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1.  Introduction
Pore fluid pressure plays a key role in the structural development of accretionary complexes (e.g., Davis 
et al., 1983) and fault movements that cause earthquakes in subduction zones (e.g., Moore & Vrolijk, 1992; 
Saffer & Tobin, 2011). Slow earthquakes, including tremors, very low-frequency events, and slow slip events, 
have been detected in subduction zones over the past 20 years (e.g., Obara & Kato, 2016). The generation 

Abstract  Pore pressure plays a key role in the generation of earthquakes in subduction zones. 
However, quantitative constraints for its determination are quite limited. Here, we estimate the subsurface 
pore pressure by analyzing the transient upwelling flow of drilling mud from borehole C0023A of the 
International Ocean Discovery Program (IODP) Expedition 370, in the Nankai Trough off Cape Muroto. 
This upward flow provided the first direct evidence of an overpressured aquifer in the underthrust 
sediments off Cape Muroto. To estimate the pre-drilling pore pressure in the overpressured aquifer around 
a depth of 950–1,050 m below sea floor, we examined the measured porosities of core samples retrieved 
from nearby IODP wells; we then proceeded to explain the observed time evolution of the flow rate of 
the upwelling flow by modeling various sized aquifers through solving a radial diffusion equation. It was 
observed that for a permeability of 10−13 m2, the aquifer possessed an initial excess pore pressure of ∼5–
10 MPa above the hydrostatic pressure, with a lateral dimension of several hundred meters and thickness 
of several tens of meters. The overpressure estimates from the porosity-depth profile at Site C0023 differ 
from those at other drill sites in the region, suggesting the possible existence of multiple overpressured 
aquifers with a patchy distribution in the underthrust sediments of the Nankai Trough. As pore pressure 
is relevant in maintaining fault stability, the overpressured aquifers may be the source of slow earthquakes 
that have been observed around the drilling site.

Plain Language Summary  Fault zones often act as barriers to fluid flow, which can lead to 
the formation of aquifers of pressurized fluid in the vicinity of the fault. It is well known that pore fluid 
pressure plays a key role in the generation of subduction zone earthquakes, however quantification of 
pore fluid pressures around subduction zone faults has, up to now, been limited. The International Ocean 
Discovery Program (IODP) Expedition 370 drilled the Nankai Trough subduction zone off Cape Muroto 
(Japan), where slow earthquakes have been observed. While drilling, we observed a transient upwelling 
flow of drilling mud from the borehole. This flow provided the first direct evidence of an overpressured 
aquifer around the plate boundary fault. To constrain the properties of the aquifer we modeled aquifers 
with varying properties, and found that the upwelling mud at the drill-site was likely generated by an 
aquifer with a lateral extent of hundreds of meters and with pore pressures considerably higher than the 
typical (hydrostatic) pore fluid pressure expected at this depth. Our results suggest that slow earthquakes 
that occur near Cape Muroto may be caused by relatively small, scattered, highly-pressurized subsurface 
aquifers like the one we intersected during Expedition 370.
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Key Points:
•	 �A transient borehole mud flow 

confirmed the existence of an 
overpressured aquifer beneath the 
Nankai Trough décollement off Cape 
Muroto

•	 �The aquifer of ∼5–10 MPa excess 
pore pressure was distributed over a 
lateral extent of hundreds of meters

•	 �The overpressured aquifer may have 
been the cause of slow earthquakes 
observed near the drilling site
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and migration of slow earthquakes have been attributed to changes in the strength and stability of faults 
in response to increases in pore pressure (e.g., Kodaira et al., 2004; Scholz, 1998). Nonetheless, despite the 
important role of pore pressure in fault mechanics, the magnitude and distribution of pore pressure within 
subduction zones remains poorly constrained.

Previous studies have investigated pore pressure in sediments beneath shallow plate boundary décollements 
in several subduction zones (e.g., Nankai, Costa Rica, and Barbados subduction zones). Among them, the 
Nankai Trough, particularly off Cape Muroto, has been studied intensively. The various investigative tech-
niques used include the inversion of porosities measured in drilled cores (e.g., Screaton et al., 2002), numer-
ical modeling of fluid flow using laboratory-derived permeability and sediment consolidation (e.g., Gamage 
& Screaton, 2006; Saffer, 2003), generic transformations from seismic velocity to porosity and effective stress 
(e.g., Tobin & Saffer, 2009) and the use of theoretical crack closure models to estimate pore pressure from 
seismic velocity (Tsuji et al., 2008). All these studies conclude that pore pressures in sediments at and be-
neath the décollement zone exceed the hydrostatic pressure (i.e., those sediments are overpressured). How-
ever, there remains a lack of direct evidence of high pore pressure in sediments around the plate boundary 
off Cape Muroto.

The International Ocean Discovery Program (IODP) Expedition 370 recently revisited the Nankai Trough 
off Cape Muroto (Heuer et al., 2017), where slow earthquakes were characteristically observed (Figure 1). 
Drilling at Site C0023 during Expedition 370 successfully penetrated the entire sequence of prism, décol-
lement and underthrust sediments. During drilling within the underthrust section, we coincidentally ob-
served an upwelling flow of drilling mud from the borehole. This upwelling flow provided the first direct 
evidence of overpressured sediments below the décollement zone off Cape Muroto. In this study, we first 
estimate the expected pore pressure using the porosity-depth profile measured from drilled cores. We then 
use the drilling data and the observed flow rate to determine the pore pressure in excess of hydrostatic 
pressure in the underthrust sequence by solving an analytical solution. We also assess the size of the over-
pressured aquifer that activated the upwelling of drilling mud. Finally, the pore pressures estimated from 
the porosity data and the numerical modeling at Site C0023 are compared with previously reported values 
from neighboring sites to discuss the spatial distribution of overpressured aquifers in the shallow parts of 
the Nankai subduction zone.

2.  Geology at Site C0023
The Nankai accretionary complex is formed by the subduction of the Philippine Sea Plate beneath the Eur-
asian Plate in southwest Japan. The complex has been investigated by seafloor drilling, seismic reflection 
surveys, and seismic event observations at various locations along the Nankai Trough (Shipboard Scientific 
Party, 1991, 2001a, 2001b; Tobin & Kinoshita, 2006). Off Cape Muroto in particular, subseafloor drilling by 
the Ocean Drilling Program has penetrated the entire accretionary prism, including the décollement zone 
and basalt basement, at several sites within the 3-D seismic reflection volume that extends across the trench 
(Figure 1). High pore-pressure within the underthrust sediments below the décollement at these sites has 
been inferred from both depth profiles of porosity, and seismic reflection data (e.g., Screaton et al., 2002; 
Tsuji et al., 2008).

Expedition 370 drilled at Site C0023 (32°22.0018′N, 134°57.9844′E, 4,776 m water depth), close to Sites 808 
and 1174. Heuer et al. (2017) identified four main lithostratigraphic units at Site C0023 (Figure 2a). The 
near-surface sediments are Quaternary trench-fill facies (TF, seafloor to 494 meters below sea floor, mbsf) 
of silty and sandy turbidites interbedded with mudstone. The underlying Pliocene to Quaternary Upper 
Shikoku Basin facies (USB, 494–637 mbsf) consists of hemipelagic mudstone with interbedded tuff. Below 
facies USB, the mid-Miocene to Pliocene Lower Shikoku Basin facies (LSB, 637–1112 mbsf) is composed of 
homogeneous volcaniclastics-bearing hemipelagic mudstone with dips of 5°–30°. The acidic volcaniclastic 
facies (AV, 1112–1126 mbsf) is the deepest sedimentary unit and comprises mudstone and felsic ash overly-
ing basaltic hyaloclastite. At Site C0023, Heuer et al. (2017) identified the décollement as a nearly horizontal 
zone from 758 to 796 mbsf within LSB facies that is characterized by a dense population of faults/fractures 
and mineral veins.
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Figure 1.  (a) Regional bathymetric map of the area around the drilling site (modified from Heuer et al., 2017) showing locations of Site C0023 (yellow) and 
nearby Ocean Drilling Program drill sites (red). Black rectangle delineates area of a 3-D seismic survey along the Muroto Transect (Moore et al., 2001). White 
dots are the epicenter locations of very low frequency earthquakes (VLFEs) observed between 2003 and 2018 (Asano et al., 2008; Nakano et al., 2018). Plotted 
focal mechanisms are the solutions of the largest magnitude VLFE between 2003 and 2018 (compiled from Takemura et al., 2019). The pink shaded rectangle 
is the estimated area of the 2017–2018 slow slip event (Yokota & Ishikawa, 2020). Inset: Simplified plate tectonics of the area southeast of the Japanese Islands. 
(b) Prestack seismic depth migration section through Site C0023 (shown by the red line in (a)). Vertical blue line shows the trace of drill hole C0023 with depth 
scale in meters below seafloor (mbsf); the horizons interpreted to represent the seafloor, top of décollement zone and top of oceanic basement, are labeled.
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3.  Pore Pressure Estimated From Porosity Profiles
3.1.  Previous Estimations of Pore Pressure in the Nankai Trough

Screaton et al. (2002) estimated the pore pressure in LSB facies from the depth trend of porosity data. They 
focused on the landward trend in porosity along the Muroto transect, from Site 1173 near the outer margin 
of the trench to Sites 1174 and 808 within the accretionary prism (Figure 1a). They found that the porosity 
(φ) of LSB facies at Site 1173 decreases steadily with depth (Figure S1c), and fits the depth–porosity–com-
paction relationship defined by Rubey and Hubbert (1959) as

    
0e

v ,� (1)

where φ0 is the reference porosity, β is the bulk compressibility (that includes compressibility of the fluid, 
the solid grain, and grain rearrangement), and 

v
 is the effective vertical stress, expressed as

        v v f v hyP P P .� (2)

σv is the vertical stress, Pf is the formation pore pressure, Phy is the hydrostatic pressure, and ΔP is the ex-
cess pore pressure above the hydrostatic pressure (i.e., the amount of overpressure). Vertical stress σv and 
hydrostatic pressure Phy can be obtained by integrating the bulk density of sediments and that of seawater, 
respectively, and are given by
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Figure 2.  (a) Depth profile of porosity at Site C0023. TF, trench-fill facies; USB, Upper Shikoku Basin; LSB, Lower 
Shikoku Basin facies; AV, acidic volcaniclastic facies. (b) Porosity profile within LSB facies (area within dashed box 
in (a)) as a function of effective vertical stress (i.e., difference between lithostatic and hydrostatic pressures). Solid 
blue line is the porosity versus effective vertical stress relationship defined from reference site (Site 1173) assuming 
hydrostatic pore pressure (i.e., a normal consolidation curve). Dashed lines are contours of excess pore pressure above 
the normal consolidation curve.
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where z is the depth from the sea level, z' is the depth below seafloor, zsf is the seafloor depth, ρs is the bulk 
density of the wet sediments measured from core samples, and ρw is the density of seawater (1.024 g/cm3). 
We used the constant ρw, as it only varies by ±2.5% under the pressure and temperature conditions of the 
drilling interval at Site C0023. If it is assumed that the sediments in LSB facies below the décollement are not 
overpressured (ΔP = 0 in Equation 2), the porosity trend at Site 1173 fits Equation 1 with φ0 = 0.704 ± 0.01 
and β = 0.132 ± 0.004 Pa−1 (Figure S1d).

In contrast, porosities below the décollement at Sites 808 and 1174 (Figure S1a and S1b) are high relative to 
the depth trend of porosity at Site 1173 (Figure S1c and S1d). Screaton et al. (2002) attributed the porosity 
increase below the décollement to overpressured sediments. They estimated the amount of excess pore pres-
sure by comparing the porosity trends of the underthrust sediments at Sites 1174 and 808 with those of the 
reference site (1173), under the assumption that the volume of solid material in the sediments is constant, 
and that the porosities at Site 1173 provide a reasonable proxy for the condition of the sediments at Sites 808 
and 1174 before they had been subducted beneath the trench. They extended the φ–σ'v relationship that was 
determined from LSB facies at Site 1173 (Figure S1d) to the depth intervals of LSB facies at Sites 1174 and 
808, and then calculated the ΔP values necessary to explain the observed porosities below the décollement 
at those sites. ΔP was estimated to be 3.6 and 4.2 MPa below the décollement at Sites 1174 and 808, respec-
tively (Screaton et al., 2002). In this study, we apply the same method as Screaton et al. (2002) to the porosity 
data obtained from core samples at Site C0023.

3.2.  Porosity Measurement at Site C0023

Porosity of core samples collected at Site C0023 was measured using a helium gas pycnometer onboard the 
drilling vessel Chikyu. About 20 cm3 of undisturbed sediments was taken from split cores in a weighted 
glass beaker, and wet sediment mass was measured using a high-precision digital balance system. The sam-
ple was then dried in a convection oven for 24 h at 105°C, then brought to room temperature while keeping 
it in a desiccator for 1 h. Dry sediment mass and volume were measured using the balance system and the 
pycnometer, respectively. Standard ODP/IODP practices were then used to determine the mass and volume 
of pore water, salt, and solid grain (Blum, 1997). From these data, porosity was calculated (more details in 
Heuer et al., 2017). Errors in porosity measurements when using this method can be due to rebound effects 
when pressure at depth is released, or due to smectite dehydration during oven-drying of sediments. We 
assume that these errors affected the samples retrieved from three sites (Sites C0023, 808, and 1174) in a 
similar manner, and therefore, the porosity-depth trends between the different sites should be comparable.

3.3.  Porosity Profile and Estimated Pore Pressure at Site C0023

The porosity-depth profile at Site C0023 (Figure 2a) is similar to those at Sites 808 and 1174 (Figure S1). 
At Site C0023, the porosity in facies TF and USB shows an overall (but highly variable) decreasing trend 
with depth. Within LSB facies, porosity continues to decrease down to the top of the décollement zone at 
760 mbsf, below which it increases gradually by 5%–7% to 830 mbsf. Below 830 mbsf, porosity resumes a 
general compaction trend through to the base of LSB facies, and then decreases rapidly within facies AV, 
where tuffaceous mud is the dominant lithology. We focused on the porosity data below the décollement in 
LSB facies for the estimation of ΔP (shown in Figure 2b) using the method described in Section 3.1. We also 
considered the porosities at Site 1173 as a reasonable proxy for the condition of the sediments at Site C0023 
before they had been subducted beneath the trench.

The trend of porosity for sediments above the décollement zone roughly follows the 1 MPa ΔP contour (Fig-
ure 2b). However, with increasing depth below the top of the décollement zone (760 mbsf) to the bottom 
of the underthrust sediments (1,110 mbsf), the porosity trend shifts to higher values of ΔP. From the top 
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of the décollement, ΔP increases gradually from around 1.0 MPa at 760 mbsf to 4.2 MPa at 1,020 mbsf, and 
then decreases to 3.0 MPa at 1,110 mbsf. The highest value of ΔP (4.2 MPa at 1020 mbsf) corresponds to 
λ* = 0.42, where λ* is the modified pore pressure ratio, defined by Shi and Wang (1988) as the ratio of excess 
pore pressure to effective lithostatic stress. Our estimates of pressure at Site C0023 are consistent with those 
reported by Screaton et al. (2002) for Sites 1174 and 808.

4.  Excess Pore Pressure Estimated by Analysis of Upwelling Flow of Drilling 
Mud
4.1.  Observations of Upwelling Flow

The observation of an upwelling flow of drilling mud from the open borehole provided an unprecedented 
opportunity to estimate in situ pore pressure. Thus, ΔP was estimated by analyzing the flow of upwelling 
drilling mud. To protect the fragile décollement zone (758–796  mbsf), the casing was set to a depth of 
850 mbsf. After the full sequence of LSB facies had been penetrated (at 1,129 mbsf; Figure 3a), the drill 
string was pulled from the borehole. At this time, mud flow from the well-head was confirmed by an under-
water TV camera that had been lowered to the seafloor (Figure 3b). The expulsion of drilling mud through 
the casing pipe provided direct evidence for the existence of a high-pressure aquifer somewhere between 
850 and 1,129 mbsf.

We had three opportunities to view the head of the casing at the seafloor via an underwater TV camera. The 
first was at 19:00 on November 1, 2016, when upwelling of drilling mud from the borehole was noted while 
pulling the drill bit out of the hole. The flow shown on the TV monitor was recorded with a digital video 
camera; the flow velocity (v in Equation 6 below) was calculated to be ∼0.1 m/s by tracing the movement of 
particles emitted from the casing head on the time-elapsed snapshots of the movie with frame rate of 30 ftp 
(Movie S1). The second observation was at 18:30 on November 4, 2016. Mud was still flowing out from the 
well head, but the flow was clearly weaker than on November 1. No video recording of this was made, so the 
flow rate could not be estimated. The last opportunity was at 23:00 on November 7, 2016, when the flow was 
not noticeable, either because the flow rate was very low or because the flow of drilling mud out from the 
well head had stopped. These observations suggest that the flow was transient and lasted for at least 3 days.
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Figure 3.  (a) Borehole configuration of Hole C0023 when upwelling flow of drilling mud was observed. For modeling 
of pore fluid pressure and flow rate, a horizontal disk-shaped aquifer at 1,000 mbsf was assumed. (b) An image of the 
upwelling mud flow from the well head of Hole C0023 on November 1, 2016 (see also Movie S1).

A Self-archived copy in
Kyoto University Research Information Repository

https://repository.kulib.kyoto-u.ac.jp



Journal of Geophysical Research: Solid Earth

One may think that the observed flow could be caused by swabbing force; that reduces the bottom hole 
pressure below the formation pressure due to the effects of pulling the drill string, which allows an influx 
of formation fluids into the borehole. However, the swabbing force operates only when the string moves 
within the borehole, and is dispersed almost immediately after the drill string is pulled out of the borehole. 
When we observed the upwelling flow using the underwater camera, at least four hours had passed since 
the string was removed from the borehole. Therefore, the observed flow was solely generated by natural 
overpressure in the formation.

4.2.  Analysis of Transient Upwelling Flow

We employed a simple numerical model to explain the observed transient flow and estimate ΔP (Figure 3a). 
A disk-shaped, horizontal, overpressured aquifer of finite thickness was assumed as structural components 
such as décollement and bedding tend to be nearly horizontal (see 2. Geology at Site 0023). The aquifer was 
set at a depth of 1,000 mbsf to coincide with the interval of the highest excess pore pressure in LSB facies 
(Figure 2b), and to coincide with a period of loss of torque on the drill bit that likely indicated drilling 
through an aquifer (Hamada et al., 2018).

The pore pressure distribution in a circular aquifer is given by the radial diffusion equation

  
 

 

2

2
Δ 1 Δ Δ ,P P P

r r k tr
� (5)

where ΔP is excess pore pressure (overpressure), r is the radial distance, k is the permeability, φ is the poros-
ity (0.34) which is the measured value from cores around 1,000 mbsf (Figure 2a), μ is the dynamic viscosity 
of formation fluid (3.0 × 10−4 Pa s at 100°C), and β is the fluid compressibility (4.0 × 10−10 Pa−1). The ana-
lytical solution, assuming the aquifer radius (rmax) to be infinite, has been derived in previous studies (e.g., 
Becker et al., 1983; Fisher et al., 1997; Jaeger & Clark, 1942), where the pore pressure and flow rate of the 
fluid injected from the aquifer are expressed as

 
   
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






   
   

     


0 0 0 02

2 20 0 0

2Δ d, Δ ,u

ur urJ Y u Y J u
a aP up r t P e

uJ u Y u
� (6)

and
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


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
2 2 ,rHk pQ a v

r� (7)

where τ ≡ kt/ φμβa2, Q is the flow rate (7.8 × 10−3 m3 s−1 on November 1, which is calculated from the meas-
ured flow velocity, v = 0.1 m s−1 and borehole radius, a = 0.16 m), H is the thickness of the aquifer, J0 and 
Y0 are Bessel functions of the first and second kind of orders, and u is variable of integration. Clearly, for an 
infinite-aquifer model, the flow rate decreases very slowly with time. However, the observed flow became 
unnoticeable within a few days suggesting a rapid decrease in flow rate and therefore, an aquifer of finite 
extent. We therefore also solved Equation 5 for a finite aquifer with boundary conditions expressed as

 


 

ΔΔ | 0 and | 0.r a r rmax

PP
r

� (8)

The flow velocity for this model was also calculated from the pressure gradient as shown in Equation 7. The 
excess pore pressure ΔP and flow rate Q for finite aquifers with different radial distances (rmax = infinite, 10, 
100, and 1,000 m) and thicknesses (H = 1, 10, and 100 m), were also calculated.

4.2.1.  Indicative Value of Permeability

To make a first-pass estimate of ΔP and Q for the aquifer, an indicative value of k was needed. If the décol-
lement zones are considered to be representative of aquifers in accretionary wedges, permeability meas-
urements from other décollement zones can provide a range of likely values for our theoretical aquifer. 
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Bulk permeabilities of 10−16 to 10−13  m2 have been determined at the 
décollement of the Nankai, Costa Rica, and Barbados subduction zones 
by methods including modeling and laboratory measurements (Bekins 
et  al.,  1995; Saffer & Bekins,  1998; Skarbek & Saffer,  2009; Spinelli 
et al., 2006). These values are similar to (or slightly lower than) those es-
timated from tests in a borehole in the Barbados décollement zone (10−15 
to 10−13 m2; Fisher et al., 1996). Although permeability changes with ef-
fective stress, a value of 10−13 m2 was considered to be a reasonable upper 
limit for permeability for our aquifer models.

4.2.2.  Estimation of Transient Flow Rates

An aquifer permeability k = 10−13 m2 and thickness H = 10 m were first 
used in Equation 5 and the initial ΔP in the theoretical infinite aquifer 
was changed, to find a reasonable initial ΔP that can explain the observed 
flow rate. The thickness of the aquifer was considered to be less than the 
vertical resolution of the seismic survey data (∼15 m) because no strong 
seismic reflection characteristics of zones of high pore pressure were 
visible in LSB facies (Figure 1b). Nine model aquifers of different finite 
extents were then considered. By modeling these aquifers with different 
values of r and H, time evolutions of flow rates were obtained, which 
were then compared with the flow rates observed at the head of the cas-
ing pipe at Site C0023.

4.3.  Results of Analysis

4.3.1.  Infinite Aquifer

Figure 4 shows the results of modeling for the borehole flow rate with 
time after penetration of the theoretical aquifers, with different initial ΔP 
values of 0.5, 5, and 50 MPa for the case of k = 10−13 m2 and H = 10 m. 
The measured flow rate for November 1 fits well with the modeled case 
for initial ΔP = 5 MPa (Figure 4), whereas the model cannot explain the 
indistinct flow observed on November 7. Although the infinite model can-
not reproduce the overall change in flow rate, using initial ΔP = 5 MPa, 
which is necessary for explaining the flow rate on November 1, we calcu-
lated the time evolution of ΔP at r = 2a for this aquifer (Figure 5). ΔP|r = 2a 
for the aquifer dropped rapidly from 5 to 1 MPa in 2 s after penetration, 
and became approximately 0.2 MPa on November 1. In Figure 5, the time 
evolution of ΔP|r = 2a for the case of impermeable aquifers with k = 10−14 
and 10−15 m2 is plotted. The initial ΔP increased with decreasing aquifer 
permeability to obtain a flow rate value similar to the one observed for 
k = 10−13 m2. When ΔP exceeds the vertical effective stress, the formation 
tends to fracture leading to a drop in fluid pressure. Therefore, the great-
est ΔP in this setting is limited by the vertical effective stress of about 
10 MPa, which is the difference between the overburden and hydrostatic 
pressures calculated at 1,000 mbsf at Site C0023. Considering that the 
upper limit of permeability of the aquifer is 10−13 m2, the initial ΔP at Site 
C0023 likely lies in the range of ∼5–10 MPa. The estimated lowest value 
of initial ΔP is nearly consistent with our estimates of pressure from po-
rosity data at Site C0023 (Figure 2b) and with those reported by Screaton 
et al. (2002) for Sites 1174 and 808.

4.3.2.  Finite Aquifers

Since the case of an infinite-aquifer cannot explain the rapid drop in flow 
rate over time, we calculated the time evolution of flow rate Q and pore 
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Figure 4.  Log-log plot of modeled rate of flow up the borehole versus 
time after penetration of a theoretical disk-shaped infinite aquifer. 
Curves are shown for three initial values of ΔP for an infinite aquifer 
with permeability of 10−13 m2 and thickness of 10 m. Also shown is the 
measured flow rate on November 1 (solid red dot; estimated from video) 
and the potential range of flow rates on November 7 (pink vertical bar).

Figure 5.  Log-log plot of modeled excess fluid pressure above hydrostatic 
pressure (ΔP) versus time after penetration, for an infinite aquifer at 
r = 2a. Curves are shown for three different aquifer permeabilities 
assuming an initial ΔP of 5 MPa and aquifer thickness of 10 m. An 
initial ΔP of 5 MPa was chosen as it best fits the measured flow rates on 
November 1 (see Figure 4). The upper limit of ΔP is constrained by the by 
the vertical effective stress (∼10 MPa at 1,000 mbsf at Site C0023).
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pressure ΔP at r = 2a for finite aquifers with different radial distances (rmax = 10, 100, and 1,000 m) (Fig-
ure 6). Based on the indicative results for the infinite case, we used thickness H = 10 m, k = 10−13 m2, and 
ΔP = 5 MPa for the model. Figure 6a shows the time evolution of Q. Modeled flow rates decreased earlier 
as aquifer size decreased. The modeling results indicate that an aquifer with a radius of several hundred 
meters (100 m ≤ rmax ≤ 1000 m) is a necessary condition to explain the observed change in flow rate over 
time. Considering a time evolution of ΔP|r = 2a for aquifers of finite radial extent (Figure 6b), ΔP|r = 2a for the 
aquifer with a 10 m radius dropped below 0.1 MPa 10 min after penetration, whereas for the aquifer with a 
radius of 1,000 m, the drop happened after 100 days.

Figure 7 shows the time evolution of flow rate for aquifers with different thicknesses (H = 1, 10, and 100 m) 
and radii (rmax = 10, 100, and 1,000 m) for the initial ΔP = 5 MPa and k = 10−13 m2. The measured flow rate 
on November 1 fits the modeled case well for H = 10 m and rmax = 1000 m, or H = 100 m and rmax = 100 m 
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Figure 6.  Log-log plots of (a) modeled rate of flow up the borehole (Q) and (b) modeled excess fluid pressure above the hydrostatic pressure (ΔP) at r = 2a, 
versus time after penetration of disk-shaped finite aquifers. Curves are shown for finite aquifers with different radii (r; green, blue, and red lines), for an 
initial ΔP of 5 MPa, an aquifer thickness of 10 m and permeability of 10−13 m2. Also shown in panel (a) is the measured flow rate on November 1 (solid red 
dot; estimated from video) and the potential range of flow rates on November 7 (pink vertical bar). The upper limit of ΔP is constrained by the by the vertical 
effective stress (∼10 MPa at 1,000 mbsf at Site C0023).

Figure 7.  Log-log plot of modeled rate of flow up the borehole versus time after penetration of aquifers with thicknesses of (a) 1 m, (b) 10m, and (c) 100 m. 
Curves are shown for three finite aquifers with different radii (r; green, blue, and red lines) for an initial ΔP of 5 MPa and permeability of 10−13 m2. Also shown 
is the measured flow rate on November 1 (solid red dot) and the potential range of flow rates on November 7 (pink vertical bar). Measured flow rates can be best 
explained by aquifers with sizes ranging from ∼3 × 106 m3 (H = 100 m and r = 100 m in panel (c) to ∼3 × 107 m3 (H = 10 and r = 1,000 m in panel (b).
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(Figure 5b and 5c, respectively). On the other hand, for an aquifer with H = 1 m, all modeled flow rates 
are lower by one order of magnitude compared to the measured flow rate for November 1 (Figure 5a). The 
modeling results suggest that the observed change in flow rate with time can be explained by an aquifer 
with a radial distance of several hundred meters and a thickness of tens of meters (i.e., the total volume of 
the aquifer ranging from ∼3 × 106 to ∼3 × 107 m3).

5.  Discussion
5.1.  Distribution of Porosity With Depth at Neighboring Sites

Although the overall trends of porosity with depth at Sites C0023, 808, and 1174 are similar (Figures 2 
and S1), the depths at which overpressure occurs in the underthrust sediments differ among these neigh-
boring sites. Porosity in the underthrust sediments at Site 808 follows the curve for a ΔP of 4.2 MPa, from 
960 mbsf (just below the décollement), whereas at Site 1174 porosity follows the curve corresponding to 
a ΔP of 3.6 MPa from 900 mbsf (∼40 m below the décollement) (Screaton et al., 2002). In contrast, the 
porosity profile at Site C0023 (Figure 2b) shows that ΔP increases gradually from 2 MPa at the base of the 
décollement zone at 800 mbsf to 4.2 MPa at about 1,020 mbsf, and then decreases to 3 MPa at the base of the 
underthrust sequence at 1120 mbsf. The overall trend of ΔP suggests that high-pressure fluid has diffused 
both upward and downward from the aquifer at ∼1020 mbsf at Site C0023, and that the ranges of ΔP in the 
underthrust sediments are identical among the three sites. However, the depth distributions of ΔP differ 
among the three sites, even though they are within 3 km of each other. This in turn may suggest that the 
high-pressure aquifers at the three sites are likely not connected, and that their lateral extents are smaller 
than the distances between them, which is implied by the finite aquifer modeling described above.

5.2.  Pore Pressure and Size of Aquifer

Porosity changes are only partially reversible in response to a decrease in effective stress with increasing 
pore pressure, because cohesion of the sediments increases with time and pressure. Therefore, the pore pres-
sures we estimated from porosity data at Site C0023 (Figure 2b) may represent the minimum ΔP that has 
been generated since the deposition of LSB facies during the Pliocene (Screaton et al., 2002). However, the 
pressure we estimated from the upwelling flow, which reflects the current state of pore pressure (Figure 5), 
is slightly higher than the minimum pressure estimated from the porosity data. Although matching the two 
estimates is not required, the difference between the two likely reflects the uncertainties in the permeability 
of the modeled aquifer. Consequently, uncertainties remain in our modeled values of ΔP. Nonetheless, the 
important observation is that the flow from the head of the casing pipe clearly decreased with time, and 
became unnoticeable five days after it was first observed. Based on this rapid decrease of the flow rate, we 
infer that drilling at Site C0023 intersected a relatively small, disconnected high-pressure aquifer, possibly 
of several hundred meters lateral extent and several tens of meters vertical extent (Figures 6 and 7), within 
the underthrust sediments. Moreover, the differences in the depth profile of porosity-based ΔP among Sites 
C0023, 808, and 1174 (see 5.1) suggest that the aquifers penetrated by each borehole may have different 
pressure regimes. Our results therefore suggest that the region of high pore pressure below the décollement 
at Site C0023 represents one of many sub-kilometer overpressured aquifers that are patchily distributed 
within the underthrust sediments, each with perhaps different degrees of excess pore pressure.

5.3.  Implication for Slow Earthquakes

Various types of slow earthquake including tremors, very low-frequency events, and slow slip events, have 
been observed in the shallow plate-boundary region along the Nankai Trough (e.g., Obara & Kato, 2016; 
Yokota et al., 2016). Slow earthquakes have also been reported in the vicinity of the drilling sites we inves-
tigated (e.g., Nakano et al., 2018; Takemura et al., 2019; Yokota & Ishikawa, 2020) (Figure 1a). Thus, during 
Expedition 370 it is likely that the hypocentral area of the slow earthquakes was penetrated as the bore-
hole was drilled through the décollement and into the basaltic basement. Seismic surveys have indicated 
a possible linkage between the zone of high pore pressure and the distribution of slow earthquakes in the 
Nankai Trough (e.g., Kodaira et al., 2004). Kitajima and Saffer (2012) estimated pore pressures from the 
hydromechanical properties of sediment samples from the Nankai accretionary prism, and also showed that 
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the region of highest pore pressure corresponds to the source area of the slow earthquakes that have been 
detected. It is thought that an increase in pore pressure reduces the effective normal stress on a fault plane, 
leading to low shear strength and slow slip. Hence, high pore pressure zones are considered to be potential 
sites that trigger slow earthquakes.

According to laboratory friction experiments and theoretical analysis of a simple spring-slider model, stable 
and unstable fault slip depend on the interaction between a critical stiffness of a fault, Kcr, defined in Equa-
tion 9, and the elastic stiffness of the surrounding country rock, K (Rice & Ruina, 1983)

  


eff
n

cr
c

a b
K

D
� (9)

where σn
eff is effective normal stress, Dc is critical slip distance and (a–b) is combined friction parameter. 

When (a–b) is positive, stable slip occurs (Kcr  <  0  <  K). When (a–b) is negative, slip is either unstable 
(0 < K < Kcr) or conditionally stable (0 < Kcr < K). The latter case, particularly at Kcr ∼ K, represents the 
range of conditions thought to be most favorable for generating slow slip (Leeman et al., 2016).

Pore pressure could impact both Kcr and K. For example, the results of high-temperature and -pressure fric-
tion experiments by Okamoto et al. (2020) suggest that Kcr changes with pore fluid pressure and becomes 
closer to K for a given temperature and pressure condition, which is a mechanical prerequisite for the 
generation of slow earthquakes. Increasing pore pressure may also reduce the elastic stiffness K as a result 
of hydraulic fracturing, potentially meeting conditions (Kcr ∼ K) favorable for generating slow earthquakes. 
However, the effects of pore pressure on both Kcr and K remain unclear. Further study is needed to inves-
tigate the physical effects of pore pressure change on Kcr and K in order to fully understand the generation 
of slow earthquakes.

Expedition 370 provides the first known penetration of a hypocentral region of shallow slow earthquakes at 
a subduction zone plate boundary (Figure 1). Although the geophysical survey data do not provide accurate 
depths for these earthquakes off Cape Muroto, the slow earthquakes there can be attributed not only to 
slip at the décollement but also to slow slip related to a patchy distribution of overpressured aquifers in the 
underthrust sediments.

6.  Conclusions
We used two methods to analyze drilling data obtained at Site C0023 during IODP Expedition 370 and to 
estimate pore pressures within underthrust sediments in the Nankai subduction zone off Cape Muroto. 
First, we examined the trend of porosity with depth from core samples in the Lower Shikoku Basin facies, 
which includes the décollement zone; the excess pore pressure increased gradually from about 2 MPa at the 
base of the décollement zone at 800 mbsf to about 4.2 MPa (λ* = ∼0.42) at 1,020 mbsf, and then decreased to 
∼3 MPa (λ* = ∼0.3) just above the basement at 1,120 mbsf. Next, the excess pore pressure was estimated by 
analyzing the transient upwelling flow of drilling mud from the borehole, that was observed during drilling. 
This observation provided the first direct evidence of overpressured sediment beneath the décollement off 
Cape Muroto. A radial diffusion equation was solved to model the initial excess pore pressure and the size 
of the aquifer, in order to explain the observed flow rate and duration of the upwelling mud flow. It was 
observed that for a permeability of 10−13 m2, the aquifer possessed an initial excess pore pressure of more 
than 5 MPa (λ* = ∼0.5) above the hydrostatic pressure, and that its size extended several hundred meters 
laterally and several tens of meters in thickness.

Our results combined with the depth profiles of porosity data at neighboring drill sites suggest that there is a 
patchy distribution of sub-kilometer aquifers with different degrees of overpressure within the underthrust 
sediments of the Nankai subduction zone. The presence of these overpressured aquifers may have contrib-
uted to the generation of slow earthquakes off Cape Muroto.
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Data Availability Statement
The porosity data (moisture and density data) used in Figure 2 and the movie file used in Figure 3b are avail-
able online at http://sio7.jamstec.go.jp/j-cores.data/370/C0023A/ and http://dx.doi.org/10.17632/mf3rdzt-
s4y.1, respectively.
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