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Introduction

Major out-of-sequence thrusts (OOSTS) in accretionary
prisms are faults which generate great earthquakes in
subduction zones, such as the 1944 Tonankai and 1946
Nankai earthquakes in the Nankai Trough (Cummins and
Kaneda, 2000; Park et al., 2002), the 1964 Alaska earthquake
in the Aleutian Trench (Plafker, 1972), and the 2005 Sumatra
earthquake in the Sunda Trench (Ammon, 2006). The 1999
Chi-Chi Earthquake in Taiwan along the Chelungpu Fault
(Chen et al., 2001) also occurred in the same setting as other
OOSTs, even though the fault is exposed on land.

Because great earthquakes of Mw>8.0 dominantly take
place in accretive margins (Ruff and Kanamori, 1983), under-
standing the faulting mechanisms of a major OOST is one of
the keys in determining the earthquake generation process
as such.

An on-land, fossilized, major OOST thrust exhumed from
seismogenic depth can be observed in the early Tertiary
Shimanto Belt, Kyushu, Japan (Kondo et al., 2005). The
shear zone associated with the thrust is thicker than 100 m
and is characterized by the development of crack-fillings and
crack-seal veins, which suggest that the shear zone was filled
by geothermal fluids at depth. Velocity analysis of the rocks
in the shear zone shows high and low velocities in the hanging
wall and footwall, respectively. This is consistent with the
impedance contrast expected from negative polarities of the

dotachylytes developed under dry conditions and suggests
abundant fluid association, thermal pressurization, and
hydrofracturing preceding frictional melting (Okamoto et
al., 2006).

It is important to constrain the exact pressure-temper-
ature conditions of the setting for the pseudotachylyte,
because its occurrence is a key to understanding the faulting
mechanism if the slip took place in depth. From this point of
view, we estimated the pressure-temperature conditions on
the basis of fluid inclusion analysis from the mineral veins.

Geological Setting of the Nobeoka Thrust

The Nobeoka thrust is a major OOST bounding the
northern and southern Shimanto belts of the Cretaceous-
Tertiary accretionary complex in Kyushu, southwest Japan
(Fig. 1A). The thrust is traceable for more than 300 km
parallel to the modern Nankai Trough.

Hanging wall rocks of the thrust are composed of the
Eocene Kitagawa group mainly consisting of plastically
deformed phyllites and sandstones. Footwall strata of the
Eocene Hyuga group are composed of a shale matrix mélange
with sandstone and basaltic blocks deformed mainly by
brittle mechanisms. Deformation fabrics of both of these
rocks are consistent with the sense of shear along the
Nobeoka thrust (Kondo et al., 2005). Geothermometry using
vitrinite reflectance and CHy-H>O fluid inclusion data
indicates that the Kitagawa and the Hyuga groups experi-
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Figure 1. [A] Geological setting of the Nobeoka thrust and distribution of the Shimanto belt in southwest Japan.
[B] Sketch map of horizontal exposure of the Nobeoka thrust and shear zone on the tidal flat (addition to Kondo et al.,
2005). [C] Photomicrograph of the slipped part of the pseudotachylite-bearing subsidiary fault. Translucent fault core
(pseudotachylite) is bounded by breccia in the dark carbonate matrix (modified from Okamoto et al., 2006).
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enced heating up to maximum
temperatures of ~320°C and
~250°C, respectively (Kondo et al,
2005). v

The Nobeoka thrust is charac-
terized by a cataclastic fault core
about 20 cm thick and by a plastic
and brittle damage zone whose

5cm

thickness is several tens of meters
in the hanging wall and about
100 meters in the footwall.
Ubiquitous  subsidiary  shear
fractures, with orientations
parallel to that of the fault core of
the Nobeoka thrust, are present in
the damaged zones.

Kondo et al. (2005) pointed out
from the viewpoint of thermal
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pseudotachylyte-bearing fault. [B] Sketch show-
ing crosscutting relationship of veins (same part as
Fig. 2A) [C] Homogenization temperatures of heat-
ing experiment of CH4-H»O inclusions in V2 quartz
veins. [D] Homogenization temperatures of cooling
experiment of CH, inclusions in V2 quartz veins. [E]
Homogenization temperatures of heating experiment
of H>O inclusions in V3 calcite veins showing bimodal
distribution around 235°C and 320°C.

subsidiary faults in the hanging

wall, about 10 m above the fault core of the Nobeoka thrust
(Fig. 1B; Okamoto et al., 2006). The fault is composed of two
different parts along the fault surface: narrow, planar slip
sections and wider zones along dilation jogs. The planar slip
section shows two types of fault rock. One is a carbonate
matrix-supported breccia, and the other is the pseudot-
achylyte (Fig. 1C). Lines of evidence for frictional melting
are discussed by Okamoto et al. (2006). The dilation jogs are
filled with carbonate matrix-supported breccia (Okamoto et
al., 2006), and the breccias are composed of fragmented host
rocks of phyllites several tens of microns to millimeters in
size. The carbonate matrix constitutes micron-scale calcite

and ankerite, filling the inter-calcite grain boundaries
(Fig. 10).

Crosscutting relationships of veins are as follows (Fig. 2A,
B). The oldest veins (V1) occur in the phyllites. Most of them
are composed of quartz and are involved in the plastic defor-
mation accommodated by pressure solution (Kondo et al.,
2005). Younger quartz veins (V2) are not deformed by such
mechanisms, but keep precipitation-related idiomorphic
crystal textures. Carbonate veins (V3) fill tension cracks
cutting V1 and V2 quartz veins (Fig. 2A, B). The carbonates
are connected to the matrix carbonates of the breccias
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(Fig. 2A, B). All vein generations are cut by pseudotachylyte
(Fig. 2A, B) in slipped parts of the fault. As described in
Okamoto et al. (2006), the pseudotachylyte pinches out at
dilation jogs filled by carbonate matrix-supported breccia.
These occurrences suggest that the breccia formation and
carbonate matrix precipitation were preceded by the
frictional melting and maintained during the slip.

Occurrences and Compositions of Fluid
Inclusions

V2 quartz and V3 calcite veins contain abundant fluid
inclusions. V2 quartz veins include single-phase and two-
phase inclusions. The single-phase inclusions are composed
only of methane, which is shown by a remarkable peak of
2919.2 cm?! using Raman micro-spectroscopy. Two-phase
inclusions consist of vapor and liquid phases. A broad peak
from 3100 cm™ to 3500 cm™ indicates water, and a peak of
2917.2 em™ coincides with the methane peak. The results
suggest that water is saturated with methane, and water and
methane co-exist as immiscible fluids (Vrolijk et al., 1988).
No solid carbon dioxide was observed during the cooling
experiments (see next section), suggesting that carbon
dioxide content is less than 10% (Burruss, 1981).

V3 calcite veins contain only two-phase inclusions. They
consist of vapor and liquid phases. Only the water peak from
3100 cm® to 3600 cm? is detected by Raman micro-
spectroscopy. Therefore, the vapor and liquid phases are
both composed of water.

Results of Fluid Inclusion Analysis

Sixty-eight and sixty-one inclusions, respectively, were
analyzed by heating and cooling experiments for V2 quartz
veins, while eighty inclusions were analyzed by heating
experiments for the V3 calcite veins. Results are shown in
Fig. 2C, D, E.

Homogenization temperatures of fluid in V2 quartz veins
range from 180°C to 296°C (Fig. 2C) with a modal peak at
230°C-240°C. Cooling experiments represent a range from
-130°C to -90°C (Fig. 2D). Pressure estimation on the basis
of the methane saturation curve (Mullis, 1979) and the
results of heating and cooling experiments shows a range of
102-272 MPa. The homogenization temperatures of fluids in
the V3 calcite veins were 154°C-362°C and present bimodal
peaks. The primary peak is at 230°C-260°C, and the
secondary one is at 310°C-320°C (Fig. 2E). The primary
peak coincides with that of the V2 quartz veins, and the
secondary peak is higher.

Deformation History and its Thermal
Conditions

The crosscutting relationships suggest that the defor-
mation history of the hanging wall was as follows:

1. Ductile deformation related to phyllitic cleavage
formation. V1 quartz veins are involved in this defor-
mation. Vitrinite reflectance suggests that the temper-
ature was about 320°C (Kondo et al., 2005)

2. Tension cracking and V2 quartz vein precipitation. No
more phyllitic cleavages overprint this vein generation,
and fluid inclusion analysis suggest that the hanging
wall rock was uplifted at about 235°C.

3. Slip initiation, breccia formation, and carbonate precipi-
tation. These events may have started at about 235°C,
reaching about 320°C by frictional heating, and ending
with finally cooling to about 235°C.

4. Continuing slip resulting in frictional melting.
Temperatures along the fault may have been more than
1700°C locally, as quartz grains show signs of plastic
deformation and melting (Okamoto et al., 2006).

Background Geothermal Gradient and
Depth at the Initial Stage of Slip

The paleo-geothermal gradient in the northern Shimanto
belt is estimated at 20-30°C km™ based on metamorphic
parageneses (Toriumi and Teruya, 1988), while the paleo-
geothermal gradient in the footwall of the Nobeoka thrust is
estimated at 28-47°C km™ based on fluid inclusion analysis
(Kondo et al., 2005). However, no studies of the thermal
conditions of the hanging wall of the Nobeoka thrust have
been reported so far. Here, the geothermal gradient is
estimated as follows based on the fluid inclusion analyses
described above.

It is assumed that the densest methane fluid inclusions
were trapped under nearly lithostatic conditions, because
the veins are interpreted to be deposited soon after fracturing
under the near-lithostatic fluid pressures (Hashimoto et al.,
2003; Matsumura et al., 2003; Vrolijk, 1987). Densities are
assumed to be 2700 kg m™ and 1000 kg m™, respectively for
solid and fluid.

Thus, fluid pressure (P) is expressed as a function of
depth (h) and porosity (0) as

P = [[2700(1-0) +1000061g dh

where g is the gravity acceleration, € is a porosity at depth
h expressed by the empirical equation 8 = Ae®™ of Bray and
Karig (1985). The equation can be rewritten as

P= j [2700(1- Ae ™) +1000Ae ™ ] g dh

where A and b are constants, 0.65 and 1.54, respectively.
The maximum P value of V2 quartz veins is estimated to be
about 240 MPa when a temperature of 235°C is assumed.
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Then, solving the equation for h, the depth is calculated as
8.6 km. This yields 27°C km of geothermal gradient, which
is consistent with previous results from the northern
Shimanto belt. Geologic occurrences of the Nobeoka thrust,
therefore, present excellent information for faulting mecha-
nisms of seismogenic OOST in depth.
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