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Abstract

Rock stiffness and the evolution of rock friction with slip velocity and slip displacement
control earthquake mechanics and the seismic cycle. This physical interpretation is also
based on rock friction experiments where low (~1 pm/s, sub-seismic) to high (~1 m/s,
seismic) slip velocities were imposed on experimental faults. However, the
investigation of rock friction under hydrothermal conditions at slip velocities (0.01-1
m/s) and displacements (> 0.1 m) typical of earthquakes has been partly hampered by
technical challenges. In this thesis, I aim at better understanding the frictional behavior
of experimental faults in the presence of hot and pressurized fluids during the seismic

cycle by means of rotary shear experiments and micro-analytical investigations.

First, I investigated the effect of the physical state of water on frictional strength.
Experimental results show that in the presence of pressurized water in liquid and
supercritical states, compared to in vapor state (and dry conditions), weakens the fault

strength of gabbro of 50-60% at sub-seismic slip velocities (e.g., 10 um/s).

Then, I performed slide-hold-slide experiments under hydrothermal conditions to
investigate frictional healing during the seismic cycle. The results show that the log-
linear relation between frictional healing and hold time is relaxed at high temperatures
and, especially, in the presence of fluids. This behavior is attributed to the contrasting
effects of contact area increase vs. contact strength decrease of the asperities during the
holds.

Finally, I studied the slip dependence of frictional stability in large displacement
experiments performed on gouges at conditions close to brittle-ductile transition. The
results show that the transition from velocity-weakening (potentially unstable) to
velocity-strengthening (stable) behavior is promoted by slip displacement and is
associated with the transition from localized to distributed deformation in the gouge

layer.

The results presented in this thesis challenge in some cases our current knowledge of
rock friction under hydrothermal conditions and may provide new insights into the

mechanical behavior of faults during the seismic cycle.

Keywords: Hydrothermal conditions, Fluid-rock interaction, Fault strength, Frictional

healing, Frictional stability, Seismic cycle, Long slip displacement
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Riassunto

La rigidita della roccia e l'evoluzione dell'attrito con la velocita e la distanza di
scivolamento controllano la meccanica dei terremoti ¢ il ciclo sismico. Questa
interpretazione fisica si basa anche su esperimenti di attrito nelle rocce effettuati a basse
(~1 mm/s, sub-sismiche) e alte (~1 m/s, cosismiche) velocita di scivolamento. Tuttavia,
lo studio dell'attrito delle rocce in condizioni idrotermali e a velocita di scivolamento
(0,01-1 m/s) e per rigetti (> 0,1 m) tipici dei terremoti ¢ stata in parte ostacolata da
problemi tecnici. In questa tesi, mi propongo di comprendere meglio il comportamento
dell’attrito di faglie sperimentali in presenza di fluidi caldi e pressurizzati durante il
ciclo sismico, mediante esperimenti condotti con macchine tipo rotary e indagini

microanalitiche.

Nella prima parte della tesi, ho studiato l'effetto dello stato fisico dell'acqua sul
coefficiente di attrito. I risultati sperimentali mostrano che la presenza di acqua
pressurizzata allo stato liquido e supercritico, rispetto a quella allo stato di vapore (e in
condizioni asciutte), abbassa il coefficiente d’attrito di una faglia di gabbro del 50-60%

a velocita di scorrimento sub-sismiche (e.g., 10 mm/s).

Ho quindi effettuato esperimenti in condizioni idrotermali per studiare 1’attrito delle
faglie nella fase intersismica del ciclo sismico. I risultati mostrano che la relazione log-
lineare tra I’incremento di attrito e tempo di contatto si riduce ad alte temperature e,
soprattutto, in presenza di fluidi. Questo comportamento ¢ attribuito agli effetti
contrastanti dell'aumento dell'area di contatto rispetto alla diminuzione della forza di

contatto delle asperita durante il tempo di contatto (o intersismico).

Ho infine studiato la dipendenza della stabilita dell'attrito con il rigetto effettuando
esperimenti su polveri di roccia deformate a temperature e pressionei prossime a quelle
della transizione fragile-duttile. I risultati sperimentali mostrano che la transizione da
comportamento velocity-weakening e potenzialmente instabile a velocity-strengthening
e stabile avviene all’aumentare del rigetto ed ¢ associata alla transizione da una

deformazione localizzata a distribuita nello strato di polvere.

I risultati presentati in questa tesi sfidano in alcuni casi le nostre attuali conoscenze
sull'attrito delle rocce in condizioni idrotermali e forniscono nuove possibili

interpretazioni sul comportamento meccanico delle faglie durante il ciclo sismico.

Parole chiave: Condizioni idrotermali, Interazione fluido-roccia, Resistenza della

faglia, Attrito statico, Stabilita dell’attrito, Ciclo sismico, Esperimenti con grandi rigetti
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Chapter 1 Introduction

1.1 Motivations

With about 700,000 deaths in the 21st century, earthquakes are currently the leading
cause of casualties by natural disasters worldwide (https://ourworldindata.org/natural-
disasters). Geophysical, seismological and geological evidence, borehole data and other
field studies in both tectonic and volcanic environments suggest that earthquakes are
often genetically and spatially related to fluid circulation at conditions of elevated
temperature and fluid pressure (i.e., hydrothermal fluids: Raleigh et al., 1972, 1976;
Yukutake et al., 2011; Gomila et al., 2021; Scholz, 2019; Sibson, 2020, Ross et al.,
2020). The presence of hydrothermal fluids interacting with the rock strongly governs
the fault mechanics and seismic cycle. On the one hand, the increase in pore fluid
pressure may result in fault weakening and failure, while the decrease may stabilize
faults (Sibson, 2020). On the other hand, fluid-rock interaction can trigger chemical
reactions and processes, e€.g., mineral dissolution and precipitation, kinetic reduction of
fracture energy, and sub-critical crack growth, which affect the frictional stability and
strength of faults (Orowan, 1944; Rutter, 1972; Atkinson, 1984; Schott et al., 2009;

Wintsch et al., 1995; Verberne et al., 2015; Moore and Lockner, 2013).

These considerations are also valid for human-induced seismicity, particularly
associated with the exploitation of geothermal reservoirs. Currently, in medium- to
high-enthalpy geothermal fields (temperature of fluids 100 < 7" <450°C) the most
common way of capturing geothermal energy is to inject water in relatively deep
reservoirs (e.g., 0.5-5 km depth) and then recover the heated water at the Earth’s surface
(Barbier, 2002; Islam et al., 2022 and references therein). However, injecting fluids into
underground reservoirs affects the mechanical behavior of the rock mass. In fact, an
increase in seismicity associated with deep water injection has been often recorded

(Baisch et al., 2010; Cornet et al., 2007; Mukuhira et al., 2010; Diechmann and Giardini,



2009; Asunuma et al., 2005). Consequently, comprehensive knowledge of fluid-rock
interactions, fluid-induced seismicity and a better understanding of the associated fault

behavior are necessary for the safe and efficient exploitation of deep geothermal energy.

Despite the importance of fluids in earthquake mechanics, it is still poorly known how
fault mechanics and the seismic cycle are affected by the presence of hot and
pressurized fluids. Fault friction, together with elastic properties of the fault zone and
host rocks, plays a significant role in the creeping vs. stick-slip behavior of faults,
nucleation of earthquakes, as well as in controlling coseismic fault slip, rupture speed,
ground motions, etc. (Brace and Byerlee, 1966; Dieterich, 1972; Heaton, 1990; Rice,
2006; Di Toro et al., 2011; Marone, 1998; Scholz, 2019). Great success has been
achieved in understanding the stability of fault slip, nucleation of earthquakes and
dynamic weakening mechanism in the past decades by performing low (~1 um/s, sub-
seismic conditions) to high (~1 m/s, seismic conditions) velocity friction experiments
(Brace and Byerlee, 1966; Dieterich, 1978; Blanpied et al., 1991; Marone, 1998; Yao
et al., 2016; Violay et al., 2014; Tullis, 2015; Di Toro et al., 2011; Niemeijier et al.,
2012; Verberne et al., 2014; Goldsby and Tullis, 2011; Ikari et al., 2011). However, the
physical-chemical processes that govern the fault behavior under realistic conditions
typical of earthquake hypocentral depths are still poorly understood. Extrapolating the
experimental results to natural conditions is still an extremely challenging task. In fact,
for “low velocity” experiments, usually performed with bri-axial or tri-axial machines,
though in some cases hydrothermal conditions can be imposed, the shear displacement
is limited to several millimeters neglecting the effect of cumulative displacement (He
et al., 2007; Moore et al., 2021; Stesky et al., 1974; Blanpied et al., 1991; Chen et al.,
2015). For “high velocity” experiments, aiming at reproducing coseismic fault slip, the
implementation of hydrothermal conditions in rotary shear machines has been hindered
by technical difficulties leaving high-velocity (or coseismic) friction properties of faults
under realistic crustal conditions still ambiguous (Di Toro et al., 2011). Therefore,

experiments that can overcome these limitations are motivated to provide insights into



the mechanical behavior of natural faults in the seismic cycle (Harbord et al., 2022;

Violay et al., 2021; Niemeijer et al., 2008).

1.2 Fault zone structure

It is well known that earthquakes are a result of ruptures, which nucleate, propagate and
terminate mostly along pre-existing faults (Gilbert, 1909; Scholz, 2019 for a review).
Field geology, seismological and geophysical studies and drilling projects of active
faults have demonstrated that the crustal fault zone mainly comprises four domains:
slip zones, fault core, damage zone and country rock (Caine et al., 1996; Sibson and
Rowland, 2003; Faulkner et al., 2003; Mitchell and Faulkner, 2009; Chester and Logan,

1986) (Figure 1.1).

a b Fault core
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Damage Fault Country Damagezane damaped rock  uiracataclasde Country rock
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Figure 1.1: Typical fault zone structures in quartzo-feldspathic rock, 0.1 mm- to cm-thick slip zones

are marked within the fault core (after Mitchell and Faulkner, 2009).

In the upper crust, shear strain is largely accumulated in individual 0.1 mm to cm-thick
slip zone within the mm- to m- thick fault core, which often consists of in-cohesive
gouge powder and (ultra)cataclasites as a result of abrasive wear and comminution
(Caine et al., 1996; Sibson, 2003). The damage zone surrounding the fault core,

typically 10 to 100 meters wide, is composed of a network of fractures, veins, secondary



faults and joints. The intensity of deformation decays away from the fault core into the

undeformed host rocks (Faulkner et al., 2003; Mitchell and Faulkner, 2009).

Fault zone and its related properties (e.g., anisotropic permeability) play a significant
role in controlling fluid flow, earthquake nucleation and the faulting process (Caine et
al., 1996; Faulkner et al., 2010; Ben-Zion and Sammis, 2003; Mitchell and Faulkner,
2012). The evolution of fault structure depends highly on depth, lithology, accumulative
slip history and tectonic environment (Savage and Brodsky, 2011; Shipton et al., 2001;

Bistacchi et al., 2010; Masoch et al., 2021).
1.3 The seismic cycle

Earthquakes are a dynamic process, mostly occurring on pre-existing faults (Scholz,
2019). To explain this phenomenon, Reid (1910) proposed the elastic rebound model
according to which earthquakes are the result of the unbalance between elastic strain
accumulation in the country rocks and its sudden release, and between frictional
strength and forces in the fault slip zone. Relative motion between two plates of an
active but locked fault can lead to increasing the shear stress and accumulate the elastic
strain energy in the rock mass. When shear stress is raised sufficiently to overcome the
fault strength, the sides of a fault move suddenly past each other, releasing the stored
elastic energy. Over the recurrence interval of hundreds of years to millennia, individual
faults may experience several deformation processes and different events under tectonic
loading, referring to as the so called seismic cycle (Figure 1.2). The seismic cycle can

be divided into four main stages (Scholz, 2019):

Interseismic stage: the fault is in a quasi-stationary state. The frictional strength of the
fault increases over time, known as frictional healing (Marone, 1998). This
restrengthening is a fundamental process in the seismic cycle as it controls the elastic
strain energy storage in the country rocks, the earthquake occurrence interval and stress

drop. This behavior has been widely investigated in the laboratory by performing slide-



hold-slide friction experiments, consisting of sliding at a constant slip velocity, stopping
the driving velocity for a determined hold time, followed by resumption of slip at pre-
hold slip velocity (Figure 1.3a). Frictional healing is defined as the difference between
the peak friction upon re-shearing after hold and the pre-hold steady-state friction
(Figure 1.3b). Previous experiments revealed that the frictional healing increases with
the logarithm of the hold time (Figure 1.3c), which is interpreted to be the result of an
increase in real contact area due to asperity creep (Dieterich, 1972; Dieterich and

Kilgore, 1994) and in contact bonding (Li et al., 2011).

Preseismic stage: the accumulated stress sustained by the fault is approaching a critical
threshold at which earthquakes can occur (that is, rupture propagation velocity of the
order of km/s) (Heaton, 1990). The seismic rupture nucleates locally along the fault
where the elastic strain energy is sufficient to be released. At this preseismic stage,
faults may slip at very low velocities (i.e., nm/s). How slip evolves during the
earthquake nucleation stage are enigmatic, Ellsworth and Bulut (2018) suggest that
earthquakes are triggered by a series of foreshocks, and Tape et al. (2013) conclude that

earthquakes transition from slow slipping to fast slipping rupture.

Coseismic stage: seismic ruptures propagate at high velocity (km/s) along the fault core
and the fault wall rock suddenly accelerate to a slip velocity of ~m/s on average (Heaton,
1990). Rupture propagation and fault slip are accompanied by dynamic stress drop and
the release of stored strain energy, which may allow the coseismic slip to be transferred
also to the region beneath the seismogenic volume (i.e., where earthquake ruptures can
nucleate). A significant reduction in fault strength may occur due to the activation of
multiple dynamic weakening processes (D1 Toro et al., 2011; Tullis, 2015; Wibberley

and Shimamoto, 2005; Pozzi et al., 2021).

Postseismic stage: In the case of typical crustal faults, where moderate and large in
magnitude earthquakes nucleate at 7 to 20 km depths, following the coseismic slip,

afterslips may occur on the fault at both shallow (< 2-4 km depths) and deep (> 10-20



km) crustal levels as the result of stress redistribution and change in strain rate (Pollitz,
2015). For instance, transient deepening of aftershocks after the mainshocks has been
recorded in Southern and Baja California and other areas (Schaff et al., 2002;
Rolandone et al., 2004; Cheng and Ben-Zion, 2019), which may reflect the downward

migration of the brittle-ductile transition at depth.

Because the faults are under continuous tectonic loading, the stages above can be
repeated resulting in the seismic cycle. In addition to the fast fault slip velocity
earthquake events, fault behavior in the crust can involve slow-slip velocity events,
non-volcanic tremors, swarms, low-frequency earthquakes and stable creep, all of
which are dependent on ambient pressure and temperature, pressure and composition
of fluids, rock type, etc. and visco-plastic-elastic properties of the country rocks (Barbot,

2019; 2022; Ross et al., 2020; Leeman et al., 2016).
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Figure 1.2: Fault slip as a function of depth in the seismic cycle, using a continental
fault model loaded at 3 cm per year and with the unstable to stable transition at 11 km

depth (Scholz, 2019)
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time > log hold time
Figure 1.3: Schematic diagram of slide-hold-slide experiments. a. Experimental procedure consists
in alternating sliding at a constant slip velocity with a stop for a determined period hold. b. Frictional
healing is defined as the peak friction upon re-shearing minus steady-state friction before hold.

Measured friction normally relaxes during the hold. ¢. Frictional healing typically increases linearly

with the log hold time.

1.4 Fault friction

Friction is the force that resists the sliding of one object over another one along the
contact surface. In 1699, Amontons developed two main laws of friction based on the
understanding proposed by Leonardo da Vinci: 1) The frictional force is independent
of the size of the contact surface, and 2) is proportional to the normal stress, which is
well-known as “Amontons’s law”. He also found that the frictional force is about one-
third of the normal force, while static friction force is about two-thirds of that. After
then, Coulomb recognized that the contact surfaces were covered with asperities and
observed an increase in static friction with the stationary time of contact surfaces. Later,
Bowden and Tabor contributed to the concept of friction by proposing the adhesion
theory which states that the real area of the contacting surface (4;) is a fraction of the

total contact area (4). Only the asperities in contact support the normal load and are



responsible for friction. This is a foundational concept for following studies on friction.

Fault friction is of importance in earthquake mechanics since once the fault zone is
formed the relative motion of the wall rocks will be controlled by friction. The
coefficient of friction (u) is defined as the ratio of shear stress (7) to the normal stress
(om) acting on the fault (i.e., £ =1t/ on). Based on experimental observations (Figure
1.4), Byerlee (1978) summarized that the frictional strength of rocks can be depicted

by two relations for low and higher normal stress (Byerlees rule, Figure 1.4):

1 =0.85 on, for on < 200 MPa (1-1)

T =50+ 0.6 on, for on > 200 MPa (1-2)

MAXIMUM FRICTION
EXPLANATION

SYMBOL REFERENCE ROCK TYPE
- 2F Granile , fractured
. 26 Gronite , ground surfoce
v 3 Limestone , Gobbro , Dunite
- B 5 Granite , ground surface
° 6F Weber Sondstone |, foulted
I3k . 65 Weber Sandstone , saw cul és
na . 9 Granodiorite a®
° 13 Gneiss and Mylonite
e 16 Ploster in joint of Quortz Monzonite
i ‘ 20 Quortz Monzonite joints
x 25 Westerly Gronite , Chlorite , Serpentinite

illite , Kaolinite , Halloysite ,
Montmorillonite , Vermiculite
26 Granite
° 27 Kaolinite , Halloysite , Illite a
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T
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Figure 1.4: Shear stress versus normal stress for a variety of lithologies: the slope is about 0.6 (from
Byerlee, 1978). However, there are exceptions to the so-called Byerlee law, and these are related to

clay minerals and phyllosilicates (e.g., V = vermiculite, I = illite, M = Montmorillonite).



Considering the presence of pore fluid at a pressure of P, in the slip zone, which acts
against the stresses normal to the fault, the effective normal stress reduces to et = Gn -
oPp assuming a=1. Hence, the friction strength is redefined as 7= u (on - Pp) assuming
cohesion is zero. In the Mohr space (i.e., description of the stress tensor), the reduced
effective normal stress facilitates the reactivation of the fault by shifting the Mohr circle

close to the failure criterion (Figure 1.5).

T4 Mo, &

2%

<
Increasing P
d

\

Figure 1.5: Mohr space diagram showing the increase in pore pressure shifts the Mohr circle to the

left, approaching the failure envelope of the fault.

To investigate the frictional behavior of faults, friction experiments have been
performed in the laboratory on a wide range of lithologies under varied experimental
conditions (temperature, pressure, presence of fluids) and in different experimental
configurations (bi-axial, tri-axial, rotary shear machines) (Stesky, 1978; Chester, 1994;
Beeler et al., 1996; Frye and Marone, 2002; He et al., 2007; Moore and Lockner, 2008;
King and Marone, 2012; Tesei et al., 2012; Mitchell et al., 2015; Verberne et al., 2015;
Okamoto et al., 2019; Philips et al., 2020; Giacomel et al., 2021 and others). Most of
the experiments show that frictional strength follows Byerlees rule, i.e., the friction
coefficient is between 0.6-0.85 regardless of lithology, normal stress, fluids,

temperature and pressure (Figure 1.4). However, clay minerals and phyllosilicates



minerals with a plate-like structure have steady-state friction coefficients as low as 0.1,
for instance, graphite (Collettini et al., 2019; Moore and Lockner, 2004). These minerals
are often the products of fluid-rock interaction, in some cases under hydrothermal
conditions and can determine the strength of the fault zone (Wintsch et al., 1995).
Moreover, in the last 30 years, a large body of friction experiments performed, also
under hydrothermal conditions, suggests that fault strength is strongly dependent on
temperature, fluids, normal stress, slip velocities and slip history (Di Toro et al., 2011;
Goldsby and Tullis, 2002; Morrow et al., 2000; Beeler et al., 1996; King and Marone
et al., 2012).

1.4.1 Rate-State friction law and friction at nucleation velocities

Earthquakes are usually accompanied by sudden fault slip releasing stored elastic
energy in the wall rocks. The stick-slip motion, a sudden movement often observed in

frictional sliding, has been proposed as an analogue for an earthquake (Brace and

Byerlee, 1966).

It is well known that earthquakes are only part of a wide spectrum of fault behavior,
elastic strain energy can also be released slowly through slow-slip events, slow
earthquakes, swarms and creeps (Scholz, 2019; Barbot, 2019; 2022; Ross et al., 2020;
Leeman et al., 2016). These fault behaviors, divided into unstable and stable sliding,
depend on effective normal stress, the frictional properties (velocity-dependence) of the
fault and the stiffness of the surrounding rocks, which can be described by a spring-

slider model (Burridge and Knopoff, 1967).

In order to discriminate the fault behavior whether unstable (seismic) or stable
(aseismic), the Rate- and State Friction (RSF) law developed by Dieterich (1979) and
Ruina (1983) describes the evolution of friction coefficient leading to the frictional
instability and earthquake nucleation. In the RSF law, the friction coefficient uis

expressed as a function of slip velocity /" and a state variable 6.
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v V,0
u=M+aMG9+bm%: (1-3)

Where 0 represents the steady-state friction coefficient at a reference velocity Vo, uis
the friction coefficient at slip velocity V. Parameters a and b are experimentally derived
dimensionless constants, controlling the direct effect and the evolution effect in
response to an instantaneous change in velocity, respectively. d. is the critical slip
displacement or the slip required to achieve the new steady-state frictional contacts
upon the velocity perturbation. @ is a state variable with the units of time, which is
assumed to represent the evolution of the microstructural state (Marone, 1998). The
most widely used forms for the evolution of fare “ageing law” (Dieterich, 1979) or the

“slip law” (Ruina, 1983):

dae ve

w=1-0 (1-4)
daeo ve Ve

=g (1-5)

In the ageing law, 8 evolves with time when the fault is in quasi stationary state, while
the evolution of @ requires slip in the slip law. Combining with either one of the two
evolution laws, the RSF law has successfully reproduced the seismic or aseismic fault
behavior and time-dependent frictional healing behaviors as observed in the laboratory

as well as in nature.

In this model, the difference between the parameters a and b (i.e., a-b) is significantly
important and can be used to determine the frictional stability of the fault. If a-b >0, the
frictional strength increases with increasing slip velocity, i.e., the fault exhibits velocity-
strengthening behavior and is intrinsically stable (Figure 1.6a). However, if a-b <0, the
fault exhibits velocity-weakening behavior (Figure 1.6b), the fault is conditionally
unstable and earthquakes can nucleate if the elastic stiffness (K) of the surrounding

rocks is less than the critical stiffness (K¢):

K <K =—C200 (1-6)
c

11



The velocity dependence of friction is usually obtained from velocity-stepping friction
experiments in which the slip velocity is generally changed by a factor of 10 or 1/10,
typically at earthquake nucleation velocities ranging from 0.01 pm/s to 10 pum/s.
Experimental results indicate the velocity dependence of friction depends on lithology
(Ikari et al., 2011; An et al., 2021; Moore and Lockner, 2008), temperature (He et al.,
2007; Verberne et al., 2015; Blanpied et al., 1995;), normal stress (Giacomel et al., 2021;
Bedford et al., 2021), pore fluids (Bedford et al., 2021; He et al., 2006; 2007; Morrow
etal., 2017), gouge size (Bedford et al., 2021), shear strain (Ikari et al., 2011) and so on
(see also Spagnuolo et al., 2016). Moreover, and this is quite systematic, clay- or
phyllosilicate-rich fault gouges with x < 0.5 at sub-seismic slip rates exhibit velocity-
strengthening behavior, whereas fault gouges with higher y exhibit velocity-weakening
behavior (Ikari et al., 2011). In general, clays and phyllosilicates (talc, montmorillonite,
etc.) tend to be velocity-strengthening while silicate minerals (quartz, feldspar, etc.)
tend to be velocity-weakening, at least at room temperature conditions (Ikari et al., 2011
and references therein). In nature, frictional velocity-dependence is also related to fault
maturity, for instance, velocity-strengthening transitions to velocity-weakening due to
cementation or consolidation (Moore and Saffer, 2001; Marone and Saffer, 2007). In
addition, the RSF law provides a good framework for simulating the frictional healing,
earthquake nucleation processes, the seismic cycle and aftershock behavior in nature

(Marone, 1998; Noda and Lapusta, 2013; Rice, 1993; Lapusta and Rice, 2003).

a b

>
>

Velocity Friction
Velocity Friction

; >
Slip Slip >

Figure 1.6: Schematic diagram of frictional response to velocity stepping according to the rate- and

12



state-friction law. a. velocity-strengthening behavior; b. velocity-weakening behavior.

1.4.2 Friction at seismic slip velocities

Once the earthquake has nucleated, fault ruptures will propagate at ~km/s and rocks
bounding the fault will accelerate one relative to the other up to velocities of ~m/s
(Heaton, 1990). To reproduce the co-seismic slip typical of moderate to large magnitude
earthquakes, high-velocity (7> 0.1 m/s) rotary shear experiments have been extensively
performed on a wide range of rock types. In these experiments, the faults show a
dramatic reduction in frictional strength to as low as 0.1 at seismic slip velocities (Di

Toro et al., 2011. Figure 1.7).

Under such sliding conditions, a variety of thermally-activated processes may be
involved due to frictional heating, resulting in reduced friction strength. Numerous
dynamic weakening mechanisms have been proposed based on experimental
observations and modelling, including flash heating (Rice, 2006; Goldsby and Tullis,
2011), thermal pressurization (Sibson, 1973; Wibberley and Shimamoto, 2005; Noda
and Shimamoto, 2005), powder lubrication (Reches and Lockner, 2010; Han et al.,
2010), silica gel lubrication (Goldsby and Tullis, 2002; Di Toro et al., 2004),
decomposition (De Paola et al., 2011), frictional melting (Di Toro et al., 2006; Nielsen,
2008; Niemeijer et al., 2011), elastochydrodynamic lubrication (Brodsky and Kanamori,
2001; Cornelio et al., 2019) and grain-size and temperature dependent plastic

deformation (De Paola et al., 2015; Pozzi et al., 2021).

To date, the majority of high velocity experiments have been performed at ambient
temperature under room humidity conditions and only few in the presence of
pressurized pore fluids (Aretusini et al., 2021; Cornelio et al., 2019; Violay et al., 2014;
Rempe et al., 2020). However, mostly because of technical limitations, performing high
velocity experiments in the presence of hot and pressurized water (i.e., hydrothermal

conditions) has still been hindered. Therefore, it remains unknown whether
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hydrothermal conditions affect the weakening processes observed at room humidity and

whether other weakening mechanisms may be activated.
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Figure 1.7: Steady-state friction coefficient versus slip rate for a wide range of lithologies. Friction
coefficient dramatically decreases as slip rate approaches seismic slip rates (0.1~1 m/s). (Di Toro et

al., 2011)

1.5 Brittle-ductile transition

Plate tectonics loading leads to two types of mechanical behavior of rocks: the so called
brittle and ductile regimes (other rheological-dependent definitions are also used:
elasto-frictional vs. viscous-plastic regime: Sibson, 1977). In the upper Earth’s crust,
strain is commonly accommodated in rocks in a localized fashion. Deformation is brittle
microcracking where grains become cracked at the microscopic scale. The microcracks
coalesce and form macroscopic fractures (Lockner et al., 1991; Paterson and Wong,
2005). At the crustal scale, tectonic loading builds up the strain on faults and the crustal
strength is controlled by the friction of the faults. In the deep crust under high
temperature and pressure, strain is accommodated by the viscous-plastic flow of rocks.
Grains deform by dislocation or diffusion creep (crystal plasticity in general) at the

microscopic scale. The crustal strength can be described by steady-state flow laws,
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depending on the pressure, temperature and strain rate (Poirier, 1985). As a
consequence, the constitutive laws for frictional and viscous-plastic behavior of rocks

allows us to describe the strength distribution in the Earth’s crust (Figure 1.8).

Shear strength

Frition law

Depth

_| Maximun nucleation depth
Brittle-ductile transition zone

Figure 1.8: Schematic diagram of the shear strength-depth profile over the crustal depth. Shear
strength is controlled by friction law in the upper crust, and transitions to viscous-plastic flow law
with depth. The transition zone is also called known as the brittle-ductile (or, more rigorously, elasto-

frictional vs. viscous-plastic, Sibson, 1977) transition zone.

The transition from brittle to ductile occurs over a certain depth where brittle and ductile
deformation coexist, the so-called brittle-ductile transition zone. This transition is of
major importance since it generally coincides with the maximum depth at which an
earthquake can nucleate (Sibson, 1977; 1982) and it is the depth range where strength

and elastic strain energy are at a maximum.

Experimental studies show that the transition from brittle to ductile depends mainly on
confining pressure, temperature, fluids and strain rate. Specifically, an increase in
confining pressure can result in brittle-ductile transition, for instance, in calcite-built
rocks (Paterson 1958; Fredrich et al., 1989). With increasing confining pressure. the

macroscale deformation transitions from axial splitting to single shear failure, to
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conjugate fractures, and finally to considerable barrelling ductile deformation. In
addition, an increase in temperature generally promotes the plasticity of silicate rocks
by reducing the strength of crystalline slip systems (Paterson and Weaver, 1970). The
addition of water can also weaken the rock samples and promotes plastic deformation
in quartz (Griggs, 1967) and Westerly granite (Tullis and Yund, 1980). The rate of the
deformation also strongly controls the brittle-ductile transition. For instance, decreasing
the strain rate lowers the pressure necessary to achieve ductility in diabase (Caristan,

1982) and albite (Tullis and Yund, 1980).

1.6 Rock-fluid interaction

Interstitial fluid is almost ubiquitous within rock pores. Geophysical observations allow
quantitative analysis of pore fluid volumes and pressures in various tectonic settings
(Heise et al., 2013; Peacock et al., 2011). Borehole data and seismic studies reveal
anomalous pore fluid pressure at shallow boreholes and within or adjacent to the faults
(Davis and Villinger, 2006; Sibson and Rowland, 2003; Kato et al., 2010; Park et al.,
2010).

The presence of pore fluid can alter the local pressures and reduce the effective normal
stresses (Terzaghi effect: Rutter, 1972), as discussed above. The elevated pore pressure
has been used to explain apparent weakness within fault zones (Moore et al., 1996;
Tobin and Saffer, 2009) and also interpret the occurrence of slow-slip events, episodic
tremors and low-frequency earthquakes (Audet et al., 2009; Shelly and Hardebeck,
2010; Shelly et al., 2006; Ito and Obara, 2006).

In addition to the mechanical effect, numerous studies suggest that fluid-rock
interaction can also trigger chemical processes (Paterson and Wong, 2005; Lisabeth and
Zhu, 2005; others), including mineral dissolution and precipitation (Rutter, 1972;
Zhang and Spiers, 2005), formation of new minerals (Dunkel et al., 2017; Kanakiya et

al., 2017) and sub-critical crack growth (Askinson, 1982; Brantut et al., 2013), which
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may contribute to the deformation and lead to the strengthening or weakening of the

faults (Wintsch et al., 1995).

Physical and chemical interactions between fluid and rocks can produce a spectrum of
deformation behaviors, which should be taken into account in unraveling the

deformation mechanisms of fault rocks during the seismic cycle.

1.7 Objectives and structure of this thesis

Numerous experimental and numerical modeling studies have indicated that
(hydrothermal) fluids govern fault strength, earthquake rupture propagation and the
seismic cycle (Blanpied et al., 1992; Wibberley et al., 2005). Presence of fluids
contributes to the activation of a plethora of physical and chemical processes including,
for instance, pore pressure-dependent processes (Terzaghi effect), diffusive mass
transfer, pressure solution, etc. Conducting rock deformation experiments in the
presence of fluids is a promising way to better understand the fault behavior and reveal
the earthquake mechanics. However, it is still technically challenging to perform rock
friction experiments covering the entire slip velocity range during the seismic cycle and
in the presence of hot and pressurized fluids. New experimental machines, devices and
dedicated experiments are required (Harbord et al., 2022; Violay et al., 2021; Niemeijer

et al., 2008).

In light of this, the objectives of this thesis are:

1. To describe a new experimental device/configuration that allowed me to perform
rock friction experiments under hydrothermal conditions (i.e., presence of hot and
pressurized water in liquid, vapor and supercritical state) and over a wide range of
imposed slip velocities (from sub- to seismic or cm/y to m/s) and realistic fault slip
displacements (up to several meters). In Chapter 2: Experimental methods, I

introduce a new-developed hydrothermal vessel installed on a low to high velocity
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rotary shear machine. The sample assembly and experimental materials are also

presented.

2. To characterize the frictional strength of experimental faults under hydrothermal
conditions and the role of the physical state of pore water on the frictional strength. In
Chapter 3: Physical state of water controls friction of gabbro-built faults, [ describe
a series of friction experiments performed on cylindrical gabbro at a constant velocity
ranging from 1 pum/s to 0.1 m/s in the presence of water at liquid, vapor and supercritical
state. In the experiments, the friction coefficient decreases with increasing slip velocity
under vapor conditions (like under room humidity conditions, e.g., Hirose and
Shimamoto, 2005; Niemeijer et al., 2011; Di Toro et al., 2011) but, quite surprisingly,
it decreases with slip displacement regardless of the slip velocity under the liquid and
supercritical water conditions. The content of this chapter is under review in Nature

communications.

3. To investigate frictional healing (strength recovery) of experimental faults under
hydrothermal conditions. In Chapter 4: Frictional healing of gabbro-built fault
gouges under hydrothermal conditions, I describe Slide-Hold-Slide experiments on
gabbro-built gouges at an effective normal stress of 50 MPa, temperatures from 25 to
400°C, under dry or pore pressure (30 MPa) conditions. The experiments show that the
well-known linear relation between frictional healing and the hold time is strongly
relaxed under these extreme conditions, especially for long-lasting holds, and in some
cases and the frictional healing rate switches from positive to negative with increasing
hold time. The content of this chapter is in preparation for submission to Geophysical

Research letters.

4. To determine the frictional stability of experimental faults under hydrothermal
conditions. In Chapter 5: Slip-dependence of frictional stability of simulated faults
under hydrothermal conditions, I describe a series of velocity-stepping (from 16 nm/s

to 10 um/s, five orders of magnitude) experiments on gabbro and basalt at 7=300 and
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400°C, normal stresses of 50 or 100 MPa conditions. The experimental results show
that instability (velocity-weakening) transitions to stability (velocity-strengthening)
with cumulative displacement. This chapter is intended for submission to Geophysical

research letters.

Chapters 3 to 5 have been structured as scientific papers and include the abstract,
introduction, methods, results, discussion and conclusion sections. In Chapter 6, I
summarize the main results of my thesis and propose future studies on the topic. In
Appendices, Appendix A is preliminary data of frictional healing on basalt-built gouges.
Appendix B is ongoing work on high velocity experiments of gabbro- and marble-built
faults (I am a co-author, my contribution was to run the friction experiments and assist

with microstructural work).
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Chapter 2 Methods

The experimental work presented in this thesis was conducted at the Department of
Geosciences, University of Padova (UNIPD) and at the Laboratory of Tectonophysics,
Institute of Geology, China Earthquake Administration (IGCEA). This chapter gives an
outline of the rotary shear machines, the new hydrothermal vessel, the experimental
materials and the microanalytical techniques exploited. Specific and detailed

procedures for the friction experiments are presented in each chapter.

2.1 Rotary shear machines

The friction experiments were conducted using a rotary-shear Low to High-velocity
apparatus (LHVR-Beijing) installed at the Institute of Geology, China Earthquake
Administration in Beijing, China (Ma et al., 2014) and Rotary Shear Apparatus (RoSA)
at the Department of Geosciences at the University of Padua, Italy (Rempe et al., 2014).
Both designed by Prof. Toshihiko Shimamoto, these are very similar machines, though
the LHVR has a power supply of 22 kW and RoSA of 11 kW. Since most of the
experiments were performed in LHVR-Beijing, in this section I will focus on this
machine (Figure 2.1). In fact, because of the impact of COVID-19, the installation of
the hydrothermal vessel at the Department of Geosciences planned for June 2020 was
delayed by nine months and the vessel was installed and tested in late March 2021.
Moreover, the several COVID-19 pandemic waves and related closures of the
Department resulted in further delays. The calibration and improvements to the
machine and to the vessel required other nine months of work and the systematic

production of reproducible experimental data started only in February 2022.

The LHVR-Beijing rotary machine is 3.2 m in height (Figure 2.1) and consists of a
servomotor (1) with a power output of 22 kW supplying a maximum rotary revolution
of 1500 rpm. The rotary piston (4) is connected to the motor through a gear/belt box (2)

with a ratio of 1:1000:1000000, which allows the imposed angular velocity to cover
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nine orders of magnitude (resulting in an equivalent slip velocity on standard samples,
see below, spanning from 1 nm/s to 1 m/s). The angular velocity and rotary angle are
recorded with the high-resolution encoder and potentiometer, respectively (3). For
setting up each experiment, the upper rotating column was centered within 5 um with
respect to the loading frame axis. The hydrothermal vessel (5) and rock specimen
assembly are placed along the rotary axis in the center of the machine. Normal (axial)
load up to 10 kN is applied to the samples with an air pressure-driven actuator (12),
recently increased to 60 kN after the installation of a new air actuator. Normal load is
measured with a load cell with a resolution of 10 N (11). Shear torque is recorded by
the cantilever-type torque gauge (8) consisting of a horizontal arm and axial force
gauges with a resolution of 0.01 Nm. The torque gauge assembly is connected to the
axial column through a ball spline. Axial displacement (i.e., sample plus loading
column) is measured by a linear voltage displacement transducer (LVDT) with a

resolution of 1 um (9). The acquisition rate ranges from 1 Hz to 25 KHz.

12)
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Figure 2.1: Schematic diagram of the Low to High-velocity rotary shear apparatus equipped with a
dedicated hydrothermal vessel (LHVR-Beijing). 1) servomotor, 2) gear and belt system, 3) rotary
encoder and potentiometer, 4) rotary shaft, 5) hydrothermal pressure vessel, 6) metal frame, 7) axial
loading column, 8) cantilever-type torque gauge, 9) liner voltage displacement transducer, 10) thrust

bearing, 11) axial force gauge, 12) air actuator.

2.2 Hydrothermal vessel

The hydrothermal pressure vessel (Figure 2.2), also designed by Prof. Toshihiko
Shimamoto, consists of a pressure vessel, upper and lower glands (Figure 2.3), upper
and lower nuts, an external furnace and two pistons (Shimamoto, 2022). This vessel is
capable of imposing temperatures up to 500°C and pore fluid pressures up to 70MPa

on the specimens.
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Figure 2.2: Photograph (left) and sketch (right) of the hydrothermal vessel with the main parts

indicated in the diagram.
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O-rings

Pore fluid inlet

Figure 2.3: Photograph of the upper gland.

The furnace is set on the pressure vessel with furnace wires connected in parallel inside
the furnace casing, which consists of an aluminum cylinder, upper and lower split lids,
and an aluminum belt with a pair of aluminum shafts. The position of the furnace casing
can be adjusted by means of four bolts. One K-type thermocouple is inserted into the
interface between the pressure vessel and the furnace to measure the furnace
temperature. The insulating material “Microtherm”, consisting of silica and TiO; with
a grain size of 5-25 nm and having thermal conductivities of 0.02-0.04 W/m K, one of
the materials with the lowest thermal conductivity ever made, fills the furnace casing.
To measure the sample temperature during the experiments, a K-type thermocouple is
placed ~1 mm away from the slip surface. The thermocouple passes through a hole
made on the axis of the lower stationary piston. A servo-controlled system installed in
the furnace controlled based on the temperature measurements in the external furnace
and in the sample chamber allows the operator to impose an almost constant
temperature (e.g., temperature oscillations < 2°C at 400°C) during the experiments

(Figure 2.4).
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Figure 2.4: Photograph of the furnace controller.

A syringe (ISCO) pump is connected to a pressure inlet in the upper gland and used to
inject the pore fluid into the vessel chamber for the experiments with pressurized water
(Figure 2.5). The pore pressure is measured by a pressure transducer (100 MPa full
range with 0.01 MPa resolution) placed on the upstream side of the sample. In the case
of RoSA in Padova, two pressure transducers are installed to monitor the upstream and
downstream pore fluid pressure. Leakage of fluid from the vessel is impeded by a series
of O-rings in the upper and lower glands. Since O-rings are made of rubber and must
be protected from failure at high temperatures, an external chiller pumps cold water
continuously into the glands and O-ring. The O-rings are lubricated with HT-resistant
grease before the experiments. The upper and lower glands are made of Inconel 625
with a tensile strength of 850 MPa at temperatures up to 600°C. Moreover, the upper
gland is equipped with two sets of ball bearings to prevent the jamming of the piston
and gland. Two nuts with trapezoidal threads are used to hold the glands in position and

also to provide channels for cooling water.
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Figure 2.5: Photograph showing the connection of high pressure pore fluid inlet in the upper gland.

A ring with screws is used as a connector.

Cooling water inle

— -

Figure 2.6: Photograph of the upper nut.

The upper piston (i.e., rotary piston) is connected to the column attached to the clutches
and the rotary motor, and the lower piston (axial piston) is fixed tightly to the lower
header block, which is connected to the lower axial column with a mechalock (Figures

2.1 and 2.2a). The axial and rotary pistons inserted into the hexagonal hole of the
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columns of the LHVR machine can withstand sufficiently high torques and transmit the
torque to the arm and to the installed gauges. The header block has four connectors
allowing for the connection of thermocouples and pore pressure transducers. A 2 mm
in diameter hole in the lower piston provides a channel for a thermocouple to pass
through for measuring the temperature inside the vessel and close to the samples (Figure

2.3a).

2.3 Sample assembly

Upper and lower pistons with sample holders for cylindrical specimens are shown in
Figure 2.7. The diameter of the pistons is 15 mm. Graphite rings of 20 um diameter
smaller (34.98+ 0.005 mm) than the internal diameter (35.00 mm) of the vessel chamber
are used as adjusters on the pistons for alignment and sustaining the pistons. The upper
view of the sample holder is shown in Figure 2.7a. The rock cylinders are prepared after
including coring, cylindrical grinding, saw cutting, and surface grinding. The samples
ready for the experiments are 28.00+0.01 mm in diameter and ~25 mm in length. The
lower part of the cylinder (from the bottom up to 12 mm) is cut to form two parallel
surfaces. This technically challenging operation is made to allow the rock sample to be
inserted and coupled to the sample holders for transmitting the torque, through the
sample slip zone, from the upper rotary column to the lower axial column. In fact,
because of the high temperatures (up to 500°C) imposed to the samples, glues (they
breakdown and also release contaminating chemicals in the liquid and in the rock
specimen) and mechanical clamps (they fail because of thermal expansion) cannot be
used. A 2 mm hole is cored in the stationary-side rock to allow the thermocouple to pass
through to reach the slip surface. Under hydrothermal conditions in our study, samples
are jacketed with Nickel-made rings (Figure 2.7b) rather than Aluminum-made rings,
commonly used for room-temperature experiments, to avoid rock failure during the
shearing. Before loading to the machine, the rock surfaces are roughened with 80#

silicon carbide.
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Figure 2.7: Photograph of piston assembly for cylindrical rock specimens a-b, showing the head

block, thermocouple, pistons, and rock cylinders jacketed with Nickel-rings.
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Figure 2.8: Labelled photograph of piston assembly for gouge experiments a-b. See text for

description.

For gouge experiments, the diameter of the pistons is increased to 22 mm for improving
the stiffness of the entire system (vessel plus sample holders: Figure 2.8). This increase
in the diameter of the pistons required also the design and installation of new glands
and header blocks. The gouges are prepared by crushing the bulk rock and sieving it to
pass through a 180-mesh sieve (= grain size below 88 um). The rock gouge is
sandwiched between two ring-shaped pistons (22/28 mm inner/outer diameter,
respectively, Figure 2.9). The surfaces of the metal holder are grooved with 0.25 mm in
depth, 0.5 mm in width and 1 mm spacing to promote that shearing occurs within the
gouge layers and not at the gouge-metal holder interface. The gouge layer is confined
by inner and outer rings made of the same alloy (titanium/aluminum/vanadium, Ti90-
Al6-V4) of the pistons to obtain the same thermal expansion coefficient and minimize

the gouge extrusion during compaction and shearing. The confining rings are lubricated
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with Molykote D-321R antifriction coating to minimize the extra torque to the
measurement. These two pistons are attached to each other by a locking screw, housing

the sample properly.
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Figure 2.9: Schematic diagram of the sample assembly for gouge experiments (modified based on

the sample assembly of the ring-shear machine at Utrecht University (Niemeijer et al., 2008)).

2.4 Experimental materials

Friction experiments are performed on gabbro and basalt. Gabbro, named “Jinan dark
green” is supplied by a rock dealer in China, and basalt is collected from a quarry from
the Etna in Italy. The mineralogical and chemical compositions are determined with X-
Ray Powder Diffraction (XRD) and X-Ray Fluorescence (XRF), reported in Tables 2-
1 and 2-2. Basalt consists of feldspar, augite, olivine, magnetite, and minor amounts of
amorphous minerals (same material as reported by Giacomel et al., 2021), and gabbro

consists of feldspar, pyroxene, olivine, and biotite. Both gabbro (intrusive igneous rock)
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and basalt (extrusive igneous rock) are mafic in composition and typical rocks of the
oceanic crust (and also of the lower continental crust in the case of gabbro), and can be
found along plate boundary faults (transform, subduction faults), volcanic
environments and geothermal reservoirs. Therefore, and because often homogenous
and with small grain size (< 1 mm), gabbro and basalt rocks have been widely
investigated in rock friction experiments. For instance, high-velocity experiments
(Tsutsumi et al., 1997, 2007; Hirose et al, 2005; Di Toro et al., 2005; Mizoguchi et al.,
2007; Niemeijer et al., 2011; Brown and Fialko, 2012; Violay et al., 2014a, b) or under

hydrothermal conditions (He et al., 2006, 2007; Mitchell et al., 2015; Zhang et al., 2017).

Table 2-1: XRD results of gabbro and basalt

Gabbro Phase Quantity (wt-%) ESD (wt-%)
Biotite 4.0 0.2
Diopside 27.8 0.2
Dolomite 1.5 0.1
Forsterite 12.2 0.2
Lizardite 1.3 0.1
Magnetite 2.6 0.1
Andesine 47.4 0.3
Sanidine 2.8 0.1
Quartz 0.4 0.1

Basalt Phase Quantity (wt-%) ESD (wt-%)
Augite 23.2 0.3
Forsterite 5.1 0.2
Ilmenite 0.3 0.1
Magnetite 5.8 0.1
Nepheline 3.7 0.2
Olivine 5.0 0.3
Anorthite 53 0.4
Andesine 34.2 0.5
Phlogopite 1.0 0.1
Sanidine 11.3 0.4
Sodalite 1.3 0.1
Tridymite 0.6 0.1
Amorphous 3.1 0.7
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Table 2-2: XRF results of gabbro and basalt

Si0; | TiOz | ALO;s; | Fe2O3 | MnO | MgO | CaO | NaxO | KoO | P,Os | Tot

gabbro | 5036 | 0.54 | 14.23 | 9.76 | 0.16 | 10.61 | 10.66 | 2.50 | 0.80 | 0.13 | 99.75

basalt | 47.54 | 1.70 | 16.73 | 11.61 | 0.18 | 5.69 | 9.66 | 3.85 | 1.55 | 0.56 | 99.07

2.5 Data processing

During the experiments, time, normal load, shear torque, angular position and velocity,
axial compaction and dilation, temperature and pore pressure are acquired at a

frequency of up to 25 KHz. All raw data are post-processed in MATLAB.

Because of rotary shear configuration, there is a gradient in tangential slip velocity (V'
= wr with o angular velocity and » sample radius) from the center (V=0 m/s for =0
m) to the rim (Vmax) of the cylindrical sample. So, we use “equivalent slip rate” Veq as
a slip velocity applied to the samples assuming shear stress independent of radial

position (Shimamoto and Tsutusmi, 1994):

Vo = 4R (r{%+riry+1,2)
eq 3(T1+7'2)

2-1)

Where R is the revolution rate of the motor, 1 and »» are the internal and external
diameter of the samples (71 = 0 m for full cylinders). All the sample velocities referred
to in this thesis are Veq. Correspondingly, the slip displacement dis “equivalent slip

displacement” obtained by integrating Veq with respect to time.

For processing the raw data recorded from each experiment, the normal stress (on),
shear stress (7) and slip displacement (d) are converted from the measured normal load
(F), shear torque (M) and rotary displacement (rev: the number of revolutions),

respectively, using the following equations:

Op = = 2-2)

(rz%-112)
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3M
Te—M (2-3)
217(T23—T13)
2 2
4H(T1 +ri1r+12 )
3(r1+72)

d=rev

(2-4)

Friction coefficient is defined by the ratio of shear stress to effective normal stress (=
7/ oerr). The axial displacement data obtained are taken to calculate changes in the
sample height (gouge layer thickness), though this measure includes also elastic
deformation of the pistons and of the metal parts and their thermal expansion and
cooling. The shortening or dilation is determined as z = wo — w, where w is measured
axial displacement during the experiment and wy is initial axial displacement before

shearing. Positive z means shortening (compaction), negative z dilation.

2.6 Microanalysis of experimental products

After the experiments, the solid rock samples or gouge layers are recovered carefully
from the machine and prepared for further microanalysis. The techniques I used in this

study include:

X-ray powder diffraction (XRPD): to determine the mineral assemblage before and

after the experiments qualitatively and quantitively, XRPD measurements are
performed at the Department of Geoscience at the University of Padova using a Philips
X’Pert Pro MPD diffractometer. The instrument is equipped with a long-fine-focus
cobalt anode tube working at 40 kV — 40 mA and a 240 mm goniometer radius that
operates in the 0/0 geometry. Incident beam optics includes the Bragg-BrentanoHD
(BBHD) module: a wafer crystal of W/Si manufactured to improve signal-to-noise and
peak-to-background ratios while maintaining a divergent beam and reducing Ka-2 and
K lines. Divergence slits of 4°, antiscatter slits of 1° and Soller slits of 0.04 rad
complete the incident beam setup. Diffracted beam optics are composed of antiscatter
slit of 9.1 mm aperture, Soller slits of 0.04 rad and X’Celerator Position Sensitive

Detector with a 2.122° 20 active length.
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Micro-Raman spectroscopy: to determine vibrational modes of molecules of the

samples before and after the experiments, Micro-Raman spectra are collected at the
Department of Geoscience at the University of Padova, using WITec AlphaR confocal
microscope with a XYZ motorized stage and equipped with the 532 nm laser diode
(maximum power: 60 mW) and with a 300 lines/mm grating that ensures a ~2 cm-1

resolution over a spectral range from 0 to 4000 cm-1.

Field Emission Gun Scanning Electron Microscope: to obtain microstructure of the

samples before and after the experiments to investigate the deformation processes,
recovered samples are first impregnated with a low viscosity epoxy resin and then
prepared into thin sections, cut in an orientation parallel to the shear direction and
perpendicular to the shear plane. SEM images are collected on a Tescan Solaris Field-
Emission SEM equipped with SE (secondary electrons) and BSE (back scattered
electrons) detectors (resolution 1-2 nm) and Energy Dispersive X-ray Spectroscopy
(SEM-EDS), wavelength-dispersive spectrometer (WDS), cathodoloumiscence (CL)
and Electron Backscatter Diffraction (EBSD) at the Department of Geoscience at the

University of Padova.

Non-contact optical profilometer: to quantify the roughness of the sample surface

before and after the experiments, the surface morphometrics is performed at the
Department of Geoscience at the University of Padova with a portable non-contact 3D
optical profilometer Nanovea Jr25, equipped with an optical pen providing a vertical
resolution (height repeatability) of 3.4 nm. The 3D maps are processed with the

software Gwyddion v2.61 (Czech Metrology Institute).
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3.1 Abstract

Rock stiffness and the evolution of rock friction with slip velocity and slip displacement
control earthquake mechanics and the seismic cycle. Because of this, rock friction has
been investigated for decades with different experimental machines and configurations,
also in the presence of hot and pressurized water (hydrothermal conditions) typical of
earthquake nucleation depths. However, the investigation of rock friction under
hydrothermal conditions at slip velocities (0.1-10 m/s) and slip displacement (> 0.3 m)
typical of moderate to large magnitude earthquakes has been hindered by technical
challenges. Here we exploit a new experimental device to investigate the frictional
behavior of gabbro under hydrothermal conditions at seismogenic depths (e.g., water
pressure and temperature up to 30 MPa and 400 °C, respectively) over a large range of
imposed slip velocities (from 1 um/s to 100 mm/s) and slip displacement (up to 3 m).
These experimental conditions allow us to measure the evolution of fault friction in the
presence of water under vapor, liquid and supercritical state. In particular, when
pressurized water is in vapor state, the rock friction decreases with increasing slip
displacement and slip velocity, similarly as in room temperature experiments. However,
when pressurized water is in liquid or in supercritical state, friction decreases with slip
displacement regardless of the imposed slip velocity. Based on the interpretation of
mechanical data and microanalysis of experimental faults, we propose that water-rock
interaction and elastohydrodynamic lubrication explain the experimental observations.
The transition from the liquid to vapor state of water results in an abrupt increase in
fault friction that can stop or delay the nucleation stage of an earthquake under

hydrothermal conditions (e.g., geothermal fields).

3.2 Introduction

Seismological, geophysical and deep borehole data plus field observations of exhumed

faults are consistent with the hypothesis that crustal earthquakes often originate and
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propagate in the presence of hot and pressurized (i.e., hydrothermal) fluids (Scholz,
2019; Sibson, 2020, Ross et al., 2020). Moreover, experimental studies indicate that
hydrothermal fluids (usually water) govern the seismic cycle by means of a plethora of
physical and chemical processes (pore pressure variations, diffusive mass transfer,
mineral precipitation, sub-critical crack growth, etc.) which determine, for instance,
faults frictional instabilities or their healing and sealing (Sibson, 1973; Violay et al.,
2014; Verberne et al., 2015; Moore and Lockner, 2013). However, the role of the
physical state (liquid, vapor and supercritical) of water in the seismic cycle remains
unclear, especially in relation to the safe exploitation of deep geothermal reservoirs
(Piana Agostinetti et al., 2017; Acosta et al., 2018). Rock friction experiments
performed over a broad range of slip displacement (up to meters) and slip velocities
(from a few um/s, or sub-seismic, up to m/s, or seismic) can contribute to the
understanding of the seismic cycle under hydrothermal conditions (Rice, 2016; Heaton,
1990; Marone, 1998; Byerlee, 1978; Dieterich, 1979; Tustsumi and Shimamoto, 1997;
Blanpied et al., 1995; Steaky et al., 1974; Verberne et al., 2014; den Hartog et al., 2012;
Okuda et al., 2023). So far, because of technical challenges, rock friction experiments
have been limited to low slip velocities (< 100 um/s) and short slip displacement (< 80
mm) (Blanpied et al., 1995; Okamoto et al., 2020; He et al., 2007; Mitchell et al., 2015;
An et al., 2020; Niemeijer et al., 2008; Acosta et al., 2018). As a consequence, the
frictional properties of fault rocks at seismic deformation conditions in the presence of

water under different physical states are still poorly understood.

Here we exploit a new experimental setup to investigate the effect of the physical state
of water on fault friction in the seismic cycle. In the case of gabbro, a common oceanic
crustal rock, liquid (but at high temperature and pressure) and supercritical water result
in a large decrease in fault friction regardless of the imposed fault slip velocity, while
in the case of vapor fault friction decreases with slip velocity. Interpretation of the
experimental results and analysis of the deformed samples is consistent with the

hypothesis that the elastohydrodynamic lubrication and chemical bonding properties of

36



water at hydrothermal conditions can reduce fault friction during shear.

3.3 Methods

We performed 25 rock friction experiments on cylindrical samples (28 mm external
diameter) of gabbro in a rotary shear machine (Ma et al., 2014) equipped with an on-
purpose designed hydrothermal vessel (experimental setup, list of experiments and data
reproducibility see Figures 3.1-3.3 and Table 3.1). Two gabbro cylinders were sheared
for slip displacement up to 3 m at constant sub-seismic to seismic slip velocities (V
from 1 pm/s to 0.1 m/s) under “hydrothermal conditions” in the presence of pressurized
distilled water in liquid (temperature 7 = 300°C, pore fluid pressure P, = 10 MPa),
vapor (7'=400°C, P, = 10 MPa) and supercritical (7= 400°C, P, = 30 MPa) states.

b
Rot haft ]
otary shaft ————- i Pore pressure transducer
Upper gland ———-+ = " | e Pore fluid inlet
— ; I"_L__
Heater L. L . Upper nut
\_\_ - - Specimen
\,\‘\ w . . c
‘\_\ P
P -I“ -——Lower nut
LB F N
Lower gland ————# | Lower piston

Figure 3.1: Experimental setup. a. The Low to High velocity rotary shear apparatus, equipped with
a dedicated hydrothermal vessel (modified from Ma et al., 2014). 1) servomotor, 2) gear and belt
system, 3) rotary encoder and potentiometer, 4) rotary shaft, 5) hydrothermal pressure vessel, 6)

metal frame, 7) axial loading column, 8) cantilever-type torque gauge, 9) liner voltage displacement

37



transducer, 10) thrust bearing, 11) axial force gauge, 12) air actuator. b. The sketch of the
hydrothermal vessel with the main parts indicated in the diagram. ¢. Sample assembly: pair of

gabbro cylinders jacketed by nickel rings for friction experiments.

The experiments were all performed under drained conditions (ISCO syringe pump
maintained the system at a constant pore pressure). An effective normal stress of 10
MPa was imposed to the rock and remained constant throughout each experiment. The
temperature was measured with a thermocouple located approximately at the center of

the rock cylinder and 1 mm-3 mm away from the slip surface.

The experimental sequence was: (1) pre-grinding process was conducted at 2 cm/s,
under 0.5 MPa normal stress to reduce the misalignment of rock surfaces until the
oscillation of axial displacement is less than 5 um; (2) powders produced on the sliding
surfaces were removed by using pressurized air and ethanol-wetted papers; (3) the
sample assemblage was re-mounted into the machine; (4) the vessel was vacuumed to
2000 Pa; (5) water was injected into the vessel and the pore pressure increased to the
target value; (6) the normal stress was loaded to the target value; (7) the vessel was
heated with the external furnace and the pore pressure was kept at a constant value (the
amplitude of the pressure osculation was less than 0.5%, see Figure 3.2a); (8) once the
desired temperature was achieved (this takes 1-2 hours, Stage 1, Figure 3.2a), samples
were sheared at a constant velocity spanning from 1 pm/s to 0.1 m/s for a slip
displacement up to 3 m (slip displacement, slip velocity and shear stress were
determined using the methods outlined in Tsutsumi and Shimamoto, 1997) (Stage 2,
Figure 3.2a-b). Normal load, shear torque, fluid pressure and temperature, velocity,
revolution, and axial displacement were acquired at a frequency up to 1 kHz. When the
target slip displacement was achieved, we stopped the motor and turned off the furnace.
The cooling process to room temperature lasted about 2 hours (Stage 3, Figure 3.2a);
(9) the samples were recovered from the vessel chamber and prepared for micro-

analyses.
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Figure 3.2: Representative experiment (LHV2359) conducted at gess = 10 MPa, T'= 300°C, P, =
10MPa, V' =1 mm/s (i.e., water in the liquid state) showing the experimental procedure and
mechanical data. a. Temperature, axial displacement, shear stress and pore pressure versus time for
the entire experiment. Stage 1: heating, the temperature increases to the target value. Stage 2: friction
test, temperature and pore pressure are kept constant within 2% oscillation. Stage 3: quenching, the
temperature cools down to room condition. b. Zoom of Stage 2 showing the normal stress, pore
pressure, slip velocity, friction coefficient, temperature and axial displacement as a function of slip
displacement. During slip, friction coefficient overcomes the static friction (i) and increases to a
peak value (u,), followed by a decay to the steady-state value (uss). Axial displacement shortens

faster in the running-in stage and evolves into steady state shortening. ¢. Zoom of the initial part of

39



the slip with the definition of u, and .

a 0.9
d 7=300°C; P~10 MPa; 0,,~10 MPa; = mm/s
0.8 1 ——LHV2352
q —— H Y2357
—— [ HV2359
-
=
2
2
S
]
=)
Q
=
=
2
-
=
0.0 -
T 1+ 1 — T ' T T T T 1
0 100 200 300 400 500 600 700 800
Slip (mm)
b 0.9
i1 T=300°C; P10 MPa; 6,,~10 MPa; }=0.1 mm/s
0.8 —— LHV2354
1 —— LHV2398
0.7 1
5 0.6
'LE .
& 0.5 -
<] ]
Q
§ 04 -
= :
gosd] L r—-:::?*—
£ 1|
0.2 + Eos ] ’
0] =1 05 " T T
| 0 2 . 10 12
0.0 - | | T - T
0 20 40 60 80 100
Slip (mm)

Figure 3.3: Repeated experiments performed under 7 = 300°C and 10MPa pore pressure, at
velocities of 1 mm/s and 0.1 mm/s (water in the liquid state) verifying the data reproducibility. a. V
= Imm/s data. For these experiments, the friction coefficient has a similar evolution: u increases to
a peak at the beginning of the slip and then gradually decays to a steady-state value of ~ 0.35 over
a displacement of 400 mm. b. V= 0.1 mm/s data. After the initial elastic loading, ¢ remains at 0.7-
0.75 for ~ 35 mm displacement, then decreases to a lower value of ~ 0.4 after ca. 90 mm of

displacement. ¢. Zoom of the initial slip stage. Stick-slip events occur in the first 6mm of
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displacement. Associated stress drops progressively decrease toward stable slip.

Fault strength was presented as friction coefficient u, the ratio of measured shear stress
to effective normal stress. For each experiment, the static friction coefficient (i) or the
friction coefficient value when sliding starts on the fault, and peak friction coefficient
(up) were obtained from the curve of friction coefficient with time (Figure 3.2). We
determined the steady-state friction coefficient (us) as the average value within a
displacement window of ~200 mm which covers ~4 rotations of the cylindrical samples
to minimize the effects of the frictional fluctuations due to the rotary configuration (see
Table 3.1 and Figure 3.2). Correspondingly, the shortening (or dilatancy) rate at steady-
state was calculated as the ratio of axial displacement to slip displacement over the

same slip displacement range.

The samples were recovered after the experiments for microanalysis with Field
Emission Gun Scanning Electron Microscope (FESEM), X-Ray powder diffraction
(XRPD), Micro-Raman spectroscopy and non-contact optical profilometer (OP)

techniques. Detailed parameters are as follows:

XRPD: Measurements for phase identification were carried out between 3° and 85° 20
angle, using a 0.017° step size, counting 100 s per virtual step on a spinning sample (1
revolution per second): total scan time is 1 hour and 6 minutes. Samples were prepared
using the front-loading procedure onto a Si-crystal sample holder produced to have no
diffraction lines (zero-background) suitable for the small amount of material available.
Oriented and Ethylene glycol saturated samples were measured between 2.5° and 42°
20 angle, using a 0.033° step size, counting 200 s per virtual step. Mineralogical species
in bulk samples were identified using the search and match procedure implemented in

PANalytical High Score Plus v.4.9.0 (Malvern Panalytical Ltd, Malvern, UK).

Micro-Raman: Raman spectra were recorded with an integration time of 0.25/0.5 s and

for each spectrum, 30 scans were accumulated. The applied power ranges from 5 to 10
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mW.

OP: The measurements were done on 2 x 2 mm? areas, using a lateral resolution (step

size) of 2 um and a scan speed of 4 mm/s (2000 Hz). The 3D maps were processed with

the software Gwyddion v2.61 (Czech Metrology Institute). The final calculation

(selected 1 x 1 mm?) of the texture parameters, including those from the standard EN

ISO 25178-2, was performed by a 3D analysis of the height maps including the high-

pass roughness component and the low-pass waviness component together (that is, no

wavelength cut-off was set).

FESEM: Images have been acquired with an in-beam mid-angle backscattered detector

using an accelerating voltage of 5 KeV, current of 300 pA and a working displacement

of 3 or 4 mm.

Table 3.1: List of experiments (Summary of experimental conditions and results) 7: temperature,

oe. effective normal stress, Pp: pore pressure, L: liquid, V: Vapor, SC: Supercritical, &: slip

displacement y: static friction, y,: peak friction, u: steady-state friction, Displacement (d) window

was chosen to calculate the u,, and shortening rate, AT: estimated increase of temperature in the

slipping zone.

shortening rate
Experiment T Ooff Py Phase of Velocity d d window (mm/mm = mm AT
Hs Hp Hss
(LHV) (°O) (MPa) (MPa) water (mm/s) (mm) (mm) shortening vs. mm of (°C)
slip displacement)
2379 25 10 10 L 1 3000 2000-2200 0.599 0.721 0.674+0.034 0.033
2374 300 10 10 L 0.001 380 240-300 0.864 0.864 0.511£0.039 /
2354 300 10 10 L 0.01 100 80-200 0.742 0.824 0.449+0.012 /
2398 300 10 10 L 0.01 300 240-300 0.772 0.772 0.261+0.076 0.118 0.04
2349 300 10 10 L 0.1 180 80-180 0.61 0.622 0.370+0.018 0.551
2356 300 10 10 L 0.1 670 80-200 0.65 0.683 0.442+0.060 0.89 0.42
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2400 300 10 10 L 0.1 1000 600-800 0.715 0.797 0.280+0.014 0.371 03
2352 300 10 10 L 1 800 600-800 0.71 0.766 0.362+0.029 0.925
2357 300 10 10 L 1 772 600-772 0.73 0.745 0.328+0.022 0.595
2359 300 10 10 L 1 3100 2000-2200 0.642 0.695 0.319+0.036 0.174 32
2358 300 10 10 L 10 3900 2000-2200 0.621 0.671 0.414+0.016 0.25 104
2360 300 10 10 L 100 3200 2000-2200 0.572 0.572 0.268+0.012 0.014
2361 300 10 10 L 100 3200 2000-2200 0.574 0.58 0.263+0.027 0.091 842
2391 400 10 10 \% 0.01 300 80-200 0.69 0.793 0.695+0.026 0.107 0.07
2388 400 10 10 v 0.1 1000 600-800 0.87 0915 0.718+0.031 0.065 0.8
2362 400 10 10 v 1 3000 2000-2200 0.793 0.839 0.717+0.010 0.017 6.02
2395 400 10 10 v 10 3000 2000-2200 0.51 0.66 0.469+0.024 0.064 54.4
2363 400 10 10 v 100 3300 2000-2200 0.577 0.637 0.262+0.010 0.025 806
2365 400 10 30 SC 0.01 150 80-150 0.381 0.529 0.400+0.013 /
2380 400 10 30 SC 0.01 300 80-200 0.514 0.558 0.509+0.027 0.01 0.06
2390 400 10 30 SC 0.1 1000 600-800 0.563 0.588 0.281+0.020 0.421 0.31
2367 400 10 30 SC 1 3000 2000-2200 0.531 0.717 0.279+0.038 0.107 2.1
2373 400 10 30 SC 10 3500 2000-2200 0.499 0.658 0.260+0.050 0.088 35.6
2383 400 10 30 SC 10 3000 2000-2200 0.565 0.565 0.296+0.022 0.117 16
2369 400 10 30 SC 100 3000 2000-2200 0.575 0.575 0.212+0.018 0.037 789
3.4 Results
3.4.1 Mechanical data

In the experiments, the friction coefficient of gabbro evolved with slip displacement,

slip velocity and physical state of water as follows (Figure 3.4):

Water in liquid state. Regardless of the imposed slip velocity, the friction coefficient

of gabbro increased over a slip displacement of 10-30 mm from an initial static friction
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coefficient u; = 0.61-0.80 to the peak one u, = 0.7510.10, and then decayed over a slip
displacement of ~200-500 mm to the steady-state us = 0.20-0.35 (Figure 3.4a). The
Us, Up and pgs values, though with some scatter, decreased with increasing slip velocity

(Figure 3.4b).

Water in supercritical state. Regardless of the imposed slip velocity and similar to
experiments performed with water in liquid state, the friction coefficient of gabbro
increased over a slip displacement of 10280 mm from u; = 0.5-0.58 to w, =
0.6+0.10, and then decayed over a slip displacement of ~ 300-500 mm to ug = 0.2—0.3
(Figure 3.4c). The us, up and ug values were almost independent of slip velocity (Figure

3.4d).

Water in vapor state. Differently from the experiments with water in liquid and
supercritical states, the friction behavior of gabbro was velocity-dependent (Figure
3.4e). In particular, for 0.01 < V< 1 mm/s, the friction coefficient remained high: from
s = 0.75%0.05 it increased to u, = 0.81-0.92 and then decreased to ug = 0.67-0.72
(Figure 3.4f). Instead, for /= 10 mm/s, the friction increased from us = 0.51 to u, =
0.66 and then first decayed to 0.47+0.05 over a slip displacement of 2200 mm and then
further decreased to 0.2 till the end of slip. At ¥ = 100 mm/s, the friction coefficient
decayed from us= 0.57and up=0.64 to uss = 0.26 after ca. 250 mm of slip. The us, up
and uss values evolved from velocity-neutral to velocity-weakening with increasing slip

velocity (Figure 3.4f).
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Figure 3.4: Friction coefficient of gabbro rocks under hydrothermal conditions. The gabbro
cylinders were sheared up to 3 m of slip displacement under a constant effective normal stress of 10
MPa. Left side graphs: evolution of friction coefficient with slip displacement. Slip velocities ranged
from 0.001 mm/s to 100 mm/s (colors coded). Right side graphs: static (s, open squares), peak (i
open pentagrams) and steady-state (4 open triangles) friction coefficients with slip velocity. a, b.
Water in liquid state (7= 300°C, P, = 10 MPa). ¢, d. Water in supercritical state (7= 400°C, P, =

30 MPa). e, f. Water in vapor state (7'= 400°C, P, = 10 MPa).

The mechanical data show that the physical state of water impacts the friction properties
of the experimental fault to a larger extent than previously thought. For instance, in
experiments performed with tri-axial machines (i.e., slip displacement < 1 mm, slip
velocity < 0.1 um/s) on quartz gouges , the decrease of friction coefficient at the water

transition from the liquid to the vapor state was limited to ~0.05 (Mizoguchi et al.,
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2007). Instead, we measured an increase of friction coefficient at this transition for

larger slip displacement and velocities (Figure 3.4b, f).

Liquid

Supercritical

RMS = 7.0 um

Vapor

Figure 3.5: Microstructural and mineralogical analysis on post-experimental samples. The gabbro
cylinders were recovered after shearing under hydrothermal conditions. a, b, ¢. Data for tests
performed at /’=10 pm/s with water in liquid (LHV2398), supercritical (LHV2380) and vapor (LHV
2391) states. The left panel shows photographs of the slip interface. The middle panel shows the
digital elevation model of slip surface derived from white light interferometry over area of 1 x 1
mm? (square in the left panel). The right panel shows scanning electron microscope images
perpendicular to the slip zone along the profile marked by red arrow in the left panel. In b, a
panoramic view of the slip zone is shown in the inset in left panel, and the newly-formed clay-like

minerals are indicated by yellow arrow (LHV2380).
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3.4.2 Microanalysis of deformed samples

To identity the possible deformation mechanisms responsible for these large measured
differences in the frictional behavior of gabbro rocks, the samples were recovered for
mineralogical and microstructural investigations. Unfortunately, part of the non-
cohesive powder produced during shearing in the slip zone might have been flushed
away during fluid ejection and sample unloading. However, regardless of the imposed
slip velocity, the slip surfaces of the faults that were whitish in color before the
experiments acquired a dark green color in the experiments with liquid and supercritical
water and medium green color in the experiments with water in vapor state (Figure
3.5a-c). After the experiments, the slip surfaces were ultra-polished and lineated (i.e.,
striae parallel to the slip vector) and, based on OP measurements, had a micro-
roughness with a root mean square (RMS) of ~3.5-7 um (for starting surface see Figure
3.6) (Figure 3.5a-c). The slip zones beneath the slip surfaces were <30 um thick and
made of ultrafine powders with grain size down to few nm (Figure 3.5a-c). In particular,
the powders from the experiments conducted with water in supercritical state included
ultra-fine (~200 nm long and ~30 nm thick) newly formed clay-like minerals, which
were not found in the other experiments (Figure 3.5a-c). However, their size was too
small for FESEM-elemental analysis. XRPD analysis performed directly on the slip
surfaces and on the powders (~10 mg, after ethylene glycol treatment) (Figure 3.7)
recovered from the slip zone revealed the presence of a broad peak at 8° in the spectra
of the gabbro sheared with water in the liquid or supercritical state. This broad peak,
typical of smectite and chlorite (Brindley & Brown, 1980), was absent in the XRD
spectra of the surfaces of the starting (not sheared) gabbro and of the slip surfaces
recovered after the experiments with water in the vapor state. Based on XRD semi-
quantitative analysis, the abundance is estimated to be less than 5 wt.%. Similarly, a
peak at a wavenumber of 15951600 cm™' was present only in the micro-Raman spectra
of the ultra-polished slip surfaces recovered from the experiments performed with water

in the liquid and supercritical states (Figure 3.8). This wavenumber corresponds to the
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H—O-H bending vibrational mode of H>O (Yu et al., 2020) and is possibly associated
with the water absorbed in the slip surfaces or immediately beneath (the micro-Raman
exciting signal can penetrate < 1 um). In the micro-Raman spectra map (600 x 600 um?)
of the slip surfaces, the signal of the H-O—H bending overlaps with the location of the
striae (Figure 3.9). This implies that the formation of this particular H-O-H bond is

associated with the development of high-strain zones.

0.0 0.5 1.0 15 20
0.0
60.0 um
0.5 50.0
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20 0.0

Figure 3.6: Roughness of the starting surface measured by WLI. The root mean square (RMS) value

is 5.7 pm.
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Figure 3.7: X-ray powder diffraction data. a. The peak at ~8° suggests the formation of clay
minerals and phyllosilicates in experiments LHV2398 (liquid state water) and LHV2380

(supercritical state water). XRD spectra after iso-oriented and ethylene glycol treatment of 10 mg
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of powders recovered from the slip zones of experiments LHV2380 and LHV2398. The spectra
show that a mixture of smectite and chlorite is present in both the slip zones. b. Experiment

LHV2380, water in supercritical state. ¢. Experiment LHV2398, water in liquid state.
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Figure 3.8: Micro-Raman spectra data for experiments performed at =1 mm/s with water in liquid
(LHV2359), supercritical (LHV2367) and vapor (LHV 2362) states. A broad peak at a wavenumber
of ~1600 ¢cm™! (corresponding to H-O—-H bending vibration mode) is only present in experiments

with liquid and supercritical water.
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Figure 3.9: Micro-Raman map (scanned area is marked by red square) showing the spatial
distribution of H-O—H bending bonds in the slip zone. Left: the scanned areas of the Raman map
are marked with a color square. The Raman map (right) show that the H-O-H bending bonds
approximatively overlap the striations of the slip surface. a. experiment LHV2367 (supercritical

water); b. experiment LHV2359 (liquid water).

In conclusion, the microstructural and microanalytical analysis confirm the formation
of an ultra-polished slip surface topping a few tens of micrometer (Figure 3.5b) thick
slip zone in all the experiments. However, only in the experiments performed with
liquid or supercritical water (i.e., when, regardless of the imposed slip velocities, the

lowest values of the friction coefficient were measured) the slip zone is enriched in H—
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O-H bonds water and includes newly-formed water-bearing minerals.

3.5 Discussion

In this study, we imposed with the external furnace and pressuring fluid pump,
temperature and pressure conditions to obtain a constant physical state of water (liquid,
supercritical and vapor) inside the hydrothermal vessel during the experiments.
However, frictional heating can lead to an increase in the temperature in the slipping
zone which may determine the transition of the physical state of water. Numerical
modelling shows that the temperature rise in the slipping zone required for the transition
of water from liquid to vapor state is achieved in experiments performed at "> 10 mm/s
(Figure 3.10). This result is supported by the observation that u, is similar between the
experiments in liquid and vapor water at /> 10 mm/s (Figure 3.4b and 3.4f). Whereas
in the experiments performed at /' < 1 mm/s, temperature increase in the slipping zone

is negligible and the physical state of water should not change.

Thousands of experiments performed in the last 25 years aimed at approaching or
reproducing seismic deformation conditions (e.g., > 0.1 m/s) measured low values of
Uss independently of rock composition and of the pressure of water (Di Toro et al., 2011;
2021). This so-called dynamic weakening is due to the activation of several temperature
and possibly grain-size dependent weakening mechanisms (Wibberley & Shimamoto,
2005; Pozzi et al., 2021; Nielsen et al., 2021; Tullis, 2015). However, these previous
observations are at odds with the experimental data presented in Figure 3.4. For instance,
in previous experiments performed at room temperature on gabbro in the presence of
pressurized liquid water, uss decreases only for /> 10 mm/s (Togo et al., 2015; Violay
et al., 2014), not for ¥ > 0.01 mm/s when pressurized (hot) water is in liquid and

supercritical states (Figure 3.4a-b).
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Figure 3.10: Numerical model results of the evolution of temperature in the slipping zone with slip
displacement. The liquid-vapor transition temperature of water at P, = 10 MPa is 311°C and is
indicated by red in color dashed line. The modelled maximum temperatures for the experiment
(LHV2359) preformed at V=1 mm/s, for the experiment (LHV2358) at V"= 10 mm/s, and for the

experiment (LHV2361) at "= 100 mm/s reach ~30, 504 and 1142°C, respectively.

Alternatively, low values of us were measured in experiments performed on particular
clays and phyllosilicates (e.g., saponite, Na-smectites, talc) gouges sheared at sub-
seismic slip velocities (¥ < 10 mm/s) (Sone et al., 2012). Also mixtures of these
particular clays/phyllosilicates with “hard” minerals (e.g., quartz, calcite, dolomite)
may result in a bulk low friction coefficient if the “weak” minerals form a continuous
layer (Collettini et al., 2009). As a consequence, the low friction coefficient measured
at sub-seismic slip rates in the experiments performed with water in liquid or
supercritical state could be related to the formation of minerals with low frictional

strength. Their formation, due to fluid-rock interaction, would be boosted by the
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increased mineral reactivity due to tribo-chemical effects in the slip zone because of
grain size reduction and the high temperature of the fluid. In fact, newly-formed clay-
like minerals are present in the recovered slip zones (Figure 3.5a-c). Although it cannot
be ruled out that clay-rich parts of the slip zones were lost during sample recovery, their
abundance is very low (< 5 wt. %), and clays are not arranged to form a continuous

layer that could weaken the fault (Collettini et al., 2009) (Figure 3.6).

Alternatively, rather than to the formation of new minerals phases, the measured low
Uss could be related to the chemical effects of water in the slipping zone. The micro-
Raman spectra of the slip zones recovered from the experiments performed with water
in liquid and supercritical state have a peak at ~1600 cm™ (Figure 3.7) that indicates a
vibrational mode of absorbed water typical of H-O—H bending. This signal is detected
only in the slip zones associated with low measured friction, suggesting that the
presence of water and this particular type of chemical bonding of absorbed water
contributes to fault lubrication. Therefore, we propose that the hydrogen-bonding
between silanol (Si—O—H) on the surfaces of newly formed grains may contribute to the
weakening of the fault. In fact, the peak (~1600 cm™) measured in the low frequency
range (1580-1650 cm?) of the H-O-H bending mode corresponds to weaker
intermolecular O---H hydrogen—bonding (Seki et al., 2020), which would contribute to
the decrease of the fault strength. However, further studies are required to quantify the

role of chemical bonds of absorbed water in fault slip zones.

A possible “physical” weakening mechanism could be the elastohydrodynamic (EHD)-
lubrication (Cornelio et al., 2019; Brodsky & Kanamori, 2001). The a-dimensional

parameter

6nvL
H2gEff

S =

(3-1)

(with # the fluid viscosity and H the height of the asperities and L the characteristic
length for pressure changes) describes the transition, for $>0.001, from boundary (high

Uss) to mixed (intermediate uss) and, for S > 1, to hydrodynamic lubrication (low gss).
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By re-arranging Eq. 1 for 5 = f (H?), we estimate the range of # and H values required
to have § >0.001 at /= 10 mm/s (graphic solution in Figure 3.11a). Assuming that the
measured RMS corresponds to H (Cornelio et al., 2019) (3.5 um < H < 7 um, Figure
3.5a-c), the required # for S > 0.001 spans from 2.3 x 103 to 9.2 x 10~ Pa-s (Figure
3.11a). These estimated viscosities are in the range of those attained by a mixture or
suspension of rock powders with water in liquid (7120 = 9.0 x 107 Pa-s at 7= 300 °C,
P, = 10 MPa) and supercritical (7m0 = 4.0 x 107 Pa's at T = 400 °C, P, = 30 MPa)
states. In fact, the viscosity of the mixture increases significantly as the volume fraction
of powder increases (Brodsky & Kanamori, 2001; Brandt & Coletti, 2022), facilitating
the activation of mixed and EHD lubrication. Indeed, the highest shortening rates are
measured in the experiments performed with liquid and supercritical water (Figure
3.12), implying that the fluid expelled from the slipping zone is mixed with rock debris.
This is in agreement with the presence of water in the recovered slip zones (Figure 3.7).
Instead, the rock powder is hardly dissolved or suspended in vapor (Morey, 1957),
therefore the viscosity of water vapor is barely affected by powders and remains very
low. Consequently, the slip velocity for EHD mixed lubrication activation (S > 0.001)
is estimated to be 9.2 mm/s (Cornelio & Violay, 2020) (Figure 3.11b), which agrees

with the low uss measured at =10 mm/s (Figure 3.4f).
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Figure 3.11: Estimate of the conditions for the activation of the EHD mixed lubrication. a. Viscosity
n vs. H. Inset shows the friction coefficient vs. Sommerfeld number (S). By re-arranging equation
1 for 5 = f(H?), the range of 5 for having § >0.001 according to the measured H values (Figure 3.5)
spans from 2.3 x 107 to 9.2 x 10 Pa-s. b. The multiaxis plot of the Sommerfeld number for § >
0.001. The slip velocity for the activation of EHD mixed lubrication in the presence of water in
vapor state is roughly 10 mm/s (red in color box). This slip velocity is consistent with the one at
which a drastic reduction in the friction coefficient is observed in experiments conducted in the

presence of water in vapor state (Figure 3.4f).
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Figure 3.12: Sample shortening rate vs. slip velocity under hydrothermal conditions. In experiments
with gabbro samples, at the same effective stresses and regardless of the imposed slip velocity, the
measured wear rates are lower in the presence of water in the vapor state than in the presence of

water in the liquid and supercritical state.

In this study we show that the friction of gabbro rocks is controlled by the physical state
of water. Experimental and microanalytical investigations suggest that fault weakening
at low slip velocities is probably related to the physical (EHD lubrication) and chemical
(e.g., H-O-H bending) role of water together with the formation of newly-formed
minerals (Figure 3.13). The physical state of water on fault friction has significant
implications for earthquake physics such as rupture nucleation, propagation and arrest.
For instance, slip zone dilatancy can cause drops in pore pressure and the transition of
water from liquid to vapor state and, as a result, an abrupt increase in fault friction that
may arrest or delay the earthquake nucleation stage (see high-temperature slip transients
in subduction zones: Shelly et al., 2006). Our work emphasizes that such a fault
restrengthening process is not only caused by increased effective normal stress as
previously recognized, but also promoted by the increase in intrinsic friction. Similarly,

during rupture propagation, slip zone dilatancy along extensional jogs and step-overs
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may result in instantaneous transitions from liquid to vapor which may increase fault
strength (Brantut, 2020; Weatherley & Henley, 2013). Our results provide new insights
into the processes responsible for stabilizing the fault slip and arresting the rupture

propagation in natural and human-induced earthquakes.
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Figure 3.13: Schematic diagram showing the weakening mechanisms operating during fault sliding
in the presence of water in liquid and supercritical states. a. At the beginning of the experiment, the
slip zone includes hot, pressurized water and two fault surfaces have microscopic asperities. b.
During sliding, the rubbing of the surfaces produces rock powders; water-rock interaction result in
the formation of clay minerals and phyllosilicates (Figure 3.6). This assemblage of slip zone traps

water which has a vibrational mode (Figure 3.7) typical of H-O-H bending. This bending may result
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in a weakening of the intermolecular hydrogen—bonding O---H. The water in liquid and supercritical
states mixed with rock powders exhibits a significant increase in viscosity, potentially facilitating

the activation of EHD mixed lubrication (Figure 3.11).

3.6 Conclusions

In this study, we exploited a dedicated hydrothermal vessel to shear solid gabbro in the
presence of water in liquid, vapor and supercritical state. Results demonstrated that the
frictional strength of the gabbro-built fault can be as low as 0.3 at subseismic slip
velocity when water is in liquid and supercritical state and suggested that the physical
state of the water can control the fault friction. To investigate the underlying causes of
the differences in friction behavior, microanalyses of the sheared samples showed that
newly formed clay minerals and detected H-O-H bending mode of H>O was associated
with measured low friction. In addition, EHD could be activated at low velocities in the
liquid and supercritical water conditions, potentially lubricating the fault. Our results
suggest that the phase change of pore water from liquid to vapor may stabilize the fault

sliding and rupture in nature.

3.7 Appendices

3.7.1 Modeling of the temperature evolution in the slipping zone

The temperature increase due to shear heating was estimated using a coupled Finite
Element Analysis 2-D time-dependent model in Matlab®. In this model, we computed
the heat source and heat dissipation in time and space. We considered a 2-D sample (28
x 25 mm, or the diameter versus height of each cylinder of gabbro) bounding the water-
saturated slip zone. The initial effective normal stress was equal to the one imposed in
the experiments. Fluid thermal and physical (e.g., thermal conductivity, density,
compressibility) properties were taken from NIST database as a function of temperature

Ty and fluid pressure Py imposed during the experiments (e.g., vapor, supercritical and
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liquid states; see Supplementary Table 3). Two different materials were used to simulate
the experimental slip zone and the wall rocks (gabbro). The wall rock was regarded as
very low porous media, whereas the initial porosity of the slip zone was ¢ =1 —A4,/4 =
0.95, where 4, is the real contact area and 4 is the nominal area of the slip surface. The
thermal and hydraulic properties of the slipping zone were defined as a linear
combination of the thermal properties ko= (1- @) x b+ ¢ x krand pCep=p, x Cix (1- @)
+ prx Crx ¢, where the subscripts 7 and f are related to the rock and fluid properties,
respectively. The fluids and rock properties were considered constant during the
modeled experiments. In the model, the experimental fault is sheared at the imposed
slip velocity V (z, r). We assumed that all the mechanical energy is dissipated as heat,
so the heat flux Q(r,t) = 0.5 - 1(¢) - W(r,t) is a function of time ¢ and the radial
displacement » from the center of the sample. A Neumann boundary condition was
applied to the bottom external edge (i.e., slip zone) of the model to consider the flux of
heat due to shearing. On the other three external boundaries, a constant temperature 7'
= T as the initial experimental temperature of the two materials and a constant fluid
pressure P, = Py function of the experimental conditions (Table 3.2) for the slipping

zone were imposed. At the inner boundary between the slip zone and the wall rock, the

continuity of the solution was granted.

Table 3.2: Fluid and rock properties. K thermal conductivity, p density, C specific heat. Properties
were taken from NIST database for thermophysical properties of fluids (based on the IAPWS97
industrial thermodynamic formulation) at different pressures. Gabbro properties from (Rempel

and Weave, 2008).

K r C
[W/mK] kg/m®] | [J/(kgK)]
Liquid (T = 577K, P,= 10 MPa) 0.54841 700 5830
Vapor (7= 675K, P, =10 MPa) 0.06878 40 3075
Superecritical (7= 675K, P, =30 MPa) 0.32453 250 27000
Gabbro 2.5 2590 1480
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3.7.2 Micro-Raman spectroscopy data
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Figure 3.13: Micro-Raman spectra data for experiments performed at /=10 pm/s with water in
liquid (LHV2398), supercritical (LHV2380) and vapor (LHV 2391) states. Similar to the
experiment at /=1 mm/s, a peak of H-O—H bending vibration mod is only present in experiments

with liquid and supercritical water.

3.7.3 Data from the experiments performed at effective normal stress of

20 MPa
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Figure 3.14: Friction coefficient and shortening versus slip displacement from the experiments
performed at 20 MPa effective normal stress including experiments at 10 MPa normal stress for
comparison (Curves in black and red are friction coefficient, and curves in blue and green are
shortening under 10MPa and 20MPa normal stress, respectively). a. 7=300°C, Pp=10 MPa, V=10
um/s; b. 7=300°C, Pp=10 MPa, V=100 um/s; c¢. 7=400°C, Pp=30 MPa, V=100 pm/s. Collectively,
the friction coefficient shows similar evolution regardless of normal stress and the shortening rate

is greater at 20 MPa normal stress.

3.7.4 Microstructures of deformed samples
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Figure 3.15: Characteristic microstructures of the experiments performed at seismic slip velocity

J=0.1 m/s. a. Experiment LHV2360 (water in liquid state); b. Experiment LHV2369 (water in

supercritical state); ¢. Experiment LHV2363 (water in vapor state).
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10 pm EHT = 15.00 kV Signal A = InLens Date :24 Apr 2021
WD = 7.7 mm Mag= 103KX System Vacuum = 6.95¢-006 mbar

2 pm EHT = 15.00 kV Signal A = InLens Date :24 Apr 2021
WD = 7.7 mm Mag= 3.01KX System Vacuum = 6.83e-006 mbar

200 nm EHT = 15.00 kv Signal A = InLens. Date :24 Apr 2021
WD = 7.7 mm Mag = 29.98 KX System Vacuum = 6.49¢-006 mbar

Figure 3.16: InLens SEM images of the slip surfaces from experiment (LHV2340) performed at V'
=100 mm/s, 7=300°C and P,=10 MPa (water in liquid state). The yellow square marks the position

of the respective lower image.
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10 pm EHT = 15.00 kV Signal A= InLens Date :24 Apr 2021
WD = 7.7 mm Mag= 1.49KX System Vacuum = 4,36e-006 mbar

3 pm EHT = 15.00 kV Signal A = InLens Date :24 Apr 2021
WD = 86 mm Mag= 2.98 KX System Vacuum = 4.46e-006 mbar

200 nm EHT = 15.00 kv Signal A = InLens Date :24 Apr 2021
WD = 8.6 mm Mag= 19.86 KX System Vacuum = 4.43e-006 mbar

Figure 3.17: InLens SEM images of the slip surfaces from experiment (LHV2388) performed at V'

= 100 mm/s at 7=400°C and P,=10 MPa (water in vapor state).
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4.1 Abstract

Fault frictional restrengthening (healing) allows country rocks to store elastic strain
energy during the interseismic period to be released in the next earthquake. Laboratory
studies revealed that fault healing increases linearly with the log-duration of the
interseismic period (i.e., hold time). Here, by using an on-purpose hydrothermal vessel,
we investigate frictional healing in the presence of hot and pressurized fluids, or
ambient conditions often met at crustal seismogenic depths but poorly investigated so
far. We show that (1) the log-linear relation between frictional healing and hold time is
relaxed at temperature > 200°C, especially in the presence of pressurized water, and (2)
the healing rate switches from positive to negative for hold durations longer than a
threshold time. These observations can be interpreted as a result of the competing
effects of increased contact area and decreased contact strength. In nature, the reduction
of the fault healing rate under hydrothermal conditions may slow down the rate of
elastic energy storage in the country rocks over time, which in turn lowers the shear

stress required for the next earthquake rupture.

4.2 Introduction

Earthquakes are the result of ruptures that nucleate, propagate and terminate mostly
along pre-existing faults (Scholz, 2019). During an earthquake, faults slip at average
velocities of meters per second (Heaton, 1990). Under these deformation conditions, in
the upper Earth’s crust, depending on rock composition, state of cohesion, presence of
fluids, etc., various fault dynamic weakening mechanisms can be activated, resulting in
a significant reduction in fault strength (Sibson, 1972; Bizzarri and Cocco, 2006; Rice,
2006; Goldsby and Tullis, 2011; Hirose and Shimamoto, 2005; Wibberley and
Shimamoto, 2005; Han et al., 2007; Reches and Lockner, 2010; Di Toro et al., 2004;
2006; 2011; Pozzi et al., 2021; Tullis, 2015; De Paola et al., 2015). However, for

earthquakes to repeatedly occur, faults require to regain their strength during the
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interseismic period: this process allows the country rocks to restore the elastic strain
energy that will fuel the next earthquake (Reid, 1910; Brace and Byerlee, 1966;
Burridge and Knopoft, 1967; Dieterich, 1972; Perrin et al., 1995; Heimpel, 1997). The
occurrence of fault postseismic to interseismic restrengthening (or healing) has been
confirmed by geological, seismological and geophysical field studies (Di Toro and
Pennacchioni, 2005; Masoch et al., 2019; Scholz et al., 1986; Marone et al., 1995).
However, our understanding of how faults recover their strength when they are held in

quasi-stationary contact is matter of discussion.

Laboratory studies can provide insights into the mechanisms of fault healing. Over the
last 40 years, frictional healing has been extensively investigated by performing slide-
hold-slide (SHS) experiments aimed at reproducing the seismic cycle on a broad range
of rock types (Carpenter et al., 2016 and references therein) and also in single-asperity
at the atomic scale (Li et al., 2011). SHS experiments consist of three steps: (1) sliding
the rocks at a constant slip velocity V, (2) holding the rocks for increasing time intervals
th and, (3) sliding the rocks at the former V" before the hold (Dieterich, 1972; Marone,
1998). Experiments revealed that frictional healing increases with the logarithm of the
hold time #, (Dieterich, 1972; Marone, 1998; Nakatani and Scholz, 2004). Starting from
the asperity model of solid friction proposed by Bowden and Tabor (1950), the time-
dependence of frictional healing is interpreted as due to the “quantity” and “quality” of
the asperity contacts. “Quantity” refers to the increase in the real area of contact of the
microscopic asperities (i.e., larger the real area of contact, higher the fault strength),
while “quality” refers to the chemical bonding of contact (i.e., stronger the bonds
between the asperities, higher the fault strength) (Dieterich and Kilgore,1994; Li et al.,
2011). Thus, fault healing is related to mineral composition, normal stress, loading
velocity, temperature and pore fluid pressure (Frye and Marone, 2002; Dieterich, 1972;
Mitchell et al., 2013; Chen et al., 2015). Since natural faults in the upper Earth’s crust
heal and seal in most cases under hydrothermal conditions, fluid-assisted and thermally-

activated processes (reaction kinetics, pressure-solution transfer, mineral precipitation,

69



sub-critical crack growth, etc.) play a pivotal role in fault healing (Sibson, 1973; Violay

et al., 2014; Verberne et al., 2015; Moore and Lockner, 2013).

In this study, we perform SHS experiments on gabbro-built gouges under dry and
hydrothermal (temperature up to 400°C and pore fluid pressure of 30 MPa) conditions
to investigate how the experimental faults recover their strength during quasi-stationary
contact periods. We observe that frictional healing of gabbro increases linearly with the
logarithm of the hold time at dry and relatively low temperatures conditions, whereas
at higher temperature and especially under hydrothermal conditions, the healing rates
switches from positive to negative with increasing the hold time. We interpret that
frictional healing is attributed to the competing effects of contact quantity and quality
under hydrothermal conditions when the thermally-activated chemical processes are

active.

4.3 Methods

The rock powders used in the experiments were obtained from the “Jinan green black”
gabbro. The mineralogical (XRD) and chemical (XRF) compositions are presented in
Chapter 2. The samples were crushed and sieved using a 180-mesh sieve to produce

gouges with grain size < 88 um for the experiments.

Friction experiments were performed with the Low to High Velocity Rotary shear
apparatus (LHVR-Beijing) equipped with an on-purpose hydrothermal pressure vessel
at the Institute of Geology, China Earthquake Administration in Beijing, China (Ma et
al., 2014). All experiments were conducted at a constant effective normal stress (gefr) of
50MPa and temperature (7) ranging from 25 to 400 °C under nominally “dry” or pore
fluid pressure (Pp) of 30 MPa. In the dry experiments, the vessel was open to the
atmosphere. When 7> 100°C, the moisture inside the vessel evaporated to water vapor
and the sample was in a “dry” condition. The Pp= 30MPa experiments were conducted

under drained conditions and constant pore pressure was maintained by a syringe pump.
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Figure 4.1: Experimental setup. a. The Low to High velocity rotary shear apparatus, equipped

I

with a dedicated hydrothermal vessel (modified from Ma et al., 2014). 1) servomotor, 2) gear and
belt system, 3) rotary encoder and potentiometer, 4) rotary shaft, 5) hydrothermal pressure vessel,
6) metal frame, 7) cantilever-type torque gauge, 8) pressure compensating device (designed by Lu
Yao), 9) axial loading column, 10) liner voltage displacement transducer, 11) thrust bearing, 12)
axial force gauge, 13) air actuator. Note that when the new torque measurement unit 7) was used,
the old one connected to the lower loading column (8) in Figure 2.1) did not support any shear
torque as the load cells attached to the arms were removed. b. The sketch of the hydrothermal vessel

with the main parts indicated in the diagram and the updated pressure compensating system.

In each experiment, about 0.8 g of gouge powder was sandwiched between two ring-
shaped and surface-grooved holders and flanked by inner and outer metal rings (22/28
mm internal/external diameter), resulting in an initial gouge thickness of 1.5 mm. The

sample assembly was subsequently mounted inside the hydrothermal vessel and to the
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machine. Then, the sample assembly and the vessel were evacuated to 2000 Pa with a
vacuum pump, and then saturated with deionized H>O. Afterward, the normal stress on
was slowly increased to the desired value, while the pore fluid pressure (Pp) was

increased in a stepped manner and kept at a constant target value before heating.

After achieving the desired experimental conditions, the gouge layer was sheared (run-
in) at V=10 um/s for 7 mm slip displacement (d), allowing friction to evolve to a steady
state value. After the “run-in” stage, velocity-stepping and SHS sequences were
imposed. The SHS sequences consisted of three steps: (1) sliding the gouge later at V'=
10 um/s for 1 mm of slip displacement, (2) holding the gouge for hold times (#,) ranging
from 3 s to 10,000 s by setting the load point velocity as null and, (3) resuming the
sliding velocity at the former one (V=10 um/s). Upon reloading, the friction coefficient
typically reached a peak value and then decayed to a steady state value. There was no
unloading stage during the holds (Karner and Marone, 1998) and frictional strength
relaxed non-linearly due to the creep of the machine and gouge samples (Figure 4.2).
To ensure that no rotation was applied by the machine on the gouge layer during holds,
the motor control system was set to stop once the imposed velocity was less than a
certain value. No angular rotations were detected during the holds (Figure 4.2). In each
experiment, two SHS sequences separated by a slip displacement of 40 mm were
imposed to investigate the effect of slip displacement on frictional healing and healing
rates (Figure 4.3). Additional experiments were performed with only one SHS sequence

for microstructural comparison.

During the experiments, axial load, shear torque, fluid pressure and temperature,
velocity, revolution, and axial displacement were acquired at a frequency of 100 Hz.
Evolution of axial displacement, i.e., dilatation or shortening (Aw) of the gouge layer,
was recorded using the LVDT (1 pm resolution and 10 mm stroke) placed on the axial
column of the machine (Figure 4.1). In data processing, no correction for system
stiffness was applied for the calculation of the shear displacement. The measured shear

torque was converted to shear stress (MPa) without correcting the additional shear

72



resistance from O-rings.

After the experiments, the gouge samples were carefully retrieved for microanalysis.
To investigate the microstructure of the slip zone, part of the recovered gouge layer was
impregnated with a low-viscosity epoxy resin, and then cut perpendicular to the slip
surface and tangential to the shear direction to prepare thin sections. The
microstructural images were collected using a Field Gun Scanning Electron Microscope
(SEM) at the Department of Geosciences (Padua University). To determine whether
mineralogical reactions caused by fluid-rock interactions occurred, ~10 mg of powders

collected from the recovered slip zones were analyzed with X-Ray diffraction (XRD).
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Figure 4.2: Evolution of friction coefficient (black in color line) and angular position (magenta in
color line) with time during a 3,000 s hold in the experiment LHV 2755 performed at 7= 300°C and

P, =30 MPa. During the hold, the friction coefficient decay with time due to the gouge and machine

system relaxation. No change in angular position (or slip displacement) was detected.
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Figure 4.3: Example of an experiment (LHV 2755, 7=300, P,=30 MPa, Gt =50 MPa) showing the
evolution of the friction coefficient with slip. In each experiment, two SHS sequences (SHS-seq 1
and SHS-seq 2) are conducted with a slip interval of 40 mm in between. Frictional healing Ay is
defined as the difference between post hold peak friction (znp) upon re-shearing and steady-state
friction (ua) before the hold (see left inset for the 10 s hold). Stick-slip events occurred in some
experiments performed at elevated temperatures and pore pressure. In this case, Au was measured
as the difference between the peak friction of the stick-slip events after and before the holds (unp -
Hd, see right inset for the 10 s hold). The Ay is the frictional relaxation during the hold measured as
the difference between steady state friction (uq) before the hold and the friction at the end of the

hold (zém).

4.4 Results

4.4.1 Mechanical data

As an example, the friction coefficient (1= 7/ oerr, or the ratio of shear stress to effective

normal stress) versus slip displacement from experiment LHV2755 conducted at 7=300°C
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and P,= 30MPa is plotted in Figure 4.3. During the run-in, the friction coefficient
increases in the first 2 mm of slip displacement and near-linearly to a peak value 4, of
0.63-0.71. This u is followed by an evolution towards a steady state value s of 0.62-
0.74 (picked at 3-5 mm of slip displacement, Figure 4.4), consistent with previous
experiments performed on gabbro gouges (He et al., 2006, 2007). There is a slight
dependence of the s achieved at slip initiation with temperature: in the dry
experiments, /s increases, with some scatter, from 0.66 to 0.74 with temperature (T<
400 °C). In the presence of pressurized water (P,= 30MPa), s increases from 0.62 to
0.74 until 7= 200 °C and then it remains at ~ 0.67 at 7=300 and 400 °C. At these latter
high temperatures, the presence of pressurized water reduces 14 with respect to the dry

cases (Figure 4.4).
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Figure 4.4: Steady state friction coefficient uss of gabbro gouges at 3-5 mm slip displacement versus
temperature under dry conditions or in the presence of pressurized water (P, =30 MPa). See main

text for description.

After run in and reaching steady state, the first SHS sequence is started. During each
hold, u decays with time (Figure 4.2) and we measure (1) frictional healing Au or

difference between u peak value (zmp) during the resuming of sliding velocity and
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steady state friction (uq) before the hold (Dieterich, 1972; Marone, 1998) and, (2) the
relaxation Ay, or difference between 4 before the hold and £ at the end of hold (Figure
4.3 inset). Stick-slip events occurred in some experiments performed at elevated
temperatures and pore pressure. In this case, Au is measured as the difference between

the u peak value of the stick-slip events after and before the holds (Figure 4.3 inset).

In most experiments reported in the literature (Carpenter et al., 2016 and references

therein), Au increases linearly with the logiotn, and the healing rate f is (Marone, 1998):
L=Au/ Alogiotn

Dry conditions experiments. Au increases linearly with logiofn at most investigated

temperatures. However, in the 2" sequences at 7=300°C and 400°C (empty purple and
green in color triangles in Figure 4.5a), the log-linear relation Au vs. #, is relaxed. For
th >300 s, Au saturates and even decreases with the hold time. The slope of d(4w)/d
[logioty] decreases, resulting in a change in £ (i.e., /> <[1). Moreover, S values scatter
with temperature (Figure 4.5b). 7=100°C results in the maximum g value of 0.0145-
0.0174, 7= 200°C the minimum £= 0.0027-0.0073. Collectively, the values of A at a
given fn and f8 in the linear Ap—t, regime are slightly higher in the 2" sequence than in

the 1% sequence (Figure 4.5b). This indicates a slip-dependence of fault healing.
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Figure 4.5: Dry conditions experiments: a. Frictional healing Au versus the logarithm of hold time
th. Two types of SHS behaviors are observed: (1) log-linear relation between Ax and logiot, for most

investigated ambient temperatures and, (2) for the 2" sequence at 7=300 and 400°C, Au saturates
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or decreases with increasing logiof, resulting in a change in f. b. Frictional healing rates [ versus

temperature. No monotonic linear relation between the healing rate £ and temperature is observed.

Pressurized water experiments. In the presence of pressurized water (P,=30 MPa), the

gabbro gouges have a more complex frictional healing behavior than under dry
conditions (Figure 4.6). At 7=25°C and 100°C, Au increases linearly with logioth, and
both A and g are larger in the 2" SHS sequence than in the 1% SHS sequence (room
T: p=0.0096 for seq-1 and 0.0118 for seq-2; 7" = 100°C: £=0.0091 and 0.0119,
respectively, see Figures 4.6a, b, f), in agreement with the data obtained under dry
conditions (Figure 4.5). Instead, at 7=200°C, Ax is small, has a poor dependence with
th and decreases with increasing #, for f >300 s (= ~ -0.0073 and -0.0053 for two
sequences, Figures 4.6c, f). At 7= 300 and 400°C, the linear relation between Ay and
logiotn does not hold in either sequence. Moreover, in the 2™ sequence (empty triangles
in Figures 4.6d, e), f switches from positive to negative at #, =300 s and 100 s for 7'=

300°C (51= 0.016 to f= -0.0074) and 400°C (f1= 0.0057 to f2= -0.0227), respectively

(Figure 4.6f).
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Figure 4.6: Pressurized water experiments: a-e. Frictional healing Az as a function of the logjo of
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hold time #, at 7 from 25°C to 400°C. Above 200°C, Ay decreases with logio, when #, is longer than

a certain threshold time. f. Frictional healing rate f versus temperature. See main text.

4.4.2 Microanalysis of starting and deformed gouges
Microstructures

The microstructures of the deformed samples were investigated under the FESEM in
backscatter electron (BSE) mode. The samples sheared at 7= 300°C and 400°C were
not fully recovered since they were non-cohesive after the experiments. In all the
experiments, grain size reduction was observed in both the upper and lower side of the

sheared gouge layer.

Dry conditions experiments: at T=100°C after the two SHS sequences (LHV2759, d=70
mm), deformation is mainly localized in a ~80 pm thick Y-shear zone (Figure 4.7a),

where grain size is reduced to 1 um (Figure 4.7b).

Pressurized water experiments: at T=100°C and P,=30 MPa after the two SHS
sequences (LHV2733, d=70 mm), the deformed gouge layer contains a well-defined
100 um-thick upper shear band (Figure 4.7c), characterized by multiple sub-parallel Y-

shears. Here, grain size reduction (<1 pm) is extreme along each slip plane (Figure

4.7d).

At T'=200°C and P,=30 MPa the healing rate S switches from positive to negative with
the hold time, similarly as in the experiments performed at 7=300°C and 400°C (Figure
4.6). Consequently, the microstructure from the 7=200°C experiment is considered
representative for this frictional behavior. When the experiment is stopped after the 1%
SHS sequence (LHV2783, d=15 mm), the gouge layer includes a ~ 500 um-thick shear
band and R-shears are highly developed (Figure 4.7¢). When the experiment is stopped
after the 2"! SHS sequence (LHV2760, =70 mm), strain is localized in an upper ~500

pm-thick and in a lower ~200 pum-thick shear band. The upper shear band includes
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multiple Y-shears (Figures 4.7f-g), and R-shears depart from it.

LHV2759, 7=100°C, Dry, ¢=70 mm LHV2733, T=100°C, P,=30 MPa, =70 mm

Figure 4.7: Microstructures of the sheared gouge layers under dry (a) and P,=30 MPa (b-f)
conditions. a-b. Experiment LHV2759 at 7= 100°C and dry conditions, d=70 mm. ¢-d. Experiment
LHV2733 at 7= 100°C and Py=30 MPa, =70 mm. e. Experiment LHV2783 at 7=200°C and P,=30
MPa, d=15 mm. f-g. Experiment LHV2760 at 7= 200°C and Py=30 MPa, d=70 mm. SB: Shear band;

R: Riedel shear; Y: Y-shear.

Mineralogical composition

The mineral assemblage of deformed gouges recovered from two experiments
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performed at 7 = 200°C (LHV2783 and LHV2760, ~15 and ~70 mm of slip
displacement, respectively) and of the starting gouge is similar (Figure 4.8). This
suggests that no new minerals are formed or the amount of new minerals formed by the
rock-fluid interaction is negligible (that is, below the resolution of the measurement).
However, we observe a gradual decrease in the intensity peaks in the spectrum of biotite
with increasing slip displacement and time duration of the experiment. Moreover, a
peak at 17° is detected in the experiment LHV2760. This signal corresponds to
molybdenite (MoS>), which is the main component of the lubricating coating used to

reduce the extra friction from confining rings.
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Figure 4.8: X-ray diffraction (XRD) patterns of the starting gabbro gouge and of two deformed
gouge layers recovered from experiments LHV2783 and LHV2760 (~15 and ~ 70 mm of slip
displacement, respectively) performed at 7= 200°C and P, = 30 MPa. A gradual decrease in the
intensity of biotite with increasing slip displacement is the only significant mineralogical variation
detected. Instead, the presence of MoS;, used to lubricate confining rings, in the experiment

LHV2760 is indicative of contamination.
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4.5 Discussion

4.5.1 Interpretation of experimental observations

The analysis and comparison of the experimental data presented in Figure 4.5 (dry
conditions) and Figure 4.6 (pressurized water conditions) reveal systematic similarities
and differences in frictional healing properties of gabbro-built gouges. These include:
(1) when gouges are deformed under dry conditions at 7'< 200°C or under hydrothermal
conditions at 7 < 100°C, Au increases log-linearly with # and the healing rate f is
positive (Figures 4.5 and 4.6). This observation is consistent with previous studies
(Marone, 1998; Carpenter et al., 2016 and references therein). (2) when gouges are
deformed under dry conditions at 7 > 300°C with large slip displacement or under
hydrothermal conditions at 7> 200°C, the log-linear relation between Ay and # does
not hold and Ay transitions from time-dependent increasing to decreasing when #,
exceeds a threshold time (Figures 4.5 and 4.6). As a consequence, the healing rate S
switches from positive (f1) to negative (f2) values with increasing hold time (Figure

4.69).

Low values of frictional healing Ax and healing rates f have been observed in
experiments performed on phyllosilicate-rich samples (Bos and Spiers, 2000; Tesei et
al., 2012; Carpenter et al., 2016; Niemeijer and Spiers, 2006). Saturation of real contact
area due to the presence of phyllosilicates contributes to reduced frictional healing
(Tesei et al., 2012; Bos and Spier, 2000; Saffer and Marone, 2003). As a consequence,
the decrease in Ax measured after long-duration holds in the experiments performed at
T > 200°C could be related to the formation of minerals with low frictional healing
properties. However, contrary to our observations, in these previous studies a friction
peak upon re-shearing after the hold is absent. Moreover, newly-formed phyllosilicates
were not detected in both XRD analysis and high-resolution FESEM images. Although
it cannot be ruled out that phyllosilicates may be formed at higher temperatures in our

experiments because the deformed samples were lost during recovery and, importantly,
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a mixture of smectite and chlorite was present in the slip zones recovered from the
experiments performed at 7=300 and 400°C with the same but cylindrical rock (see

Chapter. 3).

In fact, it has been confirmed from several aspects that the real area of contact increases
over time when two surfaces are in quasi-stationary contact (Dieterich and
Kilgore,1994; Im et al., 2018; 2019). For instance, the permeability across the contact
surfaces decreases continuously during the hold, suggesting an increase in the contact
area (Im et al., 2019). As a consequence, the decrease in Ay and the transition of ff from
positive to negative cannot be fully explained by the change of the real area of contact.
Alternatively, this may be controlled by changes in the strength of chemical bonding at
the contact interface (Li et al., 2011). The negative S value observed after long #, at high
temperatures implies that thermally activated mechanisms counteract the healing
processes and reduce the shear strength of the experimental fault. Our observations may
suggest that the increase of the real area of contact (“contact quantity”’) and the decrease
of the strength of the contact bonds (“contact quality”) operate together, contributing to
frictional healing. Although the formation or breaking of chemical bonds cannot be
monitored in our experiments, we expect that time-dependent, thermally activated
processes in asperity contact significantly impact frictional aging under hydrothermal

conditions.

This hypothesis can be explained as follows (Figure 4.9). At relatively low-temperature
conditions (e.g., 7 < 300°C), the contact area and formation of chemical bonds at the
contact interface increase with the hold time, while the effect of bond breakage is
negligible. As a consequence, Au increases log-linearly with #, (Figures 4.5 and 4.6).
The formation and breaking of chemical bonds are thermally activated processes. As
the temperature increases, the formation of bonds is accelerated. At the same time, the
strength of bonds decreases, promoting bond breakage. These two competing effects of
temperature result in a nonmonotonic temperature and time dependence of healing

(Ouyang et al., 2022; Li et al., 2018). In particular, during the short hold period, the
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contact area increases due to compaction, providing more reaction sites available for
bond formation. The number of new-formed bonds does not achieve saturation within
this short hold. At the same time, the effect of bond breakage is insufficient to
counteract the bond formation, leading to enhanced healing. Instead, when the hold
duration exceeds a threshold time, the elastic interaction between neighboring bonds
may results in the formation of new bonds to slow down over time. The number of
newly formed bonds may achieve saturation within a long duration (Li et al., 2011; Liu
et al., 2012). Bond breaking may become relatively more pronounced than bond
formation, resulting in a decrease of Ay with . As a consequence, the decrease in
Au and f values observed at high temperatures is the result of competing contributions

of an increase in the contact area and a decrease in contact strength (Figure 4.9).
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Figure 4.9: Schematic diagram showing the frictional healing process during the hold at 7> 200°C

and Py=30 MPa. a. Contact area (or contact “quantity”). b. Contact strength (or contact “quality”).

Bond breaking is facilitated by a hydrolysis reaction with water molecules under
strained states (Michalske and Freiman, 1982; Zhu et al., 2005), providing a reasonable
explanation for why the reduction of frictional healing with the hold time is easily
observed in our pressurized fluids experiments than in dry experiments. The transition
of S from positive to negative occurs more often in the 2" sequence than in the 1°
sequence. Based on the measurement of layer compaction (Appendices Figures 4.15d
and 4.16d) and previous studies (Yasuhara and Marone, 2005), the increase in the

contact area induced by compaction becomes relatively weaker in the 2™ sequence.
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This may result in a more pronounced effect of reduced contact strength.

4.5.2 Geophysical implications

Our experimental observations indicate that under hydrothermal conditions frictional
healing may saturate after time duration of the hold time, e.g., > 300 s and start to
decrease with the hold time, which has significant implications for the seismic cycle.
For instance, in enhanced geothermal systems where cold water is injected at depth into
hot rocks, the diminished fault frictional healing with the hold time implies that the
fault strength and the amount of elastic energy storage in wall rocks should decrease. If
the other fault loading conditions remain constant, the decrease in the healing rate
would result in an increased rate of earthquakes per unit time (Figure 4.10). In addition,
the decrease in healing rate £ observed can account for the change in the evolution
effect (parameter b) in the rate and state friction law frame (or £ scales as bln#,) (Marone,
1998). This may cause an increase in the frictional stability parameter (a-b), which
potentially results in the transition from velocity weakening (seismic) to velocity

strengthening (aseismic) fault behavior in natural faults.

healing
negative healing/
Fault healing rate
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Shear
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EQs

Time
Figure 4.10: Diagram showing the evolution of fault strength and shear stress loading in a simplified
seismic cycle. The negative healing rates often observed in the experiments performed under
hydrothermal conditions may result, given the same fault loading rate, in an increase in the number

of earthquakes per unit time.
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4.6 Conclusions

In the present study, we perform SHS experiments on gabbro gouges under dry and Pp
= 30 MPa conditions, at temperatures in the range of 25-400°C. We observe that the
loglinear relation between frictional healing and the hold time, commonly observed in
previous studies, is relaxed with increasing temperature and especially in the presence
of pressurized hot water. Particularly, the healing rates switch from positive to negative
with increasing hold time durations. This suggests that frictional healing is the result of
multiple processes operating in competition: the increase of the real area of contact (or
quantity of the contacts), which increases fault healing magnitude, and the decrease of
the strength of the contact chemical bonds (or quality of the contacts), which
counteracts frictional healing. Extrapolating our results to natural faults, if frictional
healing and healing rates decrease with the hold period, the number of earthquakes per

unit time is expected to increase, but decrease their magnitude.
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4.7 Appendices
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Figure 4.11: Dry conditions: frictional relaxation (Az) versus the logarithm of hold time #,. Az
increases with logiofh independently of ambient temperature and SHS sequences. This trend is

consistent with the one obtained at room temperature (Marone, 1998; Richardson and Marone,

1999).
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experiments performed at 30 MPa pore fluid pressure. Note that at 7 >200°C, the relaxation Az

during the hold is negligible, particularly in stick slip events.
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slip displacement. b. healing data showing a slight decrease in Au with the hold time. ¢. Compaction
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Friction coefficient x and axial displacement versus slip displacement in SHS sequences (a. slip

displacement from 7 to 13 mm,; b. slip displacement from 52 to 59 mm). x decreases (black in color

line) and the gouge layer compacts (blue in color line) during holds. ¢. Steady state friction
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coefficient after each hold. d. Gouge layer compaction during holds.
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5.1 Abstract

The brittle to ductile transition (BDT) zone is thought to constrain the maximum depth
for earthquake nucleation in the Earth’s crust. The BDT broadly overlaps with the
switch from upper crustal velocity weakening to lower crustal velocity strengthening
behavior. In fact, velocity weakening is the necessary condition for earthquake
nucleation. Here we report the frictional behavior of simulated faults made of basalt
and gabbro gouges sheared at slip velocities ranging from 16 nm/s to 10 pm/s under
ambient conditions close to BDT (50-100 MPa eftective normal stress, 300-400°C
temperature and 30 MPa pore fluid pressure). We observe cumulative slip (and duration
of the experiment) facilitates the onset of the transition from velocity-weakening to
velocity-strengthening behavior. In particular, with increasing slip displacement,
frictional sliding and fluid-rock interaction result in the formation of smectite-type clays
and in grain size reduction. These may contribute to lowering the required temperature
and extending the slip velocity range for the occurrence of stability transition. Our
results have important implications for understanding the seismogenic zone and may

help explain the distribution of the aftershocks after large earthquakes.

5.2 Introduction

In the Earth’s upper seismogenic crust, rocks generally deform in a “brittle” manner
and the overall strength is dominated by pressure-sensitive fault friction (elastic-
frictional regime sensu Sibson, 1977). Instead, in the lower, usually aseismic, crust,
rocks deform in a “ductile” manner with increasing temperature and pressure, and the
overall strength is constrained by temperature-sensitive creep and described by their
appropriate flow laws (quasi plastic regime sensu Sibson, 1977; Evans and Kohlstedt,
1995). The transition between these regimes, also known as the brittle-ductile transition
(BDT, Sibson, 1977; 1982), results in profound changes in rock rheological properties,

occurring in a “semi-brittle” crustal domain where the deformation mechanisms
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associated with the two regimes coexist (Meyer et al., 2019).

In the standard model of earthquake nucleation, the necessary condition is that the fault
strength (or friction coefficient) decreases with increasing fault slip displacement d and
slip velocity V (slip weakening and velocity weakening V-W behavior, Dietrich, 1978;
Ruina, 1983; Ohnaka, 2013; Rice, 2006). The BDT, though does not correspond
precisely to the transition from velocity weakening to velocity strengthening (V-S,
friction coefficient increases with increasing V) frictional behaviors, is thought to
constrain the lower limit of the seismogenic zone (Sibson, 1982; Scholz, 2019).
Because of this, in the last fifty years, the BDT has been subject of intense geological,
experimental and theoretical studies (Handy et al., 2007; Stipp et al., 2002; Asanuma et

al., 2012; Tse and Rice, 1986, Shimamoto and Noda, 2014).

The dependence of fault friction with V' is described by the empirically based rate and
state friction (RSF) law (Dieterich, 1979; Ruina, 1983; Marone, 1998). Because
earthquakes in the upper crust nucleate often in the presence of hot and pressurized
fluids, a number of experimental studies have been conducted on crustal rocks (e.g.,
gabbro, granite, limestone, halite and quartz- or phyllosilicate-rich rocks) under
“hydrothermal conditions” (Shimamoto, 1986; Blanpied et al., 1991; den Hartog et al.,
2012; Okuda et al., 2023; He et al., 2007; Nakatani and Scholz, 2004). The velocity-
stepping (V-stepping) experiments (i.e., the slip velocity is increased or decreased
abruptly during sliding to measure the response of the dynamic friction coefficient)
reveal the presence of three domains with increasing ambient temperature (hence,
depth). They include a low temperature V-S domain, an intermediate temperature V-W
domain and a high temperature V-S domain (Verberne et al., 2015; Chen et al., 2020;
Blanpied et al., 1991; He et al., 2007; Zhang and He, 2016; Zhang et al., 2017; den
Hartog et al., 2012; Okuda et al., 2023). In particular, the transition from intermediate
temperature V-W to high temperature /-S domain corresponds roughly to the onset of
BDT (Chen et al., 2020; Zhang and He, 2016). It has been shown that the BDT is

dependent on temperature, pressure, presence of fluids, strain rate and lithology (Sibson,
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1982, 1984; Scholz, 2019). However, because of technical limitations, the slip
displacement was limited to few mm (e.g., Blanpied et al., 1991) or the role of fault slip
displacement was not investigated for this transition, although its influence on frictional
healing and fault stability has been recognized (Beeler et al., 1996; Richardson and

Marone, 1999; Noel et al., 2023).

In this study, we perform rock friction experiments on simulated gabbro and basalt
gouges. We impose V-steps at slip velocities ranging from 16 nm/s to 10 um/s at
temperatures 7 of 300 and 400°C, pore fluid pressure P, of 30 MPa and effective normal
stresses oefr of 50 and 100 MPa. The goal is to investigate whether the cumulative slip
displacement affects the frictional stability transition and onset of BDT. Our mechanical
data indicate that instability (/-W) transitions to stability (V-S) with increasing fault slip
displacement. Microstructure observations suggest that this transition is associated with
transition from localized deformation (“brittle”) to bulk deformation (“ductile”, Rutter,
1986). This result has important implications for understanding fault frictional stability

and may link to the distribution of aftershocks following the mainshocks.

5.3 Methods

5.3.1 Starting materials

The rocks used in the experiments are the “Jinan dark green” gabbro (China) and the
Etna volcano basalt (Italy, Giacomel et al., 2021). The intact rock bulks were crushed
in a mill and sieved with a 180-mesh to obtain powders with grain size of less than 88
pum for the experiments. The basalt consisted of feldspar, augite, olivine, magnetite, and
minor amounts of amorphous minerals (XRD analysis, see Giacomel et al., 2021), and
the gabbro consisted of feldspar, pyroxene, olivine, and biotite. The mineral

composition of the two rocks is reported in Tables 2.1 and 2.2 (Chapter 2).
5.3.2 Friction experiments

5.3.2.1 Apparatus
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Friction experiments are performed with a Low to High-Velocity rotary shear apparatus
(LHVR-Beijing) installed at the Institute of Geology, China Earthquake Administration
in Beijing, China (Ma et al., 2014) (Figure 5.1). The key improvement of this apparatus
is the installation of a newly-conceived hydrothermal pressure vessel capable of
providing temperature (7) up to 500°C and pore pressure (Pp) up to 70 MPa. After
obtaining vacuum in the vessel, pore fluid (distilled water) is injected into the vessel
from the upper gland with a syringe pump. The fluid pressure is maintained constant
(drained condition) and measured with a digital sensor. The sample and pore fluids are
heated with an external furnace. The temperature inside the vessel is measured with a
thermocouple located approximately 1 mm below the gouge layer. An updated air
actuator is used to apply a normal load up to 60 KN (~250 MPa normal stress on the
sample), measured with a 100 kN cell. To increase the quality of the mechanical data,
the torque bar is installed just beneath the vessel and rigidly connected to the lower
axial column (7 in Figure 5.1). The shear torque is measured with two high-resolution
torque gauges. A pressure compensating device is installed in the lower loading part
coupled to the axial column (8 in Figure 5.1) to reduce the influence of pore pressure
variations on effective normal stress. Angular rotations are measured with an optical
encoder (3 in Figure 5.1) installed next to the rotary column. Axial displacement (w)
(dilatation or compaction of the gouge layer and machine) is measured with a linear
voltage differential transducer (LVDT) (1 um resolution and 10 mm stroke) placed on
the bottom part of the machine (10 in Figure 5.1). To improve the stiffness of the
machine, 22 mm in diameter pistons are used in these experiments. Data are acquired

at a frequency of 50 Hz for all experiments.

The gouges are sandwiched between two ring-shaped and surface-grooved pistons
(22/28 mm 1in inner/outer diameter) and confined laterally by inner and outer metal
rings to avoid the gouge extrusion during compaction and shearing. The grooves are
0.25 mm in height, 0.5 mm in width, and spaced 1 mm a-part to ensure that shearing

occurs within the gouge layer not at the gouge-metal holder boundary. To eliminate the
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spurious torque of the vessel, confining rings and O-rings are lubricated with Molykote
D-321R antifriction coating and with HT-resistant grease, respectively. The fault

friction coefficients reported here are not corrected for the friction of the vessel.
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Figure 5.1: Experimental setup. a. The Low to High velocity rotary shear apparatus, equipped
with a dedicated hydrothermal vessel (modified from Ma et al., 2014). 1) servomotor, 2) gear and
belt system, 3) rotary encoder and potentiometer, 4) rotary column, 5) hydrothermal pressure vessel,
6) metal frame, 7) cantilever-type torque gauge, 8) pressure compensating device (designed by Lu
Yao), 9) axial loading column, 10) liner voltage displacement transducer (LVDT), 11) thrust bearing,
12) compression cell, 13) air actuator. Note that when the new torque measurement unit 7) was used,
the old one connected to the lower loading column (8) in Figure 2.1) did not support any shear

torque. b. The sketch of the hydrothermal vessel with the main parts indicated in the diagram.

5.3.2.2 Experimental procedure
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A total of 11 experiments are conducted at constant cerr of 50 MPa or 100 MPa, P, of
30 MPa and T of 300°C or 400°C (Table 5.1 for full list). In setting up each experiment,
about 0.8 g of gouge powder is distributed evenly into the sample holder, yielding an

initial gouge thickness of 1.5 mm.

The gouge assembly is then mounted to the vessel. In each experiment, after achieving
the desired and stable conditions (oefr, Pp and 7), the initial “run-in” stage is imposed
at a slip velocity of 10 um/s for 7 mm of slip displacement (d). Once a stable friction
coefficient (1 = 7/ oerr) is achieved, a series of V-steps are applied by switching the
load-point velocities over 5-folds in magnitude from 16 nm/s to 10 um/s. The slip
displacement between each V-step varies from 0.5 mm to 20 mm, depending on the slip
displacement (Dc) required to reach a new steady state friction value. For the
experiments on gabbro gouges, the temperature is set to 7= 400°C and one experiment
performed at oeir= 100 MPa (LHV2710), because preliminary experiments showed that
the V-S behavior was not achieved at 7= 300°C. To study the dependence of frictional
stabilities with slip displacement, two cycles of V-stepping tests separated by a slip
displacement of, for instance, 15 mm for LHV2710 and 40 mm for LHV2588. An
additional experiment is performed on basalt gouges with oefr increased from 50 MPa
to 100 MPa to investigate the pressure-dependence, if any, of 4 in the V-§S regime.
The ot steps are achieved by changing the normal load without stopping the drive
motor during this process and thus without relaxing the imposed shear torque to the
sample. Five experiments are performed at constant V= 0.4 um/s (LHV2580) or with a
limited number of V-steps (LHV2585, 2589 and 2727 for basalt gouges, and LHV2609
for gabbro gouges) for 7 < d < 12 mm to investigate the microstructural evolution of
the gouge layer with slip displacement and its relation to the measured V-dependence.
In this study we focused on the V-dependence only qualitatively and, did not determine

the RSF law parameter (a-b).

Table 5.1: List of experiments and experimental conditions
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Exp. Rock | P, [MPa] | oer[MPa] | T[°C] V [um/s] d [mm]
10-2-0.4-2-0.4-0.08-0.016-

2578 | basalt 30 50 300 72
0.08-0.4-1-2-5-10

2580 | basalt 30 50 300 | 04 29
10-2-0.4-0.08-0.016-0.08-0.4-

2583 | basalt 30 50 300 46
2-10

2585 | basalt 30 50 400 | 10-2-0.4 12
10-2-0.4-0.08-0.016-0.08-0.4-

2586 | basalt 30 50 400 28
2-10-2-0.4

2589 | basalt 30 50 300 | 10-2-0.4-2-0.4-2-0.4-2-10 7

2608 | basalt 30 50-100 400 | 10-2-0.4 37

2727 | basalt 30 50 400 | 10-2 7

2588 | gabbro 30 50 400 | 10-2-0.4-0.08-0.016 12
2-0.4-0.08-0.016-0.08-0.4-2-

60-72

10-2-0.4

2609 | gabbro 30 50 400 | 10-2-0.4 7

2710 | gabbro 30 100 400 | 10-2-0.4-0.08-0.016 7
2-0.4-0.08-0.016-0.08-0.4-2-10 | 22-32

P, = pore fluid pressure, oeir = effective normal stress, T = temperature, V' = slip velocity, d = slip

displacement.

5.3.3 Microstructural analysis

At the end of the experiments, the vessel is cooled down maintaining the same pore

pressure as in the experiments to avoid the vaporization of the pore water that would

damage the microstructures. Unfortunately, the gouge layers from experiments

(LHV2578 and 2586) are not successfully recovered. The recovered samples are

impregnated with epoxy resin to obtain polished thin sections cut perpendicular to the
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slip surface and parallel to the shear direction (i.e., tangential to the circumference of
the sample) for Scanning Electron Microscope (SEM) investigations. Backscatter
electron images (BSE) are acquired with a Tescan Solaris Field-Emission SEM
operating at an accelerating voltage of 5 Kev and a current of 300 pA at a working
distance of 3 or 4 mm. In addition, representative samples are analyzed with X-Ray

diffraction (XRD) to determine the mineral compositions of the deformed samples.

5.4 Results

5.4.1 Mechanical Data

In both basalt and gabbro-built gouges, the friction coefficient and its velocity
dependence evolve with slip displacement (Figure 5.2). The basalt-built gouges when
sheared at 300°C and oefr= 50 MPa (LHV2578), during the run in stage at 10 um/s and
once the static friction coefficient (i) of 0.67 is overcome, have stick-slip behavior
(Figure 5.2a). V-steps (e.g., from 10 to 2 and to 0.4 um/s) show that the gouge is velocity
weakening. With increasing slip displacement, the magnitude of the friction drop during
stick-slip events at 0.4 um/s gradually reduces and after d ~20 mm the fault creeps
(Inset I). At this stage and for the rest of the V-steps, the fault frictional behavior is
velocity strengthening (see V-step from 0.4 to 2 um/s at d ~25 mm) and x can be as low
as 0.5. Experiment (LHV2583) performed at identical deformation conditions produced
similar results (See Appendices Figure 5.7). Instead, when sheared at 7= 400°C and
oeff = 50 MPa (LHV2586), once ys is overcome, the fault creeps at /=10 um/s and a
steady state friction zss ~0.63 is achieved. When V' is stepped to 2 pm/s, the fault stick
slips and shows velocity weakening behavior. Similar to the experiment LHV2578
performed at 7 =300°C, the magnitude of the friction drop during stick-slip events
gradually reduces and after d ~8.5 mm the fault creeps (Inset II). At this stage and for
the rest of V-steps, the fault shows velocity strengthening behavior (see V-step from 2
to 0.4 um/s at d ~9 mm) and u can be as low as 0.4 (Figure 5.2b). The two experiments

on basalt gouge show that under these hydrothermal conditions less displacement is
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required to stabilize frictional sliding with increasing 7.
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Figure 5.2: Evolution of the friction coefficient x versus slip displacement (d) for experiments
performed at P, = 30 MPa under hydrothermal conditions. The experimental conditions (7, oefr and
V-steps) are reported in each diagram. a. Experiment LHV2578 performed at 7= 300°C and our =
50 MPa on basalt-built gouge. Inset I shows the progressive evolution with slip from unstable sliding
to creep at V= 0.4 um/s. b. Experiment LHV2586 performed at 7 = 400°C and oeir = 50 MPa on
basalt-built gouge. Inset II shows a close-up of the V-stepping (2-0.4 pm/s), exhibiting V-S behavior.
¢. Experiment LHV2588 performed at 7= 400°C and oer = 50 MPa on gabbro-built gouge. Inset 111
shows the emergence of period-multiplying cycle behavior in the transitional regime. d. Experiment

LHV2710 performed at 7= 400°C and o= 100 MPa on gabbro-built gouge.

The frictional behavior of gabbro-built gouges is more complex and unstable than the
one of basalt-built gouges at the same deformation conditions (Figures 5.2c-d). At T'=
400°C and oerr= 50 MPa (experiment LHV2588), during the run in at V=10 um/s, the
fault has z4s ~0.68. After 5 mm of slip when V' is stepped to 2 um/s, stick-slip and V-W
behavior are observed (see V-steps in the first 15 mm of slip) with an exception of V-

step to 16 nm/s (Figure 5.2c). After imposing 40 mm of slip displacement at /=10 pm/s
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(time duration 4000 s), stick-slip and V-W behavior are still observed at 10 and 2 pm/s.
However, frictional behavior becomes V-S when V' is stepped in the range of 16 nm/s to
2 um/s (u decreases when V is decreased from 0.4 um/s to 80 or 16 nm/s and then
increases when J is increased from 16 nm/s to 2 pum/s). Period-multiplying cycle
behavior (Mei et al., 2021) is observed at V=2 um/s in the transitional regime (Inset
III). Instead, at 7= 400°C and oefr = 100 MPa, after the run in stage, the fault shows V-
W behavior for 7 range of 10 um/s to 80 nm/s and V-S behavior for 80 nm/s to 16 nm/s
(Figure 5.2d). Then, after 15 mm of slip at /= 10 um/s, the gouge-built gouges exhibit
stick-slip and V- behavior at 2 um/s (see d ~23 mm). V-S behavior is observed for
larger slip displacement (25< d <32 mm) and lower V. Intriguingly, the V' range for V-

S behavior is extended to 10 um/s at the end of the experiment (Figure 5.2d).

Summarizing, experimental faults made of basalt-built gouges, under the investigated
hydrothermal conditions and with respect to those made of gabbro-built gouges, show
(1) evident transitions from V-W to V-S frictional behavior with increasing slip
displacement and, (2) ductile-like deformation process partially involved in the V-S
regime. Point 1 is further attested by experiment LHV2580 performed with basalt-built
gouges sheared at the same ambient conditions of the experiment LHV2578 (T'=300°C
and oer = 50 MPa) but at constant V' = 0.4 um/s. Stick-slip behavior gradually
disappears with slip displacement (Figure 5.3a). Point 2, in particular the pressure-
dependence of shear stress with normal stress, has been investigated in the experiment
LHV2608 performed with a step oefr increase from 50 MPa to 100 MPa during the V-S
regime at J'= 0.4 pm/s. The doubling of the oefr results in an increase in shear stress
from 38 to 64 MPa which corresponds to friction coefficients of 0.76 to 0.64 at the
steady state (Figures 5.3b-c). This pressure-sensitive friction value suggests that the
viscous-plastic deformation mechanism may partially take place in the V-S stage. The
pressure dependence of x is reversible where the friction coefficient increases back to

0.76 once the normal stress is reset to 50 MPa (Figure 5.3b).
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Figure 5.3: Results from experiments on basalt-built gouges (experimental conditions indicated in
the diagram). a. Experiment LHV2580 performed at 300°C and oefr = 50 MPa at constant V" of 0.4
um/s. b. Experiment LHV2608 performed at 400°C including an increase of oefr from 50 MPa to
100 MPa. Blue in color curve = effective normal stress. ¢. Shear stress values collected at 50 MPa

and 100 MPa normal stress in the Mohr space.

5.4.2 Microanalysis of deformed samples

5.4.2.1 Mineral assemblage
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Both basalt-built and gabbro-built gouges which exhibit creep or F-S behavior
(LHV2578, 2580 and 2588) show a broad peak at 26~ 8° in the XRD spectra, which is
absent in the starting materials and the samples exhibiting stick-slip behavior
(LHV2589) (Figure 5.4 and mechanical data see Appendices Figure 5.8). The intensity
of the 8° peak increases with slip displacement (and thus the duration) of the experiment
(LHV2580, d ~ 29 mm and LHV2578, d ~72 mm). After separation of the ultra-fine
grains, orientation and glycol treatment, the newly formed mineral is identified as
smectite (Brindley and Brown, 1980) (See Appendices Figure 5.9). In addition, a
decrease in the intensity of the biotite peak 26~ 10° is measured in the sheared gabbro
gouges (LHV2588) with respect to the starting materials. Frictional sliding under the
investigated hydrothermal conditions results in the appearance of new water-bearing

minerals (smectite).
5.4.2.2 Microstructures

The microstructures associated with velocity weakening and velocity strengthening
behavior were investigated by arresting the experiments and recovering the sheared

gouge layer at increasing displacement and in different regions.

In basalt-built gouges sheared for d =7 mm at 7= 300°C and cer= 50 MPa (LHV2589),
a principal shear band is hardly recognized. Possibly the slip zone was lost during the
recovery of the gouge layer or thin section preparation (Figure 5.5a). With increasing
slip displacement (LHV2583, d = 46 mm), when the experiment is arrested in the V-S
regime, two slip zones about ~ 300 um-thick are recognizable in the top and bottom
part of the gouge layer (Figure 5.5b). The upper slip zone is made of ultra-fine grains
(down to 200 nm in size, Figures 5.5¢c-d) resulting from fragmentation of the starting
material. The pores between the grains are partially filled by < 100 nm long acicular
grains possibly made of newly formed smectite (red arrows in Figure 5.5d). Riedel R1
shears depart from the slip zones and are oriented consistently with the dextral sense of

shear (Figure 5.5b). Part of the grain boundary becomes blurred, suggesting a sintering
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process or likely liquid-assisted processes (Figure 5.5d). In the sample LHV2580
sheared at a constant V' of 0.4 um/s for d = 29 mm, a ~80 pum-thick slip zone is
developed in the upper part of the gouge layer (Figures 5.5¢). The slip zone matrix is
made by an aggregate of ultra-fine, often rounded grains immersed in a matrix which
includes also < 100 nm long acicular grains possibly made of newly formed clays and
an amorphous-like uniform dark grey in color matrix (inset in Figure 5.5f). Riedel R1
shears depart from the slip zone and are oriented consistently with the dextral sense of

shear (Figures 5.5¢-f).

In gabbro-built gouges sheared at 7=400°C and cefr= 50 MPa but stopped during stick-
slip and V- behavior in the initial stage of slip (d =7 mm, LHV2609 see Appendices
Figure 5.10). Strain deformation is localized into ~80 pum-thick slip zones (marked by
dashed line in Figure 5.6a). The slip zone is made of ultra-comminuted grains of
feldspar and clinopyroxene with sharp edges (Figure 5.6b). Riedel R1 shears depart
from the slip zone and cut across the gouge layer, consistently with the sinistral sense
of shear imposed on the sample (Figure 5.6a). With increasing slip displacement (d =
72 mm, LHV2588), once the gouge layer underwent several V-W and V-S transitions
(Figure 5.2c), the gouge layer is intensely comminuted (Figures 5.6c-d). Grain size
reduction is larger in the upper ~ 600 pum-thick and lower ~300 um-thick gouge layers
and interpreted as the main slip zones. Three domains are recognizable from the top to
the central part. Domain 1 is characterized by intense fragmentation, with sub-angular
to rounded grains of pyroxene (larger grains) and feldspar (small grains) and low
porosity (Figure 5.6d). The matrix includes up to 1 um long acicular in shape grains
interpreted as newly-formed smectite (red arrows, inset in Figure 5.6d). Grain size
increases toward the inner part of gouge layer (domains 2 and 3). The domain 2 is more
porous than domain 1, and domain 3 is cut by Riedel R1 shears departing from domain
1 (Figure 5.6¢). For gabbro-built gouges sheared at 7= 400°C but higher cesr (100 MPa,
LHV2710), after d = 32 mm, the gouge layer is intensely comminuted compared to the

one at 50 MPa o.fr. Deformation is distributed over the entire gouge layer thickness and
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a sinistral S-C fabric, outlined by the spatial arrangement of pyroxene and feldspar
grains, is well-developed (Figures 5.6e-f). Grains have sharp edges and angular shapes,

indicative of cataclastic flow.

104



basalt

LHV2578

Smectite .5 =72 mm ]
e U U\

LHV2580
Smectite C, d=29 mm

Counts

. VW d=7mm

Starting basalt

" 20 20 (degrees) % 0
b
gabbro
|

2 Smec“tBe_ . LHV2588 ﬂ fL | J\Wl

= lotite V-S, d=72 mm |

° MLNMWWJ J U U J L U.UMJUJ“ LH\A

Starting gabbro MU

10 20 30 40
20 (degrees)
Figure 5.4: X-ray diffraction (XRD) spectra of representative samples recovered from friction
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appearance of the peak at 260~8° in the sheared gouges is indicative of the presence of newly-formed

smectite-type clays a. XRD spectra from basalt-built gouge. b. XRD spectra from gabbro.

Figure 5.5: Microstructures of sheared basalt gouge layers from three experiments at 7= 300°C and
ceir= 50 MPa stopped at different displacements. Experimental conditions are reported in the top
images. a. LHV2589: d =7 mm. b-c-d. LHV2583: d = 46 mm. Red arrows in d indicate the acicular
grains interpreted as newly-formed smectite. e-f. LHV2580: d = 29 mm. Red arrows in the inset of
“f” indicate acicular grains and amorphous-like materials. See text for description. AG = acicular

grains.
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Figure 5.6: Microstructures of sheared gabbro from three experiments at 7= 400°C stopped at
different displacements. Experimental conditions are reported in the top images. a-
b. LHV2609: .= 50 MPa, d =7 mm. ¢-d. LHV2588: 6.~ 50 MPa, d = 72 mm. Red arrows in the
inset of “d” indicate the newly-formed clays. e-f. LHV2710: Ge= 100 MPa, d = 32 mm. See text

for description.

5.5 Discussion

5.5.1 Slip-dependence of the frictional behavior

In this study, we reported the results of friction experiments conducted on simulated
faults made of gabbro and basalt gouges sheared under hydrothermal conditions at 7=
300-400°C, P,=30 MPa and oerr = 50-100 MPa (Table 5.1). The goal is to investigate
the frictional stability conditions of these faults made of common crustal rocks by
stepping the imposed V from 16 nm/s to 10 um/s for large displacement. The
mechanical data shown in Figure 5.2 highlight that the transition from velocity
weakening (possibly resulting in frictional instability) to velocity strengthening

(frictional stability) regime is related to slip displacement and time duration of
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experiments. The microstructural analysis of the deformed gabbro gouges recovered
from the sample arrested during the V-W regime (LHV2609) shows the presence of
localized shear zones (Figure 5.6a-b). Instead, deformation involves the entire gouge
layer thickness and a S/C foliation develops during the V-S regime (LHV2710, Figure
5.6¢e-1). These microstructural characteristics are consistent with those associated with
the brittle to ductile transition for phyllosilicate-rich and calcite-rich gouges sheared at
higher temperatures (e.g., 7= 600 and 550°C, Zhang and He, 2016; Chen et al., 2020).
The microstructures of the sheared basalt recovered from the sample stopped during the
V-S regime (LHV2583) exhibit the presence of a localized shear zone and unclear grain
boundaries. These characteristics are similar to those associated with the V-S behavior
for basalt sheared at 550°C (Okuda et al., 2023). The frictional response to V-steps in
the V-S regime is gradual (e.g., Figure 5.2b) rather than sharp as usually observed in the
RSF framework (Dieterich, 1979; Marone, 1998). However, the deformation
mechanism is dominated by cataclasis. Because of this, the stability transition may not

completely overlap with the BDT usually referred to by geologists.

In general, the transition of frictional stability from V-W to V-S observed in our
experiments has widely been recognized in previous friction experiments performed on
calcite, granite, basalt, gabbro, phyllosilicate-rich mylonite, illite-rich shale and halite-
phyllosilicate mixtures under hydrothermal conditions (Verberne et al., 2015; Chen et
al., 2020; Blanpied et al., 1991; He et al., 2007; Zhang and He, 2016; Zhang et al., 2017;
den Hartog et al., 2012; Okuda et al., 2023). However, these transitions occur at higher
temperatures and pressures. For instance, in the case of gabbro gouges sheared for 3
mm at P,=30 MPa and oerr = 200 MPa (i.e., higher than in our experiments) the
transition from V-W to V-§S occurred at ~ 510°C (He et al., 2007). In the case of fresh
basalt gouges from IODP Expedition 349 and sheared for 3 mm at P,=100 MPa and
Gefi= 50 MPa, the frictional behavior remained V-W at temperatures up to 600°C (Zhang
et al., 2017). Instead, altered basalts from the Mugi mélange sheared at P,=100 MPa

and oerr= 100 MPa the transition from V-W to V-S occurred at 7'~ 450°C (Okuda et al.,
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2023). These temperature values at which the stability transition was observed are
systematically higher than the temperatures (i.e., 7= 300 and 400°C) at which the

transition occurs in our experiments.

The onset of transition into V-S behavior can also be promoted by decreases in slip
velocity (Shimamoto, 1986; Okuda et al., 2023; Chen et al., 2020; Zhang and He, 2016).
For instance, in the case of calcite gouge sheared at 7= 550°C the transition from V-W
to V-S is captured when V' is decreased at a critical velocity (V¢), at which the velocity
dependence changes, of 0.1 um/s (Chen et al., 2020). In the case of basalt gouges, at T’
=500-550°C V. is 30-100 um/s, whereas at 7'=400-450°C V. is decreased to 3-10 um/s
(Okuda et al., 2023). The higher temperature corresponds to a higher Ve. These results
are consistent with our observations. In basalt gouges sheared at 7=400°C (LHV2586,
Figure 5.2b) the V-S behavior is activated for J decreasing to 0.4 um/s (i.e., Ve =0.4
pum/s). Intriguingly, after experiencing ~ 10 mm of slip the V¢ for the occurrence of V-
S'is extended to 10 um/s (Figure 5.2b). This suggests that the V-S behavior is facilitated
by slip displacement. Although a slip dependence of frictional properties, e.g., frictional
healing and sliding behavior, has been previously observed in experiments (Beeler et
al., 1996; Richardson and Marone, 1999; Zhang et al., 2017), less attention has been

paid to its possible effects on frictional stability transition (Noel et al., 2023).

How slip displacement and fluid-rock interaction contribute to the onset of the
transition from V-W to V-S behavior can be due to the formation of smectites and to
grain size reduction. Newly-formed smectites are present in the deformed samples that
underwent sufficient long displacement and exhibit frictional creep or V-S behavior at
the end of the experiments (Figure 5.4). Previous experiments indicated that smectite
or smectite-rich gouges are characterized in water-saturated conditions by a low
frictional strength (u ~0.1-0.3) and V-S behavior (Moore and Lockner, 2007; Tesei et
al, 2015; Saffer and Marone, 2003). Therefore, in our experiments the formation of
smectite-like mineral in the gouge may lower the frictional strength and “stabilize” the

experimental fault. This would be consistent with previous experimental evidence.
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Experiments on talc-quartz and chlorite-epidote mixtures showed that the friction
coefficient decreases and the frictional behavior evolves from V- or V-neutral into V-
S when the abundance of these “weak’ minerals increases (Niemeijer et al., 2010; An
et al., 2021). In fact, the smectite to illite transformation occurs at ~ 150°C lower than
the temperatures applied in our experiment. This suggests it would be other clay-like

minerals during the deformation.

Also, grain size reduction could play a significant role in contributing to the frictional
stability transition. Grain size reduces with increasing slip displacement (Figures 5.5
and 5.6). We suggest that grain size reduction, in the presence of hot and pressurized
water, promotes the activation of grain size-sensitive processes. This is because the
progressive reduction in grain size will increase the surface area and thus enhance fluid-
aided processes such as solution transfer (Durney, 1972) and hydrothermal alternation
(Callahan et al., 2019. In fact, the effect of grain size on the transition from V-Wto V-S
has been captured by a microphysical model, which shows that decreasing the grain
size results in a higher critical velocity (V) (Chen et al., 2020). This is consistent with
the increased value of V. with slip displacement (Figure 5.2). In addition, grain size
reduction due to comminution will be boosted at higher cefr and the transition from V-
W to V-S will be promoted correspondingly. This hypothesis is supported, in the case of
gabbro-built gouges, that the slip displacement required for the transition occurring is
63 mm and 23 mm for cefr of 50 (Figure 5.2¢) and 100 MPa (Figure 5.2d), respectively.
Therefore, we propose that the newly-formed clay minerals and grain size reduction

contribute to the transition toward frictional stability.

5.5.2 Geological implications

To sum up, the transition from V-W to V-S behavior (roughly brittle to ductile) can be
facilitated by cumulative slip displacement, in addition to the widely recognized higher
T, higher cefr and lower strain rate (Noel et al., 2021; Violay et al., 2015; Shimamoto,

1986; Tullis and Yund, 1980; Chen et al., 2020; Paterson and Weaver, 1970). However,
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in the experiments presented here, the microstructural evidence suggest that frictional
behavior transition is due to cataclastic-related deformation mechanisms, neo-
formation of smectite-like clays and, possibly, grain size-dependent processes (Figs.
5.5-5.6). There is no evidence of crystal-plastic deformation mechanisms. Our results
show that this transitional regime is accompanied by the occurrence of complex slip
behaviors, e.g., period-multiplying cycle (Figure 5.2¢, inset III). Similar behavior has
been observed in experiments near the transition from stick-slip to creep (Mei et al.,
2021; Bedford et al., 2021). This complex type of frictional sliding may be related to
normal stress and fault heterogeneity (Mei et al., 2021). Our findings experimentally
provide evidence that slow slip events (SSEs) may occur in the vicinity of the BDT

zone (Goswami and Barbot, 2018; Lavier et al., 2021).

Our results also have significant implications for the distribution of seismicity on
natural faults in the oceanic crust, as the transition from V-W to V-S behavior constrains
the maximum depth at which earthquakes can nucleate. If the other fault loading
conditions remain constant, we hypothesize that the transition promoted by slip
displacement may migrate the base of the seismogenic zone to shallower depths with
fault maturity or afterslip. Moreover, the V- behavior can be resumed once the slip
velocity is raised exceeding the V¢, as observed in the case of gabbro-built gouges stick-
slip events occur when V' is stepped upwards to 10 um/s (Figure 5.2¢). We extrapolate
that the faults in the region beneath the regular seismogenic zone (V-S regime) may
show frictional instability due to the elevated strain rates caused by the mainshock,
contributing to the nucleation of aftershocks. This could explain the observed transient
deepening of aftershocks following the mainshocks (Schaff et al., 2002; Rolandone et
al., 2004; Cheng and Ben-Zion, 2019). Meanwhile, the distribution of aftershocks after
instantaneous deepening has been recorded to move towards shallow depths over time
(Cheng and Ben-Zion, 2019). This gradual shallowing of aftershocks is comparable
with post-seismic relaxation as usually recognized (Nishimura and Thatcher, 2003), our

work suggests that the post-seismic slip can also facilitate the (shear-induced) transition
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from instability to stability along the faults.
5.6 Conclusions

We performed a series of velocity-stepping tests on simulated gabbro- and basalt-built
gouges under 50 MPa effective normal stress, at 300 and 400°C and 50 MPa pore
pressure, covering 5 orders of magnitude in velocity (16 nm/s to 10 um/s) to investigate
the effect of slip displacement on frictional stability. Our results demonstrate that the
transition from frictional instability to stability depends not only on temperature,
normal stress and loading velocity but also on fault slip history that affects grain size,
mineral composition and the simulated fault zone structure. These findings have
important implications for the fault slip behavior in the vicinity of the BDT zone and
provide a new perspective on the understanding of the distribution of seismicity,

particularly aftershocks.

5.7 Appendices
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Figure 5.7: Results from a repeated experiment on basalt (LHV2583) performed at 7= 300°C, Gesr
=50 MPa and P, =30 MPa showing well-reproducible data with experiment (LHV2578). Velocities

are reported in the diagram. A transition of velocity dependence from V-W to V-S is observed at V=
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0.4 um/s after ~ 12 mm of slip displacement.
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Figure 5.8: Friction coefficient versus slip displacement in the experiment (LHV2589) on basalt
gouges performed at 300°C and owr = 50 MPa. Experiment is arrested during the V-W regime, d =

7 mm.
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6 Conclusions and Perspectives

6.1 Main results of the thesis

Earthquakes often originate and propagate in the presence of hydrothermal fluids.
Previous studies have suggested fluids govern earthquake nucleation and fault strength
(Blanpied et al., 1992; Wibberley et al., 2005). In this thesis, I report the results of
frictional behavior of experimental faults made of gabbro and basalt sheared at
hydrothermal conditions. These experimental data were obtained thanks to the
installation of a new dedicated hydrothermal pressure vessel, which took about ten
years to be developed by Prof. Shimamoto to overcome a series of technical challenges,
on a rotary shear machine. These experiments were mainly performed at the IGCEA in
Beijing because of the impact of COVID-19 which delayed of 18 months the
installation of an identical hydrothermal vessel in the Rock Deformation Laboratory in
Padua University. Specifically, experimental work focused on three main questions

related to the seismic cycle under hydrothermal conditions:

(1) how does the presence of hot and pressurized fluids affect the frictional strength

during sub- to co-seismic slip?

(2) how do the experimental faults recover their strength (frictional healing) in the

presence of hydrothermal fluids during the quasi-stationary (or inter-seismic) phase?

(3) How does fault frictional stability evolve in large displacement experiments (> few
cm) under hydrothermal conditions? Does cumulative slip affect the velocity

dependence of the friction coefficient?
The major findings addressing these questions are as follows:

6.1.1 Frictional strength

25 constant slip velocity experiments were performed with a rotary shear machine
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(LHVR-Beijing) on solid gabbro (28 mm in diameter) to investigate the frictional
strength in the presence of water under liquid, vapor and supercritical state (Chapter 3).
Gabbro cylinders were sheared at 10 MPa effective normal stress, slip velocities from

1 um/s to 100 mm/s and slip displacement up to 3 m.

Our mechanical data show that friction coefficient of gabbro can be as low as 0.3
regardless of imposed slip velocity when pressurized water is in liquid and supercritical
state (i.e., 7=300°C & Pp=10 MPa and 7=400°C & P,=30 MPa, respectively), while
friction coefficient decreases with increasing slip velocity when pressurized water is in
vapor state (i.e., 7=400°C & Pp,=10 MPa), similarly as in room humidity experiments
(Di Toro et al., 2021) (Figure 3.4). XRD analyses on the slip zones sheared with liquid
and supercritical water reveal the presence of a mixture of chlorite and smectite, absent
in the starting materials. The presence of clay-like newly-formed minerals was
confirmed by high-resolution FESEM investigations. Similarly, the H-O-H bending
vibrational mode of H>O is detected in the micro-Raman spectra of the slip surfaces
recovered from the liquid and supercritical water experiments, but not from the vapor
water experiments (Figure 3.8). In addition, elastohydrodynamic (EHD) lubrication
was evaluated as a possible weakening mechanism responsible for low friction at low
velocity (e.g., 10 um/s). Our results show that the EHD lubrication can be activated
once the required viscosity is attained by a mixture of rock powders with liquid and
supercritical water. We conclude that fault weakening at low velocities (sub-seismic) in
the presence of liquid and supercritical water is related to the physical (EHD lubrication)
and chemical (H-O-H bending) role of water together with the formation of newly-

formed minerals.

6.1.2 Frictional healing

A series of slide-hold-slide (SHS) experiments were performed on experimental faults
made of gabbro gouges to investigate the fault strength recovery (i.e., frictional healing)

under dry and hydrothermal conditions (Chapter 4). Experiments were conducted at oefr
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of 50 MPa, T ranging from 25 to 400°C and P} of 0 or 30 MPa. In the SHS sequence,
the imposed slip velocity was V=10 pm/s, and hold time #, varied from 3 to 10000 s.
For each experiment, two SHS sequences separated by a slip displacement interval of

40 mm were conducted (Figure 4.3).

Our results show that under dry conditions at 7 <200°C and under hydrothermal
conditions but at 7" <100°C, frictional healing Au increases with #, consistent with
previous experiments (Marone, 1998; Chen et al., 2015; Hunfeld et al., 2020; Carpenter
etal., 2016) (Figures 4.5 and 4.6). Moreover, the Au and healing rate 8 values in the 2™
SHS sequence are slightly higher than those in the 1% sequence, possibly due to the
smaller grain size at the larger displacement that promotes fault healing. By contrast, in
the experiments performed under dry conditions at 77 > 300°C with large slip
displacement or under hydrothermal conditions at 77 > 200s, Au decreases and f
switches to negative values (<0) when the hold is longer than a threshold time (Figure
4.6). We conclude that the decrease in Au and the transition of £ from positive to
negative cannot be solely explained by the change in the real area of contact. As
temperature increases and in the presence of fluids, the breaking of chemical bonds at
the contact interface becomes active, resulting in a decrease in bond strength. Our
results suggest that the increase of the contact area (“quantity’) and the decrease of the

contact strength (“quality”) operate together, contributing to frictional healing.
6.1.3 Frictional stability

Velocity-stepping experiments were performed on basalt-built and gabbro-built gouges
under ambient conditions up to 400°C and 100 MPa normal stress, approaching in some
cases the so called “brittle-ductile” transition and at slip velocities ranging from 16 nm/s
to 10 um/s (Chapter 5). The slip displacement was imposed up to ~80 mm to investigate

the slip-dependence of frictional stability.

Our results reveal that, in both basalt- and gabbro-built gouges, cumulative slip and

duration of the experiment facilitate the onset of the transition from velocity weakening
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(frictional instability) to velocity strengthening (frictional stability) behavior (Figure
5.2). Moreover, the constant velocity experiment performed on basalt gouges at 7 =
300°C and V=0.4 um/s shows that stick-slip behavior gradually evolves to creep with
slip displacement (Figure 5.3). XRD analysis on deformed both samples which exhibit
velocity strengthening behavior consistently shows the presence of newly-formed
smectite. The microstructural analysis (SEM) of the deformed gabbro gouges recovered
from the sample arrested during the velocity weakening regime shows the presence of
localized shear zones, while, when arrested during the velocity strengthening regime,
deformation involves the entire gouge layer thickness and a S/C foliation develops. We
interpret that with increasing slip displacement, frictional sliding and fluid-rock
interaction result in the formation of smectite-type clays and in grain size reduction.
These may contribute to the initiation of the transition from frictional instability to

stability.
6.2 Implications for the seismic cycle

The main results discussed in this thesis have significant implications for each stage of
the seismic cycle in natural and human-induced earthquakes, particularly in high
enthalpy geothermal reservoirs. For instance, in the rupture nucleation stages, slip zone
dilatancy may cause a dramatic drop in pore fluid pressure, resulting in a phase change
of pore fluid from liquid or supercritical state to vapor. According to our results (Figure
3.4, Chapter 3), this phase transition of pore fluid at nucleation velocity can increase
friction strength, which may delay or stop the nucleation stage. Moreover, velocity-
stepping experiments performed under ambient conditions close to the lower boundary
of the seismogenic zone reveal that the transition from velocity weakening to velocity
strengthening occurs with cumulative slip displacement. This implies that, under
specific ambient conditions, fault maturity or afterslip can promote the transition from
frictional instability to stability, inhibiting earthquake nucleation (Figure 5.2, Chapter

5).
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In the rupture propagation stage, when slip velocity > 10 mm/s, the experimental faults
show a drastic decrease in friction coefficient from 0.7 to 0.2-0.3, independent of the
physical state of pressurized water (Figure 3.4, Chapter 3). These results are consistent
with the experiments performed at room humidity or in the presence of liquid water at

ambient temperature (e.g., Niemeijer et al., 2011; Violay et al., 2014; 2015).

During the inter-seismic period, faults need to recover their strength for earthquakes to
repeatedly occur. This process of increase in static friction over time is known as
frictional healing. Our slide-hold-slide experiments show that the well-known log-
linear relation between frictional healing and hold time is relaxed at temperature >
200°C, especially in the presence of pressurized water (Figure 4.6, Chapter 4). The
healing rate switches from positive to negative for hold durations longer than a
threshold time (Figure 4.6f, Chapter 4). In the case of natural faults, if the fault tectonic
loading remains the same and if frictional healing decrease with the hold period, we

would expect the number of earthquakes per unit of time to increase.

6.3 Future work

This work has provided a new dataset on the frictional properties of experimental faults
(gabbro and basalt) under hydrothermal conditions, challenging in some cases the
results attained from small-displacement experiments. Our results also invoke several

new questions that need to be investigated in future studies.
6.3.1 High velocity (V = 1 m/s) experiments

As described in Chapter 3, constant velocity experiments on cylinder rocks have been
performed at slip velocities from 10 um/s to 0.1 m/s. It has been shown that the ambient
conditions (e.g., the physical state of pore water) strongly affect the fault strength and
frictional behavior. However, the velocity imposed in the experiments in this study did
not reach 1 m/s, a slip velocity considered typical of coseismic slip in natural faults and

imposed in hundreds to thousands of high velocity experiments performed at room
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humidity conditions so far. High-resolution FESEM analysis of the deformed samples
recovered from the experiment performed at 0.1 m/s in the presence of supercritical
water indicate the presence of three microstructural domains in the slip zone and the
presence of injection veins in the wall rocks (see Figure 3.15b, Chapter 3). The
microstructure of one of these domains is fully crystalline and made of micrograins of
pyroxene and albite. Similar microstructures have not been described in the slip zones
of experiments preformed on gabbro sheared at similar slip velocities and in the
presence of water but at room temperature conditions. In the latter case, the slip zone is
made of clasts suspended in a glassy-like matrix (experimental pseudotachylyte).
Instead, this fully crystalline slip zone resembles mineralizations found in some natural
faults, rather than the product of solidification of a friction melt. This finding requires

further studies.

Moreover, though EHD lubrication seems a reasonable weakening mechanism in the
presence of liquid and supercritical water as discussed in Chapter 3, further studies are
required to understand better the role of the “chemistry” in these experiments. This
would also require the sampling of the fluids, the chemical analysis of both the fluids
and the solids (Ion chromatography, ICP-MS and ICP-OES techniques, XRF, etc.) and
chemical modeling with dedicated software (e.g., TOUGHREACT V4). These analysis
and models would allow to identify the type and extent of fluid-rock interaction
occurring under the explored laboratory hydrothermal conditions and how these are
related to the mechanisms that lead to friction evolution (or fault healing, see next

section) under sub-critical to supercritical water conditions.

New high velocity experiments should be performed in the future, with the aim to
investigate whether other dynamic weakening mechanisms are activated under these
conditions, establish the fundamental link between mechanical data and microstructures
and, lastly, compare the experimental with the natural fault produces. In fact, without
this comparison, the extrapolation of our mechanical data to natural conditions should

be performed with extreme caution.
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6.3.2 Mechanisms responsible for decreased frictional healing

The slide-hold-slide experiments presented in Chapter 4 reveal the log-linear relation
between frictional healing and the hold time, usually recognized in room condition
experiments, does not hold at high temperatures (T >200°C), especially in the presence
of pressurized fluids. The frictional healing rate (i.e., the slope of d(4w)/d [logiotr])
decreases with increasing hold time (Figure 4.6). We interpret that this is a result of the
decreased contact strength, counteracting the increased contact area. However, this is
only supported by theoretical concepts and modeling simulations (Li et al., 2018;
Ouyang et al., 2022), while direct experimental evidence is not available. In addition,
the frictional interface typically includes different minerals and types of contact bonds,
which add further complexity to the evolution of the chemical bonds and fault strength
with time. Therefore, it is suggested to perform similar SHS experiments on samples
containing a single mineral (i.e., quartz: Si0O2) in future studies. In fact, if negative
healing is also observed here, although still challenging, its modeling would be easier
to deal with. Indeed, the solubility of SiO> in water is well known, hydrolytic weakening,
sub-critical growth and stress corrosion for SiO; have been studies extensively (Tullis
and Yund, 1980; Michalske and Freiman, 1982; Zhu et al., 2005; Atkinson, 1982), and

chemical aging models are based on asperity contacts made of SiO; (Li et al., 2018).
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Appendices

Appendix A Preliminary data on frictional healing in basalt-built

gouges
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Figure A.1: Dry conditions experiments: frictional healing data (Au) of basalt at temperatures from
100°C to 400°C. Au increases linearly with the logarithm of hold time in both sequences except for

the 2" sequence at 7=200°C.
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Figure A.2: Pressurized water experiments: frictional healing data (Ax) of basalt at P,=30 MPa and
temperatures from 25°C to 400°C. At T’ < 200°C, frictional healing increases linearly with the
logarithm of hold time (#). At 7> 300°C, the linear relation between Az and log #, does not hold.

This observation is similar to that of gabbro.
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Appendix B High-velocity frictional properties of gabbro- and

marble-built faults under hydrothermal conditions

Lu Yao!", Wei Feng?, Shengli Ma!, Toshihiko Shimamoto!, Giulio Di Toro?
!State Key Laboratory of Earthquake Dynamics, Institute of Geology, China Earthquake
Administration, Beijing 100029, China

’Dipartimento di Geoscienze, University of Padua, Padua, Italy

B.1 Methods

The low- to high-velocity rotary shear apparatus we use (Ma et al., 2014) has a newly-
equipped externally-heated pressure vessel capable of fulfilling hydrothermal
conditions with temperatures up to 500 °C and pore fluid pressure up to 70 MPa. The
basic design of the vessel is introduced in Chapter 2 (originally designed by Shimamoto

Earth & Environment Laboratory Ltd., manufactured by TOYO KOATSU Co. Ltd).

The tested rock samples include Carrara marble and gabbro collected from Jinan, east
China (Jinan gabbro). For sample preparation, after machining a perfect rock cylinder,
we make a ring-shaped slip surface (16/28 mm internal/external diameter) by lathing a
2-mm-deep hollow in the center of one end surface (Figure B.1). Two parallel surfaces
on the periphery of the other side of the cylinder are machined for the purpose of torque
transmission. To prevent the tensile failure of rocks in experiments, Nickel rings are

made to tightly fit around the rock specimens near the slip surfaces.
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Figure B.1: Sample assembly in friction experiments. A. Schematic diagram of the sample assembly.

B. Photos of the gabbro and marble samples

The friction experiments were conducted at effective normal stress (o) of 10 MPa and
equivalent slip velocity (Vey) of 1.5 m/s. The imposed temperature (7) ranged from 40
to 400 °C, and the pore pressure (P,) was mostly 30 MPa, with 5 or 50 MPa in a few

experiments.

B.2 Results
Mechanical Data

Eleven experiments were performed under the same e (10 MPa) and initial P, (30
MPa) but various initial ambient 7 of 40—-400 °C. The pressure vessel was isolated from
the syringe pump before the initiation of sliding in all the experiments except for one

run at 7= 400 °C (marked with NI—no isolation—in Figure B.2).

Figures B.2A-D show the evolution of friction coefficient (x) and axial displacement
with slip displacement (d) from these experiments. Peak friction coefficients (u,) range
from 0.404 to 0.491 for Jinan gabbro, and from 0.371 to 0.449 for Carrara marble
respectively, almost independent of ambient 7. The dynamic weakening processes and

the steady-state friction coefficients (uss) are conspicuously affected by ambient 7'

153



(Figures B.2A-B). For both gabbro and marble, higher ambient T yields smaller .
However, ambient 7" seems to play distinct roles in the weakening during the first 0.6
m of slip, i.e., promoting the initial weakening for gabbro versus delaying the
weakening for marble. Differences also exist between the two rocks in the strength
recovery during the deceleration phase. More recovery of friction can be observed for
marble. The recovery of friction dwindles with increasing temperature for gabbro and
even becomes negligible at 7 = 300 and 400 °C (cp. Figures B.2A-B). Moreover,
whether isolating the pump and the vessel only brings a negligible effect on gabbro
weakening (cp. red and cyan lines in Figures B.2A). In addition, for gabbro, the axial
shortening reduces from ~1 mm at 7= 40 °C to < 0.25 mm at 7> 200 °C, in contrast

to almost no shortening at various 7 for marble (cp. Figures B.2C-D).

Op.er= 10 MPa, V., = 1.5 m/s; Initial P, = 30 MPa; Initial ambient T=401tc 400 °C
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Figure B.2: Mechanical data obtained in high-velocity experiments performed on gabbro and
marble at oer of 10 MPa under hydrothermal conditions. A-B. Friction coefficient versus slip

displacement. C-D. Axial displacement versus slip displacement. See text for description.

We fit the post-peak frictional data to the equation proposed by Mizoguchi et al. (2007)
to get quantitative evaluations of us, D (slip weakening distance) and E¢ (fracture

energy). We also use an additional parameter Dy, which is defined as the post-peak
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displacement 0 where (u(d) — uss) = 1/e*(up — uss), to better depict the rapid weakening
in the inception of slip. The D. determined with Mizoguchi’s equation and the Dy thus
represent the characteristic distance at which 95% and ~63% of the total weakening
occurs, respectively. With T increasing from 40 to 400 °C, uss decreases from 0.250 to
0.139, and from 0.133 to 0.063, for gabbro and marble, respectively (Figure B.3A).
Regarding the changes of D. and D.o with T, gabbro differs from marble, i.e., an overall
decreasing trend for gabbro versus an increasing trend for marble (Fig. Figure B.3B).
Moreover, at any given temperature, D, (1.347-2.387 m) and D (0.398-0.884 m) of
gabbro are evidently larger than those of marble (D. of 0.124—0.851 m and D, of
0.038-0.244 m). In respect of Eg, the relation between Eg and T is indiscernible for
gabbro, while marble shows a slight increase in E¢ with T (Figure B.3C). As for the
recovery of friction (Aurecovery) defined as the peak friction coefficient during the
deceleration minus x, gabbro has much lower A ecovery than marble in general, and the

Altrecovery Of gabbro dwindles toward zero at 7> 200 °C (Figure B.3D).
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Figure B.3: Frictional parameters (A. iss: steady state friction, B. D. and D¢o: characteristic slip
weakening distance, C. Eg: fracture energy, D. Agsecovery: friction value recovered in deceleration

stage) obtained in the experiments for gabbro and marble. See text for description.

Microstructures

We compare the deformation textures of the rock samples retrieved from the
experiments performed under P, = 30 MPa and two end-member ambient 7 of 40 and
400 °C, respectively. For gabbro, melts can be observed on the slip surfaces in both
cases (Figures B.4A and C), though the sample halves were not welded after the
experiments. The wide-distributed stripe-like melts and the vesicular textures on the
slip surface (Figures B.4C and E) suggest more severe frictional melting in the test

performed under 7= 400 °C. Moreover, in some of the hollows of the slip surfaces, we
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observe nanoflakes in the case of 7' = 40 °C (Figure B.4B), and rod- and flake-like

structures on the micron scale in the case of 7= 400 °C (Figure B.4D).

For marble deformed under 7'= 40 °C, some area of the slip surface is scattered with
submicron individual grains, while some regions are featured by sintering of fine grains
(Figures B.4F and G). In the case of T'= 400 °C, recrystallization and grain growth

(Figures B.4H and I) can be observed on the entire slip surface.

[ Gabbro, T= 40 °C, £, - 30MPa I Gabbro, T=400°C, P, = 30MPa

b

Figure B.4: Microstructures of the sheared gabbro (A-C) and marble (D-G) under at P, =30 MPa,
and 7'= 25°C or 400°C. A. Experiment LHV2753, gabbro, 7= 25°C. B-C. Experiment LHV2764,
gabbro, 7= 400°C. D-E. Experiment LHV2776, marble, T = 25°C. F-G. Experiment LHV2774,

gabbro, T'=400°C. Experiments are performed at owrr of 10 MPa
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