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Abstract Tectonic mélanges, characterized by conditions reflective of modern subduction fault zones,
preserve mineral veins formed through mass transfer, a mechanism influencing the slip behavior of subduction
megathrusts. In this study, we apply secondary ion mass spectrometry quartz-calcite oxygen isotope
thermometry and clumped isotope thermometry to examine the temperatures of vein formations in six mélange
units in the Cretaceous Shimanto belt and one mélange in the Kodiak accretionary prism. Calcite in the veins
exhibits 8'*Cppp values ranging from —17.2%o to —6.8%o, indicative of a carbon source mixing with
sedimentary carbonate and organic matter. 8'®Ogyow values of calcite range from +11.1%o to +17.2%o; quartz
yields 618OSMOW values of +14.9%o to +21.7%0. Oxygen isotopic signatures in minerals reveal that most vein-
forming fluids are significantly affected by rock buffering, while some retain isotopic compositions of seawater
and meteoric water. Temperature estimates, derived from both thermometers, fall within the range of 100—
250°C. Notably, vein temperatures remain constant across diverse vein types and mélange units with distinct
maximum temperatures. The combined temperature records and fluid isotopic compositions imply vein
formations at shallower depths linked to the incorporation of seawater, meteoric water, and fluid released from
early dehydration reactions. At greater depths, vein formations are associated with fluid released from clay
dehydration and long-distance fluid flow. Reduced vein formations between 250 and 350°C may correlate with
a shift to fluid-unsaturated conditions resulting from clay hydration reactions. Our study highlights potential
mechanical and hydraulic variations within the thermal conditions of 100-350°C along the plate boundary
driven by fluid-mineral interactions.

Plain Language Summary Temperature influences the processes responsible for triggering
earthquakes at subduction zones. This inference is supported by the observed concentration of seismic activities
within a specific temperature range along the plate interface. To investigate the topic, we examine a distinctive
rock type known as tectonic mélanges, which has undergone subduction in the past and has since been exposed.
These mélanges contain mineral veins formed through the movement of materials; a factor that has shown
correlation with the occurrence of earthquakes at subduction zones. To determine the temperatures at which the
mechanism operates, leading to the formation of the veins, we employ two methodologies: quartz-calcite
oxygen isotope thermometry and clumped isotope thermometry. Our findings indicate that, regardless of the
geographical locations or the types of veins, they formed within a temperature range of 100-250°C. This
consistency implies the existence of a consistent depth range within subduction zones, where fluids are
predominantly present, facilitating material movement and consequently, the development of these mineral
veins.

1. Introduction

It has long been hypothesized that seismicity along subduction megathrusts is controlled by temperature-
dependent processes. Vrolijk (1990) proposed that plate boundary décollements tend to develop in smectite-
rich horizons at shallow depths, and the onset of seismic behavior may result from the transformation of
smectite to illite, which occurs mostly between 100 and 150°C (e.g., Chamley, 1989; Hower et al., 1976; Jen-
nings & Thompson, 1986). This temperature range is consistent with the modeled temperature range of the
seismic fronts at several subduction zones (Hyndman et al., 1997; Oleskevich et al., 1999). However, Moore and
Saffer (2001) argued that the volumetric proportion of smectite (>~30%-50%) that would be required for this
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mineral to control plate boundary slip behavior, based on laboratory data (Logan & Rauenzahn, 1987), is too high
compared to typical sediments at subduction interfaces (e.g., Hyndman et al., 1997). Illite-rich materials, despite
their higher frictional strength, do not exhibit velocity-weakening behavior (Saffer & Marone, 2003), which is
favored for the nucleation of an instability (e.g., Marone, 1998; Scholz, 1998). Therefore, composite changes in
porosity, fluid pressure, effective stress, and rock fabrics along the plate interface due to other depth/temperature-
dependent fluid production, diagenetic, and metamorphic processes such as dehydration reactions and diffusive
mass transfer have been suggested to contribute to the upper aseismic-seismic transition (Moore & Saffer, 2001;
Saffer & Marone, 2003).

The maximum depths of thrust-faulting earthquakes and associated temperatures, on the other hand, vary across
modern convergent margins, ranging from 20 to 60 km, corresponding to 250-600°C (England & Smye, 2023).
The boundaries may also differ along the same convergent margins (e.g., Li et al., 2015; Newman et al., 2002;
Seno, 2005). The two leading explanations for the onset of stable creep with increasing depth along subduction
interfaces are: (a) the initiation of crystalline plasticity and corresponding stable sliding behavior (e.g.,
Scholz, 1990) and (b) the intersection of subducting slab with the overlying forearc mantle wedge (e.g., Pea-
cock & Hyndman, 1999). The recognition that both the updip and downdip boundaries of the seismogenic zone
are related to temperature and thermally activated processes emphasizes the importance of understanding the
thermal condition of subduction fault zones and the connection between temperature and hypothesized mecha-
nisms that control plate boundary slip behavior.

Drilling to seismogenic depths at active convergent margins remains a technological challenge. However,
exhumed accretionary complexes such as those exposed along the Shimanto belt in Japan and on Kodiak Island in
Alaska preserve valuable records of the physical and chemical conditions relevant to the plate interface. These
tectonic mélanges, which document underthrusting at temperatures broadly within the seismogenic zone, exhibit
metamorphism consistent with zeolite to prehnite-pumpellyite facies (Moore et al., 1983; Sample & Moore, 1987;
Taira et al., 1982; Toriumi & Teruya, 1988). Nonetheless, the absence of index minerals at these conditions makes
it challenging to accurately determine the deformation-associated temperature and to discern subtle temperature
variations among different units, which are required to test hypotheses regarding the specific mineralogical and
rheological causes of seismicity.

To determine the thermal conditions of the mélanges, various geothermometers have been utilized as presented in
Table 1 and Figure 1. Vitrinite reflectance (VR) and Raman spectra of carbonaceous material (RSCM) analyses
have been employed as proxies for peak burial temperatures by examining the thermal maturity of organic matter
within the mélanges (Ikesawa et al., 2005; Kiminami & Ohno, 1999; Kondo et al., 2005; Moore et al., 1983;
Mukoyoshi et al., 2006; Raimbourg et al., 2017, 2019, 2021; Sakaguchi, 1996; Sample & Moore, 1987). How-
ever, because these proxies record are sensitive to the highest temperature experienced by a unit, they could be
influenced by later stages of metamorphism that are not necessarily related to seismicity. For instance, in the
Cretaceous Shimanto belt, the thermal structure related to the accretion of the complex was likely overprinted by
the high thermal gradient resulting from the subduction of the Kula-Pacific ridge (Sakaguchi, 1996). Aside from
organic indicators, illite crystallinity (IC) is an inorganic indicator of the diagenesis of clay minerals and the
metamorphic grade (e.g., Frey, 1987; Kisch, 1987). Although IC is sensitive to burial temperatures, it can also be
affected by other variables, including the grain size of the sample, the duration and rate of heating, the
composition of host rocks, the chemical makeup of illite and/or mixed layer precursors, and the presence of
organic matter (Eberl et al., 1987; Frey, 1987; Kreutzberger & Peacor, 1988; Ogunyomi et al., 1980; Yang &
Hesse, 1991). Therefore, it is advised to exercise caution when using it as the sole indicator of paleotemperatures
(Underwood et al., 1993).

On the other hand, mineral veins found in mélanges that result from mass transfer can offer insights into fluid-rock
interactions along the plate interface by providing temperature information. Various methods have been utilized
to determine these temperatures, including RSCM analyses using carbonaceous materials in the veins (Raimbourg
et al., 2021) and the use of fluid inclusions (FI) trapped in the minerals (Hashimoto et al., 2012; Matsumura
etal., 2003; Sakaguchi, 1996; Vrolijk et al., 1988). It is important to note that the in-situ temperature conditions at
which the minerals precipitated may not coincide with the peak temperatures estimated by other geo-
thermometers. Careful selection of veins for analysis is crucial as they can exhibit distinct textures and cross-
cutting relationships that reflect different stages of deformation and varying thermal conditions along the path of
underthrusting (Hashimoto et al., 2003; Yamaguchi et al., 2012).
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Table 1

Summary of Previous Geothermometric Studies Conducted on Mélange Units in the Cretaceous Shimanto Belt and Kodiak Accretionary Complex

Cretaceous Shimanto belt

Meélange Method T (°C) Source Note
Lower RSCM® 163-206 Raimbourg et al. (2019) Carbonaceous materials in matrix®
Mugi* VR? 130-150 Tkesawa et al. (2005) Sweeney and Burnham (1990) (burial time not specified)®
FIf Vein I 125-195, Vein 1I-135-245 Matsumura et al. (2003) Vein I-syn-mélange veins, Vein II-post-mélange veins®
Upper VR 170-200 Tkesawa et al. (2005) Sweeney and Burnham (1990) (burial time not specified)
Mugi®
'Yokonami VR 190 (Awa), 250 (Goshikigahama) Sakaguchi (1996) Barker (1988)
FI 130 (Awa), 170 (Goshikigahama) Sakaguchi (1996) Syn-tectonic veins (several generations of veins)
175-225 Hashimoto et al. (2012) Shear veins crosscutting or parallel mélange foliations
Kure VR 220-240 Mukoyoshi et al. (2006) Barker (1988); Sweeney and Burnham (1990) (burial time: 1 and 10
m.y.)
Okitsu RSCM 214-252 Raimbourg et al. (2019) Carbonaceous materials in matrix
VR 265 Sakaguchi (1996) Barker (1988)
FI 210 Sakaguchi (1996) Syn-tectonic veins (several generations of veins)
Hyuga RSCM 207-264 Raimbourg et al. (2017) Carbonaceous materials in matrix
259 Raimbourg et al. (2021) Carbonaceous materials in veins
VR 250-270 Kondo et al. (2005) Sweeney and Burnham (1990)
IC! 260-300 Hara and Kimura (2008)
250-279 Mukoyoshi et al. (2009)
FI Vein I-175-305, Vein I1-200-270, Vein I1I- Kondo et al. (2005) Vein I-syn-mélange veins, Vein II-fault veins in NTL, Vein III-post-
205-265 mélange veins
200-245 Raimbourg et al. (2015, Syn-tectonic veins (several generations of veins)
2019)
Makimine RSCM 338 Raimbourg et al. (2021) Carbonaceous materials in veins
VR 340 Kiminami and
Ohno (1999)
Kodiak accretionary complex
Meélange Method T (°C) Source Note
Kodiak RSCM 325 Raimbourg et al. (2021) Carbonaceous materials in veins
VR 225 Sample and Bostick et al. (1978) (burial time: 10 m.y.)
Moore (1987)
FI 215-255 Vrolijk et al. (1988) Syn-tectonic veins (several generations of veins)
205 Myers and Syn-mélange veins
Vrolijk (1986)
Ghost VR 225-250 Moore et al. (1983) Bostick et al. (1978) (burial time: 5-10 m.y.)
Rocks FI 240-260 Vrolijk et al. (1988) Syn-tectonic veins (several generations of veins)
Uyak RSCM 234 Raimbourg et al. (2021) Carbonaceous materials in veins
FI 270-290 Vrolijk et al. (1988) Syn-tectonic veins (several generations of veins)

*The lower section of the Mugi mélange. "RSCM—Raman spectra of carbonaceous material. “Carbonaceous materials for RSCM analyses were obtained either from the
matrix or the veins of the mélanges. “VR—vitrinite reflectance. ®Varying correlation equations for conversion from VR to maximum paleotemperature were used in each
study. The equations are either time-independent or time-dependent with different assumed burial durations. ‘FI—fluid inclusion. FI in veins with various textures and
crosscutting relationships were used for analyses. "The upper section of the Mugi mélange. TC—illite crystallinity.

In our study, we apply quartz—calcite oxygen isotope thermometry based on secondary ion mass spectrometry
(SIMS) measurements and calcite clumped isotope thermometry to a diverse array of veins in the Cretaceous
Shimanto belt of Japan and the Kodiak accretionary complex of Alaska. The occurrence of calcite in veins, along
with the abundance of oxygen isotopes in both vein quartz and calcite, provide assessable geothermometers. The
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Figure 1. Compilation of published geothermometer estimates for the Cretaceous Shimanto Belt and Kodiak Accretionary
Complex, with detailed data provided in Table 1. RSCM, Raman spectra of carbonaceous material; VR, vitrinite reflectance;
FI, fluid inclusion; IC, illite crystallinity.

micron-scale resolution of in-situ SIMS analyses and minimal materials required for clumped isotope analyses
offer the feasibility of analyzing veins with thin thickness, thereby expanding the potential to derive temperatures
from veins of various generations and occurrences. Both approaches not only allow the determination of tem-
peratures during vein mineral formation but also constrain the isotopic composition of the source fluid. By
shedding light on the temperature and fluid medium associated with mass transfer, which are linked to the for-
mation of the veins, we gain crucial insights into understanding the key components involved in seismogenesis
along the plate interface.

2. Geological Setting
2.1. The Shimanto Belt

The Shimanto belt is recognized as an ancient part of the Nankai Trough accretionary prism, which is exposed on-
land from the Kanto region to the Ryukyu islands in Japan. The Shimanto belt consists of Cretaceous to Miocene
sediments with an overall younging trend toward the southeast. It is divided into the Cretaceous northern sub-belt
and the Paleogene-Neogene southern sub-belt based on the stratigraphic age and the timing of accretion (e.g.,
Taira, 1980). Both sub-belts are further classified into coherent zones and mélange zones according to the li-
thology and structures (Figure 2a). Coherent zones consist of alternating sandstone and mudstone beds with well-
preserved sedimentary beddings. Mélange zones are characterized by a block-in-matrix texture where blocks of
sandstone are embedded in an argillaceous matrix along with slivers of basalts, tuffs, cherts, and varicolored
shales showing a high degree of stratal disruption (Taira et al., 1988).

The mélange units are sandwiched between the coherent units bounded by either paleodécollements or regional
out-of-sequence thrusts, which are distinguished by the continuity or discontinuity of paleothermal structures
across the faults (e.g., Hashimoto et al., 2012; Kitamura et al., 2005). Paleotemperature data also suggest that the
mélange units in the Cretaceous northern sub-belt were underthrust to temperatures characteristic of the seis-
mogenic zone (Table 1 and Figure 1). In this study, we focus on the lower section of the Mugi mélange (here-
inafter referred to as the Lower Mugi mélange) and Makimine mélanges, which experienced peak temperatures
corresponding to the updip and downdip limits of the seismogenic zone, respectively (Table 1 and Figure 1;
Ikesawa et al., 2005; Kiminami & Ohno, 1999; Matsumura et al., 2003; Raimbourg et al., 2019, 2021). We also
analyze other mélange units with intermediate temperature records including the upper section of the Mugi
mélange (hereinafter referred to as the Upper Mugi mélange; Ikesawa et al., 2005), Yokonami (Hashimoto
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Figure 2. (a) Geological map of the Shimanto belt. The mélange units (from Taira et al., 1988) analyzed in this study are located in the Cretaceous sub-belt. (b) Map of
the Mugi mélange (Kitamura & Kimura, 2012), which is divided into a lower and an upper section based on their paleotemperature records (Ikesawa et al., 2005).
(c) Geological Map of the Kodiak accretionary complex (D. Fisher & Byrne, 1987). The Ghost Rocks mélange is located at the southeastern side of the Ghost Rocks

Formation.

et al., 2012; Sakaguchi, 1996), and Okitsu mélanges (Figures 2a and 2b; Raimbourg et al., 2019;
Sakaguchi, 1996).

2.2. The Kodiak Accretionary Complex

The Kodiak accretionary complex, which shares a similar structure to the Shimanto belt, comprises a succession
of accreted packages parallel to the Aleutian trench. Five accreted terraces developed in a northwestern to
southeastern sequence across the complex, with a decrease in ages from late Cretaceous to Paleocene (Moore
et al., 1983). This study specifically focuses on the Ghost Rocks mélange, which is a part of the Ghost Rocks
Formation. The Ghost Rocks Formation consists of coherently interbedded turbidites and stratally disrupted
mélanges. The mélange unit is situated on the southeastern side of the coherent unit and is separated from it by a
paleodécollement (Figure 2c; Byrne, 1984; D. Fisher & Byrne, 1987).

2.3. Deformation in Tectonic Mélanges

The tectonic mélanges examined in this study have undergone multiple stages of deformation reflecting pro-
gressive layer-parallel shearing in concert with compaction and lithification along the plate interface. Initially, a
block-in-matrix texture formed due to layer-parallel extension. The sandstone blocks within the pervasively
foliated mudstone matrix exhibit boudins or pinch-and-swell structures with their long axes parallel to the
foliation (Figure 3a; e.g., D. Fisher & Byrne, 1987; Kitamura & Kimura, 2012; Kimura et al., 2012). A subsequent
stage of deformation produced shear bands, such as Y-P and Riedel shear structures, indicating a shear sense
consistent with the relative direction of paleo-convergence. The mélange fabrics were reoriented, with the
phyllosilicates and sandstone boudins parallel to the P surface, at a low angle to Y shear surfaces. Riedel shear
planes either cut through or stop at the margins of sandstone blocks (Figure 3b; e.g., Kitamura & Kimura, 2012;
Kimura et al., 2012; Kondo et al., 2005).

Localized shearing of the mudstone caused an array of anastomosing microfaults to develop as it became more
cohesive. Cataclastic shear occurred along with pressure solution along the microfaults, creating scaly fabrics that
are characterized by polished and striated surfaces. The development of scaly microfaults was contemporaneous
with tension cracking in sandstone blocks, which also experienced increased cohesion (e.g., D. Fisher &
Byrne, 1987). Tensile cracks develop in the thinned areas at the margins of sandstone blocks and were
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Figure 3. (a) Photomicrograph of a sample collected from the Waterfall Bay mélange in the Kodiak Formation, which
exhibits the typical block-in-matrix texture of subduction mélanges. Sandstone lenses are surrounded by the pervasively
foliated mudstone matrix with their long axes parallel to the foliation. (b) Line drawing of the photomicrograph, where the
YPR surfaces are annotated.

perpendicular to the long axes of the blocks and the mélange foliation (e.g., Byrne, 1984; D. Fisher &
Byrne, 1987; D. M. Fisher et al., 2019; Kimura et al., 2012; Kitamura & Kimura, 2012). Most cracks were sealed
with minerals, which was likely due to local element redistribution involving dissolution along scaly fabrics,
diffusion into open cracks, and crack-seal precipitation (Chen, Smye, Fisher, et al., 2024; D. M. Fisher
et al., 2019; Ramirez et al., 2021). The veins are typically composed of quartz and/or calcite, with calcite grains
preserved in the middle and quartz grains grown on both sides in calcite-dominated veins. These subvertical
extension veins were considered as “syn-mélange veins,” which record the pressure-temperature (P-T) conditions
at which the tectonic mélanges formed along the plate interface (Hashimoto et al., 2003; Matsumura et al., 2003).

Abundant veins parallel to the foliation, previously referred as foliation-parallel veins can be observed between
the sandstone blocks (e.g., Raimbourg et al., 2019; Ujiie et al., 2018). Raimbourg et al. (2019) reported that these
veins preserve the crystallographic orientation and cyclic events of cracking and sealing, indicating a similar
kinematic framework with the opening-mode cracking in the sandstone blocks. They could either originate from
vein materials stretched off sandstone blocks (e.g., D. M. Fisher et al., 2019) or from fluid precipitation when the
foliation was reactivated as microfaults (e.g., Hashimoto et al., 2012). Another set of shear veins precipitates
along the shear surfaces, cutting the foliation at low angles. Slickenfibres were found on the vein surfaces (e.g.,
Hashimoto et al., 2012; Ujiie et al., 2018). Although it is challenging to determine the relative ages between the
subvertical extension veins, foliation-parallel veins, and shear veins, the postulated relationship between the
formation of foliation-parallel veins and microfaulting, and the discovery of slickenfibres on the surfaces of shear
veins, both suggest their possible precipitation under a brittle regime. This implies that the formation of these
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F Foliation-Parallel Veins > Shear Veins > Post-Mélange Veins

Figure 4. Photomicrographs of samples collected from the (a) Hyuga and (b) Kure mélanges of the Cretaceous Shimanto belt.
The gray arrows indicate the scaly fabrics characterized by dark seams due to pressure solution. The yellow, blue, green, and
purple arrows mark the extension veins restricted in the sandstone lenses, the foliation-parallel veins, the veins associated
with shear surfaces, and the post-mélange veins cutting across the entire mélange fabrics.

veins likely occurred at greater depths, when the block-in-matrix texture was established, and the sediments were
more compacted and lithified.

There is another set of veins crosscutting the mélange fabric, including both the sandstone blocks and mudstone
matrix at a high angle, unlike the extension veins which are only restricted to the sandstone boudins despite their
similar orientation. These veins are thought to have formed during the duplex underplating that occurred after the
mélange formation during underthrusting (e.g., Hashimoto et al., 2002). Therefore, they are classified as “post-
mélange veins” in previous literature (Figure 4; Hashimoto et al., 2002; Kondo et al., 2005). Some studies that
have investigated several generations of veins (e.g., Sakaguchi, 1996; Vrolijk et al., 1988), including but not
limited to the above occurrences, refer them as “syn-tectonic veins” to indicate their association with multiple
stages of deformation related to plate motion (e.g., Vrolijk et al., 1988).

3. Analytical Methods
3.1. Secondary Ion Mass Spectrometry

In each polished thin section of six mélange units, one or two veins were identified using a petrographic mi-
croscope. A total of 14 veins consisting of quartz and calcite were targeted and examined (Table 2). The areas of
interest were cut from the thin sections using a wire saw and embedded in epoxy resin. The mounts were then
finely polished (0.25 pm) and assessed for flatness using a reflected-light microscope. In-situ isotopic mea-
surements of both quartz and calcite (Figure 5) were performed on a Cameca 1270 Secondary Ion Mass Spec-
trometer (SIMS) at the University of California at Los Angeles (UCLA) SIMS Laboratory. The measurements
were carried out over three analytical sessions in 2019, 2021, and 2022.

During each session, samples were sputtered with a '**Cs* primary beam with impact energy of 20 keV and an
intensity of ~2 nA. The primary beam was focused to spots with a diameter in the range of 15-25 pm. The
sputtered secondary ions were then accelerated into the mass spectrometer, which simultaneously measured the
ion beams of oxygen isotopes %0~ and '"*0~ on two F cups (read through 10'%and 10" Q resistors, respectively)
in multicollection mode. Typical intensities of ~3 X 10° counts per second (cps) for '°0~ were obtained during
measurements. Each spot was analyzed for 8-10 cycles of 10 s integration, resulting in a typical internal
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Table 2

List of Localities, Texture, and Nearby Maximum Temperature Records of the Analyzed Mélange Samples in This Study

Nearby maximum temperature record

Sample T SD?*
Meélange # Method Location Vein type Method Sample # (°C) (°C) Reference
Cretaceous Shimanto Belt
Lower Mugi 004,6- Qz—calb 33.6692°, 134.4456° Extension veins in sandstone  RSCM  HN457 176 34 Raimbourg
16 boudins et al. (2019)
003G- Clumped® 33.6737°, 134.4554°  Extension veins in sandstone ~RSCM  HN452 163 39 Raimbourg
16 boudins, post-mélange veins HN454 206 46 et al. (2019)
Upper Mugi J-1002 Qz-cal 33.6833° 134.4769° Extension veins in sandstone VR Inunit5 246" Tkesawa
boudins et al. (2005)
9 Clumped 33.6843°, 134.4778° Shear veins
Yokonami (Awa) 8 Qz-cal  33.3713°, 133.2674° Post-mélange veins VR AWI1007 193° Sakaguchi (1999)
Yokonami (Goshikigahama) 14 Qz-cal  33.4247°, 133.4571° Post-mélange veins VR YK1066 247 Sakaguchi (1999)
Okitsu G17-17  Qz-cal  33.2192°, 133.2444° Post-mélange veins VR KB1000 229 Sakaguchi (1999)
RSCM  HN321 214 21 Raimbourg
et al. (2019)
3 Qz-cal 33.1804°, 133.2108° Extension veins in sandstone VR KB1001 234 Sakaguchi (1999)
o s RSCM HN329 252 9 Raimbourg
et al. (2019)
Makimine 027,27-  Qz-cal 32.7281°, 131.8583° Extension veins in sandstone =~ RSCM 18NOB23 338 10 Raimbourg
16 boudins et al. (2021)
Kodiak Accretionary Complex
Ghost Rocks GR4-1  Clumped 57.4359°, Post-mélange veins RSCM 19KO13C 221 20 Raji¢, Raimbourg,
—152.4040° Famin, et al. (2023)
GR7-4 Clumped 57.4342°, Post-mélange veins
—152.4546°
GRS8-1 Qz-cal, 57.4342°, Post-mélange veins
clumped —152.4552°

Standard deviation. "Quartz-calcite oxygen isotope thermometry. “Clumped isotope thermometry. “The R, values reported in Ikesawa et el. (2005) and Barker's (1988)
method are used to estimate maximum temperature. “The R, values reported in Sakaguchi (1999) and Barker's (1988) method are used to estimate the maximum

temperature.

measurement error of <0.1%o (1 SE). To estimate external reproducibility, each 10-20 spot analyses on samples
were bracketed by 3-5 analyses of quartz and calcite standards (quartz: NL615, 8'%0 = +12.33%0, Marin
et al., 2010; QzCWRU, 8'%0 = +24.52%0; UWQ-1, 3'%0 = +12.33%o, Kelly et al., 2007 calcite: Joplin calcite,
8'%0 = +5.8%o; all standards and samples reported relative to VSMOW). The standard deviation of replicate
analyses of these standards varied from £0.1%o to £0.3%o¢ (16). The measured 580 values were corrected for
instrumental bias using the standards.

3.2. Quartz-Calcite Oxygen Isotope Thermometry

5'80 values obtained from SIMS measurements on quartz and calcite grains within mineral veins (Figure 5;
Table S1) were used to calculate the temperature at which isotopic equilibrium was last achieved between the
mineral pairs. The calculation was based on the following empirical relationship (Sharp & Kirschner, 1994):

_ 0.87(0.06) x 10°

1,000 In =

)

{1,000 + 60,
~ 11,000 + 60,

Measurement errors were propagated through the temperature calibration using a series of Monte Carlo
simulations.
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3.3. Carbonate Clumped Isotope Thermometry

Carbonate samples were collected from 11 mineral veins found in three
mélange units using a Dremel microdrill (Table S2). These powders were
digested, purified, and analyzed following established methods described
elsewhere (Leapaldt, 2022) and summarized here. Briefly, for each sample,
8-24 mg of bulk powder (depending on the carbonate content) was reacted in
a common acid bath with 104% orthophosphoric acid (p > 1.92 g/cc) at 90°C
for 20 min. Evolved CO, was continuously frozen in liquid N, over the course
of the reaction. This gas was then purified using cryogenic and gas-
chromatographic separations in a Protium Isotopologue Batch Extraction
system (IBEX), and then introduced into the sample bellows of a Thermo
MAT 253 Plus dual-inlet isotope ratio mass spectrometer. Each sample gas
was analyzed relative to a working reference gas standard for 8-13 acquisi-
tions, each of which consisted of 10 sample-standard cycles each of 26 s
integration time. Most drill holes only produced enough powder to be
analyzed once.

Carbonate isotopic clumping is quantified as A 4;, which is defined as follows:

R
Ay ==L —1) % 1,000,
R}
47

where R,; is the measured abundance of mass 47 isotopologues relative to
mass 44 in CO,, and Rj; is the expected abundance ratio for a stochastic
(random) distribution of isotopes among all isotopologues (Ghosh
et al., 2006). For each cycle, raw %, 646, and 8*7 values were corrected to
8'%C, 8'%0, and A,, values using the Brand et al. (2010) parameters as
described in Daéron et al. (2016). These “raw” A, values were projected to

Figure 5. (a) Crossed-polarized and (b) plain-polarized photomicrographs of ~ the carbon dioxide equilibrium scale using carbonate standards ETH1-3

the analyzed mineral vein in the Makimine mélange. Blue and green circles
indicate point measurements conducted on calcite and quartz, respectively.
Each pair of measurements allows for the calculation of the temperature

associated with the mineral precipitation.

(Bernasconi et al., 2021). Sample 8'3C and 8'®0 values were corrected to
international reference frames using the same standards. A4, values were
converted to temperatures using the calcite calibration of Anderson
et al. (2021), (Table S2). Measurement errors were propagated through the
temperature conversion using a series of Monte Carlo simulations.

4. Results
4.1. Carbon and Oxygen Isotopic Signatures

The isotopic results are summarized in Figure 6, Table S1 and S2 (Chen, Smye, Lloyd, et al., 2024). Generally, the
5'80 values of quartz veins from the mélange units of the Cretaceous Shimanto belt range from +18.0%0 to
+21.7%o. In contrast, the quartz in veins of the Ghost Rocks mélange in the Kodiak accretionary prism exhibit
lower 8'%0 values, ranging from +14.9%o to +15.3%o, compared to the values observed in the mélange units of
the Cretaceous Shimanto belt.

Regarding calcite, the 8'®0 values were determined using both clumped isotope analyses and SIMS measure-
ments. In the mélange units of the Cretaceous Shimanto belt, the 5'%0 values of calcite in veins range from
+12.9%o0 to +17.2%o. Conversely, the veins in the Ghost Rocks mélange show lower 580 values, ranging from
+11.1%0 to +11.6%0 based on SIMS measurement. Clumped isotope analysis of the same type of veins in the
Ghost Rocks mélange yield values ranging from +13.2%o to +15.4%o.

Furthermore, the §'>C values of calcite in veins from the mélanges of the Cretaceous Shimanto belt range from
—17.2%0 to —12.0%0, while the Ghost Rocks mélange exhibits distinct values of —8.0%0 and —6.8%o in one
sample, with the other two samples showing values similar to the veins in the Cretaceous Shimanto belt, ranging
from —13.5%0 to —12.5%o.
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Figure 6. (a) O-isotopic compositions of quartz and calcite and (b) C-isotopic composition of calcite within veins found in
tectonic mélanges of the Cretaceous Shimanto belt and Kodiak accretionary complex. 8'%0 values of calcite and quartz are
obtained using the secondary ion mass spectrometry measurement (represented by circles and squares) and clumped isotope
analysis (diamonds). 8'C values of calcite are determined solely through clumped isotope analysis (diamond). Colors
assigned to the symbols correspond to different types of veins.

4.2. Temperature Estimates

The corresponding temperature estimates obtained from the analyses are presented in Figure 7, Table S1 and S2.
For the mélange units in the Cretaceous Shimanto belt, temperatures calculated using pairs of quartz-calcite
oxygen isotope values fall within the range of 75-231°C. Results derived from clumped isotope analysis range
from 134 to 182°C. Notably, there is no discernible trend between the occurrence of veins and the temperatures
they record. Different types of veins within the same mélange units exhibit similar temperature ranges. For
instance, both extension and post-mélange veins in the Lower Mugi and Okitsu mélange, as well as extension and
shear veins in the Upper Mugi mélange, share comparable temperature ranges. Temperature estimates for veins
within the Ghost Rocks mélange are 200-231 and 175-257°C using quartz-calcite oxygen thermometry and
clumped isotope thermometry respectively. While there are some slightly higher temperature records, the ma-
jority of the results align with the temperature range observed in veins within the Cretaceous Shimanto belt.

5. Discussion
5.1. Fluid Sources Associated With Vein Precipitation
5.1.1. Cretaceous Shimanto Belt

The 8'C values of vein calcite from the Cretaceous Shimanto belt range from —17.2%o to —12.0%o. This range
aligns with the findings of Yamaguchi et al. (2012), who report a range of —17.2%o to —7.4%o for the extension
and post-mélange veins (referred to as boudin neck and network veins in their study) in the Lower Mugi mélange.
The similarity in results suggests a comparable carbon source for our vein samples, which is a mixture of organic
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Figure 7. Temperature records derived from mineral veins in the tectonic
mélanges using quartz-calcite oxygen isotope thermometry and carbonate
clumped isotope thermometry. Gray dashed lines indicate the maximum
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matter (—25.0%c¢) and sedimentary carbonate (0%c). Our 380 values of
calcite (+12.9%o to +17.2%o) are lower than the range estimated by Yama-
guchi et al. (2012; +16.0%0 to +18.7%o) for the extension and post-mélange
veins. The 8'%0 values of vein quartz (+18.0%0 to +21.7%o) are consistent
with the estimates from Raimbourg et al. (2015; +17%o to +21%o) for the
Hyuga mélange in the Shimanto belt.

Combining the §'%0 values of calcite with temperature estimates derived
from each method, we can determine the oxygen isotopic compositions of the
vein-forming fluids (SISOﬂuid) using the empirical equation (O’Neil
et al., 1969) under the assumption of isotopic equilibrium:

18
6°Ocuco,

1,000 In a = =

2.78 x 10°
S —-33%a=

fluid

The estimated 8'80y,;4 values range from —6.7%o to +8.1%. (Figure 8,
Table S1 and S2), similar to the range suggested by previous studies on veins
in the Cretaceous Shimanto belt (+1.8%o to +8.7%o¢, Yamaguchi et al., 2012)
and Franciscan Complex (—3% to +14%o, Sadofsky & Bebout, 2001).

Raimbourg et al. (2015) identified two distinct types of quartz in mineral
veins within the Hyuga mélange of the Cretaceous Shimanto belt using quartz
cathodoluminescence (CL). These quartz types are linked to different fluid
sources: one associated with bound water, released locally from hydrous
minerals through dehydration reactions, and the other connected to seawater
that percolates externally downward due to post-seismic flow. The distinction
between the quartz types is based on the unique salinity and aluminum sig-
natures preserved within each type. The findings parallel with the interpre-

(Table 2). tation proposed by Yamaguchi et al. (2012) regarding the fluids responsible
10 r o%°
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Figure 8. Plot of O-isotopic compositions of vein-forming fluids versus vein temperatures. The curves depict fluid isotopic
compositions when in equilibrium with quartz with 8'0 values of 12%o, 16%o, and 20%o. The dashed line indicates the
isotopic composition of seawater (8'80 = 0), with the area below representing the range for meteoric water (8'%0 < 0).
Circles and diamonds represent data obtained from quartz-calcite oxygen isotope and clumped isotope thermometry,
respectively. The colors assigned to the symbols correspond to different types of veins.
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for vein formation in the Lower Mugi mélange. They suggest that the vein-forming fluids in the mélange comprise
amixture of seawater and rock-buffered fluids, as indicated by the strontium and oxygen isotopic compositions of
the vein materials. Rock-buffered fluid sources likely originate from the dehydration reactions such as smectite-
illite transition and saponite-chlorite transition occurring in subducted terrigenous sediments and oceanic crust,
respectively (Kameda et al., 2011; Merriman & Frey, 1999; Moore & Saffer, 2001; Vrolijk, 1990).

We compare the oxygen isotopic composition of the vein-forming fluids derived above and corresponding vein
temperatures with the expected isotopic trends for three end members of potential fluids sources: meteoric water
(880 < 0%0), seawater (830 = 0%o), and rock-buffered fluid. The §'0 values of rock-buffered fluids are
calculated under the assumption that fluids were in equilibrium with clastic quartz, with 8'30 values of +12%o,
+16%o, and +20%o, in host rocks based on the empirical relationship for quartz-water fractionation (Sharp &
Kirschner, 1994). Our findings indicate that most veins, particularly those with temperature records exceeding
~130°C, predominantly formed in association with rock-buffered fluids. For extension veins with 8'0 < 0%,
occurring at shallower depths along plate interfaces based on their occurrence, the oxygen signatures are likely
related to seawater trapped in pore spaces of subducted sediments, and/or fluids released during early dehydration
reactions. Conversely, post-mélange veins with 5'%0 < 0%o, being texturally later-stage, are unlikely to have
precipitated at shallower depths during the early subduction path. Their occurrence and preserved low-
temperature records suggest formation during exhumation. The oxygen isotopic composition reflects seawater
and/or meteoric fluids surrounding the gradually uplifted mélanges due to continuous underplating, forming parts
of vein-forming fluid sources. Despite the potential involvement of seawater and meteoric fluids at shallower
depths, our data set aligns with the general trend of rock-buffered fluid isotopic composition, highlighting the
substantial influence of host rocks on vein-forming fluids. This observation is consistent with previous studies on
veins in the Cretaceous Shimanto belt (Raimbourg et al., 2015; Yamaguchi et al., 2012), Kodiak accretionary
complex (Brantley et al., 1997), Franciscan Complex (Sadofsky & Bebout, 2001), and Central-Northern
Apennines (Cerchiari et al., 2020; Meneghini et al., 2009; Smeraglia et al., 2020).

5.1.2. Kodiak Accretionary Complex

The 8'3C values of vein calcite from the Ghost Rocks mélange of the Kodiak accretionary complex exhibit a
generally higher range of —13.5%o to —6.8%0 compared to those from the Cretaceous Shimanto belt, yet they
suggest a similar carbon source. The 8'%0 values for vein calcite in the Kodiak accretionary prism (411.1%o to
+15.4%o) are relatively low compared to those in the Shimanto belt. Similarly, our measurements for vein quartz
from the Kodiak accretionary prism are comparatively lower (+14.9%o to +15.3%o). The estimated 8'%0p,i4
values for the Kodiak accretionary prism range from +2.0%o to +7.8%o (Figure 8, Table S1 and S2), indicating a
strong influence of host rocks in vein-forming fluid, akin to the observation in the Cretaceous Shimanto belt.

However, observable offsets in vein and fluid isotopic compositions between the Kodiak accretionary prism and
the Cretaceous Shimanto belt (Figures 6 and 8) suggest a divergence in the oxygen isotopic compositions of the
host rocks. While the lithology of these mélanges has been simplified in the rock-buffered fluid model to
sandstone predominantly composed of quartz, the actual lithology and mineralogy of host rocks are more
complex. Besides sandstones, the mélanges consist mainly of mudstone matrix. In the Shimanto belt, the
mudstone matrix exhibits 8'%0 values of +14.0%o to +18.5%0 (Masuda et al., 1992), while the mudstone matrix
of the Kodiak Formation, another accreted terrace within the Kodiak accretionary complex, shows 8'%0 values
ranging from +12.6%o to +14.5%0 (Brantley et al., 1997). A paleomagnetic investigation of the Ghost Rocks
Formation suggests its formation at a latitude of ~41°N during Paleocene (Gallen, 2008). Considering that both
complexes incorporate terrigenous and pelagic sediments (e.g., Taira, 1980; Yamaguchi et al., 2014), the lower
80 values in the mudstone matrix may result from the interaction of terrigenous sediments with paleo-meteoric
water at higher latitude, possessing lower &'20 values (e.g., Dansgaard, 1964). Consequently, the distinct oxygen
isotope signatures observed in veins of these two exhumed accretionary complexes likely reflect their paleo-
geographic locations.

5.2. Fluid Evolution and Vein Precipitation Along the Plate Interface

Here, we integrate peak temperature records from the host rocks near our vein samples, sourced from previous
studies using RSCM and/or VR (Table 2), with the vein temperatures we obtained to interpret fluid evolution and
the process of vein formation along the plate interface (Figure 9). Notably, most veins formed before the mélanges
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Figure 9. Plot of vein temperatures versus corresponding peak temperature recorded in country rocks. Blue and green shaded
regions mark temperature ranges associated with smectite-illite and saponite-chlorite transitions, respectively, with their
overlapping area shown as the dark green area. The convergence of two fluid-generating reactions establishes vein-formation
favorable conditions along the plate interface. Beyond the colored regions, fluid-consuming reactions, predominantly the
illite-chlorite transition, become dominant, leading to a vein-formation unfavorable condition. The gray dashed line
represents the conditions where vein temperatures align with host rock peak temperatures, suggesting vein formation at
maximum burial depths. Dark gray symbols above this line indicate the presence of hotter vein-forming fluids. Light gray
symbols represent veins formed during the subduction path and before reaching maximum burial depths, associated with
locally released rock-buffered fluids based on vein isotopic compositions (Figure 8). White symbols denote veins likely
formed during their exhumation path. Circles and squares represent data obtained from quartz-calcite oxygen isotope and
clumped isotope thermometry, respectively.

reached their maximum burial depths, except for post-mélange veins with §'%0 < 0%o (Figure 8), likely forming
during the exhumation path as discussed earlier (white circles in Figure 9). Some veins record temperatures higher
than the maximum burial temperature of the host rocks (Figures 7 and 8), implying a connection to the flow of
hotter fluids. This aligns with findings from previous studies, correlating such occurrences with fluid flows along
the shear zones (Dewever et al., 2013; Hansberry et al., 2015; Kondo et al., 2005) or up-dip fluid flow (Sadof-
sky & Bebout, 2004; Vrolijk et al., 1988). These events occur within short timeframes or along permeable ho-
rizons, such as plate boundary décollements or out-of-sequence thrust, facilitating focused fluid migration (e.g.,
Carson & Screaton, 1998; Moore, 1989). However, the interior of subducted sediments within seismogenic depths
generally exhibits low porosity and permeability (e.g., Moore et al., 2007; Saffer & Tobin, 2011), limiting long-
distance fluid flow. Locally released fluids from dehydration reactions become the primary source (Raimbourg
et al., 2015; Yamaguchi et al., 2012). Therefore, we interpret that most veins we analyzed formed along the
subduction path, capturing in situ temperature conditions and isotopic signatures of locally released fluids from
surrounding host rocks.

It is important to note that while we anticipate several mélange units covered by our study to have experienced
peak temperatures exceeding 250°C (Table 1 and Figure 1), the absence of available peak temperature records
from the literature in the proximity to our sampling locations results in limited data points within the range of 250—
350°C (Figure 9). The farthest distance between nearby maximum temperature records and our sample localities
could be ~3 km away. Given this distance, the host rock peak temperature can vary by tens of degrees Celsius
(e.g., Raji¢, Raimbourg, Famin, et al., 2023; Sakaguchi, 1999). Therefore, we suggest that future analyses
incorporate host rock peak temperature measurements alongside vein temperature determinations for a more
comprehensive analysis.
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Another complexity arises when interpreting temperatures obtained from clumped isotope thermometry. The
apparent equilibrium blocking temperature for calcite is 150-200°C based on models (Henkes et al., 2014;
Stolper & Eiler, 2015). If the ambient temperature of the country rocks exceeds this range, there is a potential for
the reordering of C-O bonds. For vein temperature potentially related to hotter fluids (dark gray diamonds in
Figure 9), recording temperatures higher than the apparent blocking temperature may indicate isotopic re-
equilibrium, not reflecting the thermal conditions of the hot fluids (i.e., the actual formation temperatures of
vein calcite). The fluids might migrate to colder country rocks, being quenched by their lower temperatures.
Eventually, the host rocks would also exhume to colder temperatures. Isotopic re-equilibrium might have
occurred until the host rocks reached the apparent blocking temperature, and the recorded temperatures may
represent conditions between vein-forming and ambient temperatures. Similar scenarios may be applicable to
other temperature records obtained from clumped isotope thermometry (light gray diamonds in Figure 9).
Alternately, given that these temperature values closely align with 150-200°C, they may reflect the temperatures
at which vein calcite formed without re-equilibrium.

Despite the complexities, it remains evident that most veins preserve temperature records within the range of 100—
250°C, coupled with isotopic signatures indicative of rock-buffered fluids. Dehydration reactions, including
smectite-illite conversion in the mudstone matrix of tectonic mélanges and the saponite-chlorite transition in
altered oceanic crust, have been suggested as sources producing fluids with these isotopic compositions
(Raimbourg et al., 2015; Yamaguchi et al., 2012). These reactions align with the proposed major fluid sources
near the seismogenic zone at active convergent margins (e.g., Kameda et al., 2011; Kastner et al., 1991; Saffer
et al., 2008). Importantly, the smectite-illite transformation also releases silica (e.g., Perry & Hower, 1972;
Powers, 1967) from the mudstone matrix, offering a possible silica source for quartz precipitation as veins. For
example, in the metapelites of the Kodiak accretionary complex, the following reaction has been observed (Rajic,
Raimbourg, Lerouge, et al., 2023):

1.03K¢ 61 Nag 15 Al 72Mg 15 Fay.17S13.35A10,65010(OH), (smectite) + 0.23K*
= K0'36Na0_O2A11.74Mg0.15 FQ)] Si3_31A10.69010(0H)2 (llllte) + 0.07F32+ + 0.]25102 +0.13Na + 0.03Mg
+ 0.02H,0 + 0.280,

The temperature range for vein formation we identify correlates well with the operating temperatures of these
reactions. The smectite-illite transition can occur within the range of 65-210°C (e.g., Chamley, 1989; Jennings &
Thompson, 1986), and the saponite-chlorite transformation takes place within the range of 150-250°C (Kameda
et al., 2011; Merriman & Frey, 1999).

At 250-350°C, hydration reactions, primarily chlorite crystallization, become dominant instead. This is supported
by studies on mélange units of the Shimanto belt and Kodiak accretionary complex with paleotemperature records
corresponding to the range, where an increase in chlorite content in the mélange matrix is observed (Rajic,
Raimbourg, Lerouge, et al., 2023; Ramirez et al., 2021). Raji¢, Raimbourg, Lerouge, et al. (2023) suggest chlorite
mainly formed as rims along the contact between veins and matrix through the following reaction:

1.18K0'88Nao'02A11'74Mg0_19 FQ)_ISi3.31A10'68010(OH)2 (llllte) + 2.5Fe+ + 16Mg2+ + 623H20
= Fe2.63Mgl,82A11.43Si2.71A11.43010(OH)8 (Chlorite) + 1.04K+ + 0.02Na+ + 1.2S102+6.82H+

For the transformation of illite to chlorite, they suggest additional Fe and Mg derived locally are required. These
elements are found to be lost in scaly fabrics of mudstone matrix (Chen, Smye, Fisher, et al., 2024; Ramirez
et al., 2021), which can serve as a source. Additional H,O is also required to compensate the greater amount of
water in chlorite. The reaction likely consumes H,O of pore fluid, evidenced by the increase in salinity of FI
trapped in mélanges with higher chlorite contents (Raji¢, Raimbourg, Lerouge, et al., 2023). Based on these
metamorphic reactions, we interpret that the observed temperature regime of 100-250°C, favorable for vein
formation, likely correlates with a fluid-saturated condition. Above the temperature threshold, dominated hy-
dration reactions may result in a fluid-undersaturated regime, which is less favorable for vein formation
(Figure 9).
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5.3. Implication for Subduction Zone Seismogenesis

Mass transfer, sometimes referred to specifically as pressure solution and quartz cementation, is recognized as a
potential mechanism influencing seismic behavior along the plate interface (e.g., D. M. Fisher et al., 2021;
Giuntoli & Viola, 2021; Moore & Saffer, 2001; Williams & Fagereng, 2022). The mechanism plays a significant
role in modulating the mechanical and hydraulic properties of subduction fault zones. The precipitation of
redistributed materials, forming mineral veins within cracks of subducted sediments, promotes consolidation.
Cemented rocks with low porosity are often characterized as velocity-weakening (Collettini et al., 2019; Lock-
ner & Byerlee, 1986; Tesei et al., 2014), which enhances the likelihood of instability nucleation (Marone, 1998;
Scholz, 1998). Crack sealing reduces porosity and permeability, potentially leads to fluid pressure accumulation.
The rise in fluid pressure can cause a decrease in effective normal stress, promoting the tendency toward stable
slip based on rate- and state- friction laws (Scholz, 1998). However, laboratory experiments also suggest that fluid
overpressure may promote slip instability by modulating other rate- and state- friction parameters (Scuderi &
Collettini, 2016). Hooker and Fisher (2021) develop a numerical model integrating mechanical and hydraulic
effects of mass transfer on fault slip. They predict a process where mass transfer promotes cementations, resulting
in the build-up of fluid pressure, while coseismic slip ruptures the seal, leading to a drop in fluid pressure.

Our observations indicate the prevalence of fluid-driven mass transfer within temperature range of 100-250°C, as
evidenced by the temperature of vein formation. During interseismic periods, prominent crack-sealing processes
may promote consolidation of subducted sediments, leading to their tendency toward velocity-weakening
behavior. Vein precipitation coupled with fluid released from hydrous minerals (as outlined in Section 5.2)
likely results in an accumulation of fluid pressure within this temperature/depth range along the plate interface.
This exerts contrasting effects on fault stability—promoting stable slip by decreasing effective normal stress,
while potentially inducing instabilities through alterations in other rate- and state- friction parameters. In the 250—
350°C range, subduction fault zones are anticipated to become fluid-unsaturated due to hydration reactions such
as chlorite crystallization. Combined with reduced crack-sealing, fluid pressure is expected to decrease,
increasing effective normal stress but exerting less control on rate- and state-friction parameters. However, the
quantification of the diminished fluid budget resulting from these reactions and consideration of the viscous
response of the matrix to pore fluid reduction remains crucial. Our study highlights a potential for mechanical and
hydraulic variations within the thermal conditions of 100-350°C along the plate boundary, arising from fluid-
mineral interactions. A quantitative constraint on the degree of fluid pressure change would be invaluable for
future laboratory experiments aimed at exploring the impact of fluid pressure on subduction zone fault stability.

6. Conclusions

We apply quartz-calcite oxygen isotope thermometry and carbonate clumped isotope thermometry to analyze the
isotopic compositions and temperature records of quartz and calcite grains in veins from a suite of tectonic
mélange units in the Cretaceous Shimanto belt and Kodiak accretionary complex. The C-isotopic signatures of
calcite suggest its origin from both organic matter and sedimentary carbonates. The O-isotopic signatures indicate
that the vein-forming fluid sources include meteoric water, seawater, and rock-buffering fluids. The differing
5'80 values observed in quartz from the Cretaceous Shimanto belt and Kodiak accretionary complex may be
indicative of their distinct paleogeographic locations. The consistent temperature records within the range of 100—
250°C observed in the veins are likely attributed to the availability of fluid sources at corresponding depths along
the plate interface. The prevalence of mass transfer in the temperature range, combined with clay dehydration,
may contribute to a high fluid pressure regime. As temperatures rise to 250-350°C, reduced vein precipitation
coupled with hydration reactions may mark a potential shift in hydrogeology and mechanics within subduction
fault zones. This transition is characterized by an increase in effective normal stress and a reduced influence of
fluid pressure on rate- and state-friction parameters.

Data Availability Statement

The SIMS and clumped isotope analysis data presented in this paper are available at Zenodo via https://doi.org/10.
5281/zenodo.10461479 with open access.
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