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Abstract. To understand the characteristics of the Nankai seismogenic fault in the plate convergent margin, we calculated
the P- and S-wave velocities (VP and VS) of digital rock models constructed from core samples of an ancient plate boundary
fault at Nobeoka, Kyushu Island, Japan. We first constructed 3D digital rock models from microcomputed tomography
images and identified their heterogeneous textures such as cracks and veins. We replaced the cracks and veins with air,
water, quartz, calcite and other materials with different bulk and shear moduli. Using the Rotated Staggered Grid Finite-
Difference Method, we performed dynamic wave propagation simulations and quantified the effective VP, VS and the ratio
of VP to VS (VP/VS) of the 3D digital rock models with different crack-filling minerals. Our results demonstrate that the
water-saturated cracks considerably decreased the seismic velocity and increased VP/VS. The VP/VS of the quartz-filled
rock model was lower than that in the water-saturated case and in the calcite-filled rock model. By comparing the elastic
properties derived from the digital rock models with the seismic velocities (e.g. VP and VP/VS) around the seismogenic fault
estimated from field seismic data, we characterised the evolution process of the deep seismogenic fault. The high VP/VS and
low VP observed at the transition from aseismic to coseismic regimes in the Nankai Trough can be explained by open cracks
(or fractures), while the low VP/VS and high VP observed at the deeper coseismic fault zone suggests quartz-filled cracks.
The quartz-rich fault zone characterised as low VP/VS and high VP in this study could partially relate to the coseismic
behaviour as suggested by previous studies, because quartz exhibits slip-weakening behaviour (i.e. unstable coseismic slip).
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Introduction

The active seismogenic fault in the Nankai Trough is caused by
the subduction of the Philippine Sea Plate beneath south-western
Japan at a rate of ~4.1–6.5 cm/y at an azimuth of 300� to 315�

(e.g. Seno et al., 1993; Miyazaki and Heki, 2001) (Figure 1a).
The plate boundary fault poses a constant threat to the densely
populated coastal cities of south-west Japan in the form of
potential massive earthquakes and tsunamis. Ando (1975) and
Kumagai (1996) reported that the plate interface was the origin of
great interplate earthquakes recurring in the region over the last
1000 years. The 1944Tonankai and the 1946Nankai earthquakes
were the latest of these events. Many previous studies described
the seismogenic fault in order to reveal the earthquake generation
mechanisms in this plate interface. In particular, characterisation
of the pore pressure could help to understand the coseismic
rupture propagation (e.g. Park et al., 2014; Kamei et al., 2012;
Tsuji et al., 2014a; Kimura et al., 2012; Kodaira et al., 2004;
Moore and Saffer, 2001; Scholz, 1998; Tobin and Saffer, 2009).
Previous studies also investigated the effect of crack-filling
minerals that control earthquake generation in subduction
zones worldwide (e.g. Audet and Burgmann, 2014).

Because of recent developments in imaging rock internal
structures, we can construct high-resolution 3D digital rock
models of fault rocks with crack-filling minerals. By applying
numerical simulations to these rock models, we can obtain the
elastic and hydrologic properties of the rock (e.g. Jiang and Tsuji,

2016; Yamabe et al., 2016; Andra et al., 2013; Saenger et al.,
2011; Saenger, 2008; Saenger et al., 2004; Tsuji et al., 2016).
Using the digital rock approach, we can change the crack-filling
materials to analyse their influence on rock seismic velocities.

The coseismic fault in the Nankai subduction zone is too
deep to obtain core samples via drilling; hence, a numerical rock
model based on microcomputed tomography (micro-CT) images
of core samples cannot be obtained. Therefore, we used core
samples from the Nobeoka Thrust to simulate the characteristics
of the Nankai seismogenic fault. The Nobeoka Thrust is an
ancient plate boundary fault that outcrops on Kyushu Island,
south-west Japan (Figure 1a). This thrust has been inactive in
the recent geological past and has maintained a deep setting in
the seismogenic zone (e.g. Kondo et al., 2005; Research Group
for Active Faults of Japan, 1991). The Nobeoka Thrust and
the coseismic plate boundary fault have similar lithologies
and elastic properties (Tsuji et al., 2006). Several previous
studies have described and compared the characteristics of the
ancient and modern seismogenic faults (e.g. Hamahashi et al.,
2013). For example, the Nobeoka Thrust formed at depths of
11 km beneath the sea floor (e.g. Kondo et al., 2005), which
is similar to the depth of the modern Nankai seismogenic fault
(e.g. Park et al., 2002; Kamei et al., 2012, 2013).

In this study, we construct digital rock models of the
Nobeoka core samples based on micro-CT images in order to
estimate the effective P- and S-wave velocities (VP and VS)
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and their ratio (VP/VS). VP and VS were estimated from numerical
simulations of seismic wave propagation through the digital
rock models. In the numerical simulation, we investigated the
effects of the crack-filling materials on the effective velocities
by replacing cracks and veins with various elastic materials such
as air, water, calcite and quartz. The resulting velocities were
then compared with those from field seismic data in the Nankai
Trough (i.e. VP and VS of the seismogenic fault).

Geological setting

The Nobeoka Thrust is a major fault that separates the northern
and southern ShimantoBelts of a Cretaceous–Tertiary accretionary
complex in Kyushu, south-west Japan (Figure 1a). It extends
for more than 800 km in the Shimanto Belt and is parallel to the

modern Nankai Trough. Vitrinite reflectance data indicates that
both the hanging wall and footwall of the Nobeoka Thrust
experienced heating to maximum temperatures of ~320�C and
~250�C, respectively (Kondo et al., 2005). The thrust was
drilled by the Nobeoka Drilling Project 2011, and the drill
hole was located ~200m north of an outcrop where intensive
field surveys such as physical property measurements had been
previously conducted (Kondo et al., 2005; Tsuji et al., 2006).
The length of the drilled core sample is ~250m, consisting of
~40m of hanging wall and ~210m of footwall (Hamahashi et al.,
2013). Both the hanging wall and footwall rock have the same
shale and sandstone-dominant protolith; however, the hanging
wall exhibits a penetrative plastic deformation, while the
footwall exhibits a brittle, cataclastic melange-like deformation.
Three types of mineral veins are well developed, especially in the
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Fig. 2. Procedure for estimating the effective velocity from core samples using the digital rock approach.
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Fig. 1. (a) Location of the Nankai Trough, Nobeoka Thrust and a seismic line off Kumano (modified from Kondo et al., 2005). (b) VP/VS above the
subducting oceanic crust surface (within the sedimentary sequence) estimated from P-to-SV converted waves (grey circles; Tsuji et al., 2011). The green line
indicates VP/VS of the underthrust sequence (from the mega-splay fault to the crust surface). The red line indicates VP/VS within the accretionary prism (from
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mega-splay fault) (Tsuji et al., 2014a). (c) VP obtained by waveform tomography analysis (Kamei et al., 2012, 2013). (d) Normalised pore pressure ratio overlaid
on the seismic reflection profile of Nankai Trough (Tsuji et al., 2014a). Colour scale indicates the normalised pore pressure ratio l*. l* = 1 indicates lithostatic
pressure and l* = 0 indicates hydrostatic pore pressure.
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damaged footwall: tension crack-filling veins, fault-filling veins
and post-melange veins (Kondo et al., 2005). Thematrixminerals
aremostly calcite, plagioclase, illite, chlorite and quartz (Fukuchi
et al., 2014), while the veins are rich in calcite, ankerite and
minor quartz (Yamaguchi et al., 2011). While the foliation is
well developed in the hanging wall side, the foliation in the
footwall is unclear (Tsuji et al., 2006).

Data and methods

The sequence of processes from rock digitisation to seismic
velocity calculation is illustrated in Figure 2. In this study, we
have used three core samples obtained from the footwall of the
Nobeoka Thrust at distances of 44.25, 36.4 and 3.4m from the
fault core. To obtain the digital images, the sampleswere scanned
by X-ray micro-CT with a resolution (pixel size) of 10mm
(Figure 3). Although the original size (grid number) of the
scanned images was 1024� 1024� 1024 pixels, we extracted
500� 500� 500 pixels (white square in Figure 3) from the
undisturbed central part of the original 3D pixel images for our
analysis (Figure 4).
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1

Fig. 3. Example of micro-CT scanned images. The white square outlines
the area (500� 500 grid points) extracted for the digital rock model
construction. The grey scale represents the CT values.
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Fig. 4. 3D digital rock models of three rock samples: (a) Model 1, (b) Model 2 and (c) Model 3. The white tone represents the higher CT values.
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Phase classification

Because the CT values are proportional to the density of the
material, the measured CT values were converted into density
values as follows:

rðx; y; zÞ ¼ aCTðx; y; zÞ; ð1Þ
where r(x, y, z) and CT(x, y, z) represent the density and the CT
values at the grid point (x, y, z), respectively. The proportionality
constant a was determined using the following equation:

a ¼ CTave
rave

; ð2Þ

where CTave is the CT value averaged over the 500� 500� 500
pixels under analysis, and rave is the averaged density (rave=
2.6 g/cm3) of the core samples from the Nobeoka Thrust,
measured in the laboratory by Tsuji et al. (2006).

The material at each grid point was then classified as grain,
crack or vein based on porosity value and visual inspection
(Figure 5a, c, e). Following Jiang and Tsuji (2015), we set the
threshold density between the cracks (pores) and the grains
as 2.35 g/cm3 based on porosity from logging data (Hamahashi
et al., 2015) and core samples (Tsuji et al., 2006) (Figure 5b, d, f).
We identified the veins (crack minerals such as calcite, ankerite
and quartz; Yamaguchi et al., 2011) using the density of
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2.85 g/cm3 as the threshold between veins and grains based
on visual inspection (white in Figure 5b, d, f). The volumes of
cracks and veins are shown in Table 1. These veins were open
cracks prior to mineral infilling. The seismic velocities in the
three models were calculated using dynamic wave propagation
simulations with the cracks and veins replaced by various
elastic materials (Figure 6).

Elastic parameters for each phase

To perform wave propagation simulations, we need to assign
elastic parameters for each grid cell. Assigning an exact value
for the elastic parameters for grains is one of the challenging
issues in digital rock physics (Madonna et al., 2012). We need
to assume a homogeneous grain at each grid point, although it
may contain unresolved microcracks. As a result, if we use the
elastic parameters of the major mineral for each grain, effective
velocities calculated from digital rock models are higher than the
laboratory measurements (e.g. Madonna et al., 2012).

Here, we used the results of laboratory measurements
of Nobeoka footwall samples under a confining pressure of
55MPa in dry conditions (Tsuji et al., 2006) to define VP and
VS for grains and include the effect of velocity reduction due
to unresolved microcracks. Since the laboratory experiment
used highly consolidated outcrop samples containing a lot of
veins, we assumed the grain density to be 2.64 g/cm3, which
is smaller than the laboratory value. While varying the VP and
VS values assigned to the grains, we compared the effective
velocities calculated by seismic wave propagation simulation
(details are shown in the next section) with the results of
the laboratory measurement (VP = 4180m/s, VS = 2750m/s).
We used Model 3 as the 3D digital rock model because its
porosity is close to that of the laboratory data (Tsuji et al.,
2006). We varied VP and VS for the grain material in the range
of 3750–4500m/s and 2500–3000m/s (step size 250m/s),
respectively. We assigned the elastic parameters of air for
cracks (i.e. simulating a dry condition) and those of calcite for
veins. As a result, we determined the grain velocities to be VP =
4250m/s and VS = 2750m/s because the corresponding effective
velocities are most consistent with the laboratory results.

To investigate the influence of crack-filling materials on
effective velocities, we replaced identified cracks and veins,
shown as dots in Figure 7, with the commonly accepted elastic
parameters for air, water, calcite and quartz (Mavko et al., 1998).
We also replaced cracks and veins with 11 cases of elastic
materials with different values of elastic moduli and densities

Table 1. The volume percentages of cracks and veins for Models
1, 2, and 3.

Models Crack (%) Vein (%)

Model 1 8.71 1.43
Model 2 7.07 4.95
Model 3 4.42 4.91
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(k, m and r) (Figure 7). The density values for these cases satisfy
the Gardner relation (e.g. Gardner et al., 1974). For reference
(i.e. non-crack models), we computed effective velocities for
homogeneous models using the elastic parameters of grains
defined above.

Effective velocity measurements by seismic wave
simulation

Once the elastic parameters for the 3D digital rock models
are given, the effective seismic velocities can be estimated by
seismic wave propagation simulation. To perform the simulation,
we employed the finite-difference method using a rotated

staggered grid (Saenger et al., 2000), which is effective for 3D
digital rock models (e.g. Yamabe et al., 2016; Andra et al., 2013;
Saenger et al., 2011; Saenger, 2008; Saenger et al., 2004;
Madonna et al., 2012). The rotated staggered grid approach is
stable for seismic wave propagation modelling in a medium
containing sharp interfaces such as the solid-void interface in
our study. The top and bottom layers of the digital rock models
were set as homogeneous layers (Yamabe et al., 2016) with
constant elastic properties (VP = 4250m/s, VS = 2750m/s and
density = 2.64 g/cm3). To avoid artificial reflection from the
boundaries, we applied the absorbing boundary condition of
Cerjan et al. (1985). A plane P- or S-wave was generated
by applying a plane source at the lower part of each model
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(Figure 6). We used a Ricker wavelet as the source function
with a central frequency of 3MHz. The seismic waveforms
were received at two horizontal planes (151� 151 pixels)
placed at the upper and lower parts of the digital rock models.
The received signals were horizontally averaged. VP and VS of
the digital rock models were calculated based on the time delay
of the observed peak amplitude of the two averaged waveforms.

Results and interpretation

The effective velocities in the three rock models were calculated
for the various crack-filling materials, including the non-crack
case. From these results, we constructed the diagram of estimated
velocities (i.e. VP, VS and VP/VS) for different elastic moduli
(k and m) (Figure 7).

Effect of crack-filling materials on seismic velocities

For the water-saturated case in Model 1, VP and VS decreased
significantly by ~9% and ~12%, respectively, compared to the
non-crack case (Figure 7a, b). The VP/VS value in the water-
saturated case (~1.60) is higher than in the non-crack case (~1.56).
In contrast, velocities for the crack-filling minerals increased
~4% (VP) and ~5% (VS) for quartz, and ~5% (VP) and ~3% (VS)
for calcite, compared to the non-crack case. The VP/VS value
for the quartz-filled case decreased ~0.21% compared with the
non-crack case and increased ~2% for the calcite-filled case
(Figure 7c). The VP/VS value for the quartz-filled case (~1.55)
was lower than that of the water-saturated case (~1.60), while
the VP/VS value for the calcite-filled case (~1.59) was similar to
the water-saturated case. The VP and VS for dry case (Figure 7)
decreased ~9% and ~11%, respectively, and its VP/VS increased
~2% compared with non-crack model.

Effect of heterogeneous texture on seismic velocity

The texture of Model 3 is more massive than the textures of
Models 1 and 2 (Figure 4 and Table 1), with ~1% to ~3% fewer
cracks and veins than in Models 1 and 2, respectively. The total
amount of cracks and veins inModel 1 is between that of Models
2 and 3, but the variation of the velocities in Model 1 is greater
than in Models 2 and 3. This is because the distribution of the
cracks differs between the models: the crack in Model 1 runs
across the whole length of the rock model (Figure 4a). Although
the models have different heterogeneous textures and the
absolute values of the effective estimated VP, VS and VP/VS

differed (Figure 7), we observed similar trends in the elastic
moduli for the different crack-filling materials.

Discussion

Classification on VP/VS and VP diagram

Here, we discuss the velocity variation of the digital rock models
influenced by crack-filling materials. We used the velocity of
the non-crack model as the reference velocity (pink circles in
Figure 7).Based on the results of the three rockmodels (Figure 4),
we constructed the effective velocity variation diagram showing
the relation between VP and VP/VS (see Figure 8). The velocities
can be classified into three zones: (1) quartz-rich, (2) water-
saturated open fracture, and (3) calcite-rich.

The high VP and low VP/VS results of the quartz-filled crack
model define the quartz-rich zone. Additionally, there are
several elastic materials with similar VP and low VP/VS values
(Figure 8 and green circles in Figure 7) that can be also classified
within the quartz-rich zone. The water-saturated open fracture
zone is characterised by the lower VP and higher VP/VS water-
filled crack features (Figure 8 and red circles in Figure 7).
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The elastic materials that have high VP and VP/VS values, similar
to those of the calcite-filling model (Figure 8 and blue circles
in Figure 7), are grouped in the calcite-rich zone. In reservoir
characterisation, this diagram can help evaluate the crack-filling
mineral in the rock based on VP and VP/VS measurements.

Evolution process of the Nankai seismogenic fault

Here, we investigate the fracture-filling materials in the
(1) transition zone from aseismic to coseismic regimes and
(2) deeper coseismic zone in the Nankai seismogenic fault off
Kumano (see Figure 1d). We compare the VP and VP/VS values
of the Nobeoka Thrust determined from the digital rock models
(Figure 7) with those calculated from seismic data at the Nankai
seismogenic fault (Figure 1b, c; Kodaira et al., 2004;Kamei et al.,
2012; Tsuji et al., 2011). Because there is a significant scale
difference between the effective velocities measured from the
digital rockmodels and those fromfield seismic data, we evaluate
the fault evolution processes qualitatively.

The transition zone from aseismic to coseismic regimes

The transition zone is located between the inner and outer
wedges, ~35 km landward from the trough axis (Figure 1d) and
~6 km below the seafloor in the Nankai Trough off Kumano (e.g.
Moore and Saffer, 2001). This zone is also considered to be
the up-dip limit of the coseismic plate boundary fault. The
seismic data indicates that the transition zone has low VP and
high VP/VS (Figure 1b, c; Tsuji et al., 2011; Kamei et al., 2012,
2013, 2014; Tsuji et al., 2014a). This trend is consistent with
the water-saturated open fracture zone in the VP–VP/VS diagram
(Figure 8), suggesting that the transition zone has high pore
pressure that supports open cracks and/or fractures. Furthermore,
the clay minerals may dehydrate and release water into the
fractures, particularly during the smectite-to-illite transition
process (e.g. Moore and Vrolijk, 1992; Saffer and Tobin,
2011; Tsuji et al., 2008; Screaton et al., 2002). The smectite-
to-illite transition occurs at temperatures between ~100�C and
150�C and releases a significant amount of water into the pore
space (Moore and Saffer, 2001). This temperature range is
similar to that at the transition zone studied here (Hyndman
et al., 1995). Furthermore, Martin et al. (2010) showed that
a lateral fault developed at the transition zone, which can
generate intensive fracturing in the region (Tsuji et al., 2014b).
These interpretations suggest that water-filled fractures may be
dominant in the transition zone.

A transition zone containing water-rich fractures supported
by high pore pressure will strongly influence the mechanical
properties of a seismogenic fault (e.g. Moore and Saffer, 2001;
Tobin and Saffer, 2009;Wang and Hu, 2006). The high-pressure
conditions may be associated with slow-slip earthquakes
generated in the transition zone (e.g. Obara and Ito, 2005;
Obana and Kodaira, 2009; Tsuji et al., 2014a).

The deeper coseismic zone

The coseismic zone is in the inner wedge, ~50 km landward
from the trough axis (see Figure 1d) (e.g. Park et al., 2002)
at a depth of ~6–15 km below the seafloor (Moore and Saffer,
2001). From the seismic data, this zone has high VP and low
VP/VS (Figure 1b, c; Kodaira et al., 2004; Tsuji et al., 2011).
This trend agrees with the quartz-rich zone in Figure 8. Our
result is also consistent with the low VP/VS values observed at
the Cascadia subduction zone by Audet and Burgmann (2014).
Quartz mineralisation can occur in the subduction zone,
particularly as a result of precipitation of fluid-dissolved silica
derived from the progressive dehydration of the downgoing

slab (e.g. Audet and Burgmann, 2014). The quartz enrichment
in this coseismic zonemay also be related to temperature because
the pressure solution and quartz cementation processes occur
in this zone at temperatures above 150�C (Moore and Saffer,
2001). Under similar conditions, Moore and Allwardt (1980)
assumed that pressure solution and quartz veins can develop in
an accretionary prism at temperatures of ~100�C to 200�C,
and become dominant features in rock deformed above 200�C
(DiTullio et al., 1990; Fisher and Byrne, 1992). Based on
thermal modelling (Hyndman et al., 1995), the temperature at
the true up-dip limit corresponds to ~200�C; therefore, quartz
mineralisation in the fractures increases at the coseismic zone,
which causes the closure of cracks. Moreover, slip-weakening
behaviour occurs in the quartz-precipitated zone where the
friction coefficient (dynamic friction) of the quartz veins is
strongly lessened (e.g. Di Toro et al., 2004; Goldsby and
Tullis, 2002), increasing the possibility of a great earthquake
occurring in the coseismic zone.

Conclusion

We have identified the evolution process of the Nankai
seismogenic fault off Kumano using 3D digital rock models.
We applied dynamic wave propagation simulations to digital
rock models of Nobeoka core samples and constructed a diagram
of estimated VP and VS for three models, applying different
crack-filling materials to each model. Based on these results,
we derived the relationship between VP and VP/VS for the three
models and divided the variation of these velocities into three
zones: the quartz-rich, water-saturated open fracture and calcite-
rich zones. The transition zone between the outer wedge and
inner wedge of the Nankai seismogenic fault (~6 km below
seafloor) has low VP and high VP/VS values consistent with
our water-saturated open fracture zone. Thus, the rock in this
transition zone may have high pore pressure, supporting open
fractures. The coseismic zone of the Nankai seismogenic fault
(~615 km below seafloor) has high VP and low VP/VS values that
correspond to our quartz-rich zone, suggesting that this zone
may have quartz-rich fractures.

This approach can be used in many geo-engineering studies
(e.g. geothermal reservoir characterisation) and can consider
heterogeneous natural pore geometry for seismic velocity
calculation, although conventional rock physics typically assumes
simplified pore space, such as a crack. Therefore, using a digital
rock physics approach, we could accurately evaluate the elastic
properties of heterogeneous rock.
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