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a b s t r a c t

Sedimentary deposits in the distal Kumano forearc basin of the Nankai accretionary margin off Kii
Peninsula, Japan, have been imaged using three-dimensional (3D) seismic data. The seismic data, along
with logging and core data from the Integrated Ocean Drilling Program (IODP) show that the uncon-
formity between the accretionary prism and overlying forearc sediments is time-transgressive. The
unconformity at Site C0002 separates 5 Ma prism rocks from 3.65 Ma basin deposits; at Site C0009 it
separates 5.6 Ma prism from 3.8 Ma basin sediments. Acoustic reflections in the basal deposits are sub-
parallel to the underlying accretionary prism; the acoustic facies varies in thickness from 50 to 750 m.
The mudstone deposits and laterally equivalent turbidites are interpreted as lower trench-slope deposits.
The condensed slope sediment (SS) section decreases in age from 3.5 to 1.5 Ma at Site C0002 to 1.5
e0.9 Ma at C0009.

Acoustic sequences within the lower forearc basin (LFB) contain higher proportions of silt and sand
turbidites and progressively onlap the SS unit along a low-angle discontinuity (KL) in a landward di-
rection. Because of the landward onlap of the LFB unit, the oldest LFB strata at C0002 are older than
1.67 Ma, whereas those at C0009 are younger than ~0.9 Ma. Thus, the amount of time missing or
characterized by condensed sedimentation across the KL unconformity decreases in duration in the
landward direction. The landward-onlapping sequences tilt progressively landward in response to
regional uplift along an out-of-sequence thrust (OOST; mega-splay) fault. Regional tilting shifted the
basin's depocenter progressively landward, expanding that part of the basin from ~10 km in width to
>30 km. The onset of sand-silt turbidite deposition in the distal basin began after more accommodation
space was created by the uplift of the outer ridge along the splay fault at ~1.9 Ma. Conversely, turbidites
of the Upper Forearc Basin (UFB) progressively onlap LFB in a seaward direction. Furthermore, the
respective thicknesses of the LFB and UFB units switch from the seaward side of the basin (C0002) farther
landward (C0009): the LFB unit is > 800 m thick in the seaward region, whereas it is only 200e300 m
thick in the landward region; the UFB unit is < 50 m thick in the seaward region, and up to 600 m thick in
the landward region. Thus, Kumano Basin responded in both space and time to a complex interplay
between tectonics and sedimentation. The stratigraphy records a balance between the effects of prism
uplift along the basin's distal edge with the rerouting of channels and canyons along the basin's proximal
edge.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Forearc basins (FABs) are integral features along most conver-
gent margins. Their sedimentary sections record the history of arc
massif unroofing and evolution as well as the history of deforma-
tion of the seaward edge of the overriding plate. The stratigraphic
sequences in such basins reflect the interactions between
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sedimentation, tectonics, climate, and sea level fluctuations.
Although studies of exhumed FAB deposits, such as the Great Valley
Sequence of California (e.g., Mitchell et al., 2010; Williams and
Graham, 2013) provide insights into sediment accumulation and
facies architecture, the controls on sedimentation in ancient FABs
remain poorly documented because of the low-preservation po-
tential and imprecise temporal resolution (Ingersoll and Busby,
1995). Many geophysical studies of modern FABs have utilized
regional seismic reflection profiles to map the stratigraphic
framework (e.g., Ballesteros et al., 1988; Beaudry and Moore, 1985;
Berglar et al., 2008; Chapp et al., 2008; Coulbourn and Moberly,
1977; Laursen et al., 2002; Laursen and Normark, 2003; Matson
and Moore, 1992; McNeill et al., 2000; Speed et al., 1989;
Susilohadi et al., 2005; Torrini and Speed, 1989). Paquet et al.
(2011) completed a high-resolution study of the Hawke Bay FAB
(Hikurangi margin) that included precise integration of sequence-
bounding unconformities and eustatic sea-level history. Most
such basins, however, lack drilling data to provide sufficient age
constraints and ground-truth for interpretation of seismic facies.
With hydrocarbon exploration moving into deeper water, forearc
basins are receiving more attention as viable petroleum systems
(e.g., Struss et al., 2008; Lutz et al., 2011), and some are targets for
commercial utilization of gas hydrates (Fujii et al., 2009; Tsuji et al.,
2009). Thus, from both process-oriented and resource-driven per-
spectives, a holistic assessment of Kumano FAB in the Nankai
Trough subduction system (Fig. 1) might yield insights regarding
global commonalities and site-specific idiosyncrasies.

In this paper, we use 3D seismic reflection data calibrated with
Integrated Ocean Drilling Program (IODP) core and log data to
interpret the tectonostratigraphic evolution of the distal Kumano
FAB. In addition to the two IODP sites drilled as part of the Nankai
Trough Seismogenic Zone Experiment (NanTroSEIZE), the region
Fig. 1. Regional location map. Red dots ¼ IODP drill sites used in this paper, blue
dots ¼ other NanTroSEIZE drill sites. Black outline ¼ region with 3-D seismic data;
yellow arrows ¼ estimated far-field vectors for motion of Philippine Sea Plate (PSP)
with respect to Japan (Seno et al., 1993; Heki, 2007). Stars ¼ epicenter locations of 1944
and 1946 tsunamigenic earthquakes. Black line ¼ KR0108-5 seismic reflection line
shown in Fig. 2. KBEFZ ¼ Kumano Basin Edge Fault Zone (Martin et al., 2010). Inset in
upper right is regional location map e KB ¼ Kumano Basin; MB ¼ Muroto Basin;
TB ¼ Tosa Basin.
has been surveyed by numerous 2D seismic reflection and refrac-
tion lines, a 3D seismic survey, high-resolution multibeam ba-
thymetry, and dozens of heat flow measurements. Integration of
these data sets provides valuable insights into the stratigraphic
architecture of sedimentary sequences and their connections to the
regional tectonic and climatic evolution. This paper concentrates on
the seaward portion of Kumano FAB, and complements compre-
hensive studies of stratigraphic controls on gas-hydrate distribu-
tion in the basin's NE corner (e.g., Tsuji et al., 2009; Noguchi et al.,
2011; Takano et al., 2013; Egawa et al., 2013). Our goal is to tease
apart the influences of accretionary-prism tectonics on shaping the
basin's architecture as opposed to climatic-eustatic controls on
sediment influx to the basin. Both have undoubtedlymodulated the
history of sedimentation, so we take a regional-scale view of the
entire system with a more detailed focus on the young, distal
portion of the basin.

2. Tectonic setting of the Nankai Trough

Along southern Japan, the Philippine Sea plate (PSP) subducts to
the northwest beneath the Eurasian plate at a rate of
~4.1e6.5 cm yr�1, forming the Nankai Trough (Fig. 1; Seno et al.,
1993; Miyazaki and Heki, 2001). The current phase of conver-
gence along this boundary probably began at ~6 Ma (Kimura et al.,
2014). Prior to the Miocene migration of a triple junction, conver-
gence had been between the Pacific Plate and southern Japan,
producing the Cretaceous-Miocene accretionary complex of the
Shimanto Belt (Taira, 2001; Pickering et al., 2013; Raimbourg et al.,
2014). Together, the various accretion phases along themargin have
built a wide prism that extends more than 200 km from the central
Shikoku/Kii Peninsula region to the trench (Fig. 1).

The Nankai system represents one end of the accretion-erosion
continuum, characterized by accretion of thick accumulations of
sediment (>1000 m). Broadly similar conditions exist in the Cas-
cadia Basin, the Aleutian Trench, the Sunda Trench, and southern
Chile (see Underwood and Moore, 2012 and references therein).
Sediment is now actively accreting at the deformation front, with
all of the trench sediments and at least half of the underlying
sedimentary section of the Shikoku Basin (northern PSP) typically
being accreted at the toe of the prism along its strike length (e.g.,
Aoki et al., 1982; Moore et al., 1990). Several prominent forearc
basins have developed along the strike of the margin (Tosa, Muroto,
Kumano; Fig. 1). Within the Kii-Kumano corridor, a large volume of
the lower Shikoku Basin strata has been underthrust beneath the
seaward edge of the Kumano FAB (Bangs et al., 2009). That
decoupling of the subduction inputs is related to out-of-sequence
thrusting along a regional megasplay fault that has uplifted a
broad ridge, behind which the FAB has formed (Park et al., 2002).

The Shikoku Basin is the main sedimentary system on the
northern part of the subducting Philippine Sea plate. The basin
formed during the late Oligocene to late Miocene by rifting and
back-arc spreading behind the Izu-Bonin arc system (Okino et al.,
1994; Kobayashi et al., 1995; Sdrolias et al., 2004). Shikoku Basin
is characterized by both regional and local variations in basement
relief, sediment thickness, and sedimentary facies (Ike et al., 2008a,
2008b). Seamounts on the subducting plate have been imaged
under the Nankai forearc region (Park et al., 1999; Kodaira et al.,
2000). Subduction of the basement highs can cause significant
deformation in the upper plate (e.g., von Huene, 2008; Kimura
et al., 2011) and shift the stratigraphic position of the plate
interface.

The outer or frontal accretionary prism of the Nankai system is
actively deforming (Screaton et al., 2009), with deformation
concentrated near the toe of the prism (Fig. 2). The boundary be-
tween the outer prism and the inner prism (Wang and Hu, 2006)



Fig. 2. Regional 2-D seismic line KR0108-5, showing IODP Sites used in this paper (red) in relation to all other NanTroSEIZE drill sites (black). PSP¼ Philippine Sea Plate. Location
shown in Fig. 1. Modified from Park et al. (2002), Nakanishi et al. (2008), and Moore et al. (2014).
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within the NanTroSEIZE transect area is the Kumano Basin edge
fault zone (KBEFZ), and the Kumano forearc basin lies atop the
inner prism (Fig. 3; Moore et al., 2009; Martin et al., 2010). The
Kumano Basin is a classic “ridged”, accretionary FAB (e.g.,
Dickinson, 1995) that is deposited on a Miocene-Pliocene accre-
tionary complex (Underwood andMoore, 2012). It is bounded on its
landward margin by an older accretionary prism and anomalous
near-trench plutons (Shimanto Belt; Taira et al., 1988; Kimura et al.,
2014) and on its seaward margin by the crest of the active accre-
tionary prism and the KBEFZ, a zone of complex normal and strike-
slip faulting (Martin et al., 2010). The basement of Kumano Basin is
composed of deformed upper Miocene and older accretionary
Fig. 3. Kumano Basin area with major sediment dispersal pathways shown in red
(present ¼ solid line, possible past pathways ¼ dashed lines; Egawa et al., 2013;
Noguchi et al., 2011; Takano et al., 2013; Usman et al., 2014). Red dots are IODP drill
sites, blue dot is Atsumi Knoll drill site.
prism rocks that are unconformably overlain by lower Pliocene
trench slope deposits (Kinoshita et al., 2009). The uplift along a
regional OOST that began around 1.95 Ma (Strasser et al., 2009) is
thought to have created the accommodation space for accumula-
tion of thick forearc-basin deposits near the basin's distal edge in
the Kumano transect (Underwood and Moore, 2012).

Quaternary sediment has been routed into Kumano Basin from
the Kii Peninsula and regions to the east on Honshu via both large
and small submarine canyons (Fig. 3) and slope failures that funnel
turbidity currents to the basin floor (Kawamura et al., 2009; Shirai
et al., 2010; Omura et al., 2012; Egawa et al., 2013; Shirai and
Hayashizaki, 2013). The distal forearc basin strata in the Kumano
transect are all Quaternary (<2 Ma) in age (Kinoshita et al., 2009;
Saffer et al., 2010).

More than 3 km of basin-filling sediment has been tilted land-
ward, presumably due to continued slip on the megasplay fault
(Park et al., 2002; Gulick et al., 2010; Hayman et al., 2012). This
activity postdates an earlier phase of asymmetric forearc high uplift
(strongest uplift in the southwestern part of the Kumano transect;
Fig. 4) that may have occurred in concert with splay fault steep-
ening and underthrusting of a large volume of sediment beneath
the thrust [Bangs et al., 2009].

Near the basin's distal edge, strata are cut by numerous normal
faults, many of which offset the seafloor (Fig. 2; Park et al., 2002;
Gulick et al., 2010). At least three generations of normal faults cut
the FAB strata, but vertical offsets are generally less than 20 m and
the overall horizonal extension in the seaward part of the basin is
less than 2% (Moore et al., 2013; Sacks et al., 2013). Thus, late-stage
extensional faulting probably had little influence on patterns of
sedimentation.

3. Data and methods

3.1. 3D seismic data

Our primary regional data set is a 3D seismic reflection volume
that was collected by Petroleum GeoServices (PGS) across the
Kumano Basin and Nankai accretionary prism SE of Kii Peninsula in
2006 (Fig. 1; Moore et al., 2007, 2009). The 12-kmwide, 56-km long
survey area covered the region from the trench axis landward into
the Kumano Basin. The data set was acquired with a commercial
seismic vessel towing two airgun source arrays (each totaling 3090
cu in) and four 4.5 km long hydrophone streamers. Basic processing



Fig. 4. Details of high-resolution bathymetry of our study area with color table opti-
mized to show the Southwest Uplift. Dashed line shows location of 3D seismic survey;
solid lines show locations of seismic inlines and crosslines shown in later figures.
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through pre-stack time migration was performed by Compagnie
G�en�erale de G�eophysique (CGG) and full 3D pre-stack depth
migration (3D PSDM) was completed by the Japan Agency for
Marine Earth Science and Technology (JAMSTEC). See details of
processing procedures in Moore et al. (2009). The interval between
inlines (oriented NWeSE) and cross lines (oriented SWeNE) of the
resulting dataset is 18.75 m and 12.5 m, respectively. The vertical
resolution for the interval of interest in this study is between 5 and
20 m (i.e. 5e7 m near the seafloor, 10e20 m at depths near
1400 mbsf (Moore et al., 2009).

Gulick et al. (2010) divided the distal basin's seismic stratig-
raphy into two main units, a lower unit that unconformably over-
lies an inferred older accretionary prism and an upper unit that
progressively onlaps the lower unit in a landward direction. The
upper unit comprises twelve seismic stratigraphic sequences that
are gently tilted landward, and is the major focus of this paper. The
upper boundaries of these sequences are key seismic horizons that
we mapped throughout the study area using standard seismic-
stratigraphic mapping tools implemented in the Paradigm seismic
interpretation software package. Young normal faults and a
bottom-simulating reflection (BSR) caused by gas hydrate accu-
mulations (Miyakawa et al., 2014) obscure some relationships and
hamper interpretations. Several horizons were interpolated
through the BSR because the seismic amplitudes of the horizons
were complicated by free gas associated with the base of gas hy-
drate zone.

Isopach maps were constructed by first gridding and smoothing
our 12 picked seismic horizons. Isopachs are true stratigraphic
thickness calculated by finding a normal at each grid cell at the top
horizons and measuring the distance to the bottom horizon.
Because deeper horizons (K5eK12) onlap onto horizon KL and do
not extend to the NW terminus of the survey, wemerged each deep
horizon with horizon KL to produce the bottom boundary of the
isopachs. Thus, the top boundary defined the NW extent of those
isopachs.

We used the structural restoration software LithoTect® to model
and restore the frontal wedge interpretation to a viable restored
state geometry. Flexural slip kinematics were applied for both
restoration and iterative forward modeling, preserving bed lengths
and unit areas (Geiser et al., 1988; Groshong et al., 2012; Rowan and
Ratliff, 2012). Fault prediction, also using the flexural slip kinematic
model (Geiser et al., 1988), was used to calculate the trajectory of
the OOST (splay) fault that produced the landward tilted forearc
basin horizons. The predicted fault trajectory is consistent with the
internal wedge seismic reflector characteristics, and soles into the
same primary detachment level as appears to be responsible for the
frontal imbricate structures.

3.2. IODP core data

In order to investigate the temporal and spatial evolution of
Kumano Basin, and to study how its behavior near the distal edge
relates to the overall tectono-stratigraphic evolution and splay fault
activity, we integrate the 3D seismic data with age constraints from
cores, cuttings and logs taken at IODP Sites C0002 and C0009
(Expedition 315 Scientists, 2009; Expedition 316 Scientists, 2009;
Expedition 319 Scientists, 2010; Strasser et al., 2014) (Figs. 5 and
6). Underwood and Moore (2012) summarized age data from
cores in the upper and lower parts of the stratigraphic section
(Expedition 315). Additional data to fill a coring gap from the
middle of the basin's stratigraphic section were collected during
Expedition 338 (Strasser et al., 2014).

4. Tectono-stratigraphic units of Kumano forearc basin

We have identified four tectono-stratigraphic units in the
seismic data that have been characterized by coring and logging.
The deepest unit is strongly deformed with little seismically-
defined structure. Core data indicate this unit is an accretionary
prism (AP; Expedition 315 Scientists, 2009). Overlying the
deformed prism is a folded unit of mudstone interpreted as lower
trench-slope sediments (SS). The slope sediments are in turn
overlain by two landward-tilted units of the Quaternary forearc
basin (Lower Forearc Basin e LFB and Upper Forearc Basin e UFB).

Coring into the accretionary prism during Expedition 315 was
hampered by poor recovery but showed that the accretionary
prism sediments consist mostly of indurated, highly fractured
mudstone, siltstone, and sandstone, with rare carbonate-cemented
nodules. Low contents of calcium carbonate in the mudstone
indicate deposition close to or below CCD (Expedition 319
Scientists, 2010). The top of the accretionary prism becomes older
in the landward direction: at Site C0002 the prism strata are 5.0 Ma
to 5.6 Ma, but are 5.59 Ma to >7.88 Ma at Site C0009. Subsequent
riser drilling showed that the deeper strata at Site C0002 are older:
the interval from ~2145.5 to 2945.5 mbsf has a depositional age of
9.56e10.73 Ma based on nannofossil first and last occurrence data
(Expedition 348 Scientists, 2014). The original depositional envi-
ronment (i.e., prior to accretion) is difficult to pinpoint but probably
consisted of a relatively fine-grained part of the paleo-trench
wedge (Expedition 315 Scientists, 2009). The upper surface of the
accretionary prism displays an uneven geometry on the seismic
profiles (Figs. 7A, 8 and 9). The boundary has small-scale (few 10's
of meters) roughness and undulates at scales of 0.5e5 km. The
undulations are thought to be the tops of thrust packets with fault-
bend folds within the prism, modified by slumping as exemplified
by the modern lower slope environment (Strasser et al., 2011).

Above the prism sits a highly variable unit that ranges in
acoustic character from relatively transparent and measuring



Fig. 5. Lithostratigraphic summary column of Site C0002 overlain on a 3D seismic in-line. Seismic sequence boundaries are from Gulick et al. (2010). Labeled seismic horizons are
the tops of sequence boundaries as defined by Gulick et al. (2010); e.g., KL ¼ top of “Kumano Lower”, K11 ¼ top of “Kumano 11”. VE ¼ vertical exaggeration.
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~50e100 m in thickness at Site C0002 (Fig. 5), to strongly stratified
with thicknesses as great as 750 m near Site C0009 (Fig. 6). Locally,
the transparent interval dips seaward, and in other places it fills
topographic lows in the underlying prism. This geometry and
acoustic character are consistent with hemipelagic and turbidite
sedimentation in basins on the lower trench slope (Moore et al.,
2009; Expedition 315 Scientists, 2009). Equivalent deposits have
been cored in slope basins elsewhere in the Nankai forearc (e.g.,
Underwood et al., 2003). Coring at C0002 confirmed that a
condensed section of clay-rich hemipelagic deposits is separated
from the underlying prism by an angular unconformity, with a
corresponding hiatus spanning ~1.2 Ma. Strata above the uncon-
formity are 3.79 Ma to 1.67 Ma, and rates of sedimentation within
that condensed section were only 18e30 m/Ma. The content of
calcite averages ~16 wt-% in the mudstone, which indicates depo-
sition above CCD. Along strike to the NE (Atsumi Knoll; Fig. 3), cores
from gas-hydrate exploration wells document significant accumu-
lation of sandy turbidites in braided channels and fans with ages as
old as 2.4 Ma within the slope sediment section (Noguchi et al.,
2011; Takano et al., 2013). Further details of the origin and evolu-
tion of the slope sediment unit are addressed by Ramirez et al.
(2015), who subdivided SS into three subunits.
The slope sediment (SS) tectono-stratigraphic unit can be traced
landward to Site C0009, where the slope sediments are more than
five times thicker than at C0002. Deposition at Site C0009 occurred
between ~3.8 and ~1.34 Ma (Expedition 319 Scientists, 2010). Here,
the facies is more diverse. The lower part (Unit IIIB) contains
abundant wood/lignite fragments that correlate with high TOC and
methane concentrations. There are traces of ethane and propane,
but the molecular composition of hydrocarbons suggests a micro-
bial source of natural gas (Expedition 319 Scientists, 2010). Farther
landward in the Kumano Basin, molecular ratios and carbon iso-
topic compositions indicate hydrocarbon derivation from thermal
cracking of organic matter (Pape et al., 2014). The upper part of the
facies at C0009 (Unit IIIA) is younger than ~2.5 Ma (Kameo and
Jiang, 2013), and sedimentation rates are comparable to the
condensed section at C0002.

The seismic stratigraphic sequences defined by Gulick et al.
(2010) through most of the distal basin fill are sufficient to map
the development of the basin, so we adopt their terminology
(Figs. 5 and 6). Labels K1 through K12 are the horizons that define
the tops of the seismic sequences. We here group by geometric
similarity seismic sequences K1 through K3 as “Upper Forearc Ba-
sin” (UFB) and sequences K4 through K12 as “Lower Forearc Basin”



Fig. 6. Lithostratigraphic summary column of site C0009 overlain on a 3-D seismic in-
line. Seismic sequence boundaries are from Gulick et al. (2010). VE ¼ vertical
exaggeration.
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(LFB), which differs from the lithologic designations given by
Expedition 315 scientists (2009) and Expedition 319 Scientists
(2010). Sequences of the LFB progressively onlap the Slope Sedi-
ments (SS) toward land along an onlap unconformity. That
boundary was designated Kumano Lower (KL) by Gulick et al.
(2010) and surface S2 by Expedition 319 Scientists (2010).

The onset of silty turbidite sedimentation in the Quaternary
forearc basin is constrained by the age just above the KL horizon
(Figs. 5 and 9); that age is about 1.67 Ma at Site C0002. The oldest
seismic sequence in the Quaternary forearc basin is K12, which is
restricted to a narrow trough at the seaward edge of the basin
(Fig. 9). Uplift of the seaward boundary is apparent from the tilt of
the deepest sediments and their onlap relationships along horizon
KL.

This sequence boundary is time transgressive with younger
strata onlapping toward land. Thus, the lower part of Sequence 11
and all of Sequence 12 at the seaward edge are older than strata
that onlap at Site C0002. The thickness of this K11-KL interval is
~300e325 m (Fig. 9). If we assume a constant sedimentation rate
consistent with that of Unit II at C0002 (~1000 m/Ma), this lower
interval represents 0.30e0.32 My of time. Thus, the onset of rapid
basin sedimentation seaward of C0002 would be ~1.95e2.0 Ma.
That timing broadly coincides with the initiation of the megasplay
fault as an out-of-sequence thrust (Strasser et al., 2009).

The uppermost part of the SS unit is a condensed section all
along the onlap unconformity (Fig. 7C). Because of the landward
onlap of the LFB unit, the oldest basin strata in the most seaward
region of the basin are older than 1.67 Ma, whereas facies equiva-
lents near Site C0009 are younger than ~0.9 Ma (Fig. 7C). Thus, the
amount of time missing or characterized by condensed sedimen-
tation across the KL unconformity decreases in duration in the
landward direction.

Sequences K12 through K8 are tilted landward ~6e7� and are
generally uniform in thickness (Fig. 7). Sequences K7 through K5
also have maximum dips of ~6e7�; however, their dips decrease
seaward. The change in dip is abrupt in the eastern side of the basin
(Fig. 7), but is more gradual in the west (Fig. 8). Sequences K8
through K12 mostly tilt the same amount, and K7 thins seaward, so
tilting began at a time corresponding to the top of K8. Sequences
K4eK6 all thin seaward.

The LFB seismic sequences are also tilted to the northeast along
the SW uplift near the basin's seaward edge. This tilt is best seen in
3D seismic cross lines (e.g., Figs. 10 and 11). All units below K5 have
approximately the same dips, while sequence K4 has some internal
thinning due to onlap. Sequence 4 is in turn onlapped by sequence
K3.

A group of normal faults mapped by Moore et al. (2013) are
spatially correlated with the SW uplift and cut sequences K5 and
K4, but the faults do not penetrate through the K4 sequence
boundary (Fig. 11). That relation indicates that the uplift was rela-
tively rapid and became inactive before the end of deposition of K4
(~0.436 Ma at Site C0009).

The relative thickness of the LFB versus UFB intervals switches
from the seaward side of the basin (C0002) toward land (C0009).
The LFB is > 800 m thick in the seaward region, but only
200e300 m thick farther landward (Figs. 5e7). The UFB is < 50 m
thick in the seaward region, but up to 600 m thick farther land-
ward. The grouped sequences of UFB and LFB are separated by an
onlap unconformity that corresponds to the S1 designation of
Expedition 319 Scientists (2010) and is equivalent to our sequence
boundary K4. The discontinuity is best displayed in the western
part of the basin (Fig. 8), where the SW uplift has caused a more
abrupt angular discordance. Sequences K3 through K1of UFB
thicken landward and progressively onlap LFB in a seaward di-
rection (Figs. 7 and 8). The region of tilting of sequences K3
through K1 has been shifted landward relative to the LFB
sequences.

4.1. Regional development of tectono-stratigraphic units

Although we portray the distal portion of Kumano Basin in a
series of two-dimensional (2D) cross-sections, the basin is not a
simple 2D feature. There are significant along-strike variations in
sedimentation and deformation. We created isopach maps for each
seismic sequence (Fig. 12) to document the spatial and temporal
variability. Strata of K9 through K11 are <200 m thick, < 5 kmwide
and are restricted to the SW part of the study area. The basin in-
creases to 8e11 km in width and expands landward during
deposition of K7 and K8 and further expands to 15e16 km in width
during deposition of K5 and K6, with further landward expansion
that reflects the onlap of these sequences onto the KL surface. The
landward onlap is also reflected by the general landward thinning
of sequences. The most dramatic change in sedimentation occurred
during deposition of sequence K4 when the basin expanded
beyond the NW edge of our survey. Deposition at that time was
concentrated in a narrow (4 km wide) depression overlying the
thickest accumulation of slope sediments of the underlying unit.
The age interval spanned by sequence K4 at C0002 is ~0.9e0.44 Ma
(based on the integrated age-depth model) and the maximum
thickness is 570 m, yielding a sedimentation rate of 635e1295 m/
Ma.

Maximum subsidence above the SS unit occurred during
deposition of seismic sequence K4, with more than 600 m of
sediment accumulation. Sequence boundary K5 is folded into a
gentle syncline with landward dip at its seaward side and
seaward dip on its landward side (Fig. 7). The onlap point, which
must have been nearly horizontal during deposition, now dips
seaward. Young horizons within sequence K4 are bowed up over
the buried anticline. Landward of the fold, horizons within K4
again dip landward. Subsidence continued during K3, but to a
lesser extent.



Fig. 7. Arbitrary seismic line through drill sites C0002 and C0009. Location shown in Fig. 4. Colors of tectono-stratigraphic units are the same as in Fig. 5 and 6. A. Interpreted
seismic data. B. Correlation of seismic-stratigraphic sequence boundaries across the area. C. Chronostratigraphic diagram.
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5. Discussion

5.1. Basin evolution

The architecture of the seaward half of Kumano Basin was
controlled primarily by uplift along strands of the OOST (splay)
fault system and secondarily by continued deformation of the un-
derlying accretionary prism. Prior to ~2 Ma, the distal part of the
systemwas a seaward-sloping outer accretionary wedge with slope
sediments blanketing the slope and accumulating in structural
lows (Fig. 13E). In contrast, to the NE of our transect (e.g., Atsumi
Knoll), parts of the slope were sites of braided channel and
submarine fan deposition (Noguchi et al., 2011; Egawa et al., 2013)
with lateral sediment feed, probably very similar to the Neogene
Hikurangi forearc (Burgreen and Graham, 2014).

At ~2 Ma, an OOST broke through the outer prism, uplifting the
outer ridge, generating more accommodation space for the nascent
FAB and reconfiguring the distribution of depocenters. As silt and
sand turbidites began to fill the seaward part of the basin (near Site
C0002), they onlapped the condensed section of the SS units.
Because sedimentation continued on the forearc slope of the study
area (near Site C0009), although at a low rate of deposition, the
condensed mudstone section continued to accumulate landward of
the onlapping strata.



Fig. 8. Seismic InLine 2200 showing uplifted SW region. Location shown in Fig. 4. Colors of tectono-stratigraphic units are the same as in Fig. 5 and 6.

Fig. 9. Detail of the frontal part of the forearc basin section showing older sequences
progressively onlapping the KL unconformity. Location shown in Fig. 4.
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Motion along a new, more landward splay fault branch caused
additional uplift of what would become the outer ridge of Kumano
Basin, which in turn caused tilting of the sequences of the LFB
(Fig. 13B). Tilting progressed over a relatively short time period, as
tilting started ~1.2 Ma (top of sequence K8) and was complete by
about 0.9 Ma (top of sequence K5), so 6e7� of tilt occurred in
~300 kyr. Our Lithotect modeling determined that ~4525 m of slip
(1650m of horizontal shortening) along themain splay fault branch
Fig. 10. Seismic XL 6575 showing NE tilt of sequences K4 through K8 with very th
is required to produce that amount of landward tilt. During this
same time interval, uplift also occurred along the southwest
boundary of our 3D survey area (SW uplift in Fig. 4). Continued
splay fault slip of ~1175m caused landward tilt of sequences K4 and
3(Fig. 13A). The isopach maps (Fig. 12) show widening of the basin
as well as landward shifting of the basin depocenter in response to
this tilting.

The tectonic development of the basin was affected by reac-
tivation of a large buried anticline in the underlying accretionary
prism section (Figs. 7 and 13B). Boston et al. (2011) interpreted this
anticline as the hanging wall of a paleo-thrust that is similar to
active thrusts on the active accretionary prism seaward of the
Kumano Basin. An inferred paleo-slope basin with ~1000 m fill
shows onlap of deep sediments against the major paleo-thrust
indicative of a topographic high before sedimentation occurred
(Fig. 7). Sequence K5 is folded by the thrusting beneath it, and
sequence K4 is significantly thicker over the deeper basin, indi-
cating that reactivation occurred between ~0.9 and 0.5 Ma. Mech-
anisms for the continued motion on, or reactivation of, this paleo-
thrust are unclear but could involve fault interactions during the
formation of the modern forearc basin, possibly caused by sub-
duction of a seamount on the down-going Philippine Sea Plate, as
has been suggested by Kimura et al. (2011) and Moore et al. (2013).
Seamounts have been imaged under the Nankai prism (e.g., Park,
1999; Kodaira et al., 2000), and deformation due to seamount
subduction has been suggested for other accretionary prisms (e.g.,
Kopp, 2011).
in sequences K3 and K4 overlying the tilted strata. Location shown in Fig. 4.



Fig. 11. Seismic cross-line (XL) 6850 showing NE-tilt of sequences K4 through K7 and thinning of sequences K2 and K3 over the uplifted region. Sequences K5 through K7 are all
tilted the same amount, indicating that tilting occurred during deposition of sequence K4. Note mass-transport deposits MTDs within sequences K3 and K4, further described by
Moore and Strasser (2015). Location shown in Fig. 4.
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5.2. Basin sedimentation processes

The Kumano forearc basin has accumulated more than a kilo-
meter of mixed terrigenous/hemipelagic sediments near its distal
edge over the past 2.0 Myr. In addition to the distal turbidites,
acoustic character indicates that extensive (>50 m thick,
~5 � 10 km) mass transport deposits (MTDs) are common in the
upper portion of the LFB section and in the lower portion of the UFB
section (Figs. 10 and 11). These MTDs indicate transport direction
from SE to NW (Moore and Strasser, 2015), and theywere deposited
during the time of tilting of the basin strata. Therefore, we attribute
their origin to steeper landward-facing surface slopes that would
have existed during the uplift stage, as well as dynamic loading by
earthquakes that accompanied slip events. Many thinner and less
extensive MTDs are present in deeper parts of the basins as well
(Moore and Strasser, 2015).

The acoustic character of the distal turbidites consists of
landward-tilted, high-amplitude, laterally continuous reflections.
The turbidites lap onto the older, condensed-mudstone facies.
Continuation of the uplift along the megasplay migrated the locus
of sedimentation landward. Accumulation of significant volumes of
sand in the distal basineplain type environment depended on the
creation of suitable accommodation space by accelerated uplift
along the megasplay fault, but the frequency of transport by sandy
and silty turbidity currents from the shoreline also depended on
high rates of erosion in the hinterland and incision of an effective
delivery system into the upper continental slope, as represented by
the Quaternary network of through-going submarine canyons and
slope gullies (Fig. 3).

The cyclic character of the distal turbidites (e.g., meso-scale
cycles of sand frequency and sand thickness) was recorded in
impressive detail by LWD data (Expedition 314 Scientists, 2009).
Although age control from coring is not precise enough to verify
Milankovich forcing (e.g., 100 kyr eccentricity cycles), we suspect
that the meso-scale cycles were caused by eustatic sea-level fluc-
tuations, with higher influxes of sand during lowstands. As indirect
support for such contentions, Omura and Ikehara (2010) showed
that depositional activity in the north part of Kumano Basin fluc-
tuated during eustatic sea level changes. In addition, onland ex-
posures of coeval forearc-basin deposits (Kazusa Group) record
clear evidence of glacio-eustatic cyclicity (Pickering et al., 1999;
Kazaoka et al., 2015).
Kumano Basin is not unique in these respects. The Hawke Bay
forearc basin offshore New Zealand displays a similar retrograda-
tional trend and arcward migration of depocenters (Paquet et al.,
2011). Stratigraphic correlations and dating of those depositional
sequences demonstrate a convincing relation to 100-kyr eccen-
tricity cycles and associated eustatic fluctuations of sea level. The
Hawke Bay system also evolved from a series of smaller ridge-
parallel basins to a succession of larger amalgamated basins that
progressively developed aroundmajor thrust-faulted ridges. Unlike
distal Kumano Basin, the forearc deposits in Hawke Bay have been
folded into several anticlines, which could provide structural
closers for hydrocarbon accumulations. If hydrocarbons migrate
up-dip across distal Kumano Basin, they probably discharge along a
bathymetric notch near the seaward edge of the basin (Guo et al.,
2013). Bangs et al. (2010) suggested that the “notch” was exca-
vated ~0.05 Ma.

Present-day bathymetry around Kumano Basin provides a series
of well-defined transverse delivery routes across the narrow shelf
and upper slope (Fig. 3), but patterns of sediment dispersal seem to
have shifted over time. To constrain the detrital provenance, several
tracers (e.g., bulk modal percentages, heavy minerals, pyroxenes)
have been used to compare sands from Sites C0002 and C0009with
those from modern river mouths on Honshu (Usman et al., 2014;
Buchs et al., 2015). Those comparisons indicate that the Outer
Zone of SW Japan (Shimanto Belt) has been the main sediment
source, with additional input from higher-grade metamorphic
rocks of the Inner Zone. Turbidity currents during middle to late
Pleistocene time evidently were routed into the Kumano Basin after
fluvial transport through rivers on the Kii Peninsula and funneling
through such transverse canyons as Anoriguchi Canyon (e.g., Blum
and Okamura, 1992). Unlike sites farther seaward and downslope
(e.g., C0001, C0018, C0006), no evidence exists for longitudinal
transport into Kumano Basin from the collision zone between the
Honshu and Izu-Bonin arcs system (e.g., Taira and Niitsuma, 1986;
Fergusson, 2003) or via oblique transport from the Tenryu River
through the Tenryu Canyon (Kawamura et al., 2009). Thus, routing
of sandy turbidites into lower slope basins and the trench wedge
has been decoupled during the Pleistocene from routing into the
distal Kumano Basin (Usman et al., 2014; Buchs et al., 2015). Sedi-
ment provenance for the proximal turbidites of Astumi Knoll re-
mains undocumented, but that supply was probably rerouted
through Tenryu Canyon into the trench by uplift of the knoll.



Fig. 12. Isopach maps of seismic sequences K1 through K11 showing the general widening and NW shift of the basin depocenter with time. White dots show thickest point of the
basin during the isopach interval.
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Fig. 13. Model of evolution of Kumano Basin. Left side: schematic model of entire frontal region; Right side: details of FAB evolution. A. Sedimentation of UFB; tilting of UFB and
older units (present day). B. Continued tilting of basin sediments (K4 unit); reactivation of buried thrust in accretionary prism (~0.75 Ma). C. Deposition of LSB, sequence K8; tilting
of LFB sediments (~1.2 Ma). D. Approximately 0.4 Ma after formation of OOST; sedimentation of LFB sequence K10 (~1.6 Ma). E. During deposition of slope sediments (~2.2 Ma).
a ¼ slope sediments; b ¼ LFB sediments plus correlative slope sediments; c ¼ UFB sediments plus correlative slope sediments. Color scheme is the same as Fig. 5 and 6. Modified
from Moore et al. (2007).
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6. Conclusions

The evolution of Kumano Basin in the forearc of Nankai Trough
has been controlled by a combination of frontal subduction accre-
tion, out-of-sequence thrust faulting, seamount collision, and
glacio-eustatic forcing. Seismic reflection data reveal clear geo-
metric patterns of infilling of the distal basin and landward
migration of depocenters, whereas core data from two IODP sites
demonstrate that nearly all of the basin-fill accumulated within the
last 2.0Ma. Formation of the distal basin along the Kumano transect
was preceded by a long period of slow hemipelagic sedimentation
on the lower trench slope (SS unit). That condensed section
extended from ~3.79 Ma to ~1.67 Ma at Site C0002 and from ~5.6
Ma to ~0.9 Ma at Site C0009. Further to the NE at Atsumi Knoll,
however, deformed channel-fill deposits as old as 2.4 Ma are pre-
served in the correlative slope-sediment acoustic unit. A critical
phase in the basin's growth was triggered by uplift along the
megasplay fault, which began around 2.0 Ma, allowing the forearc
domain to evolve from a series of smaller, disjointed basins into its
current broader physiography. A diachronous facies boundary
separates the hemipelagic slope sediments of the SS unit from
overlying silt and sand turbidites of the LSB unit, with sheet-like
geometries characteristic of a basineplain environment. The
onlap pattern of reflection terminations migrated ~20 km toward
the NW from Site C0002 (~1.67 Ma) to C0009 (~0.9 Ma) at a rate of
~30 km/Ma. Rapid influx of turbidite sand from detrital sources on
the Kii Peninsula was probably enhanced by incision of a wide-
spread system of transverse and oblique submarine canyons and
slope gullies across the upper continental margin. Those conduits
for gravity flows were probably enlarged by the effects of uplift and
erosion of sediment sources on the nascent Japanese Islands,
combined with Pleistocene intensification of glacio-eustatic forc-
ing. Anomalous, late stage uplift of Astumi knoll near the basin's NE
corner may have rerouted parts of the regional delivery system
through Tenryu Canyon into the trench. When viewed in total,
Kumano Basin provides an excellent case study of how forearc
sedimentation can be intimately interwoven with accretionary-
prism deformation, progressive landward tilting, and folding of
the basin fill.
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