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Abstract Drilling during IODP NanTroSEIZE Expedition 316 led to the recovery of cores from the basal
décollement in the frontal part of the Nankai accretionary prism and from a splay fault branching from the
décollement at 25‐km landward of the prism toe. The core from the splay fault shows a main shear zone and
two secondary shear zones. The main shear zone can be divided into two subzones. The upper subzone
consists of a 1.2‐mm thick foliated gouge zone truncated downward by a through‐going fault encompassing a
0.4‐mm thick weakly foliated gouge interval. A nearby 200‐μm thick granular injection vein is interpreted as
derived from the fault. The lower subzone consists of a foliated clayey gouge. A 70‐μm thick granular
injection vein is also observed along this subzone. In the basal décollement core, microstructures consist of
foliated gouge along a flat‐lying shear zone and seven flat‐lying or gently dipping secondary or incipient
shear zones above. A redox front lies beneath the main shear zone. The shear zone and the redox front are
truncated by a fault surface outlined by microbreccia developed at the expense of the overlying foliated
gouge. Foliated gouge from the shear zones is tentatively interpreted as resulting from slow slip or aseismic
creep. The weakly foliated gouge, the microbreccia, and the granular injection veins are interpreted as
resulting from coseismic slip. The presence of the redox front beneath the main shear zone of the
décollement fault core is interpreted as a consequence of oxidizing fluid flow along the microbreccia‐bearing
fault.

Plain Language Summary To understand why some large subduction zone earthquakes are
followed by destructive tsunamis and others are not is a key issue in seismic hazard assessment. Tsunami
genesis is suspected to depend mainly on the capacity of faults in shallow parts of subduction zones to
either transfer seismic slip from hypocentral depth upward or to dampen it before it reaches the surface.
Expedition 316 of the IODP NanTroSEIZE program drilled across and retrieved cores from two major fault
zones in the frontal part of the Nankai accretionary prism off Kii Peninsula. The rocks constituting the
cored fault zones show microstructures which testify to both slow slip (plate tectonic steady‐state creep
velocity or slow slip transient event velocity) and rapid slip (conventional earthquake slip velocity). It follows
that in the Nankai Trough off Kii Peninsula, earthquake rupture can propagate along either of the major
faults known there.
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Key Points:
• IODP Expedition 316 drilling across

two fault zones in the Nankai
accretionary prism allowed the
recovery of intact cores of fault rocks

• Fault rocks consist of microbreccia
and weakly foliated gouge along
sharp planar fault surfaces and
foliated clayey gouge in millimeter‐
thick shear zones

• Microbreccia and weakly foliated
gouge suggest propagation of
seismic slip along fault surfaces,
while foliated gouge suggests
aseismic or slow slip along shear
zones
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Figure 1. (a) Bathymetric map of the Nankai Trough south of the Kii Peninsula showing the location of IODP NanTroSEIZE Stage 1 drilling sites (after Tobin
et al., 2009). Relevant to this study are Sites C0004 (splay fault) and C0007 (basal décollement). Stars indicate the epicenters of the 1944 Mw 8.1 Tonankai and
1946 Mw 8.3 Nankai earthquakes (after Ichinose et al., 2003). Black box = location of the 2006 3‐D seismic survey, black line = arbitrary line extracted from 3‐D
seismic volume (see below, b and c), yellow arrows = computed far‐field convergence vectors between Philippine Sea plate and Japan (Heki, 2007; Seno
et al., 1993). Inset shows the geodynamical setting of Nankai Trough. (b) Seismic profile along the black line shown in (a). Red arrows point at the location of
drilling Sites C0004 and C0007 which are relevant to this study. (c) Same as (b) with interpretative line drawing of major faults and location of IODP NanTroSEIZE
drilling sites.

10.1029/2019GC008786Geochemistry, Geophysics, Geosystems

FABBRI ET AL. 2 of 21



1. Introduction

Seismic reflection profiles across active convergent margins show that,
in addition to well‐recognized basal décollement thrust faults and asso-
ciated in‐sequence frontal thrusts, sedimentary accretionary prisms are
crosscut by out‐of‐sequence thrusts, also called splay or megasplay
faults, branching from the plate interface at depth and cutting the
accreted sediments up to the sea floor (Arai et al., 2016; Collot
et al., 2008; Hsu et al., 2013; Melnick et al., 2012; Moore et al., 1991;
Park et al., 2000, 2002; Waldhauser et al., 2012). In most cases, splay
faults are active and are suspected to play a role in propagating seismic
rupture from the plate interface at depth to the surface of the prism
(Arai et al., 2016; DeDontney & Rice, 2012; Fisher et al., 2007;
Fukao, 1979; Gulick et al., 2011; Moore et al., 2007; Park et al., 2002;
Waldhauser et al., 2012). Several questions however remain unan-
swered. Do interplate seismic ruptures follow only the basal
décollement or splay fault(s), or do they partition along the two types
of faults? Does rupture propagate at a seismic velocity upward to the
surface, or is it damped before reaching the seafloor? Answers to these
questions are crucial for seismic and tsunami hazard assessment of seis-
mogenic convergent margins.

For at least four reasons, the Nankai Trough accretionary prism offshore
Kii Peninsula (Figure 1) appears as an ideal drilling target to investigate
the structure, the evolution, and the mechanical behavior of a splay
fault system during large megathrust earthquakes. First, 2‐D and 3‐D
seismic reflection profiles (Moore et al., 2007, 2009; Nakanishi
et al., 2008; Park et al., 2000, 2002, 2010; Park & Kodaira, 2012) provide
a clear picture of the faults in the prism. 3‐D seismic profiles show a
basal décollement thrust fault separating the accreted strata from sub-
ducting hemipelagic and trench‐filling sediments. The basal
décollement merges with the top of the basaltic crust about 64‐km land-
ward of the deformation front, where the prism thickness is about 8 km.
The frontal part of the prism, the so‐called “imbricate thrust zone,”
includes a series of reverse faults which are interpreted as in‐sequence
thrusts accommodating plate convergence and allowing frontal accre-
tion. The profiles further show that the splay fault appears as a single
strand at depth but divides up‐dip into two strands up to ca. 1,400 m
apart. Second, inversion of seismic and tsunami waves suggests that
the splay fault off Kii Peninsula accommodated, at least partly, the co‐
seismic slip of the 1944 Mw 8.2 Tonankai Earthquake and was involved
in the genesis of a destructive tsunami (Baba et al., 2006; Baba &
Cummins, 2005; Ichinose et al., 2003; Kikuchi et al., 2003; Moore
et al., 2007; Satake, 1993; Tanioka & Satake, 2001). Coseismic slip of

the splay fault is also suspected for earthquakes having occurred off Kii Peninsula before the 1944 event.
Third, the splay fault off Kii Peninsula is the locus of fluid circulation (Park et al., 2002). More precisely,
based on wide‐angle and high‐density ocean bottom seismograph survey results, Nakanishi et al. (2008)
described a thin low‐velocity zone along and above the splay fault off Kii Peninsula. In this zone, seismic
velocities are 0.5–1.5 km/s lower than in the accretionary prism rocks nearby. By analogy with land‐based
studies (Kondo et al., 2005; Tsuji et al., 2006), this velocity anomaly reflects the presence of fluids along or
near the splay fault (Nakanishi et al., 2008), reinforcing the initial observation by Park et al. (2002).
Fourth, the outer part of the Nankai accretionary prism off Kii Peninsula, particularly the area between
drilling Sites C0004 and C0007, is recognized as a place where low or very low frequency earthquakes
nucleate (Araki et al., 2017; Ito & Obara, 2006; Obana & Kodaira, 2009; Sugioka et al., 2012). Most inter-
estingly, these slow events occur along or close to the splay faults or décollement and correspond to

Figure 2. (a) Photograph and (b) interpretative sketch of the studied splay
fault gouge zone intact core interval (interval 316‐C0004D‐28R‐2, 17–
49 cm). The rectangles show the position of the studied polished thin
sections C0004–13 (Figure 4) and C0004‐10 (Figure S5 in the supporting
information). USZ: upper subzone; WFGI: weakly foliated gouge interval;
LSZ: lower subzone; EFC: epoxy‐filled crack. Red lines are (closed)
fractures.
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reverse slip. The presence of low to very low frequency earthquakes may
be related to the presence of fluids flowing along the various faults in
the Nankai prism.

The IODP NanTroSEIZE multiexpedition, multisite drilling program,
which started in 2007, aims at a better comprehension of the present
structure and the past evolution of the Nankai accretionary prism
(Kinoshita et al., 2009; Tobin & Kinoshita, 2006). One major objective of
the program is to determine the seismo‐mechanical behavior of the major
thrust faults that are susceptible to slip during earthquakes and/or to trig-
ger tsunamis. Among the various ways to explore fault mechanics, rock
sampling through drilling is an essential method because it allows obser-
vation of natural structures. IODP Expedition 316 (Figure 1) recovered
cores from the splay fault (Site C0004, Hole C0004D) and from the basal
décollement thrust (Site C0007, Hole C0007D) (Kimura et al., 2008;
Screaton et al., 2009). Despite an overall poor recovery, the retrieved cores
contain intact millimeter‐thick shear zones which are characterized by
several types of microstructures. Examination of these microstructures
allows one to draw conclusions about the mechanical behavior of the
shear zones.

2. Geological Setting and Core Treatment
2.1. Splay Fault Shear Zone at Hole C0004D

Site C0004 was drilled to cross the splay fault in the Nankai accretion-
ary prism off Kii Peninsula (Kimura et al., 2007; Moore et al., 2007).
Hole C0004D (Figure S1 in the supporting information) has a total
depth of 400 mbsf (meters below sea floor), of which only the lower-
most 300 m were cored, with a recovered core length of 130.76 m
(recovery rate of 43.59%). Between 258.01 and 307.52 mbsf, Hole
C0004D crossed a zone of fractured and/or brecciated hemipelagic
mudstone including frequent thin volcanic ash layers (Unit III,
Expedition 316 Scientists, 2009a). The depth of this unit coincides with
the location of the lower branch of the splay fault imaged on seismic
reflection profiles (Kimura et al., 2008; Kinoshita et al., 2009; Moore
et al., 2009). Fracturing and brecciation observed in cores are inter-
preted as the result of splay fault activity (Kimura et al., 2008;
Kinoshita et al., 2009). Several cores containing breccia or gouge zones
were recovered (Expedition 316 Scientists, 2009a). However, most of
them were significantly disturbed by drilling or by subsequent core

splitting and were therefore of limited interest because of ambiguous deformation structures. The intact
recovered section corresponds to the interval 316‐C0004D‐28R‐2,17–49 cm (IODP nomenclature) or the
interval between nominal depths 271.08 and 271.40 mbsf (Figure 2). Microfossil and magneto‐stratigra-
phy data indicate a 3.65‐Ma age of deposition for the core section above the shear zone and a 1.56‐Ma
age of deposition for the core section below (Expedition 316 Scientists, 2009a; Kinoshita et al., 2009).
This age reversal is interpreted as a consequence of reverse slip along the shear zone.

2.2. Basal décollement Shear Zone at Hole C0007D

Site C0007 is located in the frontal part of the prism (Figure 1). Thirty‐five cores (Cores 316‐C0007D‐1R
through 35R) were collected from Hole C0007D (Figure S2 in the supporting information) between
175.0 and 493.5 mbsf. The cored length (i.e., penetration) is 318.5 m, and the cumulative recovered core
length is 87.9 m (27.6% recovery rate). Three fault zones are observed at 237.5–259.3, 341.5–362.3, and
398.5–446.0 mbsf depths (Kimura et al., 2008; Kinoshita et al., 2009). In these zones, sediments are
crossed by polished or striated fault surfaces with <10 cm‐spacing of fractures. Occurrence of fault
breccia or fault gouge is also observed, with a size of brecciated fragments being ~1–10 mm

Figure 3. (a) Photograph of section 316‐C0007D‐29R‐2 (37–73 cm) from the
basal décollement shear zone at Site C0007. (b) Line drawing of (a) with
shear zones and location of Figure 12 and Figures S7, S8, and S10 in the
supporting information. MSZ: main shear zone; SSZ: secondary shear zone;
ISZ: incipient shear zone.
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(Expedition 316 Scientists, 2009b). The lowermost fault zone separates Pliocene hemipelagic muds and
minor ash layers (Unit III, 362.26–439.44 mbsf) from underlying subducted Pleistocene trench
turbidites (Unit IV, 439.44–484.44 mbsf) and is interpreted as the basal décollement of the wedge
(Kimura et al., 2008; Kinoshita et al., 2009), also referred to as the plate boundary fault by Ujiie and
Kimura (2014). Within this lowermost fault zone, a 36‐cm long intact core (Core 316‐C0007D‐29R)
containing a shear zone was recovered (Figure 3). This core section corresponds to the interval
438.28–438.64 mbsf. The shear zone is located in the lower part of the core, at a depth of
438.57 mbsf, and does not show any disturbance related to drilling or core handling (Expedition 316
Scientists, 2009b). An age reversal was observed between the upper (428.24 mbsf) and the lower
(438.61 mbsf) parts of this intact core interval (Expedition 316 Scientists, 2009b). Nannofossils from
the upper part suggest a Zone NN12 age (~5.32 Ma), whereas those from the lower part suggest a
Zone NN16 assemblage (~3.65 Ma). The time gap between the two dated horizons is estimated at
~1.67 myr (Expedition 316 Scientists, 2009b).

2.3. Core Handling and Treatment

For the two holes, shipboard X‐ray computed tomography examination of cores allowed selection of two
whole‐round core section intervals containing millimeter‐thick shear zones: 438.28–438.64 mbsf from
Hole C0007D (Fig. F32, p. 56, Expedition 316 Scientists, 2009b) and 271.08–271.40 mbsf from Hole
C0004D (Fig. F24, p. 50, Expedition 316 Scientists, 2009a). The two core intervals did not undergo the routine
shipboard core handling. Instead, given their poor consolidation and the presence of swelling clays, they
received a special treatment in order to maintain integrity of the structures and to allow detailed analyses.
Using pure ethanol as a cooling fluid, they were first saw‐cut longitudinally into three slabs. One slab from
each of the two core sections was impregnated with epoxy resin (Epofix®) after drying at 40°C overnight. The

Figure 4. Detailed view of the main shear zone preserved in the C0004D splay fault intact core section and showing,
from top left to bottom right, the upper subzone, the through‐going nonfoliated gouge interval, the undeformed
sediment interval and the lower subzone. (a) Scanned image of polished thin section C0004‐13 (location in Figure 2).
Width is 24 mm. (b) Line drawing of (a), along with locations of Figures 5, 7, 8, 9a, 9b, 10, 11a, and 11b and Figures S3
and S4 in the supporting information. IA: upper, clay‐rich, domain of the upper shear zone; IB: lower, clast‐rich,
domain of the upper shear zone; IIA: upper moderately foliated gouge domain of the lower shear zone; IIB: lower weakly
foliated gouge domain of the lower shear zone; GIV: granular injection vein.
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other two slabs were not impregnated and were kept for long‐term storage
and for mechanical investigations. The surface of the impregnated slabs
was then polished using ethanol. After nondestructive mineralogical
and chemical investigations (Hirono et al., 2009, 2014; Sakaguchi
et al., 2011; Yamaguchi, Sakaguchi, et al., 2011), the two slabs were cut
into chips in order to produce polished thin sections. Again, instead of
water, pure ethanol and pure mineral oil were used for chip cutting and
thin section polishing. When possible, chips were cut by a hacksaw rather
than by an engine‐powered rock saw. All thin sections are vertical sec-
tions with left‐right (L‐R) orientations (shipboard scanner references).
The ca. 1‐cm thickness of the impregnated slabs allowed cutting thin sec-
tions in vertical planes perpendicular to the L‐R direction. Such additional
sections were done only for key microstructures described hereafter.
Scanning electron microscopy (SEM) was carried out at University of
Strasbourg, France, with a TESCAN Vega II type SEM equipped with an
EDAX Pegasus XM4 device for energy dispersive X‐ray spectrometry.
Thin sections were carbon coated.

2.4. Slab and Thin Section Orientation

Because shipboard routine measurements carried out on and near the
intact interval 271.08–271.40 mbsf from Hole C0004D yielded erratic
paleomagnetic declination data (Expedition 316 Scientists, 2009a), the
intact interval cannot be reoriented with these data. 3D seismic reflec-
tion profiles and multibeam bathymetry (Moore et al., 2007, 2009) indi-
cate that the two branches of the splay fault at Site C0004 strike about
N60°E and dip N30°W at about 30°. As described below, the C0004
intact core interval shows a shear zone dipping 45 to 50°. If this shear
zone is synthetic to the splay faults imaged on reflection profiles, then
it should dip toward N30°W. This assumption allows one to attribute
the N30°W direction (NW for simplicity) to the R orientation (shipboard
scanner references) of the C0004 intact core interval and the N150°E
direction (SE for simplicity) to the L orientation. Regarding Hole
C0007D, shipboard paleomagnetic declination measurements
(Expedition 316 Scientists, 2009b) indicate that the R side (shipboard
scanner references) of the 438.28–438.64‐mbsf intact interval is toward
N150°E (SE for simplicity) and the L side is toward N30°W (NW for
simplicity).

3. Results From Previous Studies

The two intact core slabs analyzed here and their nonimpregnated counterparts were the subject of miner-
alogical, geochemical, and mechanical analyses. Vitrinite reflectance measurements within or close to the
shear zones indicate significantly higher temperatures than the background temperatures recorded above
and below (Sakaguchi et al., 2011). The temperature anomalies are 390°C (±50°C) for the shear zone of
Hole C0004D and 330°C (±50°C) for that of Hole C0007D and are interpreted as the results of frictional heat-
ing during coseismic slip along the shear zones. This interpretation is strengthened by geochemical analyses
which show that the shear zone recovered fromHole C0004D is enriched in Al and K and depleted in Ca and
Sr with respect to the overlying and underlying host rocks (Yamaguchi, Sakaguchi, et al., 2011). As in the
case of thermal anomalies, these chemical anomalies are interpreted as reflecting a more advanced, tem-
perature‐activated,smectite‐to‐illite reaction in the shear zone. Like the thermal anomalies revealed by vitri-
nite reflectance, the temperature increase is interpreted to result from coseismic slip‐induced frictional
heating (Yamaguchi, Sakaguchi, et al., 2011).

In contrast, the investigations carried out by Hirono et al. (2009) suggest that the shear zone sampled at Hole
C0004 did not experience temperatures above 300°C. Investigations consisted of inorganic chemical analyses

Figure 5. SEM images of the upper subzone (location in Figure 4b). (a)
Steeply dipping to vertical foliation (dotted lines) deflected by moderately
dipping shear bands (dashed lines, SB). The foliation is defined by clay
alignment and preferred orientation of elongated clasts. White round dots
are framboidal pyrite aggregates. (b) Same as (a), the foliation (dotted line)
being steeper in (b) than in (a). Rectangle is the location of Figure 6a.
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(fluid‐mobile trace element concentrations, Sr isotopes), magnetic mea-
surements (magnetic susceptibility and saturation magnetization), inor-
ganic carbon content measurements, and Raman spectroscopy of
carbonaceous material. Concentrations of Sr, Cs, Rb, and Li as well as
the 87Sr/86Sr ratio in the shear zone are not significantly different from
those in the host rocks above or below the shear zone, suggesting that
the maximum temperature in the shear zone remained below 300°C.
Similar conclusions are reached frommagnetization measurements, inor-
ganic carbon content measurements, and Raman spectroscopy of carbo-
naceous material. Additional analyses subsequently carried out on Hole
C0004 shear zone by Hirono et al. (2014) consisted of X‐ray diffraction
spectrometry of the mineral assemblage and infrared spectroscopy of car-
bonaceous material, along with complementary trace element and isotope
compositions. These analyses did not provide any evidence for frictional
heating along the shear zone and temperature elevation over the other-
wise expected geothermal gradient. Reevaluation of illite formation
kinetics by Hirono et al. (2014) furthermore suggests that the high illite‐
to‐smectite ratio in the shear zone may reflect comminution, dissolution,
and recrystallization processes during repeated past fault motion rather
than a smectite‐to‐illite reaction thermally activated by a single seismic
slip event. Ujiie and Kimura (2014) attempted to reconcile the conflict
about the maximum temperature reached along the shear zone at Hole
C0004D by pointing out that the empirical relationship between vitrinite
reflection and temperature may be less reliable for short duration heating
events (such as seismic slip) than for slow events. They conclude that the
C0004D shear zone records a heating event, but that the maximum tem-
perature reached during this event is <300°C. Lastly, Hamada et al. (2015)
recalculated the slip parameters along the megasplay fault and the basal
décollement fault in order to fit vitrinite reflectance data obtained by
Sakaguchi et al. (2011) with kinetic models. Their analysis suggests that
the maximum temperature recorded in the gouge zones of the two faults
is about 340°C and was reached after rise times of 6,250 s along the megas-
play fault and of 2,350 s along the décollement fault. Such rise times,
which are surprisingly long (40 min to 1.5 hr), are more typical of slow
earthquake‐like event durations than of standard earthquake durations.

In addition to these investigations devoted to tracking possible coseismic
heating imprints along or near Hole C0004D or Hole C0007D shear zones,
low to high velocity shear experiments were carried out to determine the

frictional properties of the gouges constituting the intact shear zones. Gouges from C0004D and C0007D
shear zones were tested at low (0.03–100 μm/s; Ikari et al., 2009 ; Ikari & Saffer, 2011), moderate (0.0026–
260 mm/s, Tsutsumi et al., 2011), and high velocities (1.3 m/s slip rate; Ujiie & Tsutsumi, 2010). At low velo-
cities (Ikari & Saffer, 2011; Ikari et al., 2009), gouge samples from Sites C0004 and C0007 are characterized by
velocity‐strengthening frictional behaviors, indicating stable sliding and ruling out the nucleation of earth-
quakes along the splay fault or along the décollement fault. However, for all tested samples, the minimum
values of the rate‐and‐state friction law constitutive parameter (a‐b) are observed at sliding velocities of ca.
1–3 μm/s, corresponding to 0.1–0.3 m/day, which is close to the slip velocity of low‐frequency events
recorded nearby (Araki et al., 2017; Ito & Obara, 2006; Obana &Kodaira, 2009; Sugioka et al., 2012). At inter-
mediate velocities, Tsutsumi et al. (2011) show that both velocity‐strengthening (stable sliding) and velocity‐
weakening (potentially unstable sliding) are observed, suggesting a more complex behavior of the gouge
zones than interpreted by Ikari et al. (2009) or by Ikari and Saffer (2011). Additionally, the samples charac-
terized by velocity‐strengthening behavior show that the deformation is homogeneously distributed over the
entire shear zone, while those characterized by slip‐weakening show that the deformation is heterogeneous
and is localized along narrow shear zones (Tsutsumi et al., 2011). High‐velocity friction experiments

Figure 6. SEM images of the foliation and of a porphyroclast system in the
uppermost part of the upper subzone. (a) Steeply‐dipping to vertical
foliation (F) defined by clay alignment and preferred orientation of
elongated clasts (location in Figure 5b). (b) Close‐up view of a ghost clast
flanked by two asymmetrically arranged tails suggesting a reverse sense of
shear as indicated by arrows (location in a).
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conducted by Ujiie and Tsutsumi (2010) on water‐saturated clay‐rich
material from Hole C0004D gouge‐hosting rocks are characterized by
slip‐weakening as indicated by a low peak friction, a low steady‐state fric-
tion, a very small slip‐weakening distance, and a very small fracture
energy. The weakening, which is interpreted as the result of thermal pres-
surization (e.g., Faulkner et al., 2011), suggests that earthquake ruptures
from deeper parts of the splay fault or of the plate interface can readily
propagate along the clay‐rich gouge zones recovered from the shallow
parts of the splay fault.

4. Splay Shear Zone Microstructural Analysis

The splay fault zone intact core section from 271.08 to 271.40 mbsf
(Figures 2 and 4) shows amain shear zone (MSZ) and two secondary shear
zones (SSZs) ca. 3.2 cm above the MSZ. The shear zones consist of foliated
gouge. Nonfoliated or weakly foliated gouge is also observed, either out-
lining sharp fault surfaces or in the form of injected gouge. A description
of these objects, based on optical microscope and SEM observations, is
given in the following section.

4.1. Main Shear Zone

The MSZ preserved in the C0004D intact core section consists of two dis-
crete shear zones: an upper subzone crossing the entire core and whose ca.
8‐mm thickness is constant and a lower subzone whose thickness varies
between 1 and 5 mm and which tapers upward and southeastward

(Figure 2). The two subzones are parallel, dip 45° northwestward and are separated by an interval of unde-
formed sediment whose thickness is between 3.6 and 6.6 mm. A polished thin section encompassing the
MSZ (Figure 4) shows that the upper subzone is limited at its base by a thin and planar weakly foliated gouge
interval which can be traced across the entire thin section.
4.1.1. Upper Subzone
Optical microscope and SEM observations show that the upper subzone consists of a foliated gouge com-
posed of an upper clay‐rich (i.e.,clast‐poor) domain and a lower clast‐rich (i.e.,clay‐poor) domain
(Figure 4, domains IA and IB). In the upper clay‐rich domain IA (Figure 5), the poorly to well‐marked folia-
tion dips steeply (70°) northwestward or is vertical, but its overall trace undulates. The foliation is defined by
the alignment of clay particles and elongated clasts (mostly plagioclase). It is truncated and deflected by
moderately to steeply dipping shear bands (Figure 5). The combination of the foliation and the shear bands
defines a composite planar fabric (Chester & Logan, 1987; Rutter et al., 1986). The shear band dip angles are
between 40° and 70° to the northwest, similar to the shear zone. Some of the shear bands appear as open
cracks whose inner walls are sporadically decorated with pyrite aggregates. The aggregates are too small
to determine whether the crystals are framboidal, euhedral, or anhedral. The deflection of the foliation by
the shear bands consistently indicates a reverse sense of shear (Figure 5). This reverse sense of shear is con-
firmed by a partly preserved porphyroclast‐tail system (Figure 6). The clast itself is no longer present (possi-
bly detached during thin section polishing), but asymmetrical clay particle tails around the clast ghost
indicate a reverse sense of shear. The lower clast‐rich domain IB is poorly foliated. The foliation is developed
along clast‐free rectilinear intervals dipping 45° northwestward. The foliation never penetrates the clasts but
rather abuts against or wraps around them. Clasts are rounded and not fractured. The relict bedding surface
inside some clasts shows that they underwent rotation after incorporation into the shear zone (Figure 7).
Where foliation is developed, it dips 30–50° and tends to become parallel to the weakly foliated gouge inter-
val where close to it. The foliation of domain IB is clearly deflected or truncated by the weakly foliated gouge
interval.
4.1.2. Weakly Foliated Gouge Interval
The weakly foliated gouge interval at the bottom of the upper subzone is about 0.4mm thick and is
bounded by two fault surfaces. Locally, where the two fault surfaces merge, the gouge is either absent
or too thin to be distinguished, even at SEM scale. The upper fault surface, which separates the weakly

Figure 7. SEM image of a well‐rounded siltstone clast in the clay‐poor part
of the upper subzone (location in Figure 4b). The bedding trace (white
dashed line) inside the clast is at high angle to the general trend of the
foliation in the surroundings of the clast (white dotted line), indicating
rotation of the clast.
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foliated gouge from the upper gouge, is finely striated. The striation is
perpendicular to the strike of the surface, indicating a pure dip‐slip
motion. Epoxy impregnation prevents checking whether the lower fault
surface is striated or not. The weakly foliated gouge interval (Figure 8
and Figures S3 and S4 in the supporting information) shows the fol-
lowing characteristics. (1) The matrix is made of a mixture of clay par-
ticles and small (~1μm) clasts. (2) The clasts consist of quartz, feldspar,
chlorite, and bioclasts. (3) Clasts are angular and have significantly
smaller sizes (between 1 and 10μm, 50μm for the largest ones) than
their counterparts outside (mostly larger than 50μm). Clasts of quartz
or feldspar are intensely fractured. (4) Large (length >30μm) clasts
with high length‐to‐width ratios tend to be aligned parallel to the fault
surfaces bounding the interval. Conversely (Figures S3 and S4 in the
supporting information), the alignment of small (length <20μm) clasts
with high length‐to‐width ratios defines a second foliation steeper than
the previous one. This weak foliation is oblique to the interval in an
anticlockwise geometry. It can be interpreted as an internal P foliation
(Figure 8 and Figures S3 and S4 in the supporting information). (5)
There is no evidence for any relict sedimentary layering. (6) Despite
numerous open cracks (possibly linked to sample handling or prepara-
tion), the weakly foliated gouge interval is more compacted than the
surrounding foliated gouge domain above or the intact sediment below.
This compaction is manifest in a lighter gray shade of the weakly
foliated gouge with respect to that of the surrounding material (foliated
gouge above or intact sediment below). Framboidal pyrite aggregates
observed in the weakly foliated gouge do not show evidence for any
deformation (e.g., fracture), suggesting either that they crystallized after
deformation or that they crystallized before deformation but escaped
comminution during gouge formation because they were harder than
the surrounding sediments.
4.1.3. Undeformed Sediment Interval
Between the weakly foliated gouge interval and the lower subzone of
the MSZ of the splay fault (Figure 4) lies an interval of undeformed sedi-
ment. It consists of rounded clasts embedded in a clayey matrix. The lar-
gest clast has a 7.2 mm × 14.4 mm size. The largest dimension of other
clasts does not exceed 1.2 mm. The clasts consist of silty clay. The

matrix is composed of clay particles along with abundant detrital mineral grains (quartz and feldspar)
and minor volcanic shards, pumice clasts, and bioclasts. No bedding can be recognized in the matrix.
However, the longest axis of some volcanic shards or of detrital grains with large aspect ratios is parallel
to the overlying fault‐bound gouge interval, possibly reflecting some degree of reorientation during defor-
mation. Bedding is preserved in the largest clasts (Figure 4b), but its orientation is not constant, indicat-
ing that the clasts underwent rotation. Compared with the overlying upper subzone or the underlying
lower subzone, the matrix is not foliated. Particularly, clay particles do not show any preferred
orientation.
4.1.4. Lower Subzone
The lower subzone consists of a foliated clayey gouge including angular fragments of quartz, feldspar, and
bioclasts. Most fragments are internally fractured. No clast larger than 100 μm can be observed, indicating
a significant size reduction with respect to the clasts in the overlying or underlying sediments. The clast size
reduction in the lower subzone is not as advanced as in the through‐going weakly foliated gouge interval
described above. Indeed, the mean size of the clasts in the lower subzone gouge is about 20 μm, whereas
it is about 5 μm in the weakly foliated gouge interval. SEM images show that the foliated gouge is more com-
pact than the overlying or underlying sediment intervals. In particular, voids are less numerous and smaller
(Figures 9 and 10).

Figure 8. SEM images of the weakly foliated gouge interval in the lower
part of thin section C0004‐13. (a) Overview of the central weakly foliated
gouge interval (location in Figure 4b). Arrows indicate the boundaries of
the interval. (b) Close view of the central weakly foliated gouge (location in
a). Arrows indicate the boundaries of the interval.
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Two domains can be distinguished in the lower subzone (Figure 4): an
upper foliated, domain IIA, and a lower moderately foliated, domain
IIB. The trace of the boundary between the foliated gouge domain IIA
and the overlying intact sediment interval is sharp and strongly undulat-
ing (Figure 9a). Such an irregular shape of the boundary suggests that
the domain IIA “indented” the intact sediment interval, after formation
of the lower shear zone. The boundaries between domains IIA and IIB
and between domain IIB and the underlying undeformed sediment are
also sharp and planar or slightly undulating (Figures 9 and 10). Unlike
the uppermost boundary, they seem to be undeformed. Domain IIA is
between 0.6 and 3mm thick and is characterized by a foliationmostly visi-
ble in clay‐rich domains and absent in domains where clasts are abun-
dant. Overall, the foliation trace is irregular, discontinuous and seems to
abut against fractures dipping 45° +/− 5° northwestward. These fractures
are possibly shear bands, but offset of foliation is not obvious. Domain IIB
is between 0.6 and 4.2 mm thick and consists of a moderately developed
foliated fault gouge (Figures 9 and 10). The foliation is less developed than
in domain IIA. Deflection of the foliation along shear band‐like fractures
near the boundary with domain IIA indicates a top‐to‐the‐SE reverse
sense of shear (Figure 9c). The sporadic presence of framboidal or isolated
pyrite along the boundaries between the lower shear zone and the sur-
rounding sediments or along fractures inside the shear zone (Figures 9
and 10) provides evidence for fluid flow possibly after formation of the
lower subzone.

4.1.5. Injected Nonfoliated Gouge
In the upper left (northwestern) corner of the upper subzone
(Figures 4b and 11a), a fine and compact nonfoliated gouge fills a 2‐
mm long and 200‐μm wide interval crossing poorly foliated gouge of
the upper subzone domain IA. The grain size is unimodal and varies
between 5 and 10 μm. The boundaries between the nonfoliated gouge
and the host gouge are not rectilinear but irregular. This type of bound-
ary, which is preserved in the fragment at the center of the image, pre-
cludes any slip along the boundary but rather suggests a dilational
opening and filling with the nonfoliated gouge. In addition, the charac-
teristics (color, nature, size, and angularity of fragments and compac-
tion) of the filling gouge are similar to those of the non‐foliated gouge
observed along the through‐going fault (Figure 8b and Figures S3b
and S4b in the supporting information). This gouge vein can tentatively
be interpreted as a granular injection vein as defined by Rowe
et al. (2012) or by Smeraglia et al. (2016). Due to the proximity between
the two features (8.7 mm), this injection vein could be linked with slip
along the through‐going fault. The gouge filling the vein would have
been injected from the weakly foliated gouge of the through‐going inter-
val. An alternative interpretation is that the material filling the vein
comes from the surrounding sediment, as observed in vein structures
(Cowan, 1982). However, this interpretation is unlikely, because vein
structures were not observed in any of the other 12 thin sections pre-
pared from the C0004D intact slab.

A similar dilational vein filled with fine homogeneous nonfoliated gouge,
and tentatively interpreted as a granular injection vein, is observed in the
upper right part of the lower subzone, along the boundary between
domain IIA and the overlying undeformed sediment (Figures 4b and
11b). The gouge shows the same grain size as the vein described above

Figure 9. (a) Composite SEM image showing a part of the lower subzone of
thin section C0004‐13 (location in Figure 4b). The lower subzone consists of
an upper domain IIA composed of a foliated clayey gouge and a lower
domain IIB composed of a moderately foliated clayey gouge. UDS:
overlying undeformed sediment. Note the sharp but irregular trace of the
boundary between domain IIA and the overlying sediment, suggesting
intrusion of the former into the latter. Red arrows indicate the sharp and
rectilinear trace of the boundary between domains IIA and IIB. (b) SEM
image of the lower subzone showing, from top right to bottom left, the
foliated gouge (domain IIA), the moderately foliated gouge (domain IIB),
and the footwall undeformed sediment (UDS). Arrows indicate boundaries
between the three domains. Location in Figure 4b. (c) Closer view of the
domain IIB moderately foliated gouge showing deflection of the steeply
(close to vertical) dipping foliation (F) by shear bands (SB).
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and displays a similar gray shade, suggesting a similar density. The lower boundary of the vein is truncated
by the fault surface separating the lower shear zone from the overlying undeformed sediment.

4.2. Secondary Shear Zones

About 3.2 cm above the MSZ (ca. 260 mbsf), two SSZs are observed in an otherwise intact sediment
(Figures S5 and S6 in the supporting information). These shear zones dip about 20–25° northwestward.
The upper shear zone consists of a nonfoliated gouge characterized by a reduction of the size of the clasts
inside the zone with respect to that of the clasts outside (Figure S6a in the supporting information). The
lower shear zone consists of a weakly foliated gouge. The weaklymarked foliation is defined by an alignment
of clay particles and of elongated clasts (Figure S6b in the supporting information) and is interpreted as a P
foliation. The obliquity of the P foliation relative to the shear zone boundaries suggests a top‐to‐the‐SE
reverse sense of slip. No SSZ could be detected elsewhere in the intact core slab thin sections.

5. Basal Décollement Microstructural Analysis

The intact interval of the basal décollement fault zone (Figure 3; interval 316‐C0007D‐29R‐2,37–73 cm;
438.28–438.64 mbsf) shows a MSZ separating intensely fractured green hemipelagic mudstone in the hang-
ing wall from weakly fractured green siltstone with intercalations of gray ash in the footwall (Expedition 316
Scientists, 2009b). The ca. 1.67 myr time inversionmentioned above (see section 2.2) is observed between the
two walls of the MSZ. The bedding surface is recognizable in the footwall siltstone, whereas it is not recog-
nizable in the hanging‐wall mudstone. Four SSZs (numbered from 1 to 4) and three incipient shear zones
(ISZs) (numbered from 1 to 3) can be identified in the hanging‐wall mudstone (Figure 3).

5.1. Main Shear Zone

The MSZ (Figures 3, 12, and 13 and Figure S7 in the supporting information) consists of a 2‐ to 10‐mm thick
foliated clay gouge dipping 7–8° southeastward. Upward, the otherwise well‐marked and regularly spaced
foliation of the MSZ progressively loses its regularity and lateral continuity before disappearing in the

Figure 10. Composite SEM image showing the contact between domains IIA and IIB of the lower subzone (location in
Figure 4b). UDS: undeformed sediment. Arrow indicates pyrite coating on the walls of voids along the boundary with
UDS.
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intact sediment. Between the MSZ and the intact sediment, the transition
domain, 6.5‐ to 7.5‐mm thick is visible on both NW‐SE and perpendicular
NE‐SW thin sections (Figures 12 and 13 and Figure S7 in the supporting
information). Downward, the MSZ is truncated by an undulating fault
surface by which the foliated gouge is in contact with the underlying
intact sediment through a brecciated interval (Figure 14). A redox front
delineated by a rim of isolated or aggregated iron sulfide crystals in the
intact footwall is also truncated by the fault (Figure 14).

The MSZ is characterized by a composite planar fabric combining folia-
tion and shear bands (Figure 15; Chester & Logan, 1987; Rutter
et al., 1986). The foliation is defined by alignment of clay particles and
clasts with aspect ratios larger than 2:1. SEM energy‐dispersive X‐ray
spectroscopy analyses indicate that the clay consists of mixed illite‐smec-
tite. The clasts are rarely larger than 100 μm, most of them having sizes
between a few microns and 40 μm. They are angular and fractured, sug-
gesting a mechanical fracturing process (comminution or attrition).
SEM energy‐dispersive X‐ray spectroscopy analyses allow identification
of quartz, feldspar, and chlorite clasts. Framboidal pyrite aggregates are
also observed. No bioclast could be found, possibly because intense frac-
turing prevents their recognition. The foliation dips 5–15° northwestward
and is deflected by shear bands along which clay particles align parallel to
the bands (Figure 15). Shear bands often appear as open cracks, possibly
resulting from clay contraction following drying or epoxy impregnation.
The foliation‐shear band relationship indicates a noncoaxial top‐to‐the‐
SE shear deformation (Figure 15). The acute angle between the foliation
and the shear bands decreases downward from about 35° in the upper part
of the transition domain to about 20° or less in the lower part of the MSZ,
suggesting a downward increase in shear strain. On the NE‐SW vertical
thin section (Figure 13) prepared in the same chip as the one for C0007‐
35 NW‐SE thin section but perpendicular to it, the foliation surfaces and
the shear bands have variable dip angles and dip directions, and no clear
cross‐cutting relationship between the two surfaces can be established.
Foliation surfaces and shear bands show consistent relationships in the
NW‐SE vertical plane (Figures 12 and 15) and inconsistent relationships
in the NE‐SW vertical plane (Figure 13). This suggests that the NW‐SE
vertical plane is likely closer to the X‐Z plane of the strain ellipsoid while
the NE‐SW vertical plane is likely closer to the Y‐Z plane of the strain
ellipsoid, X, Y, and Z being the principal axes of the strain ellipsoid, with
X being the axis of maximum elongation, Z being the one with minimum
elongation, and Y being the intermediate axis (Passchier & Trouw, 2005).

As mentioned above, the lower boundary of the MSZ is a planar to gently undulating fault surface by which
the foliated gouge above is in contact with the intact sediment below (Figures 12, 13, and 14). Above the fault
surface, the foliated gouge is brecciated over a thickness not exceeding 200 μm (Figure 14). The microbreccia
was formed at the expense of the overlying foliated gouge. A strongly undulating redox front, marked by tiny
(about 20 μm long) subhedral to anhedral pyrite grains, is preserved in the footwall intact sediments but is
also truncated by the fault. Although less abundant than below the redox front, some pyrite crystals are pre-
sent above the front and below the fault. In the lower right part of Figure 14a, a large (0.35 mm long) ellip-
tical aggregate of pyrite is preserved above the front. It is flanked by a tail of tiny crystals indicating
stretching parallel to the overlying fault.

5.2. Secondary Shear Zones

Four SSZs numbered from 1 to 4 are found 1.5, 3, 5.5, and 7.5 cm above the MSZ (Figure 3 and Figure S8 in
the supporting information). These SSZs, which can be identified visually on the core because of their

Figure 11. SEM images of dilational veins filled with fine homogeneous
nonfoliated gouge and tentatively interpreted as granular injection veins.
(a) SEM image of a dilational vein filled with gouge observed in the upper
left part of thin‐section C0004‐13, above the upper shear zone (location on
Figure 4a). (b) SEM image of a dilational vein filled with gouge observed at
the top right of the lower subzone (location in Figure 4b). The lower
boundary of this vein is truncated by the sharp plane separating the lower
subzone (LSZ) from the overlying undeformed sediment (UDS). GIV:
granular injection vein. White coating on the walls of open cracks consists
of pyrite crystals.
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compact aspect and darker color, are thinner than the MSZ below and dip 3–21° in the direction opposite to
that of the MSZ. Each of these zones is composed of foliated gouge showing the same composite
characteristics as observed in the MSZ (Figure S9 in the supporting information). The foliation‐shear band
relationship consistently indicates a top‐to‐the‐SE sense of shear, as for the MSZ.

5.3. Incipient Shear Zones

Thee ISZs, numbered from 1 to 3 (Figure 3 and Figure S10 in the supporting information), are located above
the previously described SSZs. They are located 9, 10, and 14 cm above the MSZ. They are thinner than the
SSZs below and cannot be identified visually on the core. Optical microscope observation of thin sections is
required for detection. The ISZs dip either southeastward or northwestward with dip angles between 8° and
20°. Within these three zones, the foliation is weakly developed and less regular than within the secondary
zones below (Figure S11 in the supporting information). Poorly developed shear bands slightly offset the
foliation, indicating the same shear sense as those observed along the MSZ and SSZs below (Figure S11 in
the supporting information).

6. Discussion

The two intact shear zones studied here may constitute only a fraction of the shear zones crossing the
Nankai prism at Sites C0004 and C0007. However, the age reversals observed across them demonstrate
that they accommodated significant displacements. This suggests that the shear zones can be regarded
as representative of the fault zone rocks and microstructures in the Nankai prism. The various micro-
structures observed in the two intact shear zones are summarized in Figure 16.

Figure 12. (a) Scanned image of polished thin section C0007–35 (location in Figure 3). Width is 24 mm. (b) Line drawing of (a), along with locations of
Figures 14a, 14b, and 15a. MSZ: main shear zone; TD: transition domain. The undulating dotted line beneath the MSZ is the redox front. Sense of shear
inferred from foliation‐shear band relationships in the MSZ is top‐to‐the‐SE.
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6.1. Relative Chronology of the Various Microstructures

In the splay fault intact core section (Figures 2 and 4), based on the
observedmicrostructures andmutual relationships between them, several
chronologies of deformation are proposed. In the upper subzone, the for-
mation of the foliation and the associated shear bands in domains IA
and IB predates the formation of the through‐going fault zone and asso-
ciated weakly foliated gouge interval. In the lower subzone, the weakly
foliated gouge of domain IIA was formed before the formation of underly-
ing domain IIB gouge, based on cross‐cutting relationships. Given the lim-
ited size of the core, it is not possible to establish relative chronologies
between deformation events in the upper subzone and those in the lower
subzone. Regarding the décollement intact core section, the formation of
the flat‐lying sharp fault surface and of the associated microbreccia post-
dates the formation of the MSZ and of the underlying redox front.

6.2. Kinematics

Along the MSZ of the splay fault intact core section (Figures 2 and 4), the
sense of displacement can be ascertained within the upper subzone
(domains IA and IB) as well as within the lower subzone (domain IIB).
For both shear zones, shear band/foliation relationships indicate a reverse
top‐to‐the‐SE shear sense (Figures 5, 6, and 9c). The sense of displacement
along the fault surfaces bounding the through‐going gouge interval
remains undetermined. The obliquity of the P foliation inside the nonfo-
liated gouge, with a counterclockwise geometry (Figures S3 and S4 in
the supporting information), suggests a reverse sense of shear.
Regarding the two SSZs observed above the C0004D MSZ, the lower one
shares the same reverse top‐to‐the‐SE shear sense (Figures S5 and S6b
in the supporting information). If the hypothesis regarding the orientation
of the C0004D intact interval (see section 2.4) is correct, the reverse sense
of shear is top toward N150°E, in agreement with the regional tectonic set-
ting. Along the MSZ of Site C0007 basal décollement intact core interval
(Figure 12 and Figure S7 in the supporting information), the sense of
shear is well documented by the foliation/shear band relationship and is
consistently top‐to‐the‐SE, here also in agreement with the regional tec-
tonic context.

The SSZ and ISZ overlying the MSZ of the Hole C0007 intact core interval
are likely secondary fault surfaces related to displacement along the MSZ.
There is a clear upward decrease in deformation intensity from the basal
MSZ to the uppermost ISZ3. Given their inclination with respect to the
MSZ and given their kinematics, all SSZ and ISZ except ISZ3 can be inter-
preted as undulating Y shear zones (Figure 17; Logan et al., 1992; Mandl
et al., 1977; Swanson, 1988; Tchalenko, 1968).

6.3. Relating Microstructures to Slip Rate: Cautionary Notes and Hypotheses

The fault rocks observed in the two intact core intervals from Sites C0004 and C0007 are of two types: mod-
erately foliated or foliated gouge on one hand and weakly foliated gouge and microbreccia on the other hand
(Figure 16). Relating these fault rock types to contrasted strain rates (rapid deformation vs. slow deforma-
tion) is tempting but should be done with caution. Indeed, the observed fabrics could also reflect differences
in consolidation state when the material was deformed. In particular, an overconsolidated material will
behave in a brittle manner, while a material under compaction may behave in a ductile manner for the same
strain rate. Moreover, even in the case of a strain rate interpretation, there is a difference between coseismic
rates and imposed rates that are too fast to be accommodated by ductile processes. Despite these difficulties,
the following hypothetical correlations are proposed.

Figure 13. Scanned image of the NE‐SW‐oriented thin section
perpendicular to thin section C0007‐35 and showing parallelism between
foliation and shear band within the main shear zone (MSZ). TD: transition
domain.
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The presence of foliated gouge in a fault zone is interpreted as the result of a slow, typically aseismic defor-
mation (Chester et al., 2004; Chester & Chester, 1998; Miller, 1996; Scholz, 2002; Sibson, 1977). This inter-
pretation also agrees with rock shear deformation experiments at room temperature showing that
foliation forms under low shear rates (Reinen, 2000; Saito et al., 2013). By analogy with these studies, it is
reasonable to consider the foliated gouge observed along the upper and lower subzones of the C0004D
MSZ as well as along the C0007 basal décollement zone or along the SSZs above them to be the result of
aseismic displacement, either at creep rates (cm/year) or at afterslip or slow slip event rates (cm/day to
cm/week). Conversely, the through‐going weakly foliated gouge interval observed in the MSZ of the
C0004D intact core section (Figures 4 and 8 and Figures S3 and S4 in the supporting information) cross‐

Figure 14. (a) SEM image of the faulted boundary (fault) between basal décollement main shear zone (MSZ) and
footwall undeformed sediment UDS (location on Figure 12). RDF: redox front between the MSZ foliated gouge and
the footwall undeformed sediment. Isolated or aggregated whitish dots are iron sulfides. The composite planar fabric
(foliation F/shear band SB) in the MSZ indicates a top‐to‐the‐SE sense of shear, but loses its regularity and coherency
downward near the faulted boundary. (b) Enlarged view of the MSZ‐UDS faulted boundary (location on Figure 12).
Arrow at the top of the undeformed sediment (UDS) points at the sharp boundary fault surface.
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cuts poorly indurated sediments as well as clay‐rich foliated gouges with a
linear trace and with sharp boundaries. It is reminiscent of the principal
slip zone (PSZ) of Sibson (2003) or the prominent fracture surface (PFS)
of Chester and Chester (1998) and Chester et al. (2004). Whatever the ter-
minology, these zones display the following characteristics: (1) compared
to their lateral extension between several meters to several kilometers,
they are very thin (1–100 mm). (2) The rock filling these zones is typically
described as ultracataclasite, attesting of an extreme fragment size reduc-
tion. (3) Displacement remains localized along these zones. (4)
Boundaries with surrounding fault rocks are sharp and planar or close
to planar. These zones are interpreted as the site of propagation of seismic
ruptures in the upper brittle crust, even if independent criteria such as the
presence of pseudotachylyte are seldom observed (Chester &
Chester, 1998). Since there is only one borehole, it is not possible to esti-
mate the lateral extension of the through‐going weakly foliated gouge
interval of the C0004 shear zone. An area comparison between this inter-
val and PSZs or PFSs is therefore not possible. However, the other charac-
teristics (ultracomminution, sharp boundaries) suggest that this interval
can be regarded as a PSZ (or PFS), along which seismic slip may have pro-
pagated, once or several times. Similarly, the remnant gouge observed
(Figure 11a) can be interpreted as a former, possibly through‐going, non-
foliated gouge similar to that preserved along the through‐going gouge
interval. The injected gouges (Figure 11) observed in the upper northwes-
tern corner of the C0004‐13 thin section and above the lower subzone of
the C0004 MSZ could be interpreted as granular injection veins as defined
by Rowe et al. (2012) or by Smeraglia et al. (2016), possibly injected from
the nearby through‐going fault and associated weakly foliated gouge.
Such an interpretation suggests that the injection was formed coseismi-
cally, as advocated by Lin (1996, 2011) or by Rowe et al. (2012). Lastly,
the microbreccia outlining the fault bounding theMSZ of the C0007 intact
core section suggests that some coseismic slip may have occurred along
the basal décollement zone, subsequent to aseismic slip (creep) or slow
slip events responsible for the formation of the foliated gouge.

The preservation of brittle and ductile deformation structures described
here was also observed in cores retrieved during IODP drilling across
the Papaku thrust, a major splay fault in the Hikurangi margin off New
Zealand's North Island (Fagereng et al., 2019). Brittle structures include
discrete faults and fractures and also breccias secant to bedding. Ductile
structures include flow banding, i.e.,layer‐parallel, macroscopic flow typi-
cally mixing pure, and simple shear deformation.

6.4. Fluid Flow Along the Studied Shear Zones

At the regional scale, both the splay fault zones and the décollement zones
crossing the Nankai prism are considered as pathways for fluid flow
(Kodaira et al., 2004; Park et al., 2002). In particular, based on tomo-
graphic imaging of the splay fault zone off Kii Peninsula, Kamei
et al. (2012) interpreted the low‐velocity zone encompassing the splay

fault zone as a fluid‐rich zone. Surprisingly, microscopic evidence for fluid‐rock interaction during or after
deformation are scarce in thin sections from the C0004 and the C0007 shear zones. This evidence consists of
(1) the presence of a redox front beneath the MSZ of the décollement fault for the C0007D intact core section
and (2) the presence of (apparently) undeformed pyrite crystals along open fractures in the MSZ of the splay
fault for the C0004D intact core section. Regarding observation (1), the simplest interpretation is that the
redox front is the result of an oxidizing fluid flowing along or near the MSZ basal fault. Indeed, the

Figure 15. SEM images at various enlargements of the composite planar
fabric in the main shear zone. (a) Typical composite planar fabric in the
main shear zone showing foliation (F) deflected by shear band (SB). The
deflection indicates a top‐to‐the‐SE sense of shear. Location of image is
given in Figure 12. Dashed white rectangle is the location of (b). (b)
Detailed view of the planar composite fabric. (c) Detailed view of the planar
composite fabric (location on Figure 12).
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microbreccia outlining the basal fault shows a significant porosity (Figure 14) which could allow fluid
circulation. Sea water trapped in accreted or subducted sediments could be a possible candidate for the
oxidizing fluid. Indeed, during the evolution of accretionary prisms and more specifically during the
various stages of the seismic cycle, pore water is expelled along the basal décollement fault (Fulton &
Brodsky, 2016; Saffer & Tobin, 2011; Sibson, 2013). This upward flow of pore water could result in the
development of a redox front. The presence of a redox front is reminiscent of observations reported by
Yamaguchi, Cox, et al. (2011) in their study of a fossil megasplay fault in the Shimanto accretionary

Figure 16. Summary of the various deformed zones and subzones and relevant microstructures observed in the two intact slabs from the splay fault and
décollement fault. N/A: not applicable.
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complex. Based on detailed chemical analyses of calcite veins, these
authors suggest that during the prefailure stage of the megasplay fault,
oxidizing fluids accumulate in the fault zone while during the immedi-
ately postfailure stage, reducing fluids transiently expelled from depth
or generated in situ by coseismic mechanical or chemical reactions invade
the fault zone. This repeating fault‐valve behavior scenario is supposed to
be in pace with the seismic cycle of the megasplay fault. Concerning the
C0007D intact section, the observed redox front may not reflect a cyclic
process but rather a single oxidizing fluid flow event. The presence of pyr-
ite along open fractures in the upper and lower subzones of theMSZ of the
C0004D intact interval may also reflect reducing fluid flow along the splay
fault zone. The possible superposition of several oxidizing/reducing flow
events along the two faults studied here, which could reflect a cyclic activ-
ity, should be investigated by detailed chemical analyses.

7. Conclusion

The recovery of intact core sections across two major faults in the Nankai
accretionary prism along which stratigraphic inversions of ca. 2.09 myr

(3.65‐Ma sediments over 1.56‐Ma sediments) for the splay fault branch and ca. 1.67 myr (5.32‐Ma sediments
over 3.65‐Ma sediments) for the décollement fault are established allows one to draw important conclusions
regarding the activity of these faults. (1) Deformation microstructures consist of microbreccia or weakly
foliated gouge localized along fault slip surfaces and of foliated clayey gouges in shear zones of various
importance (main, secondary, and ISZs). The splay fault at Hole C0004D is characterized by foliated gouge,
by weakly foliated gouge and also by two granular injection veins possibly originating from the nearby
weakly foliated gouge. The décollement fault at Hole C0007D is characterized by a foliated gouge and by
a microbreccia along a fault truncating the foliated gouge. (2) For the two fault zones, fault activity is poly-
phase. Regarding the upper subzone of the splay fault MSZ, formation of foliated gouge was followed by
wear along a through‐going slip surface and possibly coseismic gouge injection. Concerning the
décollement fault, the formation of the MSZ foliated gouge was followed by propagation of the basal fault
and formation of microbreccia at the expense of the overlying foliated gouge. (3) Evidence for oxidizing or
reducing fluid flow along the décollement fault zone or along the splay fault is suggested by microscopic
observations. (4) Along the splay fault core section, evidence for possible seismic slip is suggested by the pre-
sence of a weakly foliated gouge outlining a through‐going well‐localized slip zone and by the preservation
of what is interpreted as granular injection veins derived from this weakly foliated gouge. Along the basal
décollement fault zone core section, evidence for seismic slip is suggested by the preservation of microbrec-
cia along a planar fault surface truncating preexisting foliated fault gouge.
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