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Abstract

To investigate the role of atomic-scale structure on frictional properties of gibbsite,

a dioctahedral-type aluminum hydroxide, we calculated the atomic-scale interlayer shear

properties using the first-principles method based on density functional theory. We found

that the presence of vacant sites within the octahedral sheet of gibbsite enables hydroxyls to

move to more stable positions and reduce the repulsive force, leading to a lower atomic-

scale shear stress of gibbsite compared with brucite, a trioctahedral-type magnesium

hydroxide. We also estimated the macroscopic single-crystal friction coefficient of gibbsite

with the assumption that only the atomic-scale interlayer friction controls macroscopic

friction. The estimated single-crystal friction coefficient for gibbsite is 0.36(6), which is

clearly lower than the experimentally obtained friction coefficient of the powdered gouge

of gibbsite (0.74). This difference between the interlayer friction coefficient and gouge

friction coefficient suggests the presence of mechanisms that affect the frictional strength,

such as microstructures within a fault gouge.

Keywords

Layered structure minerals, Interlayer friction, Gouge friction, Gibbsite
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Introduction

Frictional strength is a fundamental physical property that controls the localization of

deformation within a fault zone. Layered structure minerals have lower friction coefficients

than common rock-forming minerals (Byerlee 1978; Morrow et al. 2000; Moore and

Lockner 2004). The presence of layered structure minerals can creep the San Andreas fault

(Carpenter et al. 2011; Lockner et al. 2011), activate low angle normal faults (Viti and

Collettini 2009; Collettini et al. 2019), and reduce frictional strengths of plate boundaries in

subduction zones (Ikari et al. 2018; Okuda et al. 2021b). The low friction coefticients of

layered structure minerals have been explained by their characteristic crystal structure

(Morrow et al. 2000; Moore and Lockner 2004; Behnsen and Faulkner 2012; Kawai et al.

2015; Sakuma and Suehara 2015; Niemeijer 2018; Okamoto et al. 2019; den Hartog et al.

2020). The frictional strength between the layers of layered structure minerals critically

affects the low friction coefficients of these minerals as demonstrated by friction

experiments of single-crystal phyllosilicates (Kawai et al. 2015; Niemeijer 2018; Okamoto

et al. 2019). Based on the importance of interlayer shear sliding properties, we recently

focused on the atomic-scale interlayer interactions and quantitatively evaluated its influence

of interlayer sliding on macroscopic frictional properties (Sakuma et al. 2018, 2020, 2022;
3
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Okuda et al. 2019). These studies are hereinafter referred to as SKKS18, SKK20, SLSD22,

and OKS19, respectively. In SKKS18, the estimated macroscopic friction coefficient of

muscovite was found to be nearly identical to the experimentally obtained friction

coefficient of single-crystal muscovite. OKS19 and SKK20 estimated slightly higher and

lower single-crystal friction coefficients for brucite and pyrophyllite, respectively,

compared with that for muscovite. SLSD22 found that the friction coefficients for

interlayer sliding of montmorillonite positively depend on the ionic radii of interlayer

cations. These studies suggested that the difference in frictional properties for the interlayer

sliding potentially plays a role in the difference in macroscopic friction coefficients of

layered structure minerals.

In this study, we simulated the single-crystal friction coefficient of gibbsite using the

density functional theory. Gibbsite (Al(OH)3) has a similar crystal structure as that of

brucite (Mg(OH),), which was studied in OKS19. Experimentally obtained friction

coefficients of the gouges of gibbsite and brucite were quite different; the value for gibbsite

is 0.74, whereas that for brucite is 0.39 (Moore and Lockner 2004; Okuda et al. 2021a). To

evaluate their interlayer frictional properties and their roles in their single-crystal and gouge

friction coefficients, herein, we discuss the difference in friction coefficients of gibbsite and
4
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brucite and other layered structure minerals based on theoretical consideration of the

atomic-scale shear deformation.

Materials
AI(OH); gibbsite is a dioctahedral-type layered structure mineral (Figure 1a). The space
group is P2;/n with lattice constants of a = 8.684(1) A, b =5.078(1) A, c =9.736(2) A, and
S =94.54(1)° under an ambient pressure condition (Saalfeld and Wedde 1974). The
primitive unit cell of gibbsite contains two sheets of Al octahedra. Half of the hydroxyls on
the dioctahedral sheet lie parallel to the sheet and the rest stand normal to the sheet because
one-third of the cation sites within the gibbsite sheet are vacant (Figure 1a). In contrast to
gibbsite, Mg(OH), brucite has no vacant site, and hence, all the hydroxyls stand normal to

the sheet (Figure 1b).

Methods
Potential energy surface and atomic-scale friction
The atomic-scale friction can be calculated by the required force to climb the peak of

potential energy under a given normal stress condition (Zhong and Tomanek 1990;
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Tomanek et al. 1991). In this study, we referred to previous studies of SKKS18, OKS19,
SKK20, and SLSD22 for the method to calculate the potential energy. We prepared a
supercell that includes two Al-dioctahedral sheets and computed the interlayer energy
E.q(X,z) at various displacements X of top sheet in the ab plane (~0.3 A-mesh grid) and
various interlayer distances z (0.05 A interval; Figure 2a). This study only focuses on two
layers adjacent to the shear plane because the difference in the shear stress between two and
four-layers simulations is less than 1.2% for brucite (Okuda et al. 2019). Here, E,4(X,z) is

defined as:

Eaa(x,2) = Evoral(X, 2)- Elgwer— Eupper'

#(1)

where Eial(X,2), Elower, and Eypper are the calculated energies after the relaxation of positions
of atoms for the supercell containing two layers, only the lower layer, and the upper layer,
respectively. During the structural relaxation, the positions of Al atoms were fixed to define
the positions of upper and lower layers. When a normal force f, is applied, the interlayer
distance z indicates the position where f; balances with the repulsive interlayer force. The

interlayer distance z under the normal force f, is calculated as the distance satisfying the

following relation (Figure 2b):
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0
fao=-— 9z ad (X, 2). #(2)
The normal stress o, is defined as g, = f;, /S where S is the basal area of the supercell
(Figure 2a). The potential energy V(X,f;) was then calculated by summing the interlayer
energy and the required work to move layers vertically against the applied normal force, as
follows:
V(x, fn) = Eaq(x,2) + frz. #(3)

The potential energy as a function of the displacement of top layer X in the ab plane
(equation 3) is referred to as the potential energy surface (PES, Figure 3a). The shear force
(X, f) at the displacement X of upper layer along a given sliding path and under the
applied normal force f;, is obtained from the derivative of the potential energy along the
sliding path (Figure 3b):

0

fs(x, fn) = a_V(x; fn) #(4)

x

Note that we interpolated V' (X, f,) on grid points by the radial basis function with

multiquadric function (#(r)=(1+(er)*)"

where 7 is the norm from the coordinate of a grid
point, and ¢ is the adjustable constant) to obtain a smooth PES. The shear force along a

sliding path can be categorized to two parts, namely the energy conservative part where

f:(X,/2)>0 and the energy nonconservative part where f;(X,f,)<0 (Figure 3b). Because the
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116  energy nonconservative part of sliding is assumed not to contribute to friction (Zhong and
117  Tomanek 1990; Tomanek et al. 1991), the averaged friction force f; on a given sliding

118  path is defined as:

1 (L 1%
e =1 | A Fdx = Z;APE,- #(5)

119  where N is the total number of conservative parts within a given sliding path, APE; is the
120  accumulated potential energy at the j-th conservative part of sliding (see Figure 3a), L is the
121  total shear displacement on the given sliding path, and the friction force contributed only by

122 the energy conservative part f{X,fy) in equation 5 is defined as:

s o = PO 5 = e

123 We examined the shear direction dependence by computing 360 linear sliding paths by

124 changing the direction by 1° from the [1 0 0] direction.

125

126  Density functional theory calculations

127  The potential energies were computed using the first-principles method based on density
128  functional theory (DFT). Quantum ESPRESSO (Giannozzi et al. 2009), was used for all the

129  computations. The exchange-correlation energy was expressed using the generalized
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130 gradient approximation with Perdew-Burke-Ernzerhof correlation functional (Perdew et al.
131 1996). The van der Waals interaction was corrected by using the DFT-D2 method (Grimme
132 2006). Only valence electrons were considered using the GBRV pseudopotential method
133 (Garrity et al. 2014). Cutoff energies of 40.0 Ry and 320.0 Ry were applied for wave

134  functions and for electron density, respectively. K-points of 6x6x4 were selected

135  (Monkhorst and Pack 1976), and convergence thresholds of 0.01 mRy and 0.1 mRy/Bohr
136  were applied for the total energy changes and the all components of all forces, respectively.
137  We set the initial lattice parameters to a = 8.684 A, b=5.078 A, ¢c=9.736 A, and f =

138 94.54° (Saalfeld and Wedde 1974) for the most stable lattice constants (bulk structure) of
139  gibbsite. The supercell for the calculations of the PES is a = 8.673 A, h=5.054 A, c =

140  28.547 A (including vacuum space), and 8 = 93.34° based on the obtained bulk structure.
141

142 Results and Discussion

143 Bulk structure of gibbsite

144  The calculated lattice parameters of gibbsite are a = 8.673 A, b =5.054 A, c=9.516 A, and
145  p=93.34°, which are consistent with previously reported lattice parameters of gibbsite at

146  ambient pressure condition (Table S1). We also calculated the lattice parameters under
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147  hydrostatic compression of up to 3 GPa and the compression curve is consistent with the

148  results reported in previous studies (Table S2, Figure S1). Therefore, the applied

149  computational conditions would appropriately simulate the atomic-scale deformation of

150  gibbsite because the calculation reproduces the interatomic interactions from ambient

151  pressure to high pressure.

152

153  Potential energy change by interlayer sliding (Potential energy surface, PES)

154  The calculated PESs for gibbsite and brucite are shown in Figure 4. The potential energies

155  for brucite were calculated in our previous study (Okuda et al. 2019).

156  For gibbsite, the lowest and highest potential energies were observed at the position of top

157 layer at (e) and (f) in Figure 4c, respectively. The variations in the potential energy are

158  explained by the repulsion among the hydroxyls of the upper and lower layers. At the

159  position (f) in Figure 4c, the hydroxyls of the upper layer are located just above those of the

160  lower layer (Figure 4f), resulting in high repulsion and unstable high potential energy. At

161  the position (e) in Figure 4c, the distance among hydroxyls on both layers is large (Figure

162 4e), and hence, the lowest potential energy was achieved. Other high potential energies on

163  the PES for gibbsite are also explained by short distance among the hydroxyls of the upper
10
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and lower layers.

For brucite, the lowest and highest potential energies were observed at the positions of top
layer at (g) and (h) in Figure 4d, respectively. The reason for the variations is the same as
that for gibbsite: the hydroxyls on both the upper and lower layers face each other in the
unstable stacking at (h) in Figure 4d (Figure 4h for its crystal structure), whereas the
hydroxyls do not face each other in the stable stacking at (g) in Figure 4d (Figure 4g for its
crystal structure).

Based on relations between potential energy and stacking structures observed in both
gibbsite and brucite, we conclude that energy instability during deformation is primarily
controlled by configuration of hydroxyls on both layers. At some locations (e.g., sliding
from (i) to (j) in Figure 4c with a sliding distance of ~0.3 A, Figures 4i and 4; for their
crystal structures), the angles of the hydroxyls on gibbsite layers changed from normal to
parallel to the surface or vice versa to achieve a more stable crystal structure during
deformation. This change in the angle of hydroxyls can occur because of the presence of
vacant sites in the dioctahedral sheet. In contrast, brucite does not have any vacant site in

the trioctahedral sheet and the angle of hydroxyls is almost fixed during the deformation.

11
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181  Atomic-scale shear stress: dependence on normal stress

182  We calculated the atomic-scale shear stress Tyom = fave /S from the obtained PES as a

183  function of normal stresses (Figure 5a). The shear stress was calculated by averaging the

184  shear stresses of 360 linear sliding paths of different sliding directions (Figure 5b). The

185  error bars represent the standard deviations. The average shear stress of gibbsite is lower

186  than brucite at all normal stresses from 0 to 5 GPa. The difference in the shear stress

187  between gibbsite and brucite can be interpreted by the difference in the repulsion of the

188  hydroxyls. The lying hydroxyls of gibbsite prevent the hydroxyls on both the upper and

189  lower layers from approaching close to each other compared with those of brucite.

190  Therefore, the potential energy during deformation does not increase easily in gibbsite

191  compared with brucite under a given normal stress condition.

192  The gradient of the shear stress to the normal stress of gibbsite is smaller than that of

193  brucite (Figure 5a). This could also be due to the stability of the hydroxyls of gibbsite. As

194  the normal stress increases, the distance between the upper and lower layers decreases

195  (Figure 2b). Hence, the hydroxyls on both layers also approach close to each other,

196 increasing the potential energy and shear stress. For gibbsite, however, the presence of

197  vacant sites enables hydroxyls to move to a more stable position, and hence, the distance
12
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198  between hydroxyls would not easily decrease. Conversely, brucite does not have vacant
199  sites within its layer; therefore, the distance between hydroxyls effectively decreases as the
200 interlayer distance decreases, which increases the potential energy and shear stress.

201

202  Atomic-scale shear stress: dependence on sliding directions

203  For brucite (Okuda et al. 2019), the atomic-scale shear stress z,,om €xhibited little sliding
204  direction dependence (gray line in Figure 5b). For gibbsite, a clear sliding direction

205  dependence was observed. The directions around [0 1 0] (90°) yielded a high 7aom 0f 0.8
206  GPa, whereas the directions around [1 0 0] (0°) yielded a low zaom 0f 0.5 GPa at a normal
207  stress of 2.5 GPa (black line in Figure 5b). The difference in the shear stress would be due
208  to the presence of high potential energy area around at (f) in Figure 4c. As this high

209  potential area elongates parallel to [1 0 0], the gradient to climb the potential ridge is

210  changed by the sliding direction. For instance, we consider two sliding paths, [2 1 0] and [1
211 3 0], that cross the potential ridge shown as white area with different angles (Figure 6a)
212 having the same L value of 18 A. Path [2 1 0] crossed the potential ridge with a low angle,
213 whereas path [1 3 0] crossed the potential ridge with a high angle (Figure 6a). Although the

214  maximum heights of the potential are similar (1.4 eV for [2 1 0] and 1.7 eV for [1 3 0] ata
13
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215  normal stress of 2.5 GPa, Figure 6b), the cumulative potential energy during the

216  conservative part of sliding along path [1 3 0] is higher than that along path [2 1 0] (Figure

217  6c). This is caused by the higher gradient to climb the potential ridge (i.e., shear stress)

218  along path [1 3 0] than along path [2 1 0] (hatched area in Figure 6d). Consequently, path [1

219 3 0] had a high z,m of 0.76 GPa and path [2 1 0] had a low z40m 0f 0.50 GPa because the

220  high cumulative potential energy contributes directly to high shear stress according to

221  equation 5. As presented above, the direction dependence of gibbsite is influenced by the

222 angle that crosses the potential ridge: when the sliding path is subparallel to [1 0 0] (0°), the

223 angle becomes small, which leads to a low shear stress, whereas when the sliding path is

224  subparallel to [0 1 0] (90°), the angle becomes high leading to a high shear stress. In

225  contrast, the potential ridge at (h) in Figure 4d for brucite is isotropic, which makes little

226  variation in shear stress to climb the potential ridge from any sliding direction. Hence,

227  knowing the PES is critically important to elucidate the atomic-scale frictional properties of

228  layered structure minerals as the difference in atomic-scale frictional characteristics

229  between gibbsite and brucite is originated from the difference in the shape of potential ridge.

230

231 Implications for Macroscopic Friction Coefficients of Gibbsite and Brucite
14
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Interlayer macroscopic friction coefficient
In the previous sections, we discussed the atomic-scale interlayer friction of gibbsite and
brucite and demonstrated that gibbsite has a lower atomic-scale shear stress than brucite. In
this section, we discuss the interlayer macroscopic friction coefficients of layered structure
minerals. The interlayer macroscopic friction coefficient uy can be calculated using two
deformation properties at the asperity contact: the shear stress at the asperity contact r and
the yield strength of the material p, as follows (Bowden and Tabor 1950):

i = #(7)
Assuming that the theoretically calculated atomic-scale interlayer friction z,m 1S 7 and the
experimental indentation hardness is p, equation 7 results in a nearly identical value to the
experimentally measured macroscopic friction coefficient in the case of single crystal
muscovite (Sakuma et al. 2018). Based on the yield strength p for gibbsite of 1.8(2) GPa
(Wijayaratne et al. 2017) and the calculated atomic-scale shear stress of z,om = 0.65(9) GPa
at a normal stress of 1.8 GPa, the u\ value was estimated to be 0.36(6). Both 7,om(p) and p
for gibbsite were lower than those of brucite (Wijayaratne et al. 2017; Okuda et al. 2019),
whereas the estimated w\ for gibbsite of 0.36(6) was higher than that for brucite of 0.31(3)

(Table 1).
15

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



This is the peer-reviewed, final accepted version for American Mineralogist, published by the Mineralogical Society of America.
The published version is subject to change. Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2022-8561. http://www.minsocam.org/

248

249  Application to gouge friction coefficient

250  Since the estimated uy for gibbsite was higher than that for brucite, the difference in the
251  experimentally obtained gouge friction coefficient u, between two minerals (0.74 for

252 gibbsite, 0.39 for brucite, Table 1) would be partially contributed by the difference in s
253  However, an additional frictional mechanism will be required to fully explain the difference
254 in u,. Most interlayer macroscopic frictions v are lower than the gouge friction u, as

255  reported for brucite (Okuda et al. 2019, 2021a), pyrophyllite (Moore and Lockner 2004;
256  Sakuma et al. 2020), muscovite (Kawai et al. 2015; Sakuma et al. 2018), and

257  montmorillonite (Sakuma et al. 2022). Mohs hardness may be related to x4, (Moore and

258  Lockner 2004), although our data is insufficient to test their relationship. A previous study
259  proposed a model with randomly oriented particles to explain the u, for pyrophyllite

260  (Sakuma et al. 2020). Although this model seems to quantitatively explain the u, for brucite,
261  the modeled macroscopic friction coefficients were generally lower than reported o

262  (Figure 7). In the case of deformed gouges of layered structure minerals, alignment of the
263  platy particles has often been observed along localized shear bands such as Riedel shear, P,

264 andY foliations (Moore and Lockner 2004; Haines et al. 2013) and the interactions at the
16
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265  edges of aligned particles increases u, compared with uy (den Hartog et al. 2020). Some
266  studies that used the foliated wafers of intact fault rocks reported clear differences in the
267  friction coefficients from powdered fault rocks, which emphasizes the strong influence of
268  fault fabric on frictional strengths (Collettini et al. 2009; Ikari et al. 2011). In future studies,
269  such detailed microstructural information from experiments should be included in the

270  model to account for the gouge frictional properties. These considerations of the frictional
271  strength of gouge will be beneficial for modelling fault slip behavior and influence on

272  earthquakes based on mineral compositions of the fault.

273

274 Conclusions

275  In this study, we theoretically calculated the atomic-scale interlayer frictional

276  characteristics of gibbsite using the first-principles method based on density functional

277  theory. The atomic-scale frictional characteristics were obtained using variations in the

278  potential energy during interlayer deformation (PES), which are primarily controlled by
279  stacking of hydroxyls on the octahedral sheets. The atomic-scale shear stress was calculated
280  using the spatial derivative of PES. The high potential energy ridge in PES for gibbsite

281  elongated parallel to [1 0 0] caused the shear direction dependence of the high and low
17
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282  atomic-scale shear stresses observed subparallel to [0 1 0] and [1 0 0], respectively. Some

283  hydroxyls on gibbsite stand parallel to the layer and keep a distance from each other owing

284  to the existence of vacant sites within the octahedral sheet of gibbsite, leading to smaller

285  atomic-scale shear stress for gibbsite compared with brucite. The macroscopic interlayer

286  friction coefficient uy was calculated by the adhesion theory of friction using the obtained

287 interlayer atomic-scale frictional characteristics. The estimated uy for gibbsite based on the

288  atomic-scale interlayer shear stress zyom(p) of 0.65(9) for the reported yield strength p of

289  1.8(2) GPais 0.36(6), which is clearly lower than the experimental friction coefficient u, of

290  0.74 for the dry powdered sample. This difference between uv and p, was also reported in

291  previous studies on layered structure minerals, suggesting the presence of additional

292  deformation mechanisms such as microstructures within the fault gouge that would be

293  useful for the practical estimation of fault slip behavior.
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Table 1. Interlayer friction coefficients for layered structure minerals. 7,.(p): Theoretically

calculated atomic-scale interlayer friction 7, under the normal stress of p (yield strength of

the material); um: Interlayer macroscopic friction coefficient calculated as zave(p)/p

(equation 7); ue: Experimentally obtained gouge friction coefficients.

Mineral

Tave(p) (GPa) p (GPa) oy He
Gibbsite 0.65(9)* 1.8(2)° 0.36(6)" 0.74°
Brucite 1.23(6)" 4.03(36)" 0.31(3)" 0.39°
Muscovite 1.40(31)" 6.27(26)" 0.22(5)" 0.508
Pyrophyllite 0.44(7)" 3.3(4) 0.13(3)" 0.38°

“This study. bWij ayaratne et al. (2017). “Moore and Lockner (2004). The error for brucite
represents the range of stick-slip behavior. d0kuda et al. (2019). “Okuda et al. (2021a).

'Sakuma et al. (2018). Kawai et al. (2015). "Sakuma et al. (2020). iZhang et al. (2013).
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392  Figure 1.

393  Crystal structures of (a) gibbsite and (b) brucite. The layers in the upper panels are the

394  lowest layer of each material. The areas surrounded by black lines are the primitive unit
395  cells for gibbsite and brucite.

396

397  Figure 2

398 (a) Configuration of the supercell for gibbsite used in this study. The shaded area represents
399 the basal area S of the supercell. The shear plane is located between two layers of gibbsite.
400 A three-dimensional periodic boundary condition was employed, and sufficient vacuum
401  space (>20 A normal to the layers) was used to avoid artificial effects due to the periodic
402  boundary condition (b) Relationship between interlayer displacement z from the most

403  stable interlayer distance of 4.750 A, and potential energy E,q. The inset shows the

404  relationship between z and the normal stress g, calculated using equation 3. The lines show
405  the data at the positions of top layer at (e) (solid black line with black circles), (j) (grey line
406  with white circles), and (f) (black dashed line with black triangles) in Figure 4c.

407

408  Figure 3.
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409  Schematic illustration of the relation between (a) potential energy and (b) shear force

410  during the relative deformation of the top and bottom layers (illustrated at the top) under a
411  constant normal force. The total of potential increase APE; during each conservative parts
412  of sliding directly contributes to the atomic-scale shear force (equation 5).

413

414  Figure 4.

415  PESs for gibbsite (a and ¢) and brucite (b and d) under normal stresses of 0.0 GPa and 5.0
416  GPa, respectively. The areas surrounded by white lines represent the basal area of the

417  primitive unit cell for each material (a = 8.673 A, b =5.054 A for gibbsite; a = 3.1453 A for
418  brucite (Okuda et al. 2019)). The most stable and unstable crystal structures are displayed
419  in (e)-(h), corresponding to the displacement of top layer indicated by X marks in (¢) and
420  (d). At stable stackings, the hydroxyls on the upper and lower layers do not face each other
421 (e and g), whereas some hydroxyls face each other, as indicated by black circles, at unstable
422  stackings (f and h). Data for the PESs of brucite (b and d) are from Okuda et al. (2019). (i
423  and j) Crystal structures at the position of top layer at (i) and (j) in (¢). Some hydroxyls (in
424  this case, H8, H9, H12, H13, H16, and H17) change their angles during deformation.

425
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426  Figure 5.

427  (a) Normal stress dependence of the atomic-scale shear stress 7,y for gibbsite (black line)

428  and brucite (gray line). The error bars represent the standard deviation of 360 linear sliding

429  paths. (b) Shear stresses at a normal stress of 2.5 GPa of 360 linear sliding paths for

430  gibbsite (black) and brucite (gray).

431

432  Figure 6.

433  (a) PES for gibbsite at a normal stress of 2.5 GPa. Paths [2 1 0] and [1 3 0] are indicated.

434  The circles are the locations corresponding to the area of the highest potential energy. (b)

435  Potential energy profiles at a normal stress of 2.5 GPa along paths [2 1 0] (black) and [1 3

436 0] (gray). Cumulative potential energies during the conservative part of sliding (¢) and

437  shear stresses (d) for the two paths at a normal stress of 2.5 GPa. The dotted lines in (d) are

438  the shear stresses during the nonconservative part of sliding. The gray hatched areas show

439  the regions where higher shear stresses are required to climb the highest potential energy

440  indicated by circles in (a).

441

442 Figure 7.
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Relation between the gouge friction coefficient x4, and the interlayer friction coefficient um.
Black solid line represents the case when uy and u, are identical. Gray solid curve
represents the model assuming a random orientation of the gouge particles (Sakuma et al.

2020; see Table 1 for references).
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Figure 1

(a) Gibbsite (AI(OH)s) (b) Brucite (Mg(OH),)
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