Nankai
trough, the frontal thrust propagates into trench turbidites, whereas in the Japan
trench, the slope rocks slide into grabens in the trench (Taira and Ogawa 1991).
Thus, the Japan trench is a typical erosional subduction boundary characterized not
by sediment accretion but by erosion. The landward slope of the trench has prob-
ably been retreating since at least the Miocene (e.g., DSDP Legs 56, 57, and 87B;
von Huene et al. 1980; von Huene and Lallemand 1990; Lallemand and Le Pichon
1987, Clift and Vannucchi 2004).

However, the geology of the Japan trench has not been fully described except in
the areas of the French—Japanese KAIKO project, such as its junction with the Kuril
trench at its northern end (Erimo area; Cadet et al. 1987) and the Daiichi-Kashima
Seamount area at its southern end (Kobayashi et al. 1987, 1998).

Since the KAIKO Project, Hakuho-Maru cruises operated by the University of
Tokyo have completed mapping the rest of the Japan trench and have identified the
Miyako area of the northern trench to be suitable for characterization (Ogawa and
Kobayashi 1994; Kobayashi et al. 1998) (Fig. 1). These studies reported the topo-
graphical and geological similarities and differences between the oceanward and
landward toes and confirmed that erosion of material into the grabens in the subduct-
ing slab causes the landward advance of the trench, as suggested by Hilde (1983).

The dive results for the oceanward slope have been described by Ogawa et al.
(1991, 1997) and Ogawa (1994), and those for the landward slope by Ogawa
et al. (1991, 1996), Iwabuchi et al. (1996), and Kuwano et al. (1997). However,
the significance of the trench topography with regard to its tectonic features has
not yet been discussed, although the erosional character of the trench may be
greatly affected by the geology of the oceanward slope.

2  Oceanward Slope Topography and Geology off Miyako

Ogawa and Kobayashi (1994) briefly described the topography of the toe of the
oceanward slope of the northern Japan trench off Miyako, and Kobayashi et al.
(1998) discussed its tectonic significance. The slope is characterized by the sys-
tematic development of horst and graben structures (Fig. 2), each of which is
some kilometers in width with steep walls up to several 100 m in height. The
angle of the oceanward slope varies from 10° to 20° (average, 17°), as estimated
from a topographic map with a 10-m contour interval. However, direct observa-
tion from the submersible showed that the slope is composed of a series of small
steps (Fig. 3).
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Fig. 1 Index map showing the dive sites, the crack site on the oceanward slope, and the Sanriku
escarpment on the landward slope (top). Three-dimensional reconstruction (Whale view) of the
Japan trench off Miyako, around 39°N, prepared by Kensaku Tamaki (botfom). Vertical exaggera-
tion x12
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Fig. 2 Multi-narrow-beam swath map around the dive sites at 39°30’N off Miyako (fop; contour
interval, 50 m). Topographic section made by a 3.5-kHz subbottom profiler along 39°30'N (bottom).
Vertical exaggeration x60. Notice that the slope angle differs depending on the order. The ocean-
ward slope toe gradients are 2.6°, 5.1°, and around 20°, increasing as the order decreases (Revised
from Ogawa and Kobayashi (1994))

Many open cracks could be seen from the submersible windows (Fig. 3) (Ogawa
etal. 1997). Ogawa et al. (1997) reported similar cracks in the Mariana trench, and
they concluded that the open cracks resulted from shaking caused by large earth-
quakes occurring beneath the oceanward slope of the trench. This area of the Japan
trench includes the epicenter of the 1933 Sanriku-oki earthquake (M=8.1;
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Fig. 3 Whale view sketch of the crack distribution on the shoulder of the normally faulted ocean-
ward slope at dive site 6K#67 (top), and views of cracks from the submersible window (bottom).
(a) a sharp crack in the seabed, which consists of diatomaceous mud; view looking southward;
(b) Y-shaped crack propagation, looking southeastward (From Ogawa 1994; A, dive 6K#67;
B, dive 6K#134)

Kanamori 1971), which was caused by normal faulting due to bending of the down-
going Pacific slab (shown by x in Fig. 2). Kanamori (1971) reported that this nor-
mal fault cuts almost the entire thickness of the Pacific plate.

The surface of the oceanward slope is composed of diatomaceous mud and
mudstone with occasional ash layers. The sediments are not well indurated, nor are
they deformed, except by local vein structures (Ogawa 1994). No chemosynthetic
biocommunity is present. Repeated observations over 5 years have shown that
northward-flowing bottom currents rapidly fill the cracks at the rate of centimeters
per year (Hirano et al. 1998).

3 Landward Slope Topography and Geology off Miyako

The landward slope toe of the northern Japan trench off Miyako is also character-
ized by steep slopes, with a maximum angle of 30°, as estimated from a map with
a 10-m contour interval (Fig. 2), and an average angle of 15°. The deepest portion
attains a depth of 7,400 m. A steep cliff with a north—south trend at 6,500 m depth,
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called the Sanriku Escarpment (Fig. 4), forms the boundary between the lowermost
toe and the upper trench wall. This escarpment has been interpreted as the scarp
of a large thrust fault (e.g., von Huene and Culotta, 1989). Taira and Ogawa
(1991), however, showed that the upper part of the escarpment is characterized by
large-scale submarine sliding caused by slope instability, which is later to be
known further controlled by thrust faulting (Iwabuchi et al., 1996; Sasaki, 2004)
as shown below.

Following Iwabuchi et al. (1996) and Ogawa et al. (1996), Sasaki (2004) sum-
marized the mechanisms generating the topographical features of the Japan trench
landward slope, attributing them to erosional subduction zone tectonics. According
to Sasaki (2004), the occurrence of many thrust faults within both the upper and
lower slope has resulted in the formation of a steep, unstable slope prone to land-
sliding. The rocks from the slope are fairly old. The traces of most of these thrust
faults along the slope are characterized by abundant chemosynthetic biocommuni-
ties, dominated by Calyptogena, supported by methane-bearing fluids (Ogawa
et al. 1996).

The submersible SHINKAI 6500 (JAMSTEC) made several dives at the foot
of the Sanriku Escarpment and further upslope (Fig. 4). The assemblages of
fossil diatoms in rock and sediment samples collected by the submersible from
the landward slope, identified by Itaru Koizumi, were of middle Miocene to

40°20'

40°10"

143740 143°50° 144°00° 14410’ 144°20" 144°30'

Fig. 4 Multi-narrow-beam swath map of the area around the Sanriku escarpment, off Miyako at
40°N (contour interval 20 m) (Adapted from Ogawa et al. (1996))
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Fig. 5 Sample ages based on diatom biostratigraphic zones determined by Itaru Koizumi
(Modified from Kuwano et al. (1997))

Pliocene age (Figs. 5 and 6) (Kuwano et al. 1997), similar to the ages of fossils
from Emi Group and Miura Group rocks of the accretionary prisms on the Boso
Peninsula (Hirono and Ogawa 1998; Yamamoto and Kawakami 2005).
Moreover, some sandstone samples show a web structure, as observed in the
Emi Group (Hirono 1996).

Strikingly, the Miocene rocks consist of breccias of diatomaceous mudstone or
sandstone with calcareous cement and veins (Fig. 7). The carbon and oxygen isotope
ratios of the calcite cement (Fig. 8), measured by Tadamichi Oba (Kuwano et al.
1997), are similar to those in the Oregonian margin (Kulm et al. 1986), the Nankai
trough accretionary prism (Sakai et al. 1992), and the Boso Peninsula Miocene
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Fig. 6 Slopes and cliffs with cobbles on the landward slope from the video of dive 6K#274
(Adapted from Ogawa et al. 1996) (fop). Sketch of the Sanriku escarpment. Ages (Ma) of sampled
diatom fossils correspond to those in Fig. 5 (Modified from Ogawa et al. 1996) (bottom)

to Pliocene sedimentary rocks (Satoshi Hirano, personal communication 2005).
It can thus be speculated that methane venting along thrust faults is the original
cause of both the brecciation and the calcite cementation. During the Miocene, the
Japan trench landward slope may have been part of an accretionary prism zone
extending from the south Boso area northward to the area off Miyako. At present,
this accretionary prism of Miocene age is being removed by subduction (tectonic)
erosion.
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Fig. 7 Photos of representative samples from dives 6 K#274 (a, c¢) and #277 (b, d). Cut surfaces
(a, b) and thin sections (¢, d) showing brecciation and calcite veins and cement. Mudstone brec-
cias can be seen to occur within the calcite cemented part (b, d) (From Ogawa et al. 1996)
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Fig. 8 Oxygen and carbon isotope ratios (PDB), analyzed by Tadamichi Oba. The dotted line is
a regression line, excluding the upper two data points (from Kuwano et al. 1997). The domains of
calcite cements are indicated by dashed ellipses: (lower right) methane-derived cements from the
Nankai trough (Sakai et al. 1992), and (top right) pelagic ooze and (fop left) Nankai trough cement
from Shionomisaki Canyon (From Anma et al. (2011))
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4 Lineaments of the Oceanward and Landward Slopes
off Miyako

Lineament orientations, based on the 10-m contour interval maps, around the northern
Japan trench are very similar between the oceanward and landward slopes (Fig. 9).

Unusually, the two slopes apparently developed differently. As interpreted by
Hilde (1983), in the subduction (tectonic) erosion of the Japan trench landward
slope, the slope sediments erode into the trench, filling the graben structures of the
downgoing Pacific plate. As a result of this erosion, the landward slope is retreating
steadily (e.g., von Huene and Lallemand 1990; Clift and Vannucchi 2004). Each of
the grabens on the oceanward slope becomes totally filled by the collapse of the
landward slope toe. The volume of the retard region suggests that the toe retreats at
the rate of 5-6 km per 1 m.y. (Fig. 10). In the 10 m.y. since the middle Miocene,
the calculated distance of 50-60 km is a reasonable estimate of trench landward
advance caused by erosion of the Honshu arc.

Landward slope Oceanward slope
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Fig. 9 Rose diagrams of lineaments on the oceanward and landward slopes, taken from the swath
maps (From Ogawa and Kobayashi 1994)
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Fig. 10 Model of trench advance to landward caused by landsliding. The graben structures are
filled by the collapse of the toe of the landward trench slope. In speed of the advance was calcu-

lated to be 5—-6 km/m.y.

This first approximation is nearly equal to the value calculated by Lallemand
et al. (1994), supporting the idea that the landward slope toe collapses and fills the
grabens, and that the trend of the grabens imposes its orientation on the lineaments

of the landward slope.

5 Conclusions

1. The oceanward slope of the Japan trench is steep and characterized by horst and
graben structures caused by large-scale normal faulting due to downward bending

of the subducting Pacific plate.

2. The landward slope toe is also steep, and exhibits conspicuous submarine
landsliding. The lineaments on both the oceanward and landward slopes are
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approximately parallel, which may be the primary indication that the subduction
(tectonic) erosion of the margin is controlled primarily by the trend of the
grabens in the subducting Pacific slab.

3. Brecciated rocks of Miocene and Pliocene age, veined and cemented by calcite,
on the toe of the landward slope demarcate large-scale thrusting. Methane-
bearing fluid seepage along the faults was responsible for the calcite cementation
of the fault breccias in an accretionary prism.

Acknowledgments I deeply thank Professor Kazuo Kobayashi, who led the many successful
cruises. Rock descriptions, age determinations, and isotope measurements for the landward slope
by Drs. Takeshi Kuwano, Itaru Koizumi, and Tadamichi Oba, respectively, are greatly appreciated.
Captains, crew, and operation teams of SHINKAI 6500 of JAMSTEC are gratefully acknowledged.
An early version of this manuscript was critically reviewed and revised by Professors Mark Cloos,
Satoru Kojima, and Ryo Anma, to whom I am grateful.

References

Anma R, Ogawa Y, Moore G, Kawamura K, Sasaki T, Kawakami S, Dilek Y, Michiguchi Y, Endo R,
Akaiwa S, Hirano S, YK99-09, YKO00-08, YK05-08, YK06-02 Shipboard Science Parties
(2011) Structural profile and development of accretionary complex in the Nankai trough,
Southwest Japan: results of submersible studies. In: Ogawa Y, Anma R, Dilek Y (eds)
Accretionary prisms and convergent margin tectonics in the Northwest Pacific Basic (Modern
approaches in solid earth sciences 8). Springer, Dordrecht, (This volume)

Cadet J-P, Kobayashi K, Aubouin J, Boulégue J, Deplus C, Dubois J, von Huene R, Jolivet J,
Kanazawa K, Kasahara J, Koizumi K, Lallemand S, Nakamura Y, Pautot G, Suyehiro K,
Tani S, Tokuyama H, Yamazaki T (1987) The Japan Trench and its juncture with the Kurile
Trench: cruise results of the Kaiko Project, Leg 3. Earth Planet Sci Lett 83:267-284

Clift P, Vannucchi P (2004) Controls on tectonic accretion versus erosion in subduction zones:
implications for the origin and recycling of the continental crust. Rev Geophys 42:RG2001,
1-31. doi:10.1029/2003RG00127

Hilde TWC (1983) Sediment subduction vs. accretion around the Pacific. Tectonophysics
99:381-397

Hilde TWC, Wageman JH, Hammond WT (1969) The structure of Tosa and Nankai trough off
southeastern Japan. Deep-Sea Res 16:67-75

Hirano S, Ogawa Y, Fujioka K, Kawamura K (1998) Temporal changes of cracks in the oceanward
slope of northern Japan trench of Sanriku: six-year observation by submersible. JAMSTEC
Rep 14:445-454

Hirono T (1996) Web structure in Emi Group of the southern Boso Peninsula. J Geol Soc Jpn
102:804-815

Hirono T, Ogawa Y (1998) Duplex arrays and thickening of accretionary prisms — an example
from Boso Peninsula, Japan. Geology 26:779-782

Iwabuchi Y, Izumi N, Ogawa Y, Kaiho Y (1996) Topography and geology of landward slope of
the Japan trench, off Sanriku. JAMSTEC J Deep Sea Res 12:23-34

Kanamori H (1971) Seismological evidence for a lithospheric normal faulting, the Sanriku earth-
quake of 1933. Phys Earth Planet Int 4:289-300

Kawamura K, Ogawa Y, Anma R, Yokoyama S, Kawakami S, Dilek Y, Moore GF, Hirano S,
Yamaguch A, Sasaki T, YKO05-08 Leg 2, YK06-02 Shipboard Scientific Parties (2009)
Structural architecture and active deformation of the Nankai Accretionary Prism, Japan:



Erosional Features of the Northern Japan Trench 51

submersible survey results from the Tenryu Submarine Canyon. Geol Soc Am Bull 121:
1629-1646. doi:10.1130/B26219.1

Kawamura K, Ogawa Y, Hara H, Anma R, Dilek Y, Kawakami S, Chiyonobu S, Mukoyoshi H,
Hirano S (2011) Rapid exhumation of subducted sediments due to seamount subduction and
out-of-sequence thrust with gravitational collapse in an active eastern Nankai accretionary
prism. In: Ogawa Y, Anma R, Dilek Y (eds) Accretionary prisms and convergent margin tec-
tonics in the Northwest Pacific Basic (Modern approaches in solid earth sciences 8). Springer,
Dordrecht, (This volume)

Kobayashi K (ed) (1991) Preliminary report of Hakuho Maru cruise KH90-1. Ocean Research
Institute, University of Tokyo, Tokyo, 174 pp

Kobayashi K, Cadet J-P, Aubouin J, Boulegue J, Deplus C, Dubois J, von Huene R, Jolivet J,
Kanazawa K, Kasahara J, Koizumi K, Lallemand S, Nakamura Y, Pautot G, Suyehiro K, Tani S,
Tokuyama H, Yamazaki T (1987) The Japan Trench and its juncture with the Kurile Trench:
cruise results of the Kaiko Project, Leg 3. Earth Planet Sci Lett 83:257-266

Kobayashi K, Nakanishi M, Tamaki K, Ogawa Y (1998) Outer slope faulting associated with the
western Kuril and Japan trenches. Geophys J Int R Astron Soc Lond 134:356-372

Kulm LD, Suess E, Moore JC, Carson B, Lewis BT, Ritger SD, Kadko DC, Thornburg TM,
Embley RW, Rugh WD, Mathos GJ, Langseth MG, Cochrane GR, Scamman RL (1986)
Oregon subduction zone: venting, fauna and carbonates. Science 231:561-566

Kuwano K, Ogawa Y, Koizumi I, Oba T (1997) Calcite-cemented Miocene to Pliocene breccia at
the Sanriku Escarpment, northern Japan Trench. JAMSTEC J Deep Sea Res 13:573-590

Lallemand S, Le Pichon X (1987) Coulomb wedge model applied to the subduction of seamounts
in the Japan Trench. Geology 15:1065-1069

Lallemand SE, Schnurle P, Malavieille J (1994) Coulomb theory applied to accretionary and non-
accretionary wedges: possible causes for tectonic erosion and/or frontal accretion. J Geophys
Res 99:12,033-12,055

Moore GF, Bangs NL, Taira A, Kuramoto S, Pangborn E, Tobin HJ (2007) Three-dimensional
splay fault geometry and implications for tsunami generation. Science 318:1128-1131

Nakanishi M (2011) Bending-related topographic structures of the subducting plate in the north-
western Pacific Ocean. In: Ogawa Y, Anma R, Dilek Y (eds) Accretionary prisms and conver-
gent margin tectonics in the Northwest Pacific Basic (Modern approaches in solid earth
sciences 8). Springer, Dordrecht, (This volume)

Ogawa Y (1994) Characteristics and origin of cracks observed by research submersible “Shinkai
6500” in the oceanward slope of the Northern Japan Trench. J Geogr Tokyo Geogr Soc
103:706-718

Ogawa Y, Kobayashi K (1994) Topographic and geologic characteristics of the Japan and Kurile
trenches. Earth Mon Spec Issue 9:60-69

Ogawa Y, Kobayashi K, Tamaki K, Fujimoto H, Oshida J, Tanaka T, Matsumoto T, Iino H (1991)
Tectonic implications of the topographic features of Japan trench. In: Kobayashi K (ed)
Preliminary report of the Hakuho Maru cruise KH 90-1. Ocean Research Institute, University
of Tokyo, Japan, pp 11-29

Ogawa Y, Fujioka K, Fujikura K, Iwabuchi Y (1996) En echelon patterns of Calyptogena colonies
in the Japan Trench. Geology 24:807-810

Ogawa Y, Kobayashi K, Hotta H, Fujioka K (1997) Tension cracks on the oceanward slopes of the
northern Japan and Mariana Trenches. Mar Geol 141:111-123

Sakai H, Gamo T, Ogawa Y, Boulegue J (1992) Stable isotopic ratios and origins of the carbonates
associated with cold seepage at the eastern Nankai trough. Earth Planet Sci Lett 109:391-404

Sasaki T (2004) Subduction tectonics of the northern Japan trench based on the regional seabeam
mapping. PhD Theses, University of Tokyo, 159 pp

Suyehiro K, Nishizawa A (1994) Crustal structure and seismicity beneath the forearc off northern
Japan. J Geophys Res 99:22331-22347

Taira A, Ogawa Y (1991) Cretaceous to Holocene forearc evolution in Japan and its implication
to crustal dynamics. Episodes 14:205-212



52 Y. Ogawa

von Huene R, Culotta R (1989) Tectonic erosion at the front of the Japan Trench convergent margin.
Tectonophysics 160:75-90

von Huene R, Lallemand S (1990) Tectonic erosion along the Japan and Peru convergent margin.
Geol Soc Am Bull 102:704-720

von Huene R, Scholl DW (1991) Observation at convergent margins concerning sediment subduc-
tion, subduction erosion, and the growth of continental crust. Rev Geophys 29:279-3116

von Huene R, Langseth MG, Nasu N, Okada H et al. (1980) Summary; Japan Trench transect.
Initial Report of DSDP, 56 & 57, Pt. 1, 473-488

von Huene R, Ranero CR, Vannucchi P (2004) Generic model of subduction erosion. Geology
32:913-916

Yamamoto Y, Kawakami S (2005) Rapid tectonics of the Late Miocene Boso accretionary prism
related to the Izu—Bonin arc collision. Isl Arc 14:178-198



Boso TTT-Type Triple Junction: Formation
of Miocene to Quaternary Accretionary Prisms
and Present-Day Gravitational Collapse

Yujiro Ogawa and Yukio Yanagisawa

Abstract The Boso triple junction, the only known trench-trench-trench
type triple junction, was surveyed by the ROV KAIKO-10K after the French—
Japanese KAIKO project and related R/V Hakuho-Maru cruises. This paper
summarizes the bathymetry and geologic structure, and the types and ages of
rocks and sediments observed in the Boso triple junction area during these
studies. We used diatom biostratigraphy to elucidate the evolution of Miocene
accretionary prism units exposed in the Izu-Bonin forearc and in subaerial
exposures on the Boso Peninsula. The instability of the Boso triple junction
system since the Miocene is attributed to repeated trench sediment accretion
and collapse. We conclude that the Boso triple junction area hosts a sequence
of trench-fill sediments that has accumulated between the easternmost mar-
gin of the Izu forearc and the easternmost Nankai trough since the Miocene.
However, recent instability at the Boso triple junction is characterized by
repetitive episodes of development and subsequent collapse of a ponded basin
close to the accretionary prism that are intimately associated with the develop-
ment of the Boso triple junction system.
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1 Introduction

The Boso triple junction is the only known example of a trench-trench-trench type
triple junction (Seno et al. 1989; Ogawa et al. 1989) (Fig. 1). At present, three litho-
spheric plates converge at this junction in a stacked array of subduction systems. The
Philippine Sea plate (PHS) forms the southwestern margin of the triple junction
system, and is subducting beneath the North America plate (NAM). The motion of
the PHS relative to the NAM is thought to be up to 2.7 cm/year toward the northwest,
subparallel to the northwest-trending Sagami trough (Seno et al. 1989) (Fig. 1). The
Pacific plate (PAC) lies to the east of the triple junction and is subducting westward
beneath both the PHS and NAM along the Izu-Bonin (Ogasawara) trench (Fig. 1).
At present, the PHS is not moving parallel to the Izu-Bonin trench, which
suggests that the Boso triple junction may be unstable. Indeed, the Boso triple
junction may be in transition from a trench-trench-trench junction to a trench-
trench-transform junction (Ogawa et al. 1989, 2008; Niitsuma 1996).
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Fig. 1 Map showing the relationships of the Eurasia (EUR), North America (NAM), Philippine
Sea (PHS), and Pacific (PAC) plates and the associated trenches
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Although the geometric (Le Pichon and Huchon 1987; Hamano 1987; Huchon
and Labaume 1989), geophysical (Seno et al. 1989), and sedimentologic (Soh et al.
1988, 1990) aspects of the Boso triple junction have been considered, a detailed
assessment of its geologic significance has yet to be done. Preliminary reports by
Ogawa et al. (1989, 2008) described the unstable topography of the Boso triple
junction area from analyses of multibeam echosounder data and single-channel
seismic profiles collected during the first phase of the French—Japanese KAIKO
project in 1984 (KAIKO I Research Group 1986; Nakamura et al. 1987; Renard
et al. 1987; Pautot et al. 1987). However, there remains an abundance of topo-
graphic and geologic data collected during the KAIKO project that have not been
fully evaluated.

The geology of subaerial exposures of accretionary complexes both on and
adjacent to the Honshu and Izu arcs has been well studied (Ogawa and Taniguchi
1988; Geological Survey of Japan 1990). Similarly, correlations among the suba-
erial and marine exposures of these complexes are well established (Geological
Survey of Japan 1990; Ogawa et al. 2008). Together, these geologic relationships
suggest that the NW-SE trending geologic units exposed on land on the Miura and
Boso peninsulas (Fig. 2) can be extended from the Honshu arc subparallel to the

Fig. 2 Bathymetric map of the area around the Sagami trough and Boso triple junction
(Hydrographic Department 1988), showing the relation between the North America (NAM),
Philippine Sea (PHS), and Pacific (PAC) plates. Shaded and dotted areas indicate the present-day
depositional basins: from the northwest, SB (Sagami Basin), MSTB (Middle Sagami Trough
Basin), NB (Katsuura Basin), and MF (Mogi Fan in the Bando Deepsea Basin). Submarine troughs
and canyons are also shown: SOT (Soh-Oh Trough), BC (Boso Canyon), KkC (Katakai Canyon),
and KuC (Katsuura Canyon). OBC is the Okinoyama Bank Chain. MP and BP are the Miura and
Boso peninsulas, respectively (Modified from Ogawa et al. 1989)
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Sagami trough trend to the present plate boundary. There is evidence to suggest
that this plate boundary has trended WSW-ENE since the Miocene (Taira et al.
1989; Yamamoto and Kawakami 2005; Kanamatsu and Herrero-Berver 2006), but
was recently rotated to its current NW-SE trend by collision with the Izu arc on
the PHS ca 3 Ma.

The kinematics of the evolution of these trends suggests that the geometry of the
Boso triple junction is greatly influenced by regional tectonism. Thus, the geologic
relationships shown by subaerial exposures of subduction-related deposits on the
Miura and Boso peninsulas suggest that these rocks originated within the
Cretaceous—Tertiary Shimanto accretionary prism before the collision of the Izu arc
and the development of the Boso triple junction (Ogawa and Taniguchi 1988; Mori
and Ogawa 2005; Mori et al. 2011).

In this paper, we first review the depositional and deformational evolution of the
area of the Boso triple junction with reference to submarine geologic maps previ-
ously published by the Geological Survey of Japan, the results of recent onshore
geological surveys, and new diatom age data for subsea samples. We then consider
the significance of these results for understanding the Neogene to Quaternary tec-
tonic development of the region. According to the subsea video footage, these strata
have undergone complex deformation; there is an alternating sequence of steep and
shallow dips that suggests a collisional thrust-and-fold structures and gravitation-
ally collapsed structures.

2 Review of Sedimentation, Topography, and Plate
Configuration

2.1 Sedimentation

The present drainage system in the region off the Boso Peninsula transports clastic
sediments along the Sagami trough, through the Sagami and Boso submarine can-
yons, and ultimately into the Boso triple junction, forming the Mogi submarine fan
(Nakamura et al. 1987; Renard et al. 1987; Pautot et al. 1987, Ogawa et al. 1989,
2008) (Fig. 2). This sedimentation system includes a series of basins within the
Sagami trough (northwestern, central, and southeastern (Katsuura) submarine
basins) and the triple junction itself (Bando submarine basin) (Ogawa et al. 1989,
2008; Iwabuchi et al. 1990). Because most of the accretionary prisms on land of
Miocene and younger age are composed of volcaniclastic sediments derived from
the Izu arc, it is reasonable to consider that they were deposited on the Izu forearc
and in the ponded basin along the previous Sagami trough before their accretion at
the Honshu margin. These accreted deposits are now subaerially exposed on the
Miura and Boso peninsulas as the Emi, Miura, and Chikura accretionary prisms
(Hanamura and Ogawa 1993; Hirono and Ogawa 1998; Yamamoto and Kawakami
2005; Michiguchi 2008; Muraoka and Ogawa 2011).
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2.2 Topographic Development of the Area from the Eastern
Margin of the Sagami Trough to the Boso Triple Junction

Soh et al. (1990) suggested that tectonic instability of the Boso triple junction
caused rapid downwarping in the area of the junction in recent times, and that sub-
sidence of the drainage system within the Boso submarine canyon led to significant
changes to the meandering drainage system there. Seno et al. (1989) suggested that
the tectonic instability of the junction is associated with the 0.5 Ma jump of the
NAM plate boundary to the eastern margin of the Japan Sea. Ogawa et al. (1989)
and Ogawa et al. (2008) built upon the work of Seno et al. (1989) and suggested
that a wide area of the NAM to the immediate northwest of the triple junction has
become very unstable due to differential downwarping in response to gravitational
instability of the area since the PHS began to move northwestward.

Lallemant et al. (1996) considered the active forearc sliver faults on the Miura
and Boso peninsulas and their extensions into the Pacific on the northeast side of
the Sagami trough to be a response to oblique subduction with a transform compo-
nent. They noted that the forearc sliver faults, as exemplified by the presence of the
Mineoka belt and a fault along Katsuura Canyon might represent right-lateral dis-
location, which may have caused three or more linear NW—-SE displacements of the
bathymetry off the Boso Peninsula near the Katakai, Katsuura, and Boso canyons
(Figs. 2 and 3).

2.3 Katsuura Basin and Mogi Submarine Fan in the Bando
Deepsea Basin

The Katsuura and Bando basins are two large, well-defined basins within the Boso
triple junction area (Fig. 3). The Katsuura Basin is a lens-shaped depression imme-
diately northwest of the triple junction and bordered by a north—south trending
ridge on the landward side of the Izu-Bonin trench (the Taito Spur of Iwabuchi et al.
1990; Fig. 4) (Ogawa et al. 1989; Seno et al. 1989). The Bando Basin (Bando deep-
sea basin of Iwabuchi et al. 1990) directly overlies the Boso triple junction and
hosts the Mogi Fan (Iwabuchi et al. 1990). The North and South Basins of Ogawa
et al. (1989) (the northern part of the former coincides with the Katsuura Basin)
form a north—south oriented rectangular basin that includes two terraces, one at
6 km water depth and the other at 7 km depth (Fig. 4).

The present axial channel within the Sagami trough cuts through the Katsuura
Basin, running through a gorge crossing the Taito Spur between the Katsuura Basin
and the trench floor. The channel then crosses the Mogi Fan and flows into the
Bando Basin (Ogawa et al. 1989) (Figs. 2—4). Thus, the Katsuura Basin developed
as a ponded basin containing a thickness of least 2 km of sediments as a result of
damming by the ridge. A small, 20 km-long accretionary prism can be recognized
from seismic profiles (Figs. 3 and 4).
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North Americ

Fig. 3 Bathymetric map of the Boso triple junction area (fop) (Courtesy M. Nakanishi) and a
single-channel seismic profile across the triple junction (bottom) (Line 2 of JAMSTEC cruise
KH86-5, location shown above). The vertical scale on the profile is two-way travel time. The nar-
row arrow indicates the dive site of the ROV KAIKO-10K and the broad arrow indicates a subma-
rine landslide (Adapted from Ogawa et al. 1989). The dive area is immediately north of the Mogi
Fan near the triple junction. The black dotted line northwest of the Katsuura Basin shows the strike
of normal faults identified by Iwabuchi et al. (1990). The Katsuura Basin is a ponded basin contain-
ing a thickness of at least 7,000 m of sediments dammed by the present-day accretionary prism
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Fig.4 Our reinterpretation of multichannel seismic profile C—C’ of Iwabuchi et al. (1990). Ridges
and slopes between the Katsuura Basin and the Bando Deepsea Fan (Taito Spur) represent
Miocene-Pliocene and Quaternary accretionary prisms. Bold and fine dashed lines are reflectors
identified on the seismic profile

According to a submarine geologic map compiled by the Geological Survey of
Japan (1990), the area around the Boso triple junction has at least two strati-
graphic components: probable Miocene to Pliocene rocks (labeled Paleogene to
Miocene on the map), and Quaternary sediments. The latter are sediments scraped
from the Mogi Fan deposits in the area of the triple junction (Ogawa et al. 1989)
(Figs. 3 and 4).

Thus, damming ridges (including the Taito Spur) have formed repeatedly and
are responsible for the sediment collapses that formed the two terraces. At each
stage, the formation of an accretionary prism was followed by the development
of a ponded basin to the west. When the dams collapsed, the resultant sediment
flows formed fan deposits in the area of the triple junction, similar to the present-
day Mogi Fan. The collapse of the dams was probably related to faulting at the
triple junction.

Transport of sediments from the Izu and Tanzawa areas along the Sagami trough
resulted in deposition of thick piles of clastic sediments at some places in the
middle of the trough floor (sediments such as those in the present-day Sagami
Basin and Middle Sagami Trough Basin), or on the eastern edge of the trough (like
those of the present-day Katsuura Basin), and one or more piles of sediment at the
triple junction (like those of the present-day Mogi Fan).

Seno et al. (1989) considered several models to explain the instability of the
triple-junction area on the basis of gravity data. They suggested that mud filling
the trench, or diapiric intrusion of serpentinite into the very base of the Izu-Bonin
trench, both of which are common to the south at the toe of the Izu-Bonin-
Mariana trench, may have caused the instability. They preferred a thick sedimen-
tary fill in the very deep basin as the source of the considerable negative gravity
anomaly. The deepest part of the recent trench-fill sediments attains a maximum
thickness of 4 km (based on line C—C’ of Iwabuchi et al. 1990) (Fig. 4). Formation
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of such a basin with a negative gravity anomaly indicates that the lens-shaped
Katsuura Basin formed as a result of stretching, probably related to westward
movement of the PHS.

2.4 Review of 3D Structure Based on Multichannel Seismic
Profiles and Multibeam Echosounder Data

Iwabuchi et al. (1990) used multibeam echosounder data and multichannel seismic
profiles to interpret the structural relationships of the three tectonic plates in the
Boso triple junction area (Fig. 4). They suggested that the PHS lies beneath of the
NAM to the north of the triple junction, which indicates that northward subduction
of the PHS persisted possibly until the Quaternary. Iwabuchi et al. (1990) also
identified a northeast-trending normal fault system approximately 50 km northwest
of the triple junction in the southernmost tip of the NAM (northeast-trending dotted
line in Fig. 3). The location of this fault system suggests NW—-SE extension on the
ocean floor in the southernmost part of the NAM.

We have concluded that development of the Boso triple junction was a compli-
cated process controlled by the configuration of the three plates and their inter-
actions. Local horizontal extension in response to the northwestward motion of the
PHS is also consistent with formation of the Katsuura Basin in the northeastern
corner of the PHS.

If we assume that both the Paleogene—Miocene sequence (as discussed in
Sect. 3.4) and part of the PHS remained in the triple junction area, the recent north-
ward movement of the PHS and accretion of the part of the Paleogene—Miocene
sequence that is equivalent to the Izu-Bonin forearc strata provide evidence to sup-
port the view that the triple junction was stable until recent times. This theory is
also supported by new paleontological data presented in Sect. 3.

2.5 Relationship Between the Tectonic and Age Data

To further develop the scenarios for the tectonic development of the Boso triple
junction reviewed above, we need to incorporate geochronological data. The
water depth of the floor of the depocenter within the Boso triple junction reaches
9.4 km. At such depths, the common methods of marine geological and geophysi-
cal exploration cannot generally be used. However, we conducted a successful
dive of the unmanned submersible ROV KAIKO-10K (Japan Marine Science and
Technology Center; now the Japan Agency for Marine-Earth Science and
Technology, JAMSTEC) to the deepest part of the basin near the triple junction.
Video images of seafloor features were recorded during this dive and rock and
sediment samples were collected. The following section describes the age deter-
mination of those samples.
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3 Diatom Analysis

3.1 Materials, Method, and Results

ROV KAIKO-10K dives 10K#148 and #151, during cruise KR99-10 of
JAMSTEC’s R/V KAIREI, investigated the toe of the landward slope of the
trench on the Honshu-arc side of the Boso triple junction at depths of about
9,200-8,900 m (Figs. 3 and 5). The ROV dive routes crossed the foot of the
accretionary prism, where the seafloor topography is the result of submarine
landslides (Figs. 5 and 6). The slopes and cliffs expose soft bedded formations
that contain scattered cobbles of harder rocks (Figs. 5 and 6) (Oji et al. 2009).
These exposures were sampled using a manipulator arm and push corer installed
on ROV KAIKO-10K. All samples (except two hard rock samples) broke up in
the sample basket.

Diatom analyses of nine samples were performed (Table 1). Samples 10K#148
R1-5 (2, 5, 11, 12), 10K#148 R-2, and 10K#151 R-1 were rock samples. Samples
10K#151 C-1, C-2, and 10K#151 C-1 were core-top samples. Samples 10K#148
R-2 and 10K#151 R-1 were relatively hard, indurated mudstone float clasts taken
from the slope and contained ash and diatom fragments. The other samples were
soft diatomaceous mud or mudstone that broke up during collection with the
manipulator arm and became mixed in the sample box; the sample numbers for
these are therefore somewhat arbitrary. The outcrops of steeply dipping or subhori-
zontal beds shown in Figs. 6 and 7 are probably exposures of such soft sedimentary
rocks, which probably represent turbidite deposits.

Unprocessed strewn slides were prepared for each sample following the method
described by Akiba (1986). One hundred diatom valves were counted for each slide
at 600x magnification. After routine counting, each slide was scanned in its entirety
to find diatoms missed during counting. Diatoms found as fragments were also
recorded. Resting spores of the genus Chaetoceros were counted separately.

Complete diatom valves were found in eight samples; sample 10K#148 R-2
contained only highly fragmented valves (Table 2). Diatom assemblages were a
mixture of cold- and warm-water species, except for sample 10K#151 R-1, which
was dominated by cold-water diatoms.

3.2 Diatom Biostratigraphy

Because the samples contained cold- and warm-water diatom assemblages, both
Neogene North Pacific middle to high latitude diatom zonation (Akiba 1986;
Yanagisawa and Akiba 1998) and low-latitude zonation (Barron 1985) can be used
for age determination. Table 1 shows the diatom zones and ages for the samples
analyzed, and Fig. 8 show the 25 most significant species.
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Fig. 5 Map (top) showing the route map of dive 10K#148 and locations of sample sites #148
R-002 and #151 R-001 and subsea view (bottom) of the dive site (vertical exaggeration x5)

3.2.1 Pleistocene to Holocene Samples

Samples 10K#148 R1-5 (2, 5, 11, 12), 10K#150 C-1, C-2, and 10K#151 C-1 were
assigned to the Neodenticula seminae Zone (NPD12, 0-0.3 Ma) of the Neogene
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water depth
8968 m ——

M1 OK #1051 R-001

- 9090 m

10K #148 R-2 10K #151 R-1

Fig. 6 Topographic sketch (fop) of the dive area of ROV KAIKO-10K dive 148 from videotape,
and photos of rock samples (bottom). Both rock samples are diatomaceous mudstone. Sample
10K#151 R-001 yielded middle Miocene diatoms. Sample 10K#148 R-002 was barren, but the
similar lithologies of the two samples suggest they may correlate

North Pacific diatom zonation (Akiba 1986), on the basis of the presence of
Neodenticula seminae without Proboscia curvirostris. This assignment is supported
by the absence of Thalassiosira jouseae, for which the last known occurrence was
at 0.3 or 0.4 Ma. Four of these samples (10K#148 R1-5 (11, 12), 10K#150 C-2, and
10K#151 C-1) contained warm-water marker diatoms, so we also used the low-
latitude diatom biostratigraphy of Barron (1985) for them. The occurrence of
Fragilaropsis doliolus (= Pseudoeunotia doliolus) and the lack of Nitzschia reinholdii
allowed the assignment of these samples to the P. doliolus Zone (NTD17, 0-0.6 Ma)
of the low-latitude diatom zonation. These samples contained reworked Miocene
and Pliocene diatoms. The Miocene diatoms included Actinocyclus ingens f. ingens,
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Table 1 Diatom zones and estimated ages from subsea samples

Diatom zones Estimated
Samples NPD NTD age (Ma) Remarks
10K#148, R-2 - - - diatom fragments
10K#148, R1-5, 2 NPD12 - 0-0.3 -
10K#148, R1-5, 5 NPDI12 - 0-0.3 -
10K#148, R1-5, 11 NPDI12 NTD17 0-0.3 -
10K#148, R1-5, 12 NPDI12 NTD17 0-0.3 -
10K#150, C-1 NPD12 - 0-0.3 -
10K#150, C-2 NPDI12 NTD17 0-0.3 -
10K#151, C-1 NPDI12 NTD17 0-0.3 -
10K#151, R-1 NPD4A - 15.2-15.4 D43-D43.2

NPD Neogene North Pacific diatom zones (Akiba 1986; Yanagisawa and Akiba 1998),
NTD: Neogene low-latitude diatom zones (Barron, 1985)

Fig. 7 Outcrop photos taken from ROV KAIKO-10K. Depths at which photos were taken are
shown. Each view is approximately 3 m wide (Photos courtesy of Tatsuo Oji)

A. ingens f. nodus, A. ingens f. planus, Denticulopsis hyalina, D. katayamae,
D. lauta, D. praedimorpha, D. praehyalina, D. simonsenii, D. tanimurae, D. vul-
garis, Thalassiosira grunowii, and others. Reworked species from the Pliocene
were Koizumia tatsunokuchiensis, Neodenticula kamtschatica, Thalassiosira anti-
qua, and T. zabelinae. Fresh-water diatoms such as Aulacoseira spp. and
Stephanodiscus sp. were also recognized in these samples.
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Table 2 Diatoms in sediment and rock samples recovered from near the Boso triple junction

Sample number 10K

#148

#148

#148

#148

#150

#150

#151 #151

RI1-5

RI1-5

RI1-5

R1-5

C-1

C-2

C-1 R-1

11

12

Preservation

P

Actinocyclus curvatulus Janisch

A. ellipticus Grunow

A. ingens f. ingens (Rattray)
Whiting et Schrader?

A. ingens f. nodus (Baldauf)
Whiting et Schrader*®

A. ingens f. planus Whiting
et Schrader?®

A. octonarius Ehrenberg

Actinoptychus senarius (Ehrenberg)
Ehrenberg

A. vulgaris Schmann

Adoneis pacifica Andrews

Alveus marinus (Grunow) Kaczmarska
et Fryxell

Asteromphalus sp.

Aulacoseira spp.°

Azpeitia Africana (Janisch)
Fryxell et Watkins

A. neocrenulata (Van Landingham)
Fryxell et Watkins

A. endoi (Kanaya) Sims et Fryxell®

A. nodulifera (Schmidt) Fryxell et Sims

A. tabularis (Grunow) Fryxell et Sims

Bacterosira fragilis (Gran) Gran

Cavitatus jouseanus (Sheshukova)
Williams®

C. lanceolatus Akiba et Hiramatsu®

Cestodiscus sp. (concave)*

Cocconeis costata Gregory

C. scutellum Ehrenberg

C. vitrea Brun

Coscinodiscus lewisianus Greville*

C. marginatus Ehrenberg

C. radiatus Ehrenberg

Cyclotella striata (Kiitzing) Grunow

Cymatosira debyi Tempére et Brun®

Delphineis miocenica (Schrader)
Andrews?*

D. surirella (Ehrenberg) Andrews

Denticulopsis hyaline (Schrader)
Simonsen®

D. ichikawae Yanagisawa et Akiba*

D. katayamae Maruyama®
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Sample number 10K

#148

#148

#148

#148

#150

#150

#151 #151

RI1-5

RI1-5

RI1-5

RI1-5

C-1

C-2

C-1 R-1

11

12

Preservation

D. lauta (Bailey) Simonsen?
D. praedimorpha var. minor
Yanagisawa et Akiba?*
D. praedimorpha var. praedimorpha
Barron ex Akiba®
D. praehyalina Tanimura®
D. simonsenii Yanagisawa et Akiba®
D. tanimurae Yanagisawa et Akiba®
D. vulgaris (Okuno) Yanagisawa et
Akiba®
Girdle view of D. lauta group*®
Diploneis bombus Ehrenberg
D. smithii (Bébisson) Cleve
Fragilariopsis doliolus (Wallich)
Medlin et Sims
F. fossilis (Frenguelli) Medlin et Sims*
Hemidiscus cuneiformis Wallich
Tkebea tenuis (Brun) Akiba®
Koizumia tatsunokuchiensis (Koizumi)
Yanagisawa©
Melosira albicans Sheshukova®
Navicula spp.
Neodenticula kamtschatica (Zabelina)
Akiba et Yanagisawa®
N.seminae (Simonsen et Kayana)
Akiba et Yanagisawa
(closed copula of N. seminae)
Nitzschia interruptestriata Simonsen
N. koloczeckii Grunow
N. reinboldii Kanaya ex Barron et
Baldauf*
N. rolandii Schrader emend. Koizumi*
N. sicula (Castracane) Hustedt
Odontella aurita (Lyngobye) Agardh
Paralia sulcata (Ehrenberg) Cleve
Planifolia tribranchiata Ernissee?®
Proboscia barboi (Brun) Jordan et
Priddle«*
Pseudopodosira elegans Sheshukova?®
Pseudotriceratium punctatum (Relfs)
Simonsen
Rhaphoneis scalaris Ehrenberg
Rhizosolenia hebetate f. hiemalis Gran
R. styliformis Brightwell
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Sample number 10K

#148 #148

#148

#148

#150

#150

#151

#151

R1-5 RI1-5

RI1-5

RI1-5

C-1

C-2

C-1

R-1

2

5

11

12

Preservation

P

P

P

Stellarima microtrias (Ehrenberg)
Hasle et Sims

Stephanopyxis spp.

Stephanodiscus sp.®

Thalassionema bacillaris (Heiden)
Kolbe

T. nitzschioides (Grunow) H. et
M. Peragallo

T. nitzschioides var. parva Heiden et
Kolbe

T. obtuse (Grunow) Andrews?

Thalassiosira antique (Grunow)
Cleve—Euler®

T. convexa Muchina®

T. eccentrica (Ehrenberg) Cleve

T. gravida f. fossilis Jous ©

T. grunowii Akiba et Yanagisawa®

T. leptopus (Grunow) Hasle et Fryxell*

T. oestrupii (Ostenfeld) Proshkina-
Labrenko s.1.

T. praeconxexa Burckle

T. trifulta Fryxell

T. zabelinae Jousé®

T. spp.

Thalassiothrix longissima Cleve et
Grunow

Trochosira spinosa Kitton*

Total number of valves counted

Resting spore of Chaetoceros

22

100
11

100
28

100
35

100
45

15

100
30

100
35

13

16

100
17

2extinct taxa (Miocene)
bfresh water taxa
cextinct taxa (Pliocene)

3.2.2 Middle Miocene Sample

Sample 10K#151 R-1 yielded Denticulopsis lauta and D. ichikawae, but not
D. hyalina, indicating the D. lauta Zone (NPD4A) of the Neogene North Pacific
diatom zonation (Fig. 8). In addition, the presence of Cavitatus lanceolatus and
Actinocyclus ingens cf. nodus without Denticulopsis okunoi indicates a deposi-
tional age between the last occurrence of D. okunoi (D43, 15.4 Ma) and the last
occurrence of C. lanceolatus (D43.2, 15.2 Ma).
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Fig. 8 Photomicrographs of diatoms from sediment and rock samples collected near the Boso
triple junction. Scale bars are 10 pm (scale A applies for micrographs 1-8 and scale B applies for
micrographs 9-25). 1, Denticulopsis hyalina (Schrader) Simonsen (#148, R1-5, 11); 2,
Denticulopsis lauta (Bailey) Simonsen (#148, R1-5, 12); 3, Denticulopsis praedimorpha var.
praedimorpha Barron ex Akiba (#151, C-1); 4, Denticulopsis praedimorpha var. minor
Yanagisawa et Akiba (#148, R1-5, 12); 5, Neodenticula kamtschatica (Zabelina) Akiba et
Yanagisawa (#148, R1-5, 2); 6, Neodenticula kamtschatica (#148, R1-5, 12); 7, Neodenticulina
seminae (Simonsen et Kanaya) Akiba et Yanagisawa (closed copula) (#148, RI1-5, 2); 8,
Neodenticula seminae (#151, C-1); 9, Fragilariopsis doliolus (Wallich) Medlin et Sims (#148,
R1-5, 11); 10, Alveus marinus (Grunow) Kaczmarka et Fryxell (#148, R1-5, 2); 11, Nitzschia
reinholdii Kanaya ex Barron et Baldauf (#151, C-1); 12, Cavitatus lanceolatus Akiba et Hiramatsu
(#151, R-1); 13, Nitzschia sicula (Castracane) Hustedt (#151, C-2); 14, Azpeitia neocrenulata
(Van Landingham) Fryxell et Watkins (#151, C-1); 15, Azpeita africana (Janisch) Fryxell et
Watkins (#151, C-1); 16, Hemidiscus cuneiformis Wallich (#150, C-1); 17, Azpeitia tabulais
(Grunow) Fryxell et Sims (#148, R1-5, 12); 18, Azpeita nodulifera (Schmidt) Fryxell et Sims
(#150, C-1); 19, Actinoptychus senarius (Ehrenberg) Ehrenberg (#150, C-1); 20, Cyclotella striata
(Kutzing) Grunow (#148, R1-5, 12); 21, Paralia sulcata (Ehrenberg) Cleve (#151, R-1); 22,
Trochosira spinosa Kitton (#148, R1-5, 11); 23, Actinocyclus ingens f. nodus (Baldauf) Whiting
et Schrader (#151, R-1); 24, Bacterosira fragilis (Gran) Gran (#148, R1-5, 12); 25, Thalassiosira
antiqua (Grunow) Cleve-Euler var. 1 (#148, R1-5, 11)

3.3 Summary of Age of Samples

Sample #151 R-1 was assigned to the Denticulopsis lauta Zone (NPD4A).
According to Watanabe and Takahashi (1997, 2000), this diatom zone corresponds
to the lower part of the Kinone Formation of the Miura Group on the Boso
Peninsula (Fig. 9).
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Fig. 9 Chronostratigraphy of the Neogene sequence near the Boso triple junction (Magnetic
polarity time scale from Cande and Kent (1995) and Berggren et al. (1995); radiolarian zones from
Motoyama (1996) and Riedel and Sanfilippo (1978); nannofossil zones from Okada and Bukry
(1980); planktonic foraminiferal zonation from Blow (1969); diatom zones from Yanagisawa and
Akiba (1998))

The ages of all the other samples analyzed were 0-0.3 Ma, but they also
contained reworked Miocene and Pliocene species (Fig. 9). The stratigraphic
range of the reworked Miocene diatoms was within the interval from the
D. lauta Zone (NPD4A) to the D. katayamae Zone (NPD 6A); most were in
either the D. lauta Zone (NPD4A) or the D. hyalina Zone (NPD4B). No
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reworked species were seen from either the late Miocene Thalassionema
schraderi Zone (NPD6B) or Rouxia californica Zone (NPD7A). The reworked
Pliocene species were mostly Neodenticula kamtschatica, but not its descendant
N. koizumii, which is limited to the late Pliocene, suggesting that the reworked
Pliocene species were mainly from lower Pliocene sediments. There were no
reworked early Pleistocene species.

In summary, all the diatoms in the seven Pleistocene to Holocene samples
were from the Neodenticula seminae Zone (NPD 12), and four of them correlated
to the Pseudoeunotia doliolus Zone (NTD 17), which implies an age of 0-0.3 Ma.
Sample #151 R-1 was the only markedly older sample; it was assigned to the
Denticulopsis lauta Zone (NPD 4A), which is of early middle Miocene age
(15.2-15.4 Ma).

3.4 Correlation to the Marine Rocks of the Izu Forearc

A submarine geologic map (Fig. 10) published by the Geological Survey of Japan
(1990) covers the area of the Boso triple junction, and the accompanying cross sec-
tion passes through the triple junction. The seafloor ages shown on the map were
interpreted from numerous single-channel seismic profiles and dredged samples.
The Oligocene to lower Miocene sedimentary rocks (marked Pg) lie on the Taito
Spur, which borders the Katsuura Basin on the landward side of the triple junction.
The Pg rock unit can be traced from the Bonin Islands in the south to the Boso
Peninsula in the north. The map also shows a small area of rocks (marked N and D
in Fig. 10) that represent the present-day accretionary prism. This rock assemblage
might correlate with the rock sampled during our ROV dives.

4 Tectonic Synthesis: Summary and Conclusion

Diatomaceous mudstone samples of middle Miocene age (15.2—-15.4 Ma) were
recovered from the toe of the landward slope on the Honshu-arc side of the Boso
triple junction. Other samples of slope sediments and rocks were much younger
(0-0.3 Ma, Quaternary). The Quaternary sediments and rocks are probably part of
the present-day accretionary prism. According to the subsea video footage, these
strata have undergone complex deformation; there is an alternating sequence of
steep and shallow dips that suggests a collisional thrust-and-fold structure.

The deep-sea rocks of Miocene age that we sampled are diatomaceous mudstones
of the same age as the Kinone Formation on Boso Peninsula. The deep-sea sediments
may have been deposited over a wide area from the Boso Peninsula to the forearc of
the Izu-Bonin trench. The rocks in the latter area may have been incorporated in the
triple junction area during formation of an accretionary prism. A Miocene formation
such as that we sampled, or its equivalent, may be distributed over a wide area from
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Fig. 10 Geologic map of the subsea area from the Sagami trough to the Boso triple junction
(Adapted from Geological Survey of Japan (1990)). The dark yellow rock unit Pg may correspond
to Paleogene to middle Miocene beds that are partly equivalent to the Kinone Formation on the
Boso Peninsula. Yellow units are middle to late Miocene age. The blue unit D, immediately west
of the triple junction, represents the present-day accretionary prism and the green unit R corre-
sponds to the Neogene accretionary prism at the landward toe of the Izu-Bonin trench (Copyright
permission from Geological Survey of Japan #60635500-A-20110119-002)

the Bonin Islands to the Boso Peninsula, and may be the Oligocene to lower Miocene
rock unit (Pg) shown on the submarine geologic map of Fig. 10. We conclude that the
Boso triple junction area hosts a sequence of trench-fill sediments that has accumu-
lated between the easternmost margin of the Izu forearc and the easternmost Nankai
trough since the Miocene. However, recent instability at the Boso triple junction is
characterized by repetitive episodes of development and subsequent collapse of a
ponded basin close to the accretionary prism that are intimately associated with the
development of the Boso triple junction system.
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The data presented and reviewed here are sufficient to put forward a preliminary
model to explain the complex tectonic relationships at the Boso triple junction.
However, considerably more detailed research is needed to substantiate the broad
conclusions presented here.
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Rifting Structure of Central Izu-Ogasawara
(Bonin) Arc Crust: Results of Seismic
Crustal Imaging

Narumi Takahashi, Mikiya Yamashita, Shuichi Kodaira, Seiichi Miura,
Takeshi Sato, Tetsuo No, Kaoru Takizawa, Yoshiyuki Tatsumi,
and Yoshiyuki Kaneda

Abstract We obtained seismic velocity structures for two crustal profiles across
the central Izu-Ogasawara (Bonin) intra-oceanic arc using a multichannel reflection
system and ocean-bottom seismographs. The crust beneath the volcanic front in
this region is less than 20 km thick. A middle crustal layer (P-wave velocity Vp
~6 km/s), representing andesitic proto-continental crust, is found beneath the
volcanic front, the rear-arc, the fore-arc basin and Ogasawara Ridge. Crust with
15-20 km thick beneath the fore-arc basin may have formed in Paleogene time
because it is covered with thick sediments. Crustal thinning by rifting is seen
between the volcanic front and the rear-arc, where the crustal thickness is ~15 km,
the lower crust has high Vp (>7.3 km/s) and there are normal faults in the shallow
crust. Rifted crust also occupies a broad area in the eastern Shikoku Basin. The
central Izu-Ogasawara arc has been affected by four rifting episodes compared to
two for the northern Izu-Ogasawara arc. The volume of the entire arc crust in the
central region is ~20% greater than in the northern region, even though the crust
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beneath the volcanic front is the thinnest in the entire [zu-Ogasawara arc, as shown
by previous studies. The thinner crust in this region reflects greater extension here
relative to the arc to the north.

Keywords Crustal rifting  Crustal production rate « MCS « OBS

1 Introduction

The Izu-Ogasawara (Bonin) arc, the northern part of the Izu-Bonin-Mariana arc
(IBM) arc, is an intra-oceanic arc formed by interaction between two oceanic
crusts without involvement of continental crust (e.g., Taylor 1992; Stern 2010). It
is thus an excellent location to study how juvenile arcs create mature continental
crust with an intermediate and andesitic composition (Tatsumi et al. 2008).
Because the middle crust in the [zu-Ogasawara arc has a P-wave velocity (Vp) of
6 km/s, similar to the average Vp of continental crust (Suyehiro et al. 1996;
Takahashi et al. 1998), it is commonly inferred that subduction has produced
andesitic proto-continental crust, and that this early stage of continental crustal
growth can be studied here.

According to Tatsumi et al. (2008), crustal growth in this setting occurs as
follows: (1) Subduction causes melting in the mantle wedge, producing basaltic
magmas that rise and are underplated at the bottom of the crust beneath the volcanic
front. (2) Basaltic melts are repeatedly differentiated and remelted producing dense
olivine-rich cumulates, tonalitic middle crust, and complementary restites. (3) The
differentiated basalts and restites make up the lower arc crust and uppermost
mantle, respectively. (4) Dense materials of crustal origin must be recycled back
into the mantle, as shown by comparisons of the petrologic model and volumes of
the crustal layers identified from seismic studies (Takahashi et al. 2007a; Tatsumi
et al. 2008).

The amount of crustal growth depends on the volume of the underplated basal-
tic magmas and the heat supply. Kodaira et al. (2007a) showed that rhyolitic
magmas are found where the crust is characterized by low average Vp, and Tatsumi
et al. (2008) suggested that the andesitic middle crust is consumed to produce
rhyolitic magmas and complementary restites. However, continuous crustal dif-
ferentiation to produce continental middle crust requires a continuous input of
heat. Production of felsic middle crust likely stops without heat brought by melts
of basaltic material.

This simple petrologic scenario should be modified because the Izu-Ogasawara
arc has experienced not only underplating of basaltic melts, as shown by many
papers, but also crustal rifting and spreading since construction of the Eocene arc
at 50 Ma (e.g., Okino et al. 1994; Taylor 1992). It is well known that the Shikoku
and Parece Vela Basins were produced by back-arc opening between the current
IBM arc and the Kyushu Palau Ridge (Okino et al. 1994, 1998). It is also well
known that crustal rifting occurred at the volcanic front and within both rear-arc
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and fore-arc regions. Kodaira et al. (2008) showed that the crustal thickness
variations beneath the rear-arc side correlate with that beneath the volcanic front,
and they concluded that crustal rifting occurred along a NNE-SSW trend between
the volcanic front and the rear-arc. Based on their across-arc structural model of the
southern Izu-Ogasawara arc, Takahashi et al. (2009) showed that crustal thinning
occurred both between the volcanic front and the rear-arc, and between the volcanic
front and the fore-arc. They also found that such crustal thinning accompanying the
rifting process is associated with lower crust with high Vp (>7 km/s).

Kodaira et al. (2007b) showed that the central Izu-Ogasawara arc has thinner crust
than the northern part, and that the proportions of upper, middle, and lower crustal
layers are similar. Two possible reasons for the thin crust in the central arc are that (1)
it has lower magma production rates than the northern arc and that (2) most crustal
growth occurred early in the history of both segments, but rifting in the central arc
caused thinner crust. To evaluate these possibilities, we carried out seismic studies in
the central part of the Izu-Ogasawara arc using ocean-bottom seismographs (OBSs)
and modeled the velocity structure across this area. In this paper, we show two
Vp models of the central [zu-Ogasawara arc and discuss crustal structure from the
Izu-Ogasawara Trench on the east to the Shikoku Basin on the west. We also show
multichannel seismic (MCS) reflection profiles along these lines. We use these pro-
files to better understand rifting of the central Izu-Ogasawara arc, and thence to
address the question of why the arc crust here is so thin.

2 Data Acquisition

Seismic data to construct crustal structures were collected during cruises of R/V
Kaiyo and R/V Kairei of the Japan Agency for Marine-Earth Science and Technology.
Cruise KY06-09 of R/V Kaiyo (Aug. 3 to Sept. 1, 2006) deployed 95 OBSs along
line IBr9 on Fig. 1 (Takahashi et al. 2007b), and cruise KRO7-13 of Kairei (Sept. 30
to Oct. 29, 2008) deployed 102 OBSs along line IBr10 (Miura et al. 2008).

Line IBr9 runs from the Izu-Ogasawara Trench to the eastern foot of the Kinan
Seamount chain in the Shikoku Basin. It traverses the northern tip of the Ogasawara
Trough, the northern foot of Nichiyo Seamount (volcanic front), the northern part
of the Sofu Trough, An’ei and Kan’ei Seamounts in the rear-arc region, and the
Kinan escarpment. Line IBr10 is parallel to and south of line IBr9 and runs from
the Izu-Ogasawara Trench to the Kinan Seamount chain through the northern part
of Ogasawara Ridge, the northern part of the Ogasawara Trough, the northern foot
of Suiyo Seamount (volcanic front), the northern tip of the Nishinoshima Trough,
the northern foot of Kyowa Seamount in the rear-arc region, and the Kinan escarp-
ment. Both lines cross the volcanic front where it has relatively thin crust (Kodaira
et al. 2007b).

Both cruises used arrays of eight airguns with total capacity of 12,000 cu. in.
(1,500 cu. in. each). Shot intervals were 200 m along both lines. Air pressure sent
to the airguns was 2,000 PSI.
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Fig. 1 Location of seismic lines IBr9 and IBr10 across the central Izu-Ogasawara arc. Black
lines indicate shot positions, red circles indicate OBS locations, dashed line indicates the
current volcanic front, and numerals indicate numbers of OBSs. Lines with arrows indicate
areas shown in Figs. 7 and 8. Inset shows bathymetry of IBM arc and a rectangle indicating
the map area

In addition, we carried out MCS reflection surveys in 2006 and 2007. We used
the same airgun source and a 204-channel streamer, with total length of
approximately 5 km and with group interval of 25 m, installed on R/V Kairei
(Kaiho et al. 2007; No et al. 2008). We used conventional procedures for data
analysis: amplitude recovery, minimum-phase conversion, predictive deconvolu-
tion, common midpoint (CMP) sort, dip moveout, velocity analysis, normal move-
out correction, CMP stacking, and Kirchhoff time migration. The reflection
sections are of good quality, confirming shallow sedimentary structures and defor-
mation. We traced the shape of the basement bathymetry and incorporated it into
the Vp models.

All OBSs were equipped with three-component geophones (vertical and two
perpendicular horizontal components), using gimbal mechanisms and a hydro-
phone sensor. Natural frequencies of the geophones were 4.5 Hz. Our OBSs were
originally designed by Kanazawa and Shiobara (1994), and the digital recorder
with a 16-bit analog-to-digital converter was developed by Shinohara et al. (1993).
In this study, the sampling interval was 10 ms.
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3 Data and Modeling Procedure

Data quality of the seismic profiles was generally good, and first arrivals could be
traced out to a distance of 70—100 km (Fig. 2). To trace refractions and reflections,
we applied a 5-15 Hz band-pass filter and a deconvolution filter when necessary.
In particular, the deconvolution filter helped in picking reflections, because these
were overprinted by reverberations of strong first arrivals. Figure 2 shows examples
of OBS record sections for vertical components on the two lines. Most sections display
refractions through the crust and upper mantle as well as reflections from the Moho.

For modeling, we applied tomographic inversion using first arrivals (GeoCT-II,
Zhang et al. 1998) and diffraction-stack migration for reflections (Fujie et al.
2006). This inversion has the advantage of allowing structural imaging without
phase identification, although we have to determine if the phases are refractions or
reflections. If reflections are mistakenly picked as refractions, a zone of artificially
low Vp is imposed on the Vp model. In particular, shadow zones without refrac-
tions likely broaden in regions having severe structural variations like those of arc
crust. We paid special attention to pick first arrivals that corresponded to refrac-
tion. In addition, the tomographic inversion easily creates an artificial Vp anomaly
when an inappropriate initial model is compared with the real structure. The OBS
interval of 5 km might be too large to determine shallow structure; therefore, we
applied a Vp model based on MCS velocity analysis to construct the shallow part
of the initial model.

We carried out tomographic inversions with the following steps. We first applied
a tomographic inversion using first arrivals out to 20 km from each OBS. We
applied a second tomographic inversion using results from the first inversion and
first arrivals out to 60 km from each OBS. Then we applied a third inversion using
the second result and all first arrivals. We did this to avoid cases with artificial
anomalies introduced to satisfy time differences between far-offset first arrivals and
synthetics. Using a final model based on the third inversion, we picked and mapped
reflections from the Moho (PmPs) and the top of the subducting plate. Ideally,
regions having sharp Vp gradients should correspond to reflections, which are
imaged by mapping picked reflections. However, this situation is rare because of
the small number of deep refractions and the variation in ray density. Therefore, we
constructed a new initial model using the mapped image of reflections and the final
model of the second inversion. At this step, the initial model has a sharp Vp gradient
matching the distribution of reflection points obtained by the diffraction-stack
migration technique. Then the final inversion was performed again using the new
initial model and all first arrivals, and a new reflection image was also constructed
by the diffraction-stack migration technique.

We applied this procedure to data from both lines. To compare the crustal images
for these lines, it is important to use common specifications for Vp modeling.
Because the images depend on the ray densities, comparing the two images is not
always straightforward. To check the resolution of the obtained image, we used a
checkerboard test (Fig. 3¢) with the following steps. First, we constructed a Vp model
having perturbations of 5% using the initial model from the last inversion, and
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Fig. 3 Results of tomographic inversion for line IBr9. (a) Final Vp image. Gray area has too few ray
paths for resolution. Black triangle shows the volcanic front. (b) Reflective traces of Moho and the rop
of the Pacific plate mapped on the tomographic image. (¢) Results of checkerboard test. (d) 2-dimensional
volumes of each crustal layer. Black line is profile of entire crust (scale on left); blue, green, and red
lines respectively indicate profiles of the lower part of the lower crust (Vp 7.0-7.5 km/s), the upper part
of the lower crust (Vp 6.5-7.0 km/s) and the middle crust (Vp 6.0-6.5 km/s) (scale on right)

synthetic traveltimes were calculated with the same offsets as the real ones for the
picked first arrivals. Then, we performed a tomographic inversion using the syn-
thetic traveltimes and the initial model from the last inversion. We constructed
checkerboard patterns by subtracting velocities for the final model from those on
the model having perturbations. Test grids were 10x5 km down to 12 km depth,
and 20x 10 km for depths below 12 km. This means that the Vp variation of the
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same scale as that of the checkerboard grid could be derived. We estimated Vp
accuracy using the differences between a given Vp perturbation (5% in this study)
and the result of the checkerboard test. If a Vp perturbation of 3% was obtained for
a Vp of 6-7 km/s, the accuracy is 0.10-0.15 km/s.

4 Description of Velocity Images

In this section, we introduce the Vp profiles of lines IBr9 and IBr10 and describe
the reliability of the Vp models. It is important for understanding the crustal char-
acteristics to specify the Moho. The major interfaces along the two profiles are the
Moho and the top of the subducting oceanic crust. For the Moho we selected a
continuous interface along contours between 7.5 km/s and 8.0 km/s, using a diffraction-
stack migrated image of the reflections on the Vp image.

4.1 Line IBr9

Line IBr9 runs from the Pacific plate to the Shikoku Basin. The four panels of
Fig. 3 show the final Vp image (Fig. 3a), Moho reflections mapped onto the
Vp image (Fig. 3b), the result of the checkerboard test (Fig. 3c), and the 2-dimensional
volume of each crustal layer along the line (Fig. 3d). This line crosses the Izu-
Ogasawara Trench, off the northern tip of Ogasawara Ridge (east of 390 km in
Fig. 3), the northern part of the Ogasawara Trough (310-390 km), the northern foot
of Nichiyo Seamount in the volcanic front (295 km), the Sofu Trough (160—
210 km), the southern foot of An’ei Seamount in the rear-arc (120-150 km), and
Kan’ei Seamount (90 km). This line crosses a volcanic front with relatively thin
crust as published by Kodaira et al. (2008).

The crust is thickest (18—19 km) beneath the volcanic front and the southern foot
of An’ei Seamount (Fig. 3d). Crustal thickness decreases toward the fore-arc to
about 12 km beneath the northern tip of Ogasawara Ridge. Between the volcanic
front and the rear-arc, it is 15—17 km thick, with almost constant thickness beneath
the Sofu Trough. Beneath the Shikoku Basin, the crust thins to approximately 8 km,
similar to that of typical oceanic crust (White et al. 1992).

Upper crust with Vp of 5-6 km/s is about 3—4 km thick between the fore-arc and
the rear-arc. Middle crust with Vp of 6.0-6.5 km/s is thickest beneath the fore-arc
basin (380-390 km), the volcanic front (280-310 km), a seamount at the eastern edge
of the Sofu Trough (220-260 km), and the southern foot of An’ei Seamount in the
rear-arc (120-160 km), as shown by the red line in Fig. 3d. The middle crust is thin
beneath the western Ogasawara Trough, the Sofu Trough, and the Shikoku Basin.
Lower crust with Vp of 6.5-7.5 km/s is thick beneath the rear-arc and the volcanic
front. Although the thickness of the lower crust is almost constant from the rear-arc
to the volcanic front, Vp in this layer varies. In the lower crust beneath the rear-arc
(120-160 km) and the volcanic front (280-310 km), areas with Vp of 6.5-7.0 km/s
(green line in Fig. 3d) are thicker than areas of 7.0-7.5 km/s (blue line in Fig. 3d).
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Fig. 4 Comparison between observed and synthetic traveltimes for line IBr9. (a) Mean traveltime
residuals for each OBS. (b) Traveltime residuals for each shot at each OBS

On the other hand, lower crust beneath the western rear-arc (100-120 km), the Sofu
Trough and its eastern margin (160-260 km), the western Ogasawara Trough (310—
380 km), and off the northern tip of Ogasawara Ridge (400—420 km) has thicker areas
with Vp of 7.0-7.5 km/s (blue line in Fig. 3d) than areas of 6.5-7.0 km/s (green line
in Fig. 3d). Uppermost mantle velocities also vary, being slow (~7.5 km/s) beneath
the rear-arc, the volcanic front, and the western Ogasawara Trough. The velocity of
the uppermost mantle is also somewhat slow (7.6 km/s) beneath the northern tip of
Ogasawara Ridge. The Shikoku Basin has normal mantle Vp of 8.0 km/s.

We picked first arrivals for 87,224 traces and used these for the tomographic
inversion to model the crustal structure. Final traveltime residuals were approxi-
mately 25 ms and were quite small for each OBS (Fig. 4). According to the result
of the checkerboard test (Fig. 3c), the resolved maximum depth ranges from 15 km
(beneath the Shikoku Basin) to 25 km (beneath the Ogasawara Trough). The
resolved area covers the entire region of the crust and uppermost mantle. The recov-
ery of the Vp perturbation was maximum 2—4% on the background velocity of
6.0-7.5 km/s, and the Vp accuracies were within 0.10-0.25 km/s.

4.2 Line IBr10

Line IBr10 is about 100 km south of line IBr9, running from the Pacific plate to the
Shikoku Basin. Figure 5 shows the final Vp image (Fig. 5a), mapping of reflections
from the Moho on the Vp image (Fig. 5b), the result of the checkerboard test (Fig. 5c),
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and the two-dimensional volume of imaged layers. From east to west, this line crosses
the northern Ogasawara Ridge (east of 490 km in Fig. 5), the Ogasawara Trough
(410480 km), the northern foot of Suiyo Seamount in the volcanic front (405 km),
the northern tip of the Nishinoshima Trough (380—400 km), an unnamed seamount
(360-370 km), the Sofu Trough (240-360 km), the southern foot of Kita-Kyowa
Seamount in the rear-arc (210-230 km), the eastern Shikoku Basin (100-200 km),
and Hakuho Seamount (60-90 km) in the Kinan Seamount Chain. This line also
crosses the volcanic front where the crust is thin as shown by Kodaira et al. (2008).



Rifting Structure of Central Izu-Ogasawara (Bonin) Arc Crust 85

Crustal thickness along line IBr10 varies between 5 and 20 km. The areas of thickest
crust, approximately 20 km and 18 km, are beneath the western Ogasawara Trough
and Ogasawara Ridge, respectively. Crustal thickness decreases gradually from 18 km
to 15 km from the volcanic front toward the rear-arc, except for basins between the
Sofu Trough and the Nishinoshima Trough. Beneath the Shikoku Basin, the crust is
thin, approximately 8 km. Crustal thickness increases toward Hakuho Seamount.

Upper crust with Vp of 5-6 km/s thickens from the unnamed seamount to the
Ogasawara Trough, and has a maximum thickness of 5 km. Middle crust with
Vp of 6.0-6.5 km/s (red line in Fig. 3d) is found from beneath the rear-arc to
Ogasawara Ridge, and its thickness does not vary much. Lower crust has a relatively
constant thickness of 7 km between the rear-arc and the Ogasawara Trough; how-
ever, its velocities change laterally. The western Ogasawara Trough (410—430 km)
and Ogasawara Ridge (490-520 km) show relatively low velocities in the lower
crust and large areas with Vp of 6.5-7.0 km/s (green line in Fig. 5d). The lower crust
between the unnamed seamount and the rear-arc has almost constant thickness of
5 km, with Vp of 6.5-7.0 km/s. On the other hand, the eastern Ogasawara Trough
(440—470 km), the volcanic front (390—400 km), the region between the rear-arc
and the Sofu Trough (200-280 km), and the eastern margin of the Shikoku Basin
(140-170 km) have large areas with Vp of 7.0-7.5 km/s (blue line in Fig. 5d). The
uppermost mantle Vp is generally 7.8-8.0 km/s.

To construct the Vp image, we picked first arrivals for 19,743 traces and used them
for the tomographic inversion. Final traveltime residuals were approximately 60 ms
and those of each OBS were small (Fig. 6). The checkerboard test (Fig. 5c) shows

W Line IBr10 E

03 L L L L

Mean travel time residual (s)=-0.00687

0 50 100 150 200 250 300 350 400 450 500 550 60O
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OBS No.
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Fig. 6 Comparison between observed and synthetic traveltimes for line IBr10. (a) Mean trav-
eltime residuals for each OBS. (b) Traveltime residuals for each shot at each OBS
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that the resolved depth reaches from 15 km (beneath the Shikoku Basin) to 25 km
(beneath the Ogasawara Trough), covering all of the crust and uppermost mantle. The
recovery of the Vp perturbation was maximum 2-4% on the background Vp of 6.0-
7.5 km/s, and the Vp accuracies were 0.10-0.25 km/s, similar to those for line IBr9.

5 Discussion

In this section, we describe the structural commonalities and differences between
lines IBr9 and IBr10 of the central Izu-Ogasawara arc. The most important varia-
tions are in the distribution of middle crust with Vp of 6.0-6.5 km/s and lower
crust with Vp>7.3 km/s, as described in Sect. 4. We also summarize the distribu-
tion of rifted lower crust with Vp>7.3 km/s. We confirm from the reflection
images that the rifted crust is associated with deformation including normal faults
and rotation of crustal blocks. Finally, we construct a tectonic scenario for the
central Izu-Ogasawara arc that accounts for its structural differences from the
northern Izu-Ogasawara arc.

5.1 Structural Commonalities and Differences

Crustal models for the IBM arc have been constructed by many authors (e.g.,
Suyehiro et al. 1996; Takahashi et al. 2007a, b, 2008, 2009; Calvert et al. 2008;
Kodaira et al. 2007a, 2007b, 2008). Although the Eocene arc is slightly different
(Takahashi et al. 2009; Kodaira et al. 2010), these models are similar, including a
middle crust with Vp of 6.0-6.5 km/s, thick and heterogeneous lower crust, and
slow uppermost mantle. The middle crust contributes most to crustal thickening,
and thick arc crust always has thick middle crust (Kodaira et al. 2007a).

Our modeling identified common thick arc crust with Vp of 6.0-6.5 km/s beneath
the western Ogasawara Trough in the fore-arc region, the arc region between the
volcanic front and the rear-arc, and the rear-arc. Rifted crust with a high Vp lower
crust (Vp>7.3 km/s) is found beneath the eastern Ogasawara Trough, the bathymet-
ric low just behind the volcanic front, the Sofu Trough, and the eastern Shikoku
Basin. These characteristics are similar to those described by previous studies.

Differences in crustal structure can be seen beneath the volcanic front and the
eastern Shikoku Basin. The crustal structure beneath the volcanic front along line
IBr9 is similar to those of previous studies. Although the crust here is thin
(15-17 km), it has a middle crust with Vp of 6.0-6.5 km/s and a proportion of
middle crust similar to that seen for the northern Izu-Ogasawara arc. Much of the
lower crust here has Vp of 7.0-7.3 km/s. However, the volcanic front along line
IBr10 overlies lower crust with Vp>7.3 km/s, similar to lower crust found in rifted
regions. Because middle crust with Vp of 6.0-6.5 km/s exists along line IBr10 and
because the crustal thickness is approximately 12 km, the crust has arc rather than
oceanic character. This part of line IBr10 is at the northern tip of the Nishinoshima
Trough, and we infer that this crust was strongly affected by rifting to form the
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trough. We also identified a structural difference in the Shikoku Basin as shown by
the two lines. Beneath line IB19, high-velocity lower crust occupies a narrow region
between the rear-arc and the eastern Shikoku Basin, whereas high-velocity lower
crust along line IBr10 occupies a relatively broad region.

5.2 Origin of the Arc Crust

Crustal growth in the Izu-Ogasawara arc has occurred since 50 Ma. The first arc
crust formed in Eocene time (e.g., Taylor 1992) and included boninites. This ancient
arc crust is exposed on Ogasawara Ridge, where the boninitic arc shows a different
velocity structure (Takahashi et al. 2009). The arc beneath the current volcanic front
is composed of thick middle crust with Vp of 6.0-6.5 km/s, heterogeneous lower
crust, and low-velocity uppermost mantle. However, the ancient middle crust of
Ogasawara Ridge has Vp of approximately 6.4-6.5 km/s (e.g., Takahashi et al.
2009). The Aleutian arc also has high-Mg andesite materials (Kelemen et al. 1993),
and the 6.0 km/s layer there is thin (Holbrook et al. 1999). In addition, the Ogasawara
Ridge has been found to have a narrow (<10 km) region of thin crust (approximately
7 km), similar to the thickness of oceanic crust (Kodaira et al. 2010). This implies
that an ophiolite-forming process is one candidate for the formation of boninitic
fore-arc crust, as suggested by Pearce et al. (1984).

After Eocene arc construction, crust continued to be constructed in Oligocene time.
Magnetic anomaly studies (Yamazaki and Yuasa 1998) suggest that the Oligocene arc
lies beneath the fore-arc basin between the current volcanic front and the Eocene arc.
Oligocene arc rocks are also found in the rear-arc region (Kodaira et al. 2008).
Although arc crustal formation appears to have ceased during opening of the Shikoku
and Parece Vela Basins, arc crust formation began again in the Miocene (15 Ma;
Straub et al. 2010). The region affected by Miocene arc igneous activity was broad;
volcanism moved from the current rear-arc region to the current volcanic front
(Ishizuka et al. 2006), where subsequent arc volcanism has occurred.

We interpreted the ages of arc construction according to this history of arc mag-
matic activity. Crust beneath the fore-arc basin corresponds to the Oligocene arc,
which is covered with sediments that have not been intruded by younger magmas.
The wide region of arc crust between the rear-arc and the volcanic front provides
evidence that arc igneous activity has occurred there since Oligocene time. The arc
structure with Vp of 6.0-6.5 km/s is consistent with the results of Kodaira et al.
(2008), and the rear-arc construction probably occurred in Oligocene time.

5.3 History of the Rifted Crust

Here we discuss the consistency between the time-migrated MCS reflection sections
and the distribution of modeled high-velocity lower crust identified beneath the
Ogasawara Trough, the bathymetric low immediately behind the volcanic front, the
Sofu Trough, and the Shikoku Basin. Despite the NNE-SSW orientation of rifts in
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this region, not an optimal direction for the ENE-WSW seismic lines to reveal
high-angle faults, evidence for crustal extension should nevertheless be apparent in
the Vp models and reflection images. In this section, we also discuss our interpretation
of the relative timing of rift-related deformation.

Rifted regions of the Izu-Ogasawara arc that are underlain by high-velocity lower
crust show clear Moho reflections. High-velocity lower crust may form by under-
plating mafic materials or it may reflect the presence of serpentinized mantle (White
et al. 2003). Mantle rocks undergo serpentinization by reaction with water at low
temperatures, and serpentinization is likely to be gradational with depth. If this were
the case, the Moho should not be a sharp reflector. In fact, continental margins where
serpentinization of the mantle is confirmed by drilling (e.g., ODP Leg 173 Shipboard
Scientific Party 1998) have poorly defined Mohos (e.g., Dean et al. 2000). High-
velocity lower crust in the Izu-Ogasawara arc is not likely to be serpentinite because
it is underlain by a sharp Moho. We conclude that high-velocity lower crust in the
Izu-Ogasawara arc has originated from underplating by basaltic magmas.

Crustal rifting often creates normal faults and causes tilting of shallow crustal
blocks. We confirmed such deformation in time-migrated reflection images of data
from the MCS surveys (Figs. 7 and 8). On line IBr9, we identified deformed areas
in front of the volcanic front, immediately behind the volcanic front, and in the Sofu
Trough (Fig. 7). The area in front of the volcanic front shows clear normal faults that
extend to the seafloor, indicating recent faulting (CDP 33000-34400). The area
behind the volcanic front is covered by thin sediments, but some of the normal faults
extend to the seafloor (CDP 29500-31700), again showing that the faulting is recent.
The Sofu Trough also has normal faults and tilted crustal blocks and is filled by thick
sediments. The eastern part has a thickness of ~0.5 s of sediments (~1 km, CDP
23000-26500). However, the western Sofu Trough has thicker sediments than the
eastern part (~1 s; CDP 21400-22700); thus, sedimentation may have started in the
west first. The oldest sediments in the deepest part of the western Sofu Trough show
a convex-upward shape, and the normal faults in the basin do not appear to cut the
old sediments. This may indicate that rifting in this region was coeval with deposi-
tion of the older sediments. These images suggest that rifting was activated in east-
ward order from the western Sofu Trough, the eastern Sofu Trough, the bathymetric
low area behind the volcanic front, and the fore-arc in front of the volcanic front.

The reflection images along line IBr10 have similar characteristics (Fig. 8).
Normal faults are identified just in front of the volcanic front (CDP 22200-22700),
the bathymetric low corresponding to the northernmost Nishinoshima Trough
immediately behind the volcanic front (CDP 23000-23700; CDP 25000-26300),
and the Sofu Trough (CDP 29500-30200; CDP 31600-35100). The Sofu Trough is
filled by thick sediments, thickening toward the west. The bathymetric low along
the volcanic front is currently active on its eastern side in proximity to the Sofugan
tectonic line. These relationships are similar to those seen along line IBr9.

Kodaira et al. (2008) suggested that rifting occurred between the rear-arc and
current volcanic front in Oligocene time. In the central Izu-Ogasawara arc, we iden-
tified rifting in two places in the Sofu Trough. Another rift we identified behind the
volcanic front corresponds to the Sumisu rift to the north. Another rift we identified
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immediately in front of the volcanic front with normal faults exposed on the seafloor
is the most recent, and is not identified to the north. Together, our reflection images
suggest that rifting occurred four times after Oligocene time, although the details of
timing are poorly constrained without drilling data.

5.4 Reason for the Thin Crust in the Central Izu-Ogasawara Arc

Our study has clarified that arc crustal structure extends E-W from the Ogasawara
Ridge to the rear-arc region for 390 km and 430 km along lines IBr9 and IBrl10,
respectively. This is significantly greater than the 300 km width of the northern
Izu-Ogasawara arc (Suyehiro et al. 1996). Although it is known that arc materials
and high-velocity lower crust are widely distributed underneath the eastern half of
the Shikoku Basin (Ishizuka et al. 2006; Takahashi et al. 2010), we calculated the
crustal volumes of areas between the rear-arc and trench along both seismic lines
by using a procedure similar to that used in the northern Izu-Ogasawara arc by
Takahashi et al. (2007a, b). The crustal volumes we estimated along lines IBr9 and
IBr10 are 5,563 km3/km and 6,068 km*km, respectively, notably greater than the
4,646 km’/km estimated for the northern Izu-Ogasawara arc by Takahashi et al.
(2007a, b). Thus, the crust is much thinner in the central Izu-Ogasawara arc than it
is to the north, but the crustal volume is much larger. These results probably reflect
greater extension in the central region. In this study, we identified four episodes of
rifting based on seismic-reflection profiles. This contrasts with two known episodes
of post-Oligocene rifting in the north and is an indication of more rifting in the
central region than in the arc to the north (Fig. 9). Thus the volumetric and seismic-
reflection evidence are mutually consistent.

Kodaira et al. (2008) suggested that differences in rear-arc crustal volume
between the northern and central Izu-Ogasawara arc segments correlate to that
beneath the volcanic front, and they suggested that NNE-SSW rifting occurred
between the two segments. Such rifting is consistent with formation of the Sofu and
Nishinoshima Troughs. The earliest post-Oligocene rift corresponds to the two-stage
rifting identified by this study in the Sofu Trough. There is no evidence for similar
early rifting in the northern Izu-Ogasawara arc. Recent rifting in the north, like the
Sumisu Rift (post 3 Ma), corresponds to the bathymetric low just behind the volcanic
front documented in this study. The latest rifting identified here in front of the vol-
canic front has no correlative in the northern Izu-Ogasawara arc. Comparing the
northern and central Izu-Ogasawara arc segments, the central part exhibits more rift-
ing episodes, which is consistent with the greater width of this arc segment.

We infer from the results of our study that the total volume of crust (~5,000—
6,000 km*km) and rate of crustal growth (~100-120 km*km-m.y.) in the central
Izu-Ogasawara arc is ~20% greater than that of the northern part. This estimate is
a minimum because it does not take into account arc crust now preserved in the
eastern half of the Shikoku Basin and the Kyushu-Palau Ridge. The evidence also
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Fig. 9 Schematic diagram of the tectonic history of northern and central segments of the Izu-
Ogasawara arc. Blue regions show arc crust. Red arrows show the volcanic front. In the central arc,
the crust beneath the volcanic front has remained thin because of repeated crustal rifting. (a) Tectonic
situation just after back-arc opening between volcanic front and rear-arc as described by Kodaira
et al. (2008). (b) Current situation in the northern part. (¢) Current situation in the central part

shows that there has been more rifting in the central part than in the northern part.
Therefore, we suggest that the origin of the thin crust beneath the current volcanic
front is repeated crustal rifting.

6 Conclusion

We imaged the crustal structure of the central Izu-Ogasawara arc by tomographic
inversion and diffraction-stack migration techniques as well as MCS reflection images
processed from 204-channel streamer data. The Vp images show that this arc segment
has thinner crust (~15 km) than the northern Izu-Ogasawara arc (~25 km). Nevertheless,
the volume of arc crust is ~20% greater than that estimated for the northern segment
(Kodaira et al. 2007b). Arc crust in the central arc segment lies beneath Ogasawara
Ridge, the fore-arc Ogasawara Trough, the volcanic front, the bathymetric high
between the volcanic front and the rear-arc region, and the rear-arc region. Thin rifted
crust that is approximately 10 km thick and high-velocity lower crust (>7.3 km/s) is
found beneath the Ogasawara Trough, a bathymetric low just behind the volcanic
front, the Sofu Trough, and the eastern part of the Shikoku Basin.

In reflection images along the two survey lines across the central arc segment, we
identified deformation related to extension, including normal faults and rotated
crustal blocks. The resulting rift zones occur in front of the volcanic front, in the
bathymetric low just behind the volcanic front, and in the Sofu Trough. In addition,
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sedimentary thicknesses in the Sofu Trough reveal different rifting histories for the
eastern and western parts of the basin. The western part has thicker sediments and
structures indicating that rifting is older there than in the eastern part. Evidence for
recent rifting is also seen on both sides of the volcanic front. The rift just behind the
volcanic front may correspond to the activity of the Sumisu rift in the northern
Izu-Ogasawara arc, and the area in front of the volcanic front is the most recent rift.
We suggest that the crust is so thin beneath the central Izu-Ogasawara arc because
it has been repeatedly rifted. The crustal volume of the central arc segment is larger
than that of the northern segment, which has much thicker crust beneath the volcanic
front. This means that the basic scenario of crustal growth is similar for the Izu-
Ogasawara arc, but that extension histories vary significantly along strike.
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Seafloor Geology of the Basement Serpentinite
Body in the Ohmachi Seamount (Izu-Bonin
Arc) as Exhumed Parts of a Subduction Zone
Within the Philippine Sea
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Toyoto Azuma, Toru Takeshita, Takeshi Imayama, Yuki Miyajima,
and Takahiro Saito

Abstract The Ohmachi Seamount in the Izu-Bonin frontal arc is one of the very
rare localities where rocks from a deep subduction zone are exposed on the modern
sea floor. Submersible and dredge results revealed that the basement serpentinite
body is accompanied by small amounts of amphibole schist (six float stones less
than 20 cm in diameter were collected) with relics of the blueschist to eclogite
facies minerals, and is covered by volcanic and sedimentary sequences of Eocene
to Miocene ages. In contrast to the occurrences of well-known serpentine mud
volcanoes in the Mariana forearc, the Ohmachi Seamount serpentinite body is a
coherent mass composed dominantly of massive serpentinite in upper horizons
and of schistose serpentinite with amphibole schist in lower horizons. Both types
of serpentinites consist mainly of antigorite +olivine, and suffered greenschist to
amphibolite grade metamorphism. Geologic structures are truncated by the base
of the Paleogene, and the serpentinite body is interpreted as a basement complex
representing a set of the hanging-wall wedge mantle (massive serpentinite) and the
subduction channel (schistose serpentinite), which trapped pieces from the foot-
wall subducted slab. The complex was exhumed probably along with one of the
back-arc spreading in the Philippine Sea plate.
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1 Introduction

Serpentinite bodies accompanied by high-pressure (HP) metamorphic rocks are
common in orogenic belts exposed on land. They are regarded to have originated from
ancient convergent margins in terms of low thermal gradient during the formation of
accompanied metamorphic rocks. Based on highly sheared and mixed-up structures
with metamorphic pressure of upper mantle depths, they are recently regarded as
exhumed parts of subduction channels of mantle depths (Guillot et al. 2001; Gerya
et al. 2002; Ganne et al. 2006; Federico et al. 2007) as the interface shear zones of
upper and lower plates, where material transports were channelized (Cloos and Shreve
1988). It is considered that the serpentinites and the HP metamorphic rocks were
formed and exhumed not only in collision settings but also in subduction settings of
oceanic crust as suggested by protoliths of metamorphic rocks (Maruyama et al. 1996).
They are occasionally associated with hanging-wall ophiolites of supra-subduction
natures, which suggest subduction beneath immature, rather oceanic thin crusts in
intraoceanic settings or continental margin forearcs (e.g. Dickinson et al. 1996).

Compared to collision and continental margin settings, it is more difficult to
explain the driving forces of exhumation in non-collisional oceanic subduction set-
tings: the buoyancy of the subducted slab or the voluminous subducted sediments
is not expected to lift or squeeze deep seated rocks upward. A possible resolution
to this problem comes from the properties of serpentinite, which is characterized by
much lower densities and shear strength than mantle peridotites (Hermann et al.
2000; Guillot et al. 2001), and its volume expansion during hydration of peridotites
(Fryer and Fryer 1987; Shervais et al. 2004). The subduction channel structure, in
which serpentinites occur along the interface between peridotites of the hanging
wall and foot wall lithosphere, might be common in subduction zones. Therefore,
the serpentinite bodies with HP metamorphic rocks can be a geological key target
to understand structure and dynamics of deep inside subduction zones, and those
formed in intraoceanic settings might represent an end-member condition where
material input into the channel is minimal. However, serpentinites with HP meta-
morphic rocks occurring in orogenic belts on land are structurally modified by
subsequent tectonics such as continental collision or sediment accretion etc., and it
is somewhat difficult to read primary structures from them.

The Izu-Bonin-Mariana (IBM) arc comprises a typical intraoceanic subduction
system (Fig. 1), which generated since the Eocene. The earliest-stage basement
rocks of the IBM are ophiolite consisting of serpentinite, gabbro, and dominantly
undifferentiated volcanic rocks including boninites (Bloomer 1983; Ishii 1985),
and are referred to modern analogue of supra-subduction zone ophiolites (Stern and
Bloomer 1991; Bloomer et al. 1995). Serpentinites are occasionally accompanied
by HP metamorphic rocks (Maekawa et al. 1993), proving formation and exhuma-
tion of HP metamorphic rocks in normal subduction settings of intraoceanic envi-
ronments. Most of the HP metamorphic rocks occur in forearc seamounts as
millimeter- to decimeter-scale clasts enclosed in serpentine mud flows from mud
volcanoes (Fryer 1992; Maekawa et al. 1992, 1993). These occurrences have been
generally regarded as the typical style of exhumation in modern intraoceanic
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Fig. 1 Tectonic features of the Philippine Sea plate (PH) and the location of the Ohmachi Seamount.
Bathymetry based on ETOPO! (Amante and Eakins 2009). Yellow arrow indicates present-day
velocity vector of the Pacific plate (PA) relative to PH (After DeMets et al. 1994). Black arrows rep-
resent the spreading directions of back-arc basins (Hilde and Lee 1984; Okino et al. 1994; Yamazaki
and Yuasa 1998) with labels with parentheses showing the timing of the spreading. Age abbreviations:
K Cretaceous, Pc Paleocene, E Eocene, O Oligocene, M Miocene, P! Pliocene, Q Quaternary, and
e, m, and [ correspond to early, middle, and late, respectively. Other abbreviations: AP Amami Plateau,
DR Daito Ridge, FSS representative forearc serpentinite seamounts, A Halmahera Island, HB
Huatung Basin, /R intra-arc rift basins, MD Mindanao Island, MT Mariana Trough, NSR Nishi-
Shichito Ridge, NT' Nishinoshima Trough, ODR Oki-Daito Ridge, OP Ogasawara Plateau, OT
Ogasawara Trough, PVB Parece Vela Basin, SB Shikoku Basin, and S7L Sofugan tectonic line

subduction zone. However, scarcity of on-land analogues for serpentine mud
volcanoes in orogenic belts remains a gap of understandings between marine and
on-land geology on the subduction zone dynamics.

The Ohmachi Seamount in the Izu-Bonin frontal arc (Fig. 1) is one of the locali-
ties where serpentinites accompanied by HP metamorphic rocks are exposed on the
seafloor. In contrast to mud volcanoes of the forearc serpentinite seamounts, the
Ohmachi Seamount serpentinites comprise a coherent body as the basement of
overlying strata, and partly occur as crystalline schist. Because such occurrences
are common in orogenic belts, the Ohmachi Seamount is expected to more closely
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link subduction zone tectonics in the ocean and those recorded in on-land orogenic
belts. Serpentinite with HP metamorphic rocks in the Ohmachi Seamount still
remains in the intra-oceanic setting, and probably free from extensive structural
modification by subsequent accretionary or collision tectonics. They are thus
expected to show more primary structural and metamorphic features reflecting the
dynamics within a subduction channel. In addition, metamorphic rocks in the
Ohmachi Seamount contain relics of the eclogite facies metamorphism, which
occurred as deep as 70-80 km (600-700°C, 2.0-2.5 GPa: Ueda et al. 2004, 2005),
as the only known locality of eclogite facies rocks of non-collisional subduction
setting in the modern ocean. The peak metamorphic depths are much greater than
the incipient blueschist facies clasts in the forearc serpentinite seamounts (~20 km:
Maekawa et al. 1992, 1993, 1995). The serpentinite body and accompanied HP
metamorphic rocks in the Ohmachi Seamount will provide petrologic and structural
information of deeper portions of a subduction zone.

This paper aims to describe and summarize results of submersible dives
(JAMSTEC YKO01-04 and YKO08-05 cruises by R/V Yokosuka and submersible
Shinkai 6500) and dredges (ORI/JAMSTEC KT04-28 cruise by R/V Tansei-maru)
on the serpentinite body of the Ohmachi Seamount, with reviews of earlier
researches, focusing on its geological structures. Accumulation of these data
enables us to construct an ocean-bottom geologic map, here newly presented, with
a resolution approaching to on-land geology. Based on these results, the signifi-
cance of the geologic structure related to subduction zone dynamics is discussed.

2  Geologic Setting and Bathymetry

The Ohmachi Seamount is located at 29°00-30’N and 140°35-55’E in the middle
part of the Izu-Bonin arc of the Philippine Sea plate (Fig. 1) about 20 km east of
the Quaternary volcanic front and 180 km west of the trench. The seamount is part
of a structural high elongated along north-south direction (Fig. 2) representing
the rear-side termination of the forearc basin (Ogasawara Trough) in the east, and
the trench-ward bank of the Quaternary intra-arc rift basin (Nishinoshima rift) in the
west. Moreover, the seamount is in prolongation of the NNE-SSW-trending
Sofugan tectonic line (STL) as the largest fracture zone separating the Miocene
back-arc basin into the Shikoku and Parece Vela basins (Fig. 1). The [zu-Bonin arc
itself is also separated by the STL (Yuasa 1985, 1992): the arc crust in the north is
more matured with 20-30 km thickness as opposed to the south with less than
20 km thickness (Kodaira et al. 2007). The STL comprises more than 200 km-long
escarpment facing the southeast with vertical throws of 1,000-1,500 m, on which
basaltic lavas, dikes, and hyaloclastites are exposed (Sakamoto et al. 1997, 1998).
Both the northwest and southeast blocks bounded by STL tilted northwestward,
resulting in the southeast-facing escarpment, and in a narrow depression
(Nishinoshima Trough) directly in the neighborhood to the southeast of the STL.
The crust in the Nishinoshima Trough, which terminates at the Ohmachi Seamount,
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Fig.2 Bathymetric features and inferable geologic outline of the Ohmachi Seamount (Bathymetry
based on Sakamoto et al. 2001). Dive and dredge locations out of the field of Fig. 4 are shown

is the thinnest with about 10 km, and this ocean-like crust splits the northern and
southern Izu-Bonin arc crust (Yuasa 1992).

The Ohmachi Seamount has a tadpole-like outline with the main part (body) in the
north and the peninsular part (tail) in the south (Fig. 2). The main part comprises a
broad and north-trending elliptical high ~20 km in width and ~30 km in length, whose
summit is ~1,700 mbsl (meters below sea level). The peninsular part is a N-S-trending
ridge with less elevated (~2,300 mbsl at the ridge crest) and asymmetric cross
sections (Fig. 3). Its eastern slope is relatively flat and gentle (~6°), whereas the
western slope is much steeper with average dips of ~30°. The western slope comprises
normal fault scarps of the Nishinoshima Rift basin in the west. Single-channel seis-
mic reflection profiles (Yuasa et al. 1991) displayed that the rift basin-fill deposits
abut onto the fault scarp, whereas seemingly dragged by the fault in deeper horizons.
The western slope of the peninsular part consists of two alternating domains trending
0-20° and ~340°, probably resulted from a rhombus geometry of the rift normal
faults. To the south of 29°08’N, the western slope has a terrace-like gently-dipping
band at the level of 3,000-3,200 mbsl. The asymmetric bathymetry is likely to have
resulted from tilting and uplifting of initially flat basin floor.

The Ohmachi Seamount shows a broad positive magnetic anomaly (Yamazaki
et al. 1991; Yamazaki and Yuasa 1998), inferred as an effect of somewhat deeply-
seated magnetized body (Yamazaki et al. 1991).
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Fig. 3 East-west topographic cross sections of the Ohmachi Seamount. Reference broken lines tilting
at 6° to the east are drawn for the interpretation of flat surfaces on the eastern slopes of the peninsular
part. Also shown are inferable projections of the normal faults by recent intra-arc rifting

3 Lithology

The Ohmachi Seamount is composed mainly of the basement serpentinite with
trace amphibole schist, Paleogene volcanic rocks, and Miocene sedimentary rocks
(Figs. 2 and 4). Common lithological characteristics are described here, and their
occurrences in each dive tracks will be described in the next section.

3.1 Serpentinites

Serpentinites in the Ohmachi Seamount are classified into two major groups: massive
and schistose serpentinites (Figs. 5 and 6), in terms of development of mineral folia-
tion. The massive serpentinite occasionally accompanies ultramafic dikes.

3.1.1 Massive Serpentinite

The massive serpentinites are characterized by lacking or very weak mineral
foliation (Fig. 5c—d). They are jointed or fractured to varying extent, and
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Fig. 5 Representative lithofacies of the Ohmachi Seamount. (a) Schistose serpentinite (dive
6K#1064) with foliation gently dipping to the south. (b) Schistose serpentinite (6K#1066) with
near-vertical foliation. (¢) Jointed massive serpentinite (6K#1065). (d) Locally brecciated serpen-
tinite in contact with unfractured massive serpentinite (transitionally schistose in thin section;
6K#1068). (e) Locality of an amphibole schist float (6K#609R002) collected from rock debris
(dark part: arrowed) covered by recent calcareous mud (light colored), both exposed on a landslide
scarp in the slope apron. (f) Sub-horizontally stratified outcrop near the base of the Paleogene
volcanic sequence, consisting of reworked volcanic breccia (lower) and felsic tuff (upper), observed
during the dive 6K#609. (g) Scanned thin section of a limestone float (6K#1065R003) of shallow-
marine origin showing molds of dissolved colonial corals mostly filled by secondary calcite. (h)
Cut surface of a float of turbidite (6K#1064R007)
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brecciated variations also locally occur (Fig. 5d). Microscopic textures vary
from pseudomorphic mesh textures by low-T serpentines to completely recrys-
tallized interpenetrating textures mainly by antigorite + olivine (Fig. 6e-f).
Bastite is common. A few samples preserve relic orthopyroxene, clinopyroxene,
Cr-spinel, and pargasite as the primary phases. Most of olivine crystals may have
originated from an igneous phase, but were extensively modified to be cleavable
with antigorite films along partings, as suggestive of crystallographic reequili-
bration along with antigorite-forming metamorphism (Uda 1984; Akikawa and
Tokonami 1987). Minor secondary growth of olivine with inclusions of serpen-
tine and magnetite also occurred. Low-T serpentines occasionally crosscut anti-
gorite, so that the mesh textures generated after the main metamorphism, where
antigorite + olivine assemblage was stable. Degree of serpentinization (antigori-
tization) in the main metamorphic stage (before generation of low-T serpentines
in later stages) are highly variable from nearly zero to 100%, but greater than
90% in the majority .

In addition to olivine and serpentine minerals, they commonly contain chlorite
and magnetite, occasionally with diopside and tremolite, as metamorphic pro-
ducts. Typical metamorphic mineral assemblages are Ol + Atg+Di+ Chl+Mag and
Ol+Atg+Tr = Di+Chl+Mag (mineral abbreviations after Kretz 1983), repre-
senting upper greenschist to lower amphibolite-grade temperatures (Evans 1977;
O’Hanley 1996).

Textures and relic and/or metamorphic mineral assemblages suggest that the
massive serpentinite originated from residual peridotite (lherzolite and harzburgite)
and lesser amounts of dunite. Relic spinels show lesser degrees of partial melting
than typical arc peridotite, but edenitic to pargasitic amphibole as a high-temperature
hydrous phase is common (Niida et al. 2001, 2003, 2005). These less refractory but
hydrous features were interpreted to reflect one of the three candidates of their
origins as: (a) relics of sub-continental lithosphere on whose margin the Philippine

<
<

Fig. 6 Microscopic and mesoscopic photographs of amphibole schists and serpentinites.
(a) Micro-folds in garnet-epidote amphibolite (D06-1; unpolarized light) in the YZ section normal
both to foliation and to lineation. (b) Schistose serpentinite (6K#609R007; cross-polarized light) in
a view of XZ section normal to foliation and parallel to lineation. Relics of early massive textures
(ML: microlithon) are surrounded by highly schistose neoblasts of antigorite. (¢) Microfolds
with lineation-parallel axes in the YZ section of schistose serpentinite (6K#609R009; cross-
polarized light). (d) Scanned thin section of schistose serpentinite (6K#609R008; cross-polarized
light) in XZ section. Note the highly elongated magnetite porphyroblasts and lineation-normal
crack-seal veins of fibrous antigorite. (e¢) Massive serpentinite (6K#1067R013; cross-polarized
light) consisting mainly of cleavable olivine and antigorite. (f) Massive serpentinite (6K#1065R006;
cross-polarized light) with an inter-penetrating texture of antigorite. (g) A fold structure in
schistose serpentinite (6K#1066R026; oblique view of the slab of XZ section). Fold axes crosscut
lineation and crenulation (microfold axes). Slicken sides correspond to foliation-subparallel slip
surfaces with low-temperature serpentine. (h) Hinge part of a fold (crosscutting lineation) with
fractures filled by low-T serpentine in schistose serpentinite (6K#1066R020; open-polarized
light). Mineral abbreviations: Atg antigorite, Cb carbonate, Di diopside, LTS low-temperature
serpentine, Mt magnetite, Ol olivine, and 7r tremolite



108 H. Ueda et al.

Sea Plate initiated, (b) peridotites beneath a slow-spreading back-arc basin, and
(c) island-arc upper mantle with secondary enrichment in hydrous basaltic melt
components (Niida et al. 2003, 2005).

The ultramafic dikes in massive serpentinites consist of clinopyroxenite-wehrlite
and olivine-hornblendite, and show cumulate textures in less deformed and less
recrystallized specimens. These ultramafic dikes (except for Ol-poor clinopyroxen-
ite) commonly contain antigorite, and olivine-rich varieties show the same meta-
morphic mineral assemblages as the host massive serpentinites. They occasionally
show weak metamorphic mineral foliation, which suggest their intrusion prior to
the main metamorphic and deformation event.

3.1.2 Schistose Serpentinite

The schistose serpentinite is characterized by lepidoblastic textures consisting
solely of antigorite, thus comprising antigorite schist (Fig. 6b—d). The rocks also
commonly contain minor amounts of magnetite and chlorite, and are occasion-
ally accompanied by carbonate, diopside, and olivine. Acicular crystals of diop-
side also partly contribute to the schistosity. Modal abundance of olivine and its
pseudomorphs are small (approximately less than 10%), and the majority of the
schistose serpentinite does not contain olivine. The lowest-variance metamor-
phic mineral assemblages is Atg+Ol+Di+ Chl+Mag, representing upper
greenschist- to lower amphibolite-grade temperatures (Evans 1977; O’Hanley
1996) consistent with retrograde (decompression) conditions of amphibole
schists as described later.

Magnetite occurs as ellipsoidal porphyroblasts and/or pseudomorphs after
spinel (Fig. 6d), whose long axes define a stretching lineation. Development of
schistosity is variable and transitional from the massive serpentinite. Hirauchi
et al. (2010) showed that alignment of crystallographic axes of antigorite in mas-
sive, transitional, and schistose serpentinites progressively increases in ascending
order (c-axis parallel to the schistosity, and b-axis to the lineation). The transition
from massive to schistose serpentinites is also occasionally visible on cut sur-
faces of hand specimens, where parts of massive serpentinites are stretched along
their margins or shear zones and grade into schistose serpentinite. Here we
describe as schistose serpentinite when lepidoblastic antigorite exceeds 50 modal
%. Schistosity is occasionally recognizable on some outcrop surfaces, whereas it
is not evident and apparently massive on some outcrops. In some cases the folia-
tion surfaces are accompanied by slicken lines, whose orientations are regardless
of stretching lineations by magnetite porphyroblasts. Apparent foliation on rock
surfaces probably resulted from overprint of later slip and/or weathering parallel
to the schistosity. Fold structures are not uncommon (Fig. 6¢c, g, h). Lineation-
orthogonal veins of fibrous to acicular antigorite crystals (picrolite), whose long
axes are parallel to stretching lineations, are rarely seen in schistose serpentinite
(Fig. 6d).
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3.2  Amphibole Schist

Six samples of amphibole schists commonly with relics of high-pressure
metamorphism were collected from the Ohmachi Seamount. They consist of three
lithotypes: epidote (Ep) — albite (Ab) amphibolite (four samples), garnet (Grt) —
zoisite (Zo) amphibolite (one sample), and Grt-Ep amphibolite (one sample:
Fig. 6a). Rocks of the former two types contain microinclusions of the eclogite
facies minerals such as omphacite as reported by Ueda et al. (2004). For the Grt-Zo
amphibolite sample, Ueda et al. (2004, 2005) estimated P-T conditions of the peak
metamorphic stage as 600-700°C, 2.0-2.5 GPa, and of decompression stage as
500-600°C, <1.3 GPa. Grt-Ep amphibolite has glaucophane and albite microin-
clusions in garnet, suggesting early blueschist facies metamorphism. All types of
the amphibole schists show nematoblastic textures of amphiboles and epidote or
zoisite, with evident mineral lineation. The Grt-Zo amphibolite also show compo-
sitional banding of amphibole-rich and zoisite-rich layers.

The collected samples are float stones with diameters of several to ten and
several centimeters, whose surfaces commonly have slicken lines. Their localities
are limited near the northern end of the schistose serpentinite exposures (at dive site
6K#609 and dredge site D06: see the next section), and their amount is probably
quite small relative to that of serpentinites. It is thus assumed that they originated
from faulted blocks or clasts sparsely hosted by the schistose serpentinite.

3.3 Paleogene Volcanic Rocks

Volcanic rocks are the main constituent of the Ohmachi Seamount. They consist
mainly of hornblende andesite and two-pyroxene andesite of calc-alkaline series
(Yuasa and Nohara 1992; Yuasa et al. 1999). They occur as lava and volcanic or
tuff breccia (Fig. 5f) accompanied by tuff and volcanic sandstone and conglomerate.
Hypabyssal varieties were also observed in the main parts of the seamount. No
deformation structures have been found in these rocks. Volcanic glass is preserved
in unaltered rocks, whereas altered rocks contain zeolites and clay minerals. From
two-pyroxene andesite cobbles dredged at site D731 (Fig. 4), K-Ar ages of
31.9+1.2 Ma and 33.6+ 1.2 Ma (latest Eocene to Early Oligocene) were reported
by Yuasa et al. (1988). Another variety of volcanic rocks from site D794 (Fig. 4)
was reported by Yuasa and Nohara (1992) and Yuasa et al. (1992, 1999), mainly
comprising sheared volcanic breccia with slicken sides. Clasts consist of basaltic
andesite to andesite of calc-alkaline series, and contain pseudomorphs after pyroxene
and olivine. Matrix and phenocrysts were extensively recrystallized by prehnite-
pumpellyite facies metamorphic minerals. Severely altered olivine basaltic
andesites were also collected during dive 6K#610 at 3,230 mbsl. Yuasa et al.
(1999) suggested that these metamorphosed volcanic rocks underlie the relatively
unaltered andesites.
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Minor amounts of limestone and calcareous sandstone were dredged. Nishimura
(1992) dated calcareous sandstone containing andesite pebbles (dredged from
D731: Fig. 4) as Late Eocene based on larger benthic foraminifera. Nishimura et al.
(1997) gave ¥'Sr/%Sr stratigraphic ages for two limestone samples. A limestone
dredged at site D732 (Fig. 2) was dated as 34.23+0.78 Ma (Late Eocene to earliest
Oligocene). Calcareous matrix of a conglomerate dredged at site D731 was dated
as 39.65+0.71 Ma (Late Eocene). These Eocene limestones were dredged from the
upper slope of the seamount, and are inferred to be intercalated within or capping
the Paleogene volcanic rocks. Floats of foraminiferal limestone were also found in
the debris apron near the basin floor. One of them (6K#1065R003) also contained
dissolved molds of colonial corals (Fig. 5g).

3.4 Miocene Turbidite

Alternating beds of siltstone, sandstone, and conglomerate were observed on the
upper slope (ca. 2,650-2,400 mbsl) of dive track 6K#341. These beds were con-
sidered as turbidite in terms of graded beds with parallel and cross laminae
(Yuasa et al. 1998, 1999). Siltstone yielded planktonic foraminifers indicating a
late Early Miocene age (N8: ~16Ma; Yuasa et al. 1998). Turbidite alternation of
sandstone and siltstone were also collected as float stones in debris apron near the
basin floor (3,381 mbsl) during dive 6K#1064 (Fig. Sh).

3.5 Soft Mud Beds

On the western slope (fault scarp) of the Ohmachi Seamount, semi-consolidated
beds of soft and cohesive mud occasionally occurred in outcrops. They are com-
posed of several meters thick beds parallel to the slope surface, with jointed escarp-
ments at each termination. Their surfaces are coated by thin ferro-manganese
oxides. Open burrows are common. The mud contains abundant coccoliths accom-
panied by vitric tuff, foraminferal and radiolarian remnants, and rock fragments in
cases. They are considered as post-rifting slope cover sediments, whose exposure
presumably resulted from active erosion by landslide and bottom currents.

4 Dive and Dredge Results

Four scientific cruises (YK96-11, YK00-08, YK01-04, and YKO08-05) by JAMSTEC
R/V Yokosuka with 12 dives in total have been performed on the Ohmachi Seamount
using submersible “Shinkai 6500”. All submersible dive tracks were set on the
western slope (fault scarp) of the seamount (Fig. 4).
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4.1 Dive 6K#341

This dive was the first research that discovered the occurrence of serpentinites. The
route was set at 29°04.33-4.12’N climbing eastward from the Nishinoshima Rift
basin floor to the ridge crest of the peninsular part. Dive results have been reported
by Yuasa et al. (1998, 1999), as briefly reviewed here. The lower slope between
3,487 mbsl (edge of basin floor) and ~3,180 mbsl was covered by slope debris
containing serpentinite blocks and clasts, whose amounts and sizes increased
upslope. Between the depths of 3,180 and 3,080 mbsl foliated rocks occurred,
which were not sampled. The foliated rocks were first described as presumable
metamorphic rocks, however, now they are considered to be schistose serpentinite
taking into account results from the following dive investigations. The slopes
became gentler between 3,080 and 2,800 mbsl and were covered by mud. Slopes
between the depths of 2,800 and 2,600 mbsl were composed mainly of talus con-
sisting of blocks of Miocene turbidite slid from cliffs above. A near-vertical cliff
appeared at ~2,500 mbsl, where Miocene conglomerates and turbidites were
exposed. Foreign pumice was collected on the ridge crest at 2,393 mbsl.

4.2 Dive 6K#570

This one and the following dives 6K#571 and 6K# 575 were performed during
YKO00-08 cruise, whose results were reported in JAMSTEC (2000), Fujiwara et al.
(2001) and Niida et al. (2001). Dive 6K#570 climbed the western fault scarp on the
main part of the seamount at ~29°10.5°’N. The lower slope between 3,460 (basin
floor) and 2,990 mbsl comprised landslide debris and talus deposits covered by soft
muddy sediments. In the upper slopes (2,990-2,670 mbsl) occurred dacite and
dioritic porphyrite partly with platy and/or columnar joints. Volcanic breccia
occurred between 2,670 and 2,570 mbsl. The uppermost outcrops (2,526-2,483
mbsl) at the edge of a terrace at ~2,500-2,400 mbsl consisted of well stratified
volcanic sandstone containing pumiceous layers and foraminifers.

4.3 Dive 6K#571

This dive route roughly tracked the lower section (3,506-3,079 mbsl) of the dive
6K#341. Less fractured massive serpentinite and associated clinopyroxenite
appeared from the foot of the fault scarp at 3,480-3,300 mbsl as sporadic outcrops
among debris blocks and soft sediment covers. Serpentinites between 3,300 and
3,200 mbsl were massive but highly fractured enclosed in clayey matrices, occur-
ring within slope debris. This fracturing probably resulted from a landslide, on
whose bathymetric feature the submersible crossed at these depths. Hornblendite
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samples were taken from an outcrop at 3,225 mbsl. Serpentinites and associated
ultramafic cumulates were covered by semi-consolidated mud between 3,129 and
3,079 mbsl.

4.4 Dive 6K#575

Above the debris apron containing float stones of limestone and massive serpen-
tinite, outcrops of massive serpentinite occurred between 3,360 and 3,290 mbsl.
Foliated rocks, which were not sampled but now inferred as schistose serpentinite,
were observed at 3,236 mbsl. The lowermost locality of volcanic rocks lies at 3,212
mbsl, and sporadic occurrences of volcanic rocks and volcanic conglomerate con-
tinued until 2,614 mbsl. The uppermost section between 2,600 and 2,460 mbsl
consisted of stratified sedimentary rocks, parts of which were confirmed as massive
or thin-bedded mudstone samples.

4.5 Dive 6K#608

Gentle debris slope containing blocks of dacite continued between the basin floor
at 3,440 and 3,400 mbsl. Between 3,400 and 3,100 mbsl, the slope had many cliffs
of andesite lava. Gentler mud-covered slope with sporadic exposures of andesite
continued until the off-bottom point at 2,840 mbsl. Andesite lava was generally
fractured.

4.6 Dive 6K#609

The lowermost part of the slope comprised a debris apron with local landslide
scarps (Fig. 5e). Collected debris was composed of schistose serpentinite and
amphibole schist (6K#609R002 and R004-R006: Ep-Ab amphibolite). Outcrops of
schistose serpentinite sporadically occurred on generally mud-covered lower slope
between 3,350 and 3,240 mbsl. Serpentinite on outcrops were generally intact with
scarce joints, and with apparently weak foliations gently dipping east to southeast.
Lineations were nearly horizontal in schistose serpentinite samples whose orienta-
tion can be restored by video records. A float of amphibole schist (#609R012:
Grt-Zo amphibolite) was collected at the foot of a serpentinite outcrop at 3,340
mbsl. The middle terrace between 3,240 and 3,220 mbsl was a mud-covered gentle
slope, on which floated blocks of serpentinite and volcanic rocks were scattered.
The shallowest occurrence of serpentinite debris was at 3,175 mbsl within the basal
talus of the upper slope. At 3,155 mbsl occurred an outcrop of horizontally strati-
fied tuff breccia with polymict andesite clasts (Fig. 5f).
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4.7 Dive 6K#610

This dive aimed to confirm the northern limit of serpentinite exposure. The landed
point was located on the basin floor along 29°8.22’N, where the middle terrace is
not evident, and the submersible first climbed upslope to the east. Debris apron
between the basin floor and 3,270 mbsl contained blocks of andesitic tuff breccia
and limestone. Outcrop at 3,270 mbsl consisted of hornblende andesite lava. From
this point, the dive route was set as iso-contour traverse around 3,270-3,230 mbsl
toward the south, along which jointed lava was occasionally exposed on the steep
slope covered by volcaniclastic debris and semi-consolidated mud. Floats (?) of
altered and amygdaloidal olivine basaltic andesite were collected at 29°7.68’N
(3,230 mbsl) at the northern end of the mid-slope terrace.

4.8 Dive 6K#1064

This route was approximately the same site as, and crossing the track of dive
6K#609. The slope deeper than 3,340 mbsl was covered by debris and mud, from
which blocks correlative to Miocene turbidite were collected (Fig. 5h). Outcrops of
schistose serpentinite, each of which was separated from others by mud-covered
talus, occurred between 3,340 and 3,260 mbsl. At 3,238-3,234 mbsl occurred a bed
of semi-consolidated mudstone, whose surface was covered by thin Fe-Mn oxide.
The bed was parallel to the slope surface. Between 3,234 and 3,228 mbsl, the slope
was covered by presumable landslide debris of rectangular blocks and very loose
rock masses of basaltic volcanic rocks. The slope between 3,202 m and the off-
bottom point (3,176 m) was covered by mud and partly by semi-consolidated mud.

4.9 Dive 6K#1065

This dive route obliquely climbed the slope from the landed point near the base
of slope apron at 29°6.7’N (3,453 mbsl) heading ESE, crossing the #575 track,
where foliated rocks were not sampled by the previous dive. The first outcrop,
which appeared at 3,381 mbsl above a mud-covered rubbly apron, consisted of
schistose serpentinite with pronounced foliation moderately dipping to northeast.
Schistose serpentinite also occurred at 3,361-3,365 mbsl, where foliation moder-
ately dips to southeast, and at 3,272-3,228 mbsl, where it showed apparently
weaker foliation on surfaces. Floats of pumice tuff and coral limestone (Fig. 5g)
were collected on the steep and mud-covered talus among these outcrops. Partly
fractured massive serpentinite was exposed between 3,218 and 3,204 mbsl. Here
the submersible headed south moving to a deeper part of the slope. Apparently
massive serpentinite was exposed between 3,267 and 3,236 mbsl. At 3,236 mbsl,
a schistose serpentinite was collected from a fractured outcrop. The outcrop of
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fractured serpentinite continued until 3,153 mbsl, above which the slopes were
covered by mud with sporadic debris until the off-bottom point at 3,078 mbsl.

4.10 Dive 6K#1066

The first (3,443-3,401 mbsl) and second (3,387-3,382 mbsl) outcrops occurred
above the mud-covered debris apron. They consisted of massive pseudomorphic
serpentinite of dunite origin and highly foliated schistose serpentinite. The third
outcrop at 3,365-3,363 mbsl was of platy-jointed schistose serpentinite with folia-
tions steeply (70-80°) dipping ESE. Serpentinite sporadically occurred until
3,351 m. Between 3,350 and 3,205 mbsl, the slope was covered by semi-consolidated
mudstone and landslide debris containing rubble and blocks of serpentinite, andesite
to dacite, and sandstone. Then the submersible moved downslope to 3,407 mbsl,
where serpentinite breccia and schistose serpentinite were exposed.

4.11 Dive 6K#1067

The gentle lowermost slope between 3,452 and 3,436 mbsl was the mud-covered and
subsequent rubbly apron, from which a float stone of basaltic breccia was collected.
The steep slope with cliffs between 3,375 and 3,273 mbsl consisted of fractured
blocky rocks of basaltic breccia (at 3,391 mbsl) and andesite (at 3,376 and 3,306
mbsl), partly covered by semi-consolidated mud (at 3,436 mbsl). These extraordi-
nary deep occurrences of volcanic rocks are interpreted as slid-down blocks either
by rift faulting or landslide. After climbing mud-covered slopes, an outcrop of mas-
sive serpentinite occurred at 3,175 mbsl. The mud slope continued until 3,135 mbsl,
where the submersible turned to the south and downslope.

The new track started at 3,323 mbsl on a mud-covered slope. Outcrops of frac-
tured but massive serpentinite intermittently occurred at 3,322-3,372, 3,245, and
3,225-3,222 mbsl. A schistose serpentinite was also collected at 3,245 mbsl.

4.12 Dive 6K#1068

The submersible landed at 3,453 mbsl and climbed upslope on mud-covered debris
apron with sporadic blocks, from which schistose and transitionally massive ser-
pentinite floats were collected. The first outcrop of massive to transitionally schis-
tose serpentinite continued between 3,412 and 3,363 mbsl. Foliations are mostly
invisible in the outcrops, with exceptions at 3,389 and 3,363 mbsl, where it gently
(presumably <30) dipped to the southeast and northwest, respectively. Above the
outcrop, the slope between 3,360 and 3,160 mbsl consisted of rubbly talus containing
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clasts and blocks of massive serpentinite. Massive serpentinite sporadically
occurred between 3,160 and 3,100 mbsl among rubbly talus. Between 3,100 and
3,080 mbsl (off-bottom point) was a mud-covered gentle slope, on which debris
blocks of semi-consolidated mudstone were partly observed.

4.13 Dredges

Rocks were first dredged from three sites on the Ohmachi Seamount (D731, D732,
and D794) during R/V “Hakurei-Maru” GH85-1 cruise in 1985 and GH86-1 cruise
in 1986. From D731 on the western slope of the main part of the seamount (Fig. 4),
calcareous sandstone, volcaniclastic conglomerate with calcareous matrices, and
andesite cobbles were dredged. Andesites and calcareous conglomerate were
dated as Late Eocene to Early Oligocene (see Sec. 3.3). D732 on the southern slope
of the main part (Fig. 2) yielded limestone of Late Eocene to earliest Oligocene
age (Nishimura et al. 1997). Dredge hauls of D794 on the western scarp of the
peninsular part (Fig. 4) were composed of andesite, dolerite, basaltic and andesitic
breccia, and sandstone. Two breccia samples contain the prehnite-pumpellyite facies
metamorphic minerals (Yuasa et al. 1992, 1999).

Nine dredges (KT04-28 D06~D13, D24 and D25: Figs. 2 and 4) were per-
formed during the cruise KT04-28 by R/V”Tansei-Maru” in 2004. Dredge sites
D06~D11 are located on the southwestern slope of the Ohmachi Seamount from
north to south, and the sites D12 and D13 is on the eastern slope. Location of D25
was nearly identical to D06, and D24 was close to D09. Serpentinites were col-
lected on sites D06, D07, D08, D09, D24, and D25. The other sites (D10~D13)
yielded either of dacite-andesite and their volcaniclastic varieties correlative to
the Paleogene, sandstone and mudstone to the Miocene, and unaltered basalt and
pumice presumably of Quaternary tephra or debris. Dredge hauls at D09 also
contained significant amounts of volcanic and sedimentary rocks in addition to
serpentinites. Serpentinites collected at D06, D07, and D25 were dominantly
schistose, whereas those at D08, D09, and D24 were mostly massive (Fig. 7).
Sites D06 was set approximately the same site as lower parts of dives #609 and
#1064, and yielded a piece of Grt-Ep amphibolite (D06-1) in addition to domi-
nantly schistose serpentinite clasts.

5 Interpretation of Geologic Structures

A geological map for the fault scarp of the peninsular part of the Ohmachi
Seamount was constructed based on the dive and dredge results as shown in Fig. 4.
Semi-quantitative orientation data of dips and strikes of foliation (schistosity) read
from video images are shown in Figs. 4 and 8, with three quantitative in-situ
measurements of foliation; the method is briefly described in the appendix.
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5.1 Serpentinite Body

Dive and dredge results show that the northern and southern parts of the serpentinite
exposure consist of differing lithotypes. The southern part is dominated by massive
serpentinite, accompanied by local and minor schistose serpentinite. In the northern
part, however, schistose serpentinite is dominant, with relatively small bodies of
massive serpentinite. Foliation (schistosity) of the schistose serpentinite shows
scattered orientations generally dipping to the east, southeast, or northeast (Fig. 8),
with subhorizontal stretching lineations trending to the north to northeast. Massive
serpentinite in the southern part thus structurally overlies dominantly schistose ones
in the northern part. The two parts seem transitional without distinct boundary.
Localities of amphibole schist floats lie at the structurally lowermost horizons of
the serpentinite exposure.

Two kinds of folds are assumed for the varying orientation of foliation planes.
One has a southeast-plunging fold axis with variable foliation strikes as typically
seen in the variation of the 6K#1065 route (Fig. 8). This type of folds is occasion-
ally found in schistose serpentinite samples (Fig. 6g—h). The fold axes cross the
stretching lineations at high angles, and bend both the foliation and the lineation
(Fig. 6g). These folds are commonly associated with slip surfaces and fractures
filled by low-T serpentinites, carbonates, or magnetite (Fig. 6h). The other type of
fold has presumably near-horizontal and north-northeast trending axes, and is
mainly responsible for the variation of foliation dips from near-horizontal to near-
vertical. The assumed axis is subparallel to the stretching lineation. Fractureless
microfolds with lineation-parallel axes are seen in several samples of schistose
serpentinite (Fig. 6¢) and in an amphibole schist sample (Fig. 6a), and they are
regarded as specimen-scale equivalents of the map-scale folds. This type of fold
may predate the southeast-trending folds, which bend the lineation.

Comparing the varying orientation of foliation surfaces with specimen-sized
fold structures, it is considered that the schistose parts of the serpentinite body are
entirely folded (Fig. 9). Foliation dips are dominantly gentle in the northernmost
sections (dives 6K#609 and 6K#1064), whereas steeper in the southern section
(dive 6K#1066). Therefore, an anticline is assumed in the northernmost part of the
serpentinite exposure.

5.2  Overlying Formations

Based on the distribution of rocks and nearly horizontal layering of tuff breccia
observed during the dive 6K#609, a nearly flat-lying boundary is assumed between
the serpentinite body and the Paleogene volcanic rocks at 3100-3,200 mbsl.
Although no outcrop or float stones of the Paleogene volcanic sequence was
observed during submersible dives to the south of 29°04.5’N, volcanic rocks and
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tuff are not uncommon in dredges from these areas (Fig. 7). Therefore, we infer that
the Paleogene continues to the south of the study area decreasing in thickness. The
contact relation of the two formations remains uncertain, because no outcrop was
found where the boundary could be observed directly. Two solutions are possible
for the contact relationship: an unconformity and a flat-lying fault. An unconform-
able relation is difficult to reconcile with the fact that neither serpentinite xenoliths
in volcanic rocks, serpentinite clasts in volcaniclastic rocks, nor volcanic rock dikes
crosscutting serpentinite have been found. However, the scarce occurrence of
deformed volcanic rocks and the absence of sheared mixture of serpentinite and
volcanic materials are inconsistent with a fault contact. Therefore, the nature of the
boundary drawn in Fig. 4 is speculative. Anyway, the flat boundary evidently cross-
cuts the fold structures within the serpentinite body (Fig. 10).

Dives 6K#341 and 6K#575 observed the flat-lying Miocene turbidite formation
near the ridge crest with very steep slopes of 200-300 m descent. Common occur-
rences of debris blocks and dredge hauls of consolidated sandstone and siltstone
suggest that the Miocene turbidite formation caps over the peninsular part of the sea-
mount. At 6K#575 route, the base of the Miocene lies at a depth of ~2,500 mbsl, with
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a difference in altitude of ca. 200 m from the ridge crest. At 6K#341 route, it is deeper
than 2,700 mbsl with a difference in altitude exceeding 300 m from the ridge crest.
It is thus inferred that the Miocene (possibly with younger sediments) becomes thicker
towards south. On the contrary, the thickness of the Paleogene volcanic sequence is
assumed to become thinner towards south, from a thickness of 600—700 m at 6K#575
to less than 400 m at 6K#341. Contrasting lithofacies between shallow-marine (partly
reefal) limestone in the Paleogene and the Miocene turbidites imply a disconformable
boundary accompanied by significant subsidence, and an abut relation of the Miocene
onto a Paleogene volcano is assumed based on the opposite trends of the southward-
thinning Paleogene and the southward-thickening Miocene formations.

6 Structural Characteristics of Sub-crustal Origins

Dive and dredge results from the Ohmachi Seamount showed that the mode of
occurrences of serpentinites are quite different from those of well-known serpen-
tinite seamounts in the Mariana and Bonin forearcs (“forearc serpentinite scamounts™)
located much nearer to the trench. The forearc serpentinite seamounts occur in two
different modes: mud volcanoes and horsts (Fryer 1992; Fryer et al. 1995). The mud
volcanoes are piles of serpentine mud flows, which contain small fragments of
serpentinized peridotites, gabbro, volcanic rocks, and high-pressure metamorphic
rocks (Maekawa et al. 1992, 1993). Serpentinites consist dominantly of low-T spe-
cies (chrysotile and lizardite: Saboda et al. 1992), although antigorite-olivine equi-
libria suggesting greenschist to amphibolite grades are recently found by Murata
et al. (2009). Rocks of the horsts are ophiolitic consisting of massive serpentinite
accompanied by significant amounts of gabbro and volcanic rocks (Ishii 1985;
Ishiwatari et al. 2006). High-pressure metamorphic rocks are rarely associated
(Maekawa et al. 2004). Antigorite schist was not found in both types of the forearc
serpentinite, and they are either massive or highly fractured enough to be fluidized.
These structures obviously crosscut or disturbed the Paleogene volcanic formation
including boninite. They are generally considered as diapirs by buoyancy (Ishii et al.
1992) or hydration expansion (Fryer and Fryer 1987; Fryer 1992), and fluidized
effusives by over-pressured pore fluids (Fryer 1992).
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On the contrary, the serpentinite body of the Ohmachi Seamount lacks crustal
rocks which did not suffer high-pressure metamorphism. It consists almost entirely of
serpentinite, with trace amounts of amphibole schists with eclogite and blueschist
relics. No evidence of mud flow has been observed, and the serpentinite body is likely
to occur as a coherent mass except the parts locally fractured by faults and landslides.
Antigorite is ubiquitous, although later low-T serpentines after olivine are also com-
mon. And most notably, the northern part of the body consists of crystalline schist of
antigorite (schistose serpentinite), which has not been found in the forearc serpen-
tinite seamounts. Its folded structure is truncated by the base of the Paleogene. These
contrasting occurrences suggest that the serpentinites of the Ohmachi Seamount do
not have the same mode of exhumation with the forearc serpentinite seamounts, and
might have originated neither from a diapir nor a mud volcano.

Although the extent of the exposed serpentinite body in the Ohmachi Seamount
is quite limited, their observed modes of occurrences are rather similar to some of
the regional high-pressure metamorphic terranes on land such as Sanbagawa Belt in
Japan (Mizukami and Wallis 2005) or the Zermatt-Saas Ophiolite in the Alps (Li
et al. 2004). Serpentinites in these terranes are coherent bodies with common occur-
rences of folded antigorite schist or schistose antigorite peridotite with evident
stretching lineation. Accompanied crustal rocks are exclusively high-pressure meta-
morphic. Therefore, it is probable that the serpentinite exposure in the Ohmachi
Seamount is a window of a regional high-pressure metamorphic belt, which formed
in the Philippine Sea Plate, although its extent is obscured by cover sequences.

Although there is no direct observation of contact relationship between the
schistose serpentinite and the amphibole schists, they share the common structural
features such as schistosity, mineral and/or stretching lineation, and folds that
deformed the schistosity. These common features suggest that the amphibole
schists were incorporated into the schistose serpentinite before or during generation
of the schistosity. So far as seen in amphibole schists, the schistosity and the min-
eral lineation were formed during the decompression stage from the eclogite to the
amphibolite facies (Ueda et al. 2004, 2005). Hence, schistosity of serpentinites
might also have formed during the same decompression stage as the amphibole
schists. Dominantly low-angle foliation and subhorizontal stretching lineation in
the schistose serpentinite suggest that the serpentinite body was subvertically
flattened and laterally extended during its exhumation. The strain might have been
localized in the northern part consisting mainly of schistose serpentinite with
amphibole schists, compared to the overlying southern part mostly of massive
types. This structural relation implies that the massive serpentinites originated from
the hanging-wall of the shear zone which carried up eclogites.

The massive serpentinite occasionally contain edenitic to pargasitic amphiboles
which could be stable in primary peridotite stages (Niida et al. 2003, 2005) as hydrous
phases, and are intruded by ultramafic cumulate dikes including olivine hornblendite,
which suggest pathways of hydrous magma, before the antigorite-forming metamor-
phism with deformation. Such hydrous natures prefer a wedge mantle origin to
subducted oceanic mantle origins as products of less hydrous igneous activity at the
mid-oceanic ridge. Although they are much less refractory than the typical forearc
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Fig. 11 Model illustrations for the genesis of geologic structure in the Ohmachi Seamount

peridotites as indicated by chemistry of relic spinels (Cr# ~0.15: Yuasa et al. 1999;
Niida et al. 2001, 2003), peridotites with similar spinel chemistry and hydrous phases
were recently discovered from southern Mariana forearcs (Yanagida et al. 2006;
Michibayashi et al. 2009) as well as from back-arc basins in the Philippine Sea Plate
(Ohara et al. 2002, 2003). Occurrence of least refractory peridotites in the southern
Mariana forearc are attributed to slow and rather amagmatic spreading of a back-arc
basin (Mariana Trough) in the upper plate (Michibayashi et al. 2009).

Concerning the structural and petrologic characteristics of serpentinites, the
simplest interpretation for the geologic structure is given in Fig. 11, where the
fragments of the subducted oceanic crust (blueschists and eclogites) were exhumed
along with the shear zone (schistose serpentinite) at the base of the hanging-wall
mantle wedge (massive serpentinite).

7 Exhumation to the Surface

Because any geochronological data have not been successfully obtained so far for
metamorphic rocks of the Ohmachi Seamount, it is difficult to discuss detailed
tectonic processes of their exhumation to the surface. Here we briefly review the
tectonic history of the Philippine Sea Plate and several proposed ideas.
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The Philippine Sea Plate (PSP) experienced repetitive arc activities and back-arc
spreading or rifting in intra-oceanic environments, at youngest since the Early
Cretaceous (Fig. 1). Early to Late Cretaceous arc igneous rocks are known to occur
in the Amami Plateau (Hickey-Vergas 2005). The plateau, together with the adjacent
Daito and Oki-Daito Ridges, is considered as a Cretaceous remnant arc left after
back-arc spreading of the West Philippine Basin (WPB) during the Paleocene to the
Eocene (Hilde and Lee 1984). The correspondent daughter arcs have been assumed
to be Cretaceous ophiolites and arc sequences exposed on the Halmahera and eastern
Mindanao islands (Hall et al. 1995; 1988). As WPB spread and the PSP rotated, the
proto-Izu-Bonin-Mariana (IBM) arc formed at the present-day Kyushu-Palau Ridge
at ~49 Ma (Ishizuka et al. 2006). The IBM arc experienced back-arc rifting and
spreading in the late Oligocene to middle Miocene (the Shikoku and Parece Vela
Basin: Okino et al. 1994), in the late Miocene (between the Nishi-Shichito Ridge and
the present-day IBM arc: Yamazaki and Yuasa 1998; Kodaira et al. 2008), since the
Pliocene (West Mariana Basin: Husson and Uyeda 1980), and in the Quaternary
(intra-arc rift basins in the Izu-Bonin Arc). Since the Oligocene, the modes and direc-
tions of the back-arc spreading separated between the Izu-Bonin and Mariana arcs
bounded by the Sofugan Tectonic Line (STL: Yuasa 1985). The Ohmachi Seamount
is located at the northeastern termination of the STL and the Nishinoshima Trough,
where the IBM arc crust is extremely thin (Iess than 10 km: Kodaira et al. 2007).

There have been several ideas proposed for the exhumation of the serpentinite body
in the Ohmachi Seamount. The earliest model considered it as a diapiric body uprose
along with the Quaternary intra-arc rifting (Yuasa et al. 1999). Ohara (2003) also
attributed the serpentinite exhumation to the Quaternary rifting, but considered it as an
oceanic core complex similar to the other core complexes being discovered in the
back-arc spreading systems of the PSP (Ohara et al. 2001, 2003). Ueda et al. (2004)
assumed that the timing of the exhumation was older than the overlying volcanic rocks.
They first concerned the occurrences of high-pressure metamorphic rocks, and attrib-
uted their exhumation to extension by the spreading of the WPB over the subducting
Pacific slab in the Eocene. Meschede et al. (2009) proposed that the unroofing resulted
from leaky transform displacement (transtension) along the STL based on the differ-
ence of spreading directions between the Shikoku and Parece-Vela basins. Most
recently, Ota and Kaneko (2010) interpreted the base of the Tertiary as a post-Miocene
fault, and attributed the exhumation to squeezing by the shallowing Pacific slab related
to subduction of a large buoyant seamount (Ogasawara Plateau: Fig. 1).

Recently accumulated geological and structural observations suggest that the ser-
pentinite body was emplaced earlier than the deposition (or basal faulting) of the
overlying Paleogene formation, which is scarcely deformed, and whose base crosscut
the foliations of the serpentinite body. The sub-horizontal stretching lineation and
subsequent lineation-orthogonal fractures are not consistent with diapiric movements,
which prefer dip-slip strain. Hence, diapirism is unlikely to have been the main mode
of the exhumation, although buoyancy and volume expansion could have contrib-
uted to upward components of the displacement. The NNE-trending stretching lin-
eations are compatible neither with spreading direction of the Quaternary intra-arc
rift nor the present-day moving direction of the subducting Pacific plate (Fig. ).
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On the other hand, the lineation trend is sub-parallel to the STL and the spreading
direction of the WPB. This implies that the exhumation occurred along with one of
the back-arc spreading centers earlier than the Miocene.

In addition to the geochronology of the metamorphic rocks, one of the important
points remaining unsolved is the contact relationship between the serpentinite body
and the overlying Paleogene volcanic rocks, as previously mentioned. If it is an
unconformity, the exhumation exclusively occurred before the Late Eocene, within
the WPB or the Cretaceous remnant arcs as a different subduction system from the
IBM. If it is a detachment fault, at least the final stage of the exhumation should
have occurred after the Early Oligocene, i.e., related to one of the back-arc spread-
ing centers of the IBM system.
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8 Appendix: In Situ Measurement of Geological Surface
Orientation by Submersible

Foliation planes by schistosity were measured by a newly developed clinometer
plate at three localities during the dive 6K#1064. Bedding plane of semi-
consolidated mudstone was also measured at a locality of the dive 6K#1067 by the
same method. Here we describe the outline of the method, and more detailed
method, calibration, and evaluation of its reliability will be given in another paper.

The clinometer plate is an acryl disc 24 cm in diameter with a steal vertical bar
12 cm long at the center (Fig. 12). Both the disc and the vertical bar are scaled at 1 cm
intervals by painting. The disc is mounted on a steel disc of the same diameter, on
which a handle is equipped. At the outcrop, the clinometer plate was laid on, or set
parallel to the surface structure of interest, handled by the manipulator of the submers-
ible. And it was photographed by a camera, whose focal length and orientation relative
to the submersible were logged. Also logged was orientation of the submersible.

The photographs were analyzed by the following procedures. First, the angle ¢
of the vertical bar to the line of sight (connecting the lens and disc centers) was
calculated by a simple graphical analysis shown in Fig. 13. The lengths b and s in
Fig. 13a was determined reading the scale of the point where scales of the disc and
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Pole to the surface

Fig. 12 Photograph of in-situ measurement using the clinometer plate at a sea-floor outcrop
(6K#1064 Loc. 5: 3,277 mbsl)
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Heading &/l
pan angles

Fig. 13 Theory for the measurement of surface structures by the clinometer plate. (a) Measure-
ment of the bar angle to the line of sight. (b) Stereo net projection (upper hemisphere) for the
relation between graphic analysis and the correspondent surface orientation
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the vertical bar were overlapped in the picture. And the distance d was estimated
based on the approximate proportional relation between d by the real disc radius
and the focal length by the disc radius projected on the imaging device (CCD). Also
measured was the projected tilt angle t of the bar in the picture (Fig. 12). The angles
¢ and t give azimuth and dip of the disc plane (i.e. the surface) relative to the line
of sight (Fig. 13b). And this apparent orientation was calibrated along with camera
centering, pan and tilt angles of the camera, heading, pitch, and roll angles of the
submersible, and the installation angles of the rotation axes of the camera to the
submersible. Distortion of the picture was not corrected, however, the on-shore
tests gave good agreements with measurements by a magnetic clinometer compass
within the errors less than several degrees.
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Petrology and Mineralogy of Mantle Peridotites
from the Southern Marianas

Hiroshi Sato and Teruaki Ishii

Abstract Plagioclase-bearing mantle peridotites were dredged from two sites
along the scarp of a fault (144°E) on the inner wall of the southern Mariana Trench,
during cruise KH-98-1 of the R/V Hakuho-maru. The peridotites are weakly to
moderately serpentinized, with most of the primary minerals retained, at least in
part. The spinels have been modified by an impregnating melt, and their composi-
tions indicate that the peridotites represent the residue left over from as much as
15% partial melting. The impregnating melt yielded large amounts of plagioclase
and clinopyroxene (up to 7%), and also enriched spinel and pyroxene in TiO,. The
texture of the peridotites, and the degree of melting, suggest that these rocks origi-
nated in a back-arc basin. However, the degree of melting and melt impregnation in
these peridotites is higher than that in peridotites from the Mariana Trough.

Keywords Mantle peridotite ® Impregnation  Back-arc basin ® Southern Mariana
Trench

1 Introduction

The Izu-Bonin—Mariana (IBM) arc—trench system, along the eastern boundary of
the Philippine Sea Plate, is characterized by exposures of serpentinite-dominant
seamounts in the fore-arc area (Fryer and Fryer 1987; Fryer et al. 1995). These
seamounts are composed of rocks with island-arc affinities and lithologies similar
to those of onland ophiolites; therefore, they are classified as “island-arc ophiolites”
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(Bloomer 1983) or “fore-arc ophiolites” (Ishii 1985). Although mantle peridotites
with back-arc basin affinities have been sampled in only a few areas of the
Philippine Sea Plate, and information was very limited until the 1990s (Bloomer
and Hawkins 1983; Shcheka et al. 1995; Ohara et al. 1996; Stern et al. 1996, 1997),
our knowledge of the mantle beneath the various back-arc basins has increased
substantially over the past decade. For example, Ohara et al. (2003) provided infor-
mation on the Parece Vela Rift, which is an extinct Miocene spreading center in the
Parece Vela Basin, and Ohara et al. (2002) discussed the Mariana Trough, which is
an active spreading center in the southern Philippine Sea Plate.

One of the important localities for exposures of mantle peridotites is the
inner wall of the southern Mariana Trench, which has been analyzed in several
studies (Bloomer and Hawkins 1983; Fryer 1993; Ohara and Ishii 1998;
Michibayashi et al. 2007, 2009). Mantle peridotites are exposed along the
southern Mariana Trench, at 143°30'E, 11°30'N, representing the residues fol-
lowing high degrees of melting related to island-arc volcanism (Bloomer 1983;
Ohara and Ishii 1998; Michibayashi et al. 2007). East of this site, at 144°10'E,
is a large scarp that trends mainly N-S along a fault known either as the
Southeastern Mariana Fore-Arc Fault (Fryer 1993) or the West Santa Rosa
Bank Fault. Mantle peridotites, together with mafic and intermediate rocks,
have been collected from this scarp (Bloomer and Hawkins 1983; Fryer 1993;
Michibayashi et al. 2009), with most of them considered to represent residues
related to back-arc basin magmatism rather than island-arc activity. Therefore,
two distinct types of mantle peridotite are exposed in the southern Mariana
area. Bloomer and Hawkins (1983) briefly discussed mantle peridotites dredged
from the fault at 144°E, and Michibayashi et al. (2009) provided mineralogical
and petrologic data, together with an analysis of olivine crystal preferred orien-
tations, for several mantle peridotites recovered during a submersible dive. In
this paper, we document the petrographic, petrologic, and mineralogical char-
acteristics of mantle peridotites from the fault at 144°E in the southern
Marianas, and discuss the significance of these rocks.

2 Description of Dredge Sites and Geological Background

Plagioclase-bearing spinel peridotites were recovered from two dredge sites,
KH-98-1D1 and KH-98-1D2, during the KH-98-1 cruise of the R/V Hakuho-maru
(Table 1). These sites are on the scarp of a large fault which trends mainly N-S at
about 144°10'E along the Mariana Trench, southwest of Guam.

Prior to this cruise, the same fault scarp had already been investigated during
two Shinkai 6500 dives, 6K#158 and 6K#159 (Fryer 1993), and one dredge haul,
D27 (Bloomer and Hawkins 1983) (Fig. 1). During the submersible dives, seven
basalts (plagioclase-clinopyroxene basalt) and three microgabbros were recovered
(Fryer 1993). Bloomer and Hawkins (1983) recovered serpentinized peridotites,
most of which are considered to be lherzolite, and small amounts of mafic rock.
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Table 1 Location of the dredge sites of cruise KH-98-1, R/V Hakuho-maru

Cruise KH-98-1 (R/V Hakuho-maru)

Site D1 D2

Water depth (m) 6,265 5,979

On bottom

Depth (m) 5,843 4,880
Latitude 12°13.07'N 12°15.83'N
Longitude 144°06.38'N 144°05.19'E

o 13700

12°20'

143°40° 144700 144°20' 144°40° 145°00°

-10000 -8000 -6000 -4000 -2000 0
bathymetry (m)

Fig. 1 Location map showing dredge sites KH-98-1D1 and KH-98-1D2. (a) Bathymetry of the
southern Mariana Trough and satellite altimetry map of the Philippine Sea (Data from Smith
and Sandwell 1997). Tectonic features are based on Fryer (1996) and Martinez et al. (2000).
(b) Bathymetry of the inner wall of the southern Mariana Trench. Also shown are the location of
previous survey sites, D27 (Bloomer and Hawkins 1983), and Shinkai 6500 dives #158 and #159
(Fryer 1993), and #973 (Michibayashi et al. 2009)
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Most recently, another Shinkai 6500 dive (6K#973) has recovered residual peri-
dotites with mylonitic, porphyroclastic, and coarse, moderately deformed second-
ary textures (Michibayashi et al. 2009). Michibayashi et al. (2009) analyzed the
olivine crystal preferred orientations, and concluded that the peridotites represent a
ductile shear zone within the lithospheric mantle of the overriding plate (i.e., the
Mariana Back-Arc Basin), suggesting that back-arc basin mantle is exposed along
the West Santa Rosa Bank Fault, even in its fore-arc setting.

Along the inner wall of the Mariana Trench, southwest of Guam, mantle perido-
tites have been recovered from several locations (Ohara and Ishii 1998; Michibayashi
et al. 2007). Petrologic and mineralogical studies reveal that these peridotites rep-
resent the highly refractory residue left behind after extensive mantle melting
related to island-arc magmatism (Ohara and Ishii 1998). Therefore, along the
Mariana Trench, southwest of Guam, mantle peridotites associated with both back-
arc magmatism and island-arc magmatism are exposed.

3 Petrographic Descriptions of the Peridotites

During cruise KH-98-1, along the fault at 144°E in the southern Marianas, serpen-
tinized peridotites weighing approximately 20 and 35 kg were recovered from sites
KH-98-1D1 and KH-98-1D2, respectively.

Modal compositions were measured with a point-counter (Table 2). For each
specimen, more than 1,000 (usually 2,000) points were counted on a 0.50 x 0.50
mm grid. Computations were then made, fitting mineral compositions (average
composition for each thin section) to bulk rock compositions in terms of SiO,, TiO,,
ALQ,, FeO (total Fe as FeO), MnO, MgO, CaO, Na O, Cr,0,, and NiO contents.
For bulk rock compositions, rock samples were initially split and crushed, and then
pulverized in an agate ball mill. H,O and loss on ignition were determined at 110°C
and 950°C (over 6 h), respectively. Major elements were determined by X-ray fluo-
rescence (XRF), using a RIGAKU 3270 at the Ocean Research Institute, the
University of Tokyo, Japan. The mixture used for major element analysis was ~0.5
g of each powdered sample and 5 g of anhydrous lithium tetraborate (Li,B,O.).
Bulk rock compositions are listed in Table 2.

Comparing the two methods, point-counting gives higher proportions of olivine
and lower proportions of orthopyroxene and clinopyroxene than do the computa-
tions, possibly due to: (1) difficulties and errors in identifying small grains of
pyroxene and olivine; (2) the problem of dealing with serpentinized minerals where
the original mineral could not be identified (our approach was to count such ser-
pentinized grains as olivine); and (3) the inability of our computations to determine
the degree of serpentinization. Therefore, in this study, we adopt the figures from
point-counting for the degree of serpentinization, and adopt the computations in
determining the original lithology.

Based on modes, most of the peridotites from sites KH-98-1D1 and KH-98-1D2
are classified as lherzolite and lherzolitic harzburgite which contain significant
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Table 2 Representative results of petrographic and petrologic whole-rock analyses

Sample ID D1-001 D1-002 D1-003 D1-005 D1-006 D1-007 D2-002 D2-005 D2-007
Major oxides

SiO, 4470 4390 44.67 44.01 4441 4507 4423 4454 4530
TiO, 012 009 009 0.09 008 010 0.12 0.10 0.09
ALO, 259 281 256 238 164 304 311 255 267
Fe O, 846 871 887 876 935 858 958 948 9.26
MnO 013 013 013 013 013 013 013 0.14 0.13
MgO 40.79 40.84 4126 41.78 4290 40.28 40.83 40.14 40.32
CaO 327 285 283 294 179 2091 1.85 316 2.60
Na,O 008 012 006 0.07 004 012 0.00 002 0.13
K,0 0.01 001 002 001 001 002 002 002 003
PO, 0.00 000 000 0.00 001 000 001 001 001
Total 100.14  99.47 100.49 100.18 100.36 100.24 99.86 100.15 100.53
Trace elements (ppm)

Co 104 103 99 102 108 98 105 108 104
Cr 2,822 27756 2,651 2,601 2547 2745 3,035 2267 2,543
Ni 1,988 2,091 2,032 2,139 2,185 1,988 2,155 2,118 2,111
H,0~ 021 017 012 021 044 037 051 068 054
IGLS 1.62 229 221 1.58 27 212 7.07 505 584
Mg# 0.905 0.903 0902 0.904 0.901 0903 0.894 0.893 0.896
Mineral mode (point-counted)

Total count 1,452 1,277 1,202 1,246 1,624 2,003 1,490 2,284 2,021
Olivine 855 8.8 821 787 90.8 85.1 912 859 787
Orthopyroxene 8.0 8.1 12.4 14.1 4.2 7.8 6.5 9.8 14.0
Clinopyroxene 22 22 3.1 33 3.8 4.0 1.5 3.1 5.0
Plagioclase 35 1.6 1.0 2.6 0.6 22 0.1 0.9 1.6
Spinel 0.8 1.3 1.4 1.3 0.7 0.9 0.6 0.4 0.7
Degree of 240 344 475 319 427 438 742 611 613

serpentinization

Mineral mode (calculated)

Olivine 639 67.1 660 688 672 592 616 624 58.6

Orthopyroxene 206 168 206 168 251 266 281 226 29.6

Clinopyroxene 10.2 8.7 8.6 9.4 53 8.0 2.8 9.7 6.5

Plagioclase 5.0 6.2 43 43 1.4 5.7 6.1 4.6 4.8

Spinel 0.4 1.2 0.4 0.7 0.9 0.5 1.4 0.7 0.4

Residual sum 0.1 0.7 0.1 0.3 1.0 0.2 1.0 0.3 0.4
of squares

amounts (up to 7%) of plagioclase. Although all the peridotites are serpentinized,
peridotites from KH-98-1D1 are less serpentinized than those from KH-98-1D2.
Overall, proto-granular to porphyroclastic textures (Mercier and Nicolas 1975)
are developed in the peridotites rather than cumulate textures (Fig. 2a, b). Several
samples exhibit a mylonitic texture (Fig. 2c). Olivine and orthopyroxene crystals
are commonly coarse equidimensional or elongate large crystals with undulatory
extinction (Fig. 2a). In places, a porphyroclastic texture is developed, so that
fine-grained assemblages (olivine, clinopyroxene, orthopyroxene, amphibole, and
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Fig. 2 Photomicrographs of representative structures and modes of occurrence of various minerals.
(a) Proto-granular to porphyroclastic texture (sample KH98-1D1-001) in crossed polarized light.
ol olivine, cpx clinopyroxene, pl plagioclase, pg pargasite. (b) Porphyroclast of orthopyroxene and
clinopyroxene (sample KH98-1D2-007) in crossed polarized light. opx orthopyroxene, serp
serpentine. (¢) Mylonitized texture (sample KH98-1D1-004) in crossed polarized light
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spinel) surround large olivine and/or orthopyroxene crystals. Relatively large
clinopyroxene crystals also exhibit undulatory extinction. Plagioclase occurs along
the grain boundaries among mafic minerals (Fig. 2a). Small amounts of amphibole
occur along the boundaries of major silicates.

4 Chemical Composition of the Minerals

Minerals were analyzed using a JEOL JXA-8900R Superprobe at the Ocean
Research Institute of the University of Tokyo. Silicates and oxides were analyzed
using a focused beam (~1 pm), an accelerating voltage of 15 kV, and a beam current
of 12 nA. Olivines proved to be relatively homogeneous in each thin section, being
rich in Mg, with Fo values ranging from 90.0 to 91.5 (Table 3). Orthopyroxene is
rich in Mg, with Mg# (= 100 Mg/(Mg + Fe)) ranging from 90 to 92 (Table 4). The
orthopyroxenes in the peridotite from KH-98-1D2 have slightly lower Al,O, con-
tents than do those from KH-98-1D1, but otherwise they are similar. Most of the
clinopyroxene is diopside (Fig. 3), with Mg# ranging from 91 to 93 (Table 5). Most
of grains contain more than 1 wt% Cr,O,, indicating chromian diopside.

The Cr# (= Cr/(Cr + Al)) of spinel ranges from 0.40 to 0.51 (Table 6, Fig. 4). Spinel
in peridotite from KH-98-1D1 has a lower Cr# than does spinel from KH-98-1D2.
The spinel from both the dredge sites is rich in TiO,, particularly in the peridotites
from KH-98-1D2, which show a wide compositional variation among samples.

Plagioclases are calcic with a relatively wide range of compositions from An_,
to Ang,. Some grains retain their original compositions and texture, but most pla-
gioclase has been altered to secondary hydrous minerals.

Amphibole is found scattered in the peridotites as a trace mineral. Most of it is
pargasite but there are also some tremolites. The pargasite occurs near grain bound-
aries among other silicate minerals, and is considered to be primary. The tremolite
may have resulted from the replacement of pyroxene during late-stage alteration.

5 Discussion

5.1 Origin of the Plagioclase-Bearing Peridotite

The refractory mineral compositions of the peridotites from the fault at 144°E in
the southern Marianas, together with the deformed proto-granular to porphyroclas-
tic textures, indicate that they represent the residue left behind after partial melting
of mantle peridotite.

Plagioclase peridotite is not a dominant rock type among abyssal peridotites,
and typically a plagioclase peridotite contains around 2.5% plagioclase (Dick
1989). Most of the peridotites analyzed in the present study are plagioclase-bear-
ing, containing up to 7% plagioclase. Near to the two dredge sites considered in
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Fig. 3 Classification of Ca-rich Wo diopside
and Ca-poor pyroxenes on a
Wo-En-Fs ternary plot. Most ® KH-98-1D01

of the Ca-rich pyroxenes are OKH-98-1D02 / ©
augite

classified as diopside

endiopside
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the present study, other workers have reported the existence of basalt, gabbro, and
plagioclase-free peridotites (Bloomer and Hawkins 1983; Fryer 1993; Michibayashi
et al. 2009).

Furthermore, along the inner wall of the southern Mariana Trench, west of the
present dredge sites, mantle peridotites are well exposed (Ohara and Ishii 1998).
These peridotites are typically plagioclase-free and contain spinel with a high Cr#,
indicating that they represent the residue of a relatively high degree of partial melting,
probably related to “island-arc” type magmatism.

Therefore, plagioclase peridotites along the southern Mariana Trench are
restricted to the area along the fault at 144°E in the southern Marianas, indicating
that the magmatic and tectonic developments along the fault zone differ from those
along other parts of the southern Mariana Trench.

There are two possible explanations for the existence of plagioclase in resi-
dual peridotite: (1) re-equilibration of an ascending mantle as it moves from
the spinel-peridotite facies into the plagioclase-peridotite facies by the reaction
orthopyroxene + clinopyroxene + Al-spinel = olivine + plagioclase + Cr-spinel
(e.g., Hamlyn and Bonatti 1980), or (2) impregnation of residual peridotite by
either an in situ or an exotic melt, and reaction between that melt and Al-spinel to
give plagioclase and Cr-spinel (Dick and Bullen 1984; Dick 1989).

In the Philippine Sea Plate, plagioclase-bearing peridotites have been reported
from the southern Marianas (Bloomer and Hawkins 1983; Michibayashi et al.
2009) and the Parece Vela Rift (Ohara et al. 2003; Ohara 2006). Michibayashi et al.
(2009) explained that the occurrence of plagioclase in the peridotites from the
southern Marianas can be attributed to the reaction of the peridotite with an impreg-
nating melt, based on the co-existence of both low-Cr# and high-Cr# spinels
in a single sample. Ohara et al. (2003) reported the occurrence of plagioclase in
peridotites from the Parece Vela Rift, and concluded that the plagioclase was pro-
duced by a reaction involving melt, based on the co-existence of fertile peridotite,
plagioclase-bearing peridotite, and dunite in a single dredge haul. In the case of the
peridotites in our study, the Cr# of spinel has constant value but different from piece
to piece, and most of the peridotites from each dredge site are plagioclase-bearing.
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Fig. 4 Chemical compositions of spinel in plagioclase-bearing peridotites from the southern
Marianas, with references to those from other areas of the Philippine Sea (Ohara et al. 2002, 2003;
Ohara 2006; Michibayashi et al. 2009). The arrow indicates the trend for impregnating melts
in peridotites from the Mariana Trough. (a) Cr# (Cr# = Cr/(Cr + Al)) versus Mg# (Mg# = Mg/
(Mg + Fe?")), and (b) Cr# versus TiO, wt%

These facts make it difficult to evaluate the origin of the plagioclase. However, we
propose that impregnating melts influenced the crystallization of plagioclase in
peridotites from the fault at 144°E, an idea first mentioned by Bloomer and
Hawkins (1983) and more recently by Michibayashi et al. (2009). We base this
proposal on the following arguments.

1. Spinel in abyssal peridotites usually contains low or negligible amounts (<0.25
wt%) of TiO, (Dick and Bullen 1984). Therefore, itis accepted that Ti-enrichment
in spinel results from reactions caused by impregnating melts (e.g., Dick and
Bullen 1984; Cannat et al. 1990; Girardeau and Francheteau 1993; Niida 1997;
Pearce et al. 2000).

2. The TiO, contents of spinel in peridotites from the fault at 144°E are higher than
those from the Mariana Trough, and similar or only slightly lower than those in
the P (plagioclase)-type peridotites from the Parece Vela Rift (Fig. 4).

3. Spinel in the P-type peridotites from the Parece Vela Rift has compositions that
are thought to have been affected by an impregnating melt, and the spinel is
richer in TiO, than spinel in impregnation-free F (fertile)-type peridotites (Ohara
et al. 2002; Ohara 2006). The range of TiO, contents in spinel from peridotites
along the 144°E fault is similar to that in the P-type peridotites from the Parece
Vela Rift (Fig. 4). Michibayashi et al. (2009) found both high- and low-Cr#
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spinels in a single peridotite from the southern Marianas during Shinkai 6500
Dive #973. They concluded that the low-Cr# spinel is a relict that survived the
process of melt impregnation.

4. Ohara et al. (2002) reported plagioclase-free harzburgites from the Mariana
Trough. However, some harzburgites are cut by leucocratic veins and contain
altered plagioclase and spinel. This spinel, and its associated pyroxene, is
enriched in TiO, compared with the same minerals in the host harzburgite. These
observations support the idea that Ti-enrichment of spinel and pyroxene pro-
vides important evidence for the existing of an impregnating melt.

5. The impregnating melt might yield plagioclase, clinopyroxene, and olivine.
Therefore, it is assumed that both the TiO, contents of spinel and the modal
amount of plagioclase in the peridotite relate to the effects of an impregnating
melt. Figure 5 shows the relationships between the calculated modes for each
peridotite mineral and the TiO, content of the spinels. There is a strong correla-
tion between plagioclase and clinopyroxene modes and TiO, in spinel, so that
peridotites in which spinels have a higher TiO, content contain more plagioclase
and clinopyroxene. Assuming that all the plagioclase crystallized from an
impregnating melt, any peridotite that was not affected by such a melt should
contain spinel with 0.145% TiO,. This TiO, content correlates approximately
with a clinopyroxene mode of 1.2%.

Based on the above observations, we suggest that the peridotites, before
impregnation, might have been harzburgites containing olivine, orthopyroxene,
clinopyroxene (ca. 1.2%), and spinel, and that plagioclase and clinopyroxene
crystallized in these rocks as a result of melt impregnation and reaction.

6. Pyroxenes in peridotites from along the fault at 144°E are also rich in TiO,.
Although these pyroxenes have Mg# values that are similar to those of pyroxenes
in peridotites from various back-arc basins in the Philippine Sea Plate (e.g., the
Mariana Trough and Parece Vela Rift; Ohara et al. 2002; Ohara 2006), orthopy-
roxene and clinopyroxene grains in peridotites from along the 144°E fault have
higher contents of TiO, (Fig. 6), suggesting that impregnating melts had a stronger
influence here than in the Mariana Trough and Parece Vela Rift.

5.2 Degree of Partial Melting

It is well known that the Cr# of spinel in residual mantle peridotites is a sensitive
indicator of the degree of melting (Dick and Bullen 1984), with a lower Cr# indicat-
ing a lower degree of melting, and vice versa. Hellebrand et al. (2001) presented a
equation that links the Cr# of spinel to the degree of melting. Adopting this equa-
tion, the degree of melting for the peridotites along the fault at 144°E in the south-
ern Marianas is calculated to be around 15%.

However, it must be remembered that the Cr# of spinel from peridotites along
the 144°E fault has been modified as a result of melt impregnation, as discussed
above. Because spinels become enriched in Cr during interaction with impregnat-
ing melts (e.g., Cannat et al. 1990; Niida 1997), the calculated degree of melting



Petrology and Mineralogy of Mantle Peridotites from the Southern Marianas

143

0.7

06

0.5

0.4

0.3

0.2

TiO, content (wt%) in spinel

0.1

T I I
a plagioclase

R=0.79101

b I Ooutlielr
- R=0.76693

y=0.14515 + 0.053464x PY y=0.10656 + 0.032324x °

£1.19 Wt% of cpx
Y 1 1 1

T T
clinopyroxene

70 2 4 6 8 10

0.7

06 -

05 -

TiO, content (wt%) in spinel

01

oli[vine d orthlopyronlexe‘

R=0.41588

4+ Y

@ R=0.21427

60 62 64 66

68

72

15 20 25 30 35

TiO, content (wt%) in spinel
o
SN
T

o
o
T

calculated modal compositions (wt %)

0.5

1
calculated modal compositions (wt %)

1.5

40
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from mantle peridotites along the fault at 144°E fault in the southern Marianas. Strong positive
correlations are observed for plagioclase and clinopyroxene, whereas weak or occasionally nega-
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Fig. 6 Relationships between Mg# and TiO, in orthopyroxene and clinopyroxene. Error bars
indicate variations for each sample (1 standard deviation). The ranges for peridotites from other
areas of the Philippine Sea (Ohara et al. 2002, 2003; Ohara 2006) are also shown. Gray: wall-rock
harzburgites from the Mariana Trough. Arrow shows the trend for impregnating melts in peridot-
ites from the southern Marianas. The dashed line indicates plagioclase-bearing harzburgite from
the Parece Vela Rift

(approximately 15%) is an overestimate; therefore, we suggest that peridotite along
the fault at 144°E has undergone less than 15% partial melting, and that melting
was accompanied and followed by various reactions.

5.3 Degree of Melt Impregnation

As discussed above, the clinopyroxene and plagioclase in the peridotites along the
fault at 144°E in the southern Marianas are thought to have crystallized from
impregnating melts. Therefore, the amounts of these minerals reflect the volume
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of impregnating melt that interacted with the residual peridotites, and their compo-
sitions would be a reflection of melt composition. In the analyzed samples, although
the amounts of clinopyroxene and plagioclase vary among the samples, they
occupy up to 7% of the peridotite. If Ti-enrichment in spinel and pyroxene is a true
indication of the influence of melt impregnation, the peridotites along the fault at
144°E are among the most strongly affected mantle peridotites within the Philippine
Sea region.

The Cr# and TiO, contents in spinels from the analyzed peridotite samples are
among the highest from the Philippine Sea. Similarly, the TiO, contents in both
orthopyroxene and clinopyroxene are higher than those in any other samples from
the Philippine Sea, even though they have similar values of Mg#. Because grains
with the lowest TiO, contents have similar compositions to those from the Mariana
Trough and the Parece Vela Rift (Fig. 4), the differences in Ti content can be
ascribed to differences in the degree of melt impregnation. The degrees of impreg-
nation, as estimated from mineral compositions, are similar to those of the P-type
peridotites from the Parece Vela Rift, rather than the veined harzburgites from the
Mariana Trough.

Ohara (2006) suggested that channeled melt flow under relatively low tem-
peratures is dominant beneath the Mariana Trough, whereas porous melt flow is
dominant beneath the Parece Vela Rift. If the differences in degrees of melt
impregnation depend on tectonic setting, then the geological setting of the south-
ern Marianas is more similar to the Parece Vela Rift than to the northern Mariana
Trough. Geophysical data suggest that the tectonic features of the central
Mariana Trough, between 17°N and 18°N, are similar to those of the slow-
spreading Mid-Atlantic Ridge, whereas the morphology of the southern Mariana
Trough, between 12°30'N and 14°N, has an axial relief similar to that of the East
Pacific Rise with fast to superfast spreading rate (Martinez et al. 2000).
Therefore, it might be plausible that the peridotites from along the 144°E fault,
in the southern Marianas, formed as residues following relatively high degrees of
melting and melt impregnation beneath a fast-spreading ridge.

6 Conclusions

Petrographic, petrologic, and mineralogical analyses of mantle peridotites from
along the fault at 144°E, in the southern Marianas, revealed that the peridotites are
characterized by relatively large amounts of plagioclase, the result of crystallization
from an impregnating melt. Reaction with this melt enriched the spinel and pyrox-
enes in TiO,, and the spinel compositions indicate that the peridotites represent the
residue after as much as 15% partial melting. The degrees of melting and melt
impregnation in these peridotites from the southern Marianas are higher than those
in peridotites from the Mariana Trough. This might reflect the magma genesis
under higher spreading rate in the southern Marianas.
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Tectonics of Unusual Crustal Accretion
in the Parece Vela Basin

Yasuhiko Ohara, Kyoko Okino, and Jonathan E. Snow

Abstract Despite its rapid intermediate-spreading rate, the Parece Vela Basin
(PVB) shows unusual characteristics that indicate a depressed magmatic budget,
such as the occurrence of numerous oceanic core complexes (OCCs) and rugged
terrain, exposing abundant peridotites and gabbros. Based on the geologic interpre-
tations of crust with analogous features on global mid-ocean ridges, we propose three
possible mechanisms that can account for these unusual characteristics: (1) presence
of a cold and/or refractory mantle domain, (2) declining spreading rate during
the later phase of the second-stage spreading of the PVB, and (3) a transform sand-
wich effect. Recent numerical modeling for formation of OCC suggests that there
is a minimum as well as a maximum magmatic supply necessary to produce long-
lived detachment fault. In the western PVB, a cold and/or refractory mantle domain
inhibited a large amount of mantle melting within an intermediate-spreading ridge,
attaining the limited window of the condition of magma supply demonstrated in
the numerical model in an otherwise robust magmatic environment. In the central
PVB, a transform sandwich effect and/or declining spreading rate inhibited a large
amount of mantle melting within an intermediate-spreading ridge, also attaining the
limited window of the condition of magma supply demonstrated in the numerical
model in an otherwise robust magmatic environment.

Y. Ohara (D<)

Hydrographic and Oceanographic Department of Japan, Tokyo 104-0045, Japan
and

Institute for Research on Earth Evolution, Japan Agency for Marine-Earth
Science and Technology, 2-15 Natsushima-cho, Yokosuka 237-0061, Japan
e-mail: yasuhiko.ohara@gmail.com

K. Okino

Division of Ocean-Earth System Science, Atmosphere and Ocean Research Institute,
The University of Tokyo, 5-1-5 Kashiwanoha, Kashiwa-shi, Chiba 277-8564, Japan
e-mail: okino@aori.u-tokyo.ac.jp

J.E. Snow

Department of Earth and Atmospheric Sciences, University of Houston, Houston,
TX 77204, USA

e-mail: jesnow @uh.edu

Y. Ogawa et al. (eds.), Accretionary Prisms and Convergent Margin Tectonics 149
in the Northwest Pacific Basin, Modern Approaches in Solid Earth Sciences 8,
DOI 10.1007/978-90-481-8885-7_7, © Springer Science+Business Media B.V. 2011



150 Y. Ohara et al.

Keywords Oceanic core complex ¢ Intermediate-spreading ridge ¢ Parece Vela
Basin ¢ Transform sandwich effect

1 Introduction

Backarc basins are diverse geologic settings because they inherently involve both
divergent and convergent types of plate boundaries. They show a wide variety of
spreading styles and lithospheric compositions (Martinez et al. 2007), making them
important areas for studying crustal accretion processes along mid-ocean ridges.
The tectonic and magmatic evolution of mid-ocean ridges is governed by a variety
of factors, most of which influence the thermal structure of the lithosphere and the
melt productivity. These include the spreading rate, potential temperature of the
upwelling mantle and mantle composition of ridges, and the presence of large-
offset fracture zones, nearby continental crust and hotspots (Parmentier and Morgan
1990; Macdonald et al. 1991; Lin and Morgan 1992; Sinton and Detrick 1992; Niu
and Batiza 1993; Niu and Hekinian 1997; Gregg et al. 2007). It is widely accepted
that slow- and ultraslow-spreading ridges show characteristics of magma starvation
(Cannat et al. 2006; Dick et al. 2003) while intermediate- and fast-spreading ridges
are generally magmatically robust.

The Izu-Bonin-Mariana (IBM) arc system in the Northwest Pacific is the classic
locality for the study of oceanic convergence. At this plate boundary, the Pacific
Plate is actively subducting beneath the Philippine Sea Plate along the [zu-Bonin and
Mariana Trenches. Behind this island arc complex, the Philippine Sea is composed
of three large basins separated by the Kyushu-Palau and West Mariana Ridges (both
are remnant arcs). This region evolved through three stages of arc formation, rifting
and backarc spreading (Karig 1971). The Parece Vela Basin (PVB) is the southern
portion of the IBM backarc system, exemplifying backarc crustal construction
(Fig. 1a). The basin was active during 26—12 Ma at a rapid intermediate-spreading
rate of 8.8-7.0 c/year full-rate (Okino et al. 1998; Ohara et al. 2001, 2003a). After
the extinction of the PVB at 12 Ma, backarc spreading resumed in the currently
active Mariana Trough, creating the West Mariana Ridge.

Despite its relatively faster spreading rate, the PVB shows distinct characteristics
that indicate a depressed magmatic budget, such as the occurrence of numerous
oceanic core complexes and rugged terrain, exposing abundant peridotites and gab-
bros. Many of the peridotites in the PVB are much less depleted than those exposed
at comparable spreading rates on other mid-ocean ridge systems (Ohara et al. 2001,
2003a; Ohara 2006).

In this article, we will compare the morphology, tectonics and magmatic history
of the PVB to regions on other mid-ocean ridge systems that also display magma-
starved characteristics, in order to constrain the mechanisms that explain its unusual
crustal accretion processes along a backarc spreading ridge. The aim of this article
is to provide the basis for understanding these unusual characteristics to be answered
by the ongoing studies that come from a series of recent extensive expeditions to
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Fig. 1 (a) Index map showing the location of the Parece Vela Basin. The box indicates the loca-
tion of (b). The gray rectangular indicates the location of Godzilla Megamullion. (b) Structural
image of the Parece Vela Basin illuminated from 90° based on Ohara et al. (2001). Dashed yellow
lines are the magnetic anomaly isochrons with anomaly number taken from Okino et al. (1998).
Chron 7 corresponds to 26 Ma, and Chron 6A corresponds to 21 Ma (Okino et al. 1998). The
short, first-order segments of the Parece Vela Rift are labeled as S1-S7 from south to north (Ohara
et al. 2001). The Chaotic Terrain is indicated by a thick dashed line. Godzilla Megamullion is
developed at segment S1. Some pseudofaults (indicated by dotted lines) suggest ridge propagation
and jump occurred there (Okino et al. 1998)

the area, as well as to provide a better understanding of the convergent margin
tectonics in the Northwest Pacific.

2  Oceanic Core Complexes

Oceanic core complexes (OCCs) are domal bathymetric highs, generally characterized
by axis-normal corrugations, higher mantle Bouguer anomalies, and peridotite and
gabbro exposures. OCCs have been recognized mostly along slow-spreading ridges;
these occurrences in intermediate- and ultraslow-spreading ridges are less common
(e.g., Tucholke et al. 2008; Blackman et al. 2009). OCCs are interpreted as exhumed
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Fig. 1 (continued)

footwalls of low-angle detachment faults (Cann et al. 1997; Blackman et al. 1998;
Tucholke et al. 1998; Escartin et al. 2003; MacLeod et al. 2009).

Normal faults are expected to develop increasing offset with increasing tectonic
extension. Many earlier models of OCC formation (e.g., Tucholke et al. 1998;
Blackman et al. 1998; Escartin et al. 2003) considered that amagmatic extension
along a given section of ridge segment was important for long-lived detachment
faulting. However, recent studies instead suggest that magmatic supply is the key
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to OCC formation (Buck et al. 2005; Ildefonse et al. 2007; Tucholke et al. 2008;
MacLeod et al. 2009). These studies suggest that there is a minimum as well as a
maximum magmatic supply necessary to produce long-lived detachment fault.
Below this minimum, detachment faults do not form or persist for long (Tucholke
et al. 2008).

3 Crustal Accretion in the Parece Vela Basin

3.1 Morphology and Spreading of the Parece Vela Basin

The PVB is divided into two parts. The western part, west of about Chron 6A (at
138°E), is dominated by N-S trending well-developed abyssal hills that were pro-
duced by E-W orthogonal seafloor spreading (Fig. 1b). Some pseudofaults are
identified in the western PVB (Fig. 1b), indicating ridge propagation and jump
there (Okino et al. 1998). The “Chaotic Terrain (Ohara et al. 2001, 2007)” is a
patchy area within the western PVB, consisting of a series of small OCCs bounded
by an otherwise well-ordered abyssal hill floor (Fig. 1b).

The central PVB (east of 138°E) has a stair step morphology of deep rifts (the
Parece Vela Rift), as the spreading direction rotated to NE-SW (Fig. 1b). Some
pseudofaults are also identified just east of 138°E (Fig. 1b). The geometry of the
Parece Vela Rift is composed of a series of short length (~20 to ~55 km) first-order
segments (labeled as S1-S7 from south to north) aligned en-echelon with closely-
spaced fracture zones (Ohara et al. 2001). Each segment becomes shorter and the
transform faults closer together as this rotation occurred (Fig. 1b). The Parece Vela
Rift is anomalously deep, with an average axial depth of ~6,500 m. The maximum
depth (~7,500 m) occurs in the extinct axis of segment S3, corresponding to ~6,200
m zero-age depth after correction of 12 Ma (see below for the age determination)
subsidence for a backarc basin setting (Park et al. 1990). The world’s largest OCC,
Godzilla Megamullion, is developed at segment S1 (Ohara et al. 2001). Other seg-
ments, at least S2 and S3, also host smaller OCCs (Figs. 1b and 2).

The spreading history of the PVB consisted of two stages (Fig. 2). The first-
stage was E-W rifting and spreading with spreading axes trending N-S, whereas the
second-stage involved counter-clockwise rotation of spreading axes from N-S to
NW-SE (Okino et al. 1998).

The magnetic lineation pattern of the PVB is very weak, mostly because spreading
occurred when the basin was near the magnetic equator (Okino et al. 1998). In order
to obtain better magnetic information, Okino et al. (1998) conducted three-dimen-
sional inversion of the magnetic data and successfully identified N-S trending mag-
netic anomalies 7 to 6A for the western PVB (Fig. 1b). A spreading rate of 4.4 cm/
year half-rate was thus reasonably estimated for the first-stage of the basin evolution
during the period of 2621 Ma (Okino et al. 1998). The postulated 8.8 cm/year full-
rate is at the highest end of intermediate-spreading rate (4-9 cm/year) based on the



154 Y. Ohara et al.

Deep axial oo
water depth \‘5\» .
. P d \ QO
Axis 2. o (@
Full-axial OCC 4 & e Sn®
\ @0‘
N -,
\ -’
o ,
&
’ /

’ Fertile peridotite
exposure at
segment mid-point

Pseudofault

%IIIIII" <

Ch'aoti'c Térrain

\

First-stage
(8.8 cm/y full-rate)

Fig. 2 Schematic cartoon illustrating the bathymetric features of the Parece Vela Basin. Thick
dashed lines indicate fracture zones, whereas thin lines abyssal hills. OCCs are indicated by grey-
hatch with axis-normal lineated lines. White circles show peridotite exposures (Ohara et al.
2003b)

criterion by Macdonald et al. (1991). In the central PVB, the magnetic lineation
pattern is highly segmented and identification of the anomalies was thus impossible.
During the YK00-01 cruise of R/V Yokosuka, total geomagnetic intensity was
measured with a deep-towed proton magnetometer along a transect across the
seafloor of segment S3 in the central PVB (Fujioka et al. 2000). The magnetic
anomaly profile from this survey is almost symmetrical about the extinct axis of
segment S3. The overall observed anomaly pattern was reasonably explained by
spreading with a theoretical half-rate of 3.5 cm/year and cessation of spreading at 12 Ma
(Ohara et al. 2003a). The postulated 7.0 cm/year full-rate for the second-stage of the
basin evolution is still close to the higher end of intermediate-spreading rates
(4-9 cm/year). Ohara et al. (2003a) concluded on this basis that the PVB opened at
rapid intermediate-rate 8.8—7.0 cm/year full-rates. The evolution of the spreading
rate during the last few million years, as it declined to zero, is presently unknown.
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3.2 Oceanic Core Complexes in the Parece Vela Basin

The PVB experienced two major episodes of OCC formation during the basin’s
spreading history. The first was related to formation of the Chaotic Terrain, and the
second was related to the OCCs in the axis of the central PVB just before the ridge
went extinct.

The Chaotic Terrain in the western PVB consists of a series of rugged, isolated
and elevated domes capped by corrugated axis-normal lineations, and associated
deep basins (maximum depth ~6,200 m) (Figs. 1b and 2). This terrain is similar to
other areas where OCCs are abundant, like the off-axis regions of the 61°-67°E
Southwest Indian Ridge (Cannat et al. 2006) and the 13°N segment of the Mid-
Atlantic Ridge (Smith et al. 2008). The axis-normal length of each dome varies from
~3.5 to ~15 km, comparable to the length observed in the OCCs in the Mid-Atlantic
Ridge (Ohara et al. 2007). A high mantle Bouguer anomaly (~30 mgal) indicates the
presence of relatively thin crust beneath the area (Okino et al. 1998; Ohara et al.
2001). The morphology and gravity signatures of these isolated domes are very similar
to global OCCs. Dredging on these domes yielded peridotites and gabbros (Ohara
et al. 2003b), also sharing a common characteristic with the global OCCs.

The presence of the Chaotic Terrain indicates the dominance of tectonic over
magmatic extension during the time from Chron 6C to 6A (corresponding to
24-21 Ma) of the first-stage spreading of the PVB. This is unusual, since a higher
magmatic budget is generally expected for an intermediate-spreading ridge. Among
intermediate-spreading ridges, the presence of off-axis OCCs similar to those in the
Chaotic Terrain is known in the Australian-Antarctic Discordance (AAD) on the
Southeast Indian Ridge (~7.2 cm/year full-rate; Okino et al. 2004).

In the central PVB, Godzilla Megamullion is developed at segment S1 of the
Parece Vela Rift (Figs. 1b and 2). It is overall a relatively flat to domal elongated
massif with distinct corrugated surface. In detail, it consists of several individual
domes. The older edge of the massif is marked sharply by a linear abyssal hill.
Well-ordered abyssal hills parallel the strike of the spreading axis further off-axis.
The younger edge of the massif consists of an axis-parallel irregular edifice, termi-
nating the corrugations on the massif. Godzilla Megamullion has slightly elevated
mantle Bouguer anomalies and yields peridotites and gabbros, also supporting the
contention that it is an analogue to global OCCs. Godzilla Megamullion is the largest
OCC found to date (Ohara et al. 2001); it extends ~125 km normal to the axis and
~55 km along the axis.

Other segments of the Parece Vela Rift also host rift mountain massifs (Figs. 1b
and 2). Although these massifs have no prominent corrugated surfaces, the domal
shape and smooth surface of many of these are distinct from the surrounding
NW-SE trending well-ordered abyssal hills. The massifs at segments S2 and S3 also
yield peridotites (Ohara et al. 2003a, b), supporting the contention that these are
analogues to global OCCs. The second-stage spreading of the PVB had an interme-
diate-spreading rate (postulated 7.0 cm/year full-rate), initially having produced
well-ordered abyssal hills. Pronounced tectonic extensions initiated in a later phase
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of the second-stage spreading (Fig. 2). This is consistent with a further shortening
of segments of the Parece Vela Rift (Figs. 1b and 2) and the collapse of spreading
in the system.

An important feature of the OCCs in the central PVB is that many of these are
developed along the full length of segments (Ohara et al. 2001) (Figs. 1b and 2). In
the Mid-Atlantic Ridge, OCCs normally develop at inside-corners of ridge-transform
intersections (e.g., Tucholke et al. 1998). Furthermore, the peridotites from the
Parece Vela Rift expose at segment mid-points and include fertile compositions
with spinel Cr# (i.e., molar ratio of Cr/(Al+Cr)) ~0.17 (Ohara et al. 2003a; Ohara
2006). This is unusual, because segment mid-points are generally considered to be
the most magmatically robust part of a ridge system, with the highest degree of
mantle melting (Lin et al. 1990). In addition, fertile peridotites from the Parece Vela
Rift are among the least depleted in a global mantle peridotite context (Ohara et al.
2003a; Ohara 2006). This is also unusual, because more depleted peridotites similar
to those occur at the Garret Fracture Zone (FZ) in the East Pacific Rise (Constantin
1999) are expected in a relatively fast spreading ridge.

4 Mechanisms That Account for the Unusual Characteristics
of the Parece Vela Basin

The unusual tectono-magmatic characteristics of the PVB indicate a relative
magma starvation there compared to the crust created at intermediate-spreading
ridges (Ohara et al. 2001, 2003a). Based on the geologic interpretations of crust
with analogous features on global mid-ocean ridges, we propose three possible
mechanisms that can account for these characteristics: (1) presence of a cold and/
or refractory mantle domain, (2) declining spreading rate during the later phase of
the second-stage spreading of the PVB, and (3) a transform sandwich effect. The
first one primarily accounts for the unusual characteristics observed in the western
PVB, whereas the last two account for those in the central PVB.

4.1 Presence of a Cold and/or Refractory Mantle Domain

The Chaotic Terrain occupies a part of the well-ordered abyssal hill floor in the
western PVB. It abruptly emerged as a patchy area within the well-ordered abyssal
hill floor produced under a rapid intermediate-spreading environment when E-W
orthogonal spreading occurred, indicating that tectonic extension was occurring in
an otherwise magmatic spreading environment.

The presence of persistent transform faults and/or fracture zones is not evident
in the western PVB, and therefore the emergence of the Chaotic Terrain was not
due to a transform fault effect. The transform fault effect is thought to be a cooling
of the axial mantle as a consequence of juxtaposition of a young, hot and thin axial
lithosphere against an old, cold and thick lithosphere at a ridge segment end (Fox
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and Gallo 1984; Morgan and Forsyth 1988). The abrupt emergence of the Chaotic
Terrain may instead require an intrinsic tectonic episode related to the presence of
a cold and/or refractory mantle domain.

The cold mantle domain may relate to the emergence of a mantle cold plume
beneath the area, and the mantle thus had not undergone significant melting during
the certain period of the first-stage spreading of the PVB. A cold mantle domain has
been proposed in the Equatorial Mid-Atlantic Ridge (Bonatti et al. 1993) as well as
in the Southeast Indian Ridge (at the AAD) (Christie et al. 1998). Numerical modeling
by Gerya and Yuen (2003) demonstrated that hydration and partial melting of the
mantle along a subducting slab can trigger Rayleigh-Taylor instabilities that evolve
into cold plumes that rise through the hot asthenospheric mantle wedge. They dem-
onstrated that these cold plumes are 300—400°C cooler than the ambient mantle.

Heterogeneous mantle containing a refractory domain could also account for the
Chaotic Terrain. Long-term preservation of refractory domains in asthenospheric
mantle is invoked by Re-Os studies on peridotites from mid-ocean ridges (Harvey
et al. 2006; Liu et al. 2008), although there are yet no Re-Os studies on the Chaotic
Terrain peridotite to test this hypothesis.

4.2 Declining Spreading Rate During a Later Phase of the
Second-Stage Spreading of the Parece Vela Basin

Another mechanism to explain the unusual characteristics of the PVB is related to
declining spreading rate during a later phase of the second-stage spreading of the
PVB. This mechanism could contribute to the central PVB OCCs.

For the second-stage spreading, a postulated 7.0 cm/year full-rate was obtained
by deep-towed proton magnetometer data (Fig. 2; Ohara et al. 2003a). During the
second-stage, the full spreading rate varied from 7.0 cm/year to zero (i.e., cessation)
at 12 Ma with the ridge jump to the east and the initiation of the Mariana Trough.
However, the exact evolution of the decline in spreading rate cannot be constrained
from the currently available data. One interpretation of the deep-towed magnetom-
eter data is to assume that the PVB spread at 7.0 cm/year for the entire second-stage
and halted abruptly at 12 Ma. However, it is more plausible to suppose a decline in
spreading rate during a later phase of the second-stage. If the latter interpretation is
valid, then the tectono-magmatic characteristics of the central PVB would have
been governed by slower-spreading rate tectonics, which would imply a lower
magmatic budget and greater tectonism.

4.3 Transform Sandwich Effect

A further explanation of the unusual characteristics of the central PVB is an
extreme transform fault effect (Fox and Gallo 1984; Morgan and Forsyth 1988)
beneath the Parece Vela Rift. Ohara et al. (2003a) proposed a “transform sandwich
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effect”, with which a cooled upper mantle domain is emplaced along an otherwise
rapid intermediate-spreading ridge (Fig. 2).

Despite the rapid intermediate-spreading rate, mantle melting beneath each short
first-order segment was effectively inhibited due to the “sandwiched” geometry of
the two adjacent transform faults, causing primarily tectonic extension in the sand-
wiched segment. The full-axial OCCs, large axial water depths, peridotite expo-
sures at segment mid-points, and the fertility of the peridotites from the Parece Vela
Rift suggest that little mantle melting took place beneath the cooled short first-order
segments resulting from an extreme transform fault effect caused by closely-spaced
fracture zones (Fig. 2).

The onset of magma-starved rifting did not appear to coincide with the change
to short spreading segment geometry within the Parece Vela Rift. Instead, spreading
in this segment geometry initially produces well-ordered spreading-normal abyssal
hills. Pronounced tectonic extension only initiated during a later phase of the second-
stage spreading. We thus infer that the transform sandwich effect on mantle melting
gradually increased in the sandwiched segments after the PVB ridge axes started
rotating counter-clockwise at ~19 Ma. We further infer that formation of OCCs
initiated when mantle upwelling beneath the sandwiched segments was lowered
below a critical threshold for melting (Fig. 2).

This mechanism appears to explain the tectonic and magmatic features of the
Ascension FZ in the Mid-Atlantic Ridge at ~7°S. The Mid-Atlantic Ridge in this
region is unusually magmatically robust given a typical slow-spreading rate of
3.3 cm/year full-rate (Bruguier et al. 2003; based on the global plate motion model
NUVEL-1A by DeMets et al. 1994). In spite of the slow-spreading rate, there are an
unusually shallow axial depth (~1,200 m) forming a volcanic ridge rather than an
axial valley, pseudofaults and overlapping spreading centers, and thickened crust of
10-11 km in this region (Brozena and White 1990; Bruguier et al. 2003). It has there-
fore been postulated that a mantle plume is responsible for these anomalous charac-
teristics (Brozena and White 1990), although Bruguier et al. (2003) suggested that a
small heterogeneity in the mantle is responsible for these. Irrespective of the origin of
the anomalies, the Mid-Atlantic Ridge near the Ascension FZ is similar to the
Reykjanes Ridge: a ridge with slow-spreading rate showing the robust magmatism
typical of a fast-spreading ridge due to the presence of excess melt (in the case of the
Reykjanes Ridge caused by the Iceland hotspot; Bell and Buck 1992; Searle et al.
1998). Despite its slow-spreading rate, the Mid-Atlantic Ridge near the Ascension FZ
is therefore similar to the magmatically robust portions of the PVB and other inter-
mediate- and fast-spreading ridges in terms of robust magmatic budgets.

The Ascension FZ offsets the Mid-Atlantic Ridge right laterally by ~200 km,
and in fact consists of two fracture zones: the North and South Ascension FZs
(Fig. 3). A large OCC (here named the Ascension OCC) and a possible fossil OCC
are clearly recognizable between the two fracture zones (Fig. 3). The Ascension
OCC is relatively large, with the dimension of ~95 km perpendicular to the axis and
~25 km along the axis. Peridotites were recovered at the ridge-transform intersec-
tion adjacent to the Ascension OCC by a German expedition (Schulz et al. 1999)
(Fig. 3). The Mid-Atlantic Ridge in this region has two distinct characteristics similar
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Fig. 3 Structural image of the Ascension Fracture Zone and the adjacent Mid-Atlantic Ridge
segments illuminated from 315°. Two-hundred meter grid data from Brozena and White (1990)
were utilized (through the Marine Geoscience Data System web site at http://www.marine-geo.
org/). Note the corrugated surface and the full axial development (~25 km) of the Ascension OCC.
Location of the dredge hauls that recovered peridotites (and serpentinites) and gabbros during the
R/V Meteor cruise M41 (Schulz et al. 1999) are shown. The spinel Cr # (~0.26) of peridotite is
from E. Hellebrand (personal communication, 2002). Some pseudofaults (indicated by dotted
lines) suggest ridge propagation and jump occurred at this region of the Mid-Atlantic Ridge
(Brozena and White 1990). Location of the inferred hotspot is from Brozena (1986)

to those observed in the central PVB (Fig. 3): (1) the Ascension OCC extends along
the full length of the short first-order segment (~25 km) between the closely-spaced
North and South Ascension FZs, and (2) the peridotite exposed there is relatively
fertile (spinel Cr# ~0.26; E. Hellebrand, personal communication, 2002) compared
to the ultra-depleted compositions found at the Bouvet FZ (Johnson et al. 1990)
where a melting anomaly influenced by a hotspot is observed.

The Mid-Atlantic Ridge near the Ascension FZ is thus similar to the central
PVB in that these distinct characteristics of relative magma starvation are observed
in an otherwise robust magmatic budget environment, suggesting a transform sand-
wich effect is working there.
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5 Relationships Between Mantle Thermal Anomaly, Fracture
Zone Geometry, Occurrence of Oceanic Core Complexes
and Spreading Rate

Although the unusual characteristic of the western PVB is explained by assuming
a cold and/or refractory mantle domain, those of the central PVB cannot be
explained solely by a single mechanism. We thus examined the literatures to inves-
tigate the relationship between mantle thermal anomaly, fracture zone geometry,
occurrence of OCCs, and spreading rate in several regions (Table 1). These specific
examples are characterized by their unique tectono-magmatic signatures, including
the occurrence of cold mantle domains, multiple fracture zones, and OCCs at inter-
mediate-spreading rates.

5.1 St Paul FZ in the Mid-Atlantic Ridge

In the Equatorial Atlantic, the Mid-Atlantic Ridge is highly segmented and forms
en-echelon geometry by the left lateral large-offset transform faults (e.g., the St. Paul
and Romanche FZs). The ridge axis reaches a maximum depth of 4-5 km at this
region, exposing abundant peridotites. Bonatti et al. (1993) and Schilling et al. (1995)
suggested that the mantle beneath the Equatorial Mid-Atlantic Ridge is colder than
the other region of the Atlantic Ocean based on major element systematics. Recent
global mantle tomography model in fact demonstrated the presence of a fossil
detached cold subducted slab beneath the Equatorial Atlantic (Sichel et al. 2008).

The Mid-Atlantic Ridge in this region has a typical slow-spreading rate of 3.2
cm/year full-rate (calculation based on NUVEL-1A). The St. Paul FZ offsets the
ridge left laterally ~580 km. The fracture zone is made up of four transform faults
linked by three short first-order segments (Hékinian et al. 2000). The length of
these short first-order segments are ~15 to ~45 km. Presence of OCCs associated
with these short first-order segments was not noted by Hékinian et al. (2000),
although Sichel et al. (2008) interpreted the ~90 km long massif that host the St.
Paul Islet as a large OCC, called “Saint Peter Saint Paul Megamullion”. However,
they provided no information supporting their contention, and the presence of the
OCC is not fully assessed. On the other hand, the bathymetric map shown in
Brunelli and Seyler (2010) shows that one of the short first-order segments has a
similar morphology to the “smooth seafloor” reported by Cannat et al. (2006). The
“smooth seafloor” was first described in the 61°-67°E Southwest Indian Ridge,
occurring in the form of broad ridges with a smooth, rounded topography (Cannat
et al. 2006). It is considered as a non-volcanic terrain characterized by successive
fault surfaces primarily consisted of peridotites. The peridotites from these short
first-order segments are relatively fertile with the minimum spinel Cr# 0.22
(Brunelli and Seyler 2010).

The Mid-Atlantic Ridge near the St. Paul FZ is thus similar to the western PVB
in that a cold mantle domain is assumed as well as to the central PVB in that a
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transform sandwich effect may also be working there. The transform sandwich
effect in this cold and slow-spreading ridge may be manifesting a similar tectono-
magmatic environment to an ultraslow-spreading ridge.

5.2 Australian-Antarctic Discordance in the Southeast
Indian Ridge

The Australian-Antarctic Discordance (AAD) is a part of the Southeast Indian
Ridge. The full-spreading rate is ~7.2 cm/year (Okino et al. 2004; based on
NUVEL-1A). The AAD is characterized by unusually deep seafloor compared with
the standard age-depth curve (Hayes 1988; Marks et al. 1990) and by its rugged
chaotic seafloor morphology (Christie et al. 1998). A cold mantle domain has been
proposed beneath the AAD (Christie et al. 1998), being attributed to the presence of
a subducted slab (Pacific Plate) beneath the Gondwana Plate (Gurnis et al. 1998).

Within the AAD, the spreading segments are unusually deep for a rapid interme-
diate-spreading rate ridge with mean water depth ~4,800 m (Okino et al. 2004).
OCCs in the AAD appears to develop along the entire second-order segment, which
is ~40 km (Okino et al. 2004).

Peridotites were recovered from the AAD (Christie et al. 1998), although no
detailed petrological data on these peridotites are published. However, the AAD
lavas have higher Na and lower Fe for a given MgO content, than the lavas from the
east of AAD (i.e., Pacific-type MORB), indicating low degree of mantle melting
and low mean pressure of melting beneath the AAD (Klein et al. 1991).

The Southeast Indian Ridge near the AAD is thus similar to the western PVB in
that a cold mantle domain is inferred to occur in an otherwise robust magmatic
budget environment.

5.3 Valdivia FZ in the Chile Ridge

The Chile Ridge extends from the Juan Fernandez Mircoplate to the Chile margin
triple junction. The ridge is offset by 18 transform faults with fossil fracture zones,
including two complex fracture zone systems. One of these, the Valdivia FZ system,
consists of six parallel fracture zones, separated by first order ridge segments ranging
from ~22 to ~27 km (Tebbens et al. 1997). The Valdivia FZ system evolved from a
single long left-lateral offset transform fault connecting the Chile Ridge to the
Pacific-Antarctic-Nazca triple junction at ~17 Ma when a 10° counterclockwise
rotation occurred (Tebbens et al. 1997).

The spreading half-rate of the Chile Ridge varied from ~6.1 cm/year (at ~23 Ma)
to ~3.1 cm/year (at ~6 Ma to present) (Tebbens et al. 1997). Since the spreading
was generally symmetric (Tebbens et al. 1997), we employ the doubled values as
the postulated full-rates for the Chile Ridge (i.e., a fast-spreading rate of ~12.3 cm/
year full-rate to an intermediate-spreading rate of ~6.2 cm/year) in this paper
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(Table 1). Martinez et al. (1998) noted that the surveyed spreading segments form
axial valleys. They also reported OCCs from one area within the Valdivia FZ system
(Martinez et al. 1998).

Peridotites were recovered from the Valdivia FZ system, although no detailed
petrological data on these peridotites are published (F. Martinez, personal commu-
nication, 2009). However, the basalts from the Chile Ridge show higher Na and
lower Ca for a given MgO content than the basalts from the East Pacific Rise, indi-
cating low degree of mantle melting and low mantle temperature (Bach et al. 1996).
Bach et al. (1996) noted that the mantle beneath the Chile Ridge is characterized
by relatively low temperature due to the result of cooling associated with the
numerous transform offsets, in fact pointing out a transform sandwich effect.

The Chile Ridge near the Valdivia FZ is thus similar to the central PVB in that
these distinct characteristics of relative magma starvation are observed in an other-
wise robust magmatic budget environment, suggesting a transform sandwich effect
is working there.

6 Tectono-Magmatic Characteristics of Intra-Transform
Spreading Centers in Fast-Spreading Ridges

Transform faults along fast-spreading ridges are often segmented by intra-transform
spreading centers (ITSCs). The geometry of ITSCs is similar to that of the four
specific examples where transform sandwich effect may be working (i.e., the cen-
tral PVB, and the Ascension, St. Paul and Valdivia FZs). However, the notable
characteristic of ITSCs is that magmatic process is dominant there (Hékinian et al.
1992; Perfit et al. 1996). Here we examine two examples from the East Pacific Rise
to clarify the tectono-magmatic difference between these two similar features.

The Siqueiros Transform Fault is a left lateral transform fault located on the East
Pacific Rise between 8°15'N and 8°30'N. The spreading full-rate of this part of the
East Pacific Rise is ~10.7 cm/year (Pockalny et al. 1997; based on NUVEL-1A).
Fornari et al. (1989) identified that the transform domain is ~20 km wide and seg-
mented with four ITSCs. Length of each ITSC is ~7 to ~9 km (Pockalny et al.
1997). On the other hand, the Garrett Transform Fault is a right lateral transform
fault located on the East Pacific Rise at ~13°28'S. The spreading full-rate of this
part of the East Pacific Rise is ~14.5 cm/year (Naar and Hey 1989). The transform
domain is ~24 km wide and consists of three ITSCs of ~10 km in length (Hékinian
et al. 1995). Magmatic process is dominant along the ITSCs in both the Siqueiros
and Garrett Transform Faults (Hékinian et al. 1992; Perfit et al. 1996); occurrence
of OCCs is not reported so far from the ITSCs in the East Pacific Rise, although
exposure of depleted peridotite is known from the eastern part of the Garrett
Transform Fault (Hékinian et al. 1995; Constantin 1999).

It might be expected that the lavas from ITSCs would exhibit chemical charac-
teristics indicative of classic transform fault effect, since the lithosphere within the
transform domain would be older and colder than the lithosphere along the adjacent
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ridge segments. However, the lavas from the ITSCs in the Siqueiros and Garrett
Transform Faults have lower concentrations of incompatible trace elements com-
pared to the lavas from the adjacent ridge segments, showing the opposite signa-
tures expected for a transform fault effect (Perfit et al. 1996; Wendt et al. 1999).

Formation of ITSCs may be the result of a “leaky transform” phenomenon.
Segmentation of transform faults is thought to be the result of transtensional forces
imposed on the transform domain by plate motion reorganization (Pockalny et al.
1997). The change in spreading direction enables mantle upwelling beneath the
transform domain and results in formation of ITSCs (Pockalny et al. 1997). The
above geochemical characteristics are explained by the recent numerical modeling
that considers brittle weakening of the lithosphere along a transform fault. The
model generates a region of enhanced mantle upwelling and elevated temperatures
at its center relative to the adjacent ridge segments (Behn et al. 2007). Elevated
temperatures near the center of the transform fault may in turn promote the devel-
opment of ITSCs during changes in plate motion. The leaky-type ITSCs are there-
fore robustly magmatic and not likely to host OCCs. It should be noted that the
peridotites from the Garrett Transform Fault are considered to be exposed at a
ridge-transform intersection, not at an ITSC (Constantin 1999). The Garrett perido-
tite is thus manifesting a classic transform fault effect.

7 Summary

Recent numerical modeling for detachment faulting at spreading ridge (assumed
spreading rate = 5 cm/year full-rate) indicates that the right amount of melts is
necessary to facilitate long-lived detachment faults and the resultant OCCs
(Tucholke et al. 2008). They showed that long-lived detachment faults form when
30-50% of total extension is accommodated by magmatic accretion, and do not
form or persist for long when magmatism is extremely limited. This indicates that
long-lived detachment faults appear to form only within a limited window of the
condition of melt supply where there is neither too much nor too little melt, but
instead just right amount of melt. Tucholke et al. (2008) therefore viewed their
hypothesis as the “magmatic Goldilocks hypothesis”.

We have proposed three possible mechanisms that can explain the unusual tec-
tono-magmatic characteristics of the rapid intermediate-spread PVB. In order to
test these ideas, we have examined the global mid-ocean ridges that have the similar
features to the PVB in terms of occurrence of assumed cold and/or refractory
mantle domain, multiple fracture zones, and OCCs in intermediate-spreading rate.
The unusual tectono-magmatic characteristics of the PVB may be manifesting the
characteristic features predicted by Tucholke et al.’s model. In the western PVB, a
cold and/or refractory mantle domain inhibited a large amount of mantle melting
within an intermediate-spreading ridge, attaining the Tucholke et al’s limited win-
dow of the condition of magma supply in an otherwise robust magmatic environ-
ment. In the central PVB, a transform sandwich effect and/or declining spreading
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rate inhibited a large amount of mantle melting within an intermediate-spreading
ridge, also attaining the Tucholke et al’s limited window of the condition of magma
supply in an otherwise robust magmatic environment.
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Abstract We conducted seafloor geological mapping using the submersible
“SHINKAI 6500 along the Shionomisaki submarine canyon, off Kii peninsula,
Southwest Japan, in order to document the distribution of outcrop-scale structures
and strain in the accretionary complex of the Nankai trough. We investigated
outcrops in the seaward-most part (frontal thrust zone), the landward-most part
(megasplay fault zone) and an intermediate part (imbricate thrust zone) of the
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accretionary complex. Turbiditic sediments in the frontal thrust zone have been
deformed to form an open anticline. Minor normal faults striking parallel to the
trough axis developed in the crest of the anticline. As sediments were transferred
into the imbricate thrust zone, both hill-size open anticlines and outcrop-scale open
to tight folds developed in the turbiditic sequence. We also observed brittle thrust
faults spatially associated with tight folds and development of shear fabrics such
as oblique cleavages and en-echelon mineral veins. An out-of-sequence thrust,
known as the megasplay fault in this region, then developed in the frontal part of
the landward-most ridge composed of thick turbidite sequences. Sandstones just
above the megasplay fault are cemented by carbonates. Behind the cemented zone,
bifurcations of the megasplay fault are distributed in the sandstone-rich strata dip-
ping steeply to the south. Folds with wavelength of ~200 m developed in mudstone-
rich turbidites behind the bifurcating fault zone. The cementation strengthened the
frontal part of the megasplay fault zone, which in turn, acted as an indenter for the
inner part of the accretionary wedge. The cemented and hardened ridge must have
local controls on strain localization and development of the accretionary complex.

Keywords Accretionary complex * Splay fault « Fold ¢ Strain ® Cement ¢ Porosity
* Strength ¢ Nankai trough

1 Introduction

Our knowledge of the geometry, structure and evolutionary history of accretionary
complexes has expanded recently through advancing technologies of geophysical
surveys, scientific drilling, and in-situ ocean bottom observations through submers-
ible diving. Amongst modern accretionary wedges of the world, the accretionary
complex in the Nankai trough, off Southwest Japan, is the most intensively studied.
Here, sediments deposited in the Shikoku Basin were scraped off the downgoing
Philippine Sea plate (Aoki et al. 1982; Kato et al. 1983; Leggett et al. 1985; Moore
et al. 1990, 2001; Ashi and Taira 1992; Taira et al. 1992; Kuramoto et al. 2000)
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subducting northwestward beneath the Eurasian (or Amurian) plate at a rate of ~4.5
cm/year (Seno et al. 1993), and have been incorporated into an accretionary com-
plex since the late Miocene (Pickering and Taira 1994) (Fig. 1a).

Slip along faults associated with the Nankai trough subduction generated
large earthquakes and tsunamis, which repeatedly devastated the Japanese
coastal areas (Ando 1975; Baba et al. 2002, 2006; Cummins et al. 2002; Ichinose
et al. 2003; Hori et al. 2004). To better understand the geometries and processes
in the seismogenic zone and to be better prepared for the anticipated seismic
hazard in this region (Le Pichon et al. 1996), several geophysical experiments
(Kodaira et al. 2000a, b, 2002; Park et al. 2002a, b; Nakanishi et al. 2002a, b;
Takahashi et al. 2003; Kido and Fujiwara 2004) and a complex drilling program
(NanTroSEIZE IODP drilling expeditions; Tobin and Kinoshita 2006; Kinoshita
et al. 2009) have focused on the accretionary complex in the Nankai trough.
Recent 3D seismic data successfully illustrated details of the distribution and
amplitude of reflectors (Bangs et al. 2004, 2006, 2009; Moore et al. 2007) and
seismic velocity structure (Nakanishi et al. 2008; Park et al. 2010). These obser-
vations and surveys then allow the NanTroSEIZE experiment to relate borehole
data directly and more effectively to the large-scale seismic structure (Strasser
et al. 2009).

However, the resolution of seismic surveys is too coarse to identify outcrop-
scale structures and their lateral variations. The observations from scientific drill-
ing provided a continuous high-resolution data set on varying structures of ~1
mm to ~1 m scale (Maltman et al. 1993; Morgan and Karig 1993; Moore et al.
2001; Ujiie et al. 2003, 2004; Morgan and Ask 2004), which are, nevertheless,
restricted to one-dimension along the borehole. Direct and in-situ seafloor sur-
veys using submersibles are the only available method that fills the gap in the
scale of observation.

Previous submersible studies mainly focused on features exposed on the land-
ward slope of the Nankai trough (Le Pichon et al. 1987a, b, 1992, 1996; Kobayashi
2002; Ashi et al. 2002a). In this study, we focus on a submarine canyon that cuts
through the accretionary complex. Submarine canyons, analogous to gorges and
valleys favored by field geologists for geological mapping on-land, provide an
excellent opportunity for 3-dimensional seafloor observations and mapping along
deeply incised profiles (Kawamura et al. 1999, 2009; Anma et al. 2002).
Submarine canyons also present an additional advantage in the case of the Nankai
trough: the canyons eroded down to the distribution limit of gas hydrates (e.g.
Ashi et al. 2002b; Colwell et al. 2004), and hence data undisturbed by hydrates
were collected.

We conducted a series of seafloor studies along the Shionomisaki canyon
(Fig. 1a), off Kii peninsula, using the submersible SHINKAI 6500 operated by the
Japan Agency for Marine-Earth Science and Technology (JAMSTEC), with an aim
to understand the distribution of outcrop-scale structures and physical properties,
and their relation to large-scale topographic features of the accretionary complex in
the Nankai trough. SeaBeam bathymetric data and side-scan sonar images were
used to select exact sites for the submersible study.
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Fig. 1 Bathymetric features in the Nankai trough. (a) Bathymetric map of the accretionary com-
plex of the Nankai trough. Solid line with triangles indicates megasplay fault deduced form seis-
mic studies (see text). Solid red star: location of active cold seep (Modified from Ashi et al.
2002a). Open star: fossil cold seep. Solid black stars: epicenters of the 1944 Tonankai and 1946
Nankai great earthquakes. Open circle: hole drilled by D/V Chikyu during IODP Expeditions 314,
315, 316 and 322. (b) Detailed bathymetrical map of the Shionomisaki canyon. (¢) A sub-bottom
profile image along the mid-axis of the Shionomisaki canyon (indicated by white line in (b)). Inset
in (¢) indicates distribution of transverse ridge and depression developed upstream from the axis
of the 3rd ridge (see text)
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2 Framework of the Accretionary Complex in the Nankai
Trough and the Shionomisaki Submarine Canyon

The regional bathymetric map of the Nankai trough (Fig. 1a) shows that the accretionary
complex is characterized by a series of ENE-WSW-trending culminations (ridges)
and depressions stepping up toward the Japanese mainland in the north. Sediments
deposited in the forearc basins, namely Kumano and Muroto basins, cover the northern
part of the accretionary complex. The Nankai trough itself is characterized by a
narrow, WSW-trending axial channel deepening to the west. The upstream (eastern)
extension of the axial channel is connected to the Tenryu submarine canyon and the
Suruga trough. ENE-WSW-trending knolls that continue through the Zenisu ridge to
the Izu arc in the east are distributed south of the axial channel. Crustal-scale faults
were seismically observed along the southern and western margins of the knolls
(Kodaira et al. 2006).

The Shionomisaki submarine canyon located nearby is the epicenter of the 1944
Tonankai and 1946 Nankai earthquakes (Baba and Cummins 2005) (stars in Fig. 1a).
An out-of-sequence thrust, referred to as the ‘megasplay fault’ hereafter, and numer-
ous in-sequence thrust sheets were imaged by seismic studies (Park et al. 2002a)
along transects drilled by D/V Chikyu (open circles) during the NanTroSEIZE expe-
ditions. The megasplay fault is likely the up-dip expression of the seismogenic fault
that generated large tsunamis (Park et al. 2002a; Nakanishi et al. 2002a; Moore et al.
2007). Cold seepages marked by the distribution of chemosynthetic bio-communi-
ties (stars in Fig. 1a) have been reported along the fault (Ashi et al. 2002a).

Shionomisaki canyon is the result of deep erosion of the accretionary complex
and crosscuts five EW-trending bathymetric ridges (Fig. 1b). The extension of the
megasplay fault is inferred to occur at the landward-most ridge (the 5th ridge in
Fig. 1b). We subdivided the accretionary complex in the central Nankai trough into
three structural zones based on bathymetric features. The megasplay fault zone
marks the seaward limit of the forearc basin, and separates the outer wedge from
the inner wedge (Kimura et al. 2007). The frontal thrust zone is the outer margin of
the accretionary complex that separates it from the Shikoku basin. The imbricate
thrust zone comprises the main body of the accretionary prism and is recognized as
a zone of landward-dipping thrust sheets and folds (Kawamura et al. 2009).

Sediments transported through Shionomisaki canyon form a large fan deposit in
front of the 1st ridge. The fan deposit buried and deflected the axial channel of the
Nankai trough (Fig. 1b). The southward trend of the stream from Shionomisaki
canyon is deflected to the WSW after intersecting an ENE-WSW-trending mound
developed in the fan deposit (Fig. 1b, also see exaggerated oblique view in Fig. 3).
A profile along the mid-axis of the canyon (Fig. 1¢) revealed the presence of several
transverse ridges that transect the mid-axis of the canyon. In addition, the mid-axis
is deflected toward the west south of the 5th ridge (Fig. 1b). SSE-trending gorges
in the 3rd ridge and north of the 5th ridge are normal to the general trend of the
ridges. The SSE-trend steps westward downstream of the canyon. Such topographic
features are likely formed due to tectonic deformation that is still active.
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3 Methodology

Shionomisaki canyon exposes a structural profile across the accretionary complex
in the Nankai trough along steep, ~500-m-high walls that continue along the length
of the canyon. We conducted a total of six dives in SHINKAI 6500 (6K, hereafter)
for this study. Dive 6K#938 (observer: Ogawa) concentrated on structures of the Ist
ridge in the frontal thrust zone. Dive 6K#522 (observer: Anma) was conducted at
the 3rd ridge in the imbricate thrust zone. Four dives (6K#579: Anma, 6K#889:
Anma, 6K#890: Moore, and 6K#891: Ogawa) focused on the megasplay fault zone
exposed along the 5th ridge.

During a dive, observations were made through a porthole window and recorded
using external video cameras. Apparent dip and strike of planar structures such as
bedding plane, cleavage, fault and joint were estimated from video images. The
estimated directions were then corrected to true dip and strike using the yaw and
pitch of the external video camera and the bearing of the submersible. Precision of
the obtained strike and dip was estimated by measuring bedding planes of the same
outcrop from several different angles to be approximately +10° for moderately dipping
strata (Anma et al. 2010).

Bedding planes on the video images were defined as continuous planar objects
with clear evidence of alternating beds with different components or laminae.
Fracture cleavages were recognized as penetrative planar objects oblique to or
bifurcating from the bedding planes. Non-penetrative fractures cutting bedding
planes and/or cleavages were classified as faults if displacement was obvious, and
as joints if not.

Rock samples were collected as often as possible using manipulators of the
submersible for offshore description and needle penetration tests to estimate uni-
axial compressional strength. We used an SH-70 penetrometer (manufactured by
Maruto Co. Ltd.) for the strength measurement. Microscopic observation and
porosity measurements were performed in the laboratories at University of Tsukuba
and JAMSTEC. Porosity and strength are important physical properties of sedi-
ments not only as a measure of consolidation state but also as a mechanical factor
controlling deformation behavior.

4 Structural Profile of the Nankai Accretionary Complex

4.1 Frontal Thrust Zone (Dive 6K#938)

Layers of predominantly mudstones alternating with sandstones comprise the
southern slope of the Ist ridge (Fig. 2). Bedding planes (Fig. 2c, d) are almost hori-
zontal and folded to form an open anticline about an S80E-trending axis (Fig. 3b).
The presence of cross-laminae (Fig. 2d) implies flow from the northwest. Joints
trending WNW-ESE and NS are developed in the foot of the ridge (Fig. 2c¢).
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Fig. 2 Geology of the frontal thrust zone. (a) Track of Dive 6K#938 in the 1st ridge (map area
indicated in Fig. 1b). Localities of photographs (b-h) and samples with porosity and uniaxial
compressional strength (UCS) data are shown. (b) Outcrop of fossilized cold seep zone. A fossil
of Vesicomyid bivalve (inset) was found buried in conglomerate. (¢) An outcrop with orthogonal
joint sets. Field of view (FOV) ~ 3 m. (d) Bedding planes with cross laminae. FOV ~ 2 m.
(e) Ripples and dark sand covering a hump extending southeast from the crest of the 1st ridge (a).
(f) An outcrop of a conglomerate interbedded with sandstone layers and cemented by carbonate
minerals. FOV ~ 3 m. (g) Thrust fault recognized as oblique plane filled with a thin light film,
offsetting bedding planes. FOV ~ 3 m. (h) Normal faults offsetting bedding planes. Drags were
partly developed. FOV ~ 1 m
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Weakly- to moderately-consolidated silty clays (938R-001: Fig. 2b) in an outcrop
at the base of the southern slope have strength and porosity of ~7 MPa and ~56%
(Fig. 2a), respectively. A buried shell of vesicomyid bivalve was found at the base
of the Ist ridge (Fig. 2b).

Light-colored and dark-colored sands with ripple marks of various directions
(Fig. 2e) are distributed on a hump extending southeast from the ridge crest
(Fig. 2a). Behind the hump, conglomerates and sandstones (Fig. 2f) are cemented
by calcite and have a high strength (~10 MPa for silty sandstone) and low porosity
(~20%, Fig. 2a).

Near the crest of the Ist ridge, both thrust and normal faults were observed in
weak (~0.8 MPa) and porous (~50%) mudstone-dominant beds. The thrust fault in
Fig. 2g was recognized as a cohesive fault with thin white fillings and displacing
the light-colored bed in the bottom-right. The thrust fault dips ~30° to the north
(Fig. 3b). Normal faults (Fig. 2h) were observed near the crest of the st ridge, in
the hanging wall of the thrust. The normal faults strike parallel to the ridge axis and
dip steeply to both directions (Fig. 3b). No crosscutting relations were observed
between the thrust and normal faults. No evidence for active cold seepages was
observed in this area.

4.2 Imbricate Thrust Zone (Dive 6K#522)

Moderately consolidated (~2—-9 MPa) mudstone-dominant beds comprise the west-
ern wall of Shionomisaki canyon in the 3rd ridge (Fig. 4). Numerous debris flow
deposits were observed in eastward-oriented gullies (Fig. 4a; Anma et al. 2002).
Bedding planes dip to the south in the southern part of the 3rd ridge, whereas they
dip steeply to the north in the middle part (Fig. 4f, g). The dip angles become gen-
tler (Fig. 4c) in the upper part of the slope in the north (Fig. 4a). Macroscopically,
the bedding planes form an open to tight anticline with km-scale (a hill-size) wave-
length about an axis plunging gently to ENE (Fig. 3c). Layer-parallel foliations
developed in places (Fig. 4h). Both NNE-SSW and EW-trending joints are
present.

A 10-m-high outcrop in Fig. 4i exhibits a spectacular view of a brittle thrust and
a tight anticline inclined to the south. Bedding planes at the base, dipping moder-
ately to the north, steepened upward and are truncated by the thrust fault just above
the hinge of the anticline. The bedding planes become shallower toward the top of
the outcrop. Such outcrop-scale folds were observed in several places (e.g.,
Fig. 4d). The bedding-cleavage relationship in Fig. 4f indicates a top-to-south
sense-of-shear. En-echelon mineral veins dipping gently to the northwest (Fig. 4¢)
also document the development of shear fabrics in the accretionary wedge. The
northernmost part of the 3rd ridge was cut by a vertical fault with the north-side
down-thrown (Fig. 4b).



Foreare basin
. (Kumano basin}

a
=
% 4 Accretionary
= complex
] 33"+
§ 20
o
§ 33710
el
o 33 00
S A
i
32°50:
b 6K#938 240"

Fig. 3 Structures of the accretionary complex in the Nankai trough. (a) Oblique view of
Shionomisaki canyon. Vertical scale is exaggerated to show lineament trending NS and trough
channel buried by fan deposit at the mouth of Shionomisaki canyon. A WSW-trending ridge is
developed in the fan deposit, and the southward trending mid-axis of the canyon swings to a
WSWe-orientation. White arrow: estimated flow direction. (b) Stereonet plots of S-poles to bed-
ding planes (left) and of faults (right) in the st ridge (Dive 6K#938). Sub-horizontal strata are
open folded about an axis trending S80E. Both thrust and normal faults strike WNW-ESE.
(c) A plot of S-poles to bedding planes in the 3rd ridge (Dive 6K#522). (d) A stereonet plot of
S-poles to bedding planes (/eft) and a Rose diagram for joints in the 5th ridge
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Fig. 4 Geology of the imbricate thrust zone (Reproduced from Anma et al. 2002). (a) A route
map along the track of the Dive 6K#522 in the 3rd ridge (see inset of Fig. 1c for the map area).
Locations of outcrops in (b)—(h) are indicated. (b) A fault with north downthrown at the northern
margin of the 3rd ridge (FOV ~ 8 m). (¢) Strata dipping gently to the north (FOV ~ 5 m). (d)
Folded strata (FOV ~ 2 m). (e) Stretched vein (FOV ~ 0.5 m). (f) Shear fabric with north upward
sense-of-shear. (g) Turbidite sequence dipping moderately to the north. (h) Development of
foliation. (i) Anticline and transposed fault. Strata dipping moderately to north at the base of the
outcrop steepened upward. An anticlinal structure developed at the middle was transposed by a
fault
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The normal fault in the 3rd ridge (Fig. 4b) occurs in the back-limb of the hill-size
anticline and has larger offset than normal faults in the crest of the 1st ridge
(Fig. 2h). Thrust faults in the 3rd ridge (Fig. 4i) are more continuous and planar
compared to those in the st ridge (Fig. 2g). Faults in the 3rd ridge are thus, more
brittle and have larger displacement than those of the 1st ridge. The transverse ridge
in the 3rd ridge has the largest dip-slip displacement among the Shionomisaki can-
yon (Fig. 1c). No indication of chemosynthetic bio-communities or other evidence

for cold seepage was observed here.
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4.3 The Megasplay Fault Zone (6K#579, 6K#889~891):
Field Observations

Four dives focused on the structures near the megasplay fault and its bifurcations
exposed on the 5th ridge (Fig. 5). Faults on the 5th ridge are associated with active
cold seepages. Five fault zones (dashed lines in Fig. 5a) were deduced based on the
bathymetric features and distribution of chemosynthetic bio-communities such as
vesicomyid bivalves (mainly Calyptogena nautilei: Fig. 6e, f) and vestimentiferan
tubeworms. Bathymetric features used here are EW-trending depressions along the
crest, knicks along the foot of the ridge, and a transverse ridge composed of silt-
stone (Fig. 5b) and developed across the mid-axis of the canyon. The megasplay
fault was inferred to be located along the southern foot of the 5th ridge (fault ® in
Fig. 5a). Three bifurcations of the megasplay fault (faults @ to @) were also rec-
ognized, which are continuous with the EW-trending depressions developed in the
crest of the ridge. A hump developed between faults ® and @ extends westward
from the crest of the 5th ridge. The bifurcating faults displaced the surface of the
canyon wall. A boundary fault (fault ®) was deduced in the north that separates the
5th ridge from its hinterland, and was determined to continue to the northern mar-
gin of the transverse ridge developed across the mid-axis of the canyon (Fig. 5a).

Mudstone-dominant turbidites comprise the northern part of the 5th ridge. The
sequence becomes rich in sandstones with increasing thickness southward (Fig. 6a).
Orientations of the selected bedding planes are shown in Fig. 5a. A plot of S-poles
to the bedding planes (Fig. 5c) indicates that the mudstone-dominant strata in the
northern part (area of Dive 6K#891) are folded about an axis plunging 17° to the
west. The folds have wavelength of few hundred meters. S-pole concentration near
the center implies that the majority of the strata are sub-horizontal and/or dip gently
to the southwest. The sub-horizontal bedding is steeper near the northern boundary
fault ® and fault @.

Sandstone-dominant turbidite strata dipping steeply to the southwest (Fig. 6a, b)
are predominant in the middle part of the 5th ridge (6K#889: Fig. 5). The distribu-
tion of S-poles to bedding implies folds with axes plunging 40° to the west
(Fig. 5d). Oblique fracture cleavage was observed to have developed in siltstones
interbedded with sandstones (Fig. 6b). The fracture cleavages dip steeply to the
north. Sub-vertical strata are commonly developed near faults @ to @ (Fig. 6¢c).
Deformation bands (Ujiie et al. 2004) and web structures (Hirono 2005) are abun-
dant in this area.

The southern part of the 5th ridge (6K#890) consists of sandstone-dominant
turbiditic strata dipping gently to the south (Fig. 5e). Sub-horizontal strata in the
frontal part are locally deflected and steepened along the megasplay fault (near
890R4 outcrop). The distribution of S-poles implies that bedding is folded about a
sub-horizontal axis plunging gently to southeast. The central part of the 5th ridge
dips steeply to the south. The sandstone-dominant turbidites are covered by con-
glomerate with imbricate pebbles (Fig. 6d) that imply transportation from the
northwest.
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Fig. 5 Geologic structures of the megasplay fault zone (Data source; Anma et al. 2010). (a) Map
area is indicated in Fig. 1b. Numbers along the NS axis indicate distance (m) from a reference point
on 33°01.6'N and are used in Fig. 7. (b) Outcrop of siltstone at the site 889R1 (FOV ~ 2 m). This
outcrop was observed at the leeward slope of the transverse ridge developed across the mid axis of
the canyon. The transverse ridge is considered to be of tectonic origin. (¢) Stereonet plot of S-poles
to bedding planes of the northern domain (6K#891 area) are open-folded about an axis plunging 17°
to the west. (d) Bedding in the central domain (6K#889 area) folded about an axis plunging 50° to
the west. (e) Bedding planes of the southern domain (6K#890 area) plot around a sub-horizontal
point maximum

Overall structures of this area (Fig. 3d) suggest an anticlinal fold with km-scale
wavelength and southward vergence (Fig. 7a). The strata become younger toward
the south from the hinge of the anticlinal fold (Fig. 7a). In addition, folds with
shorter wavelength (~200 m) are developed in the landward (rear) part of the Sth
ridge south of the boundary fault. Two sets of joints are developed in the folded
turbidite sequence: one trending NS and the other trending WNW-ESE (Fig. 3d).
Fractures are less developed in conglomerates that cover the turbidite sequence.
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Fig. 6 Outcrops in the megasplay fault zone. (a) An outcrop view at site 889R3 in Fig. 7.
Southward (seaward) dipping strata are predominant in gently folded, often steeply inclined
sandstone-dominant turbidite deposits (FOV~4 m). (b) Northward-dipping fracture cleavage
developed in mudstones at site 889R6 (Reproduced from Anma et al. 2010; ©Geological Society
of Japan). The cleavage developed obliquely to the basal surface of a sandstone layer dipping
steeply to south (FOV~4 m). (¢) Sub-vertical strata at site 889R7. Fracture cleavages are densely
developed. (d) Subhorizontal deposits of conglomerates interbedded with silty layers (between
site 890R2 and 890R3). Imbrication of pebbles indicates southeastward flow (FOV~4 m). (e, f)
Occurrence of Calyptogena nautilei. C. nautilei shells are half buried in mud exposing the hinge-
side into seawater (FOV~1 m). The exposed part of Calyptogena shell was dissolved suggesting
that the depth at observation (~3, 400m) is located below the carbonate compensation depth of this
region. Numbers on top-right in (b)—(f) indicate heading of the submersible (in degree) and depth
(m), respectively
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Fig. 7 Geologic cross section of the megasplay fault zone and distributions of material properties
(Data source; Anma et al. 2010). (a) Pseudo-3D section across the 5th ridge. NS profiles along
136°07'E and 136°05.55'E, and along the mid-axis of the canyon are shown with bedding (thin
lines), distribution of faults (dashed lines), chemosynthetic bio-communities (shells and tube-
worms) and sample localities (solid circle: mudstone, open square: sandstone). Transverse axis
presents distance along the NS profile from the reference point on 33°01.6'N. (b) Porosity profile.
Chemosynthetic biocommunities were observed in shaded area. Depositional ages are based on
radiolarian biostratigraphy in Fig. 8. The porosity decrease has an almost negative correlation with
the depositional age, except for mudstone from 890RS site in the southern end. (¢) Uniaxial com-
pressional strength estimated from a needle penetration test. Sandstones in the south have high
strengths due to precipitation of carbonate (inset photo-micrograph) in pore space

4.4 The Megasplay Fault Zone: Material Properties,
Depositional Ages and Cements

Rock samples were collected from 22 sites to evaluate lateral variations of porosity,
strength and sediment textures along a NS profile across the megasplay fault zone.
To ensure to sample true horizontal lateral variations, samples were mostly collected
from 3,340-3,400 m below sea level (mbsl). Other samples were collected from depths
ranging from 3,120-3,450 mbsl (Fig. 7a). Mudstones were mainly collected from the
rear part of the 5th ridge, whereas sandstones were mainly from the frontal part.
Lateral variations of porosity and uniaxial compressional strength of the collected
samples are shown in Fig.7b, c, respectively. A siltstone sample obtained from a
sub-horizontal bed at the 890RS outcrop in the southernmost part of the transect has
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the largest porosity (~65%). The porosity of the mudstone north of the boundary
fault (891R1, R2 outcrops) is relatively small (40-50%). The porosity becomes
maximum (54-57%) at the 891R4 and 891R6 outcrops in the rear part of the 5th
ridge. The porosity decreases southward from the 891R6 outcrop to the position of
the megasplay fault in the frontal part.

Uniaxial compressional strength shows good correlation with porosity: sedi-
ments with small porosity have high strength (Fig. 7c). Microscopic observations
revealed that carbonate cementation (Fig. 7c inset microphotograph) is responsible
for a decrease of the porosity and an increase of strength of the sediments. The
distribution of such carbonate cementation was constrained between the megasplay
fault and the bifurcating faults.

Radiolarian microfossils were separated from mudstones/siltstones collected
from the megasplay fault zone (Anma et al. 2010). Reliable depositional ages
(Fig. 8) were obtained from sites 891R1 (1.98-1.65 Ma), 891RS5 (4.3-1.98 Ma),
579R2 (1.03-0.43 Ma) and 890R5 (<0.43 Ma) from the north to the south. The
radiolarian biostratigraphy indicates that sediments with the oldest depositional age
(1.98-4.3 Ma) are distributed in the rear part of the 5th ridge (891R5 outcrop), and
the ages of deposition become younger in both directions (Fig. 7b).

Sub-horizontal siltstones in the southernmost part of the transect (890RS outcrop)
have the youngest depositional age (<0.43 Ma) and the highest porosity (~65%).
Considering the rate of plate motion (Fig. 1) and the young depositional age, we infer
that the sub-horizontal siltstone must have been deposited in a trench-slope basin.
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Fig. 8 Radiolarian biostratigraphy of the sediments of Shionomisaki submarine canyon
(Reproduced from Anma et al. 2010; ©Geological Society of Japan). Depositional age was deter-
mined from mudstones/siltstones at the sites 891R1, 891RS, 579R2 and 890RS. Magnetic polar-
ity: Gradstein et al. (2004), Middle to high latitude radiolarian zone: Motoyama and Maruyama
(1998), Motoyama et al. (2004), and Kamikuri et al. (2004), Low latitude radiolarian zone:
Sanfilippo and Nigrini (1998). Radiolarian events used for estimation of the likely depositional
ages are listed in the right column. FO first occurrence, FC first consistent/common occurrence,
LO last occurrence, — transition
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With exception of the 890R5 outcrop, lateral variations of porosity (Fig. 7b)
indicate that the mudstones of the oldest part at the 89 1R4-891R6 outcrops have the
highest porosity (54-57%). The porosity decreases southward toward the megasplay
fault in the frontal part. Thus, the porosity decrease has a negative correlation with
the age of deposition of the sediments: i.e. older sediments have higher porosity.

Uniaxial compressional strength tests display a similar trend: younger sediments
are more consolidated and have high strength (Fig. 7c), except for the 890RS out-
crop. These observations are opposite to the general trend of normal consolidation
curve due to simple burial.

Microscopic observation of thin sections revealed that carbonate cementation is
responsible for a decrease of porosity and increase of strength of the sediments
(inset of Fig. 7¢). The carbonate cements have high oxygen and relatively low carbon
isotopic ratios (Fig. 9; Anma et al. 2010). The isotopic value is close to that of
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Fig. 9 Carbon and oxygen isotopic ratios of cements from the Shionomisaki submarine canyon
(solid star) (Reproduced from Anma et al. 2010; ©Geological Society of Japan) (Data source:
Nojima faults: Arai et al. (2003), Shimanto fault-related calcite vein: Yamaguchi et al. (2004) and
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pelagic cements, but plots on a trend of fault-related fluid. Thus, CaCO, was
precipitated near the surface, in the shallow part beneath the sea floor. There was
no influence of the hydrate-related fluids.

5 Discussion

5.1 Faults in the Accretionary Complex of the Nankai Trough

The profile along the mid-axis of the canyon (Fig. 1c) indicates the presence of
several transverse ridges that involve dip-slip displacement. A NNE-SSW-trending
outcrop of siltstone is present at the leeward slope of the transverse ridge
(Fig. 5b) at the 5th ridge. This implies that the transverse ridge is not of sedimen-
tary origin (i.e. landslide debris), but of tectonic (faulting or folding) origin. The
transverse ridge is located landward compared to the knick along the foot of the
S5th ridge. This suggests the presence of a landward-dipping thrust fault.
Radiolarian microfossils indicate that the ages of deposition become younger
toward both directions from the 891RS outcrop in the rear part of the 5th ridge
(Fig. 7a, b). Therefore, the center of uplift is inferred to be near the 891RS out-
crop. The northern boundary fault must be, therefore, a north-side down-thrown
fault, most likely an antithetic thrust fault (Fig. 7a). Offset relationship of the
knicks along the northern edges of the 5th ridge and the transverse ridge (Fig. 5a)
also support a fault dipping to the south.

The mid-axis of the canyon is deflected westward south of the 5th ridge: this
feature indicates that the faults have a right-lateral strike-slip component (Figs. 1b
and 5a). The eastern canyon wall of the 5th ridge is displaced along the bifurcating
faults and the ridge crest is offset dextrally (Figs. 5a and 7a). Martin et al. (2010)
reported the presence of negative flower structures associated with right-lateral
displacement above the megasplay fault in the NanTroSEIZE experiment area
(around 136°40’E). In contrast, our observations indicate the presence of a positive
flower structure along the megasplay fault zone. Variations in the stress-field shift-
ing from transtension to transpression may be expected along the megasplay fault.

The SSE-trending gorges in the 3rd ridge and north of the 5th ridge (Fig. 1a) are
normal to the general trend of the ridges. However, this trend is not continuous
throughout the length of the canyon, but seems displaced by right-lateral faults
parallel to the ridges. Furthermore, the ENE-WSW-trending mound developed in
the fan deposit in front of the 1st ridge deflected the stream from the canyon
(Figs. 1b and 3). The trend of the mound parallels the general trend of the 1st ridge.
This mound could be a hanging wall anticline above the frontal thrust rising in front
of the canyon and is still active. The mound may also have developed as a pressure
ridge as a result of transpressional tectonic deformation.

Our observations raise a possibility that all these faults may have played a sig-
nificant role in accommodating the right-lateral strike-slip component caused by
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the obliquity of the plate migration (Fig. 1a). Collectively, these findings from the
accretionary complex of the Nankai trough point out that strain partitioning did
occur, perhaps more pervasively and in a more multi-scale fashion than Fitch (1972)
suggested for oblique convergent zones in the Western Pacific. Focal mechanisms
of very low frequency earthquakes (Ito and Obara 2006) showed the occurrence of
thrust motion with minor oblique slip component along the megasplay thrust zone.
However, no focal mechanism that indicate oblique thrust were reported along the
frontal thrust zone.

5.2 Tectonic Deformation vs. Creeping

Bedding in the frontal thrust zone is sub-horizontal and gently folded about an
EW-trending horizontal axis. Bedding observed on the western canyon wall of the
3rd ridge is folded about an axis plunging to the east, and bedding on the eastern
canyon wall of the 5th ridge about an axis plunging to the west (Fig. 3). The fold
axes plunging toward the canyon imply an overprinted deformation. There are
two possible explanations for the plunging axes: one is tectonic and the other
gravitational.

A hump between faults @ and @ extends westward from the crest of the 5th
ridge, indicating that faults @ and @ apparently have opposite sense of shear
(Figs. 5a and 7a). The fold axis in this area plunges 40° to west (Fig. 5d). Such local
features may be explained in terms of creep deformation enhanced by lateral extru-
sion. The canyon walls may become unstable as the Shionomisaki canyon deepened
and eroded the foot of the canyon walls. Creep of the wall slope must have taken
place to tilt the originally horizontal fold axes toward the canyon. Right-lateral
transpression may also squeeze materials in the 5th ridge to extrude them westward.
NS-trending joints (Fig. 3d) developed in the folded turbidite sequence in the 5th
ridge may support the creep model. Fractures trending WNW-ESE, in contrast, may
be attributed to tectonic stresses: the NW-SE-trending maximum principal com-
pressional stress deduced from borehole breakout during the NanTroSIEZE experi-
ments (Kinoshita et al. 2009).

Alternatively, a crustal-scale fault that displaces the Philippine Sea plate at the
western edge of the Zenisu ridge was reported by Kodaira et al. (2006) to have
influence on structures in the accretionary complex along the Shionomisaki canyon.
Lateral ramps in the megasplay fault zone (Moore et al. 2007) may also be respon-
sible for the plunging fold axes.

5.3 Development of the Accretionary Complex

Field observations reveal that both normal and thrust faults striking parallel to the
Nankai trough were developed in the frontal thrust zone as sediments were accreted
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Fig. 10 Geologic cross section along the Shionomisaki canyon. See trace in Fig. 1b. General
trend of bedding planes (thin lines) and faults (thick lines: observed, with arrows indicating sense-
of-shear, dashed lines: deduced) are shown. Shaded area: cemented zones

to form a gentle anticline (Fig. 10). The anticline and thrust faults most likely formed
synchronously due to north-oriented compressional stress during the inception of
accretion. Although no crosscutting relations were observed between thrust and
normal faults, or folds and normal faults, we attribute the normal faults to surface
extension at the crest of the anticline (Fig. 10). The sediments in the frontal thrust
zone were partly cemented by carbonates, and a fossil of a vesicomyid bivalve was
recovered. Although it is currently inactive, fluid saturated in CaCO, must have
been circulating and hardened some parts of the ridge. Occurrences of cold seepage
were also reported from the eastern extension of the 1st ridge (Fig. 1a).

As sediments transferred into the imbricate thrust zone, both macroscopic and
mesoscopic (outcrop-scale) open to tight folds were developed. Thrust faults are
more brittle than those developed in the frontal thrust zone and localized shear
fabrics have developed in the sedimentary rocks. The transverse ridge in the 3rd
ridge has the largest displacement among the Shionomisaki canyon (Fig. lc),
implying a large cumulative dip-slip displacement. No active cold seepage was
observed, however, in the 6K#522 dive area.

The megasplay fault zone, in contrast, has several active cold seeps. Vesicomyid
bivalves are commonly aligned forming an en-echelon fashion (Fig. 6e), suggest-
ing shear fracture underneath (Ogawa et al. 1996). Nakanishi et al. (2002c, 2008)
suggested that the presence of an old (Miocene) accretionary complex coincides
with the seaward limit of coseismic slip in the Nankai trough seismogenic zone.
Such brittle, coseismic rupturing may control the distribution of cold seeps. Our
overall structural interpretation of the megasplay fault zone is illustrated in the
schematic profiles in Figs. 7 and 10. Sub-horizontal sandstones just above the
megasplay fault were cemented by carbona