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We present a quantitative examination of the liberation and subsequent deposition of silica at the subduction zone
plate interface in the Mugi mélange, an exhumed accretionary complex in the Shimanto Belt of southwest Japan.
Frequency and thickness measurements indicate that mineralized veins hosted in deformed shales make up
approximately 0.4% of the volume of this exposure. In addition, whole-rock geochemical evidence suggests that
the net volume of SiO, liberated from the mélange at temperatures of < 200°C was as much as 35%, with up to
40% of the SiO, loss related to the smectite-illite (S-1) conversion reaction, and the rest attributable to the pressure
solution of detrital quartz and feldspar. Kinetic modeling of the S-I reaction indicates active liberation of SiO, at
approximately 70°C to 200°C, with peak SiO, loss at around 100°C, although these estimates should be slightly
shifted toward lower temperature conditions based on X-ray diffraction (XRD) analyses of mixed-layer S-l in the
Mugi mélange. The onset of pressure solution was not fully constrained, but has been documented to occur at
around 150°C in the study area. The deposition in deformed shales of quartz liberated by pressure solution and the
S-I reaction is probably linked to seismogenic behavior along the plate interface by (1) progressively enhanced
velocity-weakening properties, which are favorable for unstable seismogenic faulting, including very-low-frequency
earthquakes and (2) increasing intrinsic frictional strength, which leads to a step-down of the plate boundary

Background

The deposition of quartz as pore-filling cement and/or
veins is a common diagenetic process during burial sedi-
mentation, and can cause dramatic modifications of bulk-
rock mechanics, including changes in stiffness (Laubach
et al. 2004), consolidation behavior (Karig and Morgan
1994), and frictional properties (Lockner and Byerlee
1986). In sandstone reservoirs, quartz cementation starts
at approximately 90°C (McBride 1989), whereas in shales,
evidence of pore-filling cementation is rare, with mineral-
ized veining being a much more common form of quartz
deposition (van de Kamp 2008). The SiO, deposited in
sandstone cements is thought to be derived from pressure
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solution of detrital quartz and feldspar, although some
studies emphasize the importance of external SiO,
sources, such as smectite-illite transformation (S-I) reac-
tions in accompanying shales (Hower et al. 1976; van de
Kamp 2008).

At subduction margins, incoming sedimentary de-
posits are buried along the plate boundary thrust. The
underthrusting causes these sediments to undergo sev-
eral diagenetic reactions during burial. These processes
might have a first-order influence on the mechanical
transition from aseismic shallower deformation to un-
stable seismic slip in deeper parts of the subduction
zone (Moore and Saffer 2001); indeed, quartz cementa-
tion and/or veining have been invoked as a cause of the
formation of seismogenic plate boundaries (Byrne 1998;
Moore and Saffer 2001; Moore et al. 2007). A recent
friction experiment by Saito et al. (2013) suggested that
lithification of the plate boundary fault due to quartz
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deposition can also cause very-low-frequency earth-
quakes (VLFE) at shallow subduction zones (less than
approximately 10-km depths; e.g., Ito and Obara 2006;
Obana and Kodaira 2009; Ando et al. 2012; Sugioka
et al. 2012). However, the origin, timing, and volume of
this cementation and/or veining have yet to be docu-
mented in detail. In on-land accretionary complexes,
quartz deposition has been documented in deformed
rocks that underwent diagenesis at 100°C to 120°C
(Moore and Allwardt 1980). Byrne (1998) suggested that
pressure solution promotes quartz cementation in these
types of environments. However, as the majority of plate
boundary faults are located in smectite-rich horizons
(Underwood 2007), the S-I reaction could also supply
significant amounts of silica, although this factor has not
been assessed in previous research.

In this study, we examined the behavior of mobilized
SiO, along the subduction zone plate interface by meas-
uring the frequency and volumetric ratio of quartz-
dominated mineralized veins present within an on-land
accretionary complex of the Shimanto Belt (Mugi mélange),
Japan. As a possible source for such veining, we focused
on the diagenetic S-I reaction in the host-rock shales. For
this purpose, bulk and clay fraction mineralogy was inves-
tigated by X-ray diffraction (XRD) analyses. We also mod-
eled possible pathways of the S-I reaction by considering
the underthrusting sediments in the Nankai margin as an
analog setting. Based on these results, we detail the SiO,
behavior and its mechanical consequence on plate bound-
ary faults in subduction zones.

Geological setting

The Shimanto accretionary complex on Shikoku Island,
southwest Japan, is divided into northern and southern
sub-belts (Figure 1a; Taira et al. 1980). The Mugi mélange
is exposed along the southeastern coast of Shikoku Island
and is composed of six repeated thrust sheets (units 1 to
6) bounded by north-dipping thrusts (Shibata et al. 2008;
Figure 1b,c). Each unit preserves the original ocean-floor
trench stratigraphy, suggesting that the Mugi mélange was
an underplated thrust-sheet package that was accreted
beneath an ancient accretionary prism during the latest
Cretaceous to earliest Paleocene (Onishi and Kimura
1995; Ikesawa et al. 2005; Kitamura et al. 2005; Shibata
et al. 2008; Kimura et al. 2011). The Mugi mélange con-
tains disrupted pillows and massive basalts, hemipelagic
shale, pelagic red shale, and sandstone lenses enclosed in a
sheared argillaceous matrix with scaly fabric (Figure 1b).
A systematic deformation fabric is present within the mé-
lange and has been related to underthrusting and under-
plating (Onishi and Kimura 1995; Ikesawa et al. 2005;
Kitamura et al. 2005). Vitrinite reflectance analysis yields
paleo-temperatures of 130°C to 150°C in the lower thrust
sheets (Ikesawa et al. 2005) and >200°C in the upper
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thrust sheets (Kitamura et al. 2005), corresponding to the
approximate shallow portion of the seismogenic zone
(150°C to 350°C; Hyndman 2007).

Crack-fill veins are ubiquitous in the Mugi mélange
(Figure 2a), and occur as two types: extensional cracks in
the constricted parts of sandstone boudins (classified as
‘vein I’ in Matsumura et al. (2003) or ‘boudin neck veins’
in Yamaguchi et al. (2012)), and cracks along shear fabrics,
such as Riedel and Y-surfaces (‘vein I’ in Matsumura et al.
(2003)). These veins are dominated by quartz, but abun-
dant calcite veins are also observed, particularly near the
basalt-derived fault zone (Ujiie et al. 2007; Yamaguchi
et al. 2012). Heating and cooling experiments of fluid in-
clusions trapped in quartz veins suggest that these veins
formed at temperatures of 125°C to 245°C and pressures
of 92 to 145 MPa (Matsumura et al. 2003). Most of the
veins appear to have precipitated during the maximum
burial with deformation because vein-filling cracks are
consistent with mélange fabric, and other faults related
to the exhumation stage do not accompany the veins
but are in many cases associated with unconsolidated
gouges.

Methods

Analysis of vein frequency and volumetric fraction

We examined the occurrence and distribution of miner-
alized veins hosted in deformed shales (vein II) along a
transect that includes the entire section of unit 2 of
the Mugi mélange from basal basalts to uppermost terri-
genous sandstones (Figure 1c). We used a caliper to
measure the thickness of every vein that intersected
the transect line. Although our measurement was one-
dimensional (1-D), the cumulative thickness of veins
along the transect is almost equivalent to the volumetric
fraction in bulk rock, because the transect runs almost
perpendicular to the mélange foliation, and vein II
mostly occurs parallel or slightly oblique to the foliation.
Basalt-hosted veins were excluded from our analysis be-
cause it was not possible to discriminate between veins
formed before subduction, associated with near-ridge
fluid circulation, from those formed after subduction.
When estimating the volume fraction, we also excluded
veins in sedimentary horizons around the basal basalt,
since Sr isotope analysis suggested that some of these
veins have been influenced by dehydration of the basalt
(Yamaguchi et al. 2012).

XRD analyses

We collected two shale samples (ML-01 and ML-02)
from the study area (marked in Figure 1c). For bulk-rock
analysis, rock chips were powdered in an agate mortar,
and these powders were mounted on sample holders by
side-loading to minimize the development of a preferred
orientation of clay minerals. Bulk XRD patterns were
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Figure 1 Location of Mugi mélange (a), geological map of study area (b), and sampling locations for XRD (c). Modified after Shibata et al.
2008. OOST = out-of-sequence thrust. Vein occurrences were examined along the coastal traverse marked by a rectangle in (c).

obtained using a MAC Science MX-Labo with mono-
chromatized CuKu radiation at 40 kV and 30 mA, with
1° divergence and anti-scattering slits, and a 0.15-mm
receiving slit in continuous scan mode at a rate of 1°26
per minute. Relative abundances of the constituent min-
erals (total clays, quartz, plagioclase, and calcite) were
estimated by applying a normalization factor given by

Underwood et al. (2003). However, the present analysis
is not strictly quantitative because of the difference in
experimental apparatus, and thus the data should be
considered semi-quantitative.

Other chips were gently crushed and dispersed ultrasonic-
ally in distilled water; the clay fraction (<2 pm) was then
separated by centrifugation and soaked two times in 1M
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Figure 2 Typical occurrence of mineralized veins (a) and variation in vein thickness (b), frequency, and cumulative thickness (c).
(a) Mineralized veins within the Mugi mélange. (c) Measured at 1-m intervals along the transect line. Sampling locations for XRD are also shown.
A

Ca(l, solution (for more than 6 h in each treatment) to pre-  oven at 60°C (air-dried, AD). These mounts were exposed
pare Ca-saturated specimens. Suspensions of Ca-saturated to ethylene-glycol vapor at 60°C overnight (EG). XRD pat-
specimens were dropped onto glass slides and dried in an  terns for these mounts were recorded using a Rigaku Rint-
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2500 (Advanced Characterization Nanotechnology Plat-
form, The University of Tokyo) with monochromatized
CuKa radiation at 40 kV and 200 mA, with 0.5° diver-
gence and anti-scattering slits, and a 0.3-mm receiving
slit in continuous scan mode at a rate of 1°20 per mi-
nute. Relative weight ratios for clay phases were esti-
mated by applying a Biscaye's weighting factor (Biscaye
1965), which assumes a linear correlation between the
peak area of the component and its abundance (1x for
smectite, 4x for illite, and 2x for chlorite).

For decomposition of the 10-A peak profile, the samples
were rescanned in step scan mode for 4 s every 0.02°20
step, and obtained profiles were processed by DECOMPXR
(Lanson 1997). A background was linearly interpolated
from 6.5 to 10°20 range and subtracted from the experi-
mental pattern. Gaussian curves were composed to fit the
original pattern without pattern smoothing. NEWMOD
(Reynolds 1985) was used to calculate 1-D XRD patterns
for mixed-layered clays.

Modeling of silica release along the plate interface during
the S-1 conversion reaction

We used kinetic modeling to quantitatively estimate the
amount of SiO, released during the S-I reaction, based
on a general kinetic equation:

dS:Su(I(

b
o ﬁ) -Aexp(-U/RT), (1)

where S is the percentage of smectite in S-I crystallites
(%S); t is time in seconds; a and b are constants that de-
scribe the order of reaction; K and Na are the activities
of potassium and sodium, respectively; A is the frequency
factor; U is the activation energy for the reaction; T is the
temperature (K); and R is the gas constant. Pytte and
Reynolds (1989) derived an optimal parameter set for this
reaction of a=5,b=1, A=52x 10" s7%, and U = 33 kcal/
mol under the assumption that equilibrium between albite
and K-feldspar controls the activity ratio between K and
Na in the reacting fluid;

K -2,490
— =742 ! 2
X exp( ) )

The S-I reaction at the Nankai margin, as observed in
several drilling holes (Steurer and Underwood 2003),
was well reproduced by this kinetic expression (Saffer
et al. 2008; Saffer and McKiernan 2009).

We consider the Muroto transect of the Nankai
Trough as an analog setting of diagenesis for the Mugi
mélange. Temperature-time history for the kinetic mod-
eling is constructed using an underthrusting deposit at a
rate of 4 cm/year in a geothermal structure modeled by
Spinelli and Wang (2008). The numerical modeling of
Spinelli and Wang (2008) examined the effect of fluid
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circulation in the upper oceanic crust on the subduction
zone thermal condition, and provided two models for
the Nankai margin: a cooler one with preferred hydro-
thermal circulation, and a warmer one with no fluid cir-
culation. The temperature difference of the décollement
between the two models at a landward distance of
100 km from the deformation front is approximately
70°C. In our kinetic calculation, we also adopted these
two models in order to test how the subduction zone
thermal model affects the progress of the illitization
reaction. Equation 1 was solved numerically by the fi-
nite difference method. We used an S-I content value
of 40 wt.% in the incoming deposit, and an initial state
of 80%S at the trench of the Muroto transect (Saffer
et al. 2008). A sensitivity test was also performed with
respect to the plate convergence rate and initial state
of %S.

Results

The veins hosted in the matrix shales of the Mugi mé-
lange are < 1- to 12-mm thick, with most being <1 mm
(Figure 2b). Figure 2c shows the spatial variation in vein
frequency (Matsumura et al. 2003) and cumulative thick-
ness at 1-m intervals. Veins are concentrated within sedi-
mentary horizons near the fault zone below the basalt
(Matsumura et al. 2003), with this heterogeneity also
apparent in the cumulative thickness distribution. In
addition, vein density is lithology-dependent, with fewer
veins in horizons containing abundant sandstone and
siliceous shale lenses, and more frequent veining within
homogeneous shales. In total, the mineralized veins
occupy approximately 0.4 vol.% of the total amount of
rock (bulk rock) along the transect. This value of
volume fraction is comparable to the previous estima-
tion for veins related to shear fabrics in the Yokonami
mélange, which is another exhumed tectonic mélange
in the Shimanto Belt, Shikoku (approximately 1 vol.%;
Hashimoto et al. 2012).

Figure 3 shows the bulk-XRD pattern of ML-01, and
relative mineral abundances calculated from the pat-
terns are listed in Table 1. The two samples have almost
the same mineral compositions, consisting of 50 wt.%
of clays, 40 wt.% of quartz, 15 wt.% of plagioclase, and
trace amounts of calcite.

Figure 4 shows the clay-fraction XRD pattern (ML-01)
in AD (lower) and EG (upper) states. The pattern shows
basal reflections from chlorite (14.42 and 7.12 A) and
illite (approximately 10 A), but the asymmetric profile of
the 10-A band and its slight shift by EG solvation
indicates the presence of an expandable S-I phase.
Biscaye's factor yields approximately 3:7 for the weight
ratio between chlorite and S-I (Table 1). The decompos-
ition result suggests that the 10-A S-I band is explained
by four overlapping peaks at 10.8, 10.4, 10.0, and 9.9 A
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Figure 3 Bulk XRD pattern of ML-01 sample. chl, chlorite; cl, clay
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asterisk were used for semi-quantitative analysis of bulk rock compositions.

(Figure 5; Table 2). The 10.4- and 10.0-A peaks likely
correspond to poorly crystallized and well-crystallized
illite, respectively, that are commonly observed in
late-stage diagenetic sedimentary basins (Lanson
1997; Lanson et al. 1998). However, it is uncertain
whether the two peaks in our samples imply the
occurrence of two distinct phases such as authigenic
illite and detrital mica, or artificial interpretation of a
single phase with a wide population of coherent
scattering domain sizes (Lanson 1997). In addition to
the peaks for discrete illite, the fitting procedure
requires two more peaks at approximately 10.8 and
approximately 9.9 A in order to keep consistency
with the interpretation of the AD profile. Based on
the NEWMOD calculation, these peaks are ascribed
to those for ordered (R=3) S-I of approximately
10%S.

Figure 6a shows the results of calculations of S-I reac-
tions in progress along the modeled transect (Nankai
margin). The S-I reaction starts at around 70°C and con-
tinues up to temperatures of around 300°C. The two
geothermal models do not significantly affect the mod-
eling results (Figure 6a).

Intensity

2 4 6 8 10 12 14 16
Figure 4 XRD patterns for oriented mounts of clay-fraction
specimen (ML-01) in air-dried (AD) and ethylene-glycolated
(EG) states.

Discussions
Origin of SiO, for mineralized veins
The majority of SiO, in the veins observed along the
transect is thought to have originated from pressure so-
lution of detrital quartz and feldspar in deformed shales
(Kawabata et al. 2007). Kawabata et al. (2007) deter-
mined the variation in whole-rock geochemistry of scaly
shales in the Mugi mélange, and used a Ti-normalized
isocon approach (Grant 1986) to estimate a total volume
loss of 17 to 54 vol.% from the deformed mélanges dur-
ing pressure solution deformation, the majority of which
was fluid-mobile SiO,. However, this value represents a
net volume reduction and should therefore also involve
other sources, e.g., S-I or illite-muscovite reactions. In
order to quantify the amount of SiO, contributed to this
volume loss by the various sources, we determined the
amount of SiO, removed by S-I reactions as follows.
Using end-member chemical formulae of smectite and
illite, and assuming Al,O3 to be constant during the re-
action, van de Kamp (2008) derived one example of re-
action equation for illitization reaction;

(A13A15Mg0_85) (Sig.00)O20(OH),(Nag gs) 2H,O+ .
(0.06 Fe;03 + 0.56 K, + 0.02 CaO)
(Al4,12Feo.1MgoA56) (Si7.17)O20(OH) 4 (K;.47Nag 01Cag 03)+
3.29 SiO; + 0.56 Nay O + 0.55 MgO + 3.23 H,O

1.308

(3)

Table 1 Integrated peak intensities and calculated bulk rock mineral compositions

Sample  Total clay Quartz Plagioclase Calcite S-l Chlorite
Area wt.% Area wt% Area wt% Area wt% Area wt% inclay wt% inbulk Area wt.% inclay wt.% in bulk
fraction* rock** fraction rock
ML-01 134 50 1,747 36 333 14 5  Trace 3,183 70 35 2,713 30 15
ML-02 121 45 2,007 39 381 16 22 Trace 23829 74 33 1,970 26 12

*wt.% of S-lin clay fraction sample estimated by Biscaye's weighting factor.

**wt.% of S-I in bulk sample (=wt.% of total clay in bulk rock x wt.% of S-I in clay fraction).



Kameda et al. Earth, Planets and Space 2014, 66:13
http://www.earth-planets-space.com/content/66/1/13

ML-01 s
2
z
=]
8
K=
ordered S-1
6.5 7 75 8 8.5 9 9.5 10
20 (Cu Kot
ML-02 #
2
‘z
§ ordered S-1
=
= 9.86 A
ordered S-I
10.89 A
i H
6.5 7 7.5 8 8.5 9 9.5 10

20 (Cu Ka)

Figure 5 Decomposition of 10-A band in EG state. Two peaks for
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This equation predicts that the S-I reaction yields
18 wt.% SiO, from primary smectite. Boles and Franks
(1979), using a different chemical composition, esti-
mated a SiO, loss of 23.3 wt.%, while Leder and Park
(1986) suggested a loss as high as 28 wt.%. Above 200°C,
the illite-muscovite conversion reaction will be enhanced
and can liberate a further 17 to 23 wt.% of SiO, from
the original illite (van de Kamp 2008). Therefore, if one
assumes a shale containing 50 wt.% smectite, the S-I re-
action can potentially yield 9 to 14 wt.% of SiO, from

Table 2 Results of peak decomposition for the I-S band
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bulk sediments (18 to 28 wt.% of primary smectite) until
the completion of the reaction.

At subduction margins, extensive research has quantified
the mineralogy of incoming sediments (Underwood 2007).
At the Nankai margin, smectite comprises some 20 to
50 wt.% of the bulk sediments within the Lower Shikoku
Basin facies, which hosts the décollement-equivalent hori-
zon, yielding a possible 4 to 14 wt.% of SiO, mobilized by
the S-I reaction.

Our XRD analyses show that the two shale samples
have almost identical mineral compositions, containing
approximately 35 wt.% of S-1, possibly as a product of a
diagenetic reaction (Table 1). Considering previous re-
ports on the relatively homogeneous nature of the
matrix shale throughout the units (units I, II, and IIf;
Ikesawa et al. 2005; Kawabata et al. 2007), the mineral-
ogical properties shown here are thought to be represen-
tative of the whole units in this area. The weight fraction
of 35 wt.% of S-I in the shale is almost equivalent to the
smectite content in the Nankai sediments, and thus,
comparable amounts of SiO, (ie, 4 to 14 wt%) may
have been released from the shales of the Mugi mélange.
However, if we consider the net volume of SiO, removed
at temperatures of <200°C, the isocon methods suggest
a 35 wt.% loss of SiO, from the original mudstone
(Kawabata et al. 2007). This indicates that up to 40% of
the total mass loss estimated by the isocon method was
explained by S-I reactions, with the rest attributable to
pressure solution of detrital quartz and feldspar. Liber-
ation of as much as 14 wt.% SiO, from the original mud-
stone is obviously enough to account for the observed
quartz veining in the Mugi mélange, meaning that this
excess SiO, may have cemented associated sandstones,
or may have left the system.

Moore and Allwardt (1980) suggested that incipient
pressure solution occurs in exhumed accretionary com-
plexes that undergo diagenesis at temperatures of 100°C
to 120°C, with this process being dominant at tempera-
tures above 200°C. Although the onset of pressure solu-
tion in the Mugi mélange has not been well constrained,
pervasive pressure solution seams defined by dark cleav-
ages are present in shales that were deformed at around
150°C (Kawabata et al. 2007). In contrast, the behavior
of SiO, mobilized during the S-I reaction can be more
quantitatively assessed by kinetic modeling. Here, we

Sample Ordered S-I (low angle) PCI wcl Ordered S-I (high angle)
26 Intensity FWHM 20 Intensity FWHM 26 Intensity FWHM 20 Intensity FWHM

ML-01 8.20 440 1.15 8.51 540 8.86 1,107 0469 8.96 502 0.68

ML-02 8.12 492 1.11 8.51 774 8.84 1,120 043 8.96 971 0.63

PCl and WCI are poorly and well-crystallized illite, respectively (see text).
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reproduce S-I reaction pathways along the Nankai
Trough plate interface as an analog setting for the Mugi
mélange (Figure 6a). In these calculations, we assume
that the initial content of smectite in the incoming de-
posit is 40 wt.%, and that 18 wt.% of SiO, was liberated
as a proportion of the original smectite until the end of
the reaction. In addition to the results of calculations of
the S-I reaction progress, Figure 6a also shows cumula-
tive SiO, liberation during this reaction. As the reaction
proceeds, approximately 6 wt.% SiO, is progressively re-
leased from the underthrusting deposit; Figure 6b shows
the rate of SiO, release as a function of temperature. This
calculation demonstrates that the S-I reaction actively
supplies SiO, at temperatures of 70°C to 200°C, with
the reaction continuing at higher temperatures. A sen-
sitivity test indicates that the reaction temperature does
not change significantly within the parameter ranges
examined, while the reaction rate is highly dependent
on variables such as the plate convergence rate and ini-
tial states of %S (Figure 6¢,d). The temperature range
for the active release of SiO, is comparable to the esti-
mated formation temperatures of quartz veins in the
Mugi mélange (125°C to 245°C).

Comparison between kinetic prediction of S-I conversion
and actual state of S-1 in on-land samples

To check the validity of the kinetically predicted reaction
progress of S-1 conversion, the modeling results were
compared with the mixed-layer S-I in the Mugi mélange.
As mentioned earlier, the peak decomposition of ap-
proximately 10-A reflection indicates that the S-I phase
in the samples is ordered (R=3) S-I of approximately
10%S. It is noted that 10%S of S-I is slightly lower than
the kinetically expected value (15%S to 25%S; Figure 6a),
considering the maximum paleotemperature of the Mugi
mélange from vitrinite reflectance measurements (130°
C to 150°C; Ikesawa et al. 2005).

Although the downhole progress of S-I conversion at
the Nankai margin was successfully reproduced by the
above kinetic expressions (Saffer et al. 2008), it is uncer-
tain as to whether they are still applicable to modeling
of diagenesis at great depths. In fact, K-feldspar was
rarely detected by XRD in the analyzed shales, possibly
because of completion of the albitization reactions of
feldspars (Moore et al. 2007), and it is therefore probable
that the activity ratio of K/Na in such conditions is
controlled by other equilibrium states (e.g., albite-illite
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equilibrium). Moreover, deformation features such as
mélange fabric and pervasive pressure solution cleavages
are apparent in the analyzed samples. It has been in-
ferred that the S-I reaction can be accelerated by de-
formation itself (e.g., Vrolijk and van der Pluijm 1999)
and/or chemical anomaly of circulated fluids during de-
formation (e.g., Dellisanti et al. 2008). Although the sam-
pling site of ML-01 is located in the vicinity of the basalt
rock (at a distance of 5 m), close similarity of the two
XRD patterns suggests that the S-I reaction may not
have been affected by basalt-related deformation and/or
fluids. However, both samples are involved in tectonic
processes of mélange formation, and if these processes
foster the rate of the conversion reaction, active SiO, liber-
ation will take place at a slightly lower temperature condi-
tion than the theoretical estimation.

Implications for seismogenesis at subduction zones

The liberation and deposition of SiO, observed in the
Mugi mélange provides insights into the mechanical
evolution of the subduction zone plate interface, and has
two specific consequences for seismogenesis. First,
quartz cementation and/or veining cause progressive
lithification of the décollement zone and may enhance
velocity-weakening behavior (Byrne 1998; Moore and
Saffer 2001). Frictional experiments indicate that quartz
can cause a velocity-weakening response (e.g., Blanpied
et al. 1995; Ikari et al. 2011; Saito et al. 2013), in contrast
to the majority of clay minerals, which have velocity-
strengthening behaviors (e.g., Saffer and Marone 2003;
Ikari et al. 2011). As the original mudstone is dominated
by clays, successive quartz infilling, particularly in cracks
along the shear fabrics, is thought to be an important
process that can lead to unstable slip. It is also noted
that the timing and P-T condition of quartz veining in
the Mugi mélange may be comparable to the source re-
gion of VLFE in the Nankai accretionary prism (Figure 7;
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e.g., Sugioka et al. 2012). Recently, friction experiments
by Saito et al. (2013) demonstrated that a quartz-rich
material is favorable for the occurrence of VLFE. They
also suggested that a tectonic mélange lithified by quartz
veining and cementation can be a source rock for VLFE.
Hence, these diagenetic processes are thought to be in-
timately correlated to subduction zone seismogenesis.
The second important aspect is an increase in the in-
trinsic frictional coefficient of the décollement, which
may eventually lead to décollement step-down into the
subducting oceanic basalt (Figure 7). Tectonic mélanges
often include slabs or fragments of oceanic basalt, the
presence of which can be explained by décollement
step-down and subsequent underplating of the down-
going mélange, in addition to movement of the upper
part of the basement into the overriding plate (Kimura
and Ludden 1995; Kimura et al. 2011). Ikesawa et al.
(2005) identified fault rocks such as cataclasites and
ultracataclasites at the base of a section of incorporated
basalt and argued that fracturing of basalt is a seismo-
genic process. The occurrence of high-velocity frictional
slip on this fault has been also inferred from several lines
of geological evidence, including a rapid injection of
basalt-derived fluidized granular material during faulting
(Ujiie et al. 2007), stretching of fluid inclusions in calcite
by frictional heating (Ujiie et al. 2008), and progress of
chloritization in fluidized rock due to frictional heating
(Kameda et al. 2011). In addition, it is thought that sites
of décollement step-down coincide with the upper
aseismic-seismic transition (Matsumura et al. 2003), al-
though the actual controls of this tectonic process are
poorly understood. Progressive hardening by ongoing
quartz veining and/or cementation is a possible process
to increase the frictional strength of the sedimentary dé-
collement by which fracturing can break through to rela-
tively weak levels within the basalt (Figure 7). The
initiation of active quartz deposition at temperatures of

-
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100°C is consistent with the onset of décollement step-
down at around 150°C.

Conclusion

This work examined the liberation and deposition pro-
cesses of SiO, in the deformed shale (the Mugi mélange
in the Shimanto accretionary complex), which represents
typical deformation features at subduction zone plate
boundaries. XRD analysis of the rock and kinetic model-
ing suggest that the underthrusting of incoming sedi-
ments may rapidly foster S-I reactions to release SiO, at
temperatures from approximately 100°C. This condition
is consistent with the formation temperatures of quartz
veins inferred from fluid inclusion microthermometry.
Moreover, the potential mass of SiO, released during the
reaction is large enough to account for the total volume
of the veins in the analyzed transect. Progressive SiO,
deposition may be linked to plate boundary seismogen-
esis, including VLFE and décollement step-down into
the oceanic basement during underplating.
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