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Abstract Smectite clays occur in subduction zone fault cores at shallow depth (approximately 1 km;
e.g., Japan Trench) and landslide décollements (e.g., Vajont, Italy, 1963). The availability of pore fluids
affects the likelihood that seismic slip propagates from deeper to shallow fault depths or that a landslide
accelerates to its final collapse. To investigate the deformation processes active during seismic faulting
we performed friction experiments with a rotary machine on 2-mm-thick smectite-rich gouge layers
(70/30 wt % Ca-montmorillonite/opal) sheared at 5-MPa normal stress, at slip rates of 0.001, 0.01, 0.1, and
1.3 m/s, and total displacement of 3 m. Experiments were performed on predried gouges under vacuum,
under room humidity and under partly saturated conditions. The fault shear strength measured in the
experiments was included in a one-dimensional numerical model incorporating frictional heating,
thermal, and thermochemical pressurization. Quantitative X-ray powder diffraction and scanning electron
microscopy investigations were performed on pristine and deformed smectite-rich gouges. Under dry
conditions, cataclasis and amorphization dominated at slip rates of 0.001-0.1 m/s, whereas grain size
sensitive flow and, under vacuum, frictional melting occurred at fast slip rates (1.3 m/s). Under partly
saturated conditions, frictional slip in a smectite foliation occurred in combination with pressurization of
water by shear-enhanced compaction and, for V' = 0.01-1.3 m/s, with thermal pressurization.
Pseudotachylytes, the only reliable microstructural markers for seismic slip, formed only with large
frictional power (>2 MW/m?), which could be achieved at shallow depth with high slip rates, or, at depth,
with high shear stress in dehydrated smectites.

1. Introduction

Smectite clay minerals are 2:1 layer silicates whose structure is constituted by two tetrahedral sheets and
one octahedral sheet. Between two consecutive 2:1 layers, in the basal planes (i.e., the interlayers), par-
tially charged cations bonded to water molecules control the frictional strength of this mineral
(Behnsen & Faulkner, 2013; Moore & Lockner, 2007; Sanchez-Roa et al., 2017). Smectite clay minerals
were found in slipping zones located in landslide décollements (Hendron & Patton, 1987) and in the fault
cores of plate-boundary mature faults (Mg-saponite, Holdsworth et al., 2011) and subduction zone faults
(montmorillonite in Barbados and Japan Trench; Vrolijk, 1990). They also occur as minor constituents in
seismogenic faults at shallow depth (<5 km; Carpenter et al., 2011; Kuo et al., 2009; Rutter et al., 1986;
Sone et al., 2012; Tesei et al., 2015; Vrolijk, 1990; Wu et al., 1975). This is because smectite is a common
alteration mineral of silicates (e.g., feldspars) and a devitrification product of glassy rocks (e.g., basalts,
tephra). In natural faults, the stability field of smectite minerals controls on-fault frictional strength, sta-
bility of friction, and seismogenic slip propagation in the shallow crust. The upper bound of the smectite
stability field can be set at 150 °C, where the smectite interlayers are fully and irreversibly dehydrated
(Schleicher et al., 2015) and the transformations to interstratified smectite/illite and then illite occur
(Vrolijk, 1990), depending on the availability (i.e., chemical activity) of potassium ions. Depending on
the tectonic setting and geothermal gradient, the depth corresponding to this temperature can vary
between 5 km in continental areas (average geothermal gradient of 30 °C/km), increasing to 15 km in
subduction zones (average geothermal gradient of 10 °C/km; Kearey et al., 2013). In general, only at crus-
tal depths of less than 10 km can smectite clay minerals influence the mechanical behavior of faults. On
the other hand, smectite is stable at near-surface conditions and therefore may control the mechanical
behaviour of landslides (Nakamura et al., 2010).
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Rock deformation experimental studies broadly have shown how the degree of water saturation (or water
content) strongly affects the strength and stability of friction of montmorillonite, a common smectite
mineral, both at subseismic (Morrow et al., 2017, and references therein) and seismic slip rates (Bullock
et al., 2015; Faulkner et al., 2011; Ujiie et al., 2011). Frictional properties of smectite-rich gouges under room
humidity or vacuum-dry conditions have been studied with triaxial apparatuses (Behnsen & Faulkner, 2013;
Morrow et al., 2017; Tembe et al., 2010) and under room humidity conditions in double direct-shear (Ikari
et al., 2007; Saffer & Marone, 2003) and rotary shear machines (Aretusini et al., 2017; Bullock et al., 2015;
Ferri et al., 2011; French et al.,, 2014; Han et al., 2014; Kitajima et al., 2010; Mizoguchi et al., 2007;
Oohashi et al., 2015; Remitti et al., 2015). Although the gouges in these experiments were sheared for a range
of amount of slip (i.e., from 1 mm to tens of meters), the dependence of friction on amount of slip has been
poorly investigated (see discussion in Aretusini et al. (2017)). The main outcome for dry montmorillonite
gouges is that the friction coefficient u is velocity-dependent as follows: u > 0.6 for V = 5-300 um/s (Ikari
et al., 2007, Morrow et al., 2017), u > 0.7 for V = 0.01-0.1 m/s (Ferri et al., 2011), and u < 0.3 for V = 1-
1.3 m/s (Bullock et al., 2015; Ferri et al., 2011; French et al., 2014; Remitti et al., 2015). The evolution with
slip rate of the friction coefficient was concomitant, at subseismic slip rates, to wear and cataclasis associated
with frictional slip on the smectite interlayers (Moore & Lockner, 2007) and, at seismic slip rates, to dehydra-
tion of smectite interlayers with the collapse to an illite-like structure (Ferri et al., 2011), frictional melting
(Han et al., 2014), and thermal decomposition associated with vaporization of pore fluids (French et al.,
2014; Ujiie et al., 2011).

During shearing of smectite aggregates under water-saturated conditions, because of their low permeabil-
ity (approximately 1072*~107*! m? Behnsen & Faulkner, 2011, 2013), pore pressures remained constant
only at subseismic slip rates (V of 0.05 um/s) or when the characteristic time duration of the experiment
was larger than the time required for fluids to flow through interconnected pores (Faulkner et al., 2018;
Moore & Lockner, 2007; Morrow et al., 2017; Wojatschke et al., 2016). The main outcome of experiments
performed under equilibrated pore pressure conditions is that the friction coefficient increases with nor-
mal stress from 0.1 at 5 MPa to 0.25 at 100 MPa, as a result of frictional strength increasing with decreas-
ing thickness of the interlayer water films due to water extrusion with pressure (Moore & Lockner, 2007).
Although the experiments performed at low slip rates allowed authors to ensure saturated conditions,
these experiments did not reproduce seismic slip rates. Instead, experiments performed with rotary shear
machines do reproduce seismic slip rates but not the achievement of equilibrated pore pressures and the
pore fluid pressure is not generally measurable (Faulkner et al., 2011; Ujiie et al., 2013). Despite these lim-
itations, experiments performed under “wet” but nonsaturated conditions, at seismic slip rates (from 0.001
to 1.3 m/s) and at low normal stresses (below 9 MPa), resulted in (i) very low friction coefficient at the
initiation of sliding due to pore pressure buildup via thermal pressurization (Boutareaud et al., 2008;
Brantut et al., 2008; Bullock et al., 2015; Faulkner et al., 2011; Ferri et al., 2011; French et al., 2014,
Oohashi et al., 2015; Remitti et al., 2015; Sawai et al., 2014; Ujiie et al., 2011, 2013; Vannucchi et al,,
2017); (ii) a minimum friction coefficient (often corresponding to the so-called “steady state” friction coef-
ficient), decreasing with increasing slip rate from 0.15 to 0.2 at V' = 0.01 m/s to 0.05 at 1.3 m/s (Ferri et al.,
2011; French et al., 2014; Oohashi et al., 2015; Sawai et al., 2014); and (iii) negligible shear fracture energy
dissipation (Bullock et al., 2015; Faulkner et al., 2011). Such a low dissipation of energy during the pro-
pagation of the seismic rupture would promote, under some given loading conditions, seismic rupture
propagation up to the surface (Vannucchi et al., 2017). Under water-saturated conditions, the decrease
of friction coefficient with slip at subseismic slip rates was observed in association with the development
of a foliation composed of aligned smectite crystals and, at seismic slip rates, with the formation of
foliated and fluidized microstructures. These features were interpreted to be the result of frictional slip
on smectite basal planes (Aretusini et al., 2019) and also associated with vaporization of pore water
(French et al., 2014; Ujiie et al., 2011).

Despite the relevance of deformation processes in smectite to earthquake mechanics, a systematic study is
still lacking and the physical mechanisms explaining frictional evolution with slip remain largely debated.
This study integrates rotary shear friction experiments performed under variable water content (from
vacuum dry to partly saturated conditions), permeability measurements, microstructural analysis, analysis
of amorphous content, and modeling of thermochemical and thermal pressurization to discuss the deforma-
tion processes in smectite-rich gouges and their relevance to natural earthquakes.
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2. Materials and Methods
2.1. Starting Material and Sample Preparation

We performed all the experiments on source clay STx-1b (Clay Mineral Society), composed of 70 wt %
Ca-montmorillonite and 30 wt % opal interstratified with cristobalite and tridymite (opal-CT; Chipera &
Bish, 2001). To observe the influence of water content in smectite during deformation at seismic slip rates,
three batches of synthetic clay gouges were prepared according to the following treatment scheme: (i)
equilibrated with room humidity (20-45%) and temperature (25-28 °C), (ii) oven-dried at 100 °C for 12 hr;
and (iii) oven-dried at 150 °C for 24 hr. Before the experiments, the pre-heated gouges were placed in a
desiccator to cool down to room temperature and to avoid the gouges to adsorb water and equilibrate with
room humidity conditions.

2.2. Permeability Measurements

Permeability measurements were performed on the room-equilibrated starting material using the pore pres-
sure oscillation method (Bernabé et al., 2006; David et al., 2018; Turner, 1958). A 4-mm-thick dry gouge layer
was sandwiched between two aluminum half-cylinders, cut parallel to the cylindrical axis. The sample was
jacketed, first with a neoprene jacket and then with a heat-shrink rubber tube. The jacketed sample was
loaded into a high-pressure permeameter (as described by McKernan et al. (2017)). The permeameter used
synthetic oil (di-octyl sebacate) as the confining medium and argon as the pore pressure medium, so that per-
meability was measured under nominally dry conditions (cf. Behnsen & Faulkner, 2011).

The sample assembly was placed within the permeameter and then a confining pressure was applied (ran-
ging up to 45 MPa). A baseline pore pressure (normally 15 MPa) was applied at both the upstream and down-
stream sides of the sample. The application of effective pressure caused a reduction in thickness of the gouge
layer through compaction. The reduced thickness, measured after the test, was used to infer the cross-
sectional area of the flow path. At each effective pressure, after the applied pore pressure equilibrated, the
downstream side was isolated, and pore pressure was varied at the upstream side in the form of a sinusoidal
pressure variation of amplitude 1 MPa and a period (60 to 200 s) chosen to produce a downstream attenua-
tion by at least 20%. The downstream pore pressure sinewave was measured and had the same period, smal-
ler amplitude, and a phase shift compared to the upstream sinewave. The amplitude ratio and phase shift of
downstream and upstream sinewaves were obtained by a best fit procedure and used to solve the general
equation for dimensionless pore storage and permeability (Bernabé et al., 2006) using the gradient descent
method. The dimensionless permeability was used to calculate permeability of the gouge layer, taking into
account the temperature-dependent viscosity and pressure-dependent compressibility of the argon gas
(Gosman et al., 1969; Michels et al., 1954; Younglove & Hanley, 1986), the period of the oscillating pore pres-
sure, and length and thickness of the gouge layer (Text S1).

The permeability of the gouge layer was investigated under increasing steps of effective pressures (from 5 to
30 MPa) and under decreasing steps of effective pressure down to 5 MPa after the maximum effective normal
stress was applied. In this way, the permeability was measured both at normally consolidated and overcon-
solidated states at every effective stress applied (Figure S1 and Table S1).

2.3. Low- to High-Velocity Friction Experiments

All the experiments conducted at seismic slip rates were performed with SHIVA (Slow to High Velocity
Apparatus), installed at the HP-HT laboratory of INGV (Di Toro et al., 2010; Niemeijer et al., 2011; see
Figure 1a). The sample assemblage used in the experiments discussed here is illustrated in Figure 1b. A pair
of hollow stainless-steel specimen holders (15/25-mm inner/outer radii) were combined with two Teflon
parts: a cylinder inserted in the inner hole and a ring positioned externally. The outer ring was cut at approxi-
mately 60° to its basal surface, tightened to the metal gouge holders with a stainless-steel hose clamp and
fixed with screws to the rotational hollow cylinder. This dampened spurious oscillations and reduced extru-
sion of the gouge from the sample holder, improving the quality of the mechanical data. The gouge was
weighed, so that nominally 3.2 g was placed in the sample holder.

Eight experiments were performed on the room-equilibrated gouge: four under room humidity conditions,
with average 50% relative humidity (previously published in Aretusini et al. (2017)), and four under partly
saturated conditions by adding 0.5 mL of de-ionized water to the gouge layer (previously published in
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Figure 1. Sketch of SHIVA rotary shear apparatus, sample holder, and thermal model with mesh. (a) Sketch of SHIVA
rotary shear apparatus: “big” electric motor (1), transmission (2), free-wheel clutch (3), “small” electric motor and gear
box (4), air actuator (5), force multiplier lever (6), DC-LVDT (7), axial force load cell (8), LVDT (9), position of torque load
cell (10) (section 2.3). (b) Sample holder used for rotary shear experiments: the gouge layer (yellow) is sandwiched between
two stainless steel sample holders (dark grey) and confined laterally by Teflon rings (light grey) anchored to the sample
holder on the rotary side. “R” and “S” indicate rotary and stationary side, respectively. (c) The orientation of the SEM-BSE
images with respective to the shear direction during the experiments: stationary side (S), rotary side (R), outer radius
(OR), and internal radius (IR; Figure 4). (d) Transect across the gouge layer showing the model domains and mesh (section
4.1). The red circle is the model node at which plots in Figures 6 and 7 are referred to.

Aretusini et al. (2019)). An additional eight experiments were run on the preheated gouges under evacuated
conditions (pressure in the experimental chamber below 5 x 10~* mbar).

Given the sample holder size, rotational displacement and tangential velocity were referred to the radius
r = 20.2 mm (i.e., the equivalent radius), and henceforth defined as the equivalent displacement and
velocity (cf. Di Toro et al., 2010). The rotary shear experimental procedure involved applying a normal
stress of 5 MPa and then imposing a trapezoidal velocity function with identical acceleration and decel-
eration of 6.4 m/s” to the target equivalent velocity of 0.001, 0.01, 0.1, and 1.3 m/s, and total displacement
of 3 m (Table 1). During the experiments the mechanical data were acquired at 12,500 S/s and then
downsampled to 125 or 1,250 S/s in the longer experiments, at lower slip rates. The shear stress, total
normal stress, displacement, and equivalent velocity were determined using the method described in
Shimamoto and Tsutsumi (1994) or Di Toro et al. (2010). The ratio of the shear to the total normal stress
is the apparent friction coefficient and will be used to discuss the mechanical data. Because pore pressure
was neither monitored nor controlled in experiments performed under partly saturated conditions, the
effective normal stress could not be precisely resolved, and therefore, we could not calculate the friction
coefficient, defined as the ratio between the shear strength and the effective normal stress. Axial displa-
cement of the piston (arising from shortening and dilatancy of the gouge layer) was measured with a
high-resolution linear variable displacement transducer (LVDT; resolution 100 nm; range 1 mm) installed
next to the sample chamber (position 9 in Figure la) and a lower resolution LVDT (resolution 1 um;
range 50 mm) installed at the further end of the axial piston (position 7 in Figure 1a).

Using the shear stress 7 and total slip D of the experiments, the total frictional work density, or the total work

D
dissipated per unit surface area of the fault, was jo 7(x) dx, (i.e., T integrated over the entire fault slip D). The
average frictional power density, or the average power dissipated per unit surface area of the fault, was
obtained by dividing the frictional work density by the duration of the experiment.

The thickness of the gouge layer was determined with the high- and low-resolution axial displacement
measurements, by subtracting the axial position without the gouge layer from the total axial displacement.

ARETUSINI ET AL.

10,858



~1
AGU

100 Journal of Geophysical Research: Solid Earth 10.1029/2019JB018229

ADVANCING EARTH

Table 1

The High-Velocity Friction Experiments Presented Here

Experiment no. V (m/s) d (m) Hp () Mfin ) FWD (MJ /mz) At (s) FPD (MW/mz)
Preheated at 150 °C, vacuum dry experiments

s1533 0.001 3 0.77 0.93 11.05 2973.0 3.72E — 03
s1532 0.01 3 0.68 0.87 10.81 300.1 3.60E — 02
51531 0.1 3 0.73 0.74 10.22 30.0 3.40E — 01
s1530 1.3 3 0.75 0.35 5.622 2.5 2.24E+00
Preheated at 100 °C, vacuum dry experiments

51479 0.001 3 0.85 0.92 9.76 2973.0 3.28E — 03
s1344 0.01 3 0.7 0.87 10.60 300.1 3.53E — 02
s1343 0.1 3 0.76 0.74 9.43 30.0 3.14E - 01
s1365 1.3 3 0.76 0.35 5.07 2.5 2.02E4+00
Room-equilibrated, room humidity experiments

51472 0.001 3 0.52 0.85 8.56 2973.0 2.88E — 03
s1172 0.01 3 0.62 0.76 9.63 300.1 3.21E — 02
s1169 0.1 3 0.62 0.63 8.34 30.0 2.78E — 01
51166 1.3 3 0.82 0.33 3.93 2.5 1.57E400
Room-equilibrated, partly saturated experiments

s1331 0.001 3 0.38 0.51 5.05 2973.0 1.70E — 03
(s1336) 0.001 3 0.38 0.52 5.46 2974.0 1.83E — 03
s1253 0.01 3 0.32 0.47 5.16 300.1 1.72E — 02
$1252 0.1 3 0.32 0.37 3.15 30.0 1.05E - 01
s1251c 1.3 3 0.34 0.08 0.37 2.5 1.47E — 01

Note. Experiment number (exp), slip rate (V; m/s), total displacement (d; m), peak and final friction coefficient (p, and pg,,), frictional work density (FWD; MJ/
m”), duration of the experiment (At; s), and average frictional power density (FPD; MW/m”).

The thickness of the gouge layer, measured at 5 MPa before the onset of slip, allowed calculation of the total
volume of the gouge layer (V) and therefore the initial porosity. The porosity was estimated as

th_Vs
— s 1)
T Ve (
where V,,, is the total volume calculated from the starting gouge thickness w, and the inner and outer
radii r; and r, as Vi, = Wy (5> — r2). The volume of solids, V,, was calculated by dividing the mass
of the gouge (3.2 g) by the average density of the minerals (2.35 g/cm?).

2.4. X-ray Powder Diffraction Quantitative Phase Analysis and Estimation of the Mass of
Amorphous Materials

Five X-ray powder diffraction (XRPD) measurements were performed on smectite-rich gouges recovered
from the partly saturated experiments: four on the gouge layers recovered after the mechanical testing and
one on the partly saturated starting material compacted at a normal stress of 5 MPa. Data were collected with
a /6 diffractometer (PANalytical X'Pert Pro, University of Padova, Padova, Italy) equipped with a real time
multiple strip detector (X'Celerator), using CoKa radiation (40 kV and 40 mA). The analytical technique was
the same as used to determine the proportions of both mineral phases and amorphous material abundances
within the smectite-rich gouges sheared under room-humidity conditions (Aretusini et al., 2017).

Prior to the XRPD analysis, the gouges were air dried and the entire layer thickness recovered to avoid partial
sampling. The gouge layer was gently disaggregated with a pestle and mortar and 10 wt % of alumina (NIST
SRM 676a) internal standard was added. The resulting powders were mounted on a zero background Si sin-
gle crystal sample holder (diameter 16 mm). Diffraction data were acquired in the 3-85 °26 range. The inci-
dent beam pathway included (in order) 1/4° divergence slit, Bragg Brentano™™™ monochromator, 0.04 rad
soller slits, and 1/2° antiscattering slit. The pathway of the diffracted beam included (in order) 5-mm anti-
scatter slit and 0.04 rad soller slits. Humidity in the measuring chamber was monitored and in the range
29-33% of relative humidity. Each sample was measured twice for data reproducibility.

Determination of both mineral phases and amorphous material weight fractions was performed using the
combined Rietveld and reference intensity ratio methods (Gualtieri, 2000; Westphal et al., 2009). Rietveld
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data analysis was performed using the Profex-BGMN software (Bergmann et al., 1998; Doebelin & Kleeberg,
2015). The instrumental assemblage and optics were simulated within BGMN using a Monte Carlo simula-
tion. Structural models of the minerals recognized in the gouge were taken from the BGMN library for
quartz, plagioclase, and alumina internal standard (NIST 676a). For Ca-montmorillonite, we used the struc-
tural model comprising the turbostratic disorder (Ufer et al., 2009), and for opal-CT we used a supercell
model simulating the irregular cristobalite-tridymite interlayering (Kleeberg, p.c.). The Ca-montmorillonite
(001) peak intensity is sensitive to preferred orientation during sample preparation, and peak position is
extremely sensitive to the relative humidity in the measuring chamber. Refinement was therefore limited
to the 12-60 °20 range to exclude the (001) peak of Ca-montmorillonite.

2.5. Microstructural Analysis

After mechanical testing the gouge layers were dried in a desiccator (for at least 12 hr) and then
embedded within epoxy resin (Epofix). Sectioning of samples was performed using diethylene glycol
(i.e., water was not used) as lubricant, to inhibit disaggregation and swelling of the smectite-rich samples.
Orientation of cut was perpendicular to the slip surface and parallel to sample radius (radial section;
Figure 1c). Samples were polished using oil-based diamond suspensions on silk disks, down to 1/4-um
particle size. Twenty-two polished blocks were investigated with a FEI Quanta field emission scanning
electron microscope (University of Manchester). Each radial section was investigated using back scattered
electrons (BSE) images.

3. Results
3.1. Permeability and Porosity of the Starting Material

Permeability of starting material at an effective normal stresses of 5 MPa, the same as the applied
normal stress during the rotary shear experiments, was K = 1.3 x 107'® m? Permeability decreased
to 3.9 x 107*° m? at an effective normal stress of 30 MPa (Table S1). The initial porosity was in the
40-43% range in the vacuum dry and room humidity experiments and was 35% in partly saturated
experiments. In the latter, the volume of pores (i.e., V,, = Vi, — Vi) was 0f 0.75-0.8 mL, higher than the volume
of added water (0.5 mL). The degree of saturation was estimated to be 62-67%, confirming that the gouge layer
was under partly saturated conditions before the beginning of frictional sliding.

3.2. Friction and Gouge Thickness Evolution With Slip

In the rotary shear experiments (Figures 2a-2d), u evolved with displacement as follows. At the beginning of
the experiment when the sample was accelerated to the assigned target velocity (e.g., V = 0.1 m/s), u
increased linearly, because of the elastic loading of the machine and of the gouge layer, and then nonlinearly,
accommodating the initial deformation of the gouge layer, up to a maximum friction coefficient named
“peak friction” or u, (stage 0). Stage 0 and u, were followed by stages 1 and 2 which evolved with slip depend-
ing on the imposed slip rate and environmental conditions as discussed below (see also insets in Figure 2).

Vacuum-dry conditions with gouges preheated at 150 °C. At slip rates between 0.001 and 0.1 m/s, u, was
0.7-0.85 and was followed by a very short duration slip weakening stage 1 (up to d = 0.009 m), and
along-duration slip strengthening or slip neutral stage 2 up to a ug, which decreased with increasing slip rate
from 0.92 to 0.74. On the other hand, for V"= 1.3 m/s, u,, was 0.75 and stage 1 displayed slip weakening to a
minimum g, = 0.35, increasing to (4, , = 0.5 at the end of the experiment (Figures 2a-2d).

Vacuum dry conditions with gouges preheated at 100 °C. At slip rates between 0.001 and 0.1 m/s, u, was
0.7-0.85 and was followed by a short-duration slip weakening stage 1 (approximately 0.003-0.01 m), a
long-duration slip strengthening or slip neutral stage 2 up to a w5, which decreased with increasing slip rate
from 0.92 to 0.74. On the other hand, for V' = 1.3 m/s, u,, was 0.76 and stage 1 displayed slip weakening to a
minimum ujg, = 0.35 at the end of the experiment.

Room humidity conditions (Aretusini et al., 2017). At slip rates V' between 0.001 and 0.1 m/s, u,, increased with
slip rate (from 0.5 to 0.64) and was followed by a slip weakening stage 1 (up to d = 0.4 m) and a slip strength-
ening stage 2 until the end of the experiment. The onset of stage 2 occurred at the same displacement d = 0.4
m at these slip rates (V = 0.001-0.1 m/s), but the amount of slip strengthening in stage 2 decreased with slip
rate: ug, was 0.85, 0.76, and 0.63 for 0.001, 0.01, and 0.1 m/s, respectively. At V = 1.3 m/s, after 1, = 0.82,
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Figure 2. The rotary shear experiments. Each column represents all the starting materials deformed at the same slip rate of
0.001, 0.01, 0.1, and 1.3 m/s, respectively. Room humidity experiments are from Aretusini et al. (2017), and partly saturated
experiments are from Aretusini et al. (2019). (a—d) Friction coefficient evolution with displacement. (e-h) Normalized
thickness evolution with displacement.

stage 1 displayed slip weakening to a minimum g, = 0.2, increasing to ug,, = 0.3 at the end of the
experiment. In summary, all the preheated materials sheared under vacuum dry and room humidity
conditions displayed, once w,, was achieved, slip hardening or slip neutral behavior for V' = 0.001-0.1 m/s
and slip-weakening for V' = 1.3 m/s.

Water partly saturated conditions (Aretusini et al., 2019). Peak friction w,, was very reproducible at all slip
rates (0.31-0.38) and about 50% of the u, sheared under vacuum dry and room humidity conditions. At V'
= 0.001-0.1 m/s, in stage 1, the gouge showed slip weakening up to d = 0.12 m, and then slip strengthening
(stage 2) until the end of the experiment. The onset of stage 2 occurred at progressively higher displacements
with increasing slip rates and the amount of strengthening in stage 2 decreased with increasing slip rate (u,
was 0.51, 0.47, and 0.37 at 0.001, 0.01, and 0.1 m/s, respectively) until vanishing at V' = 1.3 m/s. At V=1.3
m/s, after an initial u, = 0.37, stage 1 displayed slip weakening to a very 1ow p,,,;, = 0.03 after 0.08 m of slip.
Then the friction coefficient remained constant and increased slightly to 14, , = 0.08 during velocity decel-
eration at the end of slip.

The gouge layer thickness was normalized to the initial thickness at the onset of slip to compare the
thickness evolution of all the experimental data whilst avoiding the scatter due to the variation in initial
thickness (e.g., a larger compaction was achieved in the partly saturated experiments before the onset of slip).
Vacuum dry and partly water saturated experiments resulted in compaction, independently of the imposed
slip rate, while room humidity experiments resulted in dilatation after approximately 1 m of slip at all slip
rates, though dilatation was followed by further compaction for the experiment performed at 1.3 m/s
(Figures 2e and 2f).
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Figure 3. Amorphous material production in room humidity and (water) partly saturated experiments. Analysis of partly
saturated experiments is compared with the analyses of room humidity experiments in Aretusini et al. (2017). (a)
Amorphous (points) and smectite content (points and lines) versus the slip rate of the experiment. Composition of pristine
gouges is labeled as “SM” (b) amorphous production with frictional power density FPD and (c) amorphous production
with frictional work density FWD.

3.3. Mineralogical Composition and Amorphous Content

Mineralogical proportions and amorphous content obtained by quantitative XRPD analysis on the gouge
layers are compared in Figure 3 and Table S2. Under both room humidity and partly saturated conditions,
the amount of amorphous material produced during frictional sliding was inversely correlated to the smec-
tite content (Ca-montmorillonite; Figure 3a) and the content of the other mineral phases did not change
(Table S2). This suggested that amorphous material was derived from mechanical breakdown of the Ca-
montmorillonite. The amorphous content was systematically higher in the gouges sheared under room
humidity conditions compared to partly saturated conditions, at all slip rates. Among the room humidity
and partly saturated experiments, amorphous content was higher at low slip rates and lower at high slip
rates (Figure 3a).

The quantity of amorphous material produced was calculated as the difference between the amorphous
material after the experiment and the amorphous material identified in the nonsheared starting material.
The amorphous material production decreased with increasing frictional power density for both room
humidity and partly saturated experiments (Figure 3b), which was analogous to the observed decrease of
amorphous content with the slip rate of the experiment (compare with Figure 3a). The amorphous
production increased with increasing frictional work density (Figure 3c). All partly saturated experiments
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Figure 4. SEM-BSE images of the gouge layers, radial sections oriented as in Figure 1c, with stationary side at the bottom
and outer radius on the left, orthogonal to the shear direction. The rows represent the types of starting materials and the
columns represent the slip rates of the experiments (0.001, 0.01, 0.1, and 1.3 m/s, respectively).

had lower frictional work density (<6 MJ/m?) compared to the room humidity ones, indicative of the positive
correlation of amorphous material production with frictional work density (Aretusini et al., 2017).

3.4. Microstructures

Scanning electron microscope back-scattered electron (SEM-BSE) images of the gouge layers were acquired
over the whole radial sections to recognize diagnostic features of the deformation processes activated during
slip (Figures 4 and S2). In some cases, the interpretation of the microstructures suffered from the incomplete
sampling of the gouge layers, as a result of fragmentation and dispersion in epoxy mounting resin and poor
impregnation arising from the low permeability of the fine-grained matrix. The investigated samples were
radial sections of the gouge layers (Figures 1c and 1d). Because of this orientation with respect to the sense
of shear, kinematic indicators could not be observed. However, the orientation of the sections allowed us
to appreciate the textural variations with slip and slip rate which developed along the radial position of
the cut.

Vacuum dry and room humidity conditions. In the case of the experiments performed at V' = 0.001-0.1 m/s,
the gouge layer was sheared over the whole thickness and the microstructures formed in vacuum dry
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Figure 5. Detailed microstructures of vacuum dry experiments (SEM-BSE images). (a) Gouge layer deformed at 0.01 and
0.001 m/s (experiments s1344 and s1479) with increasing magnification. The gouge layer was organized in volumes with
coarser clasts crosscut by bands of ultrafine clasts. In the latter, occasional CCAs are found (indicated by arrows). The
bands contained submicrometric clasts, possibly nanoparticles. (b) Gouge layer deformed at 0.1 m/s (experiment s1343)
with increasing magnification. The gouge layer was organized into volumes with coarser clasts crosscut by bands of
ultrafine clasts. (c) Gouge layer deformed at 1.3 m/s (experiment s1365). The gouge layer at the stationary boundary
contained a pseudotachylite (“PST”) bordered with a volume of sintered clasts. Within the pseudotachylite the brighter
spots were likely detached parts of the steel sample holder.

experiments appeared quite similar those produced in room humidity experiments (Figures 4a-4c and 4e—
4g). The gouge layer was made of a matrix-rich microstructure containing clay cortex aggregates (cf.
Boutareaud et al., 2008), indicated by arrows in Figure 5a, middle panel) cut by bands of ultrafine material
(brighter under SEM-BSE; Figures 4a-4c and 4e-4g). These bands can be subplanar to wavy and they
often act as cleavage surfaces for splitting of the gouge layer (Figures 5a and 5b, top panels). In the room
humidity experiments, previous TEM investigations showed that the ultrafine bands were made of
nanoparticles (<100 nm in size). In the vacuum dry experiments performed at ¥V = 0.001-0.1 m/s,
micrometric to submicrometric size clasts were found within these bands, comparable to the nanoparticles
previously observed in room humidity experiments (Figures 5a and 5b, bottom panels).

In the case of the experiments performed at 1.3 m/s, at least half of the gouge layer preserved the same fabric
of the starting material and strain was localized in the remaining thickness (Figures 4d, 4h, S2, and S3).
However, unlike in the experiments performed at lower slip rates, the microstructure of the sheared gouges
varied dramatically with ambient conditions. Under vacuum-dried conditions, strain was localized in a pseu-
dotachylyte, as attested by the presence of a homogenous glassy-like matrix with a gradual transition to
volumes of sintered clasts (Figures 4d and 5c). Instead, under room humidity conditions, pseudotachylytes
were not found and strain was localized in a matrix-rich domain made of nanoparticles (<100 nm in size)
wrapping CCAs (Figure 4h; for details, see Aretusini et al., 2017).

Partly saturated conditions. At all the investigated slip rates, the gouge layer contained a matrix-rich
microstructure, which was foliated down to the nanoscale due to the preferential alignment of the long axis
of the smectite grains (Aretusini et al., 2019). The gouge layer was split along the wavy nanofoliation
(Figures 4i-41). The main difference between the experiments performed at a slip rate of 1.3 m/s and those
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performed at lower slip rates, was the thickness of the high-strain sheared domain: thin (< 0.1 mm) for the
former, thick (the entire gouge layer) for the low slip rate experiments (Figure 41).

4. Discussion

4.1. Thermochemical and Thermal Pressurization Model

Thermo-chemical pressurization was proposed to control the evolution of shear strength during seismic slip
in smectite-rich gouges (Ferri et al., 2011). An overall increase in pore pressure and reduction in shear
strength is expected due to water released by chemical reactions with temperature rise by frictional heating.
Water can either be released from hydrated cation complexes in the smectite interlayers (dehydration), from
opal during the opal-CT to quartz reaction, and from the octahedral sites of smectite (dehydroxylation). In
addition, with temperature rise by frictional heating, pore pressure increases by thermal pressurization
due to the higher thermal expansion of pore fluid compared to the thermal expansion of pore spaces
(Rice, 2006; Wibberley & Shimamoto, 2005).

Previous studies proposed that dynamic weakening at seismic slip rates occurred by an increase of pore pres-
sure, also in experiments performed under room humidity conditions (= no liquid water in the starting mate-
rial). This was based on the following evidence: (i) gouge layer dilatancy during sliding inferred from the
mechanical data (Ferri et al., 2010), (ii) presence of fluidal microstructures in the sheared gouges (Ferri
etal., 2011; French et al., 2014; Ujiie et al., 2011) and the collapse of smectite to an illite-like structure during
frictional sliding (Ferri et al., 2011), and (iii) direct measurement of pore fluid pressure during shearing
(Chen, Niemeijer, Yao, et al., 2017). Since (i) the temperature evolution and increase during shearing and
frictional heating and (ii) the pressure increase in the sheared gouge were very difficult to measure reliably,
they were estimated with numerical models encompassing coupled thermo-hydro-mechano-chemical pro-
cesses in clay-rich fault gouges (Chen et al., 2013). Additionally, the change in physical state of water from
liquid to vapor was proposed to further promote pore fluid pressurization (Chen, Niemeijer, & Fokker,
2017; Ujiie et al., 2011).

In the partly saturated case, requiring neither a temperature increase by frictional heating nor seismic slip
rates, the decrease of porosity with shear deformation was shown to induce a pore pressure increase (and
a consequent transient decrease in frictional strength) depending on the permeability and thickness of the
gouge layer (Faulkner et al., 2018: experiments were performed at subseismic slip rates). Given the very
low permeability of the smectite-rich gouges, and the very short time duration (<3 s) of the experiments per-
formed at seismic slip rates, pore fluid pressurization by inelastic reduction of pore volume is expected both
statically during the normal stress increase and also dynamically during the experiments. However, because
the gouge layer was not perfectly sealed and saturated with water, and the pore pressure and the evolution of
pore volume during the experiments was not measured, the contribution of shear-enhanced compaction to
pore fluid pressurization could not be modeled effectively.

The evolution of temperature T and pore pressure P were calculated by including the contributions of (i) the
heat source from frictional heating, (ii) the heat sinks and pressure sources from dehydration and dehydrox-
ylation of smectite, and from opal to quartz chemical reactions, and (iii) the pressure source from thermal
pressurization. The evolution was described by the following coupled partial differential equations (Chen
et al., 2013):

oT kT D.f;
ot pcox?  pc

2 .
0P _K&P XF  oT 3)

ot pSox2 S ot

In equations (2) and (3), k is thermal conductivity (W/(m-K)), p is density (kg/m?), c is heat capacity at con-
stant pressure (J/(kg-K)), f; represents the heat sources or sinks (W/m?), K is permeability (m?), 7 is viscosity
of the pore fluid (Pa/s), S is specific storage (Pa™), F; are the pressure sources (1/s), and A is the coefficient of
thermal pressurization (Pa/K). The coefficient of thermal pressurization was calculated considering
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Table 2
Input Parameters Used in the Numerical Model: Reaction Parameters
Name i Vi(l) (%) AHi (kJ/mol) Vﬁi (%) Ai (I/S) EA,i
1W-0W dehydration 1 0 (vacuum dry, 150°C) —43(2) 0.082 (2) 1.9-10% (3) 132 (3)
0.42 (vacuum dry, 100°C)
0.6 (room humidity, partly saturated)
dehydroxylation 2 0.6 —132(2) 0.04 (2) 8.8(2) 50.7 (2)
opal-CT to quartz 3 0.4 n.a. 0.1 (4) 23%10°° 4) 66.9 (4)

(1) Calculated from time and temperature of pre heating (Ferrage et al., 2007), (2) Chen et al. (2013), and references therein, (3) Ferrage et al. (2007), and(4)
Hiipers et al. (2017), and references therein.

measured porosity, thermal expansivity of pores at room conditions, and thermal expansivity of fluid with
varying temperature and pressure (Rice, 2006). The heat source by frictional heating f; is

fo=1V/w C))

The shear strength evolution measured in the experiments was directly imported into the model, calculated
from resisting torque assuming a constant stress acting on the gouge layer surface (Shimamoto & Tsutsumi,
1994). This assumption implies a constant and uniform pore fluid pressure along the gouge layer surface. The
slip rate was set as a trapezoidal function with the same acceleration and deceleration as imposed in the
experiments (6.4 m/s%). Thickness w for each modeled experiment was constrained based on the microstruc-
tural evidence (see section 3.4).

Heat sinks (f;) and pore pressure sources (F;) were calculated for each of the possible chemical reactions, with
i = I for smectite interlayer dehydration (the change from 1 water layer to 0 water layer configuration in the
interlayer cation complex), i = 2 for smectite dehydroxylation, and i = 3 for the opal-CT to quartz reaction
(Tables 2 and 3).

Heat sinks f; and pore pressure sources F; were

£ = Vi(1-p)e. My M, 5 ©
F, = Vi(1—§0)Vf,i%%;i (6)

with V; the volume of solid reactant (in %), AH; the reaction enthalpy (negative for the endothermic reactions
presented here), o, the density of solid reactant, M the molar mass of solid reactant, and VJ; the volume frac-
tion of releasable fluid. The term 6&;/0¢ is the time derivative of the reaction rate & = 1 — exp(—t-K)):

0¢;
a—‘ = Kjexp(—t K;) (7)
t
with K; the Arrhenius term:
K; = A; exp(—Ea;i/RT) 8)
for the preexponential rate of reaction A; and the activation energy E,; of the ith reaction (see Table 2).
Table 3
Input Parameters Used in the Numerical Model: Reaction Parameters: Thermal and Hydraulic Properties
@ (%) K (m?) ks (W/(m-K)) ps (kg/m?) cs (J/(kgK)) S(Pah)
gouge layer vacuum dry, 150°C 0.4 (1) 1071° 1) 1(2) 2350 (2) 1000 (2) F(T,P)(3)
vacuum dry, 100°C
room humidity
partly saturated 0.35(1) 1072 (4)
host rock steel 0.04 (1) 1072 (1% 445 (5) 7850 (5) 475 (5) 52x10712(5)

(1) Results of this paper, (1*) assumed in this paper, (2) Plotze et al. (2007), (3) Lemmon et al. (2002), (4) Behnsen and Faulkner (2011), and (5) Comsol
Multiphysics materials library.
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The smectite volume fraction in the starting material was assumed equal to the mass fraction (wt %) deter-
mined from XRD analysis due to the small density difference between smectite and opal-CT (see section 3.3
and Table 2). Because the temperature and the time duration in the oven for preheating (see section 2.1)
affect the amount of interlayer cations with one water layer available for dehydration, the volume V; in
smectite-rich gouges was estimated to be 0 wt % (with preheating at 150 °C for 24 hr) and in 42 wt % (with
preheating at 100 °C for 12 hr) based on the method suggested by Ferrage et al. (2007) (Table 2).
Regarding the other two reactions, dehydroxylation for smectites and quartz transition for opal-CT, the
assumption made was that 100 wt % of both smectite and opal-CT could react.

The two partial differential equations (equations (2) and (3)) were solved with Comsol Multiphysics software.
The equations were solved numerically as a one-dimensional problem: the x axis was in the direction perpen-
dicular to the gouge layer basal boundary (Figures 1c and 1d). A total of 235 model nodes were organized as
follows: 21 nodes, spaced every 0.0001 m (0.5001 < x < 0.502 m) defined the gouge layer domain, and the
remaining 214 nodes, spaced every 0.005 m (0 < x < 0.5 m and 0.502 < x < 1.002 m) defined the sample holder
domain. In the first and last node (x = 0 and 1.002 m, respectively), we applied the Dirichelet boundary con-
ditions of constant temperature and pressure equal to the initial temperature and pressure. The choice, in the
model, of a very large sample holder domain prevented the boundary conditions from affecting the results
and in particular to limit the temperature and pressure increase in the longer in duration (approximately
3,000 s) experiments performed at 0.001 m/s. The time step of the model decreased from 1 to 0.5, 0.1, and
0.01 s with increasing slip rate of the experiment.

For the gouge layer domain, thermal conductivity, density, and heat capacity were averaged as X,,, = X9 +
X,(1 — @), with Xy the relative fluid property (which varied in the model with temperature from 295 to 1195 K
and with pressure from 107> to 5 x 10° Pa (Lemmon et al., 2002), X; the solid property at room temperature
and pressure, and ¢ the porosity estimated with the gouge layer thickness before the experiments (section 3
and Table 3). Permeability was set constant with slip using the value measured for the gouges recovered from
the vacuum dry and room humidity experiments (i.e., 1077 m? section 3.1), and considering the value
reported by Behnsen and Faulkner (2013) for gouges sheared under partly saturated conditions (Table 3).
Specific storage was calculated as S = B+ @B-(1+¢)B,, with bulk compressibility 85, mineral compressibility
B (from Chen et al., 2013 ), and fluid compressibility 8y varying with temperature and pressure (Lemmon
et al., 2002). Notably, in the models discussed here, the fluid properties varied with pressure and temperature
considering implicitly the liquid or vapor state of water. For the sample holder domain the thermal conduc-
tivity, density and heat capacity of steel were used (Table 3). Porosity and permeability were assumed equal to
4% and 10”*' m?, respectively, and specific storage was calculated from steel bulk compressibility (Table 3).

The microstructural analysis of deformed gouge layers showed intense deformation and comminution over
their entire thickness when sheared at slip rates of 0.001, 0.01, and 0.1 m/s and strain localization when
sheared at 1.3 m/s (SEM investigations; Figure 5). Therefore, the heat source f, was located in all the nodes
of the gouge layer and over a thickness w = 0.002 m (= entire gouge layer) in the modeling of the low slip rate
experiments (Figures 1d, 4, and 5). Instead, the heat source was located in one node point at the contact
between the gouge layer and the sample holder (x = 0.5001 m; red circle in Figure 1d) and thickness w
was set to 25 um (extreme documented strain localization) for the experiments performed at 1.3 m/s
(Figures 1d, 4, and 5).

Starting temperature was set to 25 °C for all the modeled experiments. Starting pore pressure was set to (i) the
measured pressure of 10~® MPa in the sample chamber during vacuum dry experiments, (ii) a pressure of 1.6
x 10> MPa during room humidity experiments (coinciding with 50% relative humidity in the sample cham-
ber, that is, 50% of the water liquid-vapor saturation pressure at 25 °C), and (iii) the assumed pressure of 0.1
MPa in the partly saturated experiments. In cases (i) and (ii), the pore pressure was lower than the water
liquid-vapor saturation pressure at 25 °C.

4.1.1. Results of the Numerical Model

The evolution of temperature, pressure, and reacted fraction for the thermochemical reactions with time are
presented in Figure 6. These values are referred to a node of the model at the contact between the gouge layer
and the sample holder domains (x = 0.5001 m; Figure 1d). As expected, according to the models, the tempera-
ture increased (i) with increasing target slip rate of the experiment and (ii) with decreasing water content in
the gouge layer (i.e., from partly saturated to room humidity and vacuum dry conditions; Figures 6a-6d).
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Figure 6. Modeling results: (a-d) the evolution of temperature, (e-h) pore pressure, and (i-1) the reacted fraction for dehy-
dration and dehydroxylation with time in a point placed at the edge of the heat source (x = 0.5001 m; see Figure 1d).
Each column represents all the starting materials deformed at the same slip rate of 0.001, 0.01, 0.1, and 1.3 m/s,
respectively.

Pore pressure increased only in the partly saturated experiments and for slip rates >0.01 m/s (Figures 6e-6h).
The maximum pore pressure increase occurred at 1.3 m/s (Figure 6h). The reacted fractions displayed a
complex dependence on temperature, time, slip rate, and water content of the experiment (Figures 6i-61).
According to the models, the interlayer dehydration reaction was never completed in the experiments
performed under partly saturated conditions and V' = 0.001-0.01 m/s. Despite this incompleteness, at
V = 0.1 m/s the amount of dehydrated smectite increased with decreasing initial water content in the
gouge layer (i.e., from room humidity to vacuum dry conditions). Instead, at 1.3 m/s, dehydration was
completed in approximately 100 ms (i.e., at the very beginning of the experiment). Lastly, dehydroxylation
occurred only in the experiments performed at 1.3 m/s under room humidity and vacuum dry experiments
and the fraction of decomposed smectite increased with the decreasing water content in the gouge layer.

According to the models, the opal-CT to quartz reaction should not occur in the experimental conditions
investigated in this study.

The roles played by (i) water availability in the gouge layers (i.e., whether gouges were preheated, at atmo-
spheric humidity or with added liquid water) and (ii) initial pressure (i.e., room pressure or evacuated), on
the temperature and pressure evolution (obtained by the models) during shearing and therefore on the acti-
vated deformation processes are discussed by reference to pressure-temperature-time (P-T-t) path diagrams
(Figure 7). Smectite-rich gouge layers deformed under water-poor conditions (preheated vacuum dry to
room humidity) follow a nearly adiabatic path within the water vapor field. In fact, with decreasing water
content in the gouge layer and with increasing slip rate of the experiment, the P-T-t path simply progrades
to higher temperatures with negligible pore pressure increase (Figure 7b). On the contrary, the P-T-t path
of partly saturated experiments lies well within the liquid water field (Figures 7a and 7b). The results of
the numerical model suggest that the pore pressure did not increase when the reacted fractions were
maximum, excluding a role for thermochemical pressurization in controlling dynamic weakening in the
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Figure 7. Pp-T-t path during the rotary shear experiments. Pore pressure versus temperature in (a) linear scale and (b)
logarithmic scale to enhance the pore pressure evolution at the ultralow pressures of vacuum dry experiments. The sta-
bility field of liquid water is included as blue shaded area. Ca-montmorillonite-rich Wyoming bentonite interlayer dehy-
dration (Van Groos & Guggenheim, 1987), dehydroxylation, and melting (Van Groos & Guggenheim, 1989) reactions are
included in the plots (purple area, green, and red line, respectively). Boxes indicate dehydration, dehydroxylation, and
melting reactions at room pressure and temperature of exactly the same material that was tested in our experiments, STx-
1b (Guggenheim & Van Groos, 2001).

case of both dry and partly saturated experiments. In fact, the reacted products from dehydration were
maximum in the 1.3-m/s room humidity and vacuum dry experiments when the pore pressure rise was
negligible (Figure 61) and were always zero when the pore pressure increased in the partly saturated
experiments (Figures 6e-6h with Figures 6i-61). A possible explanation for the negligible role for
thermochemical pressurization in the dry experiments was that the pore fluid at low pore fluid pressure
had a large pore fluid compressibility which strongly reduced the specific storage. In fact, in vacuum dry
and room humidity experiments (pore pressures of 10~° and 10~ MPa, respectively), the compressibility
of water vapor (3, of approximately 100 and 10~* Pa, respectively) was several orders of magnitude larger
compared to the compressibility of liquid water in partly saturated experiments (8 of approximately 1071°
Pa). This resulted in a lower specific storage and reduced the pore pressure source terms (see
equation (3)). At the same time, the lower temperatures achieved in the partly saturated experiments due
to the lower frictional strength of the materials did not allow the chemical reactions to advance despite
the liquid water compressibility (and thus the specific storage) allowing for a pore pressure increase.

The results of the numerical models also show that the liquid-vapor transition was not crossed during the
partly saturated experiments. Under partly saturated conditions, the calculated temperature was lower than
the 100 °C required at 0.1 MPa of pore fluid pressure to result in water vaporization. Moreover, because of the
pressurization of pore fluids and because of the liquid-vapor saturation temperature increase with pressure,
the temperature increase required to induce the phase transition had to increase as well making the vapor-
ization process less likely to occur.

4.2. Deformation Processes Activated in the Experiments

The interpretation of the numerical model results and their combination with the experimental, mineralogi-
cal, and microstructural observations suggest that pore fluid thermochemical pressurization did not occur
under vacuum dry and room humidity conditions and therefore the evolution of shear strength depended
mainly on the friction coefficient of the smectite-rich gouge. On the other hand, under partly saturated con-
ditions, mechanical, and thermal pore fluid pressurization occurred, and shear strength evolution depended
on both pore pressure and friction coefficient.

4.2.1. Deformation Processes in Vacuum Dry and Room Humidity Experiments (Water-

Poor Conditions)

In water-poor conditions, the friction coefficient was controlled by extreme grain size reduction which, with
increasing slip rate and strain localization, led to thermal decomposition and melting at coseismic slip rates
(>1m/s; Figures 4 and 5). In particular, the lower the water content, the higher the temperatures achieved in
the gouge layer and the dehydration and dehydroxylation reactions advanced until bulk melting occurred.
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Figure 8. Measured shear strength and modeled pore fluid pressure in water partly saturated experiments. (a) The experi-
ment s1251 was run at 1.3 m/s under partly saturated conditions. (b) The initial part of slip weakening stage 1 of the
experiment. The symbols of equation (9) are indicated in the plot.

The presence of nanoparticles (but no evidence of melting) in the room humidity experiments and of
pseudotachylytes in the vacuum dry experiments (Figure 5c) and the modeled temperatures (Figure 6d) in
excess of the smectite dehydroxylation (500-700 °C; Van Groos & Guggenheim, 1989) and melting (830 °
C; Guggenheim & Van Groos, 2001) are consistent with this interpretation. At seismic slip rates of 1.3
m/s, the combination of strain localization and frictional power density (>1.6 MW/m?> under room
humidity and >2 MW/m? Table 1) drove the temperatures up and led to dynamic weakening. In the
room humidity case, the process producing dynamic weakening could be grain size-dependent grain
boundary sliding in the nanoparticles domains produced either by grain size reduction or by thermal
decomposition (De Paola et al., 2015; Green et al., 2015). In the vacuum-dry case, the process producing
dynamic weakening was likely frictional melting (Figure 2d). At slip rates of 0.001-0.1 m/s, extreme grain
size reduction occurred (i.e., ultracomminuted bands in Figure 5 and in Aretusini et al. (2017)), but strain
localization did not occur and frictional power density was low (0.003-0.3 MW/m? Table 1). As a
consequence, temperatures achieved in the gouge layer were not high enough to promote either grain
size-dependent crystal plastic processes or frictional melting and large dynamic weakening did not
occur (Figures 2a-2c).

4.2.2. Deformation Processes in Partly Saturated Experiments (Water-Rich Conditions)

To assess the role of the modeled pore pressures induced by thermal pressurization (Figure 6h) in dynamic
weakening during stage 1 (Figures 2a-2d), we consider the ratio between the shear strength at the end and
the shear strength at the onset of the slip weakening stage 1 (cf. Violay et al., 2015), expressed as

Tt (0n=P1) ©)

To  Ho(9n—Po)
wherein 1 is the peak strength, t; is the strength at the end of slip weakening, 1, and u; are the respective
friction coefficients, Py and P; are the respective pore fluid pressures calculated in the numerical model, and
o, is the total normal stress (5 MPa; Figure 8). It suggested that the pore pressure rise by thermal pressuriza-
tion alone could not control the short-duration dynamic weakening. In fact, dynamic weakening could be
explained either by a friction coefficient decrease (at constant pressure P; = Py) or by an additional pore
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pressure term. In the second case, we can assume that the friction coefficient was constant and solve the
equation:

o 0,—(Po + APy) (10)

To on—Po
for an unknown AP, pore fluid pressure increase which can possibly arise from thermal pressurization. This
term AP, was 4.3 MPa with slip rate of 1.3 m/s to justify the dynamic weakening recorded in the experiment.
In the case of experiment s1251 run at 1.3 m/s (Figure 8), the pore pressure increase was only approximately
1.4 MPa, thus significantly smaller than the 4.3 MPa needed to achieve dynamic weakening by thermal
pressurization only. This implies that either a decrease of the effective friction coefficient or an additional
pressurization term (e.g., by compaction with shear deformation) is necessary to explain dynamic weakening
during stage 1.

A combination of friction coefficient increase and pore pressure decrease could result in the slip strengthen-
ing behavior measured in the experiments at V' = 0.001-0.1 m/s (Figures 2a-2c). Slip strengthening could
occur by a decrease of pore pressure or by an increase in the friction coefficient. However, according to
the results of the model, during stage 2 both the thermal and shear-enhanced components of pore fluid pres-
sure should increase. On the other hand, the poor sealing of the gouge layer would allow a loss of water
resulting in the decrease of pore pressure and, as a consequence, higher shear strength. Moreover, the tem-
perature increase associated with frictional heating would induce water loss and dehydration from the smec-
tite interlayers and grain boundaries, resulting in a less efficient lubrication of the smectite interfaces and
thus a bulk increase of the friction coefficient.

4.2.3. Origin of the Amorphous Material

In the experiments, the production of amorphous materials was favored at low temperatures, low slip
velocities, and under room humidity compared to the partly saturated conditions (i.e., when strain did
not localize in the gouge layer; Aretusini et al., 2017). In the room humidity experiments, an increase
of the amount of amorphous material was measured in all the studied gouges, independently of imposed
the slip rate. The shear bands contained amorphous material in the form of smectite nanoparticles
(Figures 5a and 5b; see also Aretusini et al., 2017), similar in shape to those produced in the high-energy
ball milling experiments (Dellisanti & Valdré, 2005; Vdovi¢ et al., 2010). In the partly saturated experi-
ments amorphous material was produced but not in the form of nanoparticles (absent in these experi-
ments). Alternatively, the increase of amorphous material could derive from the mechanical breakdown
of the smectite crystals, for example, by delamination along the basal surfaces (Table 1 and Figure 3c).
Limited to the room humidity and partly saturated experiments, the amorphous material was not
associated with microstructural evidences of frictional melting (i.e., pseudotachilyte) and was possibly
derived from mechanical alteration of the smectite lattice, promoting solid state amorphization (cf.
Aretusini et al., 2017).

4.3. Markers of Fast Accelerated Slip in Natural Rocks

The high-velocity friction experiments presented here were representative of fast slip during either seismic
slip propagation (average of 1 m/s) or during the final collapse of a landslide (higher than 10 m/s). The
applied normal stresses almost reproduced the low effective normal stresses typical of smectite-rich sections
of seismogenic megathrust faults, as in the Japan Trench (7 MPa; Fulton et al., 2013), and of large landslides
(4.9 MPa for Vajont 1963 landslide; Veveakis et al., 2007). Given the similarity in slip rate values between the
experiments and the natural events, the microstructures analyzed in the experiments might be used to recog-
nize diagnostic features of either fast (seismic) or slow (aseismic) slip occurred in natural faults or landslides
and constrain the deformation processes occurring in nature. Fast slip rates (>0.1 m/s) result in the dissipa-
tion within the slip zone of frictional power densities (i.e., the product of slip rate and shear stress) typically
higher than 1072 MW/m?. Given the low thermal conductivity of rocks, the dissipated frictional power
induces a temperature rise in the slip zone which activates deformation processes characteristic of seismic
slip or accelerated landslide collapse. In general, these processes (thermo-poro-mechanical pressurization,
melt lubrication, crystal plastic grain-size- and temperature-dependent deformation mechanisms, etc.)
determine dynamic weakening of the slip zone (Di Toro et al., 2011; Green et al., 2015; Rice, 2006; Rowe
et al., 2019).
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Recent high-velocity friction experimental studies tried to recognize microstructural markers from rocks or
gouges deformed at fast slip rates (1 m/s) that, when found in natural rocks, could indicate past seismic slip
or accelerated landslide collapse (Niemeijer et al., 2012; Rowe & Griffith, 2015). The least ambiguous mar-
kers of fast slip are surely pseudotachylites resulting from frictional melting, as documented in natural fault
rocks (Sibson, 1975) and landslide décollements (Legros et al., 2000). In the case of clay-rich fault gouges,
pseudotachylites were proposed as markers of fast slip at shallow depth (Han et al., 2014). However, the scar-
city of pseudotachylytes in the geological record motivated the search for other markers of fast slip. These
include clay clast aggregates (CCAs, Boutareaud et al., 2008), transformed clay minerals (Bullock et al.,
2014; Ferri et al., 2011; Yamaguchi et al., 2011), or nanoparticles aggregated in fibers (Smeraglia et al.,
2017), although these “markers” of ancient seismic slip are still regarded as debatable.

To compare our experimental findings with (1) the microstructures produced in previous experiments per-
formed on clay-rich gouges and in natural slip zones and (2) the proposed deformation mechanisms, we need
to consider that the frictional power density and therefore the temperature rise increases with the shear
stress and, therefore, with the normal stress imposed in the experiment or achieved in nature. Compared
to previous experimental configurations, the average frictional power density dissipated in the slip zone of
our experiments (0.15 to 2.24 MW/m?) is up to 5 times higher (Boulton et al., 2017; Boutareaud et al.,
2008; Brantut et al., 2008; Ferri et al., 2011; French et al., 2014), comparable (Han et al., 2014; Remitti
et al., 2015) or lower (Bullock et al., 2015; Smeraglia et al., 2017). The higher frictional power density dissi-
pated in our experiments can explain the higher maximum temperatures achieved compared to published
data (for example in French et al., 2014). Moreover, we need to consider the role of thermal diffusivity: the
low diffusivity typical of host rocks in nature compared to the higher one of the steel-made holder used in
this study promotes the increase of temperature and dynamic weakening during slip (Yao et al., 2016 ). In
conclusion, further experimental and numerical modeling work is required for a direct and systematic com-
parison of our results with the available ones.

In our experiments, if the water content remains constant, almost identical microstructural products occur at
all slip rates from 0.001 to 1.3 m/s, that is, nanoparticles in room humidity or nanofoliations in partly satu-
rated experiments (Aretusini et al., 2019). In the room humidity case, clay clast aggregates were produced in
a broad range of slip rate and frictional power densities. These observations question the role of CCAs as reli-
able markers of fast accelerated slip in smectite-rich rocks as discussed in Boutareaud et al. (2008) and,
instead, agree with the observation of CCAs as a common product from shear of dry gouges at low normal
stresses (of calcitic composition in the case of Rempe et al. (2014)). Similarly as CCAs, nanoparticles in
our experiments were produced over a broad range of slip rates and frictional power densities. However,
highly localized deformation in nanoparticles domains could be indicative of seismic slip (Aretusini et al.,
2017; Smeraglia et al., 2017) and strain localization can be controlled by thermal decomposition processes
(French & Chester, 2018). In presence of water (partly saturated experiments), highly localized (<150 pm
thick) nanofoliated gouge volumes could be indicative of seismic slip (Aretusini et al., 2019) and compatible
with strain localization controlled by thermal pressurization (French & Chester, 2018).

In our experiment performed on the gouge preheated at 100 °C, under high vacuum, and sheared at 1.3 m/s,
a pseudotachylite developed (Figure 5c), which is considered a reliable marker of fast accelerated slip.
However, the pseudotachylite developed under conditions of water depletions very far from those expected
at shallow depth in natural faults and landslide décollements, where water is available in pore spaces and
inside smectite lattice. This pseudotachylite formed in the experiments with the highest average power den-
sity (>2 MW/m?; Table 1), whereas with water available, a foliation developed with a lower average power
density (approximately 0.15 MW/m?; Table 1). Therefore, in presence of water, to achieve frictional melting,
a frictional power 15 times larger than those we measured is required. To increase frictional power, the pro-
duct of shear stress and the slip rate of the slip pulse have to increase (section 2.3). At shallow depth, at the
normal stress of our experiments, higher slip rates than in our experiments are required to achieve a higher
power density. At greater depth, higher shear stresses promote a higher power density. Moreover, at large
depth, the higher temperatures due to the geothermal gradient could promote dehydrated smectites which
were shown to have a shear stress approximately 5 times the one of water saturated smectites (i.e., at normal
stress of 100 MPa; Morrow et al., 2017).
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5. Conclusions

Rotary shear experiments were conducted on smectite-rich gouges containing 70 wt % Ca-montmorillonite
and 30 wt % opal-CT. Gouges layers were deformed under water-poor (vacuum dry and room humidity)
and partly saturated conditions. The 2-mm-thick gouge layers were deformed by imposing the same normal
stress (5 MPa) and total displacement (3 m), but at slip rates of 0.001, 0.01, 0.1, and 1.3 m/s (Table 1 and
Figure 2). By incorporating the mechanical data (Figure 2) into a thermochemical and thermal pressuriza-
tion P-T model (Figure 6) and constraining the model results with microstructural (Figures 4 and 5) and
mineralogical (Figure 3) evidence, we conclude that

1. Water-poor (vacuum dry and room humidity) conditions promote cataclasis and solid amorphization,
dehydration (release of interlayer water molecules) and, with fast slip rate and high frictional power,
dehydroxylation (release of hydroxyls) and frictional melting. Development of high pore fluid pressures
(thermochemical pressurization) is hindered by the vapor state of water and deformation occurs under
quasi adiabatic conditions.

2. Water-rich (or partly saturated) conditions promoted frictional slip associated with shear enhanced pres-
surization and, for V' = 0.01-1.3 m/s, with thermal pressurization. Vaporization of pore water was not
expected to occur at the experimental conditions discussed here.

3. The experiments are representative of the ambient pressure and temperature conditions typical of the
shallow sections of megathrust fault zones (e.g., Tohoku-Oki 2011 M, 9.0 earthquake; Fulton et al.,
2013) or of landslides décollements (e.g., Vajont 1963; Hendron & Patton, 1987).

4. In the above shallow geological environments, markers of fast slip associated with earthquakes and land-
slides should be difficult to recognize based on the microstructures found in the slipping zones, as the pro-
ducts of deformation are nonexclusive of fast slip rates (nanoparticles, CCAs, and nanofoliation).

5. Pseudotachylites in smectite-rich rocks are product of seismic faulting or accelerated landslides only with
high frictional power (>2 MW/m?), which can be achieved at shallow depth with a combination of fast
slip and high displacement, or at higher depth thanks to the higher normal stresses and strengthening
with dehydration during diagenesis and burial.
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