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Abstract. Maximum shear stress along the active deformation zone marking the subduction plate interface is important for 10 

understanding earthquake phenomena and is an important input parameter in subduction zone thermomechanical modelling. 

However, such maximum shear stress is difficult to measure directly at depths more than a few kilometres and is generally 

estimated by simulation using a range of input parameters with large associated uncertainties. In addition, estimated values 

generally represent maximum shear stress conditions over short observation timescales, which may not be directly applicable 

to long-timescale subduction zone modelling. Rocks originally located deep in subduction zones can record information about 15 

deformation processes, including maximum shear stress conditions, occurring in regions that cannot be directly accessed. The 

estimated maximum shear stress is likely to be representative of maximum shear stress experienced over geological timescales 

and be suitable to use in subduction zone modelling over time scales of millions to tens of millions of years. In this study, we 

estimated maximum shear stress along a subduction plate interface by using samples from the Sanbagawa metamorphic belt 

of Southwest (SW) Japan, in which slivers of mantle wedge-derived serpentinite are widely distributed and in direct contact 20 

with metasedimentary rocks derived from the subducted oceanic plate. These areas can be related to the zone of active 

deformation along the subduction plate interface. 

To obtain estimates of maximum shear stress at the subduction interface, we focused on the microstructure of quartz-rich 

metamorphic rocks—quartz is the main component of the rocks we collected and its deformation stress is assumed to be 

roughly representative of the stress experienced by the surrounding rock and plate interface deformation zone. Maximum shear 25 

stress was calculated by applying deformation temperatures estimated by the crystallographic orientation of quartz (the quartz 

c-axis fabric opening-angle thermometer), and the apparent grain size of dynamically recrystallized quartz in a thin section to 

an appropriate piezometer. Combined with information on sample deformation depth, estimated from the P (pressure) - T 

(temperature) path and deformation temperatures, it is suggested that there was nearly constant maximum shear stress of 15–

41 MPa in the depth range about 15–30 km, assuming plane stress conditions even when uncertainties related to measurement 30 

direction of thin section and piezometer differences are included. 

The Sanbagawa belt formed in a warm subduction zone. Deep slow earthquakes are commonly observed in modern-day warm 

subduction zones such as SW Japan, which has a similar thermal structure to the Sanbagawa belt. In addition, deep slow 
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earthquakes are commonly observed to be concentrated in a domain under the shallow part of the mantle wedge. Samples 

showed the depth conditions near the mantle wedge, suggesting that these samples were formed in a region with features 35 

similar to the deep slow earthquake domain. Estimated maximum shear stress may not only be useful to long-timescale 

subduction zone modelling but also represent the initial conditions from which slow earthquakes in the same domain nucleated. 

1 Introduction 

Knowledge about the distribution and values of maximum shear stress along the active zone of deformation along the 

subduction plate interface (plate interface in this paper) is fundamental to understanding seismic phenomena and the thermal 40 

evolution of subduction zones: earthquakes along the plate interface occur when the shear stress on a fault plane exceeds the 

shear strength (e.g., Vavryčuk, 2015), and frictional heating increases with increasing maximum shear stress, which can 

significantly affect the thermal structure of subduction zones (e.g., Ishii and Wallis, 2020). Recently, it has also been suggested 

that for the same material and fault plane, the initial maximum shear stress values significantly affect slip rates, rupture rates, 

and stress drop values (Passelègue et al., 2020). 45 

However, direct measurement of maximum shear stress at plate interfaces is difficult and the associated strength along the 

subduction plate interface is not well known. Estimates of maximum shear stress can be obtained by direct measurement of 

borehole breakouts and drilling-induced tensile fractures (e.g., Chang et al., 2010; Lin, 2014). However, such techniques are 

limited to relatively shallow areas with depths of up to a few kilometres. At greater depths, friction coefficients (shear strength) 

and maximum shear stress have been estimated from subduction plate interface simulation using surface heat flow, friction 50 

law, and flow law combined with thermal modeling (e.g., Gao and Wang, 2014; England, 2018). A difficulty encountered 

when using surface heat flow is its strong local scatter due to bottom water temperature variations, the influence of localized 

fluid flow, and other upper crustal processes (e.g., Gao and Wang, 2014; England, 2018; Ishii and Wallis, 2020). As an example, 

Gao and Wang (2014) modelled maximum shear stress along the Kamchatka subduction plate interface and concluded that the 

average effective coefficient of friction lies within the range 0.03–0.09 with the uncertainties largely due to the large scatter in 55 

the heat flow values related to variations in bottom water temperature. The uncertainties yield a correspondingly large range 

in estimates for the maximum estimated maximum shear stress is about double the minimum estimated value (Fig. S4 in Gao 

and Wang, 2014). In addition, features such as the thickness of the plate interface and the parameters that make up the flow 

law are generally not well constrained and these also affect the results. These issues can lead to order of magnitude uncertainties 

in estimates of maximum shear stress and strength. Stress inversion using seismic data has also been used to estimate the 60 

strength of the subduction boundary and the surrounding crust (e.g., Yoshida et al., 2015). However, this approach is limited 

to the brittle deformation domain and it is difficult to obtain values for absolute stress. A further issue is that any stresses 

obtained from the above approaches are only representative of the observation period. When stresses are used in a model, 

ideally, they should be estimated on a time scale appropriate for the phenomenon being examined. However, the time scales 

of observation and the modelled phenomena are commonly very different. For instance, stresses estimated from seismic data 65 
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represent several orders of magnitude shorter time scales than the thermal evolution of a subduction zone which develops over 

time scales of millions to several tens of millions of years. 

The study of rocks that were once distributed along the plate interface is one of the key ways to obtain information along 

deeper inaccessible parts of subduction zones. The most reliable and widely used differential (maximum shear) stress indicator 

in such rocks is based on grain size measurements and this technique is referred to as piezometry (e.g., Twiss, 1977; Twiss, 70 

1980; Derby, 1991; Stipp and Tullis, 2003; Shimizu, 2008; Shimizu, 2012; Cross et al., 2017; Goddard et al., 2020). The 

relationships used in such piezometry express the dynamically recrystallized grain size of a particular mineral as a function of 

deformation temperature and applied differential stress. Differential stress is the cause of non-volumetric strain and is defined 

as the difference between the greatest and least principal stress. Maximum shear stress is equal to half the differential stress. 

Most piezometers are calibrated based on deformation experiments that use uniaxial compressive stress states. However, most 75 

naturally deformed rocks show approximately plane strain suggesting deformation under plane stress conditions. Maximum 

shear stress required to deform a material under uniaxial conditions can be converted to the maximum shear stress required 

under plane stress conditions using properties of the deviatoric stress tensor (see Appendix B). 

If it is assumed that the plate motion causes the material in the plate boundary region to deform by simple shear, and the 

thickness of the subduction zone is w (we assume 100 m to 10 km) and the subduction rate is v (we assume 3cm per year), 80 

then the strain rate of rocks along the subduction interface can be calculated as v/w = 10-13 s-1 to 10-11 s-1. Dynamic 

recrystallization requires strains of at least 0.2 (e.g., Stipp and Tullis, 2003). In this situation, the time required for dynamic 

recrystallization is about 0.01–1 million years. Therefore, obtained stress values can be regarded as representative of the stress 

state over a period of at least 0.01–1 million years and are more appropriate for considering the geological timescale evolution 

of subduction zones compared with stress values obtained by drilling or thermal observations. 85 

In this study, we applied piezometers to dynamically recrystallized quartz grains observed in rocks (quartz, pelitic, and 

psammitic schist) of the subduction-type Sanbagawa belt in SW Japan to estimate differential (maximum shear) stress along 

the subduction zone plate interface. In the Sanbagawa belt, slivers and blocks of mantle wedge-derived serpentinite are widely 

distributed and in direct contact with sedimentary rocks derived from the subducted oceanic plate. These areas can be related 

to an ancient subduction plate interface (Aoya et al., 2013a). We found that there was no clear correlation between the 90 

deformation depth and differential (maximum shear) stress in the depth range of 17–27 km along the subduction zone plate 

interface, and differential (maximum shear) stress at this depth range was almost constant. This result contrasts with a previous 

study (Takeshita, 2021), which proposes a trend of decreasing differential stress with increasing metamorphic temperature and 

pressure. This difference may be due to the fact that Takeshita (2021) did not consider the temperature dependence in the 

piezometer. This temperature dependence reflects a balance between recrystallized grain nucleation and migration of grain 95 

boundaries. We estimated deformation temperatures using an empirical relationship between quartz c-axes orientation patterns 

and deformation temperatures, and selected samples appropriate for discussions of the deformation along the subduction plate 

interface. In this study, we focus on the relationship between the differential (and maximum shear) stress and the stress state 
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along the subduction plate interface. This is also in contrast to Takeshita (2021) who focuses on the relationship between the 

obtained stress values and exhumation processes. 100 

 Our study shows that the Sanbagawa belt is not only useful to long-timescale subduction zone modelling but also suitable to 

study deep slow earthquakes and the estimated differential (maximum shear) stress likely represents the initial conditions under 

which slow earthquakes in the same domain nucleated. 

2 Geological setting 

2.1 The Sanbagawa belt 105 

The Sanbagawa belt is a belt of high-P subduction-type metamorphism developed in the eastern Asian convergent margin 

during the Cretaceous (Isozaki and Itaya, 1990; Wallis et al., 2009) and is now exposed over a distance of about 800 km from 

east to west in Southwest (SW) Japan. The widest range of metamorphic conditions is shown by rocks in central Shikoku and 

this area was chosen for more detailed study (Fig. 1a). The Sanbagawa belt is bounded to the north by a major tectonic 

discontinuity, the Median Tectonic Line (MTL) and in central Shikoku the southern boundary of the Sanbagawa belt is marked 110 

by the presence of significantly older units, the Kinouzu (psammitic schist, pelitic schist, quartz schist, calcareous schist, and 

mafic schist: Aoya et al., 2013b; Endo and Yokoyama, 2019) and Mikabu units (metachert, metabasalt, metagabbro, 

volcaniclastic rock, and ultramafic rocks: Aoya et al., 2013b; Endo and Yokoyama, 2019), which have undergone the 

Sanbagawa metamorphism but represent a tectonically distinct structurally overlying domain and interpreted as part of the 

original hanging wall to the Sanbagawa subduction complex (Endo and Wallis, 2017). 115 

Three distinct geological units can be defined within the Sanbagawa belt of central Shikoku. The Eclogite unit (pelitic schist, 

quartz schist, mafic schist, marble, pelitic-psammitic gneiss, siliceous gneiss, mafic gneiss, metagabbro, diopside hornblende 

rock, and ultramafic rocks: Aoya et al., 2013b; Endo and Yokoyama, 2019) is located at the highest structural level (Aoya et 

al., 2013a) and underwent eclogite facies metamorphism at 89–88 Ma (Wallis et al., 2009). Parts of this unit are distinctly 

coarser grained and show early Cretaceous (about 120 Ma) metamorphic ages (Okamoto et al., 2004; Endo et al., 2009). The 120 

Shirataki unit (pelitic schist, psammitic schist, quartz schist, mafic schist, metagabbro, and ultramafic rocks: Aoya et al., 2013b; 

Endo and Yokoyama, 2019), the subject of this study, structurally underlies the eclogite unit. Buoyancy-driven rise of the 

eclogite unit within the subduction boundary domain is thought to have emplaced it above the Shirataki unit (Aoya, 2001; 

Endo et al., 2012; Aoya and Endo, 2017). After the Eclogite unit was juxtaposed with the subducting Shirataki unit within the 

subduction boundary, they underwent the same metamorphism at 89 to 85 Ma (Endo et al., 2012). This metamorphism 125 

overprints the eclogite metamorphism and is referred to as the main metamorphic stage. The Oboke unit (psammitic schist and 

pelitic schist: Aoya et al., 2013b; Endo and Yokoyama, 2019) represents the lowest structural level of the Sanbagawa 

metamorphic belt. The Shirataki unit has been thrust over the Oboke unit (Wallis, 1998). 

As a result of the main metamorphic stage, we can identify four metamorphic zones based on constituent minerals in 

metapelite (Higashino, 1990; Fig. 1a). These mineral zones can be related to the depth at which the metamorphism occurred. 130 
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In order of increasing grade and their estimated peak metamorphic temperature and pressure, these zones are: the chlorite zone 

(<360°C, 0.5–0.6 GPa); garnet zone (440±15°C, 0.7–0.8 GPa); albite-biotite zone (520±25°C, 0.8–0.9 GPa); and oligoclase-

biotite zone (610±20°C, 0.9–1.1 GPa) (Enami et al., 1994; Fig. 2a). The metamorphic zones are generally E–W oriented, with 

the highest metamorphic temperature and pressure conditions found at the highest structural levels. In central Shikoku, the 

isograds have been tightly folded (e.g., Wallis et al., 1992; Mori and Wallis, 2010; Kouketsu et al., 2021), and the highest-135 

grade units are locally found at intermediate structural levels, from which the temperature and pressure conditions decrease 

both to the north and south (Fig. 1). The deformation that caused this recumbent folding occurred after the peak of the main 

metamorphic stage and is referred to as Ds following Wallis (1990) and is described in more detail below. 

2.2 Deformation of Shirataki unit during the main metamorphic stage 

In this study, our main focus is the ductile deformation in the Shirataki unit. The Shirataki unit is composed of subducted 140 

oceanic crust with basalt, chert, sandstone, and mudstone metamorphosed into mafic (basic), quartz, psammitic, and pelitic 

schist (Mori and Wallis, 2010; Fig. 1b; Fig. 3). There are also rare but widely dispersed ultramafic bodies (Fig. 1b; Fig. 3) . 

Ultramafic bodies are mantle wedge-derived rock bodies and differ in origin from schist derived from subducted material. It 

is suggested that the rocks of garnet to oligoclase-biotite zone were subducted to depths below the Moho boundary and the 

hanging-wall mantle became tectonically entrained in these rocks (Aoya et al., 2013a).  145 

 

 

Figure 1: (a) Location, geological units, and metamorphic zonation map of the Sanbagawa metamorphic belt in central 

Shikoku (after Kouketsu et al., 2021; Hara et al., 2018; Aoya et al., 2013b; Endo et al., 2018; Higashino, 1990). (b) 

Geological map of the Shirataki unit (after Endo and Yokoyama, 2019; Hara et al., 2018). 150 
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 Each of the four metamorphic zones formed by the main metamorphic stage has a distinct P (pressure) -T (temperature) path 

(Fig. 2a). Moreover, the rocks in all metamorphic zones show evidence for four phases of ductile deformation, named Dr 

(burial), Ds (exhumation starting at near the peak metamorphic conditions), Dt (exhumation after the peak metamorphic 

condition), and Du (slight burial after exhumation) deformation, respectively (Wallis, 1990; Fig. 2b; Fig. 2c). Dt and Du are 

non-penetrative and it is unlikely they had a major influence on exhumation or burial. Dr deformation is locally the main 155 

deformation phase, particularly in the high temperature-pressure zone (i.e., oligoclase-biotite zone), but in most cases, the main 

high strain deformation structures are due to Ds deformation, and Dr deformation is preserved mainly as inclusion trails in 

albite porphyroblasts representing a Sr foliation (Mori and Wallis, 2010) which has been strongly overprinted. The lack of 

compositional zoning of hornblende, barroisite, or glaucophane cores to actinolite-winchite rims for grains of amphibole 

contained in the core of the albite porphyroblasts (preserving Dr deformation features) in hematite-bearing metabasite indicates 160 

that the Dr deformation was formed during the burial phase related to subduction (Wallis et al., 1992). The Ds deformation 

(D1 and D2 deformation in Banno and Sakai, 1989) is characterized by an overall gently north-dipping Ss foliation (Fig. 3;  

 

 

Figure 2: (a) Petrographically derived P-T conditions of the Sanbagawa metamorphic belt (black and white circles: 165 

Aoya et al., 2017). The thin dashed line represents subduction-boundary geotherm at c. 89 Ma from P-T estimates 

(Aoya and Endo, 2017; Aoya et al., 2017). The bold dashed line represents the inferred subduction-boundary geotherm 

for modern day SW Japan based on thermal modelling by Yoshioka and Murakami (2007). (b) Summary of 

deformation stages and their associated structures in the Shirataki unit based on Wallis et al. (1992) and Aoya (2001, 

2002) modified by Kouketsu et al. (2021). (c) Deformation phases in the Shirataki unit (after Kouketsu et al., 2021). 170 

This P-T path corresponds to each metamorphic zone P-T path in the main metamorphism in Fig. 2a. 
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Aoya et al., 2013b), and a generally WNW–ESE oriented orogen oblique stretching lineation (Aoya et al., 2013b; L1 lineation 

in Banno and Sakai, 1989; Faure, 1985). The Ds deformation is considered to have occurred close to or shortly after the peak 

temperature condition because metamorphic isograd surfaces were folded in this phase (Kouketsu et al. 2021; including the 

recumbent fold described above). However, amphibole formed at highest temperatures (barroisite or hornblende) in the 175 

porphyroblasts rim (formed during Ds deformation), and compositional changes of Na-pyroxene in equilibrium with quartz 

and albite of the garnet zone suggest that part of the Ds deformation occurred during a pressure drop and temperature increase, 

i.e., before the peak metamorphic temperature was reached (Wallis et al., 1992; Enami et al., 1994). Dt and Du deformation 

are identified where the Ss foliation is folded (Wallis et al., 1992; Fig. 3). Both structures have E–W oriented fold axes, but 

the Dt deformation is distinguished by axial surfaces that dip gently to the north, while the Du deformation is distinguished by 180 

fold axial surfaces that are nearly vertical (Wallis, 1990; D3 folds in Banno and Sakai, 1989). 

 

Figure 3: Geological map, cross-section, metamorphic zonation of study area, with sampling and data points (after 

Endo and Yokoyama, 2019).  
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As mentioned above, when the Ds deformation occurred, the Sanbagawa belt was exhuming. However, the orogen-oblique 185 

stretching lineation of the Ds deformation is thought to reflect deformation closely related to rapid (24 cm yr-1: Engebretson et 

al., 1985; Ishii and Wallis, 2020) and oblique subduction of the subducted Izanagi Plate (e.g., Wallis, 1992; Wallis et al., 2009). 

Moreover, if deformation of subducted sediments were driven by a combination of Couette flow (simple shear) driven by the 

subducting plate, and Poiseulle flow (channelized flow) driven by a pressure gradient produced by the buoyancy of the 

subducted sediment (e.g., Fig. 4 in Platt et al., 2018), it is possible that exhumation of these rocks is associated with stable 190 

subduction. In this case, what we observed can be the area close to the overriding plate within the plate boundary domain. In 

addition, Ds structures are also the most widely developed in the Sanbagawa belt (Fig. 3). Therefore, this study focuses on the 

deformation structures associated with Ds deformation to discuss the deformation along the subduction plate interface. 

3 Methods 

3.1 Sampling and preparation for analysis 195 

Samples were collected from quartz-rich metamorphic rocks (Fig. 3). The orientations of the Z-axes of finite strain were 

taken to be normal to the Ds foliation. The orientations of the X-and Y-axes were taken to lie within the Ds foliation, the X-

axes were taken to be parallel to the Ds stretching lineation, and the Y-axes were taken to be perpendicular to the Ds stretching 

direction. Thin sections were prepared from chips cut parallel to the Z-axis and polished using a series of alundum types with 

decreasing grain sizes of #180 (about 80 μm), #320 (about 50 μm), #800 (about 20 μm), #2000 (about 7.5 μm), #3000 (about 200 

5 μm) and a series of diamond pastes with grain sizes of 3, 1, and 0.25 μm. After this sequence of polishing, the thin sections 

were further treated with colloidal silica to remove the surface damage zone before they were suitable for electron backscatter 

diffraction (EBSD) measurements as discussed below. Each phase of polishing took 30–120 minutes, which depends on the 

surface condition of the thin section. Constituent minerals were identified using a polarising microscope and a DXR3 Raman 

Microscope (Thermo Fisher Scientific) with DXR 532 nm laser at the University of Tokyo. 205 

3.2 Differential (maximum shear) stress estimation 

We estimated the differential (maximum shear) stress using piezometers based on the recrystallized grain size of quartz, 

which is the dominant mineral phase of the rocks examined. The following points were noted in the grain size measurements. 

1. Quartz-only domains were selected for analysis as much as possible to remove the effects of grain growth inhibition by 

the presence of other minerals such as mica. In the thin sections used for the measurements, changes in grain size due to 210 

grain growth inhibition caused by the presence of other minerals was observed. When quartz-rich domains were compared 

there was no clear changes within a single thin section and the calculated grain size can be considered to be representative 

at least of the grain size in the thin section. 

2. The general presence of well-developed foliation and stretching lineation in the region suggests that samples and selected 

microstructural domains deformed under conditions close to plane strain. To examine any potential sectioning effects, the 215 
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grain size for individual samples was measured in both the XZ and YZ planes and treated as maximum and minimum 

grain sizes. When the Ds lineation is not well developed, the grain size was measured using a thin section oriented parallel 

to the Z-axis (PZ plane). 

Grain size measurements of the samples were performed using W–SEM–EBSD and open-source MTEX toolbox for 

MATLAB (http://mtex-toolbox.github.io/). Crystallographic orientations were determined using W–SEM equipped with an 220 

EBSD system (JEOL JSM-6510LV with Oxford HKL Channel5) at the University of Tokyo. In the W–SEM, the load current 

was 73–107 μA. The W–SEM magnification during observation and measurement was kept to ×40. A step size of 1 μm was 

used for mapping. HKL database from Sands (1969) was used for the quartz EBSD indexing. Other analytical conditions 

followed Nagaya et al. (2022). The grain boundaries were constructed from EBSD crystallographic orientation data using a 

Voronoi decomposition algorithm (Bachmann et al., 2011) implemented within the MTEX toolbox, and grain size distribution 225 

was calculated by measuring the area of each grain and converting it to the diameter of a circle with the same area (Fig. 4). A 

Matlab script provided by Cross et al. (2017) was used in the analysis; this script defines grain boundaries where the 

misorientation angle is >10° and Root mean square (RMS) grain size is used to represent the average grain size. 

Recrystallized grains formed by bulging (BLG) or subgrain rotation (SGR) (Stipp et al., 2002; Shimizu, 2008) are derived 

from initial usually larger grains and some of these grains may still be present in the microstructure. To apply the piezometer 230 

selected in this study it is necessary to filter these relict grains. This filtering was performed following the method of Cross et 

al. (2017). The grain size was then calculated and applied to “EBSD 1 μm RMS piezometer” of Cross et al. (2017) to estimate 

differential (maximum shear) stress, which is the empirical relationship between the RMS grain size formed by BLG or SGR 

and applied differential stress. Uncertainties of estimated differential (maximum shear) stress are related to both the piezometer 

and the grain size measurement (Appendix C). In this study, the same procedure was also applied to microstructures formed 235 

by grain boundary migration (GBM in Stipp et al., 2002; SGR+GBM in Shimizu, 2008). These grains filtered by Cross et al. 

(2017) are relatively unaffected by GBM and can be regarded as formed by SGR, indicating that the application of the Cross 

et al. (2017) piezometer is reasonable. We also used the piezometer of Cross et al. (2017) with a correction for measured values 

by Griggs apparatus, which is proposed by Holyoke and Kronenberg (2010). In this case, the stress value is 0.73 times the 

value obtained by the piezometer of Cross et al. (2017). 240 

The domains consisting of recrystallized grains formed by SGR+GBM comprise a steady-state microstructure and are formed 

by one deformation stage. This type of microstructure is suitable for using the α-quartz piezometer of Shimizu (2012), in which 

the relationship between the grain size of microstructures formed by SGR+GBM and applied differential stress is theoretically 

considered. To calculate grain size, the Matlab script provided by Cross et al. (2017) was revised following the definition of 

Shimizu (2012), in which boundaries where the misorientation angle is >12° was used to define grain boundaries, and the 245 

mode of the logarithmic grain size was used to represent the grain size. No grain filtering was performed. The piezometer of 

Shimizu (2012) includes a temperature dependency, and deformation temperatures derived from quartz c-axes fabric opening-

angle thermometry (Sect. 3.3) was also applied. The uncertainties by the piezometer of Shimizu (2012) are not shown.  

 

http://mtex-toolbox.github.io/
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 250 

Figure 4: Summary of the method used to determine grain boundaries and grain size distribution. (a) Crystallographic 

orientations measured by W–SEM–EBSD (Inverse pole figure map) and (b) the corresponding inverse pole figure. ☉ 

shows the observation direction of the crystallographic orientation (perpendicular to the paper). [0001] indicates the 

direction of the c-axis. (c) Grain boundaries were determined using a critical misorientation angle. Grains that did not 

interest the map border were used for the grain size calculation. (d) Grain size distribution derived from image (c).  255 

 

Therefore, uncertainties of estimated differential (maximum shear) stresses are only related to grain size measurement and 

deformation temperature (Appendix D). 

3.3 Deformation temperature estimation by quartz c-axes fabric opening-angle thermometer 

When the c-axis orientations of quartz aggregates deformed by high-strain dislocation creep are projected onto a Schmidt net, 260 

they commonly show strong preferred orientation patterns also known as fabric patterns (Fig. 5a). An opening-angle (OA) 

between the peripheral legs of such fabric patterns can be defined for many samples deformed at medium temperatures (Fig. 

5b). There is a nearly linear relationship between the OA of quartz fabrics formed by plane strain and the associated 

metamorphic temperatures estimated by petrological geothermometers from greenschist to granulite facies (Kruhl, 1998; 

Morgan and Law, 2004). In this study, the relationships presented in Fig. 2 of Law (2014) were used to estimate the deformation 265 

temperature. The relationships shown in Law (2014) indicate a 50° OA is equivalent to a deformation temperature of 400°C 

and a 1° increase (decrease) in OA represents an 8°C increase (decrease) in the deformation temperature. As with the data used 

in Law (2014), only quartz grains produced by dynamic recrystallization were used, and the 3D strain patterns were also 

classified. 
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 270 

Figure 5: (a) Quartz crystallographic orientations (c-axes) projected onto a Schmidt net (c-axis fabric pattern). 

Colourbar scale is an indication of measured intensity. (b) Definition of OA (opening angle). The dark regions 

correspond to high concentrations of quartz c-axes plotted on the Schmidt net. The left figure shows a crossed girdle 

and the right figure shows a small girdle. 

 275 

For the samples with a well-defined Ds stretching lineation, the c-axis orientations of quartz grains were obtained by W–

SEM–EBSD from thin sections parallel to XZ planes. When the Ds lineation is not observed in the sample, thin sections 

parallel to the Z axis (PZ plane) were used. Analytical conditions were the same as for the grain size determination, except the 

step size which was 5 μm for samples ASM2–4 and 1 μm for samples ASM1b and 5. When analyzing microstructures formed 

by BLG or SGR, newly recrystallized grains were selected using the method of Cross et al. (2017), and the mean orientations 280 

of the c-axes of each selected grain were plotted in a Schmidt net using MTEX. When analyzing microstructures formed by 

SGR+GBM, all grains were plotted. Well-formed fabric patterns indicate that the selected grains were formed by a single 

deformation stage. 

4 Results 

Six samples were collected at five locations to obtain deformation information under a wide range of temperature and pressure 285 

conditions (Fig. 3). Samples strongly affected by Dt or Du deformation were not used in this study. Sample ASM1b is from a 

deformed quartz vein, which is part of a vein set developed in psammitic schist. These veins are oriented subparallel to the 

foliation (Fig. 6a). Sample ASM1a is from pelitic schist, and samples ASM2–5 are from quartz schist. The sites where samples 

ASM2–5 were collected are covered by vegetation and the outcrops are not well exposed (Fig. S1). Psammitic schist and 

pelitic schist consist mainly of quartz, calcite, albite, phengite, chlorite, hematite, graphite, and pyrite. Quartz schist consists 290 

mainly of quartz, phengite, albite, piemontite, garnet, hematite, epidote, and rutile. The phengitic composition of white mica 

was reported in earlier studies (e.g., Radvanec et al., 1994). 

Ds foliation and stretching lineation of psammitic and pelitic schist around sample ASM1 is defined by pressure solution 

seams consisting of phengite, chlorite, and graphite and quartz strain fringes developed around pyrite (Fig. 3; Fig. 7a).  The 
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orientation of the strain fringes in sample ASM1a shows a WNW–ESE-oriented finite stretching and their asymmetry indicates 295 

a top to west shear sense (Fig. 7a), both consistent with the characteristics of Ds (Wallis, 1992). Sample ASM1b was collected 

from quartz veins oriented subparallel to Ds foliation. Quartz grains in sample ASM1b are also elongated in an WNW–ESE 

direction (Fig. 6b; Fig. 7b), consistent with the characteristics of Ds deformation. Both sample ASM1a (quartz fringe) and  1b 

(quartz vein) exhibit wavy extinction, and observation under the optical microscope, mis2mean maps, and kernel average 

misorientation (KAM) maps all show large grains were recrystallized into multiple finer subgrains (Fig. 7a; Fig. 7b; Figs. S2–300 

4). These microstructural features are evidence of dislocation creep and dynamic recrystallization by SGR (Stipp et al., 2002). 

Quartz grains in microlithon domain become finer due to grain growth inhibition by different minerals such as phyllosilicates 

(Fig. 7a). 

In sample ASM2, phyllosilicate minerals with a platy shape are strongly aligned and form a well-defined Ds foliation (Fig. 

7d). A thin section parallel to the foliation shows that quartz, phengite and opaque minerals are elongated or aligned defining 305 

a Ds mineral lineation (Fig. 7c). Quartz grains exhibit wavy extinction, amoeboid grain boundaries, and irregular grain sizes 

(Fig. 7d). Moreover, mis2mean map, and KAM map show large grains were recrystallized into multiple finer subgrains (Fig. 

8c; Fig. 8d). These microstructural characteristics indicate the action of dislocation creep and dynamic recrystallization: GBM 

of Stipp et al. (2002) or SGR+GBM of Shimizu (2008). Samples ASM3 and 4 were collected from the albite-biotite zone. 

Phyllosilicate minerals are strongly aligned and form a well-defined Ds foliation (Fig. 7e; Fig. 7f). However, a clear Ds 310 

stretching lineation is not observed. Quartz grains exhibit microstructures characteristic of dislocation creep and dynamic 

recrystallization, ASM3 with SGR+GBM (Fig. 7e; Fig. S6) and ASM4 with SGR (Fig. 7f; Fig. S7). In sample ASM2-4, albite 

includes traces of a Dr foliation oblique to the external Ds foliation which is partly defined by the alignment of phengite. These 

observations suggest that both albite and phengite were formed before or synchronously with Ds, the timing of quartz 

deformation. This implies that albite and phengite have both been deformed along with the quartz. 315 

Sample ASM5 was collected from the albite-biotite zone. In this sample, an SC´ shear band structure is observed (Fig. 7g, 

7h). In the quartz domain wavy extinction is observed, and both bulges and recrystallized grains are present along grain 

boundaries. These microstructural characteristics indicate the action of dislocation creep and dynamic recrystallization: BLG 

of Stipp et al. (2002). However, mis2mean and KAM maps show large grains were partly recrystallized into multiple finer 

subgrains (Fig. S8), indicating SGR also occurred. 320 

The results of observation and analyses are summarized in Table 1. Sample ASM2–5 showed a clear fabric pattern and an 

OA was measured (Fig. 8g; Figs. S2-S8). Estimated deformation temperatures are shown in Table 2. Grain boundary maps 

and the grain size distributions used for calculating differential stress are shown (Fig. 8e, 8f, 8h, 8i, 8j; Figs. S2-S8). Differential 

stress in both uniaxial and plane stress conditions (Appendix B) results are also listed in Table 2 (Uncertainties are shown in 

Figs. 12 and 14).  325 
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Fig. 6 (a) Outcrop photo showing foliation-subparallel veins (black arrows) in psammitic schist. Both foliation and veins 

were folded by later deformation (Du), but partly preserved unfolded structure, in which we collected sample ASM1b. 

Hammer for scale has a 33 cm long. (b) Microstructure of quartz vein (sample ASM1b). Large fibrous quartz grains 330 

elongate parallel to the stretching lineation have locally undergone dynamic recrystallization with the development of 

small recrystallized grains.  XZ plane. Crossed nicols. 
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Figure 7: E and W indicate the eastern and western sides of the thin section. Except for (c) and (e), the up direction on 335 

the page corresponds to the up direction in the field. (a) Pelitic schist close to sample ASM1a. XZ plane. Crossed nicols. 

(b) Sample ASM1b. XZ plane. Crossed nicols. (c) Sample ASM2. XY plane. Opened nicols. Elongated phengite and 

quartz form weak lineation (arrow direction). (d) Sample ASM2 XZ plane. Crossed nicols. (e) Sample ASM3. PZ plane. 

Crossed nicols. (f) Sample ASM4. PZ plane. Crossed nicols. (g, h) Sample ASM5. PZ plane. (g) Opened nicols. (h) 

Crossed nicols. 340 
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Figure 8: Sample ASM2 XZ. (a) Polarising microscope image (crossed nicols) and (b) inverse pole figure (IPF) map. 

Quartz grains exhibit wavy extinction, amoeboid grain boundaries, and irregular grain sizes. Both (c) mis2mean map 

(d) kernel average misorientation (KAM) map show large grains that were recrystallized into multiple finer subgrains. 

These microstructural characteristics indicate dynamic recrystallization by GBM (SGR+GBM). (e) Grain boundary 345 

map for the piezometer of Shimizu (2012). (f) Grain boundary map for the piezometer of Cross et al. (2017). (g) 

Crystallographic orientations and measured OA. (h) Grain size histogram and (i) probability distribution for the 

piezometer of Shimizu (2012).  (j) Grain size histogram for the piezometer of Cross et al. (2017).  
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Table 1  Observation and analysis results 

Metamorphic 

zonation 

Sample 

name 

Mineral 

assemblage* 

Lineation Foliation Recrysta

llization 

mechani

sm 

Fabric 

Pattern 

OA Mean of the 

square of grain 

size (μm2, range: 

1σ) 

Mode of log 

grain size 

(10X (μm),  

range: 1σ) 

Chlorite zone ASM1a, 

ASM1b 

Qz, Cal, Ab, 

Ph, Chl, Gr, 

Py, Hem 

Qz strain 

fringe, 

Elongated 

qz grain 

Solution 

seam 

SGR Crossed 

girdle? 

NC 

** 

XZ(1a): 

1503(238) 

XZ(1b): 1230(85) 

YZ(1b): 388(21) 

NC 

Garnet zone ASM2 Qz, Ph, Ab, 

Grt, Hem, Rt 

Elongated 

qz grain, 

Aligned ph 

Aligned 

ph 

SGR+ 

GBM 

Crossed 

girdle 

(Type 1) 

43–

47 

XZ: 2590(585) 

YZ: 711(174) 

XZ: 1.93(3) 

YZ: 1.75(3) 

Albite-biotite 

zone 

ASM3 Qz, Ph, Ab, 

Pmt, Hem, 

Rt 

Not 

observed 

Aligned 

ph 

SGR+ 

GBM 

Crossed 

girdle 

(Type 1) 

48–

64 

PZ***: 845(164) PZ: 1.67(5) 

Albite-biotite 

zone 

ASM4 Qz, Ph, Ab, 

Hem, Rt, 

(Ep) 

Not 

observed 

Aligned 

ph 

SGR Small 

girdle 

46–

49 

PZ: 568(83) NC 

Albite-biotite 

zone 

ASM5 Qz, Ph, Ep, 

Rt 

Not 

observed 

Ph shear 

band 

BLG, 

SGR 

Small 

girdle 

37–

42 

PZ: 122.0(9.8) NC 

*Qz: quartz, Cal: calcite, Ab: albite, Ph: phengite, Chl: chlorite, Gr: graphite, Grt: garnet, Hem: hematite, Py: pyrite, Ep: epidote, Rt: rutile. 

(): only in albite porphyroblasts. **Not calculated. ***Plane parallel to Z axis. 

 

Table 2   Differential stress estimated by piezometer and deformation temperature estimated by OA 

 (Cr: Cross et al., 2017; Cr+Ho: Cross et al., 2017 corrected by Holyoke, 2010; Sh: Shimizu, 2012) 

 

  Differential Stress in 

uniaxial condition (MPa) 

 
Differential stress in 

plane stress condition (MPa) 

Deformation temperature 

(°C) 

  Cr Cr+Ho Sh 
 

Cr Cr+Ho Sh  

ASM1a (XZ) 44.3 32.3 NC*  51.2 37.3 NC NC 

ASM1b (XZ) 47.5 34.7 NC 
 

54.8 40.0 NC NC 

ASM1b (YZ) 71.6 52.3 NC 
 

82.7 60.4 NC NC 

ASM2 (XZ) 36.5 26.6 46.5 
 

42.1 30.8 53.7 344–376 

ASM2 (YZ) 57.8 42.2 65.9 
 

66.7 48.7 76.1 NC 

ASM3 (PZ) 54.3 39.6 60.7 
 

62.7 45.8 70.1 384–512 

ASM4 (PZ) 62.6 45.7 NC 
 

72.3 52.8 NC 368–392 

ASM5 (PZ) 107 78.4 NC 
 

124 90.5 NC 296–336 
 

* Not calculated. 



17 

 

5 Discussion 350 

5.1 Tectonic stage of sample deformation 

Knowledge of the tectonic stage represented by the deformation recorded in the quartz samples is important when discussing 

how the stress data for individual samples can be related to stresses in the paleo-subduction plate interface. In this study, we 

first compared peak metamorphic temperatures estimated by the Raman carbonaceous material geothermometer (Kouketsu et 

al., 2021) with deformation temperatures estimated by the quartz c-axis fabric opening-angle thermometer. The P-T path of 355 

the region has been determined in previous studies and this path allows us to link the deformation temperature to pressure and 

hence depth. The retrograde P-T gradient is the most important to draw a retrograde P-T path, and this has been estimated as 

3 MPa K-1 in the albite-biotite zone and 4 MPa K-1 in the garnet and chlorite zones (Figs. 6d and 6f in Okamoto and Toriumi, 

2005). Depth was calculated assuming thickness of granitic upper crust (2700kg m-3) is 20 km and that of gabbroic lower crust 

(3000kg m-3) is 10 km. 360 

In sample ASM1, the crystallographic preferred orientation pattern fabric is not clear and the OA cannot be measured (Fig. 

S3). However, sample ASM1 recorded Ds deformation and recrystallized grains were formed by SGR, indicating that its 

deformation process was dislocation creep and deformation temperature was at least about 300℃ (Passchier and Trouw, 2005). 

This temperature is close to the peak temperature of about 330°C and in the following discussion, we take the deformation 

temperature of sample ASM1 to be 300–330°C. 365 

To allow a better regional comparison between the deformation temperature and metamorphic peak temperature we also 

examined quartz fabric data from previous studies (Sakakibara et al., 1992; Wallis et al., 1992; Tagami and Takeshita, 1998; 

Yagi and Takeshita, 2002) that were suitable for the quartz c-axis fabric opening-angle thermometer. In many of the previous 

studies, the main ductile deformation of the region is referred to as D1 (Tagami and Takeshita, 1998; Yagi and Takeshita, 

2002). D1 has the same characteristics as Ds in this study and the same reference frame of the X-axis and XY plane was used 370 

to plot the quartz fabric as used in this study so a direct comparison is possible. One previous study (Sakakibara et al., 1992) 

relates the deformation of the study area to an Sb2-2 deformation phase. The Sb2-2 is defined by coupling of the Saruta-

Fuyunose-Sogauchi units (classified as the Shirataki unit in this study) and the Sakamoto unit (classified as the Shirataki and 

Oboke unit in this study). We consider it to be the same as the Ds deformation because the boundary between the Shirataki 

unit which is referred to as the Saruta-Fuyunose-Sogauchi units and the Oboke unit which is referred to as the Sakamoto unit 375 

contains a mixed domain with rocks derived from both the overlying Shirataki and underlying Oboke units, in which 

characteristics of the Ds deformation were observed (Aoya et al., 2017). Measured OA from previous studies were shown in 

Appendix A. 

It is clarified that most of the plotted data are within a few tens of degrees Celsius below the peak metamorphic temperature 

(Fig. 9). However, some samples, mainly in the high metamorphic region, show deformation temperatures that are clearly 380 

lower than the peak metamorphic temperature (blue circles). It is assumed that samples ASM 1 and 3 were deformed near the  
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Figure 9: A comparison between estimated peak metamorphic temperatures by the Raman carbonaceous material 

geothermometer (black circles), and the estimated deformation temperatures by the quartz c-axis fabric opening-angle 385 

thermometer (hexagons). The black frames around some hexagons indicate that the corresponding c-axis fabric 

patterns are not crossed girdles. Especially, at the higher temperature side (North of sample ASM2), all hexagons with 

black frames (3 samples) show small girdles, which may cause a small overestimation of the deformation temperature 

(Law, 2014). Blue hexagons indicate samples collected in this study. Blue circles around blue hexagons indicate these 

samples deformed at temperatures significantly (50°C–) lower than the surrounding peak metamorphic temperatures 390 

and may record deformation at shallower levels. Errors for the RCMT estimates are given at the 1σ level. Errors for 

the quartz c-axis fabric opening-angle thermometer are based on the measurement of OA (treated as 2σ). The 

deformation temperature for sample ASM1 (blue rectangle) is derived from microstructural observations. 

 

peak metamorphic temperatures, samples ASM 2 and 4 were deformed at the early stage of exhumation, and sample ASM5 395 

was deformed at the late stage of exhumation. In the following discussion we focus on samples ASM1–4. Taking into 

consideration the peak pressure condition by Enami et al. (1994), the peak temperature condition by Kouketsu et al. (2021), 

the retrograde P-T gradient by Okamoto and Toriumi (2005), and estimated deformation temperature, pressures at which 

samples ASM1 and 3 were deformed with 1σ error are estimated as 0.55 ± 0.1 GPa (21 km) and 0.7 ± 0.1 GPa (27 km). 

Samples ASM2 and 4 were deformed at 0.45 ± 0.1 GPa (17 km) and 0.5 ± 0.1 GPa (19 km). The error of estimated pressure 400 

condition is derived from the measurement error of OA (treated as 2σ) and RCMT (1σ), and pressure conditions (Enami et al., 

1994: treat as 2σ).  

5.2 Stress recorded by quartz microstructure and in the subduction plate interface 

 In this section, we discuss the relationship between the stress recorded by the quartz microstructure and the stress state along 

the subduction interface. In this contribution, we use the term stress to refer to differential stress and maximum shear stress. 405 

In Appendix B, we also refer to the tensor nature of stress including the deviatoric stress. For the stress estimates, we focused 
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on the microstructures of samples ASM1–4. We argue that the estiamtes stresses are likely to be similar to the surrounding 

rocks and representative of the plate interface. 

5.2.1 Stress recorded by samples ASM2, 3, 4 and stress received by surrounding quartz schist 

In samples ASM2–4, in addition to quartz (volume fraction 70–80%: inferred by indexing rate of EBSD analysis), albite and 410 

phengite are also significant mineral components, which deformed along with quartz during Ds (Figs. 7c–7f). Albite shows 

only weak development of wavy extinction that is not nearly as well developed as in quartz (e.g., albite in Fig. 7d), suggesting 

that the albite underwent only very limited intracrystalline deformation during the Ds deformation. In general, albite is known 

to have a higher yield strength than quartz in this temperature condition (Passchier and Trouw, 1996), in agreement with the 

above inference. Phengite is expected to be much weaker and may have been significantly deformed. Hunter et al. (2016) 415 

pointed out that under a deformation temperature of 490–530°C, even if they do not form an interconnected network, the 

appearance of mica with a volume ratio of less than 10% may inhibit quartz deformation and concentrate deformation in the 

mica. Furthermore, it has been pointed out that the basal glide of phengite is weak and may undergo significant deformation 

when the von Mises criterion is satisfied under deformation conditions like our samples (Condit et al., 2022). In the light of 

these considerations, we assessed the effect of mica deformation and deformation heterogeneity in rocks around our samples. 420 

When phengite (a relatively weak phase) grains do not form an interconnected network, both the phengite and quartz deform 

at the same strain rate and are subjected to different stresses (mica distributed within a load-bearing quartz: load-bearing 

framework (LBF) in Handy (1994)).  Phengite in samples ASM2, 3, and 4 show only limited connectivity and does not form 

a uniform continuous foliation (Fig. 7d, 7e, 7f; Fig. 10), which means that deformation is unlikely to propagate along phengite 

and the LBF condition can be applied. In this situation, the estimated stresses would be larger than the stresses experienced by 425 

the phengite. However, the stress received by the whole rock body is, in this case, the sum of the stress received by each 

mineral multiplied by the volume fraction of the mineral (e.g., Condit et al., 2022; Handy, 1994). Thus, even if the phengite is 

subjected to a stress of 0 MPa and the volume fraction of the mica mineral is 20%, the stress on the rock body is 0.8 times the 

estimated stress and the estimated stress can be considered to be a good approximation to the stress of the whole rock body.  

In summary, the estimated stresses are almost identical to the stresses received by the surrounding rock body. However, the 430 

stresses received by the phengite may be even smaller, as the strength of the mica is assumed to be lower than the strength of 

the quartz undergoing dislocation creep at the temperature conditions discussed in our study. 

5.2.2 Stress recorded by sample ASM1 and stress received by surrounding psammitic and pelitic schists 

In the area around sample ASM1, both psammitic and pelitic schists are deformed by quartz pressure solution creep in the 

microlithon domains, and the developed foliation may have been deformed by phyllosilicate slip (Fig. 7a). As foliation 435 

develops as a layer, it is considered that the foliation and microlithon domains are subjected to the same stress and deformed 

at different strain rates (Condit et al., 2022). Both quartz veins (Fig. 6b; Fig. 7b) and strain fringes (Fig. 7a) are developed in 

the microlithon domain, but no boudin or other structures attributable to differences in strength could be identified (Fig. 6a;  
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Figure 10: Microstructure of phengite in quartz schist (sample ASM3). Phengite (greenish to purplish interference 440 

colored platy mineral) does not form a continuous foliation longer than a few mm. 

 

Fig. 7a). Therefore, quartz veins, strain fringes, and microlithon domains are considered to have had almost the same strength, 

i.e., were subjected to the same maximum shear stress and strain rate. In Sample ASM1, stresses were estimated from quartz 

veins in psammitic schist and strain fringes in pelitic schist. From these results, we conclude it is likely that the obtained stress 445 

is representative of the stresses undergone by the pelitic and psammitic schists of the chlorite zone. 

Estimated differential stresses were 32.3–71.6 MPa. In a quartz deformation mechanism diagram drawn using the thin-film 

pressure solution creep flow law (Table 3: Rutter, 1976; Schmidt and Platt, 2022) and dislocation creep flow law (Table 3: 

Lusk et al., 2021), the conditions of the vein and fringe in sample ASM1 (Table 4) is located at the dislocation creep 

deformation dominant region (Fig. 11a), and microlithon domain condition (Table 4) is located in the thin-film pressure 450 

solution creep dominant region (Fig. 11b), consistent with geological observation. Therefore, the above interpretation from 

outcrop and thin section observations is supported in terms of quartz rheology. In this case, the strain rate of the microlithon 

domain is estimated to be twenty times higher than that of dynamically recrystallized grains in the quartz vein and fringe (Fig. 

11). However, dynamically recrystallized grains in the quartz vein and fringe are considered to have been formed by the 

recrystallization of larger quartz fibre grains (Fig. 6b: Fig. 7a). These fibre grains are elongate parallel to the stretching lineation 455 

and grew associated with the opening of the vein. The formation of such veins contributes to the strain of the rock. Therefore, 

the strain rate experienced by the quartz veins and fringes is considered to be the sum of the strain rate associated with the 

formation of quartz fibre grains and the strain rate associated with quartz dislocation creep. This additional contribution from 

dislocation creep may have allowed the quartz vein, fringe, and microlithon to deform at the same stress and strain rate. 

 The strain rate of thin-film pressure solution creep depends on grain size. Grain size estimation using this method is difficult 460 

for structures with significant grain growth inhibition by different minerals, and the grain size of the microlithon domain used 

in the discussion is an assumption. Although this is not a problem for rough strain rate comparisons such as the present study, 

an accurate grain size estimation method is required for more quantitative strain rate evaluations. 
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Table 3  Flow law used in this study 
Formula Description Reference 

𝜀̇ =
𝐴𝑝𝑠𝑉𝑚𝑐𝐷𝑔𝑏𝜔𝜎𝜌𝑓

𝑅𝑇𝑑3𝜌𝑠
 

Thin film pressure solution flow 

law (s-1) 

Rutter (1976) 

Schmidt and Platt (2021) 

𝜀̇ = 𝐴𝑑𝑠𝑙
−9.3𝑓𝐻2𝑂

0.49𝜎3.5exp(−
𝑄 + 𝑃𝑉

𝑅𝑇
) 

Dislocation creep flow law (s-1) Lusk et al. (2021) 

 465 
Table 4  Parameters of dislocation creep and pressure solution creep flow law 

Parameter Description Value Reference 

𝐴𝑝𝑠 Geometric constant 44 Den Brok (1998) 

𝑉𝑚 Molar volume of solid (m3mol-1) 2.269×10-5 Berman (1988) 

𝑐 Solubility of solid in fluid phase  

(mole fraction) 

2.954×10-2 Fournier and Potter (1982) 

𝐷𝑔𝑏 Grain boundary diffusivity (m2s-1) 7.00×10-21 Farver and Yund (1997) 

𝜔 Effective width of grain boundary (μm)  

(30 times higher in the presence of 

phyllosilicates) 

0.339 (vein, fringe) 

10.170 (microlithon) 

Dobe et al. (2021) 

Hickman and Evans (1995) 

𝜌𝑓 Density of fluid (kgm-3) 1058 Burnham (1969) 

𝜌𝑠 Density of solid (kgm-3) 2650 Schmidt and Platt (2022) 

𝐴𝑑𝑠𝑙 Geometric prefactor 10-7.9 Lusk et al. (2021) 

𝜎 Differential stress (uniaxial, MPa) 32.3–71.7 This study 

𝑓𝐻2𝑂 Water fugacity (MPa) 65 Holland and Powell (2004) 

𝑅 Gas constant (Jmol-1K-1) 8.314  

𝑇 Temperature (K) 593 This study 

𝑄 Activation enthalpy (Jmol-1) 118000 Lusk et al. (2021) 

𝑃 Pressure (MPa) 500 This study 

𝑉 Activation volume (cm3mol-1) 2.45 Lusk et al. (2021) 

𝑑 Grain size (μm) 10–20 (microlithon),  

20–35 (vein, fringe) 

This study 

 

Figure 11: Deformation mechanism diagram of (a) quartz vein and strain fringe condition and (b) microlithon condition.  

The contour line indicates the exponential part of the strain rate (given for uniaxial conditions and strain rate needs to 

be multiplied by √3 if converting to simple shear strain rate (Lusk et al., 2021)). 
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Trepmann and Seybold (2019) observed quartz veins that formed and developed simultaneously with ductile deformation 470 

and documented microstructures indicating dislocation glide and recrystallization associated with rapid stress loading 

(assumed to be from the seismogenic zone) and subsequent stress relaxation. They also observed the pressure solution creep 

of surrounding rock and opening and sealing of the veins (crack-seal veins) associated with gradual internal stress loading and 

subsequent stress relaxation. The structures observed in sample ASM1b area are similar to the latter and may reflect multiple 

stages of stress concentration and relaxation with a time interval of several hundred years (Trepmann and Seybold 2019). In 475 

this case, the stress measured from the quartz vein in sample ASM1 may be affected by a stress fluctuation. However, 

considering that dynamic recrystallization requires strains of at least 0.2 (e.g., Stipp and Tullis, 2003) and that the calculated 

strain rate is approximately 10-13s-1, dynamically recrystallized grains require at least 30,000 years to form. Therefore, the 

influence of stress fluctuation over a period of a few hundred years can be considered almost negligible. 

In summary, we consider the obtained stress to be representative of the stresses undergone by the surrounding pelitic and 480 

psammitic schists. Such situations are only likely to occur when the deformation conditions are located near the boundary 

between the dislocation creep domain and the pressure solution creep domain. The change in the deformation mechanism 

between the vein or fringe and microlithon domains can be attributed to differences in the degree of grain growth inhibition 

and activation of pressure solution creep due to the presence or absence of the quartz-mica boundary. 

5.2.3 Deformation heterogeneity within different lithologies and stress in the subduction plate interface 485 

Tulley et al. (2020) compared the flow laws for various rocks with the strength of hydrous metabasalt inferred from the 

geological structure and quartz recrystallized grain size. The results showed that mica-containing metasediments can be harder 

or softer than hydrous metabasalt or amphibolite, depending on temperature conditions. It was also shown that the strength of 

hydrous metabasalt is reduced by pressure solution creep and slip of phyllosilicates, which plays an important role in 

deformation along the subduction boundary. Therefore, the discussion of deformation other than quartz, pelitic, and psammitic 490 

schist is important for the discussion of rock deformation at subduction boundaries.  

In this study, no microstructural observations or stress estimates of quartz schist and basic schist in the chlorite zone, or pelitic 

and basic schist in the garnet and albite zones have been made. However, previous studies showed that the basic schist in the 

oligoclase biotite zone appears to be less affected by Ds deformation than other rock bodies (e.g., Mori and Wallis., 2010), 

indicating that the associated strain is smaller. In addition, the quartz schist in the garnet zone has well-developed sheath folds 495 

(Wallis, 1990; Endo and Yokoyama, 2019), which are not observed in the surrounding lithologies suggesting that the strain in 

the quartz schist is particularly high. It is therefore possible that each rock body was deformed at a different strain rate and 

may have been deformed at the same stress. To investigate this, stress estimates should be made from the quartz domains for 

each type of schist, and the strength relationship between the other domains and the quartz domains in each schist should be 

investigated from structural observations to constrain the deformation strength of each rock type. If the flow laws of the 500 

constituent minerals are known, they may be combined to estimate the deformation of the entire rock body (Handy, 1994; Platt, 
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2015; Condit et al., 2022). It is also important to focus on lithological boundaries to confirm the presence or absence of 

structures that are attributable to strength contrasts. These are topics for future research. 

Shear zones in antigorite serpentinite exist at the boundary between mantle wedge-derived serpentinite and pelitic schist 

(Kawahara et al., 2016). Although the area examined in our study is on the oceanic plate side of the subduction boundary 505 

region, it is possible that different minerals and different stress and strain conditions existed on the overriding plate side. 

Further research is needed on this as well. 

5.3 Spatial distribution of stress in the Sanbagawa subduction zone 

The use of different proposed piezometer relationships based on grain size results in significant differences in the estimated 

stress. A further complication highlighted by this study is the variation in grain size depending on the orientation of the 510 

observed section with respect to the finite strain axes. This issue is not significant in deformation experiments that 

predominantly use uniaxial shortening but is significant in natural samples that are close to plane strain (e.g., Tagami and 

Takeshita, 1998). When these uncertainties are included, the differential  (maximum shear) stress was found to be 30.8–82.7 

MPa (15.4–41.4 MPa) for plane stress, in samples ASM1–4. Moreover, there was no clear correlation between the sample 

location and stress (Fig. 12) implying stress was constant throughout the range of different temperatures and pressures during 515 

peak metamorphism to the early stage of exhumation. This suggests that constant stress regardless of depth was maintained 

over a long timescale. If the stress recorded by the quartz recrystallization is representative of the stress along the plate interface, 

this result indicates that the stress along the former plate interface was independent of depth and nearly constant over the depth 

range of 17–27 km where depth is calculated under the assumption that granitic rock is present up to a depth of 20 km, and 

gabbroic rock is present at greater depths (e.g., Aoya et al., 2013a). This information can be applicable to long-timescale 520 

subduction zone modelling. 

In an earlier study, Takeshita (2021) reports the results of microstructural analyses of quartz-rich samples in the Shirataki 

unit of the Sanbagawa belt and estimated differential stress from quartz grain size. Takeshita (2021) proposes a decrease in 

differential stress with increasing structural level (”Upper Chl” to “Ab-bt” of Fig.6 in Takeshita, 2021), which corresponds to 

increasing metamorphic temperature and pressure in this study domain. The results of Takeshita (2021) differ from those of 525 

this study, and it is particularly clear that samples formed by SGR+GBM (GBM in Takeshita, 2021) show very low differential 

stress. This difference may be mainly attributed to the type of piezometer used to analyse the recrystallized microstructures 

formed by SGR+GBM. As mentioned above, the recrystallized microstructure formed by SGR+GBM is developed by the 

formation of subgrains by SGR and the migration of grain boundaries by GBM. Several studies have pointed out that 

dislocation movement and grain nucleation have a greater temperature dependence than grain boundary migration and this 530 

leads to a grain size decreases with increasing temperature for the same differential stress (e.g. De Bresser, 1998; Shimizu, 

1998) (and greater strain rate). Furthermore, Shimizu (2008, 2012) theoretically derived a piezometer for the SGR+GBM 

recrystallized microstructure that incorporates this temperature effect and shows a grain size decreases with increasing  
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 535 

Figure 12: Differential stress for plane stress conditions estimated using piezometers based on recrystallized quartz 

grain size. The vertical axis indicates differential stress. Black points were calculated following Shimizu (2012), orange 

points were calculated following Cross et al. (2017), and blue points were calculated following Cross et al. (2017) using 

a correction for measured values by Griggs apparatus, which is proposed by Holyoke and Kronenberg (2010). Circle, 

triangle, and square points indicate measurements in the XZ, YZ, and PZ planes. The black, orange, and blue lines 540 

show uncertainties associated with differential stress associated with the black (2σ), orange (95% confidence interval), 

and blue points (95% confidence interval). 

 

deformation temperature for the same differential stress. In contrast, Takeshita (2021) uses a piezometer proposed by Twiss 

(1980), in which grain size is temperature independent (details of the differences between the theories of Twiss (1980) and 545 

Shimizu (2008, 2012) are described in Shimizu (2008)). Twiss (1980) quoted data from various experimental studies in which 

dynamically recrystallized grain size and differential stress were determined by using recrystallized microstructure of 

experimental samples and natural samples, including quartz, olivine, and metal alloys. Twiss (1980) subsequently generated a 

non-dimensional piezometer that best fits these experimental data (equation 23 in Twiss (1980)), and Takeshita (2021) applied 

quartz physical properties (Table 2 in Twiss (1980)) to this non-dimensional piezometer. This non-dimensional piezometer 550 

does not have a strong material dependency and it is reasonable to use experimental results for different materials to construct 

a piezometer. However, a potentially significant problem is that the deformation experiments used in Twiss (1980) were 

conducted under higher temperature conditions (814–1699°C) than the deformation temperatures of the samples in the 

Sanbagawa belt (about 500°C).   

If SGR+GBM microtextures are contained in these deformation experiments, the piezometer will predict a smaller grain size 555 

under the same stress condition and therefore underestimates the differential stress when analyzing recrystallized 

microstructure formed by SGR+GBM in the Sanbagawa belt. We note that this problem also exists in the piezometer proposed  
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Figure 13: Differential stress for plane stress conditions estimated using piezometers by Twiss (1980). The vertical axis 

indicates differential stress. Stress estimated by microstructures formed by SGR+GBM is clearly lower than stress 560 

estimated by microstructures formed by SGR. Applied grain sizes were arithmetic mean and were calculated from the 

grain boundaries for Shimizu (2012). 

 

by Cross et al. (2017), but this piezometer is based on analysis of newly recrystallized grains alone and the size of these grains 

is only weakly affected by GBM, so the temperature effect should be relatively small. The result of stress estimation of samples 565 

ASM1–4 by using the piezometer of Twiss (1980), which shows lower differential stress values for microstructures formed by 

SGR+GBM, and higher values for microstructures formed by SGR (Fig. 13), supports this idea. The obtained stress values in 

Fig. 13 are greater than those of Takeshita (2021). This may be due to the fact that the EBSD-based grain boundary estimation 

method makes it possible to consider smaller grains. 

5.4 Relationship with deep slow earthquakes 570 

The Sanbagawa belt formed in a relatively warm subduction zone, and deep slow earthquakes are commonly observed in 

modern-day warm subduction zones such as SW Japan (Obara, 2020) which has a similar thermal structure to the Sanbagawa 

belt (Fig. 2). Moreover, the depth of deformation of samples ASM1–4 is consistent with the depth at which deep slow 

earthquakes occur. Deep slow earthquakes are commonly observed concentrated in a domain near and updip of the mantle 

wedge corner (Behr and Bürgmann, 2021). In the Sanbagawa belt, it is found that ultramafic rocks of the Shirataki unit are not 575 

present in the chlorite and lower garnet zone (Aoya et al., 2013a) and it is concluded that these ultramafic rocks are derived 

from the mantle wedge (Aoya et al., 2013a; Aoya and Endo, 2017). The peak pressure of the garnet zone corresponds to a 

depth of approximately 30–35 km, indicating that the mantle wedge of the Sanbagawa subduction zone was located at depths 
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deeper than 30–35 km. The paleodepths of samples ASM1–4 were 17–27 km, which is near and updip of the mantle wedge, 

suggesting that these samples were formed in a region with features similar to the deep slow earthquakes domain.  580 

In sample ASM1b, traces of pressure solution creep and dislocation creep, such as dynamically recrystallized grains in quartz 

veins and strain fringes in microlithons, are observed. On the other hand, the partly recrystallized quartz fibres in quartz veins 

(Fig. 6b) and phyllosilicate foliation suggest that brittle deformation associated with features such as vein opening and 

phyllosilicate slip also occurred at the same time. This indicates that the quartz vein was opened under close to lithostatic pore 

fluid pressure and the fibre quartz grains grew before undergoing recrystallization. Repetition of this sequence in the rock 585 

deformed by quartz pressure solution creep combined with slip along phyllosilicates led to the formation of the present 

structure (Fig. 6a). This microstructure is similar to crack-seal veins, and the formation process is similar to the structures 

inferred by Giuntoli et al. (2022) and Ujiie et al. (2018) although bands of fluid inclusions were not observed. In particular, 

this feature may be compared with the results of the study by Giuntoli et al. (2022), which suggests that dislocation creep and 

pressure solution creep of quartz, phyllosilicate slip, and vein formation all contribute to slow earthquake cycles and associated 590 

fluid migration.  

The stress estimates in Sample ASM1 are considered to be representative of the surrounding rock body. The maximum shear 

stress drop on the fault plane caused by slow earthquakes could be hundreds to thousands of times smaller than that of ordinary 

earthquakes (e.g., Ito and Obara, 2006; Behr and Bürgmann, 2021), and unless the fault plate is oriented very close to the 

orientation of the principal stresses, it will have very little effect on the estimated maximum shear stress value. Therefore, the 595 

obtained stress can be used as stress conditions at the time that deep slow earthquakes were initiated. The results from sample 

ASM1 (32.3 to 71.6 MPa and 10-11s-1 to 10-12s-1 in uniaxial deformation, which must be multiplied by √3 for simple shear 

strain rate (Lusk et al., 2021)) show similar stresses but higher strain rates than the estimates reported by Giuntoli et al. (2022) 

(43 to 55 MPa (upper bond) and 10-14s-1 to 10-13s-1 (lower bond)). These differences may reflect the faster strain rates in the 

Sanbagawa subduction zone, associated with rapid subduction velocities (24 cmyr-1). 600 

As discussed above, Trepmann and Seybold (2019) observed pressure solution creep of the surrounding rock and opening 

and sealing of the veins (crack-seal veins) associated with gradual internal stress loading and subsequent stress relaxation. The 

structures found in the ASM1 area are similar to these structures and may reflect multiple stress concentrations and relaxations 

on a scale of several hundred years. If the time scale for the formation of the veins can be constrained, the viability of this to 

generate slow earthquakes can be tested by measuring the number of veins, and the time scale taken to form the entire vein 605 

seen in the outcrop, which can then be compared to known time scales of slow earthquakes. 

5.5 Stress evolution of rock bodies during exhumation 

In Fig. 9, the samples with blue circles are considered to have deformed later in the exhumation process than sample ASM3. 

Therefore, to examine the changes in stresses received by the rocks during exhumation, we compared the estimated stresses of 

samples ASM3–5, which were collected from almost the same location and recorded different deformation temperatures. Using 610 

the peak pressure condition by Enami et al. (1994), the peak temperature condition by Kouketsu et al. (2021), the retrograde  
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Figure 14: Differential stress for plane stress conditions estimated using piezometers based on recrystallized quartz 

grain size. The vertical axis indicates differential stress. Black points were calculated following Shimizu (2012), orange 

points were calculated following Cross et al. (2017), and blue points were calculated following Cross et al. (2017) using 615 

a correction for measured values by Griggs apparatus, which is proposed by Holyoke and Kronenberg (2010). Circle, 

triangle, and square points indicate measurements in the XZ, YZ, and PZ planes. The black, orange, and blue lines 

show uncertainties associated with differential stress associated with the black (2σ), orange (95% confidence interval), 

and blue points (95% confidence interval). 

 620 

P-T gradient by Okamoto and Toriumi (2005), and estimated deformation temperatures, we derived deformation pressure 

conditions for these samples of 0.7 ± 0.1 GPa (27 km) for ASM3, 0.5 ± 0.1 GPa (19 km) for ASM4, and 0.35 ± 0.1 GPa (13 

km) for ASM5. The results (Fig. 14) show that assuming plane stress conditions the estimated differential (maximum shear) 

stress of samples ASM3 and 4 are 45.8–70.1 MPa (22.9–35.0 MPa) and 52.8–72.3 MPa (26.4–36.2 MPa), respectively, 

indicating that the stresses are almost constant until the middle part of the ascent. In contrast, the estimated differential 625 

(maximum shear) stress of sample ASM5, which is the final recorded stage of ductile deformation during ascent in this region, 

was found to increase significantly, ranging from 90.5 to 124 MPa (45.3 to 62.0 MPa). As shown in Fig. 9, there are few plots 

of deformation temperature conditions as low as ASM5, and almost all data recorded deformation closer to the onset of 

exhumation. Therefore, it is suggested that stress conditions remained similar until mid-crustal levels where deformation 

became concentrated in discrete bands associated with higher stresses as represented by sample ASM5. 630 

6 Conclusions 

Quartz-rich rocks, quartz veins, and quartz strain fringes from the subduction-type Sanbagawa belt exposed in central Shikoku, 

Southwest Japan preserve deformation-related microstructures that can be used to estimate paleo differential (maximum shear) 
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stresses. These quartz-rich rocks have characteristics of quartz-dominant deformation, and quartz veins and fringes consisting 

almost entirely of quartz can be expected to have a strength comparable to the surrounding rocks, suggesting that the estimated 635 

stresses are roughly representative for the subduction interface. Estimates of both differential (maximum shear) stress and 

deformation temperature were obtained from measurements of recrystallized grain sizes and the opening angle of quartz c-axis 

fabric patterns. The known P-T paths for the region can be used to relate temperature to pressure (and depth). After correcting 

the differential (maximum shear) stress estimates based on uniaxial compression deformation experiments to account for plane 

stress conditions, the obtained results show 30.8–82.7 MPa (15.4–41.4 MPa) consistent over depths of 17–27 km in the paleo 640 

subduction channel. Differential (maximum shear) stresses during exhumation initially show slight change but increase during 

the lower T final stages of exhumation-related ductile deformation. The prograde P-T path of the Sanbagawa belt is similar to 

the thermal structure modelled for modern-day warm subduction zones such as SW Japan where deep slow earthquakes are 

common. Some of the studied samples were derived from depths near the mantle wedge where deep slow earthquakes are 

common. Therefore, the estimated differential (maximum shear) stress may not only be useful to long-timescale subduction 645 

zone modelling, but also represent the initial conditions from which slow earthquakes in the same domain nucleated. 
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Appendices 

Appendix A: Measured OA from c-axis fabric patterns by previous studies. 

 670 

Table A1. Quartz c-axis fabric opening-angle measurement 

Sample 

No. 

Metamorphic 

zonation 

Fabric 

pattern 

OA(°) Deformation 

T (°C) 

Sample 

No. 

Metamorphic 

zonation 

Fabric 

pattern 

OA(°) Deformation 

T (°C) 

Sakakibara et al., 1992 Tagami and Takeshita, 1998 (small girdle were excluded) 

C Ol-Bt Type Ⅰ* 51–53 408–424 15 Chl Type Ⅰ 48–52 384–416 

D Ol-Bt Type Ⅰ 48–50 384–400 18 Chl Type Ⅰ 45–47 360–376 

E Ol-Bt Type Ⅰ 56–57 448–456 23 Gt Type Ⅰ 44–48 352–384 

G Ol-Bt Type Ⅰ 52–57 416–456 24 Gt Type Ⅰ 48–50 384–400 

K Al-Bt Small* 50–58 400–464 25 Gt Type Ⅰ 45–47 360–376 

L Gt Type Ⅰ 51–57 408–456 26 Gt Type Ⅰ 43–50 344–400 

N Gt Type Ⅰ 41–48 328–384 27 Gt Type Ⅰ 43–48 344–384 

P Gt Type Ⅰ 45–47 360–376 28 Gt Type Ⅰ 47–48 376–384 

Tagami and Takeshita, 1998 (small girdle were excluded) 29 Gt Type Ⅰ 55–60 440–480 

1 Chl Cleft * 37–40 296–320 30 Gt Type Ⅰ 50–52 400–416 

2 Chl Cleft  33–34 264–272 31 Gt Type Ⅰ 52–53 416–424 

3 Chl Cleft  33–36 264–288 33 Gt Type Ⅰ 52–53 424–432 

4 Chl Cleft  36–38 288–304 Yagi and Takeshita, 2002 

5 Chl Cleft  38–39 304–312 T2 Ol-Bt Type Ⅱ 53–58 424–464 

6 Chl Cleft  37–42 296–336 T4 Ab Type Ⅰ 55–57 440–456 

7 Chl Cleft  36–37 288–296 T5 Gt Type Ⅰ 44–45 352–360 

8 Chl Cleft  41–42 328–336 T7 Gt Small 55–58 440–464 

9 Chl Cleft  32–37 258–296 Wallis et al., 1992 

10 Chl Cleft  44–45 352–360 SB19 Ol-Bt Type Ⅰ 38–39 304–312 

11 Chl Type Ⅰ 45–50 360–400 *Type1: type1 cross girdle 

  Cleft: cleft girdle 

  Small: small girdle 12 Chl Type Ⅰ 49–50 392–400 

13 Chl Type Ⅰ 47–53 376–424 

14 Chl Type Ⅰ 54–58 432–464 
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Appendix B: Differential (maximum shear) stress calculation under any deviatoric stress tensor. 

It is the deviatoric component of the stress tensor that causes shearing of materials. In general, definition of this tensor requires 

knowledge of all three of its principal stresses. However, the difference between the maximum and minimum principal stresses, 

or differential stress, can be used as an effective measure of the stresses causing deformation. Geological piezometers are 675 

presented as equations relating this differential stress to grain size. The main piezometer used in this study is based on the 

results of deformation experiments under uniaxial conditions (𝜎1 > 𝜎2 = 𝜎3)  (Cross et al., 2017), or theory under the 

assumption of uniaxial conditions (Shimizu 2012). Therefore, to convert the output differential stresses to differential stresses 

in the stress field more representative of natural conditions (𝜎1 > 𝜎2 > 𝜎3), a correction must be made. An overview of the 

procedure is given below (see also Behr and Platt., 2013). For simplicity, the material is assumed to be isotropic. 680 

Deviatoric stress applied to a material causes it to shear and undergo strain. This strain generates elastic strain energy. The 

dislocation density varies with the amount of elastic strain energy and the recrystallized grain size varies according to the 

density of dislocations. The relationship between the deviatoric stress tensor (or differential stress) and grain size in the 

piezometer can then be summarized as the relationship between the elastic strain energy to which the material is subject and 

the grain size. The elastic strain energy due to the shear is the same amount as the elastic strain energy due to the deviatoric 685 

stress tensor the object is subjected to. Therefore, when the deviatoric stress tensor changes, the elastic strain energy applied 

to the material also changes, and the grain size will be different even if the differential stress is the same. 

The second invariant of the deviatoric stress tensor, J2, is a scalar quantity that describes the magnitude of the elastic strain 

energy and is given by the following equation. 

𝐽2 =
[𝜎1

2 + 𝜎2
2 + 𝜎3

2 − (𝜎1𝜎2 + 𝜎2𝜎3 + 𝜎3𝜎1)]

3
(1) 690 

Where 𝜎𝑖 is the magnitude of the principal stresses. 

Substituting any stress condition,  

𝜎2 = (1 − 𝑚)𝜎1 +𝑚𝜎3,0 < 𝑚 < 1(2) 

Eq. (1) is transformed into the following 

𝐽2 =
(𝑚2 −𝑚 + 1)(𝜎1

2 + 𝜎3
2)

3
(3) 695 

 

Figure B1: Value of J2 normalized by max value. The horizontal axis indicates m in the above equation. 0.5: plane stress, 

0 or 1: uniaxial. 
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It can be seen from Eq. (3) and Fig. B1 that the elastic strain energy varies with the deviatoric stress tensor for the same 

differential stress: in the plane stress condition, it is 3/4 times lower than for uniaxial conditions, where it reaches a maximum 700 

value. In order to give the same strain energy, this second invariant should show the same value. Therefore, to result in the 

same strain energy in the natural plane stress field as that given to quartz in the uniaxial compression test, the differential stress 

(𝜎1 − 𝜎3) for plane stress has to be greater by a factor of √
4

3
=

2

√3
. 

 Since the dynamically recrystallized quartz grains measured in this study were generated in a natural stress field with 

conditions inferred to be close to plane stress, the original differential stress in natural conditions can be calculated by 705 

multiplying the piezometer results by 
2

√3
. Since maximum shear stress is 0.5 times the differential stress, the maximum shear 

stress can be calculated by dividing the measurement result by√3. 

 

Appendix C: Error calculation method when using the Cross et al. (2017) piezometer 

The Cross et al. (2017) piezometer can be written as follows using the Briggsian logarithm of the experimentally obtained 710 

differential stress and the Briggsian logarithm of the recrystallized grain size: 

𝑙𝑜𝑔10𝑅𝑀𝑆 = 𝑎 + 𝑏𝑙𝑜𝑔10𝜎 (4) 

where RMS is root mean square grain size (μm), σ is differential stress (MPa), and a, b are parameters obtained by fitting 

experimental data. The errors shown in the piezometer of Cross et al. (2017) are derived from parameter fitting. 

When substituting the measured grain size into this piezometer, we consider the error propagation between the error of the 715 

piezometer and the measured grain size (the Briggsian logarithm of the RMS: log10RMS). The standard error of “the mean of 

the squares of particle sizes” can be calculated by using the Central Limit Theorem (Table 1). The Briggsian logarithm of the 

square root of “the mean of the squares of the particle sizes" is “log10RMS”. Therefore, we generated 10000 random numbers 

following a normal distribution with the mean and standard deviation of the "mean of the squares of particle sizes" and 

calculated the Briggsian logarithm of the square root of the generated random numbers to obtain a random number following 720 

“log10RMS”. “Average grain size” was defined as the Briggsian logarithm of the square root of the "mean of the squares of 

particle sizes". 

The regression coefficients and their variance-covariance matrix of the piezometer in Cross et al. (2017) were then calculated 

from the experimental data used to formulate the piezometer in Cross et al. (2017). Using the least squares method, a best fit 

equation of 103.908 ±0.216σ -1.409 ±0.109 and a covariance of -0.0234 were obtained. This is almost identical to the best fit equation 725 

for the piezometer in Cross et al. (2017), 103.91 ±0.41σ -1.41 ±0.21, if it is considered that the error is 2σ. 

When calculating the error propagation, a Monte Carlo simulation was performed because the relative error was too large to 

use an approximate formula. The 95% confidence intervals of the stresses were estimated by generating 10000 random 

numbers following a distribution of "log10RMS", and generating 10000 random numbers following the regression coefficients 
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and their variance-covariance matrix of the piezometer in Cross et al., (2017), and simulating the stress calculation 10000 730 

times. “Average stress” was calculated by substituting “Average grain size” into the piezometer without considering errors 

and written in table 2 and plotted in Figs. 12 and 14. In this study, the code of Cross et al. (2017) was modified to perform the 

calculation (Code and data available).  

Appendix D: Error calculation method when using the Shimizu (2012) piezometer 

The Shimizu (2012) piezometer can be written as follows using the differential stress σ, deformation temperature T, and the 735 

mode of the natural logarithm of the recrystallized grain size (defined as ModelnD): 

𝑀𝑜𝑑𝑒𝑙𝑛𝐷 = ln(9.98 × 102 × 𝜎−1.25) +
12.4𝑘𝐽𝑚𝑜𝑙−1

𝑅𝑇
 (7) 

ModelnD is measured by the probability density of logarithmic grain sizes obtained by applying kernel density estimation to 

the grain size histogram. Since the logarithmic grain size distribution can be regarded as the logarithmic normal distribution 

(Shimizu, 1998), and ModelnD is almost identical to the mean of the power index of grain size, the confidence interval of 740 

ModelnD can be calculated using the properties of a Student's t-distribution. However, the number of data is at least 72 (number 

of grains), indicating that Student's t-distribution closely approximates a standard normal distribution. Therefore, the standard 

error of ModelnD was calculated using the Central Limit Theorem. In this study, the code of Cross et al. (2017) was modified 

to perform the calculation (Code and data available). 

The uncertainties by the piezometer of Shimizu (2012) are not shown. Therefore, uncertainties of estimated differential 745 

(shear) stresses are only related to grain size measurement and deformation temperature.  

𝑆𝑙𝑜𝑔𝑒𝜎 = √(
1

1.25
)
2

(𝑆𝑀𝑜𝑑𝑒𝑙𝑛𝐷)
2 + (

1193.7

(𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)2
)
2

(𝑆𝐷𝑒𝑓𝑜𝑟𝑚𝑎𝑡𝑖𝑜𝑛𝑇𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒)
2(8) 

S is the standard deviation (error). 

 

Code and data availability: Code and data are available at https://doi.org/10.5281/zenodo.10251625 (Koyama et al., 2023: 750 

https://github.com/YukinojoKoyama/Koyama-et-al.CodeandData/tree/v1.2.0) 
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