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[1] Analyses of normal faults in the Kumano forearc basin of the Nankai Trough reveal multiple normal
fault populations in a region generally thought to be under compression. Most faults have offsets of less
than 20 m and dips of 60-70° and show no growth structures, indicating that the faults were active for short
periods of time. The oldest generation of faults is older than ~0.9 Ma and strikes ~50—60°. The next oldest
faults strike ~160—170°, are older than 0.44 Ma, and are related to local uplift along the western edge of the
region. The youngest faults cut the seafloor; shallow faults near the SE margin of the basin curve from
~100° in the middle of the survey area to ~145° at the SE corner of the area. The pattern of the two youngest
fault populations is consistent with the regional stress pattern (maximum horizontal stress subparallel to the
trench). Orientations of older fault populations are caused by uplift of the underlying accretionary prism,
implying that the forearc basin region is not as stable as previously thought. Reconstruction of
displacements on the youngest faults shows that the overall horizontal extension is less than 2%, concentrated
near the seaward edge of the basin. The active normal faults distributed throughout the basin support the idea
that the horizontal stress parallel to the plate convergence direction does not reach the critical stress to activate
or form thrust faults and produce horizontal shortening within the shallow portion of the inner wedge.
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1. Introduction

[2] Forearc basins (FAB), prominent features of
many convergent margins [Dickinson, 1995], are
important not only because their sedimentary sections
record the history of arc evolution but also because
they record the history of deformation of the seaward
edge of the overriding plate. Deformation of the upper
plate is thought to affect the size and distribution of
subduction zone earthquakes. For example, Song
and Simmons, [2003] and Wells et al. [2003] suggest
that seismic asperities on the subduction megathrust
are correlated with forearc basins on the overriding
plate, which implies that the configuration of the
upper plate is linked to the seismic behavior of the
underlying subduction thrust. Rosenau and Oncken
[2009] also observe that FABs overlie areas of large
megathrust earthquake slip. Those studies suggest that
FABs are stable regions that overlie areas of large slip
during megathrust earthquakes. Wang and Hu [2006]
postulate that the actively deforming, most seaward
part of an accretionary prism (the outer wedge) over-
lies the updip velocity-strengthening part of the
subduction fault, and the less deformed inner wedge
overlies the velocity-weakening part (the seismogenic
zone). The inner wedge generally does not deform
during earthquake cycles, acting as an apparent back-
stop and providing a stable environment for the
formation of forearc basins. Fuller et al. [2006]
suggest a link between processes controlling upper
plate structure and seismic coupling on the subduction
thrust. They point to a general lack of deformation in
the forearc basin and suggest that the stability of the
region increases the likelihood of thermal pressuriza-
tion of the subduction thrust.

[3] Although the forearc regions of accretionary
convergent margins are generally compressive
environments [Dickinson, 2005], extensional normal
faults characterize some FABs (e.g., Sumatra
[Schiiiter et al., 2002], Java [Kopp et al., 2009], and
Nankai [Park et al., 2002; Gulick et al., 2010]).
FAB extension may reflect long-term subsidence of
the forearc due to sediment loading [Dickinson,
1995], a stable inner wedge that overlies the
seismogenic plate interface and within which stresses
vary over the seismic cycle [Wang and Hu, 2006],
extension near the top of a critically tapered Coulomb
wedge [Willett, 1999], permanent interseismic subsi-
dence above the source zone [Wells et al., 2003], or
uplift along the seaward margin of the basin [Park
et al., 2002].

[4] In this paper, we identify multiple generations of
normal faults in the Kumano forearc basin south
of Honshu, Japan, quantify their orientations, and

demonstrate that they account for less than 2% of total
extension across the basin. The second part of our
study [Sacks et al., 2013] quantifies the regional stress
state reflected by these fault populations.

2. Geologic and Tectonic Setting

[s] The Nankai Trough marks the plate boundary
between the subducting Philippine Sea plate (PSP)
and the Eurasian plate (Figure 1). The PSP is currently
subducting to the NW at a rate of ~4.1-6.5cmyr
[Seno et al., 1993; Miyazaki and Heki, 2001], with
the convergence direction slightly oblique to the
trench. Sediment accretion has been ongoing since at
least the Cretaceous [Taira, 2001]. Currently all of
the trench sediments and at least half of the underlying
sedimentary section of the Shikoku Basin (northern
PSP) are being accreted, forming a wide accretionary
prism [e.g., Aoki et al., 1982; Moore et al., 1990].
Underthrusting of a large volume of the lower
Shikoku Basin strata beneath the seaward edge of
Kumano region [Bangs et al., 2009] 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].

[6] The Kumano Basin is a classic “ridged” FAB
[e.g., Dickinson, 1995] bounded on its landward
margin by an older accretionary prism (Shimanto
Belt; Taira et al. [1988]) and on its seaward margin
by the crest of the active accretionary prism and the
Kumano Basin Edge Fault Zone (KBEFZ), a zone
of complex normal and strike-slip faulting [Martin
et al., 2010]. The basement of Kumano Basin
comprises deformed upper Miocene and older
accretionary prism rocks unconformably overlain
by lower Pliocene trench slope deposits [Kinoshita
et al., 2009]. Uplift along a regional megasplay fault
began around 1.95Ma, creating accommodation
space for initiation of the forearc basin [Underwood
and Moore, 2012]. The forearc basin strata are
all younger than mid-Pleistocene (<2Ma) in age
[Kinoshita et al., 2009; Saffer et al., 2010]. More than
3km of basin-filling sediment has been tilted land-
ward, presumably due to continued slip on the
megasplay fault [Gulick et al., 2010]. The basin strata
are cut by numerous normal faults, many of which
offset the seafloor (Figures 2 and 3) [Park et al.,
2002; Moore et al., 2009; Gulick et al., 2010].

[71 The subducting Philippine Sea plate is charac-
terized by regional and local variations in basement
relief, sediment thickness, and sediment type [lke
et al., 2008a, 2008b]. Subduction of basement
highs is known to cause significant deformation in

1990



&2, Geochemistr | 3
/ gggg;‘s){z'&ss (/f MOORE ET AL.: KUMANO FOREARC BASIN NORMAL FAULTS 1 10.1002/ggge.20119

| ° '
33°30 > Main frontal thrust
2 ~>  New frontal thrust
o Kumano Basin *
G __ Megasplay fault
»”"" dashed where covered
_ Normal Fault
=
e _~ Other Fault

g I Anticline or ridge

Slump scar
“"_® Drill site

S Y s 33°00" I :
‘ =0 ’ 7 g S Channel
¢ s g =~ e

, —_——
/

e ~4.1 - 6.5 cm/y' LOKm

. : 4 H s g
136°30' 1377000 (b) 136°30' 137°00'

Figure 1. Shaded relief map of the Kumano Basin region of the Nankai Trough showing outline of 3-D seismic
volume (white dashed box) and IODP drill sites (black dots). Red lines through labeled drill sites indicate maximum
horizontal stress directions [Chang et al., 2010; Lin et al., 2010]. Blue line through Site C0002 indicates maximum
horizontal stress direction below 936 m below seafloor. (a) Seabeam bathymetry also showing locations of JAMSTEC
2-D seismic lines (white lines). Yellow arrows show convergence vector between the Philippine Sea plate and
Japan [Seno et al., 1993; Heki, 2007]. Inset in upper right is a regional tectonic map showing the setting of the Nankai
Trough study area. KPR = Kyushu-Palau Ridge; FSC = fossil spreading center; PSP = Philippine Sea Plate; IBT = Izu-Bonin
Trench. Red box shows location of main map. (b) Tectonic interpretation (modified from Moore et al. [2009]).
KBEFZ =Kumano Basin Edge Fault Zone [Martin et al., 2010]; SWU = southwestern uplift.

the upper plate [e.g., von Huene, 2008], and  sediment that has been thrust under the megasplay
subducted seamounts have been imaged under the  fault in the Kumano region Bangs et al. [2009]
Nankai forearc region [Park et al., 1999; Kodaira  may contribute to landward tilting of the forearc
et al., 2000]. In addition, the large volume of  basin strata [Gulick et al., 2010].

Figure 2. 3-D data cube showing regional extent of large normal faults on seafloor surface, locations of IODP drill sites in
Kumano Basin and location of seismic Inline 2595. Blue shaded area is region covered by Figure 5, and blue line is the depth
of the slice in Figure 5. Seismic data on cube face shows major tectonic features. Yellow arrow indicates north direction.
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Figure 3. Seismic inline 2595 showing oldest (lower left) and youngest (right half of figure) forearc basin normal
faults and location of IODP drill Sites C0002 and C0009. Blue line is depth of the slice in Figure 4. Location shown
in Figure 2. BSR =bottom simulating reflection; VE = vertical exaggeration.

[8] Studies of borehole wall failures (borehole break-
outs and drilling-induced tensile fractures) and anelas-
tic strain recovery (ASR) in Integrated Ocean Drilling
Program (IODP) drill holes across Kumano Basin
show that the present-day stress state within the basin
fill is predominantly in favor of normal faulting, with a
maximum horizontal stress orientation that rotates
from approximately perpendicular to the convergence
vector between the Philippine Sea plate and Japan in
the outermost basin, to nearly parallel to subduction
by ~20 km landward (Figure 1) [Byrne et al., 2009;
Chang et al., 2010; Lin et al., 2010].

3. Data and Methods

[s] A 3-D seismic reflection data set was collected
by Petroleum GeoServices (PGS) across the
Kumano Basin and Nankai accretionary prism SE
of Kii Peninsula in 2006 (Figure 1) [Moore et al.,
2007, 2009]. The 12 km wide, 56 km long survey

area covered the region from the trench axis land-
ward into the Kumano Basin. Basic processing
through prestack time migration was performed by
Compagnie Générale de Géophysique (CGG), and
full 3-D prestack depth migration (3-D PSDM)
was completed by the Japan Agency for Marine
Earth Science and Technology (JAMSTEC). We
also used several 2-D seismic reflection lines
collected by JAMSTEC in 2003 [Taira et al., 2005]
and 2004 to constrain the limits of normal faulting
and tectonic uplift outside the 3-D survey box.

3.1. Automatic Fault Extraction (AFE)

[10] This process uses cross correlation techniques
on a 3-D volume to extract coherency. The coher-
ence attribute is a measure of the similarity at each
point in a seismic volume to its neighboring points.
By calculating localized waveform similarity in
both inline and crossline directions, estimates of
3-D seismic coherence are obtained [Bahorich and

* . InLines

Figure 4. Map examples of seismic amplitudes versus coherency. Depth slices at 2600 m. Location of depth slice shown
in Figure 3. (a) reflection amplitude; (b) coherency with high-coherence values in white, low-coherence values in black;
(c) coherency superimposed on amplitude. Note how much easier the faults are to detect in the coherency displays.
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Figure 5. Depth slices at 2450 m with locations of normal fault population regions (shown in numbered boxes) used
for analyses shown in Figure 6. (a) Coherency data; (b) line-enhanced processing; (c) fault-enhanced processing.

Farmer, 1995]. Coherence displays accentuate dis-
continuities in the input 3-D amplitude volume
[Bahorich and Farmer, 1995; Marfurt et al.,
1998]. The processing produces a cube of coher-
ence values between zero (no similarity between
adjacent traces) and one (adjacent traces are identi-
cal) at each vertical sample point (every 5 m). Thus,
trace-to-trace differences caused by a fault offset of
a horizon result in a sharp discontinuity (near-zero
coherence) that is expressed as a black line in our
seismic displays (Figure 4).

[11] Small regions of seismic traces cut by a fault
surface generally have a different seismic character
than the corresponding regions of neighboring
traces, resulting in a sharp discontinuity in local
trace-to-trace coherence. Calculating coherence for
each grid point along a depth slice results in linea-
ments of low coherence along faults, making them
easily recognizable (Figure Sa).

[12] The first step of automatic fault extraction
(AFE) attenuates any residual acquisition footprint
(striping parallel to the acquisition direction) and
enhances any lineaments by applying a destriping
operator to estimate and remove any acquisition
stripes on each depth slice (Figure 5b) [Dorn et al.,
2005; Dorn et al., 2007]. This volume is then
processed to enhance linear features, followed by
fault enhancement and extraction of fault polylines
on horizontal slices (Figure 5¢). The fault polylines
within a specified subvolume are then passed
through automatic trend analysis, which outputs a
rose diagram for the fault orientations (based on
number of faults) in that subvolume over a 50m
depth interval (Figure 6).

[13] In a companion study, Sacks [2011] mapped
435 normal faults in the Kumano forearc basin
using conventional workstation interpretation tech-
niques. Her fault orientation and displacement
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Figure 6. Rose diagrams showing fault azimuths in different regions and depths, reflecting different fault
populations. Length of petals indicates number of faults within the region over a 50 m depth interval; circle interval
for Figures 6a, 6b, 6d=50; Figure6c=100. Region locations are shown in Figure 5. (a) Region 1 (NW corner;
3075-3125 m); (b) region 2 (SW edge; 2175-2225 m); (c) region 3 (N-central region; 2175-2225 m); (d) region 4

(SE portion of forearc basin; 2200-2250 m).

measurements [Sacks et al., 2013] are nearly identi-
cal to the AFE values presented here, confirming
the accuracy of the automated technique.

3.2. Fault Displacement Analysis

[14] To obtain quantitative estimates of fault displace-
ment, we employed two different techniques. Dis-
placement restoration using LithoTect® software
was performed at the University of Hawaii. In
this process, fault offsets of individual horizons
are reversed using graphical restoration algorithms
[e.g., Geiser et al., 1988; Rowan and Kligfield,
1989; Rowan and Ratliff, 2012]: bed-length restora-
tion preserves the line lengths of horizons; vertical
simple shear and inclined simple shear maintain the
lengths of vertical or inclined lines, respectively;
fault-parallel slip keeps imaginary lines parallel to a
given fault at a constant length; rigid-body rotation
maintains the exact shape and size of fault blocks;
and area restoration relaxes the other constraints
while still preserving unit area.

[15] In the second fault displacement analysis,
carried out as part of the companion study [Sacks
et al., 2013], the location and magnitude of heave
of each fault along transects parallel to the conver-
gence direction were recorded. Incremental heave
along each transect was then calculated, and heaves
for each mapped fault were summed to obtain the
absolute magnitude of cumulative extension [Sacks
et al. 2013]. The results of the two different analyses
produced very similar results (see Table 1).

4. Normal Faults in the Kumano
Forearc Basin

4.1. Fault Populations

[16] Several populations of normal faults have been
recognized in Kumano Basin (Figures 2, 3, and 5).
Most faults within the FAB have apparent throws
(vertical separation) of less than 15 m, with throw
appearing to decrease with depth. Although the
faults that appear to decrease in throw with depth
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Table 1. Summary of Extensional Strain Analysis on
Seismic Inlines

Inline # Method  Restored Total Total

Length (m) Extension (m) Strain (%)
0.9

2235 CH 13863 128 .

2291 LT 12822 122 0.95
2455 CH 15475 277 1.8
2525 LT 15233 243 1.6
2645 CH 15613 236 1.5
2645 LT 15531 222 1.4

(CH=calculated heave; LT =Lithotect).

may simply have offsets that are below the resolu-
tion of the data in the deep part of the basin [Gulick
et al., 2010], normal faulting is the dominant mode
of brittle strain in the shallow portion of the accre-
tionary prism at IODP Site C0002 [Lewis et al.,
2013], indicating that the normal faults extend
below the base of the FAB strata.

[17] Gulick et al. [2010] recognized four normal
fault populations that offset the main forearc basin
strata. Most of the faults dip steeply (53—58°), are
generally planar, and are not associated with any
growth strata. Sacks [2011] determined that fault
dips average 58° (0=5°), with a range from 45°
to 82°. Landward-dipping faults comprise 70% of
the total population, and although the mean dip
angle is identical, they generally exhibit a narrower
range of dips than the seaward-dipping faults, par-
ticularly in the seaward portion of the basin. Many
of the faults cut the seafloor, testifying to their
youth [Gulick et al., 2010]. We have recognized
two additional fault populations, one older than
the main basin-filling strata and one recent, but
not active, population associated with continued
deformation of the underlying accretionary prism.

2740
2700 H

2500 +

NW
-

InLine #

2300 +

InLine 2224

Coherency Slice at 2185 m

2130

XLine 6850

[18] The oldest normal fault population (phase 1) is
restricted to the NW part of the basin (region 1 in
Figure 5) and does not cut a regional seismic
surface dated at 0.9 Ma in IODP Hole CO009A
[Saffer et al., 2010] (Figures 7 and 8). The faults
strike NE-SW (045-090°; Figure 6), generally dip
65-75°, and extend for 3-5km. The zone of
faulting is 7.5 km long, extending to the NW edge
of the 3-D survey box. The width is about
12.5km, from~inline 2320 in the 3-D survey,
extending westward to 2-D Line D (Figure 1b).
The maximum throw is18m, but most of the
faults have throws of ~10-12m, which is near
the limit of seismic resolution for this depth.
These faults are all generally planar, with little
or no curvature with depth and no indication of
growth structures.

[19] A younger population of planar faults (phase 2)
along the west side of the survey (region 2 in
Figure 5) strike NW-SE and are continuous for
1.5-3.25km. This zone of faulting is at least 6 km
wide, extending from ~2.75 km west of the west edge
of the survey inboard 3.25km (inline 2130-2320);
it is 7km long, extending from the KBEFZ to the
middle of basin (crossline 6140—6915).

[20] The phase 2 faults (Figure 9) do not cut the
blue horizon (equivalent to “Top Kumano 4” of
Gulick et al. [2010]) in Figure 10, which we traced
to the location of IODP drill Site C0009.
Nannofossils from cuttings at this depth yield an
age of 0.436 Ma [Saffer et al., 2010]. These faults
are spatially correlated with uplift along the SW
edge of the survey area (Figure 1b). This fault pop-
ulation was considered by Gulick et al. [2010] to be
part of their group 4, but we believe that they are a
separate group because they are planar and are

T
7800 7500 7000

XLine # 6000 5900

Figure 7. Coherency slice at 2185 m showing locations of seismic lines in later figures. Dashed lines show dimen-
sions of depth slices associated with arbitrary lines in Figures 11 and 12.

1995



il . -

; . Geochemistry j
) Geophysics |

L Geosystems \r

MOORE ET AL.: KUMANO FOREARC BASIN NORMAL FAULTS 1

10.1002/ggge.20119

XL7880

Depth (m)

A

N /N
0 y ///// ///// ///”/

InLine 2224

;

]|

XL7260

Figure 8. Coherency depth slice of region 1 (Figure 5) at 3100 m with seismic inline 2224 showing the oldest normal
fault population that strikes NE-SW and does not cut the 0.9 Ma unconformity (yellow line).

restricted to the west side of the survey, whereas the
group 4 faults are equivalent to our phase 3 faults
(described next).

[21] The third fault group (phase 3) contains arcuate
faults (Figure 5, region 3; Figures 7-11) with an 80°
range of strikes from 085° to 165°. In this population,
the seawardmost faults strike nearly E-W, whereas the
landward-most faults strike nearly N-S. This subset of
faults occurs primarily in the northern, landward
portion of the survey, where the forearc basin
sediment package thickens. These faults exhibit the
smallest maximum offsets of any subgroup, averaging
about 8 m. Their traces in the coherency data are not
smooth but are rather jagged compared to the faults
that cut them (Figure 11). Although these faults come
very close to the seafloor, none of them have any
expression in the seafloor topography (Figure 1), so we
consider them to be inactive. These jagged NW-SE-
striking faults are cross-cut by younger, less jagged
NE-SW-striking faults (Figure 11).

[22] The youngest faults (phase 4) in the basin strike
NE-SW and cut the seafloor, indicating that this fault
population has been recently active. The faults are

2000

2200

Depth (m)

2400 =

2600 -

2800 -

planar in cross-section at a large scale (Figure 3) and
have two subpopulations. One is generally linear in
map view, and the second is arcuate in map view
(Figures 5-7). The linear faults are generally smooth
in the coherency displays in the NW part of the basin,
where they form large, regionally continuous graben
(Figure 1). Near the SE side of the 3-D box, they
become more jagged (Figure 12). The maximum
throw is 30 m but is <10 m on most of the faults.

[23] The arcuate phase 4 faults curve, with strikes
varying from ~060° to ~085° in the southeastern cor-
ner of the 3-D box. The faults are generally planar and
approximately parallel in cross-section but, when
displayed at increased scale, are nonplanar and
nonparallel at a small scale. In most cases, the arcuate
faults cut the linear faults (Figure 12), but there are
also examples of the linear faults cutting the arcuate
faults, so we consider the two populations to be con-
temporaneous. None of the NE-SW-striking faults
extend into the NW-most part of basin, which is the
current depocenter, so we cannot determine whether
the faults cut the youngest basin sediments, which
would imply that they are still active.

Figure 9. Arbitrary line B showing nature of faulting NW-striking fault system along SW edge of survey

(region 2; Figure 5).
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Figure 10. Crossline 6850 showing that region 2 faults shown in Figure 9 do not cut the blue horizon, which
correlates with cuttings data at Site C0009 to give an age of 0.436 Ma. Yellow line highlights the bottom simulating
reflection (BSR). Note that reflections below the BSR dip to the right (NE) due to uplift along the SW edge of the 3-D
survey. The youngest reflections are horizontal and onlap above the blue horizon.

4.2. Fault Relays and Hourglass Structures

[24] The youngest fault population is characterized
by many intersecting faults that have a conjugate
geometry in the profile view. Some of these
faults form relay ramps [e.g., Morley et al., 1990;
Peacock and Sanderson, 1994] and “X” or hour-
glass structures (Figure 13) [e.g., Bretan et al.,
1996; Nicol et al., 1995]. Animation S1 (in the
supporting information)' shows both of these struc-
tures in an animation that steps sequentially through
a series of seismic inlines. In cross-section, the faults
are nearly planar.

[2s] On the left side of the animation, the surface
defines a relay ramp, which is unbreached. The
animation shows that, while the relay-bounding
faults are subparallel and nearly constant in dip with
depth, their traces are variable at short distances
along strike: the separation between the faults is
variable, and faults coalesce. On the right side of
the animation, the seismic lines show the interaction
between landward- and seaward-dipping faults that
form an hourglass structure (Figure 13). The upper
portion of the structure is a graben, while the lower
part is a horst. Along strike, the interactions between
the faults change rapidly, and the structure disap-
pears. Note that the landward-dipping fault is offset
by the seaward-dipping fault, indicating that it is
older. The landward-dipping fault also does not cut
the seafloor, while the seaward-dipping fault does

'Additional supporting information may be found in the online
version of this article.

cut the seafloor. However, landward of the hourglass
structure, there are two additional landward-dipping
faults, both of which cut the seafloor. We thus infer
that the seaward-dipping and landward-dipping sub-
populations grew nearly synchronously.

4.3. Fault Restoration and Strain Analysis

[26] We carried out LithoTect restorations of the
youngest normal faults along three inlines (2291,
2525, and 2645) and manual analysis of fault heaves
along three inlines (2235, 2455, and 2645). The aver-
age strike of this fault system is ~065—075°, which is
within 5-15° of perpendicular to our inline direction
(Figures 5 and 6), so we performed our analyses on
the inlines (Table 1). Small errors (< ~5%) can be
introduced by being slightly off perpendicular,
but we do not believe that these errors affect the
overall conclusions.

[27] The overall extension along mapped faults due to
the youngest phase of fault activity averages 1.35%,
with a range of 0.9-1.8% in the inline direction
(approximately parallel to the regional subduction
vector; Figure 1). We are able to detect many small-
offset faults in the seismic data, but a magnitude of
the offsets are too small to be quantifiable. Including
these structures would increase the total extension
slightly, so our strain estimates should be considered
as minimum values. Although the inlines are essen-
tially normal to the fault strikes, if slip on the normal
faults is not pure dip-slip, the orientation of the true

1997



> - %~ Geochemistry 3
" Geophysics G

Geosystems

MOORE ET AL.: KUMANO FOREARC BASIN NORMAL FAULTS 1

10.1002/ggge.20119

S 2000 +
<

£ 2100
(] -
O 2200

Figure 11.

Arbitrary Line A

Seismic line and coherency slice showing the nature of NW-SE-striking faults in region 3 (Figure 5).

Arrows point to “jagged” faults. Location of seismic line shown in Figure 7.

maximum extension could be oblique to the inline
direction, and the magnitude of maximum extension
would also be slightly larger than we report.

5. Discussion

5.1. Fault Populations

[28] We identified four phases of normal faulting in
the Kumano FAB. The two oldest fault populations
are the result of deformation in the underlying
accretionary complex that continued after the
FAB sediments were deposited. Phase 1 faults
(NE-SW-striking faults that are restricted to the
NW end of the survey) are associated with an
anticline-syncline at depth (Figure 8) and are older
than 0.9 Ma. Phase 2 faults (NW-SE faults along
the SW edge of the 3-D survey) are associated with
a broad regional uplift (“SWU” in Figure 1) that
extends NW parallel to the 3-D box. These faults
are older than a 0.436 Ma surface. This surface is

tilted NE about 1° along the SWU and landward
about 2° due to the regional tilting. Thus, both
phase 1 and 2 faults occurred during the latest
period of regional tilting [Gulick et al., 2010] but
were primarily associated with deformation of the
underlying accretionary prism. These faults thus
reflect the local stress field generated in response
to nearby structures, rather than the regional stress
regime at the time of their formation.

[20] The youngest faults cut all older structures, are
regionally significant (they extend across the basin;
Figure 1), and cut the seafloor. They thus reflect the
recent stress state (the subject of the companion
paper by Sacks et al. [2013]).

5.2. Hourglass Structures and Relay Zones

[30] Cross-cutting sets of fault planes (conjugates)
that form “hourglass” structures are common fea-
tures of normal fault systems [e.g., Nicol et al.,
1995; Bretan et al., 1996]. An important question

Figure 12. Seismic line and coherency slice showing nature of youngest faults in region 4 Figure 5. Location of

seismic line shown in Figure 7.
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Figure 13. Seismic inline showing “X” or “hourglass” structure.

concerning hourglass structures is whether the con-
jugate faults form by incidental intersection of inde-
pendent nucleated, oppositely dipping faults, or by
nucleation and growth from an intersection point
[Nicol et al., 1995]. The origin of conjugate struc-
tures in the Timor Sea area was attributed to inci-
dental intersections of opposite-dipping faults in
which the dimensions, location, and displacement
patterns of the future conjugate-fault pairs were
unrelated [Nicol et al., 1995; Bretan et al., 1996].
Cifici and Langhi [2012], however, believe that
the Timor Sea hourglass structures formed by two
different phases of extension with different stress
fields. The youngest phase of faults in Kumano Ba-
sin exhibits such structures and may be of interest
because most of these faults cut the seafloor, indi-
cating that they are either currently active or were
active within the past few hundred years. We point
out, however, that subseismic deformation at the in-
tersections of the synchronous conjugate normal
faults cannot be resolved in our seismic data [e.g.,
Nicol et al., 1995; Watterson et al., 1998].

[31] Displacements on normal faults are usually
partitioned between interacting fault segments. The
displacement transfer from one fault segment to
another segment that dips in the same direction most
often occurs through relay structures [e.g., Peacock
and Sanderson, 1994; Childs et al., 1995, 1996;
Walsh et al. 1999]. Walsh et al. [2003] suggest that
relay zones most often form with fault segments
as components of a single kinematically coherent
system. In this model, each fault segment initiates
as a component of a spatially and mechanically
related array. This implies that the formation of a
relay zone is geologically instantaneous (i.e., forma-
tion is on a time scale that is less than the temporal
resolution of the growth data) and that the faults
bounding the relay zone always formed a kinemati-
cally coherent system. This is the case with the relays
ramps in the Kumano Basin.

[32] Relay ramp growth in Kumano Basin has not
progressed beyond the early stage of stable ramp
configuration with minor ramp rotation. Growth has
not yet reached the ramp breaching stage [e.g., Imber
et al., 2004], so that the rotation of bedding in the
ramps is very small (<0.5°; the change in depth is
3-5m over 1000—1200 m).

5.3. Fault Orientations and
Regional Stresses

[33] The active and recent normal faults in Kumano
Basin indicate that the modern stress regime reflects
regional horizontal extension approximately paral-
lel to the present convergence vector. This is
consistent with stress magnitudes obtained from
analyses of borehole breakout width [Chang et al.,
2010; Lin et al., 2010], ASR measurements [Byrne
et al., 2009], and predictions of the stress regime
from numerical modeling studies investigating the
effects of splay faults [Conin et al., 2012].

[34] The orientations of the two youngest normal
fault populations are broadly consistent with the
regional maximum horizontal principal stress
(Stimax) direction inferred from borehole wall
failure orientations at IODP Sites C0002 [Chang
etal.,2010] and C0009 [Lin et al., 2010] and from
stress inversions for core-scale faults at Site C0002
[Lewis et al., 2013]. The dominant fault orientation
(strike) in the seaward part of the basin near Site
C0002 is NE-SW, consistent with the observed
NE-SW Stimax orientation. Landward in the basin,
in the vicinity of Site C0009, the phase 2 fault
population, which strikes primarily NW-SE, is
consistent with the inferred NW-SE Synax direc-
tion at this location [Lin et al., 2010]. The orienta-
tion of Symax in the deeper part of section at Site
C0002 is also inferred to be NW-SE. Thus, stresses
likely rotate with depth to transition from the
normal faulting regime in the upper few kilometers
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to a compressional (thrust faulting) regime in the
wedge interior [e.g., Chang et al., 2010].

[35] Our results showing the dominance of normal
faulting and absence of thrust faulting in the FAB
strata are noteworthy because they indicate that,
although the underlying accretionary prism remains
under compression perpendicular to the convergence
direction, these compressive stresses are not trans-
mitted up into the forearc basin. Moreover, when
topographic highs on the subducting oceanic base-
ment pass beneath the basin, they cause deformation
(mostly uplift) of the overlying accretionary prism,
but uplift causes normal faulting within the FAB.
Furthermore, the short-lived nature of the normal
faults indicated by the lack of growth structures im-
plies that normal faulting in the shallow levels of
the FAB is not a long-term regional phenomenon.

6. Conclusions

[36] Normal faults in Kumano Basin document
several phases of faulting in the FAB, providing a
record of both recent regional stress patterns and
timing and localization of deformation in the FAB
“basement” (the underlying accretionary prism).
None of the faults show any growth characteristics,
indicating that they were short-lived features. Phase
1 faults strike NE-SW and are associated with
thrust faulting within the underlying accretionary
prism in the NW region of the basin prior to
0.9 Ma [Boston et al., 2011]. Phase 2 faults strike
NW-SE and reflect broad regional uplift along the
western edge of the 3-D box prior to 0.436 Ma.
Both of these faulting phases point to continued
thrusting within the underlying accretionary prism,
possibly due to subduction of basement highs.

[37] The youngest two phases of faults are regionally
extensive, and the fault orientations are consistent
with stress information from borehole breakouts
and ASR measurements indicating stretching perpen-
dicular to the regional convergence vector.

[38] The abundant, recent, and active normal faults
distributed throughout the basin support the idea
that the within the shallow portion of the inner
wedge, the horizontal stress parallel to the plate
convergence direction does not reach the critical
stress to activate or form thrust faults and produce
horizontal shortening. It is unclear how this
changes with depth and whether this transitions to
a compressive, thrust faulting stress regime at
greater depths, but the lack of compressional defor-
mation in the basin could reflect decoupling of
stress and strain between the younger, softer,

weaker basin fill and the underlying accretionary
wedge due to contrasts in mechanical strength
across the unconformity. Alternatively, the entire
inner wedge may be either stable or in extension
[Wang and Hu, 2006], except when disrupted by
topographic highs on the subducting plate.
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