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Abstract

The study investigates the in-situ strength of sediments across a plate boundary décollement using drilling parameters
recorded when a 1180-m-deep borehole was established during International Ocean Discovery Program (IODP)
Expedition 370, Temperature-Limit of the Deep Biosphere off Muroto (T-Limit). Information of the in-situ strength of the
shallow portion in/around a plate boundary fault zone is critical for understanding the development of accretionary
prisms and of the décollement itself. Studies using seismic reflection surveys and scientific ocean drillings have recently
revealed the existence of high pore pressure zones around frontal accretionary prisms, which may reduce the effective
strength of the sediments. A direct measurement of in-situ strength by experiments, however, has not been executed
due to the difficulty in estimating in-situ stress conditions. In this study, we derived a depth profile for the in-situ strength
of a frontal accretionary prism across a décollement from drilling parameters using the recently established equivalent
strength (EST) method. At site C0023, the toe of the accretionary prism area off Cape Muroto, Japan, the EST gradually
increases with depth but undergoes a sudden change at ~ 800 mbsf, corresponding to the top of the subducting
sediment. At this depth, directly below the décollement zone, the EST decreases from ~ 10 to 2 MPa, with a change in
the baseline. This mechanically weak zone in the subducting sediments extends over 250 m (~ 800–1050 mbsf),
corresponding to the zone where the fluid influx was discovered, and high-fluid pressure was suggested by previous
seismic imaging observations. Although the origin of the fluids or absolute values of the strength remain unclear, our
investigations support previous studies suggesting that elevated pore pressure beneath the décollement weakens the
subducting sediments.
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Introduction
In-situ shear strength of the shallow portion of plate
boundary faults and surrounding sediments is a key fac-
tor governing the development of accretionary prisms
(Dahlen 1984; Davis et al. 1983), propagation of rupture
during earthquakes (Kimura et al. 2012; Rice 1992;
Scholz 1998), and seismicity including slow earthquakes
in the shallow part of subduction zones (Ito and Obara
2006; Liu and Rice 2007; Magee and Zoback 1993;
Obana and Kodaira 2009). The distributions of in-situ
physical properties of frontal décollements have been de-
termined by seismic imaging in a wide area of seismic
velocity structures and reflection polarities (Bangs et al.
1996; Calahorrano et al. 2008; Moore and Shipley 1993).
Several studies, based on seismic imaging, have quantita-
tively estimated fluid volume and pore pressure in/
around décollement zones and have found a pore pres-
sure anomaly at the décollement zone and underlying
sediments (Tobin and Saffer 2009; Tsuji et al. 2008). Be-
cause high pore pressure decreases the effective strength
of formation rocks, the periphery of the frontal décolle-
ment is presumed to be mechanically weak.

The abundance of fluids has also been discussed based
on chemical analysis and physical property measurement
of Ocean Drilling Program/Integrated Ocean Drilling
Program (ODP/IODP) core samples. On geochemical in-
vestigations of pore fluids in the core samples, broad
low anomalies of chloride content in the subducting sed-
iments were found (Gieskes et al. 1993), suggesting a
surplus of water due to in-situ dehydration of clay min-
erals (Brown et al. 2001; Henry et al. 2003) and/or chan-
nelized lateral fluid flow from deeper portions (Kastner
et al. 1993; Spivack et al. 2002). The permeability archi-
tecture of the frontal part of accretionary prisms has
been constructed via laboratory measurements on core
samples (Gamage and Screaton 2006) and permeability
tests in boreholes (Screaton et al. 2000). Sheared clay,
the main component of a shallow décollement plane,
has higher permeability along the shear direction and
lower permeability perpendicular to the structure. These
results suggest the possibility that a décollement acts as
a barrier inhibiting upward fluid convection, leading to
high pore pressure and increased structural weakness of
subducting sediments (Tobin et al. 2001).

Meanwhile, direct measurements of in-situ strength of a
décollement or surrounding formations have not been con-
ducted due to the difficulty in determining the in-situ stress
state. It remains unknown whether the subducting sedi-
ments beneath a décollement are mechanically weak as
suggested by seismic imaging data. Recently, a data pro-
cessing approach was proposed by Hamada et al. (2018) to
evaluate in-situ formation strength (equivalent strength,
EST). The EST is an improvement of the commonly used
mechanical specific energy (MSE) which is the drilling

strength calculated from drilling parameters such as
weight-on-bit (WOB), top drive torque (Tr), and rotations
per minute (RPM) (Bevilacqua et al. 2013; Dupriest and
Koederitz 2005; Teale 1965). An evaluation of EST was
undertaken at site C0002 in the IODP Nankai Trough
Seismogenic Zone Drilling Project (NanTro SEIZE). A con-
tinuous strength profile to a depth of 3000 meters below
the seafloor (mbsf) was obtained and used to describe the
lithology (Hamada et al. 2018). This method allowed esti-
mation of the strength without assuming uncertain in-situ
conditions (e.g., stress and fluid pressure conditions). Here,
we applied the EST method to drilling data obtained from
IODP Expedition 370 at the Nankai Trough to evaluate the
continuous in-situ strength across the toe portion of the
plate boundary fault and to show the actual situation of the
subducting materials beneath the décollement.

Methods/Experimental
Drilling parameters of IODP Expedition 370
IODP Expedition 370, Temperature-Limit of the Deep
Biosphere off Muroto (T-Limit), was conducted in the
Nankai Trough subduction zone where the Philippine
Sea Plate is subducting at a rate of 4.1–6.5 cm along an
azimuth of 310–315° (Heki and Miyazaki 2001; Seno et
al. 1993) (Fig. 1). The décollement in the Nankai Trough
off Muroto is among the most studied shallow plate sub-
duction zone on Earth, and is well distinguished by a
reverse-polarity reflector on seismic reflection data
(Tsuji et al. 2005; Moore et al. 1990). From the seismic
velocity structure around the décollement, the under-
lying sediment below the décollement zone is inferred to
be of low seismic velocity, which implies high porosity
sustained by high fluid pressure (Tsuji et al. 2008). A
new borehole at site C0023 was drilled at the toe portion
of the accretionary prism off Cape Muroto from Sep.–
Nov. 2016 by D/V Chikyu (Hinrichs et al. 2016). Site
C0023 was drilled on the Muroto transect approximately
3 km landward of the deformation front, in the vicinity
of previous ODP sites 1173, 1174, and 808 (Fig. 1). The
borehole depth reached 1180 mbsf penetrating the
frontal portion of the décollement zone at approximately
800 mbsf and basement igneous rock at approximately
1150 mbsf (Heuer et al. 2017a). A total of 112 cores
were recovered by combining three-types of coring
methods: the hydraulic piston coring system (HPCS), the
extended shoe coring system (ESCS), and rotary core
barrel coring (RCB) (Heuer et al. 2017b).

Basic drilling parameters, such as WOB, top drive
torque, RPM, and bit depth, were collected onboard
the Chikyu (Fig. 2). The MSE was calculated from
these parameters based on previously established con-
version equations (Dupriest and Koederitz 2005; Teale
1965). Drilling data were basically recorded every sec-
ond for the duration of the whole operation. For
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three periods, however, all drilling data is lacking because
of a malfunction of the recording device (gray hatch in
Fig. 2). The data can be accessed or requested at http://
sio7.jamstec.go.jp/.

Evaluation of EST
The recorded drilling parameters were converted into
EST as follows (Hamada et al. 2018):

EST Pa½ � ¼
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where Tm is the measured torque and Tb is the motley
background torque. R1 and R2 are the external and inner
diameter of the drill bit respectively. The numerator on
the right hand of Eq. (1), Tm-Tb, corresponds to the force

b

a

Fig. 1 a Regional tectonic setting of the Muroto transect and IODP site C0023 (Heuer et al. 2017b). Circles show the locations of the targeted site
(C0023) and previously drilled ODP sites (808, 1173, and 1174). The black line in the map is the seismic survey line shown in panel b. b Cropped
seismic section at the toe portion of the Nankai Trough off Muroto. Original data are available at http://www-udc.ig.utexas.edu/sdc/
cruise.php?cruiseIn=ew9907. Site location is shown as a blue line. The green arrows indicate the horizons of the sea floor surface, the top of the
décollement zone, and the oceanic basement. Dashed green line shows the location of Site 1174 projected on the cropped seismic section.
Abbreviations in the inset include PP Pacific Plate, PSP Philippine Sea Plate, EP Eurasian Plate, mSL meter below sea-level, mbsf meter below seafloor
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