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Abstract  31 

Talc is widely distributed over the Earth’s surface and is predicted to be formed in various 32 

tectonic settings. Talc is a very soft and anisotropic sheet silicate showing very low friction 33 

behavior. Therefore, the formation of talc is expected to weaken the strength of talc-bearing 34 

rocks and may be associated with the initiation of subduction, and with a decrease in the 35 

coupling coefficient resulting in aseismic movements along faults and shear zones within 36 

subduction zones. For these reasons, understanding the crystallographic preferred orientation 37 

(CPO) of talc is important in order to quantify the anisotropy and physical properties of the 38 

host rock. However, it is difficult to measure a significant number of talc crystal orientations 39 

and to evaluate the accuracy of the measurements using EBSD. Therefore, talc CPO has not 40 

been reported, and there is uncertainty regarding the estimation of the strength of deformed 41 

talc-bearing rocks. Using methods developed for antigorite, we report the first successful 42 

EBSD measurements of talc CPO from a talc schist formed due to Si-metasomatism of 43 

ultramafic rocks by subduction zone fluids. We used a combination of W-SEM and FE-SEM 44 
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measurements to examine domains of various grain sizes of talc. In addition, we used TEM 45 

measurements to evaluate the accuracy of the EBSD measurements and discuss the results of 46 

talc CPO analysis. Talc CPO in the present study shows a strong concentration of the pole to 47 

the (001) plane normal to the foliation. The strongest concentration of the [100] direction is 48 

parallel to the lineation. The talc schist produces similar S-wave splitting and P- and S-wave 49 

anisotropy as antigorite schist in deeper domains, thus identifying talc-rich layers in 50 

subduction zones may require a combination of geophysical surveys, seismic observations 51 

and anisotropy modeling. The presence of strong talc CPO in rocks comprising the slab–52 

mantle interface boundary may promote spatial expansion of the slip area during earthquakes 53 

along the base of the mantle wedge. 54 

 55 
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 59 

Main Text 60 

1. Introduction 61 

Talc is a common mineral found in ultramafic igneous rocks, metamorphic rocks, and can be 62 

formed by alteration (e.g. hydration of dolomite or carbonation of serpentine) and 63 

dehydration of serpentine. In addition, talc is thought to be formed at the slab–mantle 64 

interface in subduction zones due to metasomatism of the wedge mantle by SiO2-rich aqueous 65 

fluids derived from the subducting slab (e.g., Platt 1975; Brown et al. 1982; Peacock 1987; 66 
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Sorensen 1988; Grove and Bebout 1995; Peacock and Hyndman 1999; Och et al. 2003; 67 

Fitzherbert et al. 2004; Maekawa et al. 2004; Fotoohi Rad et al. 2005; King et al. 2006; Miller 68 

et al. 2009; Escuder-Viruete et al. 2011; Pabst et al. 2012; Bebout and Penniston-Dorland 69 

2016). In addition, talc-rich rock can be formed due to Si-metasomatism during seafloor 70 

alteration of mantle rocks (e.g., Lupton 1979; Lonsdale et al. 1980; Allen and Seyfried 2003; 71 

Escartín et al. 2003; D’Orazio et al. 2004; Morishita et al. 2009; Marchesi et al. 2013). Talc 72 

is stable even at relatively high temperatures when compared to related clay minerals such 73 

as smectite (e.g., Moore and Rymer 2007). The dehydration breakdown of talc to enstatite 74 

and quartz is predicted to occur at up to ~780–830 ºC (e.g., Bose and Ganguly 1995; Spear 75 

1995) meaning that in subduction zones talc schist will in general be stable for most of the 76 

depth range covered by the slab-mantle boundary present in the forearc region (e.g., Escartín 77 

et al. 2008). Talc is also predicted to exhibit a low frictional behavior related to the weak 78 

bonding in the c-axis direction (Moore and Lockner 2004). A number of experimental studies 79 

have shown that talc has the lowest friction coefficient, μ, of approximately 0.05 to 0.2, of 80 

any of the generally weak hydrous minerals distributed in the wedge mantle (e.g., Moore and 81 

Lockner 2007, 2008; Escartín et al. 2008; Viti 2011; Ulian et al. 2012; Hirauchi et al. 2013, 82 

2016, 2019; Kawai et al. 2015). In common with other phyllosilicate minerals, talc commonly 83 

show a strong alignment in natural samples. The alignment of the (001) plane of talc may 84 

cause the development of a strong anisotropy in a wide range of rock properties along plate 85 

boundaries including electrical and thermal conductivities (Guo et al. 2011; Yoneda et al. 86 

2012) and frictional properties (e.g., Mainprice et al. 2008). In addition, the development of 87 

a layer of strongly aligned talc is expected to lead to strong permeability anisotropy in a weak 88 
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hydrous layer above the subducting slab, which can result in 3D fluid migration in subduction 89 

zones and variation in the average slip rate of short-term slow slip events along the strike 90 

direction of the slab (Morishige et al. 2017).    91 

However, the crystallographic preferred orientation (CPO) of talc developed in subduction 92 

zone plate boundaries is not well known hindering the development of a quantitative 93 

understanding of the anisotropy in this area.  94 

The measurement of crystal orientations of a wide range of minerals has been greatly 95 

facilitated by the use of electron-backscatter diffraction (EBSD) methods. However, EBSD 96 

measurement of hydrous sheet silicates, including talc, antigorite and clay minerals, is 97 

challenging for several reasons. 1) Hydrophobic minerals, including talc and antigorite, can 98 

be easily damaged by polishing materials during when preparing a thin-section sample 99 

making it difficult to polish the sample surface uniformly. In addition, clay minerals can swell 100 

during polishing, and mechanically weak hydrous sheet silicates can experience exfoliation 101 

along the (001) planes. These factors mean that a sample composed mainly of clay minerals 102 

and hydrous sheet silicates must be polished with a small load and a long polishing time in 103 

order to avoid damage on the soft surfaces of polished grains and to limit the exfoliation of 104 

polished grains from the thin-section surface. 2) In many cases samples consisting of clay 105 

minerals and other hydrous sheet silicates are fine grained, and this grain size can be less 106 

than the spatial resolution of the most widely used W-SEM-EBSD systems. In addition, the 107 

thin-section must be polished thinner for observation using an optical microscope. 3) The 108 

detected Kikuchi bands of hydrous minerals tend to be weak, and mis-indexing with other 109 

orientations of talc or other minerals can occur. Because of the weak Kikuchi bands produced 110 
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by clay minerals and hydrous sheet silicates, the presence of a conductive coating commonly 111 

used to prevent charging in the SEM can significantly reduce the clarity of the diffraction 112 

pattern. Consequently, only a very thin coating can be used, and we need to balance the risk 113 

of electric charging on the lightly coated or uncoated sample surface, and the operation time 114 

of the SEM observations and EBSD mapping.  115 

For the above reasons, the surface condition of the sample and the SEM operating conditions 116 

during the EBSD measurements are important for the detection of clear Kikuchi patterns and 117 

the effective indexing of hydrous minerals (e.g., Nishii et al. 2011; Padrón-Navarta et al. 118 

2012; Nagaya et al. 2017). Although indexing the orientations of serpentine minerals such as 119 

antigorite, and clay minerals, has been considered to be difficult, recent developments in 120 

measurement techniques and procedures have significantly improved the raw indexation rate 121 

of antigorite obtained by EBSD mapping (e.g., Van de Moortele et al. 2010; Padrón-Navarta 122 

et al. 2012, 2015; Brownlee et al. 2013; Nagaya et al. 2014, 2017; Morales et al. 2018). By 123 

carefully polishing the thin-section surface and considering the operation conditions of the 124 

SEM following procedures developed for antigorite, we successfully measured the CPO of 125 

talc using EBSD. In addition, we evaluated the accuracy of the EBSD indexing by 126 

comparison with indexing of the same talc grains using focused ion beam (FIB)-transmission 127 

electron microscope (TEM) with a high spatial resolution. In the present study, we investigate 128 

the CPO pattern of talc at the slab–mantle interfaces in subduction zones from natural talc 129 

schists formed due to metasomatism of mantle materials with SiO2-rich aqueous fluid derived 130 

from the subducting slab and propose a reliable procedure to analyze talc crystal orientations 131 

obtained by EBSD for calculating talc CPO.  132 
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 133 

2. Methods 134 

2.1. Sample description 135 

We carried out EBSD mapping for a natural sample from a talc schist layer of up to ~2 m in 136 

thickness collected from serpentinized ultramafic blocks in Jade Cove within the Franciscan 137 

Complex, California, USA (King et al. 2003; Hirauchi et al., 2019) (Fig. 1). Talc schist in 138 

contact with mud-matrix mélange in this area was formed by the infiltration of slab-derived 139 

Si-rich hydrous fluids into the mantle wedge (~450–500 ºC) at the slab–mantle interface  140 

(King et al. 2003).  141 

King et al. (2003) propose that the ultramafic rocks in Jade Cove originated in the wedge 142 

mantle in contact with the subducting slab. In contrast, Hirauchi et al. (2008) concluded that 143 

the ultramafic blocks in Jade Cove were originally pieces of detached slabs of abyssal 144 

peridotites, which were exposed along oceanic fracture zones near the mid-oceanic ridges. 145 

These pieces experienced subduction into the depth of the stability field of antigorite and 146 

were subsequently incorporated into the Franciscan subduction complex accompanied by 147 

metasomatism. The source rocks of the ultramafic blocks in Jade Cove are thus contentious. 148 

In addition, most Franciscan rocks were estimated to be metamorphosed at peak temperatures 149 

of less than ~350°C (e.g., Bröcker and Day 1995; Cooper et al. 2011; Schmidt and Platt 2019), 150 

which is lower than temperatures at which the serpentinization to antigorite occurs (greater 151 

than ~300–400°C) and lower than the temperature of the metasomatic reaction that produces 152 

the talc-rich rocks in Jade Cove. This means that the serpentinite blocks, including talc schists 153 

in Jade Cove, are exotic ultramafic blocks with different subduction and exhumation histories 154 
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from the surrounding Franciscan metagraywacke. Therefore, the SiO2-rich aqueous fluids 155 

related to the metasomatic reaction to form talc schist in Jade Cove may not be derived from 156 

the metagraywacke matrix, and the exact origin of the fluids remains unclear. However, we 157 

emphasize the possibility that the talc schist used in the present study was formed due to the 158 

metasomatic reaction of ultramafic rocks with SiO2-rich aqueous fluids along the slab–159 

mantle interface at the depth of the stability field of antigorite (~450–500ºC, King et al. 2003) 160 

within the subduction zone. While these rocks are currently exposed as exotic ultramafic 161 

blocks incorporated into the Franciscan Complex (e.g. Wakabayashi 1992; King et al. 2003; 162 

Hirauchi et al. 2008), we use the talc schist collected here because it likely formed as the 163 

result of similar processes that occurs at the slab–mantle interface.  164 

Using polarized light microscopy, micro-Raman spectroscopy, X-ray powder diffraction 165 

(XRD), and electron probe micro-analyzer (EPMA), we confirmed that the talc schist used 166 

in the present study consists mainly of talc (approximately 70 vol.%) with minor tremolite. 167 

Minor amounts of clinochlore and calcite are also present (see the next section for 168 

measurement conditions). The areas of the talc grains and the long axes of the tremolite grains 169 

are up to a few hundred square micrometers and a few hundred micrometers, respectively. In 170 

the present study, the foliation, S, is defined by the orientation and grain shape of platy talc 171 

and tremolite grains, and the mineral lineation, L, is defined by the preferred orientation of 172 

the long axes of tremolite grains. The axes of symmetry of the S–L fabric are taken as 173 

corresponding to the principal axes of finite strain in the rock. The minimum stretch (or 174 

shortening) direction is perpendicular to S, and the maximum stretch direction is parallel to 175 

L. In the EBSD mapping, we used a thin-section sample cut parallel to the foliation.  176 
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 177 

2.2. Analytical instruments 178 

2.2.1. XRD 179 

In order to determine the mineral assemblage, a powdered sample of the talc schist sample 180 

was examined with an X-ray diffractometer (Rigaku MiniFlexII) at Tohoku University, Japan 181 

using Cu–Kα radiation and a 2θ step size of 0.02º. 182 

 183 

2.2.2. Laser Raman spectrometer and EPMA 184 

Different polished thin-sections from those used in the EBSD and FIB-TEM measurements 185 

were prepared from the talc schist sample and analyzed using a laser Raman spectrometer 186 

(Horiba XploRa PLUS) with a 532-nm laser connected to a confocal microscope (Olympus 187 

BX51) and an EPMA (JEOL JXA-8200) equipped with five wave-length-dispersive X-ray 188 

spectrometers at Tohoku University. Thin-section samples for Raman and EPMA 189 

measurements were polished using a series of diamond pastes with decreasing grain sizes 190 

down to 1/4 micron. For the Raman measurements, an uncoated thin-section sample was used 191 

and the Raman signal was dispersed using a 2,400 grooves/mm grating. In the EPMA 192 

measurement, a carbon coated thin-section sample was used, and the accelerating voltage, 193 

beam current, and focused beam diameter were 15 kV, 12 nA, and 1–2 µm, respectively.  194 

 195 

2.2.3. EBSD analysis  196 

Thin-sections for EBSD measurements were polished using a series of diamond pastes with 197 

decreasing grain sizes down to 1/4 micron and were further treated with colloidal silica to 198 
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remove the surface damage zone. In order to avoid damage to and the mechanical removal 199 

of the polished surface grains, the polishing loads acting perpendicular to the sample were 200 

kept to a minimum during all stages of polishing. To reduce the risk of removal of material 201 

by ultrasonic cleaning and removal of carbon and copper conductive tapes applied to the 202 

surface, the time for ultrasonic cleaning after each polishing step was kept to a minimized 203 

(~5–15 seconds), and well-polished areas were selected after polishing and cleaning for the 204 

subsequent analyses. Talc-rich thin-sections can be overly thinned during polishing due to 205 

the fine grain size, which results in increased risk of charging in the SEM. As a result, we 206 

prepared thicker (~50 µm) thin-sections for EBSD measurements than those used for 207 

polarized light microscopy. 208 

Crystal orientations were determined using a scanning electron microscope equipped with an 209 

EBSD system (JEOL JSM-6510LV with Oxford HKL Channel5) and an accelerating voltage 210 

of 10 kV at Nagoya University. The SEM chamber pressure was a low vacuum (10 Pa), 211 

allowing uncoated samples to be used. The SEM magnification during observation and 212 

measurement was kept to approximately ×50–60. Low-magnification SEM measurements 213 

help to minimize charging issues of uncoated samples and assist in obtaining high-quality 214 

EBSD patterns (e.g., Nagaya et al. 2017). For mapping using a step size of less than 1 μm, 215 

crystal orientations were determined using a field-emission scanning electron microscope 216 

(FESEM) equipped with an EBSD system (JEOL JSM-7001F with Oxford HKL Channel5) 217 

at an accelerating voltage of 15 kV at Tohoku University. A sample coated with carbon at a 218 

relatively thin thickness of ~10 nm was used for these measurements. This is the minimum 219 

coating that will prevent charging at higher kV and not interfere with the diffraction pattern. 220 
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In measurements by both FE-SEM-EBSD and W-SEM-EBSD systems, mapping was carried 221 

out with automatic indexing using Oxford Instruments Aztec software with 4×4 pixel binning. 222 

The minimum and maximum numbers of detected bands in the EBSD patterns were 5 and 223 

12, respectively. The sample stage was tilted by 70° during EBSD mapping.  224 

In EBSD mapping, we used the orientation data of talc and tremolite with MAD values of 225 

less than 2.0º. The MAD value expresses the mean angular deviation between the detected 226 

and indexed Kikuchi patterns and expresses how well the simulated EBSD pattern 227 

corresponds with the actual measured pattern. In order to determine a suitable upper limit for 228 

the MAD values used in the calculation of the CPO patterns of talc, we also examined the 229 

accuracy of indexing of talc grains by comparing the orientation data filtered using a 230 

gradually decreasing MAD value from a maximum of 2.0º.  231 

There are only very small differences between the unit cells for the different crystal systems 232 

of talc (monoclinic and triclinic), between those for the different Ca-amphiboles (e.g. 233 

tremolite and actinolite), and between those for different databases of talc or Ca-amphiboles. 234 

Therefore, the Kikuchi patterns could not be used to distinguish between different possible 235 

types of Ca-amphibole and crystal systems of talc. In the present study, we used the 236 

crystallographic parameters of talc and tremolite obtained from the monoclinic (C2/c) 237 

polytype of talc of the Inorganic Crystal Structure Database (ICSD) (a = 5.262 Å, b = 9.102 238 

Å, c = 18.813 Å, and β = 100.08º) and the monoclinic (C2/m) polytype of actinolite (Evans 239 

and Yang 1998) (a = 9.977 Å, b = 18.287 Å, c = 5.308 Å, and β = 104.81º), respectively, to 240 

index the Kikuchi patterns, and software developed by D. Mainprice to calculate the CPOs 241 

(Mainprice 1990). For other details of the procedure of sample preparation and EBSD 242 
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analysis, we followed Nagaya et al. (2017), who describe the procedure applicable to hydrous 243 

minerals.  244 

 245 

2.2.4. FIB-TEM analysis 246 

TEM measurement of one talc grain was carried out for comparison with the EBSD results. 247 

A FIB system (FEI, Quanta 200 3DS) at Kyoto University was used to extract samples of a 248 

talc grain from a thin-section prepared parallel to the foliation. A predefined area within the 249 

talc grain where EBSD measurements were carried out was coated with Pt, and the 250 

surroundings were cut out using a Ga+ ion gun. The resulting leaf was broken off at its base 251 

mechanically and then mounted on a TEM grid. The extracted sample leaves were thinned 252 

using a Ga+ ion beam at an accelerating voltage of 30 kV and a beam current of 0.1–30 nA. 253 

The samples were studied using a JEOL JEM-2100F TEM operated at 200 kV at Kyoto 254 

University. TEM images were recorded using a CCD camera (Gatan, Orius 200D). 255 

A thin membrane was then cut from this grain using FIB milling, and the TEM electron 256 

diffraction pattern was used to confirm that the membrane had been cut sub-normal to the 257 

talc (001) plane and the crystal system of talc (monoclinic or triclinic). The monoclinic and 258 

triclinic talc have similar crystal structures with the only difference being stacking of the 259 

(001) planes. TEM observation is effective in confirming the presence or absence of weak 260 

diffraction spots due to its high scattering power. The electron diffraction pattern was then 261 

used to rotate the sample so that the incident electron beam was normal to the talc (001) plane. 262 

The direction parallel to the a-axis can then be identified using the electron diffraction pattern.  263 

 264 
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2.3. Seismic anisotropy calculation 265 

We calculated the seismic anisotropy corresponding to the fabric of the talc schist estimated 266 

from the crystal orientation (the Euler angle) data for each mineral obtained from EBSD 267 

measurements and the volume ratio of each mineral obtained from the EBSD map and SEM 268 

images. In addition, we compared the seismic anisotropy of the talc schist with that of 269 

antigorite schist predicted to be widely distributed in the hydrated wedge mantle in order to 270 

examine the possibility that talc-rich domains can be distinguished using seismic 271 

observations. 272 

In this calculation of the seismic anisotropy of talc and antigorite schists, we used the elastic 273 

stiffness coefficients and densities of talc, tremolite and antigorite single crystals obtained 274 

from Mainprice et al. (2008), Brown and Abramson (2016) and Bezacier et al. (2010), 275 

respectively. For antigorite schist, we used the antigorite crystallographic parameters (a = 276 

43.5852 Å, b = 9.2624 Å, c = 7.2460 Å, and β = 91.160º) and the CPO patterns reported in 277 

Bezacier et al. (2010) and Nagaya et al. (2014). We also examined the effect of the talc crystal 278 

system on the seismic anisotropy of talc schist based on the measured CPOs of talc and 279 

tremolite. In this comparison, we used the database of the crystal structure for the triclinic 280 

(C1") polytype of talc at room pressure, where a = 5.2957 (Å), b = 9.1810, c = 9.4228, α = 281 

90.372º, β = 98.880º, and γ = 90.110º, and the crystal structure for the monoclinic (C2/c) 282 

polytype of talc at room pressure, where a = 5.2976 (Å), b = 9.1447, c = 18.8083, α = 90º, β 283 

= 101.471º, and γ = 90º (Mainprice et al. 2008). In addition, in the estimation of the seismic 284 

anisotropy of talc schist at approximately 0.9 GPa, we used values of the crystal structure, 285 

density, and elastic coefficients at 0.87 GPa for triclinic talc, and values of the crystal 286 
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structure and density at 0.93 GPa and elastic coefficients at 0.96 GPa for monoclinic talc 287 

calculated by Mainprice et al. (2008). We also used software developed and published by D. 288 

Mainprice for preparation of the figures and the calculation of seismic wave anisotropy 289 

(Mainprice 1990). In the present study, we show the calculated seismic anisotropies of Vp, 290 

Vp/Vs1, Vp/Vs2, dVs, AVs and Vs1 Polarization for monoclinic and triclinic talc under 0 and 291 

0.9 GPa. Here, Vp (km/s) gives the 3D distribution of the P-wave velocity. The anisotropy of 292 

P-waves (AVp) (%) is 100(Vpmax − Vpmin)/[(Vpmax + Vpmin)/2], where Vpmax and 293 

Vpmin are the maximum and minimum P-wave velocities in all directions, respectively. In 294 

addition, Vp/Vs1 and Vp/Vs2 give the 3D distribution of the ratios of the P-wave and fast 295 

shear wave (Vs1) velocities and the P-wave and slow shear wave (Vs2) velocities, respectively. 296 

The anisotropy of Vp/Vs1 (%) is 100(Vp/Vs1max − Vp/Vs1min)/[(Vp/Vs1max + 297 

Vp/Vs1min)/2], where Vp/Vs1max and Vp/Vs1min are the maximum and minimum Vp/Vs1 298 

in all directions, respectively and the anisotropy of Vp/Vs2 (%) is 100(Vp/Vs2max − 299 

Vp/Vs2min)/[(Vp/Vs2max + Vp/Vs2min)/2], where Vp/Vs2max and Vp/Vs2min are the 300 

maximum and minimum Vp/Vs2 in all directions, respectively. The 3D distribution of the 301 

difference between the fast and slow polarized S-wave velocities (Vs1 − Vs2) is given as dVs 302 

(km/s), and AVs (%) gives the 3D distribution of the polarization anisotropy of S-waves 303 

owing to S-wave splitting, 200(Vs1 − Vs2)/(Vs1 + Vs2), where Vs1 and Vs2 are the fast and 304 

slow polarized S-wave velocities in a given direction, respectively. Furthermore, Vs1 305 

Polarizations show the polarization directions of the fast S-waves passing through the talc 306 

schist in various directions. The AVs and Vs1 Polarizations can be compared to observations 307 

of the delay time and fast direction of the polarized S-waves from a specific direction in 308 
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modern convergent margins. When considering uncertainties associated with estimates of 309 

seismic anisotropy for talc and antigorite schists, we also consider the effect of various 310 

averaging schemes (the Voigt (constant strain) and Reuss (constant stress), and the 311 

intermediate Voigt-Reuss-Hill averages) used to derive elastic anisotropy from CPO. 312 

 313 

3. Results 314 

3.1. Talc CPO and tremolite CPO of metasomatic talc schist in Jade Cove 315 

The talc CPO calculated from EBSD mapping with a step size of 1 μm is shown in Fig. 2. 316 

This pattern shows that the strongest concentration of the direction normal to the (001) plane 317 

is normal to the foliation, similar to the pattern for other platy minerals, such as antigorite 318 

(e.g., Nagaya et al. 2017). The strongest concentration of the a-axes is parallel to the lineation, 319 

and that of b-axes is parallel to the foliation and normal to the lineation. However, both the 320 

a- and b-axes display a bimodal distribution with additional strong concentrations within the 321 

foliation at 90º from the maximum concentration. 322 

EBSD mapping with a step size of 500 nm shows the crystal orientations of some talc grains 323 

that cannot be indexed in the map with a step size of 1 μm (Fig. 3). In addition, as a result of 324 

calculating two talc CPOs from 1) a higher raw indexing rate area (~19%) where continuous 325 

indexing points and relatively coarse talc grains are contained (Fig. 3d), and 2) a lower raw 326 

indexing rate (~13%) area where indexed talc grains are fine or indexing points within a grain 327 

are isolated (Fig. 3e), both CPOs show the same talc CPO pattern as that obtained by EBSD 328 

measurement with a step size of 1 μm. This means that in the range of more than 500 nm, 329 

there is little change in the talc CPO pattern due to the difference in grain size in the sample 330 
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and the difference in the raw indexing rate during EBSD mapping.  331 

Tremolite CPO displays a strong concentration of a-axes normal to the foliation and the pole 332 

to the (001) plane is concentrated parallel to the lineation (Fig. 3). This is consistent with the 333 

preferred orientation of tremolite in talc-rich fault rocks, which revealed that the poles to the 334 

(001) plane of tremolite are likely to be parallel to the (001) plane of talc and the foliation 335 

plane (Viti and Collettini 2009). 336 

However, the EBSD mapping of a single grain of talc where very similar Kikuchi patterns 337 

are detected, shows indexing of different crystal orientations of talc. This means that mis-338 

indexing of multiple directions can occur during EBSD mapping of a talc grain. In particular, 339 

strong concentrations of a- and b-axes occur every 30º of rotation on the (001) plane of talc, 340 

as shown in Figs. 4 and 5. 341 

 342 

3.2. Verification of mis-indexing of talc in EBSD by FIB-TEM analysis 343 

In our sample, we observed EBSD mis-indexing associated with 30º rotations around a pole 344 

to the (001) plane of talc (Figs. 4 and 5). It is desirable to find ways to correct mis-indexed 345 

orientation data for talc. Such data are particularly common when data associated with 346 

relatively high MAD values are used. As a result of comparing the orientation data filtered 347 

using gradually decreasing MAD values from a maximum of 2.0º to 0.5º, we found that the 348 

directions of the strongest concentrations of a- and b-axes change when filtered with MAD 349 

values of less than 1.5º and 1.3º, respectively (Fig. 5).  350 

In addition, in order to determine appropriate MAD values for filtering in the EBSD 351 

measurement of talc, we performed TEM measurements of the crystallographic orientation 352 
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of a single grain of talc, showing numerous possible orientations when using different values 353 

of the MAD filter (Fig. 6). In TEM measurements, the diffraction spots along the c* direction 354 

show a periodicity of ~9.3 Å both in [100] and [010] zone axis patterns (Figs. 6e and 6f). 355 

There is no 18.5 Å periodicity which characterizes the monoclinic (C2/c) polytype, indicating 356 

that the present talc is actually the triclinic (C1") polytype. Therefore, in the present study, 357 

electron diffraction patterns along the [100] and [010] directions are indexed as triclinic (C1") 358 

polytype (density: 2.7758 (g/cm3), a = 5.29 (Å), b = 9.17 (Å), c = 9.46 (Å), α = 90.46º, β = 359 

98.68º, and γ = 90.09º; Perdikatsis and Burzlaff 1981), although EBSD patterns were indexed 360 

as monoclinic (C2/c) symmetry. Note, however, that the TEM analyses are probably 361 

comparable to the EBSD results in the context of the direction of crystal axes (see section 362 

4.1.2). In addition, streaks on TEM spots can be seen in the c* direction due to the micro 363 

twins and stacking faults. The thickness of talc grains is mainly ≤ ~1 μm (Fig. 6).  364 

 365 

4. Discussion  366 

4.1. CPO measurements of talc by EBSD  367 

4.1.1. Sample preparation of hydrous sheet silicates  368 

We successfully indexed Kikuchi patterns from a thin-section of talc schist cut parallel to the 369 

XY-plane using FE- and W-SEM-EBSD. However, it is difficult to obtain clear Kikuchi 370 

patterns from thin-sections cut parallel to the XZ- and YZ-planes.  371 

This result is consistent with previous results reporting sample preparation problems for soft 372 

sheet-structured minerals, such as graphite (hardness: 0.5–1) (Kouketsu et al. 2019), 373 

muscovite and chlorite (hardness: 2.5) (Inoue and Kogure 2012). In these mechanically weak 374 
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sheet silicates, surface damage on thin-sections cut normal to the foliation occurs due to shear 375 

in the direction normal to the (001) planes, even when treated with colloidal silica during the 376 

polishing process. This surface damage can remain after colloidal silica due to micro-bending 377 

of the (001) planes. Antigorite has a hardness of 3 and Nagaya et al (2017) show that Kikuchi 378 

patterns can be detected from both thin-section samples parallel and normal to the foliation. 379 

TEM observations of antigorite schist do not show the clear damage zone by micro-bending 380 

of (001) in thin-sections cut normal to the foliation (Nagaya et al. 2017). Therefore, when 381 

using samples composed mainly of mechanically weak sheet silicates with a hardness of less 382 

than 3 for EBSD measurements, the best results will be obtained from thin-sections cut 383 

parallel to the foliation. In addition to damage during polishing, the thinness of talc grains, < 384 

~1 μm (Fig. 6), may also contribute to difficulties in obtaining clear Kikuchi patterns in thin-385 

sections normal to the foliation. 386 

In contrast, for thin-sections cut parallel to the foliation, the damage zones of the sheet 387 

silicates are likely to be parallel to the (001) planes and to be relatively easily removed along 388 

the (001) planes due to anisotropic crystalline bond strengths, and mechanical distortion due 389 

to micro-bending can be limited in this orientation. The crystal bond strengths are thought to 390 

be closely related to the linear bulk moduli and minerals that show a strong crystallographic 391 

control on this property are likely to undergo exfoliation in specific orientations. Platy 392 

minerals commonly exhibit a linear bulk modulus normal to the (001) plane that is much less 393 

than parallel to the same plane; examples of these ratios are ~55–70% for chlorite (e.g. 394 

Mookherjee & Mainprice, 2014), 31–45% for antigorite (e.g. Capitani and Stixrude 2012), 395 

~15–21% for muscovite (e.g. Ortega-Castro et al., 2010), ~14–33% for talc (e.g., Stixrude 396 
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2002; Gatta et al., 2013) and ~3% for graphite (e.g. Wang et al., 2012). TEM observations of 397 

a thin-section parallel to the foliation in the present study are in agreement with these results 398 

for antigorite and show no clear surface damage on the talc surface. Therefore, well-polished 399 

surfaces of sheet silicates suitable for EBSD measurements are preferentially developed in 400 

sections parallel to the foliation, even when using samples composed mainly of mechanically 401 

weak sheet silicates with a hardness of less than ~3. In addition, the talc schist used in the 402 

present study consists mainly of talc and the contrast of hardness within a thin-section sample 403 

is very low, which may make it easy to make a uniformly well-polished surface. However, 404 

when making a thin-section of a sample that consists of multiple minerals of different 405 

hardnesses, mechanically weak minerals such as talc, brucite and chlorite in antigorite 406 

serpentinite, and graphite and muscovite in quartzite can be indented on the thin-section 407 

surface relative to the harder minerals. It is not easy to polish these indented portions. In 408 

addition, the electron beam cannot reach indented portions of a thin-section because the 409 

surface is tilted to 70°. Thus the topography created by differential hardness increases the 410 

difficulty in obtaining EBSD patterns from soft minerals, and likely contributes to low raw 411 

index rates for soft minerals, even in thin-sections cut parallel to the foliation.  412 

 413 

4.1.2. MAD filtering and the quality of resulting EBSD data of talc 414 

The talc in the present study was most often indexed as monoclinic talc. However, it is 415 

difficult to distinguish between the crystal systems of talc using EBSD because the mean 416 

angular deviations (MADs) between Kikuchi patterns from databases of monoclinic and 417 

triclinic talc are only up to 2–3º, which is very near the threshold for acceptance in EBSD 418 
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indexing of talc (0.5–2.0°). In addition, the number of Kikuchi bands and the magnitude of 419 

the crystal structure factor, which are used to index the detected Kikuchi pattern and the 420 

determination of the crystal orientation in the EBSD measurement, are also important for the 421 

accuracy of the indexing. In general, indexing by EBSD can be controlled by the larger 422 

crystal structure factor compared to indexing by TEM. These mean that both databases of 423 

monoclinic and triclinic talc have the possibility to be indexed in EBSD measurements unless 424 

one of two crystal systems fits the detected Kikuchi patterns with very low angular difference. 425 

Therefore, in theory, it is possible to identify the crystal system of talc when the acceptable 426 

angular difference between the detected and indexed Kikuchi patterns is very low. However, 427 

in this case the indexing rate will also be very low. In addition, the present study shows that  428 

talc is identified by EBSD as monoclinic even after filtering using very low MAD values. In 429 

contrast TEM measurements identify the talc as triclinic.  430 

In addition to the small angular differences among different crystal systems of talc and among 431 

different databases of talc, even if the same database of talc is used, similar diffraction 432 

geometries and predicted Kikuchi patterns are simulated when the crystal is rotated around 433 

the direction normal to the (001) plane (even in the case of triclinic talc, the values of α and 434 

γ are approximately right angles: (90 - α)º or (90 - γ)º < ~0.5º). Therefore, the mis-indexing 435 

of a- and b-axes of talc rotated around the direction normal to the (001) plane is the most 436 

common mis-indexing pattern of talc in EBSD measurement. This is consistent with the case 437 

of mis-indexing in EBSD measurements of antigorite, another example of a hydrous sheet-438 

silicate mineral (Nagaya et al. 2017). This earlier study showed that reliable CPO patterns of 439 

antigorite were obtained by filtering the data using a maximum mean angular difference 440 
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between the detected and indexed Kikuchi patterns of 0.7º for measurements normal to the 441 

foliation.  442 

Based on the TEM measurements in the present study, the talc grain was identified as triclinic, 443 

and its crystal orientation is in close agreement with the orientation shown by EBSD mapping 444 

using a relatively low MADmax filtering of 1.3–0.5º (Figs. 5 and 6). This means that 445 

differences in crystal systems of talc do not have a significant effect on the resulting CPO 446 

irrespective of the crystal system used for EBSD measurement. In addition, this comparison 447 

of EBSD results with TEM measurements is consistent with a general understanding that 448 

results with lower MAD values are more reliable than those with higher MAD values. 449 

However, using an MAD value of less than 0.5º, imposes excessively severe restrictions on 450 

the data, and the data accepted for analysis are drastically reduced in number. In our 451 

measurements, indexing points with MAD values of less than 0.5º make up approximately 452 

9% of all points with MAD values of less than 2.0º. Limiting the orientation data using 453 

excessively low MAD values may lead to selective filtering out of certain crystal directions 454 

(Nagaya et al. 2017). Therefore, we propose using an MADmax of 1.3–0.7º for talc CPO 455 

analysis of planes parallel to the foliation. For the single grain of talc used in the present 456 

study, even if the MADmax filtering of 1.3–0.7º is used some incorrect indexing still occurs 457 

(Fig. 5) mainly associated with rotation about the direction normal to the (001) plane. EBSD 458 

indexed points in agreement with the TEM measurement within the range of ~20º make up 459 

approximately 29% to 32% for the [100] and [010] directions (a- and b-axes) and 460 

approximately 85% to 94% for the direction normal to the (001) plane (sub-normal to c-axis) 461 

of all points after filtering the data (Table 1). However, the strongest orientations for the [100] 462 



Revision 2 

22 

and [010] directions and the direction normal to the (001) plane of talc and the overall CPO 463 

pattern do not show significant changes when the MADmax filtering criteria is lowered from 464 

1.3º to 0.7° and these orientations are in agreement with the TEM results.  465 

In the present study, the talc CPO could not be obtained from samples normal to the foliation. 466 

The EBSD maps of talc (and tremolite) in the large areas (Area 1 in Figs. 2b through 2d and 467 

Areas 2 and 3 in Figs. 3b and 3c) show a lower raw indexing rate of ~8–19%, as compared 468 

to a raw indexing rate of ~25% within a talc single crystal (Area 5 in Fig. 4b). The EBSD 469 

mapping of numerous grains generally shows a lower raw indexing rate due to the grain 470 

boundaries and the distribution of minor constituent minerals that are not selected to be 471 

indexed, in addition to the grain surfaces of talc (and tremolite) with a damage zone related 472 

to the polishing issues. Significant differences in raw indexing rates for different sections 473 

(e.g. foliation-parallel versus foliation-perpendicular) raises the possibility that specific 474 

orientations are underrepresented in the final CPO due to the combination of (1) poor 475 

indexing when EBSD measurements are made for some particular crystal orientations of talc 476 

and (2) the strong, crystallographically-controlled grain shape fabric resulting in a greater 477 

probability of a particular direction of the talc grains intersecting with the observed section. 478 

The strength of Kikuchi patterns may also depend on the orientation of the crystal plane being 479 

measured. Therefore, the presence of weak Kikuchi patterns due to the specific crystal 480 

orientations may also related to the raw indexing rates and mis-indexing in addition to issues 481 

of polishing and measuring conditions and similar EBSD patterns of talc. Even if the 482 

crystallographic orientation could not be determined, such specific crystal planes are likely 483 

to be observable in the Band Contrast images. Due to the strong relationship between talc 484 
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grain shape and crystallographic orientation, such grains should also show similar shapes. 485 

However, in the present study, we were not able to find non-indexed talc grains with specific 486 

grain shapes from BC images (Figs. 2 and 3). An additional concern is the possibility that 487 

EBSD measurement using a thin-section parallel to the foliation may show the apparently 488 

exaggerated concentration of the (001) planes of the sheet silicates due to the relatively large 489 

area of sheet silicates lying at a low angle to the foliation compared to the area of sheet 490 

silicates at a high angle to the foliation (e.g., Bachmann et al. 2011; Nagaya et al. 2017; 491 

Morales et al. 2018). This matter of concern regarding the geometry between the sample 492 

structure and the measurement surface has been problematic when the accuracies of the 493 

measurement results for physical properties of sheet silicates are evaluated for the bulk rock 494 

seismic velocity and anisotropy obtained from experiments using natural samples (e.g. Ji et 495 

al. 2013; Watanabe et al. 2014) and calculated from EBSD data derived from manual 496 

indexing (e.g. Nishii et al. 2011), as well as EBSD mapping. However, TEM observations of 497 

the plane normal to the foliation of the talc schist in this study show that talc grains lying at 498 

a high angle to the foliation are rare (Fig. 6). This is consistent with SEM observations of the 499 

talc schist that show it consists of mainly platy planes of talc at a low angle to the foliation 500 

(Figs. 3a and 4a). These observations suggest the EBSD talc mapping showing a very strong 501 

concentration of (001) planes is a reasonable result. 502 

Regarding the uncertainty of the a- and b-axes on the (001) plane of sheet silicates, in the 503 

case of the antigorite CPOs reported by Nagaya et al. (2017), the CPO obtained from the 504 

samples parallel to the foliation of antigorite serpentinite shows the same pattern and strength 505 

as the CPO measured from the samples normal to the foliation and filtered using the lower 506 
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MAD values (< ~0.7°). In addition, the examples of antigorite show small differences in 507 

seismic velocity along the a- and b-axes when compared to the c-axis (Bezacier et al. 2010; 508 

Mookherjee and Capitani 2011), which is similar to the pattern for talc (Mainprice et al. 2008). 509 

The antigorite examples also display similar bulk seismic properties derived from antigorite 510 

CPO regardless of the prepared sample plane (e.g., Nishii et al. 2011; Morales et al. 2018). 511 

Therefore, after filtering by the MAD values, the strongest orientation of each axis of the 512 

CPO and the resulting characteristics of the seismic anisotropy (e.g., the orientations of the 513 

strongest AVs and the fastest Vp and Vs, and the polarization directions of the fast S-waves) 514 

will not change significantly depending on the used thin-section plane (parallel or normal to 515 

the foliation) in cases of sheet silicates including talc. However, the results of grain-size 516 

analyses based on the EBSD mapping may not necessarily appear the same depending on the 517 

sample preparation plane (parallel or normal to the foliation), such as antigorite serpentinite, 518 

as demonstrated by Morales et al. (2018). 519 

In summary, the combination of TEM and EBSD studies presented here combined with 520 

filtering of the EBSD results using MADmax values (1.3–0.7°) can be used to obtain a reliable 521 

talc CPO for thin-sections made parallel to the foliation. Filtering of data using MAD values 522 

reduces mis-indexing and helps improve the accuracy of the results. This is particularly 523 

effective for poles to (001) planes. However, significant mis-indexing issues associated with 524 

30º, 60º, and 90º rotations on the (001) plane of talc are more difficult to address. Strong 525 

concentrations of the a- and b-axes of talc can be seen on the foliation after the MAD filtering 526 

(Figs. 2(e), 3(d), and 3(e)). However, the mis-indexing issues imply the true concentrations 527 

of a- and b-axes of talc are likely to be stronger. Such uncertainties in the concentrations of 528 
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a- and b-axes are unlikely to significantly affect the results regarding seismic anisotropies of 529 

talc schist, because of the similarity of the seismic properties between the a- and b-axe of 530 

talc.  531 

 532 

4.2. Seismic anisotropy of talc schist  533 

Talc shows different single-crystal elastic constants depending on the crystal system (triclinic 534 

or monoclinic), and the seismic anisotropy of a single talc crystal is affected by the  535 

differences between the monoclinic and triclinic structures in terms of the strength of 1) the 536 

velocity anisotropies of fast and slow shear waves (S-waves) and P-waves, 2) the polarization 537 

directions of the fast S-waves (fast direction), and 3) the delay time of the S-wave splitting 538 

defined as the time lag between Vs1 and Vs2 (Mainprice et al. 2008). The single grain of 539 

triclinic talc shows a larger range of S-wave velocities and can show much lower S-wave 540 

velocities than monoclinic talc: Vs1 = 3.02–5.37 km/s and Vs2 = 2.01–3.93 km/s for triclinic 541 

talc single crystal, and Vs1 = 3.78–5.38 km/s and Vs2 = 3.42–4.34 km/s for monoclinic talc 542 

single crystal at room pressure (Mainprice et al. 2008) (Figs. 7 and 8). In addition, a single 543 

grain of triclinic talc shows much stronger S-wave anisotropy than monoclinic talc: the 544 

polarization anisotropy of S-waves owing to S-wave splitting, AVs, for triclinic and 545 

monoclinic talc single crystals are ≤  ~86% and ≤  ~32% at room pressure, respectively 546 

(Mainprice et al. 2008) (Figs. 7 and 8). It is therefore suggested that the difference between 547 

the talc crystal systems strongly affects the S-wave anisotropy of talc-rich rocks (Mainprice 548 

et al. 2008) (Figs. 7 and 8). Although the difference between the anisotropies of P-waves 549 

(AVp) of triclinic and monoclinic talc single crystals is relatively small compared with AVs, 550 
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the anisotropies of P-waves of talc single crystals are very strong and low Vp values can be 551 

shown depending on the seismic ray paths regardless of the crystal systems of talc (Vp = 552 

3.94–9.13 km/s and AVp ≤ ~79% for triclinic, and Vp = 4.40–9.66 km/s and AVp ≤ ~75% 553 

for monoclinic, at room pressure) (Mainprice et al. 2008) (Figs. 7 and 8). In addition, P-554 

waves are likely to be slower when seismic waves propagate sub-normal to the basal plane 555 

of talc, regardless of the crystal system of talc. For a tremolite single crystal, high Vp and 556 

strong AVs values are shown on the plane sub-normal to [100] of tremolite. However, the 557 

strength of the AVp and AVs of a tremolite single crystal is weaker than that for single crystals 558 

of triclinic or monoclinic talc: Vp = 6.65–7.96 km/s, AVp ≤ ~40%, Vs1 = 4.20–4.70 km/s, 559 

Vs2 = 4.05–4.45 km/s and AVs ≤ ~29% (Figs. 7 and 8). 560 

We calculate the seismic anisotropies of the talc aggregate and the tremolite aggregate based 561 

on CPO patterns of talc and tremolite of Fig. 3(d) obtained by EBSD mapping in the present 562 

study in order to calculate the seismic anisotropy of talc schist as a bulk rock (Figs. 9 and 563 

10). The effect on seismic anisotropy caused by differences in the crystal systems of talc in  564 

talc aggregates is similar to the case of a single talc crystal. Even if differences in averaging 565 

schemes for the aggregates are taken into consideration, an aggregate of triclinic talc can still 566 

show slower S-wave velocities than an aggregate of monoclinic talc: Vs1 = 2.72–5.22 km/s 567 

and Vs2 = 2.53–3.79 km/s for triclinic talc aggregate, and Vs1 = 4.00–5.21 km/s and Vs2 = 568 

3.57–4.26 km/s for monoclinic talc aggregate at room pressure (Figs. 9 and 10). In addition, 569 

the triclinic talc aggregate shows much stronger S-wave anisotropy than the monoclinic talc 570 

aggregate: AVs for triclinic and monoclinic talc aggregates are ≤ ~47–58% and ≤ ~22–24% 571 

at room pressure, respectively (Figs. 9 and 10). AVp values of talc aggregate can be large 572 
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regardless of the crystal systems of talc: Vp = 3.06–8.69 km/s and AVp ≤ ~71–83% for 573 

triclinic, and Vp = 4.25–9.39 km/s and AVp ≤ ~65–69% for monoclinic at room pressure 574 

(Figs. 9 and 10). In addition, P-waves and AVs are predicted to be faster and stronger, 575 

respectively, when seismic waves propagate sub-parallel to the foliation of the talc aggregate. 576 

In addition, in this case, the fast direction parallel to the foliation and larger delay time are 577 

also predicted. For a tremolite aggregate, high Vp and strong AVs values are predicted on the 578 

plane sub-parallel to the foliation of tremolite aggregate, as well as talc aggregate. In addition, 579 

the fast direction parallel to the foliation and larger delay time are also predicted when the 580 

seismic waves propagate sub-parallel to the foliation of the tremolite aggregate. However, 581 

the strengths of the AVp and AVs of tremolite aggregate are much weaker than those of talc 582 

aggregate: Vp = 6.48–8.19 km/s, AVp ≤ ~18%, Vs1 = 4.11–4.81 km/s, Vs2 = 3.95–4.57 km/s, 583 

and AVs ≤ ~13% (Figs. 9 and 10). The similarity of the relationship between the geometry 584 

of seismic ray paths and the patterns of anisotropies (including the velocities of P- and S-585 

waves and the fast direction of S-waves due to S-wave splitting) means that the anisotropies 586 

of P- and S-waves of talc-tremolite aggregates are predicted to be weaker than talc-only 587 

aggregates and stronger than tremolite-only aggregates, and strong AVs values with the fast 588 

direction parallel to the foliation are predicted for propagation directions sub-parallel to the 589 

foliation.  590 

To model the bulk rock of the talc-tremolite aggregate as talc schist, we used the talc and 591 

tremolite CPOs of Fig. 3 and a volume ratio for talc:tremolite of 70.9:29.1. The calculation 592 

of talc schist in the present study indicates that even if differences in averaging schemes are 593 

taken into consideration, talc schist using triclinic talc (triclinic talc schist) can also show 594 
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lower Vs and stronger AVs values than talc schist using monoclinic talc (monoclinic talc 595 

schist): Vs1 = 2.95–5.09 km/s, Vs2 = 2.77–4.20 km/s, and AVs ≤ ~34–49% for triclinic talc 596 

schist, and Vs1 = 4.03–5.08 km/s, Vs2 = 3.70–4.31 km/s, and AVs ≤ ~19–20% for monoclinic 597 

talc schist at room pressure (Figs. 11 and 12). Both triclinic and monoclinic talc schists show 598 

strong AVp values: Vp = 3.41–8.51 km/s and AVp ≤ ~48–73% for triclinic talc schist, and Vp 599 

= 4.57–9.00 km/s and AVp ≤ ~48–58% for monoclinic talc schist at room pressure (Figs. 11 600 

and 12). When the seismic waves propagate at a low angle to the plane parallel to the foliation 601 

of triclinic and monoclinic talc schists, a faster Vp, a stronger AVs, and larger delay are 602 

predicted. This means that when S-waves propagate sub-parallel to the foliation of the talc 603 

schist layer distributed parallel to the slab–mantle interface, S-wave splitting with the 604 

characteristics of trench-parallel fast direction of S-waves in the wedge mantle is predicted 605 

(Fig. 11).  606 

Here, we compare the seismic anisotropy of talc schist with antigorite-serpentinite, which is 607 

predicted to be widely distributed in the hydrated wedge mantle of subduction zones. Lower-608 

Vp, lower-Vs, and higher-Vp/Vs domains, as compared to dry olivine-rich domains, have 609 

been used as the indicator to find domains of highly hydrated wedge mantle in subduction 610 

zones (e.g., Nagaya et al. 2016). In addition, the detection of small differences in seismic 611 

observations of velocities (Vp and Vs) and Vp/Vs ratio within hydrated wedge mantle are 612 

thought to also be useful for finding talc-rich domains and SiO2-rich aqueous fluid pathways 613 

within the serpentinized mantle and estimate the degree of alteration of serpentinite (Kim et 614 

al. 2013; Falcon-Suarez et al. 2017). The present study shows that S-waves that propagate 615 

normal to the foliation of talc schist can exhibit relatively low velocities, and when S-waves 616 
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propagate parallel to the foliation of talc schist, the AVs for triclinic talc schist is 617 

approximately twice as large as that for monoclinic talc schist at room pressure (Figs. 11 and 618 

12). However, antigorite schist shows a wide variation in Vs values (Vs1 = 2.91–4.84 km/s 619 

and Vs2 = 2.69–4.34 km/s at room pressure), and when S-waves propagate normal to the 620 

foliation of antigorite schist, antigorite schist can also show approximately equivalent or 621 

lower Vs than talc schist, when compared to triclinic and monoclinic talc schists, respectively 622 

(Figs. 11 and 12). Antigorite schist also shows a strong AVs when the S-waves propagate 623 

along the foliation, similar to that predicted for talc schist in the present study (Fig. 11). This 624 

figure is	slightly stronger for triclinic talc schist (≤ ~34–49%) than for monoclinic talc schist 625 

(≤ ~19–20%) (Fig. 12). The AVs for antigorite schist has been given as ≤ ~32–37% in many 626 

previous experimental and natural studies (e.g., Katayama et al. 2009; Hirauchi et al. 2010; 627 

Nishii et al. 2011; Brownlee et al. 2013; Nagaya et al. 2016). The peak for antigorite schist 628 

lies between the peaks for monoclinic and triclinic talc schist given in the present study. In 629 

addition, there is a possibility that triclinic talc-rich schist may show greater S-wave 630 

anisotropy than antigorite serpentinite as demonstrated by the greater S-wave anisotropy 631 

shown by single crystals of triclinic talc (AVs ≤ ~86%, Mainprice et al. 2008) than by single 632 

antigorite single crystals (AVs for antigorite single crystal ≤ ~75%, Bezacier et al. 2010; 633 

Mainprice et al. 2015) (Figs. 7 and 8). Mis-indexing of talc orientations may also reduce the 634 

estimated seismic anisotropy, so the true value should be higher. Therefore, the S-wave 635 

anisotropy of triclinic talc schist consisting of strong CPO may be useful for finding talc-rich 636 

domains within shallow parts, such as the oceanic lithosphere compared to a deeper domain, 637 

although the CPOs and seismic anisotropies of low-temperature serpentine minerals (lizardite 638 
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and chrysotile) predicted to be the dominant serpentine minerals in that domain are unclear.  639 

The Vp values and Vp/Vs ratios for S-waves that propagate normal to the foliation may also 640 

be useful to detect the presence of talc-rich domains, e.g. within fault zones in seafloor and 641 

the shallow slab–mantle interfaces in subduction zones. Although antigorite schist shows 642 

similar 3D seismic anisotropy characteristics to those of talc schist, when S-waves propagate 643 

normal to the foliation, talc schist can show significantly lower Vp values and Vp/Vs ratios 644 

than the antigorite schist at shallow parts (Figs. 11 and 12). 645 

It is important to note that the seismic anisotropy of talc significantly decreases with 646 

increasing pressure: AVsmax values for talc single crystals decrease from 32% to 26% for 647 

monoclinic talc and 85% to 65% for triclinic talc as pressure increases from 0 to ~0.9 GPa 648 

(Mainprice et al. 2008) (Figs. 7 and 8). In addition, the AVs values for the talc schist in the 649 

present study changes from ≤	~19–20% at room pressure to ≤	~17–18% at 0.9 GPa, 650 

assuming monoclinic talc grains, and from ≤ ~34–49% at room pressure to ≤ ~30–37% at 651 

0.9 GPa, assuming triclinic talc grains (Figs. 11 and 12). In contrast, the pressure dependence 652 

of the AVs of antigorite is weak at pressures less than ~6 GPa (Mookherjee and Capitani 653 

2011).  654 

The strong pressure dependence of talc seismic anisotropy means that at high P, antigorite 655 

schist can show slower S-waves and higher Vp/Vs ratios than talc schist; the range of possible 656 

AV values of antigorite schist covers the range for talc schist. Therefore, studies of seismic 657 

anisotropy are likely to be insufficient to distinguish talc-rich and antigorite-rich serpentinite 658 

regions in deeper domains of subduction zones even by careful consideration of elastic 659 

anisotropies of mineral CPOs combined with Vs and Vp/Vs and anisotropy estimates (delay 660 
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time and fast direction due to S-wave splitting and Vs anisotropy) (e.g., Brownlee et al. 2013; 661 

McCormack et al. 2013; Nagaya et al. 2016).  662 

As well as the range of Vs of talc schist, when considering the effect of the pressure, the 663 

possible range of Vp of talc schist is predicted to be smaller in a deep domain. However, Vp 664 

of talc single crystal can show much slower values than antigorite single crystal (Vp = 4.40–665 

8.84 km/s and Vp = 4.75–9.44 km/s for triclinic and monoclinic single crystal, respectively, 666 

at 0.9 GPa, and Vp = 5.49–8.92 km/s for antigorite single crystal) (Fig. 8). In addition, as 667 

well as Vp and AVp of talc schist within the shallow domain, Vp and AVp of talc schist can 668 

also show slower and stronger values than antigorite schist at 0.9 GPa: Vp = 5.11–8.43 km/s 669 

and AVp = 37–42% for triclinic talc schist, and Vp = 5.23–8.88 km/s and AVp = 41–45% for 670 

monoclinic talc schist at 0.9 GPa, and Vp = 5.62–8.61 km/s and AVp ≤  ~33–35% for 671 

antigorite schist. Therefore, if S-waves with different ray paths through the same anisotropic 672 

domain show a larger variation in Vp values than that predicted in antigorite schist, this 673 

anisotropic domain may be composed of talc schist. In addition to these characteristics, talc-674 

rich domains may be distinguished from antigorite-rich domains by their higher electrical 675 

resistivity, lower permeability, and higher magnetic susceptibility (Falcon-Suarez et al. 2017), 676 

although the effect of the anisotropies of talc- and antigorite schists on these properties 677 

remains unclear.  678 

Talc-rich rocks formed by Si-metasomatism of ultramafic rocks can be widely stable from 679 

shallow domains such as ocean floor spreading centers (experimental studies (e.g., Allen and 680 

Seyfried 2003; Hirauchi et al. 2016; Oyanagi et al. 2019), the Gulf of California spreading 681 

center (Lupton 1979; Lonsdale et al. 1980), the Mid-Atlantic Ridge (Escartín et al. 2003; 682 
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Bach et al. 2004; D’Orazio et al. 2004; Boschi et al. 2006a, b), the American-Antarctic Ridge 683 

(D’Orazio et al. 2004), the Central Indian Ridge (Morishita et al. 2009), and Cerro del 684 

Almirez, Spain (the paleo-seafloor) (Marchesi et al. 2013)) to the deeper domains, such as 685 

slab-mantle interfaces in subduction zones (experimental studies (e.g., Hirauchi et al. 2013), 686 

the Catalina Schist, Santa Catalina Island, California, USA (Platt 1975; Sorensen 1988; 687 

Bebout and Barton 1989, 1993, 2002; Sorensen and Grossman 1989; Grove and Bebout 1995; 688 

King et al. 2006; Penniston-Dorland et al. 2014), Trinity thrust zone, California, USA 689 

(Peacock 1987), the Shuksan Suite, Washington, USA (Brown et al. 1982; Sorensen & 690 

Grossman 1993), Port Macquarie, Australia (Och et al. 2003), New Caledonia (Fitzherbert et 691 

al. 2004; Spandler et al. 2008), Nushima, Sanbagawa belt, Japan (Maekawa et al. 2004), 692 

Sistan Suture Zone, Iran (Fotoohi Rad et al. 2005), Cyclades, Greece (Miller et al. 2009; 693 

Marschall and Schumacher 2012; Cooperdock et al. 2018), Rio San Juan Complex, 694 

Dominican Republic (Escuder-Viruete et al. 2011; Marschall and Schumacher 2012), 695 

Livingstone Fault, New Zealand (Scott et al., 2019; Tarling et al., 2019a, 2019b), and Mariana 696 

forearc (Pabst et al. 2012)). Therefore, it is also important to clarify the minimum range of a 697 

talc-rich layer detectable by seismic observations. The measurements of the larger delay time 698 

of S-waves due to the stronger AVs values of talc and antigorite CPO may enable us to 699 

identify the distribution of hydrated mantle domains by comparing them with the predicted 700 

delay time within peridotite-rich dry mantle with B-type olivine CPO which is generally 701 

thought to be a cause of the trench-parallel fast direction in subduction zones (Faccenda et 702 

al. 2008; Kneller et al. 2008; Katayama et al. 2009; Bezacier et al. 2010; Mookherjee and 703 

Capitani 2011; Nagaya et al. 2016). Based on the present study, if we use the delay time of 704 
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S-waves to find the talc-rich layer, a talc layer with a thickness of at least ~1 to ~30 km is 705 

needed to cause a delay time of 0.1 to 1.0 s (Fig. 13). The estimated thickness of the talc-rich 706 

layer is much thinner compared to the B-type olivine-rich domain (~10–30%) (Fig. 13). 707 

However, the field studies for the metasomatic layers, including chlorite, Ca-amphiboles, and 708 

talc, derived from subduction zones have reported outcrops of talc-rich layer, mainly having 709 

a layer thickness of a few meters, and outcrops of chlorite and/or Ca-amphiboles layers that 710 

may include talc have a thickness of up to a hundred and some tens meters (e.g., Peacock and 711 

Hyndman 1999; Marschall and Schumacher 2012), as well as oceanic lithosphere (e.g., 712 

Boschi et al. 2006a). The estimation of the thickness of the talc layer in subduction zones 713 

depends on the variation of the P–T conditions, bulk rock chemistry, fluid components, and 714 

the time integrated fluid flux (e.g., Peacock and Hyndman 1999; Manning 1995, 1997). 715 

Uncertainties in fluid flux and permeabilities at high pressure are particularly large implying 716 

that obtaining reliable quantitative estimates of talc zone thicknesses from these parameters 717 

remains a challenging task. Although the exposed weak talc layer may easily disappear due 718 

to weathering, the possibility that the talc layer with a thickness on the scale of kilometers is 719 

formed at seafloors or slab-mantle interfaces in subduction zones may be low. In order to 720 

detect a talc layer with a thickness of tens to a hundred meters, very high-accuracy S-wave 721 

splitting observations that can determine the delay time on the order of ~0.001 to 0.01 s may 722 

be required. Therefore, it is difficult at present to detect and identify a talc-rich layer from S-723 

wave splitting observations, and further improvement of the resolution of geophysical 724 

observations and resulting tomography, including the electrical resistivity, permeability, and 725 

magnetic susceptibility, is needed.  726 
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 727 

4.3. Frictional anisotropy of talc schist 728 

In general, the friction coefficients of platy minerals including talc are controlled by the low 729 

frictional behavior on the (001) plane (e.g., Moore and Lockner 2004; Hirauchi et al. 2013; 730 

Campione and Capitani 2013; Kawai et al. 2015). Friction experiments for sheet-structured 731 

minerals suggest that single crystals have lower friction coefficients than powdered samples 732 

used as starting materials without any strong CPO patterns, because the sliding of a single 733 

crystal is accommodated along the weakest (001) plane, whereas the sliding of a powder 734 

sample of a sheet-structured mineral is more complicated and the friction coefficient of a 735 

powder sample is strongly affected by the degree of alignment of the (001) plane (e.g., Moore 736 

and Lockner 2004; Kawai et al. 2015). Therefore, the friction coefficient of talc schist with a 737 

strong CPO obtained in the present study is at most equivalent to or lower than those of 738 

powdered samples reported in experimental studies of talc. This implies that the frictional 739 

behavior of the slab-mantle interface in the wedge of the subduction zone may be 740 

significantly controlled by the low friction coefficient on the (001) plane of talc, and the 741 

predicted value of the slab-mantle interface can be lower (μ ≤ ~0.05) than that estimated 742 

from deformation experiments of talc (μ > ~0.05) (e.g., Escartin et al. 2008; Moore and 743 

Lockner 2008; Viti 2011). The friction coefficient on the (001) plane of pyrophyllite 744 

(Al4Si8O20(OH)4)—a member of the pyrophyllite-talc group, which is a hydrous silicate with 745 

substitution of Al for Mg ions and has a similar crystal structure to talc (Mg3Si4O10(OH)2) 746 

(e.g., Rayner and Brown 1966; Kloprogge 2017)—is 0.03 (Bucholz et al. 2012), supporting 747 

our idea that talc schist with a strong CPO may have a low friction coefficient (μ ≤ ~0.05).  748 
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The formation of a CPO in talc can significantly reduce the friction coefficient of talc-bearing 749 

serpentinite. Therefore, the discussions regarding the timing and mechanism of the CPO in 750 

talc may also be important to evaluate the association with aseismic fault movement (Moore 751 

and Rymer 2007; Collettini et al. 2009) and the initiation of plate tectonics (Hirauchi et al. 752 

2016; Karato and Barbot 2018) in addition to the coupling degree and the steady slip at the 753 

slab-mantle interface in subduction zones. However, unfortunately, in the present study, the 754 

talc CPO pattern with the a-axes parallel to the lineation and the c-axes sub-normal to the 755 

foliation is consistent both with the results of frictional experiments and the growth alignment 756 

seen in fibrous talc aggregates. In frictional experiments of sheet-structure minerals, the 757 

highly localized shear zone and the strong alignment of the (001) plane are commonly 758 

reported (e.g., Moore and Lockner 2004; Hirauchi et al. 2013; Campione and Capitani 2013; 759 

Kawai et al. 2015), and the long axes of the grains and (001) plane of deformed talc grains 760 

are generally oriented parallel to the shear direction and shear plane, respectively 761 

(Boutareaud et al. 2012). In contrast, in many cases, the long axis of talc fiber is also parallel 762 

to the a-axis of talc (e.g., Ball and Taylor 1962). Therefore, the timing and mechanism to 763 

develop talc CPO is unclear: growth with a preferred crystallographic orientation (e.g., 764 

epitaxial and topotaxial grain growth processes) unrelated to deformation, or related to the 765 

development of high strain zones such as the plate boundary by processes including frictional 766 

sliding, dissolution-precipitation creep and plastic deformation (e.g., Escartín et al. 2008; Viti 767 

and Collettini 2009; Collettini et al. 2009). In addition, information regarding the frictional 768 

anisotropy on the (001) plane of talc is essential to calculate the frictional property along the 769 

a- or b-axes of talc. The degree of connection of layers and patches of talc as a mechanically 770 
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weak phase in talc-bearing antigorite-serpentinite may affect the bulk rock rheology, as 771 

indicated in the examples of pargasite and phlogopite in peridotite within the upper mantle 772 

(Tommasi et al. 2017). In order to discuss the relationship with seismic events, in addition to 773 

the frictional coefficient of the talc-rich layer, it is also necessary to investigate the effective 774 

stress in talc-rich layers at various depths, the effects of other minor constituent minerals on 775 

the shear strength including the influence of the networking of mechanically weak minerals. 776 

Therefore, further investigations are necessary to facilitate more detailed discussions and 777 

clarify the implications regarding the frictional properties of talc-rich layers in subduction 778 

zones and the coupling degree at the slab–mantle interface.  779 

 780 

5. Implications 781 

The use of EBSD has improved our knowledge of crystal preferred orientation patterns in a 782 

wide variety of rock types and helped characterize their mechanical properties. A broad group 783 

of hydrous sheet silicates including talc and clay minerals are an important part of many fault 784 

zones and shear zones (e.g., Summers and Byerlee 1977; Wu 1978; Deng and Underwood 785 

2001; Solum et al. 2006). Despite the potential importance of determining the anisotropy of 786 

such mechanically weak minerals, it has been difficult to determine the CPO patterns by 787 

EBSD. Recently, Nagaya et al (2017) outlined a procedure that has been successful in 788 

analyzing CPO of antigorite. Here, we expanded this approach to talc and obtained the crystal 789 

orientations of talc grains from EBSD maps for talc schist formed due to Si-metasomatism 790 

by subduction zone fluids from exotic ultramafic blocks within the Franciscan Complex from 791 

Jade Cove, and calculated the talc CPO at the slab–wedge mantle boundary (< ~450–500 ºC) 792 
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in the subduction zone. The CPO in talc schist shows that the [100] directions and the 793 

directions normal to the (001) plane of talc are strongly concentrated parallel to the lineation 794 

and normal to the foliation of the schist, respectively. The [010] directions of talc are strongly 795 

concentrated parallel to the foliation and normal to the lineation.  796 

The combination of TEM and EBSD observations of talc grains implies that the use of EBSD 797 

orientation data of talc grains with MAD values in the range of less than 1.3º to less than 0.7º 798 

enables us to obtain a relatively accurate talc CPO when using the thin-section parallel to the 799 

foliation of talc schist. The use of the thin-section parallel to the foliation and the EBSD 800 

procedure in the present study may also enable a uniformly polished sample surface to be 801 

obtained, even for mechanically weak sheet silicates with a hardness of less than ~1–3, which 802 

results in a good indexing EBSD map and sufficient orientation data to define accurate CPOs. 803 

As with talc, CPO measurements of most clay minerals, including smectite, have not been 804 

reported. The methods used in the present study may be applicable to other mechanically-805 

weak minerals, such as clay minerals. Smectite concentration has been found from fault zones 806 

of Tohoku-Oki (Kameda et al. 2015) and inland faults (Ohtani et al. 2000; Kuo et al. 2006). 807 

The clay minerals also develop a strong alignment, as in the case of talc, and may impart 808 

strong physical anisotropies to the fault zone. The strong anisotropy in the concentrated layer 809 

of clay minerals may also result in permeability anisotropy and affect effective stress 810 

estimations within the fault zone. The success of EBSD mapping of talc in the present study 811 

provides a base for future investigation and discussion of the existence of a region of talc 812 

along the subduction boundary, and anisotropy studies using EBSD measurements of 813 

mechanically weak minerals, such as the hydrous sheet silicates and clay minerals.  814 
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In addition, our calculation of seismic anisotropy shows that antigorite and talc schists have 815 

similar 3D seismic anisotropy characteristics. However, when S-waves propagate normal to 816 

the foliation talc schist can show significantly lower Vp values and Vp/Vs ratios than the 817 

antigorite schist at shallow parts. Therefore, in order to find talc-rich domains, the 818 

observation of Vp values and Vp/Vs ratios may be also useful by selecting the values of S-819 

waves that propagate normal to the foliation within fault zones in the seafloor and the shallow 820 

slab–mantle interfaces in subduction zones.  821 

It is also important to note that the seismic anisotropy of talc schist shows a greater decrease 822 

with increasing pressure compared to antigorite schist. Therefore, in deeper domains, 823 

antigorite schist can show slower S-waves and higher Vp/Vs ratios than talc schist, and AVs 824 

of antigorite schist covers the possible range of AVs values of talc schist. It is expected to be 825 

difficult to distinguish talc-rich regions in deeper domains within subduction zones from 826 

antigorite-rich serpentinite regions by seismic anisotropy modeling combined with the elastic 827 

anisotropies of mineral CPOs and seismic observations of Vs, Vp/Vs and S-wave splitting. 828 

However, Vp and AVp of talc schist can also show slower and stronger values, respectively, 829 

compared to antigorite schist at 0.9 GPa. Therefore, if S-waves with different ray paths 830 

through the same anisotropic domain show a larger variation in Vp values than that predicted 831 

in antigorite schist, this anisotropic domain may be composed of talc schist. In addition to 832 

seismic velocities and anisotropies of P- and S-waves, the combination of other geophysical 833 

observations, such as higher electrical resistivity, lower permeability, and higher magnetic 834 

susceptibility within hydrated mantle, may be effective to distinguish the talc-dominant 835 

regions from the antigorite-rich serpentinite regions, although the effect of the anisotropies 836 
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of talc- and antigorite schists on these properties remains unclear and the distribution of the 837 

talc-rich layer is predicted to be limited at the slab–mantle interface (at a thickness of from a 838 

few meters to up to a hundred and some tens meters). 839 
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 1192 

Figure captions 1193 

Figure 1. Locality maps (a and b) of the study area on the west coast of central 1194 

California, and geological map (c) of the Franciscan Complex at Jade Cove. (a) 1195 

Simplified maps of California, USA, indicating the study area. (b) Coastline of central 1196 

California. The area of Fig. 1(c) is shown by a dashed line. (c) Expanded view of the 1197 

geological map of Jade Cove in the study area. The arrow shows the sample location. JKfm: 1198 

metagraywacke mélange matrix, JKfu: tectonic inclusions of ultramafic material, Qal: 1199 

quaternary cover alluvium, and Qls: landslide debris. Modified from King et al. (2003) and 1200 

Hirauchi and Yamaguchi (2007).  1201 

 1202 

Figure 2. EBSD mapping areas ((a) through (d)) and resulting talc CPO (e). (a) EBSD 1203 

mapping area (Area 1) in the backscattered electron composition (BEC) image of talc schist 1204 

from Jade Cove using a thin-section prepared parallel to the foliation. Purple points indicate 1205 

indexing points of talc. X and Z are parallel to the horizontal and vertical lines of the image, 1206 

respectively, and Y is normal to the XZ-plane. (b) Phase map of talc obtained by EBSD 1207 

mapping of Area 1. An enlarged BEC image of the region marked by the red border is shown 1208 

in Fig. 3. (c) Band contrast (BC) image of the EBSD mapping of Area 1. This image is 1209 



Revision 2 

56 

constructed based on the brightness of all detected Kikuchi bands. Arrows show the direction 1210 

of the relationships of the image plane with L (the mineral lineation) and S (the foliation). (d) 1211 

All Euler image on the BC image of Area 1. The indexing points in Figs. 1(a), 1(b), and 1(d) 1212 

show data for talc orientations with MAD values of less than 2.0º. None of the Channel5 1213 

correction functions were applied. A step size of 1 μm was used. (e) Talc CPO for the range 1214 

of MAD values of less than 1.3º calculated using talc orientation data obtained by EBSD 1215 

mapping of Area 1. The reference frame indicated by X, Y, and Z is the same as in Fig. 2(a) 1216 

and the Y-direction is normal to the foliation (N.B. this use is different from the standard use 1217 

of X, Y and Z to label the principle axes of finite strain). The CPO is presented in equal-area, 1218 

lower-hemisphere projections with the foliation parallel to the XZ plane. The open circles 1219 

represent the direction parallel to L. Open squares represent the directions of the strongest 1220 

concentrations. The contours of the color scales and associated numbers show multiples of 1221 

uniform distribution (m.u.d.). N represents the number of measured points. The talc CPO is 1222 

represented by three pole figures for the [100] and [010] directions and the normal to the 1223 

(001) plane of talc from left to right. The figures were prepared using software of D. 1224 

Mainprice (Mainprice 1990).  1225 

 1226 

Figure 3. EBSD mapping area ((a) through (c)) and resulting talc CPO ((d) and (e)). (a) 1227 

BEC image of the area indicated by the red border in Figs. 2(b) through 2(d). Arrows show 1228 

the direction of the relationships of the image plane with L (the mineral lineation) and S (the 1229 

foliation). X and Z are parallel to the horizontal and vertical lines of this image, respectively, 1230 
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and Y is normal to the XZ-plane. The XZ plane is parallel to the foliation, and the Y-direction 1231 

is normal to the foliation. EBSD mapping of the area enclosed by the white border (Area 2) 1232 

is shown in Figs. 3(b) and 3(c). An enlarged BEC image of the area enclosed by the yellow 1233 

border is shown in Fig. 4. (b) Phase map on the BC image of EBSD mapping of Area 2. Phase 1234 

map of talc and tremolite obtained by EBSD mapping of Area 2. The BC image is constructed 1235 

based on the brightness of all detected Kikuchi bands. (c) All Euler image on the BC image 1236 

of Area 2. The talc CPO obtained EBSD measurement of the light blue square (Area 3) is 1237 

shown in Fig. 3(e). For Figs. 3(b) and 3(c), none of the Channel 5 correction functions are 1238 

applied, and a step size of 500 nm is used. (d) Talc and tremolite CPOs for the range of MAD 1239 

values of less than 1.0º calculated using talc and orientation data obtained by EBSD mapping 1240 

of Area 2. The reference frame indicated by X, Y and Z is the same as in Fig. 3(a), and the Y-1241 

direction is normal to the foliation. The open circles indicate the direction parallel to L. Open 1242 

squares indicate the directions of the strongest concentrations. The talc and tremolite CPOs 1243 

are represented by three pole figures for the [100] and [010] directions and the normal to the 1244 

(001) plane of talc and tremolite from left to right. (e) Talc and tremolite CPOs for the range 1245 

of MAD values of less than 1.0º calculated using talc and orientation data obtained by EBSD 1246 

mapping of Area 3. All others features are shown in the same way as in Fig. 3(d). 1247 

 1248 

Figure 4. Talc single grain used for the comparison of the EBSD results with TEM 1249 

observation and EBSD results of the single grain. (a) BEC image of Area 4 in Fig. 3(a) 1250 

including the talc single grain used for the comparison of EBSD results with TEM 1251 
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observation. X and Z are parallel to the horizontal and vertical lines of this image, 1252 

respectively, and Y is normal to the XZ-plane. These are the same directions as in Fig. 3(a). 1253 

The XZ plane is parallel to the foliation, and the Y-direction is normal to the foliation. EBSD 1254 

mapping of the area enclosed by the green border (Area 5) is shown in Fig. 4(b). The dashed 1255 

borders indicate the areas coated with Pt to extract sample leaves (TEM samples 1 and 2). 1256 

The red dashed lines with the direction from (A) to (B) show the same direction of TEM 1257 

samples in Figs. 6(a) and 6(d). (b) All Euler image of talc obtained by EBSD mapping of 1258 

Areas 5 and 6 within the talc single grain. Area 6 is a detailed view of the domain surrounded 1259 

by a blue border in Area 5. None of the Channel 5 correction functions are applied, and a step 1260 

size of 100 nm is used. (c) Representative examples of mis-indexing orientations of talc with 1261 

various MAD values within the talc single grain in EBSD measurements. Indexing points of 1262 

talc in the same grain with very similar detected Kikuchi patterns (left) shows the different 1263 

talc orientations shown by simulated Kikuchi patterns (right). The numbers of indexing 1264 

points (talc 1, talc 2, and talc 3) correspond to those in Area 6 in Fig. 4(b). Each point has a 1265 

pixel size of 0.1 μm × 0.1 μm. For each measured point, the raw Kikuchi pattern is shown on 1266 

the left, and the Kikuchi pattern with the simulated pattern is shown on the right. (d) Dot 1267 

plots of crystallographic orientations of indexing points (talc 1, talc 2, and talc 3) on the pole 1268 

figures. The yellowish-brown squares indicate the directions of the crystallographic 1269 

orientations of talc 1, talc 2, and talc 3 obtained by EBSD. The reference frame shown by X, 1270 

Y, and Z is the same as in Figs. 3(a) and 4(a). The XZ plane is parallel to the foliation, and 1271 

the Y-direction is normal to the foliation. All other features are shown in the same way as in 1272 

Fig. 2(e).  1273 
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 1274 

Figure 5. Pole figure of crystallographic orientations of the talc single grain obtained 1275 

from EBSD mapping of Area 5 in Fig. 4 for different maximum upper MAD values and 1276 

from TEM measurements. The concentration of each direction is expressed using contours 1277 

(left) and dot plots (right). The yellowish-brown squares indicate the directions of the 1278 

strongest concentrations in the EBSD measurements. The orientations measured by TEM are 1279 

shown by the red and purple squares for TEM samples 1 and 2, respectively, on the pole 1280 

figures. The open circles represent the direction parallel to L. All other features are shown in 1281 

the same way as in Fig. 4(d).  1282 

 1283 

Figure 6. TEM images of the talc single crystals (TEM samples 1 and 2) shown in Fig. 1284 

4(a). Bright field TEM images of TEM sample 1 (a) and TEM sample 2 (b) (domains 1285 

surrounded by red dashed borders in Fig. 4a). The red thick dashed lines with the direction 1286 

from (A) to (B) indicate the same direction as in Fig. 4(a). The reference frame shown by X, 1287 

Y, and Z is the same as in Figs. 3(a) and 4(a). The XZ plane is parallel to the foliation, and 1288 

the Y-direction is normal to the foliation. (c) Detailed view of the domain surrounded by a 1289 

brown border in Fig. 6(a). TEM sample 1 is rotated -1.2º and 10.8º around the X- and Y-1290 

directions, respectively. The positive directions of the rotations around the X- and Y-1291 

directions are shown in Fig. 6(a). The pink domains show the location of the electron 1292 

diffraction pattern domain shown in Fig. 6(c). (d) Detailed view of the domain surrounded 1293 

by a brown border in Fig. 6(b). TEM sample 2 is rotated -5.4º and 11.5º around the Z- and Y-1294 
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directions, respectively. The positive directions of the rotations around the X- and Y-1295 

directions are shown in Fig. 6(b). The pink domains show the locations of the electron 1296 

diffraction pattern domains shown in Fig. 6(f). (e) Electron diffraction pattern along the [100] 1297 

direction, where the sample in Fig. 10(a) is rotated -1.2º and 10.8º around the X- and Y-1298 

directions, respectively. (f) Electron diffraction pattern along the [010] direction, where the 1299 

sample in Fig. 10(b) is rotated -5.4º and 11.5º around the Z- and Y-directions, respectively.  1300 

 1301 

Figure 7. Seismic anisotropy corresponding to single crystals of (a) talc, (b) tremolite, 1302 

and (c) antigorite. The calculations were performed assuming the different pressure 1303 

conditions of room pressure (0 GPa) and 0.9 GPa and crystal systems of talc of monoclinic 1304 

and triclinic polytypes. The elastic constants of talc, tremolite and antigorite are calculated 1305 

following Mainprice et al. (2008), Brown and Abramson (2016) and Bezacier et al. (2010). 1306 

The plots are all lower-hemisphere equal-area. The contours show multiples of uniform 1307 

density. Black and white squares represent the maximum and minimum for each figure, and 1308 

color shading of each figure is also shown on the right. In the figure of Vs1 Polarization, each 1309 

small segment on the figure represents the trace of the polarization plane on the point at 1310 

which a fast S-wave penetrates the hemisphere. 1311 

 1312 

Figure 8. Ranges of velocities (km/s) and anisotropies (%) of P- and S-waves and 1313 

Poisson’s ratios (Vp/Vs) based on the seismic anisotropies of talc, tremolite, and 1314 
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antigorite single crystals of Fig. 7. The colored numbers in the figures correspond to the 1315 

numbers of the same color in the lower right legend. The colors of the horizontal bar in the 1316 

figures correspond to the same colors in the lower right legend. The colored horizontal bars 1317 

indicate the range of values, and black vertical bars indicate the lowest and highest values of 1318 

Fig. 7. 1319 

 1320 

Figure 9. Seismic anisotropies corresponding to (a) the talc aggregate and (b) the 1321 

tremolite aggregate calculated from CPO patterns of talc and tremolite from the talc 1322 

schist, Jade Cove. The calculations were performed assuming the Voigt-Reuss-Hill average 1323 

scheme for talc aggregate and tremolite aggregate. Plots are oriented such that the foliation 1324 

is horizontal and the lineation is east–west. All other features are shown in the same way as 1325 

in Fig. 7.  1326 

 1327 

Figure 10. Ranges of velocities (km/s) and anisotropies (%) of P- and S-waves and 1328 

Poisson’s ratios (Vp/Vs) based on the seismic anisotropies of talc aggregate and 1329 

tremolite aggregate of Fig. 9. The colored horizontal bars indicate the range of values, and 1330 

the black vertical bars indicate the lowest and highest values of Fig. 9, assuming the Voigt-1331 

Reuss-Hill average scheme. The gray dashed bars indicate the range of values, and  gray bars 1332 

show the lowest and highest values calculated assuming the Reuss and Voigt average schemes. 1333 
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Abbreviations: R = Reuss average, V = Voigt average, VRH = Voigt-Reuss-Hill average. All 1334 

other features are shown in the same way as in Fig. 8.  1335 

 1336 

Figure 11. Seismic anisotropies corresponding to the fabric of (a) the talc schist obtained 1337 

from Jade Cove in the present study and (b) antigorite schist obtained from Nagaya et 1338 

al. (2014). All other features are shown in the same way as in Fig. 9. 1339 

 1340 

Figure 12. Ranges of velocities (km/s) and anisotropies (%) of P- and S-waves and 1341 

Poisson’s ratios (Vp/Vs) based on the seismic anisotropies of the talc and antigorite 1342 

schists of Fig. 11. The colored horizontal bars indicate the range of values, and the black 1343 

vertical bars indicate the lowest and highest values of Fig. 11, assuming the Voigt-Reuss-Hill 1344 

average scheme. The gray dashed bars indicate the range of values, and the gray bars show 1345 

the lowest and highest values calculated assuming the Reuss and Voigt average schemes. All 1346 

other features are shown in the same way as in Fig. 10.  1347 

 1348 

Figure 13. Relationship of the delay time due to S-wave splitting and the thickness of 1349 

the schist layer, estimated when seismic waves propagate parallel to the foliation and 1350 

lineation of talc schist and antigorite schist. The equation between the travel distance of 1351 

the shear wave within the anisotropic layer (L in kilometers) and the delay time (dt in 1352 
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seconds) is L = 100 dt <Vs>/AVs, where <Vs> (km/s) is the average velocity of the Vs1 1353 

(km/s) and Vs2 (km/s) (e.g., Pera et al. 2003). Vs1, Vs2 and AVs are derived from the seismic 1354 

anisotropies of the talc schists of Fig. 11(a), the antigorite schists of Fig. 11(b), and the 1355 

peridotite showing B-type olivine CPO reported by Nagaya et al. (2014). 1356 































Table 1.  

Percentage of the EBSD orientations of talc which is in close agreement (< ~20º) with 

the TEM measurement for a range of different maximum MAD values. 

MAD [100] [010] (001) N* 

< 2.0º 24% 27% 77% 792 

< 1.8º 25% 27% 79% 733 

< 1.5º 27% 28% 82% 631 

< 1.3º 29% 30% 85% 524 

< 1.0º 32% 32% 91% 363 

< 0.7º 32% 32% 94% 189 

< 0.5º 35% 34% 94% 71 

* The number of EBSD measured points after filtering using MAD. 
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