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[1] We developed a theoretical method for predicting effective stress and pore pressure
based on rock physics model. We applied the method to reveal the pore pressure
distribution within the Nankai accretionary prism off southwestern Japan and to
investigate variations in pore pressure associated with evolution of the plate boundary
décollement. From the crack aspect ratio spectrum estimated from laboratory and well-log
data, we calculated a theoretical relationship between acoustic velocity and mean
effective stress by using differential effective medium theory. By iteratively fitting the
theoretically calculated velocity to the seismic velocities derived from 3D tomographic
inversion, we estimated in situ mean effective stress within the accretionary prism.
Pore pressure is then the difference between the effective stress and the confining
stress. When we calculated pore pressure, we considered compressive state of stress in the
accretionary prism. Our results confirm that pore fluid pressure is high within the
subducting sedimentary sequence below the décollement; we determined a normalized
pore pressure ratio (l*) of 0.4–0.7. Abnormal pore pressures develop in the underthrust
sequence as a result of the increase in overburden load because of the thickened
overlying prism and a low permeability barrier across the décollement. Overpressuring
within the accreted sequence is initiated at the deformation front and proceeds landward.
The increase in horizontal compaction within the accreted sequence may raise pore
pressures within the accreted sequence, and the pore pressure (mean effective stress)
contrast at the décollement becomes smaller landward of the deformation front.
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1. Introduction

[2] Characterization of pore fluid pressures at plate
boundary décollements (detachments that separate a
deforming accretionary prism from the underthrusting sedi-
ments) is critical for understanding the strength and struc-
tural development of décollements, and the taper angle of
accretionary prisms [Davis et al., 1983; Dahlen, 1984;
Hubbert and Rubey, 1959]. In addition, because high pore
pressure near the décollement decreases the effective stress,
the development of abnormal pore pressures influences the
position of the shallow limit of seismogenic faulting [e.g.,
Moore and Saffer, 2001; Scholz, 1998]. Several studies
[e.g., Screaton et al., 2002; Straub, 2002; Saffer, 2003]
have successfully estimated pore fluid pressures at drill sites
that have penetrated the décollement of the Nankai accre-
tionary prism.

[3] Seismic reflection data have shown that the décolle-
ment characteristics of the Nankai and Barbados accretion-
ary prisms can be recognized on the basis of their reflection
polarities, seismic velocities, and other seismic attributes
[e.g., Moore and Shipley, 1993; Shipley et al., 1994; Bangs
et al., 1996, 1999, 2004; Zhao et al., 2000; Tsuji et al.,
2005a]. These studies using seismic data have focused
mainly on the décollement reflection only in order to reveal
its characteristics including pore pressure, although some
studies have used seismic velocity data to predict pore
pressure distributions within some accretionary wedges:
the Nankai accretionary prism [Tobin and Saffer, 2003],
the Barbados accretionary prism [Westbrook, 1991; Hay-
ward et al., 2003], and the Oregon accretionary prism
[Cochrane et al., 1994].
[4] Many previous studies of pore pressure prediction

from seismic interval velocities have relied on empirical
relationships [e.g., Eaton, 1972; Han and Nur, 1986;
Eberhart-Phillips and Han, 1989; Dutta, 2001]. If the
sedimentary sequence is stratified and many boreholes
penetrate it, it is relatively easy to estimate pore pressure
by comparing an abnormal compaction trend with a normal
compaction trend or by assuming a compaction disequilib-
rium regime [e.g., Rubey and Hubbert, 1959; Eaton, 1972].
However, because few boreholes penetrate the Nankai
accretionary prism, which becomes progressively more
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consolidated and cemented in the landward direction [e.g.,
Taira et al., 1991; Moore et al., 2001b; Mikada et al., 2002;
Morgan et al., 2007], it is difficult to define appropriate
normal compaction trends. Furthermore, high-pressure fluid
intervention due to clay dehydration [Powers, 1959] or fluid
migration [e.g., von Huene and Lee, 1982] decreases seismic
velocities without much change in porosity, because these
unloading procedures open thin cracks of low porosity and
softens grain-to-grain contacts [e.g., Kuster and Toksoz,
1974]. Therefore it is difficult to predict pore pressure in
the deeper parts of the décollement. Instead of using normal
compaction trends or assuming a compaction disequilibrium
regime, we need to predict pore pressure by using an
estimated relationship between velocity and effective stress.
Here, we predict effective stress and pore fluid pressurewithin
the Nankai accretionary prism off the Muroto Peninsula by
applying rock physics theory to conditioned seismic interval
velocities. In this theoretical method, we predict effective
stress and pore pressure distribution from velocity–stress
relationships by using laboratory-derived data on the relation-
ship between P wave and S wave velocities and effective
stress.
[5] Many theoretical models have been proposed that

attempt to establish a link between formation parameters
and velocities [e.g., Mavko et al., 1998]. The relationship
between effective stress and velocity depends on pore
volume, pore shape, mineral texture, and mineral composi-
tion [e.g., Schon, 2004]. Total porosity (pore volume) is one
of the most important parameters of those that constrain
velocities [e.g., Hyndman et al., 1993]. However, pore
shape (e.g., crack or void) also significantly influences
seismic velocity, independent of total porosity. Because thin
cracks with small pore volume can significantly decrease
velocities [Kuster and Toksoz, 1974], we need to consider
pore features other than total porosity. To construct veloc-
ity–stress relationships that can be used to predict pore
pressures therefore we need to consider pore geometries
(e.g., aspect ratio). For unconsolidated shallow sedimentary
sequences close to the seafloor, seismic velocities increase
with effective stress as a result of the strengthening of grain
contacts as effective stress increases [Mindlin, 1949;Dvorkin

and Nur, 1996]. In consolidated rocks, closure of cracks in
the rock in response to increasing effective stress is the main
influence on velocity [e.g., Kuster and Toksoz, 1974;
Carcione et al., 2003]. Because we mainly focused on pore
pressure in relatively consolidated sediments near the décolle-
ment, we used an effective-medium crack-inclusion model
[e.g., Kuster and Toksoz, 1974; Norris, 1985; Berryman,
1992]. We introduce an application of the aspect ratio
spectrum of pore space [e.g., Toksoz et al., 1976; Cheng
and Toksoz, 1979] and Differential Effective Medium
(DEM) theory [e.g., Berryman, 1992] to predict effective
stress and pore pressure from seismic reflection data.

2. Geologic Setting

[6] The Nankai Trough is at a plate convergent margin
where the Philippine Sea plate is subducting beneath
southwestern Japan (Figure 1). The rate of subduction is
4–6 cm/yr on an azimuth of 310�–315� [Seno et al., 1993;
Ito et al., 1999; Miyazaki and Heki, 2001]. This subduction
zone has repeatedly generated great earthquakes with mag-
nitudes greater than Mw 8 [Ando, 1975]. Our study area off
the Muroto Peninsula of Shikoku Island shows high heat
flow [Yamano et al., 2003], because it is located near the
extension of the extinct Shikoku Basin back-arc spreading
ridge (Kinan Seamounts), which ceased spreading at 15 Ma
[Okino et al., 1999].
[7] The plate boundary décollement in the Nankai Trough

off the Muroto Peninsula is developed within a hemipelagic
mudstone sequence (lower Shikoku facies) [Taira et al.,
1991] and it is well defined by a prominent reverse-polarity
reflector on seismic profiles (Figure 2) [Moore et al., 1990].
On the basis of this polarity reversal, the décollement in our
survey area is inferred to be a zone of low acoustic
impedance. Because the décollement is within a relatively
homogeneous mudstone sequence, the low acoustic imped-
ance in the underthrust sequence can be explained by high
porosity sustained by high pore pressure (compaction dis-
equilibrium) [e.g., Moore et al., 2001a], or by the expansion
of thin cracks as a result of unloading due to fluid inter-
vention, as inferred for the Oregon and Barbados accretion-
ary prisms [e.g., Cochrane et al., 1994; Bangs et al., 1999].
The abnormal high pore fluid pressure, which is far higher
than hydrostatic pressure, accounts for the weak coupling
along the décollement and the low taper angle of the
accretionary prism off the Muroto Peninsula [e.g., Hubbert
and Rubey, 1959; Davis et al., 1983].

3. Data set

3.1. Seismic Interval Velocity

[8] The 3-D multichannel seismic reflection data
(Figure 2a), acquired by the R/V Ewing in 1999 [e.g., Moore
et al., 2001a], was processed to estimate seismic interval
(P wave) velocities within the accretionary prism. The
80 km � 8 km survey area comprised 81 individual lines
with cross-track spacing of �100 m. Because of streamer
feathering due to the strong Kuroshio Current [Tsuji et al.,
2005b], the total width in the crossline direction was
effectively 9 km. The azimuth of individual lines was
�314�, which is nearly parallel to the direction of sub-
duction of the Philippine Sea plate. The survey employed

Figure 1. Bathymetric image of the Nankai Trough
showing the 3-D seismic survey area (gray rectangle).
Inline 284 (xlines 400–1600), which was used for pore
pressure prediction in this study, is shown as a black line.
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a source array of 14 air guns with a total volume of 70 L
(4276 in3) fired at 50-m intervals. A 240-channel, 6-km-long
streamer cable was used, and the recording time for each shot
was 12 seconds. The bin size for 3-D seismic data processing
was 25 m in the inline direction and 50 m in the crossline
direction [Moore et al., 2001a; Bangs et al., 2004].
[9] Pore pressure prediction requires high-resolution

interval velocities obtained by seismic inversion techni-
ques [e.g., Sayers et al., 2002; Dutta, 2001; Carcione et
al., 2003]. We used a seismic interval velocity volume that
was assembled by running iterative horizon-based tomog-
raphy, prestack depth migration, and residual moveout
corrections (Figure 2b) [Yilmaz and Doherty, 2001; Costa
Pisani et al., 2005]. This velocity model flattens the
gathers and provides good quality images that resolve the
complex structure of the Nankai Trough. Initial mismatches
between the seismic data (velocities and depths) and
borehole data were minimized or eliminated by tying the
depth of the key horizons in the seismic sections to those at
drill sites [Costa Pisani et al., 2005]. This involved
performing a geologically consistent velocity analysis fol-
lowing stratigraphic and structural boundaries. We used an
unsmoothed version of the seismic velocity volume to
avoid losing resolution of the real high-frequency velocity
variations related to geological layering (Figure 2b). This
procedure provided a final 3-D interval velocity volume

that closely resembles the rock velocities and can therefore
be used for pore pressure prediction.
[10] To delineate the pressure distribution in the subduc-

tion direction of the Philippine Sea plate, we extracted the
2-D velocity model of inline 284, which is perpendicular to
the trough axis and crosses Ocean Drilling Program (ODP)
Sites 808 and 1174 (Figure 2b). Channel and patchy
structures along the décollement that were observed at
the Barbados décollement [Shipley et al., 1994; Moore et
al., 1998; Bangs et al., 1999; Zhao et al., 2000] were not
clearly evident in our survey data [Bangs et al., 2004; Tsuji
et al., 2005a]. Furthermore, we did not find a clear velocity
change in the crossline direction. Therefore we believe that
a 2-D velocity model (inline direction) is sufficiently
accurate to reveal the pore pressure distribution at the front
of the accretionary prism. The velocity variations over short
distances observed above the décollement (Figure 2b) may
be artifacts due to the short streamer offset used and the
complex structure above this zone.
[11] We chose to use the seaward part of the 3-D survey

data (crosslines 400–1600; Figure 2) because the accuracy of
the velocities determined from seismic data decreases in the
landward direction (as the décollement becomes deeper) and
the effect of thermal alteration on the elastic moduli of
sediment grains increases. Our study area covers the Shikoku
Basin (trench zone), the proto-thrust zone, and the imbricate

Figure 2. (a) Seismic profile across the Nankai Trough (inline 284, xlines 400–1600) showing
locations of ODP sites and the interpreted décollement. The numbers above the profile represent xline
common mid point numbers. (b) Seismic interval velocity obtained by 3-D reflection tomography [Costa
Pisani et al., 2005]. The contours on this profile represent interval velocity every 300 m/s. Velocity
within the oceanic crust was not determined.
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thrust zone (Figure 2). The proto-thrust zone begins at the
deformation front, where detachment and growth of the
accretionary prism is initiated. The imbricate thrust zone
consists of a series of well-developed imbricate packages
spaced several kilometers apart. The décollement steps down
to the surface of the oceanic crust further landward (outside)
of our study area [Bangs et al., 2004].

3.2. Borehole Data (ODP Sites 1173, 1174, and 808)

[12] ODP Sites 1174 and 808 are within the study area
(Figure 2). Site 1173 is a reference site, �11 km seaward of
the trough axis, and is considered to be in a hydrostatic
state. The décollement, penetrated at Site 1174 between 808
and 840 m below seafloor (mbsf), was identified by
fractures and brecciation in the lower Shikoku facies. Site
808 was drilled �3 km landward of the deformation front.
The décollement at Site 808 was identified by intense brittle
deformation at 945 to 964 mbsf, and deformation was
observed to be greater than that at Site 1174 [Taira et al.,
1991; Moore et al., 2001b]. Unfortunately, no holes were
drilled landward of the frontal thrust region.
[13] Well-log data were acquired at Sites 1173 and 808

[Mikada et al., 2002], and core samples were obtained at
Sites 1173, 1174, and 808 [Taira et al., 1991; Moore et al.,
2001b]. We used mainly the physical properties from the
well-log data for pore pressure prediction because the well-
log data should represent the in situ values from the
borehole. In this study, the borehole parameters we used
were P wave velocity, porosity, density, and the mineral
components. Because well-logs were not obtained at Site
1174 or from the underthrust sequence at Site 808, we
used properties measured later in discrete subsurface
samples at atmospheric (rather than downhole) pressure.
Hoffman and Tobin [2004] defined the mean difference
between the porosity measured from core samples and
well-log porosity at Site 1173, which we applied to the
porosities of the core samples to account for the lower
(surface) pressures at which these porosities were mea-
sured [Mikada et al., 2002; Hoffman and Tobin, 2004].
[14] To estimate grain elastic moduli (K0 and m0) in the

boreholes, we used the mineral components present (clay,
quartz, plagioclase, and calcite), as estimated from X-ray
diffraction (XRD) analyses of randomly oriented bulk-
sediment powders from Sites 1173 and 1174 [Shipboard
Scientific Party, 2001a, 2001b]. There are three possible
ways to calculate the elastic moduli of mixtures of minerals:
these are by using the Voigt, Reuss, or Hill average [e.g.,
Hill, 1952; Mavko et al., 1998; Avseth et al., 2005]. Here,
the grain elastic moduli of mixtures of clay, quartz, plagio-
clase, and calcite were estimated by using the Voigt higher
average equation, because the final results (pressure distri-
bution) estimated using the Voigt equation are similar to
those estimated by the Hill or Reuss equations. The elastic
modulus of each mineral was obtained from Mavko et al.
[1998].
[15] The grain elastic moduli within the accretionary

prism were then estimated by extrapolating the mineralogy
at Site 1174 in both the seaward and landward directions.
Although the diagenetic boundary between the upper and
lower Shikoku facies is obvious at Site 1173 [e.g., Spinelli
et al., 2007] and ambiguous at Site 1174, the overall

mineralogical fractions at Sites 1173 and 1174 are similar.
Therefore the above extrapolation of mineralogy should be
reliable. Furthermore, we used only the seaward part of the
3-D seismic survey area for our analysis (Figure 2) and
assumed that grain elastic moduli do not change laterally
within this area.

3.3. Laboratory-Derived Velocities

[16] Because the acoustic velocities of the core samples
from Sites 1173, 1174, and 808 were not measured under
confining stresses, we measured the velocities of outcrop
samples from the Nobeoka thrust in Kyushu, southwest-
ern Japan [Tsuji et al., 2006], and of seafloor outcrop
samples obtained from the Nankai accretionary prism off
the Kii Peninsula by the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) submersible vessel
Shinkai 6500. Although these samples were different from
those of our study area, they do come from the Nankai
accretionary prism. Therefore we used their acoustic
properties for pore pressure prediction. The core samples
analyzed were �3.8 cm wide and 2.5–5.0 cm long. We
used the pulse transmission technique, with a principal
frequency of 500 kHz, to determine P wave and S wave
velocities. Travel times were measured after digitizing
each trace at 6250 points at a time sweep of �5 � 10�5 s.
3.3.1. Nobeoka Outcrop Samples
[17] The Nobeoka thrust is interpreted to be a fossil

seismogenic mega-splay fault, and its original structure is
still preserved [Kondo et al., 2005; Okamoto et al., 2006].
Although in this study we assumed cracks in the rocks to
be randomly oriented such that they do not contribute to
velocity anisotropy, the samples drilled from the hanging
wall of Nobeoka thrust exhibit velocity anisotropy due to a
foliation [Tsuji et al., 2006]. Therefore we used only
weakly foliated samples drilled from the footwall of the
thrust. The measured porosity of the Nobeoka outcrop
samples was <7%, which suggests that they are more
consolidated than the décollement rocks of our study area
(10–30% porosity).
[18] For the low-porosity Nobeoka outcrop samples, P

wave and S wave velocities were measured under dry
conditions (Figure 3a), because fluid dispersion masks
pressure effects under saturated conditions and because the
low permeability of the samples prevented the generation of
pore fluid pressure [Tsuji et al., 2006]. P wave and S wave
velocities increase with increasing effective stress mainly as
a result of compaction and closure of micro-cracks and
flaws, and increased contact between grain boundaries
[e.g., Kuster and Toksoz, 1974].
3.3.2. Seafloor Outcrop Samples
[19] Several samples were obtained by the Shinkai 6500

(YK0602 and YK0603) from the submarine canyon and
the seafloor trace of the seismogenic mega-splay fault
(Omine ridge). The porosities of these samples were
relatively high (15–43%). Their velocities were measured
under saturated conditions (Figure 3b). To obtain velocities
of totally saturated samples, we applied pore fluid pressure in
addition to the confining stress before the measurements.
Furthermore, because the seafloor outcrop samples shorten
under effective stress, vertical linear variable differential
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transformers (LVDTs) were mounted on the core holder to
measure axial displacement along two sides of eachminicore.

4. Stress and Pressure Concepts in Plate
Convergent Margin

4.1. Effective Stress

[20] Effective stress can be considered as stress that
causes crack closure and affects seismic velocity [e.g.,
Kuster and Toksoz, 1974; Toksoz et al., 1976] therefore
effective stress can be estimated from seismic interval
velocity. The effective stress estimated from seismic inter-
val velocity should represent mean effective stress (effec-
tive pressure) s0m.

s0
m ¼ s0

1 þ s0
2 þ s0

3

� �

=3 ð1Þ

where s01 is maximum principal effective stress, s02 is
intermediate principal effective stress, and s03 is minimum
principal effective stress. Because we cannot estimate stress
anisotropy from isotropic seismic velocities, we use the
estimated mean effective stress for pressure prediction in
this study. If we quantitatively consider stress state
(principal stress direction) from seismic data, we should

use velocity anisotropy and introduce anisotropic media
(crack orientation) [e.g., Hudson, 1981; Crampin, 1985;
Jakobsen et al., 2000; Peacock, 2003; Hayward et al.,
2003].
[21] When we assume that the minimum and intermediate

principal stresses are equal (s02 = s03) [Moore and Tobin,
1997], we can estimate the maximum and minimum prin-
cipal stresses from mean effective stress using R = s03/s

0
1

[Moore and Tobin, 1997]:

s0
1 ¼ 3=1þ 2Rð Þs0

m ð2aÞ

s0
3 ¼ 3R=1þ 2Rð Þs0

m: ð2bÞ

In undeformed sedimentary basin, the vertical effective
stress s0v should be larger than the horizontal stress s0h and
is considered as maximum stress s01 (equation (2a) with R =
s0h/s

0
v = K0). Sediment underthrust beneath the décollement

is not thrust faulted and probably approximates the
undeformed basin state of stress (R = s0h/s

0
v = K0;

Figure 4a) [Moran et al., 1993; Moore and Tobin, 1997].
However within the accreted sequence (Figure 4a), the
vertical effective stress s0v should be lower than the

Figure 3. (a) Relationships between elastic velocities and pressure for the Nobeoka outcrop samples.
(b) Examples of the relationship between elastic velocities and pressure for seafloor outcrop samples from
the Nankai accretionary prism. For the seafloor outcrop samples, pore fluid pressure was generated in
addition to the confining stress in order to obtain velocities from totally saturated samples.
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horizontal stress s0h and can be considered as minimum
effective stress s03 (equation (2b) with R = s0v/s

0
h) [Moran et

al., 1993; Moore and Tobin, 1997; Hayward et al., 2003;
McNeill et al., 2004]. Although the maximum principal
stress direction may be changed seaward of the deformation
front and the horizontal stress becomes the maximum
principal stress within accretionary prism, we cannot
determine the stress characteristics around the deformation
front from seismic interval velocity. Therefore we assume
that the sedimentary sequence above the décollement
including the trench zone in our survey area has similar
stress characteristics to the accreted sequence.

4.2. Confining Stress

[22] Confining stress (total stress or lithostatic stress) in
the vertical direction (sv) is caused by the weight of
overlying sediments, including the weight of pore fluids.
Therefore vertical confining stress sv can be obtained by
integrating the bulk density as follows:

sv zð Þ ¼ g

Z z

0

r z0ð Þdz0; ð3Þ

where r is the wet bulk density (including seawater above
the seafloor), g is gravitational acceleration, and z is depth.
On the other hand, the horizontal confining stress sh is
much more difficult to estimate. As in the case of effective
stress, the vertical confining stress obtained via equation (3)

should be higher than horizontal confining stress in the
underthrust sequence and lower than horizontal stress in the
accreted sequence.

4.3. Pore Pressure

[23] When fluid–matrix interactions (pore elasticity) are
ignored (Biot coefficient a = 1) [e.g., Biot, 1955;
Christensen and Wang, 1985], the pore fluid pressure pf
can be estimated using vertical confining stress obtained
from density (equation (3)) and vertical effective stress:

pf ¼ sv � s0
v: ð4Þ

[24] In the accreted sequence, the vertical effective stress
is interpreted as minimum principal stress (Figure 4a)
therefore equation (4) can be represented using the relation
of equation (2b) [Moore and Tobin, 1997]:

pf ¼ sv � s0
3

¼ sv � 3R=1þ 2Rð Þs0
m: ð5Þ

R = s03/s
0
1 = s0v /s

0
h within the Nankai accreted sequence was

estimated 0.33–0.5 [Moran et al., 1993]. Therefore when
we obtain the mean effective stress from seismic interval
velocities, pore fluid pressure can be estimated by
subtracting the corrected vertical effective stress from the
vertical confining stress (equation (5)).

Figure 4. (a) Pressure concept in the accreted section and underthrust section. The width of gray zone
represents the mean effective stress. We need to estimate vertical effective stress from mean effective
stress, when we estimate pore pressure (equations (5) and (6)). (b) Pore pressure, hydrostatic pore
pressure, and vertical confining stress at Sites 1174 and 808. Pore pressures predicted from porosities by
using the Rubey and Hubbert [1959] relationship are shown as black dots [Screaton et al., 2002; Straub,
2002; Saffer, 2003]. The pore pressures above the décollement is corrected by considering stress state
(gray lines). Pore pressures predicted from logging-while-drilling densities are shown as open gray dots
[Ienaga, 2003]. Pore pressures predicted by using a reconsolidation test [Karig, 1993] are shown as
squares. mbsf = meters below seafloor.
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[25] In the underthrust sequence, the vertical effective
stress is interpreted as maximum principal stress (Figure 4a)
therefore pore pressure can be estimated using equation (2a):

pf ¼ sv � s0
1

¼ sv � 3=1þ 2Rð Þs0
m: ð6Þ

R = s03 /s
0
1 = s0h /s

0
v = K0 in the sedimentary basin (normal

vertically loaded sediment) is typically 0.4–0.5. However it
is difficult to obtain R in the underthrust sequence, because
R (or K0) in the underthrust sequence is increasing from the
deformation front to landward region. The large R(s0h /s

0
v) in

the underthrust sequence may allow the décollement step-
down to the top of the oceanic crust, therefore R(s0h /s

0
v ) in the

underthrust section of our study area should be less than 1.

4.4. Hydrostatic Pore Pressure and Over Pressure

[26] The hydrostatic pore pressure Phf is a function of the
height of the fluid column z and the fluid density rw:

phf zð Þ ¼ rwgz: ð7Þ

Hydrostatic pressure is the pressure exerted by the weight of
a static column of seawater (Figure 4a). Furthermore, when
pore pressure is greater than hydrostatic pressure, the
amount of overpressure (or excess pressure) is obtained by
subtracting the hydrostatic pore pressure from the estimated
pore pressure (Figure 4a). To evaluate the degree of
overpressure in comparison to the hydrostatic effective
stress (the difference between confining stress and hydro-
static pore pressure) in deep water environment, we used the
normalized pore pressure ratio l* [e.g., Shi and Wang,
1988; Screaton et al., 2002], defined as

l* ¼
Pf � Phf

sm � Phf

: ð8Þ

5. Pressure at Boreholes (Site 1174 and 808)

[27] Before estimating the pressure distribution within the
accretionary prism, we needed to establish the effective stress
and pore pressure profiles at the boreholes. From the bulk
densities of core samples at Site 1173, the vertical effective
stress in the lower Shikoku facies can be calculated from
equations (3), (4), and (7), because Site 1173 can be assumed
to be in a hydrostatic state (equilibrium state) [Screaton et al.,
2002; Straub, 2002; Saffer, 2003]; the hydrostatic pore
pressure can be calculated from equation (7), and the
vertical confining stress can be calculated from equation (3).
[28] From the estimated vertical effective stress and

porosity of the lower Shikoku facies at Site 1173, the
following relationship (as defined by Athy [1930]; Rubey
and Hubbert [1959]) could be constructed:

f ¼ f0e
�bs0

v ; ð9Þ

where f0 is a reference porosity, and b is related to the
compressibilities of the sediments and pore water. For f0
of 0.66 and b of 0.115 in equation (9), the relationship fits
that of the hydrostatic state of Site 1173 (lower Shikoku
facies) [Straub, 2002].

[29] By using the constructed Rubey and Hubbert rela-
tionship (equation (9)), vertical effective stresses in sedi-
mentary basin could be estimated from their porosity.
However, because the accreted sediments above the
décollement have been subjected to strong lateral compres-
sion in addition to vertical overburden, an analysis based on
reference-site porosities (equation (9)) would overestimate
vertical effective stress (dots in Figure 4b). Therefore the
pore pressure estimated by subtracting the overestimating
vertical effective stress from the vertical confining stress
may be lower than the in situ value within the accreted
sediments of Sites 1174 and 808 [Moran et al., 1993;
Saffer, 2007]. Here we assumed that the effective stress
obtained from porosity represent mean effective stress
within accreted sedimentary sequence. Then we could
estimate vertical (minimum) effective stress using the
equation (2b). We assumed R = s03/s

0
1 within the accreted

sequence as 0.45 [Moran et al., 1993] and calculated the
pore pressure in the accreted sequence (gray line in
Figure 4b).
[30] On the other hand, the vertical effective stresses of

the underthrust sequence at Sites 1174 and 808 could be
estimated from their porosity by using the Rubey and
Hubbert [1959] relationship constructed at Site 1173
(equation (9)) [Screaton et al., 2002; Straub, 2002; Saffer,
2003], because their principal stress direction should be
similar to the lower Shikoku facies of Site 1173. Then
we easily obtained pore pressures in the underthrust
sequence (dots in Figure 4b) by subtracting the estimated
vertical effective stress from the vertical confining stress
(equation (4)). Whereas the mean effective stress in the
underthrust sequence should be calculated from the ver-
tical (maximum) effective stress using equation (2a),
because seismic velocity is affected by the mean effective
stress. The mean effective stress at the boreholes (Site
1174 and 808) are depended on R = s03/s

0
1 = K0.

However, as described later, although we correct vertical
effective stress to mean effective stress at the boreholes
and use them for pressure prediction in the underthrust
sequence, the estimated mean effective stress needs to be
converted again to the vertical effective stress, and the
final result (vertical effective stress or pore pressure)
becomes similar. Therefore we treated the vertical effec-
tive stress as mean effective stress in the underthrust
sequence for the calculation of seismic velocity.
[31] The results of indirect pore pressure estimation

derived from reconsolidation tests (squares in Figure 4b)
[Karig, 1993] are consistent with the predicted pore
pressure from the Rubey and Hubbert relationship (dots
in Figure 4b) [Screaton et al., 2002; Straub, 2002; Saffer,
2003]. The pore pressures were also predicted from
logging-while-drilling (LWD) densities (open gray dots
in Figure 4b) [Ienaga, 2003]. Below the décollement at
Site 808 (gray zones in Figure 4b), the pore pressures
estimated from LWD densities are higher than those from
the Rubey and Hubbert relationship, mainly because of the
fracturing near the décollement.
[32] The Rubey and Hubbert relationship is based on the

concept that increasing effective stress causes pore space
to collapse as rocks compact. Because decreasing effective
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stress due to fluid intervention or tectonic unloading
creates thin cracks instead of rounded pores, it has little
influence on total porosity. Therefore the Rubey and
Hubbert relationship is inappropriate for the unloading
lithology because the relationship during loading and
unloading could be different. However, because high-
pressure fluid intervention and tectonic unloading may
not be dominant effects at drilling sites near the trough
axis, we believe that pore pressures estimated via the
Rubey and Hubbert relationship are reliable at Sites
1174 and 808 (Figure 4b). Furthermore, this method
(equation (9)) ignores the lithological difference between
trench-wedge facies, upper Shikoku facies, and lower
Shikoku facies. Therefore the estimated pore pressures in
the trench-wedge facies and upper Shikoku facies may
contain errors. Cementation in the upper Shikoku facies at
Site 1173 [e.g., Spinelli et al., 2007] makes it difficult to
obtain the Rubey and Hubbert relationship within the
upper Shikoku facies. However, the lithological boundary
marked by cementation at Site 808 is ambiguous compared
to that of the undeformed Site 1173, party because of the
deformation at Site 808. The predicted pore pressure in the
lower Shikoku facies continues downward from the upper
Shikoku facies (Figure 4b). Therefore we assumed that the
Rubey and Hubbert relationship constructed in the lower
Shikoku facies of Site 1173 (equation (9)) could be applied
also to the trench-wedge facies and upper Shikoku facies at
Sites 808 and 1174.

6. Rock Physics Model

6.1. Crack Closure With Increasing Mean Effective
Stress

[33] The increase in P wave and S wave velocities as a
function of increasing mean effective stress is caused by
closing of thin cracks (Figures 5 and 6). To calculate the
changes in elastic moduli as a function of mean effective
stress, we estimated the rate of thinning and closing of the
cracks as effective stress increased. In this study, the pore
space is considered to be in the form of ellipsoidal pores,
which can be described by an aspect ratio (Figure 5), and the

rock is assumed to contain pores of various aspect ratios.
Granular pores, which are dominant in sandstone, are
modeled as rounded pores with large aspect ratios, whereas
grain-to-grain contacts and micro-cracks in minerals are
modeled as cracks with small aspect ratios [e.g., Zhang
and Bentley, 2003].
[34] Toksoz et al. [1976] proposed an expression for the

fractional change in the concentration of aspect ratio of an
ellipsoidal pore (or the pore volumes with a particular
aspect ratio) dc(a) for an mean effective stress s0m:

dc að Þ

c að Þ
¼

�s0
m

K*A

,

F1 � F2F3= F3 þ F4ð Þ½ 
; ð10Þ

where a and c(a) are the aspect ratio and its corresponding
concentration (pore volume), respectively. The values of Fi

are functions of aspect ratio a and some effective matrix
moduli defined as the effective static matrix moduli of the
rock with all the pores except those with aspect ratio a
[Toksoz et al., 1976]. K*A is the static bulk modulus of the
dry rock, but because of the lack of such a static modulus it
is taken to be the dynamic bulk modulus of the dry rock
[Cheng and Toksoz, 1979]. When dc(a)/c(a) is less than
�1, as mean effective stress increases, the ellipsoidal cracks
of aspect ratio a are completely closed, and the concentra-
tion of that aspect ratio c(a) is removed from the aspect
ratio spectrum for the subsequent higher mean effective
stresses.

6.2. Differential Effective Medium Theory

[35] To calculate the theoretical velocity from the aspect
ratio spectrum of pore space, we used differential effective
medium (DEM) theory [e.g., Berryman, 1980; Norris, 1985;
Berryman, 1992]. DEM theory models two-phase compo-
sites by incrementally adding inclusions of one phase to a
background matrix phase, and then recomputing the new
effective background material at each increment [e.g.,
Cleary et al., 1980; Norris, 1985; Berge et al., 1992; Mavko
et al., 1998]. Therefore DEM theory can be applied to a
relatively high-porosity medium [e.g., Norris, 1985; Berge et
al., 1992; Xu and White, 1995].

Figure 5. Description of ellipsoidal pores by aspect ratio.

Figure 6. Parameters that constrain the relationship
between effective stress and elastic velocity. The amount
of velocity change with effective stress indicates the amount
of crack-like pore space [Mavko et al., 1998]. Rounded
pores are not closed by increases of effective stress.
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[36] The coupled system of ordinary differential equations
for the effective bulk and shear moduli, (K* and m*) are

1� yð Þ
dK* yð Þ

dy
¼ K 0 � K*

� � 1

3
Tiijj yð Þ ð11aÞ

1� yð Þ
dm* yð Þ

dy
¼ m0 � m*

� � 1

5
Tijij yð Þ �

1

3
Tiijj yð Þ

� �

ð11bÞ

with initial conditions K*(0) = K0 and m*(0) = m0, where K0

and m0 are elastic moduli of the initial host material (or grain
elastic moduli) [Norris, 1985; Berryman, 1992; Mavko et
al., 1998]. K0 and m0 are elastic moduli of the incrementally
added inclusions. In this study, we assumed that the
inclusions were seawater filled pores (K0 = 2.25 GPa, m0 =
0 GPa). Tiijj and Tijij are scalar quantities (geometrical
coefficients) that are a function of aspect ratio, and of pore
and grain elastic properties [Kuster and Toksoz, 1974]. y is
the total concentration of inclusions added to the host
material. When all inclusions have been added to the host
material, y (equation (11)) equals total porosity

f0 ¼
X

M

m¼1

c amð Þ; ð12Þ

where c(am) is the concentration of the mth aspect ratio. M
is the total number of the aspect ratio of open cracks in
aspect ratio spectrum.
[37] This approach can describe overlapping pores

[Norris, 1985]. First, large aspect ratio pores are added
to the effective background material, followed by smaller
aspect ratio cracks which have a greater effect on velocities
[e.g., Kuster and Toksoz, 1974]. By applying the aspect
ratio spectrum of the open cracks at each mean effective
stress in DEM theory, we calculated the theoretical velocity
parameterized by mean effective stress (Figure 6). To obtain
low-frequency acoustic properties (relaxed fluid) by using
DEM theory, we calculate elastic moduli of the dry frame
(by adding dry inclusions to the host material), and then
calculate the wet moduli by Gassmann fluid substitution
[e.g., Xu and White, 1995; Mavko et al., 1998].

[38] Since DEM theory neglects crack-to-crack interac-
tions, it is difficult to apply the theory to a high-porosity
medium such as that just below the seafloor. In such
uncemented lithologies, we can use self-consistent (SC)
theory [O’Connell and Budiansky, 1974], because SC
theory treats grains and pores symmetrically without requir-
ing a single background material and allows the composite
medium to become disconnected at a finite porosity [Berge
et al., 1995; Mavko et al., 1998]. However, because our
primary target near the décollement is deep and of low
porosity (<30%), it is a consolidated sequence that is
appropriate for the DEM model.

7. Method and Results

[39] From the crack aspect ratio spectrum estimated from
laboratory-derived properties and borehole data, we calcu-
lated a theoretical relationship between acoustic velocity
and mean effective stresses by using DEM theory [Norris,
1985; Berryman, 1992]. We then iteratively fitted the
theoretically calculated velocities to seismic interval veloc-
ities to estimate the mean effective stresses corresponding to
those interval velocities. We then obtained pore pressure by
subtracting the corrected vertical effective stress from the
vertical confining stress.

7.1. Aspect Ratio Spectrum

[40] From the relationship between velocities and mean
effective stresses determined from the samples obtained
from the footwall of the Nobeoka thrust (Figure 3a) [Tsuji et
al., 2006], we estimated aspect ratio spectra c(am) by using
Kuster–Toksoz theory (Figure 7a) [Kuster and Toksoz,
1974; Cheng and Toksoz, 1979]. Although we used DEM
theory (equation 11) to predict pore pressures, we used
Kuster–Toksoz theory to estimate the aspect ratio spectrum
because it employs a simple inversion technique [Cheng
and Toksoz, 1979] and the velocity differences derived by
these two approaches (Kuster–Toksoz theory and DEM
theory) are small for low-porosity rocks [e.g., Ursenbach,
2001]. In addition, because we characterized only the shape
of the aspect ratio spectrum of our samples, the detailed
differences from the two approaches are not important. The
porosity of the seafloor outcrop samples (Figure 3b) are

Figure 7. (a) Aspect ratio spectra and (b) normalized aspect ratio spectra of samples obtained from the
footwall of the Nobeoka thrust. These spectra were obtained by inversion of velocity–pressure
relationships. The footwall samples do not exhibit strong velocity anisotropy [Tsuji et al., 2006].
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high (>17%) and exceed the constraints imposed by Kuster
and Toksoz [1974] on their theory. Therefore we did not
estimate the aspect ratio spectrum of the seafloor outcrop
sample by using Kuster and Toksoz theory and inversion.
[41] The estimated aspect ratio spectra c(am) (Figure 7a)

were then normalized by dividing them by total porosity f0

(equation (12)) to obtain the normalized aspect ratio spectra
(Figure 7b) [Cerney and Carlson, 1999; Tsuji and Iturrino,
2008]:

cnor amð Þ ¼ c amð Þ

,

X

M

m¼1

c amð Þ: ð13Þ

Because the normalized concentrations cnor(am) increase
linearly with normalized aspect ratio am on logarithmic
coordinates (Figure 7b), we assumed that

c0 aið Þ ¼ aE
i 10�4:8 � ai � 1

� �

: ð14Þ

E in equation (14) is a quantity that determines pore
features. Lithologies with large E values are dominated by
rounded pores (those with large aspect ratios). Therefore a
lithology with a large E value indicates sand dominance. On
the other hand, mudstone is dominated by thin cracks and
has a small E value. By multiplying the normalized aspect
ratio spectrum representing open pores by in situ porosity,
we can determine the aspect ratio spectrum c(am) at in situ
effective stress.
[42] The range of aspect ratios in equation (14) also

affects the pressure dependence of velocities. Therefore
we calculated the theoretical velocity by applying DEM
theory to the modeled aspect ratio spectrum (equation (14))
and determined the range of aspect ratios by comparing the
theoretically calculated P wave and S wave velocities with
the velocities determined experimentally from rock samples
(Figure 3). In this study, the range of aspect ratios we used
was 10�4.8–1, and we configured a total of 69 different
aspect ratios in order to model the aspect ratio spectrum. The
velocity–stress relationships parameterized by E (Figure 8a)
reveal that E clearly characterizes velocity–stress relation-
ships therefore the assumption of the linear relationship on
logarithm coordinates between aspect ratio and its concen-
tration (equation (14)) is plausible. Furthermore, when we
assume a constant E value, we can obtain velocity–stress
relationships parameterized by porosity (Figure 8b).

7.2. Aspect Ratio Spectra at Boreholes

[43] From grain elastic moduli of the mixture of minerals,
porosity, density, and mean effective stress at the boreholes,
we calculated theoretical velocities parameterized by E
(aspect ratio spectrum) by using DEM theory (Figure 8a).
We then determined E by iteratively fitting the theoretically
calculated acoustic velocities to the seismic interval veloc-
ities recorded at the boreholes. Cracks gradually become
thinner (aspect ratios decrease) with increasing depth, and
thin cracks are eventually closed. When increased mean
effective stress has closed the cracks (equation (10)), the
theoretical velocity calculated using DEM theory increases
(Figure 6). When pore pressure at the borehole is predicted
using the estimated value of E, the predicted pore pres-
sures are consistent with the pressure calculated from the
Rubey and Hubbert relationship (Figure 9). Therefore we

have confirmed that E was accurately determined at the
boreholes.
[44] Ideally, a precise determination of E requires labora-

tory experiments (velocity–stress relationships) on borehole
samples so that E at the sampling points can be calculated by
fitting the theoretical velocity–stress relationships to the
measured relationships of the samples. However, we do not
have laboratory-derived velocities of borehole samples under
effective stress.

7.3. Effective Stress and Pore Pressure Distribution

[45] If E values within the accretionary prism are deter-
mined by interpolating and extrapolating E values estimated
at Sites 1173, 1174, and 808, we can calculate the
theoretical velocity parameterized by mean effective stress
by using DEM theory from grain elastic moduli, density,
and aspect ratio spectra obtained by multiplying the
normalized aspect ratio spectrum by open porosity at that
mean effective stress. However, it is difficult to predict the
pore pressure distribution landward of the deformation
front by interpolating and extrapolating E values at the
boreholes, because there are only three boreholes, and they
are near the deformation front. Therefore E should be
constrained by any of the properties that can be derived
from seismic attributes. In this study, E was constrained by
porosity. The dominant aspect ratio (E in this study) may
depend on clay content [e.g., Xu and White, 1995], and the
clay content (measured with natural gamma ray well logs)
has a linear relationship with porosity at Sites 1173 and
808. This linear relationship is in part attributable to
sediment compaction due to increased mean effective stress
with depth [Mikada et al., 2002]. However, Steurer and
Underwood [2003] reported on laboratory experiments that
showed that porosity has a linear relationship with clay
content [e.g., Shipboard Scientific Party, 2001a, 2001b].
These observations demonstrate that porosity can be as-
sumed to be the quantity that characterizes the aspect ratio
spectrum (E) in our study area. Therefore, by constructing
the relationship between porosity and E, we can obtain the
aspect ratio spectrum (E distribution) within the accretion-
ary prism from porosity.
[46] Because both porosity and E were estimated at the

boreholes, we can construct the relationship between E and
porosity (Figure 10a). Furthermore, because we could not
obtain this relationship in the low-porosity range from only
borehole data near the deformation front, we estimated E
values by fitting the theoretically calculated velocities–
stress relationships to the effective stress dependence of
velocities determined from the Nobeoka outcrop samples
(Figure 3a) [Tsuji et al., 2006]. When E is �0.9 for the low-
porosity Nobeoka samples (squares in Figure 10), the
theoretically calculated velocities are consistent with the
velocities of the Nobeoka outcrop samples (Figure 11a).
From the velocities of seafloor outcrop samples (Figure 11b),
furthermore, we estimated E for a higher porosity range
(solid dots in Figure 10). For seafloor outcrop samples of
high porosity, however, it is difficult to fit the theoretical
velocities to laboratory-derived velocities because the theory
neglects crack-to-crack interactions. Two seafloor outcrop
samples have high E values (black arrows in Figure 10)
because they are sandstone samples with pores of large
aspect ratio [Xu and White, 1995].
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[47] The clear relationship between E and porosity
(Figure 10a) demonstrates that E is well represented by
porosity. From the relationship between E and porosity
(Figure 10a), furthermore, we can obtain the proportion of
crack porosity to total porosity (Figure 10b). From
Figure 10b, we can see that low-porosity samples have a
large proportion of thin crack porosity.
7.3.1. Pressure Prediction Using a Single Relationship
Between E and Porosity
[48] Using a single relationship between E and porosity

(thick gray line in Figure 10), we constructed the aspect
ratio spectrum (E) within the accretionary prism from the
porosity distribution. In this study, porosity within the

accretionary prism was estimated by using an empirical
relationship [e.g., Hoffman and Tobin, 2004], because it is
difficult to estimate porosities by interpolating and extrap-
olating the properties from only a few boreholes. Because
seismic interval velocities are little different from the
acoustic velocities of borehole samples and sonic logs
[Costa Pisani et al., 2005], we constructed the relationship
between seismic interval velocity and porosity at the bore-
holes by using the Hoffman and Tobin [2004] relationship to
allow us to estimate the porosity distribution within the
accretionary prism.
[49] We calculated the theoretical velocity from mean

effective stress by applying DEM theory to the grain elastic

Figure 8. (a) Velocities parameterized by effective stress and E. These relationships were obtained for
porosity of 15%. (b) Velocities parameterized by effective stress and porosity. These relationships were
obtained for E = 1.1.
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moduli, density, and aspect ratio spectrum obtained from
both E and open porosity at that mean effective stress. We
assumed the initial mean effective stress to be hydrostatic.
Under hydrostatic conditions, the theoretical velocity is

much higher than the seismic interval velocity, because in
situ mean effective stress is lower than that under hydro-
static conditions. By iteratively changing mean effective
stress, we achieved a better match between the theoretical
velocity and interval velocity, which allowed us to predict
the mean effective stress (Figure 12a).
[50] Because we treated vertical effective stress as mean

effective stress in the underthrust section at the boreholes,
the estimated effective stress should be vertical stress.
Therefore we need to estimate mean effective stress from
the vertical stress in the underthrust sectionusing equation (2a).
However it is difficult to determine R = s03/s

0
1 = K0, because R

should increase from the deformation front to landward
region in the underthrust sequence; R near the deformation
front should be �0.5, and R at the landward of our study
area should be �1. Because we cannot estimate R for the
whole underthrust sequence in our study area, we use R =
0.75 for mean effective stress prediction in the underthrust
section (Figure 12a).
[51] For the pore pressure prediction within the accreted

section, the vertical effective stress needs to be calculated
from the estimated mean effective stress (equation (5)). We
then predicted pore fluid pressure by subtracting the cor-
rected vertical effective stress from the vertical confining
stress (Figures 12b and 12c). We show the excess pore
pressure distribution in Figure 12b, because hydrostatic
pressure increases by �10 MPa/km and it is difficult to
reveal overpressure on total pore pressure profile.
[52] The estimated pore pressure and the pressure assum-

ing compaction disequilibrium at the boreholes (Figure 12d)
are consistent at Site 808. However, this is not the case at
Site 1174; the estimated pore pressure just below the
décollement is higher than the pore pressure determined

Figure 10. (a) Relationships between E and porosity. Triangles, rhombuses, and crosses represent the
relationships obtained at Site 808, 1174, and 1173, respectively. Gray-filled squares and dots represent
the relationships obtained from the Nobeoka outcrop samples and the seafloor outcrop samples,
respectively. The thick gray line represents a single relationship between E and porosity incorporating
data from the three boreholes, and the thin lines represent relationships at each borehole. The
relationships at Site 1174 are not shown because they would make these figures too complex. The
relationships of two seafloor outcrop samples (black arrows) show high values of E because these
samples are dominantly sand. (b) Relationship between the proportion of crack porosity to total porosity.
Crack porosity is defined here as the summed porosity of cracks of aspect ratio <0.05.

Figure 9. Predicted pore pressure profiles near the
décollement (gray horizontal band) at Sites 808 and 1174.
Pressures predicted from porosities by using the Rubey and
Hubbert [1959] relationship (Figure 4b) are shown as small
black dots [Screaton et al., 2002; Straub, 2002; Saffer,
2003]. Pressures determined by reconsolidation test [Karig,
1993] are shown as gray squares outlined in black. The
hydrostatic pore pressure and vertical confining stress are
represented as straight lines. Above the décollement, pore
pressure is not estimated using the corrected vertical
effective stress via equation (5). Here we just compare the
estimated pressure with the pore pressure obtained via
Rubey and Hubbert relation (Figure 4b) for error estimation.
The décollement is represented by a horizontal gray band.
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from the Rubey and Hubbert relationship. This error reflects
the assumption of a single relationship between E and
porosity (thick gray line in Figure 10). The error originated
from the relation between E value and porosity is approx-
imately ±3 MPa.
[53] When E is estimated from porosity by using a single

relationship (thick gray line in Figure 10) and constant
grain elastic moduli are assumed, a theoretical relationship
is obtained between velocity and porosity parameterized by
mean effective stress (Figure 13). These relationships are
similar to those shown in Figure 8b, although the former
were obtained using a relationship between E and porosity
(Figure 10). The theoretical relationships show that the P
wave velocity of rock with 20% porosity increases by
�900 m/s as mean effective stress increases from 0 to
20 MPa. Furthermore, the relationship agrees well with the
relationship between seismic interval velocity and porosity.
This result demonstrates that mean effective stress can be
obtained from the velocity–porosity relationship when
elastic moduli are constant and a single relationship
between E and porosity is assumed.
[54] The results we obtained by using a single relation-

ship between E and porosity (Figures 12a–12d) are similar
to those obtained by the Rubey and Hubbert relationship
(equation (5)) [Tobin and Saffer, 2003], although we con-

sidered lithology (grain elastic moduli) differences and
included laboratory-derived velocity–pressure relationships
in our approach. We now consider cementation [e.g.,
Morgan et al., 2007] and its effect on crack sealing.
7.3.2. Pressure Prediction Considering Crack Sealing
[55] From the relationship between E (crack aspect ratio)

and porosity (Figure 10a), we can consider cementation
associated with heating, which may increase seismic
velocity. Figure 10a shows that for constant porosity, E
increases slightly in the landward direction (from Site 1173
to Site 808). Because this landward increase of E represents
increased dominance of rounded pores, this trend may reflect
sealing of thin cracks because of heating, or changes to pore
aspect ratios as a result of compaction. Because thin cracks
soften grain-to-grain contacts, which in turn lowers seismic
velocity, the closure of thin cracks to the landward region has
a marked effect on the velocity–stress relationship (Figure6).
To consider the effect of crack sealing, we interpolated and
extrapolated the relationships between E and porosity at Sites
1173, 1174, and 808 (thin lines in Figure 10), and considered
the effect of cementation in the direction of subduction. For
the relationship between E and porosity, we observed that
trends were different in the accreted sequence from those in
the underthrust sequence; the relation in the underthrust
section has larger change compared to that in the accreted

Figure 11. Comparison of theoretical and measured velocity–stress relationships for (a) Nobeoka
outcrop samples and (b) seafloor outcrop samples.
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Figure 12. (a) Mean effective stress, (b) excess pore pressure, (c) pore pressure profile every 200
crosslines, and (d) pore pressure profile at the borehole estimated using a single relationship between E
and porosity. Panels (e) to (h) present the same data as (a) to (d), but estimated using multiple relations
between E and porosity. The numbers above the profile represent xline common mid point numbers. In
(a), (b), (e), and (f), downward arrows show the décollement. In (a) and (e), mean effective stress in
underthrust sequence were corrected using estimated vertical effective stress and R = s0h/s

0
v = 0.75

(equation (2b)). In (b) and (f), excess pore pressure above the décollement were corrected using R =
s0v/s

0
h = 0.45 (equation (5)). In (c) and (g), the red lines above the décollement represent the corrected pore

pressure, and the dashed red lines above the décollement represent uncorrected pore pressure. In (d) and
(h), the predicted pore pressures are represented by red line. Pore pressures predicted from porosities by
using the Rubey and Hubbert [1959] relationship (Figure 4b) are shown as black dots [Screaton et al.,
2002; Straub, 2002; Saffer, 2003]. In (d) and (h), we just compare the estimated pressure with the pore
pressure obtained via Rubey and Hubbert relation (Figure 4b) for error estimation, therefore pressure
above the décollement (dashed red lines) is not corrected considering prominent stress direction
(equation (5)). Pressures from logging-while-drilling densities are represented as open gray dots [Ienaga,
2003]. Pressures from the reconsolidation test [Karig, 1993] are shown as squares. The dashed blue lines
below the décollement indicate pore pressures expected for an undrained scenario, calculated assuming a
uniform thickness of incoming sediment [Saffer, 2003].
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section. Therefore we constructed different relationships for
the accreted and underthrust sequences.
[56] From grain elastic moduli, density, and the estimated

aspect ratio spectrum, we calculated the theoretical velocity

parameterized by mean effective stress by using DEM
theory. The theoretically calculated velocity was fitted to
the seismic interval velocity by using mean effective stress
as a fitting parameter. We then estimated the mean effective
stress (Figure 12e) and pore pressure (excess pore pressure;
Figure 12f). The predicted pore pressure within the under-
thrust sequence (Figures 12e–12g) is a little higher than that
obtained using a single relationship between E and porosity
(Figures 12a–12c), because we changed the relationship
between E and porosity in the landward direction to account
for cementation. Comparison of the predicted pore pressures
with the pressures obtained from the Rubey and Hubbert
empirical relationship at the borehole (Figure 12h) shows
that the two methods provide consistent results at Site 808.
Although the results obtained at Site 1174 are less consis-
tent (Figure 12h), the average value of pore pressure of the
underthrust sequence at Site 1174 is consistent.

7.4. S Wave Velocity and Poisson’s Ratio

[57] If the aspect ratio spectrum (E) can be accurately
calibrated with borehole data and laboratory-derived P wave
and S wave velocities under mean effective stress, we can
estimate S wave velocities within the accretionary prism by
using DEM theory (Figure 14a). From the seismic interval
(P wave) velocity (Figure 2b) and the estimated S wave
velocity (Figure 14a), furthermore, Poisson’s ratio can be
estimated (Figure 14b). We found that Poisson’s ratio ranges
from 0.25 to 0.4 within the accretionary prism; this range is

Figure 13. Theoretical relationship between velocity and
porosity for mean effective stress from 0 to 20 MPa when a
single relationship between E and porosity (thick gray line
in Figure 10) and constant grain elastic moduli are assumed.
The relationships between seismic velocity and porosity at
Sites 1174 and 808, and Nobeoka outcrop are also shown.

Figure 14. (a) S wave velocity within the accretionary prism estimated from aspect ratio spectrum by
using DEM theory, (b) Poisson’s ratio within the accretionary prism.
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consistent with values determined in previous studies [e.g.,
Takahashi et al., 2002].

8. Interpretation

[58] We obtained two mean effective stress and pore
pressure models: (1) pressure predicted using a single
relation between E and porosity (Figures 12a–12c) and
(2) pressure predicted using multiple relations (Figures 12e–
12g). Although pore pressure in the underthrust sequence is
a little different between the results, the overall pore
pressure trend is consistent. Our results confirm that
abnormal high pore pressure occurs within the subducting
sedimentary sequence (Figures 12c and 12g); the normalized
pore pressure ratio (l* in equation (8)) is 0.4–0.7 within the
underthrust sequence. The normalized pore pressure ratio l*
of the underthrust sequence are consistent with a steady-
state hydrologic model that accounts for sediment compac-
tion and smectite dehydration [Saffer and Bekins, 1998] and
pressure predicted assuming compaction disequilibrium
[Tobin and Saffer, 2003]. This high pore fluid pressure
within the underthrust sequence can account for aseismic
slip due to the weak coupling along the décollement [e.g.,
Hubbert and Rubey, 1959; Scholz, 1998] and shallowly
tapered geometry of the accretionary prism off the Muroto
peninsula [e.g., Davis et al., 1983].
[59] Seismic profiles (Figure 2) image the tectonic thick-

ening of the accretionary prism that has occurred following
displacement along the imbricate thrusts (e.g., frontal
thrust), and the thickened prism increases the overburden
load to the underthrust sequence. Furthermore the rapid
turbidite sedimentation near the trough axis also increases
overburden load. This increasing weight of the overburden
decreases porosity. However, because pore fluid within the
underthrust sequence may be sealed by a low bulk perme-
ability marine sediment [Gamage and Screaton, 2006], the
pore fluid has nowhere to escape and starts to carry some of
the weight of the overburden. The increase in overburden
load and low permeability sediment may increase the pore
pressure of the underthrust sequence. Furthermore, the
permeability near the décollement has strong anisotropy
[e.g., Tobin et al., 2001]; the permeability across the
décollement (vertical direction) is low. The low permeabil-
ity barrier across the décollement [Brown et al., 1994; Tobin
et al., 2001; Ujiie et al., 2003] may cause the pore pressure
contrast at the décollement [e.g., Tsuji et al., 2005a].
[60] The high pore pressure is not only due to compaction

disequilibrium regime [Swarbrick and Osborne, 1998], but
is also developed as a result of clay dehydration [e.g.,
Powers, 1959; Burst, 1969], fluid migration [e.g., von
Huene and Lee, 1982], and breakdown of cementation
[e.g., Morgan et al., 2007]. Especially the Muroto transect
is located above the extinct spreading ridge where the
basement temperature is significantly high �110�C [Taira
et al., 1991] therefore the high temperatures compared to
other Nankai Trough regions have accelerated mineral
diagenetic reactions [Underwood et al., 2001; Ujiie et
al., 2003; Morgan et al., 2007].
[61] The abnormal pore pressure within the underthrust

sequence initiates seaward of the deformation front
(Figure 12). The overpressure seaward of the deformation

front may be caused by turbidite sedimentation or pore
pressure transmitted from the landward underthrust se-
quence. If the seismic interval velocity (Figure 2b) was
accurately determined, the pore pressure contrast at the
décollement seaward of the deformation front suggests that
the low-permeability seal across the décollement is devel-
oped from the seaward region of the deformation front
[Screaton et al., 2002; Bangs and Gulick, 2005; Costa
Pisani et al., 2005].
[62] The overpressure within the accreted sequence above

the décollement initiates from the deformation front to the
landward region (Figure 12). The increase in horizontal
compaction within the accreted sequence [e.g., Ienaga et al.,
2006] may originate abnormal pore fluid pressure. Further-
more because the development of the imbricate thrusts
(brittle failure) collapses the permeability barrier, high-
pressure fluid migration from the underthrust sequence
may partially generate abnormal pressure.
[63] The pore pressure contrast at the décollement is

smaller to the landward region. In the landward of our
study area, furthermore, the mean effective stress in the
underthrust sequence is higher than that in the accreted
sequence (Figures 12a and 12e). The higher effective stress
in the underthrust sequence should be partially originated
by increasing the ratio of horizontal stress to vertical stress
from seaward to landward underthrust sequence, although
we used constant R = K0 = 0.75 for whole underthrust
sequence in our study area. The decreasing pore pressure
contrast across the décollement and changing R to landward
may cause décollement step-down and development of out-
of-sequence thrust.

9. Summary

[64] 1. To delineate mean effective stress and pore pres-
sure within the Nankai accretionary prism off the Muroto
peninsula, we developed a theoretical method using DEM
theory and aspect ratio spectrum of pore space. When we
estimated mean effective stress and pore pressure, we
considered compressive state of stress in the accretionary
prism.
[65] 2. The results demonstrate abnormally high pore

pressure within the underthrust sequence (l* = 0.4 �
0.7). The increase in vertical load by the prism thickening
and low permeability barrier at the décollement may in-
crease the pore pressure of the underthrust sequence.
[66] 3. Abnormal pore pressure within the underthrust

sequence initiates seaward of the deformation front, prob-
ably due to turbidite sedimentation or pore pressure trans-
mission. The pore pressure contrast at the décollement
seaward of the deformation front suggests that the low-
permeability seal across the décollement is developed from
the seaward region of the deformation front.
[67] 4. Overpressuring within the accreted sequence is

initiated at the deformation front and proceeds landward,
probably due to the increase in horizontal compaction.
[68] 5. The pore pressure contrasts at the décollement

become smaller landward of the deformation front. They
may cause décollement step-down and development of out-
of-sequence thrust further landward (outside) of our study
area.
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