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1. Introduction
The Nankai Trough Seismogenic Zone Experiment (NanTroSEIZE) is an ambitious initiative to investigate fault 
processes and mechanisms of earthquake and tsunami generation at active plate boundary systems. The program 
focused on the Kumano transect of the Nankai subduction zone, offshore southwest Japan. Since 2007, 11 expe-
ditions of the Integrated Ocean Drilling Program and later International Ocean Discovery Program have explored 
various parts of the accretionary prism, providing geological samples and in situ measurements recorded by 
logging and/or borehole monitoring.

The main site of NanTroSEIZE was Site C0002 at ∼35 km from the trench of the Nankai subduction zone in the 
Kumano forearc basin, above a portion of the plate interface believed to be capable of seismogenic locking and 
slip. This portion of the megathrust is branched by a megasplay system of faults. It also coincides with the updip 
limit of the coseismic rupture zone of the 1944 Tonankai earthquake (Park et al., 2002). Slow slip events, very 
low frequency earthquakes, and tectonic tremors have also been identified nearby (Araki et al., 2017; Obara & 
Kato, 2016). Drilling operations at Site C0002 were designed to characterize the compositional, petrophysical, 
mechanical, and hydrogeological properties of the accretionary wedge with a series of holes penetrating the 
Kumano forearc basin and accretionary sediments beneath. Ultimately, Site C0002 aimed to unravel the roles 
of the plate boundary and the system of megasplay faults in accommodating plate motion, by reaching a drill-
ing target of 5 kilometers below seafloor (kmbsf; below 2 km of seawater) where seismogenic conditions are 
thought  to be present. Although technical issues prevented the completion of this objective, the holes drilled at 
Site C0002 during the final NanTroSEIZE expedition reached 3 kmbsf providing an unprecedented record of in 

Abstract Using logging data and samples collected by the four expeditions of the International Ocean 
Discovery Program NanTroSEIZE drilling campaign that occupied Site C0002 in the Nankai margin located 
southwest of Japan, we determined effective porosity and sonic velocity profiles down to 3 km below the 
seafloor in the accretionary prism, above the seismogenic plate interface. We measured cation exchange 
capacity to differentiate clay-bound water content from effective porosity, which is representative of 
compaction. The decrease in effective porosity with depth is fitted with a single exponential decay, which 
suggests hydrostatic conditions for most of the borehole. The Erickson-Jarrard template was adapted to account 
for the actual clay-bearing nature of the sediments. We used this improved P-wave velocity–effective porosity 
relationship to fill shipboard data gaps and predict P- and S-wave velocity profiles at Site C0002.

Plain Language Summary Effective porosity reflects the network of pores that affects the transport 
properties and the history of sediment compaction. However, evaluating this property is not straightforward 
given that standard methods provide total porosity, which also includes clay-bound water. We can estimate 
the effective porosity using cation exchange capacity of the rocks. This method was used at Site C0002, 
the deepest hole in history of the International Ocean Discovery Program, drilled down to the heart of the 
Nankai accretionary prism, located southwest of Japan. We show that the effective porosity follows a simple 
exponential decay law with depth. We also demonstrate that there is a single relationship between effective 
porosity and P-wave velocity. We use this relationship to fill the data gaps in the P- and S-wave velocity 
profiles at Site C0002. Conversely, this provides a direct method to estimate effective porosity, and hence, the 
compaction state, from seismic profiles acquired across the Nankai accretionary prism.
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situ data and collection of samples within an accretionary wedge. Still, Site C0002 provides first-hand data at the 
middle of the Nankai accretionary prism.

Hydrologic models require accurate compaction profile as inputs. To do so, pore pressure or P to S wave velocity 
ratio (Vp/Vs) are needed. However, getting reliable estimates of these parameters at depth is difficult and can only 
be achieved with scientific drilling.

The objective of this study is twofold: (a) obtain an effective porosity profile from analysis of cores, and (b) 
improve the Vp prediction from porosity to get complete Vp and Vs profiles and predict missing data down to 
∼3 kmbsf at Site C0002. We use logging data and samples collected by the four expeditions that occupied Site 
C0002 to determine the compaction and sonic velocity profiles. It has been shown that in clay-rich sediments 
such as those drilled at Site C0002, the water structurally bound to the clay particles affects the porosity measure-
ments, resulting in biased porosity–velocity relationships (Brown & Ransom, 1996; Tudge & Tobin, 2013). Here, 
we measure cation exchange capacity (CEC) on core samples to differentiate the clay-bound water content from 
the effective porosity (representative of the compaction state of the sediments) from the total porosity routinely 
measured during the cruises (Conin et al., 2012; Dutilleul, Bourlange, Conin, et al., 2020; Dutilleul, Bourlange, 
& Géraud, 2021; Dutilleul, Bourlange, Géraud, et  al.,  2020, 2021; Henry, 1997; Henry & Bourlange, 2004). 
Then, we propose a modified version of the Erickson-Jarrard model (Erickson & Jarrard, 1998) fitting better the 
Vp–porosity crossplot using effective porosity and shipboard mineralogical data. This allows us to provide sonic 
velocity profiles at Site C0002. The improved relationship between Vp and effective porosity can ultimately be 
used to derive the compaction state and hydrological properties in the Nankai accretionary prism.

2. Materials
In this study, we synthesize sample and logging data collected by the four expeditions that occupied Site C0002 to 
identify data gaps. We also provide new data (CEC, effective porosity, pore size distribution, and permeability).

2.1. Sampled Intervals and Lithology

Repeated drilling efforts at Site C0002 have resulted in the collection of cores and cuttings in the lower Kumano 
forearc basin and in the inner wedge of the Nankai accretionary margin, down to ∼3,263 mbsf (Figure 1a). In 
2007, Expedition 315 retrieved 86 cores mainly from the Kumano forearc basin: from the seafloor to ∼204 mbsf 
in Holes C0002C and C0002D and from ∼475 to 1,057 mbsf in Hole C0002B (Kinoshita et al., 2009a). In 2012, 
Expedition 338 drilled Hole C0002F and penetrated the upper part of the accretionary prism providing cuttings 
from ∼860 to 2,005 mbsf (Strasser et al., 2014). Furthermore, 44 cores were collected from ∼200 to 503 mbsf 
(Holes C0002K and C0002L), ∼902 to 934 mbsf (Hole C0002J), and ∼1,100 to 1,112 mbsf (Hole C0002H). 
Approximately 1 year later, the accretionary prism was further sampled down to ∼3,059 mbsf during Expedition 
348, with cuttings retrieved in Holes C0002N and C0002P (Tobin et al., 2015). Limited coring was conducted 
between ∼2,163 and ∼2,219 mbsf in Hole C0002P and between ∼475 and ∼513 mbsf in Hole C0002M. Finally, 
in 2018–2019, sampling reached ∼3,263 mbsf with 240 cutting samples collected in Holes C0002Q–C0002T 
during Expedition 358 (Kitajima et al., 2020). Also, the ∼2,836–2,846 mbsf interval was cored in Hole C0002T, 
providing the three deepest cores ever drilled in IODP history.

Based on these samples, the shipboard scientists (Kinoshita et al., 2009b; Kitajima et al., 2020; Strasser et al., 2014; 
Tobin et al., 2015) defined lithological Units I–III in the Kumano forearc basin sediments and IV–V in the upper 
accretionary prism sediments (Figure 1b). Units I (0 to ∼136 mbsf in Hole C0002D) and II (∼136–826 mbsf 
in Holes C0002B, C0002D, C0002K, and C0002L) correspond to Quaternary-aged basin-plain facies with 
alternating dark greenish to grayish hemipelagic silty clay to clayey silt, and silty-grained turbidites (Kinoshita 
et al., 2009b). In addition, Unit I includes many volcanic ash layers. Unit III (between ∼834 and 922–1,025 mbsf 
in Holes C0002B, C0002F, and C0002J) is greenish, grayish, or brownish silty claystone representing basal 
forearc basin facies of the Pleistocene to Late Miocene (Kinoshita et al., 2009b; Strasser et al., 2014). Accre-
tionary prism Unit IV (between ∼922–1,025 mbsf and ∼1,740 mbsf in Holes C0002B, C0002F, and C0002N) 
is greenish gray silty claystone. Sandstone content increases with depth up to ∼60%, allowing the shipboard 
identification of five subunits (IVA–IVE; Kitajima et al., 2020; Strasser et al., 2014; Tobin et al., 2015). Unit V, 
drilled down to ∼3,263 mbsf in Holes C0002F, C0002N, and C0002P–C0002T, is mainly composed of greenish 
gray silty claystone and fine silty claystone, with minor to moderate sandstone (Kitajima et  al.,  2020; Tobin 
et al., 2015).
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2.2. Porosity Data

The four expeditions that occupied Site C0002 recovered over 900 core samples and 350 hand-picked intact 
cuttings to conduct moisture and density (MAD) analyses following the procedure of Blum (1997), providing 
total porosity and grain density. To conduct CEC measurements and determine effective porosity, we collected 
87 samples in combination with MAD samples from Expeditions 338, 348, and 358. We reuse the 48 CEC data 
from Conin et al. (2012) for the 0–1 kmbsf depth interval drilled during Expedition 315. We also determine the 
porosity and pore size distribution of one core sample from Hole C0002T (2.8 kmbsf) to extend the study of 
Dugan (2015) restricted to 2 kmbsf (Figure 2c).

2.3. Sonic Data

In situ sonic data at Site C0002 were acquired using Logging While Drilling. The tools used were Schlumberger 
SonicVision in Holes C0002A and C0002F, the Halliburton XBAT in Hole C0002P, and the Schlumberger Sonic-
Scope in Hole C0002S. In total, Vp was measured almost continuously down to 3,058.4 mbsf, with a gap in data 
between 1,986.5 and 2,250.4 mbsf (Figure 2d). Although various attempts have been made, S wave velocity 

Figure 1. Summary of lithological and mineralogical data at Site C0002, including shipboard and postcruise analyses used in this study (a–f; Guo & Underwood, 2012; 
Kinoshita et al., 2009a; Strasser et al., 2014; Tobin et al., 2015, 2020; Underwood, 2017; Underwood & Song, 2016) and new data (g, h). (a) Seismic image along with 
depth ranges over which LWD, coring, and cuttings were acquired at Site C0002. (b) Lithological units. (c) Lithological proportions. (d) Bulk mineral composition from 
X-ray diffraction analysis (XRD). (e) Clay mineralogy from XRD. (f) Smectite/illite ratio. (g) Cation exchange capacity (CEC) and (h) clay-bound water content of the 
samples.
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(Vs) was reliably measured only at a discrete location ∼2,880 ± 3.5 mbsf in the lower section of Hole C0002S 
(Figure 2e). The Vs data in Hole C0002P were of too poor quality to be usable. During Expedition 358, difficult 
side-tracking from Hole C0002P precluded measurement of Vs in Holes C0002Q, C0002R, and C0002T. Further-
more, repeated drilling runs damaged the upper section of C0002S, resulting in inconsistent sonic velocities. Vp 
and Vs are reliable only between 2,877 and 2,884 mbsf, where Vp values are in the same range as in C0002P, 
suggesting an intact section (Kitajima et al., 2020).

3. Methods
Our workflow involves four steps:

1.  We measure CEC on samples from which we determine the effective porosity trend.
2.  We determine an empirical fit linking Vp and effective porosity to satisfactorily predict Vp.
3.  We use this relationship to interpolate Vp and fill the gaps in the Vp data set. Reciprocally, we also predict 

missing effective porosity values from LWD Vp.
4.  We predict missing Vs data from the Vp data.

3.1. Porosity Characterization From Core Samples

Effective porosity ϕeff was determined on 135 core samples and hand-picked intact cuttings based on the total 
porosity (ϕt) and grain density (ρs) determined during the cruises, the CEC (mol/kg), the average number of water 
molecules per cation charge (n = 12 following Henry and Bourlange [2004] and Conin et al. [2012]), and the 
water molar mass (mw = 0.018 kg/mol) and density (ρw = 1,024 kg/m 3):

𝜙𝜙eff = 𝜙𝜙𝑡𝑡 − 𝑛𝑛
𝑚𝑚𝑤𝑤

𝜌𝜌𝑤𝑤
𝐶𝐶𝐶𝐶𝐶𝐶 𝜌𝜌𝑠𝑠 (1 − 𝜙𝜙𝑡𝑡) (1)

Figure 2. Compilation of porosity (a, b), pore size (c), and sonic (d, e) data at Site C0002. In (b) and (e), predictions are shown in dull colors, in contrast to LWD and 
sample data. In (c), data from Holes C0002F–C0002L are from Dugan (2015).
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CEC was determined by exchange with cobaltihexamine (Orsini & Rémy, 1976), following standard NF X31-130. 
Standard error is 1.5% on all determinations. The CEC of the samples collected during IODP Expeditions 338 
and 348 was determined at the INRA soil analysis laboratory in Arras, France. The CEC of the samples retrieved 
during IODP Expedition 358 was measured at the LIEC laboratory in Metz, France.

To further document effective porosity and estimate permeability, we conducted mercury injection experiment 
using a Micromeritics AutoPore IV 9500 at GeoRessources, in Nancy, France, on a core catcher sample from 
core C0002T-1K collected at ∼2,837 mbsf during IODP Expedition 358. The experimental procedure and the 
permeability model of Katz and Thompson (1986, 1987) are detailed in Supporting Information S1.

3.2. Prediction of P Wave Velocity From Porosity

The empirical model of Erickson and Jarrard  (1998) is widely used to predict P wave velocities (Vp) of the 
sediments of the Nankai accretionary prism (Kitajima et al., 2017; Kitamura et al., 2021) or its input sediments 
(Hoffman & Tobin,  2004; Tudge & Tobin,  2013). The model acknowledges the effect of porosity and shale 
content for sediments showing normal or high consolidation. Following Jeppson and Kitajima (2022), we use 
a generic formulation of this model (Equations 2 and 3, referred hereafter to as the Erickson-Jarrard template, 
which will be further extended to apply to the model of Tudge and Tobin [2013]):

𝑉𝑉𝑝𝑝 = 𝐴𝐴 + 𝐵𝐵 𝐵𝐵 +
𝐻𝐻

(𝐵𝐵 + 𝐶𝐶)
2
+𝐷𝐷

+ 𝐸𝐸 (𝑉𝑉𝑠𝑠𝑠 − 𝐹𝐹 )𝑋𝑋𝑚𝑚 (2)

where ϕ is porosity (either total porosity ϕt or effective porosity ϕeff), Vsh is the shale volume, A–H are empiri-
cal constants, and Xm accounts for the abrupt change in behavior at a critical porosity ϕc, above which stress is 
supported by the fluid rather than by the grain skeleton of the rock (Equation 3):

𝑋𝑋𝑚𝑚 = tanh[𝐺𝐺(𝜙𝜙 − 𝜙𝜙𝑐𝑐)] − ‖tanh[𝐺𝐺(𝜙𝜙 − 𝜙𝜙𝑐𝑐)]‖ (3)

where G is an empirical constant. In the initial paper by Erickson and Jarrard  (1998), G  =  40 for normally 
consolidated sediments and G  =  20 for highly consolidated sediments. However, parametric study (see 
Supporting Information  S1) shows that the Vp prediction is little dependent on this parameter. In most 
studies, except for Tudge and Tobin  (2013), H  =  0.305. When ϕt  =  1, then by construction Xm  =  0 and 

𝐴𝐴 𝐴𝐴𝑝𝑝 = 𝐴𝐴 + 𝐵𝐵 +
𝐻𝐻

(1+𝐶𝐶)2+𝐷𝐷
 . As at ϕt  =  1, Vp  =  Vwater, this constrains D as a function of A, B, and C. When 

ϕt  =  0, Xm  =  −2 tanh[Gϕc]  ∼  −2, and 𝐴𝐴 𝐴𝐴𝑝𝑝 = 𝐴𝐴 +
𝐻𝐻

𝐶𝐶2+𝐷𝐷
− 2𝐸𝐸 (𝐴𝐴𝑠𝑠𝑠 − 𝐹𝐹 ) . Therefore, for pure sandstone matrix 

(ϕ  =  0, Vsh  =  0), 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝[km∕s] = 𝐴𝐴 +
𝐻𝐻

𝐶𝐶2+𝐷𝐷
+ 2𝐸𝐸𝐸𝐸  , while for pure shale matrix (ϕ  =  0, Vsh  =  1), 

𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝[km∕s] = 𝐴𝐴 +
𝐻𝐻

𝐶𝐶2+𝐷𝐷
− 2𝐸𝐸(1 − 𝐹𝐹 ) .

Table  1 reports the parameters used in previous studies to fit the empirical data with the Erickson-Jarrard 
template, all based on total porosity. In this study, we propose a new inversion of the Erickson-Jarrard template on 
the C0002 data set for both total and effective porosities. The inversion was operated with the optimize module 
of the Python SciPy package, using the parameters of Kitamura et al. (2021) as initial parameters and a L 2 cost 
function, using the classical Euclidian norm. Quality of the fit was estimated via residual standard errors (RSEs).

3.3. Determination of the S Wave Velocity Profile

The four IODP expeditions that occupied Site C0002 only provided a single Vs value, at ∼2,880 ± 3.5 mbsf. 
Therefore, we rely on theory to estimate the profile of Vs along the 3-km-section drilled at Site C0002.

The bulk (K) and shear (μ) modulus of the fluid-saturated rock are related to the P and S wave velocities.

�� =

√

√

√

√

√

� + 4
3
�

�

�� =
√

�
�

 (4)

The bulk density of the rock ρ can be computed from the grain density ρs = 2,700 kg/m 3 and the total porosity, 
provided by MAD measurements onboard. Hence, the knowledge of Vp and Vs at 2,880 ± 3.5 mbsf provides K 
and μ.
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Figure 3. Crossplot between P wave velocity and (a) total porosity, and (b) effective porosity. Crossplots can be built either from the sample data for which the P wave 
velocity of logs are interpolated (large circled colored points), or from the LWD data for which the corresponding porosity has been derived from the exponential trend 
of Equation 7. The empirical models of Erickson and Jarrard (1998) (modified by Kitajima et al., 2017), Hoffman and Tobin (2004), and Kitamura et al. (2021) are also 
reported. A new inversion fit is also proposed (thick black line), based on Equation 2, with the coefficients of Table 1.
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At that depth, the effective porosity is ϕeff = 0.08. The Gassmann equation allows to estimate both sonic velocities 
through the bulk modulus (K in Pa) and shear modulus (μ in Pa) of the fluid-saturated rock:

�
�� −�

=
����

�� −����
+

��

�eff(�� −�� )
� = ����

 (5)

where Kdry and μdry are the bulk and shear modulus, respectively, for the dry material, filled with very compress-
ible fluid. Ks and μs are the bulk and shear modulus of the grain material composing the skeleton of the rock. Kf 
is the incompressibility modulus of the fluid and set to 2 GPa.

Equation 5 provide only two equations for four unknowns in the equations: Kdry, μdry, Ks, and μs and more assump-
tions are needed. The extrapolation of the Erickson-Jarrard template to ϕeff = 0 provides the P wave velocity of 

the matrix 𝐴𝐴 𝐴𝐴𝑝𝑝𝑝𝑝𝑝 =

√
𝐾𝐾𝑝𝑝+

4

3
𝜇𝜇𝑝𝑝

𝜌𝜌𝑝𝑝
 and an additional relation.

Also, we assume (Brie et al., 1995; Doan et al., 2011)

𝐾𝐾𝑑𝑑𝑑𝑑𝑑𝑑

𝜇𝜇𝑑𝑑𝑑𝑑𝑑𝑑

=
𝐾𝐾𝑠𝑠

𝜇𝜇𝑠𝑠

 (6)

First, by combining Equations 6 and 5, a second-order polynomial equation allows to determine Ks. Equation 6 
then provides μs. Second, the Gassmann equations allow to compute K and μ (hence Vp and Vs for all porosities 
and fluids). Full details of the algorithm are provided as Supporting Information S1.

Once the grain parameters for the matrix are estimated, the two unknowns K and μ can be computed from Equa-
tions 6 and 5 for every effective porosity ϕeff. The full algorithm is given in Supporting Information S1. As K is 
also provided by Equation 2, the shear velocity μ is constrained.

4. Results
4.1. Evolution of Cation Exchange Capacity

CEC values measured at Site C0002 are low in the Kumano forearc basin (∼0.16 mol/kg on average) and moder-
ate (∼0.22 mol/kg on average) in the upper accretionary prism (Figure 1g). The low CEC values in the Kumano 
forearc basin are associated with a moderate total clay content (∼46%), consisting of minor smectite (∼13%) and 
illite (∼19%). Unit III marks the transition toward higher CEC values, with a maximum of 0.28 mol/kg reached 
at ∼1,250 mbsf (Subunit IVC) in the upper accretionary prism which is characterized by higher total clay (∼58%) 
and smectite (∼25%) contents. In Subunit VA, illite and kaolinite/chlorite become the dominant clay minerals, 
reaching ∼33% and ∼25% of samples bulk composition, respectively, whereas smectite content quickly depletes 
to ∼5%. However, the drop in the smectite/illite ratio in Subunit VB inferred from X-ray diffraction analysis 
(XRD) data accounts for a moderate variation in CEC.

4.2. Effective Porosity Profile

Total porosity decreases from ∼65% at the seafloor to ∼16% in the heart of the accretionary prism ∼3,250 mbsf 
(Figure 2a). Clay-bound water content increases from 2% to 7% with depth in the Kumano forearc basin and 
shows scattered values ranging 4%–12% (∼10% on average) in the upper accretionary prism Units IV and V. As a 
consequence of both total porosity and clay-bound water profiles, the effective porosity decreases from ∼62% at 
the seafloor to ∼8% at the bottom of Site C0002 ∼3,000 mbsf (Figure 2b). Both the total and effective porosities 
can be fitted by an exponential law:

𝜙𝜙 = 𝜙𝜙0 𝑒𝑒
−𝛼𝛼𝛼𝛼 = 𝜙𝜙0 𝑒𝑒

−
𝛼𝛼

𝐿𝐿 (7)

where ϕ0 and L are empirical constants and z is the depth. Here, ϕ0 = 61.0% and L = 1,421.6 m for the effective 
porosity (R 2 = 0.97), and ϕ0 = 60.5% and L = 2,234.6 m (R 2 = 0.97) for the total porosity.
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4.3. Evolution of Pore Size Distribution

The sample analyzed by mercury injection from Hole C0002R (2,837 mbsf) shows a dominant family of pores 
with radius ∼0.014 μm (Figure 2c). Similarly to effective porosity, this value can be fitted with the values obtained 
by Dugan (2015) for shallower samples from the forearc basin, using an exponential decay trend (Equation 8):

𝑟𝑟 = 𝑟𝑟0 𝑒𝑒
−𝛼𝛼𝛼𝛼 = 𝑟𝑟0 𝑒𝑒

−
𝛼𝛼

𝐿𝐿 (8)

with r0 = 0.23 μm and L = 650 m (R 2 = 0.85).

The Katz-Thompson permeability (Katz & Thompson,  1986,  1987) of the sample from Hole C0002R is 
∼3 × 10 −19 m 2, which is 2 orders of magnitude lower than reported by Song and Underwood (2017) at ∼2,200 mbsf 
based on constant-flow permeability tests.

4.4. Relationship Between Porosity and Sonic Velocities

Despite the variety of geophysical tools used and the 12-year interval between the first and last data acquired, all 
sonic data are consistent (Figure 2). Vp starts from 1,500 m/s in the shallow high-porosity sediments and tends to 
increase exponentially with depth leveling at 3,150 m/s in the bottom Unit V. However, two anomalous zones can 
be identified. In the Kumano forearc basin, a low Vp zone is associated with a Bottom Seismic Reflector (BSR) at 
400 mbsf (Bangs et al., 2010; Miyakawa et al., 2014) and with a turbiditic zone saturated with free gas extending 
down to 547 mbsf below (Chhun et al., 2018; Saito et al., 2010). Sonic anomalies related to gas hydrates have 
been modeled to extend over several hundreds of meters (Westbrook et al., 2008). In the upper accretionary prism, 
Vp peaks to 3,700 m/s at 1,600 m (Figure 2c) in a quartz-rich sand interval (Figure 1d) where a positive peak in 
resistivity occurs (Strasser et al., 2014).

We show a crossplot of Vp versus porosity, considering either total or effective porosity (Figure 3). Given that 
the logging data and the samples on which porosity was measured do not have the same sample depth base, two 
options are possible to make the crossplot. The first one is to interpolate the Vp at each sample depth from LWD 
data for each log. The second one is to interpolate the porosity for each LWD depth using the exponential decay 
trend of Equation 7. The first option provided less data, but the interpolation was recovered from the denser LWD 
data that better caught the heterogeneity along the borehole. Based on the Erickson-Jarrard template (Equations 2 
and 3), the best fit data inversion is obtained with the coefficients reported in the two last lines of Table 1. The 
resulting fitting curves are shown in Figure 3 as thick black lines.

The S wave velocity profile derived from the data acquired at ∼2,880 ± 3.5 mbsf increases exponentially with 
depth, starting from ∼290 m/s in the shallow high-porosity sediments of the Kumano forearc basin to ∼1,400 m/s 
in the heart of the accretionary prism ∼3,000 mbsf (Figure 2e).

5. Discussion and Conclusion
5.1. A Single Compaction Curve at Site C0002

So far, most studies aiming to characterize the compaction state of accretionary wedges have been using total 
porosity data (Hunze & Wonik, 2007; Kitajima et al., 2017; Kominz et al., 2011; Raimbourg et al., 2011; Saito 
& Goldberg, 1997) to interpret anomalies (i.e., departure of porosity data from the vertical loading exponential 
decay) in terms of tectonic or hydrologic events (e.g., anomalously high porosity may indicate undercompaction 
due to excess pore pressure build-up in poorly drained conditions). Only a few attempts have been made based on 
effective porosity. These attempts have focused on the input sedimentary sections (Dutilleul, Bourlange, Conin, 
et al., 2020; Dutilleul, Bourlange, Géraud, et al., 2020; Henry & Bourlange, 2004) or shallow accreted sections 
(<1 kmbsf; Conin et al., 2012; Dutilleul, Bourlange, & Géraud, 2021; Henry & Bourlange, 2004).

Determining effective porosity from 0 to ∼3,250 mbsf at Site C0002 in the Nankai margin, we provide the long-
est effective porosity profile (effective porosity trend in Figure 2b) ever obtained at subduction zones. Effective 
porosity follows a single normal compaction curve over the entire drilled section.

Similarly, along other wells drilled in other subduction zones, either on splay faults (Conin et al., 2012; Dutilleul, 
Bourlange, & Géraud, 2021) or at the decollement (Hunze & Wonik, 2007; Saito & Goldberg, 1997), a single 
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compaction curve could describe the porosity of hanging walls formed by siliciclastic clay-rich sediments. 
Beneath, in the footwall, distinct compaction curves were commonly identified.

5.2. An Improved P Wave Velocity–Porosity Relationship, Consistent With Geological Data

5.2.1. The New Parameters Are More Respectful of Geology

Previous studies using the Erickson-Jarrard template used a wide range of parameters, sometimes not consistent 
with geological information (Table 1).

Following Nur et  al.  (1998), critical porosity is interpreted as the transition from fluid-supported medium to 
matrix-supported medium, where stress gets transmitted through the grain skeleton. For granular material, 
expected values are ∼0.3–0.4 (Erickson & Jarrard, 1998;Nur et al., 1998). In clay-rich sediments, the critical 
porosity should be higher as the grains to be considered are clay aggregates with internal porosity. In Figure 3, 
the critical porosity is expressed as a kink in the Vp − ϕ curve. Care should be taken not to use the data related to 
the BSR anomaly (corresponding to the translucent dots around 45% porosity in Figure 3). Hence, we determined 
ϕc ∼ 56%, a higher value than for previous studies.

A second issue was the shale volume Vsh. It was initially derived from the gamma ray log used as a proxy for clay 
volume, resulting in very high values, sometimes ≥1 (Erickson & Jarrard, 1998; Hoffman & Tobin, 2004; Tudge 
& Tobin, 2013). Recent studies use lower Vsh values based on core data, such as the proportion of fine grains like 
clays and silts (Kitamura et al., 2021), or mineralogical data from XRD analyses (Jeppson & Kitajima, 2022).

A third issue was the type of porosity considered. Initially, total porosity values were used (Hoffman & 
Tobin, 2004; Kitajima et al., 2017; Kitamura et al., 2021). Recent studies have shown that because of the effect of 
clay-bound water on total porosity, better relationships with Vp can be obtained using effective porosity (Jeppson 
& Kitajima, 2022; Tudge & Tobin, 2013). In this study, if only total porosity was considered, the best fit option 
using the Erickson-Jarrard template (Equations 2 and 3) stays close to the solution of Kitamura et al.  (2021) 
(RSE = 233 m/s), that tends to predict high Vp at low porosity. If effective porosity is considered instead, the new 
fit provides moderate Vp at low porosity, which better matches the observed trend (RSE = 159 m/s). In both cases, 
the best fit solutions suggest a clay content Vsh ∼ 0.905 for total porosity and Vsh ∼ 1.003 for effective porosity 
(Table 1). However, by definition, 0 ≤ Vsh ≤ 1, and the mineralogical analyses suggest lower values (Figure 1d). 
Setting Vsh = 60% for consistency with shipboard XRD analyses, Equation 2 of the Erickson-Jarrard template 
implies to decrease E down to 0.254 for total porosity and to 0.14 for effective porosity to keep the factor Vsh × E 
constant (Table 1). A sensitivity study (Figures S4 and S5 in Supporting Information S1) shows this parameter E 
offsets the seismic velocity at lower porosity.

5.2.2. Consistency With Other Data Sets

Using a Vsh consistent with shipboard XRD analyses (Figure 1d) and the effective porosity instead of the total 
porosity (Figure 3), we account for the clay-rich content of the formation and the influence of the clay-bound 
water, which improves the quality of the Vp–porosity fit relative to previous studies.

The P wave velocity–porosity relationships determined in this study with total porosity and effective porosity 
predict lower Vp for Nankai matrix (ϕ = 0), pure shale matrix, and pure sand matrix than classical estimates. In 
particular, the prediction based on effective porosity fits well the empirical estimate for the clay end-member of 
Tosaya (1982) and Castagna et al. (1985) (Figure S2 in Supporting Information S1). Bound water content contrib-
utes to the high compliance of this clay end-member.

The P wave velocity–effective porosity determined in this study for Site C0002 is also consistent with the Vp–
effective porosity data compiled by Jeppson and Kitajima (2022) for sediment inputs to the Sunda (IODP Expe-
dition 362 Site U1480) and North Hikurangi (IODP Expedition 372/375 Site U1520) margins showing diverse 
lithologies (Figure S3 in Supporting Information S1).

In summary, prescribing sensible values of Vsh and using the actual effective porosity, we retrieve Vp for pure 
shale more consistent with previous studies.

5.3. Implications for Hydromechanics at Site C0002

The effective porosity determined from samples shows no departure from the exponential compaction curve, 
which suggests a constant ratio between pore pressure and overburden stress (Athy, 1930). Given that borehole 
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observatory data show no overpressure down to ∼1 kmbsf (Araki et  al.,  2017), the single compaction curve 
suggests that this constant ratio corresponds to hydrostatic conditions. This is consistent with regional seismic 
profiles (Chhun & Tsuji, 2021) which predict overpressure only much deeper in the accretionary prism, beneath 
the megasplay fault zone (Kitajima & Saffer, 2012; Park et al., 2010; Tsuji et al., 2014).

However, questions may arise from comparing parameters measured on samples and LWD data acquired in situ, 
in particular at the bottom of the drilled section. Kitajima et al. (2017) already remarked that porosity continues 
decreasing below ∼2,000  mbsf, while P wave velocity data from LWD remain constant or decrease slightly 
with depth. They interpreted the absence of a Vp trend as evidence of moderate overpressuring. Alternatively, an 
increase in fracture intensity could cause scale effects even in the absence of overpressuring. Our study further 
shows that variations in clay-bound water content cannot help explaining why, in this interval, sample porosity 
decreases while LWD Vp remains constant. All these observations indicate that the in situ porosity trend devi-
ates from the sample porosity trend at the bottom of the borehole. This may indicate that some overpressuring, 
occurring postconsolidation, is indeed present. Smectite–illite transformation (Figure 1) in a low-permeability 
formation could be a factor for in situ pore pressure rise. Additional information, like in situ porosity estimates 
or direct hydraulic measurements, are needed to fully conclude, but this study shows the potential for an accurate 
estimation of effective porosity and its impacts on petrophysical values to better understand hydromechanics of 
subduction zones.

Data Availability Statement
Shipboard sample data (lithology, mineralogy, and total porosity) used in this study are available in Kinoshita 
et al. (2009a), Strasser et al. (2014), Tobin et al. (2015), and Kitajima et al. (2020). Shipboard sonic data are 
available at https://mlp.ldeo.columbia.edu/logdb/scientific_ocean_drilling/. CEC, effective porosity, clay-bound 
water content, mercury injection data, modeled Vp, Vs, and effective porosity profiles are available in the OTELo 
Research Data Repository, accessible through the following link: https://doi.org/10.24396/ORDAR-106.
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