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P-T conditions of cataclastic deformation associated with underplating in subduction zone are estimated from
fluid inclusions within the post-mélange veins in the Cretaceous Shimanto Belt, Kii Peninsula, SW Japan. Both
cataclasite and post-mélange veins cut the mélange fabric and are distributed along the thrusts in duplex structure.
The homogenization temperatures range from 200 (±10)◦C to 270 (±42)◦C corresponding to entrapment pressures
over a wide range from 145 (±5) MPa to 304 (−20) MPa. Our results have important implications in evaluating the
relationship between underplating processes by duplexing and coseismic deformation in accretionary complexes.

1. Introduction
Seismogenic regions along subduction zones could be

constrained from thermal profiles as proposed by Hyndman
and Wang (1993), who suggested a temperature range from
ca. 100◦C to 150◦C for up-dip limit and from ca. 350◦C
to 450◦C for down-dip limit in such regions. Vitrinite re-
flectance (e.g., Underwood et al., 1989; Sakaguchi, 1996;
Ohmori et al., 1997) and illite crystallinity (e.g., Awan
and Kimura, 1996) studies revealed that “fossil accretionary
complexes” were subjected to temperatures in the range of
100◦C to 300◦C. These results indicate that fossil accre-
tionary complexes were possibly formed at the shallow to
middle portions of the seismogenic region within subduction
zones.

Structural and seismic studies on accretionary complexes
have well-documented their evolution history, which in-
clude: (1) tectonic mélange formation originated from shear
along decollement (Kimura and Mukai, 1991; Ohnishi and
Kimura, 1995; Hashimoto and Kimura 1999), (2) duplex un-
derplating (Silver et al., 1985; Murata, 1991; Hashimoto and
Kimura, 1999), and (3) out of sequence thrusting (Ohmori et
al., 1997). One of the prominent deformation mechanisms of
tectonic mélange formation could be pressure solution which
is believed to correlate with creep motion on fault (Ohnishi
et al., 2001). The latter two processes (2 and 3) are possibly
related to coseismic deformation. Recently, pseudotachylites
have been reported from the Shimanto accretionary complex
(Sakaguchi and Ikesawa, 2000), which is considered to be a
direct evidence for coseismic motion. However, the tectonic
setting and timing of formation of the pseudotachylites are
equivocal.
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In this paper, we examine whether the underplating pro-
cesses by duplexing (mechanism 2) is related to coseismic
deformation in accretionary complex. The study area is the
Cretaceous Shimanto Belt, Kii Peninsula, SW Japan where
Hashimoto and Kimura (1999) reported duplex structures
in detail. We report the deformation mechanism of duplex
structure formed by underplating and discuss the possible
temperature range from P-T estimation in fluid inclusions
within vein minerals along thrusts in the duplex structure.

2. Geological Setting
The Shimanto Belt crops out in the Pacific side of Japan

from Kanto region to Ryukyu arc (Fig. 1(A)). On the ba-
sis of age, the Belt is divided into two, the Cretaceous sub-
belt in the northern part and the Tertiary sub-belt is in the
southern part. The study area is located in the western end
of the Miyama Assemblage (the Cretaceous sub-belt) in Kii
Peninsula (Fig. 1(B)). The Miyama Assemblage is charac-
terized by abundant basalt and pelagic sediments and cherts
which are good key beds to recognize the map scale geolog-
ical structures.

Figure 2 represents a geological map of the study area.
The main component of this area is tectonic mélange. Two
types of mélange are identified. Type I mélange is composed
of basalt or chert blocks surrounded by shale matrix. Type
II mélange is composed of only sandstone blocks in shale
matrix. mélange foliation strikes almost EW and dips steeply
to the north. Basalts are pillow lava or hyalloclastite. Cherts
are often observed with basalts. The basalt-chert units are
less than a hundred meters in thickness and extend almost
parallel to the strike of mélange foliation. The basalt-chert
unit is partially replaced by the type I mélange. Thrusts
cutting the basalt-chert units at the bottom converge in part,
which represents a composite duplex structure in map scale
(Hashimoto and Kimura, 1999). The timing of subduction of
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Fig. 1. A) Distribution of the Cretaceous Shimanto Belt in SW Japan. B) Geological outline of the Cretaceous Shimanto Belt, Kii Peninsula.

Fig. 2. Geological map of the study area. Location of map is shown in Fig. 1. Star indicates the location of cataclasis. Black dot shows the location of
pressure solution. Box number represents the location of analyzed post-mélange vein.
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the oceanic plate is constrained by the age of the terrigenous
shale matrix, which is given by the oldest pelagic sediments.
Thus, the age of the oceanic plate at the time of subduction
is estimated as follows; Valanginian (about from 132 to 135
Ma) minus Coniasian (about from 83 to 87 Ma) = 52 to 45
million years. An estimate of ca. 50 m.y. is therefore used as
the basis for heat flux calculation discussed below.

3. Cataclastic Deformation along Duplex Struc-
ture

Cataclastic deformation is clearly identified on a micro-
scopic scale. In outcrop scale, cataclastic textures are unclear
because of strongly deformed mélanges. Brittle breakage of
quartz grains in sandstone clasts in the type II mélange is
represented in Fig. 3(A). The fragments flow along shear
surfaces.

Distribution of cataclastic deformation and non-cataclastic
deformation in map scale are shown in Fig. 2. All the cata-
clastic deformations locate near thrusts that constitute the du-
plex structure. Non-cataclastic deformation (mainly pressure
solution) is the main deformation mechanism of mélange for-
mation (Hashimoto and Kimura, 1999; Onishi et al., 2001).
The locations of pressure solution distribute broadly within
each thrust sheet (Fig. 2).

4. Occurrence of Veins Related to Duplex Struc-
ture

Two types of veins are identified both in the outcrop and
microscopic scales. The first category is syn-mélange veins
that are developed only within the sandstone blocks. The
syn-mélange veins are cut by shale matrix. Mud has been
injected into the veins in some parts. The features associ-
ated with these occurrences suggest that a marked contrast
in the competency of the layers existed between the sand-
stone and the mudstone at the time of development of the
vein. Such contrast in competency may promote formation
of boudinage or pinch and swell structure. We thus infer that
these veins were formed at the same time of mélange forma-
tion. The second category is the post-mélange veins cutting
mélange fabrics which were emplaced after mélange forma-
tion (Figs. 3(B) and (C)). These veins develop along brittle
faults cutting mélange fabric (Fig. 3(C)). In this paper, we
report the P-T estimation from the post-mélange veins. P-T
estimation of the syn-mélange veins in the same study area
is reported elsewhere (Hashimoto et al., submitted).

The main components of the post-mélange veins are
quartz and/or calcite. The veins range in thickness from one
cm to a few cm. In microscopic scale, the quartz veins clearly
cut both sandstone blocks and shale matrix, and do not di-
minish in the shale matrix (Fig. 3(B)).

Figure 2 shows the distribution of the post-mélange veins.
Similar to the distribution of cataclastic deformation, the
veins are distributed predominantly along thrusts constitut-
ing map-scale duplex structure. The overall distribution
of the post-mélange veins is, however, limited. The veins
in outcrop scale also tend to distribute along the thrusts.
The relationship between cataclastic deformation and post-
mélange veins is discussed later.

5. Occurrences of Fluid Inclusions

Fig. 3. A) Cataclasite deformation of sandstone. B) Post-mélange veins
in microscopic scale cutting all the lithological boundaries between
samdstone and mudstone and shear foliation of tectonic mélange. C)
Post-mélange vein in outcrop scale along fault cutting mélange fabric.

Two types of fluid inclusions are recognized in the vein
minerals. The first is inclusions that are monophase at room
temperature and the other comprises inclusion that show two
phases at room temperature.

A qualitative analysis of the composition of the fluid inclu-
sions was performed using Fourier Transform Infrared Spec-
troscopy (FT-IR). FT-IR spectroscopy provides information
on the molecular structure of the fluid within the inclusion.
On the basis of FT-IR analysis, we identified that the one-
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Table 1. Result of fluid inclusion analysis.

Sample No. heating (n) cooling (n) Trap temperature (◦C) Cooling Th (◦C) Pressure (Mpa) mineral

23 3 8 26 220 −120.5 223.1 (+9.8/−9.6) Qz

26 1 6 16 200 −106.9 165.1 (+3.6/−3.4) Ca

26 3 9 7 200 −120.5 212.6 (+5.2/−5.1) Ca

28 11 6 20 210 −142.8 303.7 (+19.5/−0.0) Qz

28 3 4 25 230 −104.1 168.2 (+10.0/−9.8) Qz

28 6 10 1 270 −94.2 144.8 (+5.1/−5.5) Ca

heating (n) = number of inclusions analyzed from heating experiment, cooling (n) = number of inclusions analyzed from cooling experiment,
Cooling Th = homogenized temperature of cooling experiment, mineral = host mineral of the densest methane-rich inclusion, Qz = Quartz,
Ca = Calcite.

Fig. 4. Estimated P-T condition of post-mélange vein formation. Error bars indicate the variation of homogenized temperature of water-rich inclusions
(trapping temperature). Because the modal value of trapping temperature is taken, the error bar is asymmetric. Broken lines indicate geothermal gradient
estimated on the basis of subducting slab age for lithostatic and hydrostatic pressure, respectively.

phase inclusion is methane-rich, and the two-phase inclusion
is water-rich. The result suggests that the H2O-CH4 immisci-
ble fluids might have coexisted at the time of trapping. This
assumption further suggests that water methane-saturated
aqueous fluids could have evolved a vapor-phase upon cool-
ing due to decreasing solubility and umixing at lower temper-
atures, yielding two-phase inclusions of the type observed in
these samples.

Primary inclusions in the investigated samples are charac-
terized by rounded, irregular and prismatic cavities or nega-
tive crystal shapes (Roedder, 1984). They range in size from
20 to 50 μm along the long axis. Primary inclusions are far
less in number as compared to the common trails and planes
of secondary inclusions. Inclusions showing necking-down
features are also common. The secondary inclusions have
small cavities with only few μm in diameter.

6. Method and Result of Fluid Inclusion Analysis
In this study, fluid inclusion analysis was conducted solely

in primary inclusions in both quartz and calcite veins. Con-
ventional microthermometric experiments were employed to
estimate the trapping P-T conditions using a heating-freezing
stage. The heating experiment was conducted on two-phase
(water-rich) inclusions. The homogenization temperature

obtained during heating experiments provides a direct esti-
mation of the trapping temperature, because it coincides with
the temperature of methane saturation of water at the time
when the fluid was trapped.

Cooling experiments were performed on one-phase
(methane-rich) inclusions. Methane bubbles appeared below
−83◦C in this study. Although the inclusions were cooled
down to −170◦C, we did not observe the formation of solid
carbon dioxide in any of them. We therefore infer that the
amount of carbon dioxide in methane-rich inclusions, if at
all present, is very small (Burruss, 1981), and that the effect
of carbon dioxide in the homogenization of the methane-
rich inclusions in these samples is negligible. During re-
heating of the inclusions, the methane bubbles disappeared.
The density of the CH4-phase is obtained from the homoge-
nization temperature. In this study, we calculated P-T con-
ditions from “the densest methane fluid inclusions” because
the highest density among several fluid inclusions in a single
crystal may indicate that the fluid was trapped under pressure
conditions close to the lithostatic pressure. The isochore for
CH4 was computed from the density values based on exper-
imentally determined pressure-volume-temperature (P-V-T)
properties of methane (Angus et al., 1976). The fluid pres-
sure was obtained by combining the trapping temperature
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determined in the heating experiment and the isochore cal-
culated during the cooling experiment. In one vein, quartz
and calcite are intricately mixed. It was observed that the
homogenization temperatures of inclusions during heating
and cooling are not controlled by the type of host minerals.
Six samples of the syn-mélange veins were analyzed in this
study. In each vein, we measured about 15 homogenization
temperatures for methane and 12 for H2O + CH4 inclusions.

The melting temperature of these inclusions could not be
analysed because of their small size which obscure clear
documentation of the phase changes. During heating run,
no decrepitation of inclusions was observed in any sample.

The results of P-T estimations are shown in Table 1 and
Fig. 4. The trapping temperatures range from 200 (±10)◦C
to 270 (±42)◦C and the obtained pressure represents a wide
range from 145 (±5) MPa to 304 (−20) MPa.

7. Discussion
7.1 Spacio-temporal relationship between cataclastic

deformation and the post-mélange vein formation
The spacio-temporal relationship between cataclastic de-

formation and the post-mélange veins formation is not totally
resolved. The small number of post-mélange veins in out-
crop scale for any detailed analyses of fluid inclusions, and
the poor outcrop conditions inhibit direct observations and
or conclusive remarks on the sequence of deformation and
vein formation. However, it is possible to draw some general
inferences.

Initially, trench-fill sediments were under unlithified con-
dition with 50% to 60% porosity. Through underthrust-
ing within subduction zones, the sediments became lithified
due to dewatering, cementation and clay mineral transition.
Hashimoto and Kimura (1999) suggest that underplating pre-
ceded mélange formation because mélange fabric is cut by
duplex faults in map scale. Both cataclastic deformation
along duplex faults and the post-mélange veins cut mélange
fabric in brittle manner. Therefore, both of the cataclastic
deformation and the post-mélange vein formation are events
that post-date mélange formation and lithification. In addi-
tion, the accordance in distribution of the two processes may
suggest that the post-mélange vein cutting mélange fabrics
with brittle faults were associated with the cataclasitic defor-
mation along the duplex faults.
7.2 P-T condition of fluid after mélange formation

Estimated P-T conditions of the post-mélange veins do
not display a positive relationship between temperature and
pressure. On the contrary, they show a negative relationship
(Fig. 4). One possible explanation for this feature is that the
fluid temperatures were not same as that of the host rocks.
An alternate possibility is that the ratio of fluid pressure esti-
mated from the post-mélange veins to lithostatic pressure is
not constant. Fluid pressure could be intermediate between
lithostatic pressure and hydrostatic pressure. We estimate a
geothermal gradient of 22◦C/km from the age of the subduct-
ing plate (about 50 Ma) on the basis of the heat flow calcu-
lated from the equation of Parsons and Sclater (1977), and
assuming a thermal conductivity of 3.0 Wm−1◦C−1. This
value is in close correspondence with the geothermal gradi-
ent estimated from investigations on illite crystallinity and
lattice b0 spacing from the northern part of the Cretaceous

Shimanto Belt in Kii Peninsula (Awan and Kimura, 1996).
The bulk density of the strata within the Nankai accretionary
prism from the seafloor to 1300 mbsf shows as increase from
1.5 to 2.5 g/cm3 (Taira et al., 1992). The bulk density below
1300 mbsf is assumed to be 2.5 g/cm3. On the basis of the
density, the geothermal gradient lines for the lithostatic and
hydrostatic pressures are represented in Fig. 4. Five out of
six data on the P-T condition from the post-mélange veins
fall between the two geothermal gradient lines. This result
supports the latter assumption that the ratio of fluid to litho-
static pressure is not constant in each sample. In this study
the highest value of pressure (highest methane density) in
each sample has been taken into account for pressure com-
putations (see section of fluid inclusions). Abnormal fluid
pressure (90% of lithostatic pressure) is reported along the
shallow part of decollement from ODP operation (Moore et
al., 1995). Because the post-mélange veins analyzed in this
study are located along thrusts of duplex structure, we en-
visage that the fluid migrated along decollement. Therefore,
it is possible that the pressure conditions of the fluids that
formed the post-mélange veins were close to 90% of litho-
static pressure, although the abnormal fluid pressure is re-
ported only at the shallow part of subduction zone. If the
assumption that the fluid pressure estimated from the post-
mélange veins is equivalent to 90% of lithostatic pressure is
valid, then most of the P-T conditions from the post-mélange
veins represent higher temperature than that of host rocks as
estimated from the geothermal gradient of slab age. It is thus
indicated that fluids having higher temperatures than the host
rocks migrate from deeper part along localized faults form-
ing duplex structure. The hot fluid does not raise geothermal
gradient because localized fluid does not disturb the vitri-
nite reflectance trend increasing from the north to the south
(Underwood et al., 1989; Sakaguchi, 1996; Ohmori et al.,
1997).

Temperature range of syn-mélange veins is from ca. 150
(±25)◦C to ca. 220 (±30)◦C (Hashimoto et al., submitted),
which is similar to that of post-mélange vein reported in this
study. If the thermal model of seismogenic region (ca. 150 to
350◦C: Hyndman and Wang, 1993) is true, both mélange and
duplex structure are formed in seismogenic region. Because
cataclasites are distributed only along duplex faults, defor-
mation mechanism of duplexing is cataclastic as described.
On the other hands, deformation mechanism of mélange for-
mation is mainly that of pressure solution (i.e., Hashimoto
and Kimura, 1999; Onishi et al., 2001). These facts suggest
that the cataclastic deformation by duplexing is developed at
the same tectonic level where the pressure solution accom-
panying mélange formation occurred.
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