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Abstract Understanding the physical mechanisms at the origin of slow‐slip events has been proven a
very challenging task. In particular, little is known on the role of fault heterogeneity during slow slip. In
this study, we provide evidences that fault fabric controls slip velocity time histories during slow‐slip events
generated in the laboratory. We performed experiments using a double‐direct biaxial shear apparatus and
two different fault gouges, homogeneous quartz powder, and heterogeneous anhydrite/dolomite mixture.
We measure details of fault slip to resolve the slip velocity function and volumetric deformation that,
coupled with an analysis of the resulting microstructure, allow us to infer the mechanical processes at play.
Our results show that slow‐slip events can be generated for both fault gouges when k ~ kcwith similar values
of breakdown work. The shear fabric exerts a strong influence during the coseismic breakdown stage. In
quartz, where most of the slip occurs on a very localized slipping surface, the peak slip velocity is attained
near the final stage of friction breakdown and therefore a relevant amount of the mechanical work is
absorbed during slip acceleration. In anhydrite/dolomite mixture, the peak slip velocity is suddenly reached
after a relatively small drop in friction, accompanied by fault dilation, implying that most of the
mechanical work is absorbed during slip deceleration. For anhydrite/dolomite mixture these results are
likely related to heterogeneous slip distribution along the observed foliation. Taken together, these
observations suggest that the mechanics of slow‐slip events depends on shear zone fabric.

1. Introduction

Despite their discovery almost two decades ago (Obara, 2002; Rogers & Dragert, 2003) slow‐slip events and
all the transient phenomena associated with them still represent a conundrum in earthquake physics. While
the growing number of geodetic and seismological observations testify that slow‐slip events play a central
role in the seismic moment budget during the cycle of seismogenic faults, many open questions remain
on the mechanics of slow‐slip events (e.g., Bürgmann, 2018; Peng & Gomberg, 2010). One of the key ques-
tions is whether slow‐slip events represent a component of the composite spectrum of fault slip behavior,
which also includes aseismic creep and fast “regular” earthquakes (e.g., Gomberg et al., 2016; Ide et al., 2007;
Peng & Gomberg, 2010). A positive answer to this question would imply that slow‐slip events can be mod-
eled by the same constitutive laws as regular earthquakes, with the implication that we can interpret
slow‐slip events in terms of frictional instabilities governed by a given class of physical mechanisms.
Frank and Brodsky (2019) showed that large slow‐slip events are the result of a cluster of intermittent slow
transients, showing a scaling of duration with moment magnitude in agreement with fast regular earth-
quakes. The observation that the scaling of moment magnitude with duration is similar for slow and fast
earthquakes suggests that slow‐slip events may share similar physical mechanisms with ordinary earth-
quakes, and it corroborates the assumption of the continuum spectrum of fault slip behaviors that can be
described by the same class of constitutive laws (e.g., Frank & Brodsky, 2019; Gomberg et al., 2016;
Hawthorne & Bartlow, 2018; Wech et al., 2010) However, the mechanics behind slow‐slip events is still elu-
sive, in particular there is not a consensus on what is the physical mechanism that limits slip velocity and
controls their duration. There are a number of hypothesis on the physical mechanism(s) that can limit slip
speed. Different models have been proposed relying on high fluid pressure coupled with dilation hardening
(e.g., Segall et al., 2010), designed friction laws requiring an evolution from velocity weakening to velocity
strengthening friction as slip accelerate (e.g., Hawthorne & Rubin, 2013; Rubin, 2011) as well as dehydration
reactions that increase the internal fluid pressure of the fault zone, inducing slip acceleration by modifying
the fault critical stiffness (Brantut et al., 2011). Independently of the validity of these hypotheses, these
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models require the assumption of very specific boundary conditions, which should remain valid for all the
different tectonic settings where slow‐slip events have been observed (e.g., Peng & Gomberg, 2010;
Wallace et al., 2016). Moreover, the fact that slow‐slip events can nucleate on the same fault segment of reg-
ular earthquakes (e.g., Kato et al., 2012; Ruiz et al., 2014) would suggest that the same physical mechanisms
can govern these fault slip behaviors.

The geological image of faults capable of hosting slow‐slip events is represented by structures that are
spatially heterogeneous and consist of a thick zone of deformation containing fault rocks with a strong rheo-
logical contrast (Barnes et al., 2020). In fact, from the field analysis of ancient exhumed fault zones it has
been proposed that slow‐slip events can arise from a mixed‐mode brittle‐viscous mechanism that consists
in the interaction of weak networks forming a viscous matrix around stronger brittle lenses (e.g., Behr
et al., 2018; Collettini et al., 2011, 2019; Fagereng & Sibson, 2010; Fagereng et al., 2014; Ujiie et al., 2018).
Tremors and low‐frequency earthquakes would be the result of shearing at the interface between the brittle
lenses and the matrix or by direct failure within the lenses facilitated by fluid overpressure (Behr et al., 2018;
Fagereng et al., 2014; Ujiie et al., 2018). Such heterogeneous fault model has been successfully used in
numerical models to reproduce slow slip (e.g., Ando et al., 2010; Romanet et al., 2018; Skarbek et al., 2012).

Laboratory experiments have created the foundation for the formulation of constitutive friction laws. The
Rate‐ and State‐dependent friction (RSF) laws have been widely used to model the seismic cycle and success-
fully employed to simulate slow‐slip events (e.g., Boatwright & Cocco, 1996; Dieterich, 1972; Romanet
et al., 2018; Ruina, 1983; Skarbek et al., 2012). RSF coupled with elastic dislocation theory predicts frictional
failure based on a stability condition that considers the ratio between the fault loading stiffness (k) and a cri-
tical fault rheologic stiffness (kc) that is related to RSF constitutive parameters (Gu et al., 1984; Rice &
Ruina, 1983). Following this approach, dynamic instabilities may arise at the stability boundary of k ~ kc,
where the elastic unloading of the surrounding medium matches the frictional weakening rate of the fault
zone, allowing slip acceleration but at slow speed due to the small force imbalance. Following the conceptual
framework provided by RSF theory, laboratory experiments successfully reproduced the key elements of the
spectrum of fault slip behavior, by matching the fault critical rheologic stiffness (kc) with the machine sur-
rounding stiffness (e.g., Leeman et al., 2016; Scuderi et al., 2016; Shreedharan et al., 2019). Indeed,
slow‐slip events are spontaneously generated from stable sliding when k ~ kc, with a transition to fast and
dynamic instabilities when k < kc. The stress drop and duration of the slip velocity pulse documented a con-
tinuum spectrum from slow‐slip events to fast earthquakes (e.g., Leeman et al., 2016; Scuderi et al., 2016;
Shreedharan et al., 2019). The analysis of the corresponding fault zone structure has shown that the onset
of instabilities requires some fault fabric development (i.e., shear localization) and that the same fault struc-
ture can host both slow‐slip events and fast earthquakes (Scuderi et al., 2017). However, to date, all the experi-
ments were performed on homogenous fault gouge material (i.e., quartz) or bare rock surfaces where the
deformation is highly localized, raising the question of whether slow‐slip events can be generated along het-
erogenous experimental faults where the deformation can be distributed within the entire fault. Other
laboratory experiments have also shown that slow slip may be the result of other processes such as strain
weakening of the fault (e.g., Ikari et al., 2013; Ito et al., 2017), a mixed mode deformation across the brittle
ductile transition (Schubnel et al., 2006), or related with high fluid pressure (French & Zhu, 2017).

In this study, following friction theory, we generated laboratory slow‐slip events in both a homogeneous
(localized deformation) and heterogeneous materials (distributed deformation) to study the response of dif-
ferent fault gouges. We investigated the role of fault fabric and strain localization on dynamic parameters
(stress drop, slip velocity function, and duration) inferred during slow‐slip events. In particular, we studied
the temporal evolution of the weakening behavior in terms of friction, slip velocity, and volumetric deforma-
tion. Finally, we computed the mechanical work absorbed during the breakdown process and we related it to
the different slip localization styles of the fault gouges. Slow‐slip events emerge in the laboratory experi-
ments under the boundary condition k ~ kc (Leeman et al., 2016; Scuderi et al., 2016) using two different fault
gouge materials such as quartz and a mixture of anhydrite and dolomite. The latter fault gouge composition
represents an analog of the Triassic Evaporites, which is the formation where seismicity in the Apennines,
Italy, occurs (Crescentini, 1999; De Paola et al., 2008; Gualandi et al., 2017; Latorre et al., 2016; Miller
et al., 2004; Mirabella et al., 2008). We measure the RSF constitutive parameters to achieve the boundary
conditions to reproduce slow‐slip events for both fault gouges. Following an integrated analysis of the
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mechanical data characterizing slow‐slip events withmicrostructural observations of the resulting fault zone
structure, we aim at understanding the physical processes at the origin of slow‐slip events.

2. Experimental Methods

We performed laboratory experiments using a biaxial apparatus, BRAVA, (Collettini et al., 2014) configured
in a double‐direct shear (DDS) configuration (Figure 1). The apparatus consists in two hydraulic, fast acting,
servo‐controlled rams with a perpendicular geometry used to apply a horizontal and vertical force
(Figure 1a). Each ram is equipped with a strain gage load cell (LEANE International model CCDG‐0.1‐
100‐SPEC) to measure the applied force with an accuracy of ±0.03 kN and a maximum force of 1.5 MN,
which are regularly calibrated. Displacement transducers (LVDT, Linear Variable Displacement
Transformer) are fixed between the load frame and the moving piston and are used to measure the piston
movement with an accuracy of ±0.01 μm. Load point displacement measurements are corrected for the stiff-
ness of the testing apparatus, with nominal values of 386.12 kN/mm for the vertical frame and 329.5 kN/mm
for the horizontal frame. Each ram can be controlled in either load feedback mode, to maintain a constant
load and measure the resulting displacement, or in displacement feedback mode, to advance the ram at a
constant displacement rate. All the output signals, from the load cell and LVDTs, are recorded using a simul-
taneous multichannel analog to digital converter with 24 bit/channel resolution at a sampling rate of 10 kHz
and then averaged for storage at rates between 1 Hz and 10 kHz.

The DDS configuration consists in three steel block assembly, composed by two side stationary block and a
central forcing block, that sandwich two identical layers of simulated fault gouge (Figure 1b). The gouge
layers are prepared using precise leveling jigs to achieve a uniform layer thickness of 3 mm over an area
of 50 × 50 mm2 to which we refer all the measurements of stress. All the experiments were performed under
room temperature and 100% relative humidity (Table 1).

In these experiments, we simulate gouge layers using synthetic quartz powders and a mixture of anhydrite
and dolomite 50–50 wt%. The quartz powders (Min‐U‐Sil 40, U.S. Silica Co.) are characterized by a mean
grain size of ~10 μm and composed of 99.5% SiO2 and traces of metal oxides, the same used in Leeman
et al. (2016) and Scuderi et al. (2016). To prepare the mixture of anhydrite and dolomite (ANH/DOL), we
collected samples of dolomite from outcrop in Tuscany and anhydrite from deep borehole in the Umbria‐
Marche Apennines (e.g., Trippetta et al., 2013). X‐Ray Diffraction (XRD) analyses show that the samples
are relatively pure with a mineralogical composition of >95% of dolomite and >95% of anhydrite, respec-
tively (De Paola et al., 2008). To obtain powders, we crushed the intact rock in a disk mill and sieved to a
grain size <125 μm, then we mixed the two lithologies to obtain a 50–50% mixture by weight. We choose
to use this mixture since it is representative of the Triassic Evaporites (De Paola et al., 2008) that

Figure 1. Schematic representation of the experimental apparatus and shear configuration. (a) Biaxial deformation
apparatus set up in a double‐direct shear configuration. Two orthogonal rams apply normal and shear stress to the
sample assembly. Load cells are used to measure/control applied loads, and two LVDTs are used to measure the rams
displacements. (b) Double‐direct shear sample assembly equipped with two LVDTs to measure locally fault slip and layer
dilation/compaction. To obtain slow‐slip events, we position a spring in series with the vertical ram to decrease the
stiffness of the apparatus.
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represent the major seismogenic layer of Northern and Central Apennines (e.g., Miller et al., 2004; Porreca
et al., 2018).

To reproduce slow‐slip events in the laboratory, we first investigate the frictional properties and the consti-
tutive parameters within the framework of the RSF law for the two fault gouges. Then, we use a spring in
series with the vertical piston to reduce the stiffness and match the critical stiffness (kc) in order to simulate
slow‐slip events (i.e., low stiffness experiments).

2.1. RSF Constitutive Properties and Frictional Healing

To retrieve the RSF parameters (a, b, and Dc) of the two fault gouges and to investigate the stability condi-
tions, we have performed standard velocity step experiments (Chris Marone, 1998) (Figure 2). Each experi-
ment begins by applying a constant normal stress of 15 or 25 MPa for quartz and 40 MPa for ANH/DOL via
the horizontal ram (Table 1). Once the target normal stress is reached, the layers were allowed to compact, to
ensure densification and best grain packing configuration before the onset of shearing. Shear begins by
advancing the vertical ram at constant displacement rate of 10 μm/s for a displacement of ~5 mm (shear
strain γ ~ 2) to reach a steady‐state frictional sliding (Figure 2a). At this point a computer‐controlled contin-
uous sequence of velocity steps, for a range of shear velocities of 1, 3 to 10 μm/s, was repeated until the max-
imum displacement available of ~2.5 cm, resulting in shear strain γ > 20. To retrieve the RSF constitutive
parameters (a‐b) and Dc, we have modeled friction evolution during each velocity step using the general for-
mulation of the RSF constitutive equations (Dieterich, 1979) (Figure 2b):

Table 1
List of All the Experiments and Boundary Conditions

Exp N. Material Normal stress (MPa) Boundary conditions Comments

B720 Quartz 15 Stiff system Velocity steps throughout the experiments. Velocity sequence 10‐1‐3‐10
B721 Quartz 25 Stiff system Velocity steps throughout the experiments. Velocity sequence 10‐1‐3‐10
B768 Quartz 15–35 Stiff system Slide‐hold‐slide
B737a Quartz 15 Destiffened system K ~ 1 Slow‐slip events
B744 Quartz 15 Destiffened system K ~ 1 Slow‐slip events
B396 Anhydrite/dolomite 40 Stiff system Velocity steps throughout the experiments. Velocity sequence 10‐1‐3‐10
B766 Anhydrite/dolomite 15–35 Stiff system Slide‐hold‐slide
B518a Anhydrite/dolomite 35 Destiffened system K ~ 1 Slow‐slip events
B394a Anhydrite/dolomite 35 Destiffened system K ~ 1 Slow‐slip events

aThe samples that were used for thin sections and microstructural analysis.

Figure 2. (a) Typical experimental curve of an experiment where velocity step tests were performed at various levels of
shear strain to characterize the dependency of (a and b). (b) Zoom on a particular velocity step. We show in black the raw
experimental data and in red the resulting inverted model according to the inferred constitutive parameters.
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τ θ; vð Þ
σn
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v
v0
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þ bln

v0θ
Dc
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(1)

where μ0 represents a reference coefficient of friction at sliding velocity v0, v is the slip rate, and a and b
are the constitutive parameters. Dc is the critical slip distance, which is interpreted as the distance required
to renew a population of asperity contacts, and θ is the state variable, interpreted as the average contact
lifetime. In this context, the parameter (a‐b) describes the stability of frictional sliding individuating two
main behaviors: If (a‐b) > 0, the velocity strengthening regime is indicative of aseismic creep, whereas
(a‐b) < 0 describes a velocity weakening behavior and it is a fundamental requisite for the nucleation of
a frictional instability. We use the relation proposed by Ruina (1983) to describe the evolution of the state
variable to form, together with Equation 1, the set of constitutive equations:

dθ
dt

¼ −vθ
Dc

ln
vθ
Dc

� �
(2)

To obtain the rate‐and‐state constitutive parameters a, b, and Dc, we solve Equations 1 and 2 using a
fifth‐order Runge‐Kutta numerical integration technique with adaptive step size control (Blanpied
et al., 1998; Reinen & Weeks, 1993; Saffer & Marone, 2003) (Figure 2b).

To further investigate the frictional properties of both the fault gouges, slide‐hold‐slide (SHS) tests have been
also performed following the same starting experimental procedure as described above with target normal
stresses of 15 and 35 MPa (Table 1) (Figure 3). SHS tests consist in advancing the vertical ram at constant
displacement rate of 10 μm/s (slide), stop shearing for a prescribed amount of time (th, hold time), and then
resume shear at the same rate of 10 μm/s. For these tests we varied the hold time from 3 to 3,000 s with a
threefold time increase. These experiments are usually performed to simulate the seismic cycle and charac-
terize frictional restrengthening associated with interseismic stationary contact, that is, the evolution of fric-
tion due to the evolution of the state variable (e.g., Im et al., 2017; Marone & Saffer, 2015). From SHS tests it
is possible to measure the frictional healing (Δμh) of the fault gouge defined as the difference between the
peak friction observed upon reinitiation of shear following the hold and the steady‐state friction immediately
prior to the hold (see Figure 3b).

Laboratory experiments usually show a log linear relation between the increase of frictional healing and the
hold time, th (Dieterich, 1972; Scholz, 1998) even if for long hold time an exponential law has been also

Figure 3. (a) Typical experimental curves during SHS tests for both the fault gouges used in this study showing the
evolution of friction as a function of shear displacement. (b) Details of a typical SHS test (th = 300 s) showing the
evolution of friction and layer thickness as a function of time for both fault gouges (see text for a detailed description).
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observed (e.g., Nakatani, 2004). We can evaluate the rate of frictional healing (β) defined as (e.g., Marone &
Saffer, 2015):

β ¼ Δμ
log thð Þ (3)

The amount of frictional healing is the direct result of contact aging during the hold time. To further char-
acterize the friction during the hold time, we define the parameter Δμcreep as the difference between the
steady‐state friction immediately prior the hold and the friction value at the end of the hold time as the creep
relaxation (Figure 3b) (Carpenter et al., 2016; Ikari et al., 2016).

For each SHS we can also compute the variation in volumetric strain (i.e., layer thickness, h) to gain infor-
mation on the micromechanical processes occurring during the different phases of the SHS cycle. Therefore,
we measure the amount of layer compaction during the hold stage (Δhcreep) as the difference between the
layer thickness at steady‐state shearing and the instantaneous value before shear is resumed (Figure 3b).
Similarly, we evaluate the amount of dilation/compaction upon resuming shear to infer the effect of particle
rearrangement, Δhre‐shear, on fault restrengthening (e.g., Karner & Marone, 2001). The parameter Δhre‐shear
is defined as the difference between the peak value of thickness observed upon reinitiation of shear following
the hold and the value of thickness at the end of the hold time and before shear is resumed (Figure 3b).

2.2. Slow‐Slip Events Under Controlled Stiffness

In order to obtain slow‐slip events in the laboratory, we follow a recently developed experimental technique,
which is well described and validated in previous works (Leeman et al., 2016, 2018; Scuderi et al., 2016;
Shreedharan et al., 2020; Tinti et al., 2016). In brief, by coupling elastic dislocation theory with the RSF con-
stitutive equations for a velocity weakening fault, we can derive a criterion for fault stability described by the
interaction between the surrounding stiffness, k, and a critical rheologic stiffness, kc, defined as (e.g., Gu
et al., 1984; Rice, 1983):

kc ¼ σn b − að Þ
Dc

(4)

where kc is derived from the analysis of the friction constitutive parameters (a‐b) and Dc. This theory pre-
dicts a Hopf bifurcation when the surrounding elastic stiffness, k, is less than kc. Within this framework,
we can reproduce the full spectrum of fault slip behaviors by modulating the stiffness ratio K = k/kc to be
>1 (aseismic creep), ~1 (conditionally stable), and <1 (unstable). This approach has proven successful in
reproducing the full spectrum of fault slip behaviors as observed for tectonic faults (Boatwright &
Cocco, 1996; Leeman et al., 2016; Scuderi et al., 2016; Tinti et al., 2016).

In this work, we first evaluate the RSF parameters of the two fault gouges and then we use an elastic element
of known stiffness in series with the vertical piston to decrease the surrounding stiffness, k, to match kc
(Figure 1b). To reproduce slow‐slip events, we find the appropriate boundary conditions to impose a stiffness
ratio K = k/kc ~ 1 and we perform all the experiments under this condition (Table 1). Due to the different
fault gouge properties (frictional and rheological), the condition for K ~ 1 is achieved at an applied normal
stress of 15 MPa for the quartz gouge and 35 MPa for the ANH/DOL gouge. To fully characterize the
mechanics of slow‐slip events, we equipped the DDS sample assembly with two on board displacement
transducers LVDTs directly attached to the sample (Figure 1b): (1) A horizontal LVDT is used to resolve fine
details of sample dilation/compaction avoiding potential artifacts from the data recorded by the remote
LVDT due to the stiffness of the apparatus and (2) a vertical LVDT fixed on the moving central block and
referenced at the loading frame to resolve the true fault slip of the fault and retrieve the slip velocity during
the slow‐slip events. Note that this represents an average slip on the entire fault surface, and we are unable to
resolve the details of initiation and propagation of slip pulse. At the end of selected experiments, we also col-
lected the resulting fault zone samples for microstructural analysis at the Scanning Electron Microscope
(SEM). The procedure used to recover the samples consisted in carefully removing the applied stress field
to minimize perturbations and preserve the microstructure. At this point the sample was removed from
the apparatus and excess material, due to the DDS geometry, at the bottom of the assembly was cleared
away. Using a thin razor blade, the sample, representing the active zone of shearing, was separated from
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the forcing blocks and placed in a Petri dish where it was subsequently submerged in epoxy resin (Struers
EpoFix Kit). The sample was then placed in a vacuum chamber and left for ~48 hr to allow the resin to
penetrate within the porosity of the sample. Then, the sample was cut perpendicular to the shear
direction, and small bricks were made from the central portion of the sample, avoiding the edges, to make
sure we capture the active zone of deformation. Samples were then thinned using a diamond grinding
wheel (the Safitec thin sectioning system) and then further polished using sand papers. To finish the
sample, a polishing machine with diamond liquid (from 6 to 1 μm grain size) was used. The resulting thin
section (60 μm thick) was glued to a glass dish using Logitech resin number one. We explored the
microstructures at the SEM in back scattered with a beam of 20 kV, WD 10.9, and pressure 6e−4 Pa.

3. Results
3.1. Analysis of Fault Frictional Stability

The results obtained from velocity step experiments are summarized in Figure 4, showing the evolution of
the constitutive parameters (a‐b) and Dc as a function of the sliding velocity for the quartz gouge (upper
panels) and for the ANH/DOL gouge (bottom panels). The friction rate parameter (a‐b) has a strong depen-
dence on both sliding velocity and accumulated shear strain. The quartz gouge shows a general velocity

Figure 4. Top panels show RSF parameters for quartz fault gouge. (a) Evolution of the friction rate parameter (a and b)
and (b) evolution of the critical slip distance as a function of shear velocity. Bottom panels show RSF parameter for
ANH/DOL gouge. (c) Evolution of the rate parameter (a and b) and (d) evolution of the critical slip distance as a
function of shear velocity. All the values are color coded by the correspondent shear strain at which they
have been measured.
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weakening behavior, (a‐b) < 0, for the investigated range of shear velocity (i.e., 1, 3 to 10 μm/s), which is the
condition necessary for the onset of a frictional instability (e.g., Marone, 1998; Scholz, 1998) (Figure 4a).
Moreover, for the quartz gouge the (a‐b) parameter depends on shear strain, with the most negative
values observed at higher strain (in agreement with Scuderi et al., 2017). The critical slip distance (Dc)
decreases as the shear velocity is increased from values of ~10 μm at 1 μm/s, down to ~1 μm at 10 μm/s
(Figure 4b). Similar to (a‐b), Dc also decreases with increasing shear strain, in particular during the early
stages of deformation (4 < γ < 6).

For the mixture of ANH/DOL we find that the friction rate parameter (a‐b) evolves from a velocity weaken-
ing behavior at shear velocity of 1 μm/s to a velocity strengthening behavior when the shear rate is increased
to 10 μm/s (Figure 4c). We do not observe a systematic evolution of (a‐b) with shear strain across the range of
investigated velocities. The evolution of the critical slip distance (Dc) does not show any systematic trend,
neither with shear velocity nor with accumulated shear strain, and it ranges between 80 and 20 μm
(Figure 4d) that is always bigger than the values observed for quartz. For this fault gouge, persistent velocity
weakening frictional behavior is observed only at shear velocity of 1 μm/s.

Figure 5. (a) Frictional healing, Δμh, as a function of hold time for a range of normal stresses (15 and 35 MPa) and for
the two investigated gouges. The dashed lines represent the best fit providing the healing rate (β). (b) Frictional creep
relaxation Δμcreep as a function of hold time. (c) Evolution of layer thickness upon fault reshear, Δhre‐shear. (d) Layer
compaction during the hold stage, Δhcreep.
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The results derived from this stability analysis show that velocity weakening behavior is common for both
fault gouges only at a shearing rate of 1 μm/s, resulting in a critical fault rheologic stiffness (equation 4)
of 2.07e−4 [μm−1] for quartz and 2.31e−5 [μm−1] for ANH/DOL, suggesting us to use this shear velocity to
reproduce unstable frictional behavior.

3.2. Frictional Healing

SHS tests are commonly used tomimic the seismic cycle, where the hold stage is used as a proxy for the inter-
seismic phase and the slide stage for the coseismic phase and infer time‐dependent processes that may be at
the origin of subsequent failures of a seismogenic fault patch (e.g., Marone & Saffer, 2015). We evaluate the
frictional healing (Δμh), the healing rate (β = Δμh/log (th)), and frictional creep relaxation (Δμcreep)
(see Equation 3 and Figure 3 for definitions) for the two gouges at two different values of normal stress
(15 and 35 MPa) varying the hold time from 3 to 3,000 s with a threefold time increase (Figure 5). For the
range of normal stresses here investigated, we find that quartz gouge has always a lower frictional healing
rate (β = 0.004 [Δμh/decade] at 15 MPa and β = 0.005 [Δμh/decade] at 35 MPa) when compared to ANH/
DOL (β = 0.023 [Δμ/decade] at 15 MPa and β = 0.008 [Δμ/decade] at 35 MPa) (see Figure 5a). We also find
that the healing rate for quartz is roughly independent of normal stress while the ANH/DOL show a strong
dependence of β on applied normal stress, decreasing as the normal stress is increased (e.g., Carpenter
et al., 2016). The frictional creep relaxation (Δμcreep) differs between the two gouges showing a greater
relaxation for the ANH/DOL gouge when compared to quartz gouge (Figure 5b). Details on the evolution
of gouge layer thickness during the two stages of hold (Δhcreep) and reshear (Δhre‐shear) can give us important
information on the micromechanical processes at the origin of frictional healing (see Figures 5c and 5d). We
find that ANH/DOL has a greater compaction rate (Δhcreep) during the hold period when compared with
quartz, resulting in a higher frictional creep relaxation (Figures 5b and 5d). Furthermore, upon reshear
the ANH/DOL shows dilatant behavior that increases with the hold time and depends inversely on normal
stress (i.e., at lower stress the dilation is bigger than at higher normal stress), while quartz does not show any
significant dilatant behavior (Figure 5c).

Taken together, these results show that frictional healing and volumetric deformation of the fault gouges are
strictly related and are different for the two gouges here investigated. The quartz behavior is almost indepen-
dent on applied normal stress, and it is accompanied by small compaction during the hold stage and negli-
gible dilation upon reshear suggesting that only a small fraction of the fault gouge is involved in
deformation. The higher frictional healing rate of the ANH/DOL (Figure 3) is most likely the result of the
dilational work against the normal stress, which is time‐dependent and normal stress dependent.

Figure 6. Typical experimental curves retrieved for experiments conducted at reduced stiffness by inserting a spring in
series with the vertical piston. We report the evolution of the coefficient of friction as a function of engineering shear
strain (γγ = Δh/Δδδ where h is the layer thickness and δ is the shear displacement). Data for the quartz gouge are
reported in black, while those for the ANH/DOL mixture in red. The two insets show the details of the spontaneous
emergence of slow‐slip events from steady‐state shear (blue and red boxes for ANH&DOL and quartz, respectively).
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3.3. Slow‐Slip Events and Dynamic Parameters

We have reproduced slow‐slip events in the laboratory by finding the appropriate boundary conditions to
impose a stiffness ratio K = k/kc ~ 1, following the experimental framework developed in previous studies
(section 2.1) (Leeman et al., 2016; Scuderi et al., 2017). The condition K ~ 1, is attained, for a spring with stiff-
ness 0.00296 [MPa/μm], for a normal stress of 15 [MPa] for the quartz gouge and 35 [MPa] for the ANH/DOL
gouge. All the experiments discussed below are performed under this boundary condition of K = k/kc ~ 1.

Figure 6 shows typical experimental curves highlighting the high reproducibility of the experiments. From
the RSF analysis (shown in Figure 4), we found that unstable slip (i.e., velocity weakening behavior) can be
obtained only at a sliding velocity of 1 μm/s for ANH/DOL gouge, while for the quartz there is a wider velo-
city range, so that after the initial shearing at 10 μm/s we dropped the velocity to 1 μm/s and kept it constant
for the rest of the experiment (Figure 6). The quartz gouge is characterized by a steady‐state coefficient of
friction μss = 0.64, while the ANH/DOL shows a peak friction at μ= 0.7 followed by a strain weakening stage
until steady‐state friction is achieved at μss = 0.45 (Figure 6). For both fault gouges, instabilities emerge spon-
taneously from stable sliding after the fault gouge has accumulated a typical amount of strain, 6 to 8 for
ANH/DOL and 8 to 10 for quartz, indicating that a developed fault gouge microstructure is needed to host
instabilities (Scuderi et al., 2017).

For each experiment, we record hundreds of unstable events and analyze them to identify the beginning and
termination of each event and evaluate dynamic parameters such as friction drop, total event duration (Td),
peak slip velocity, and event slip. Figure 7 shows a portion of the experiments highlighting repetitive slow‐
slip events for both ANH/DOL (upper panels) and quartz (bottom panels). In general, during the interseis-
mic phase, the fault gouge slips at velocities less than the background loading rate and friction increases lin-
early with time (and slip); the subsequent coseismic phase is characterized by slip acceleration and friction
drop. To individuate the initiation and termination of the breakdown stage (i.e., stress drop), we determine
when the slip velocity overcomes the background loading rate of 1 μm/s and when it slows down below it
(Figure 7). By adopting this approach, we are able to carefully discriminate the onset and termination of each
unstable event (bold curves in Figure 7). We use the information derived from this analysis to compare the
dynamic parameters during unstable slip between the two fault gouges here investigated.

Figure 7. Time series of friction (black) and slip velocity (green) for a selected portion of the experiments. The top panels
(a, b) show events for ANH/DOL, while the bottom panels (c, d) for quartz gouge. The friction drop (Δμ, highlighted in
bold) begins when the slip velocity overcomes the remotely applied loading rate (dashed red line) and terminates
when the slip velocity slows down below. Panels (b) and (d) show the details of the breakdown stage for a single slow‐slip
event and the calculated duration and friction drop used in Figure 8.
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Figure 8 shows the friction drop (Δμ) for both ANH/DOL and quartz as a function of total event duration
(Td), peak slip velocity, and event slip. In each panel, the circle with the error bars identifies the average
value and the standard deviations estimated for all the events analyzed during each experiment. The fric-
tion drop values estimated for ANH/DOL and quartz are similar and range within the interval
0.005 < Δμ < 0.015. The event durations measured for ANH/DOL are shorter (average values are around
Td ~ 5 s) than those for quartz (average durations of Td ~ 10s). The friction drop durations are extremely
longer when compared to regular stick‐slip events generated in the same machine (events duration in the
range of 0.003–0.004 s, Tinti et al., 2016; Scuderi et al., 2017). This is consistent with the imposed K ~ 1 at
the transition between stable and unstable slip, characterizing laboratory slow‐slip events. In agreement
with this observation, the peak slip velocity for quartz (~7 μm/s) is only slightly above the imposed back-
ground loading rate (1 μm/s), and it ranges between ~10 and ~25 μm/s for ANH/DOL. This parameter also
greatly differs from regular stick‐slip events in which the peak slip velocities are in the order of mm/s. The
slip accumulated during the coseismic event is also comparable between the two fault gouges and lies in a
range between 20 and 30 μm. These experiments corroborate the evidence that slow‐slip frictional sliding
can occur in different geomaterials by imposing a stiffness ratio of K ~ 1 within the conditionally stable
regime.

4. Microstructures

In order to obtain insights into the deformation processes occurring during the slow‐slip events described
above, we have performed a microstructural analysis at SEM of the resulting fault zone after the experi-
ments. The quartz fault gouge is characterized by grain size reduction in the bulk volume of the fault zone
(Figure 9a). Shear localization is observed along boundary shear zones (B‐planes), with a thickness of
~100 μm, that contain subparallel principal slip surfaces, Y‐shears, with a thickness of 3–4 μm, where the
grain size reduces to ≤1 μm (Figures 9a and 9b, Scuderi et al., 2017). The Y‐shear planes are continuous
within the B‐planes and have an almost planar geometry. Moving away from the Y‐planes, we observe a gra-
dual increase in grain size testifying that while most of the energy for slip is spent along these principal slip
surface, some energy is also consumed away of Y‐planes resulting in a gradual reduction in the grain size
(Figures 9c and 9d).

The ANH/DOL is characterized by a heterogeneous structure due to the contrast in mineral strength, where
the anhydrite represents a weak phase when compared to the stronger dolomite (Figure 10). The microstruc-
ture consists of well‐developed boundary shear zones (~200 μm thick), characterized by grain size reduction
with grains of dolomite, usually with a subrounded shape, that ranges in size from a few tens of microns to
submicron and dismembered grains of anhydrite of much smaller size. In some places, the boundary shear
planes merge into a P‐foliation that develops across the bulk volume of the gouge (Figure 10a). The
P‐foliation is mainly characterized by fine grained, dismembered anhydrite grains that in some cases

Figure 8. Summary of the results for all the experiments showing the relation between friction drop and event duration (a), peak slip velocity (b), and event slip
(c). For each experiment we report the all the values for all the events analyzed (light colors) along with the mean (bold circles) and standard deviation (error
bars). Only for panel (a) we reported data for two experiments for both the fault gauges.
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surround bigger clasts of dolomite that have angular shape and, in most cases, present fractures (Figures 10a
and 10b). In some places, fractures within anhydrite allow for a sort of boudinage along the P direction; close
to the termination of the shear zone, the anhydrite‐rich P planes present drag folds consistent with the sense
of shear (Figures 10b and 10d). Within the B‐planes, we observe shear localization along discontinuous
surfaces mainly characterized by very fine dolomite grains (Figure 10c). It is evident that the two
mineralogical phases tend to separate as a result of shear deformation due their different strength,
testifying that shear strain is heterogeneously partitioned.

The comparison of the two experimental faults indicates that while in quartz the deformation is localized
along a limited fault volume represented by 3–4 μm thick Y‐shear planes, in ANH/DOL the deformation
is mainly distributed through the entire fault volume.

Figure 9. Resulting fault gouge microstructures for the quartz gouge. (a) Deformation is mainly localized with boundary
shear planes (B‐shear) characterized by intense grain size reduction when compared to the bulk volume of the gouge.
(b) Details of the B‐shear where multiple Y planes are subparallel and continuous. (c, d) Details of shear
localization along Y‐shear planes observed within the B‐shear plane.
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5. Discussion

Our results indicate that there is an intimate relationship between the dynamical attributes of laboratory
slow‐slip events, such as the evolution of friction and slip velocity and the fault zone structure. For both
the fault gouges used in this study, a finite amount of strain is required before the spontaneous onset of fric-
tional instabilities (Figure 6). This observation suggests that strain localization is a requirement to create the
mechanical conditions to host frictional instabilities.

5.1. The Anatomy of Laboratory Slow‐Slip Events

In this section, we analyze the relation between friction, slip velocity, and layer thickness (i.e., volumetric
deformation) to unravel the details of fault gouge deformation during slow‐slip frictional sliding. Figure 7

Figure 10. Resulting fault gouge microstructure for the ANH/DOL gouge (anhydrite is in light color, while dolomite is
darker). (a) Deformation is localized along thick boundary shear planes (B‐shear) where grain size reduction is
observed. The boundary shears are connected by a P‐shear foliation. Panel (b) shows details of P‐shear foliation
(red arrows show the details of anhydrite deformation). Panels (c) and (d) show details of shear accommodation within
the boundary shear planes. (c) Anhydrite grains are dismembered and for an anastomosed fabric. (d) S‐C type foliation
is commonly observed within the boundary shears.
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shows the repeated sequence of frictional instabilities for quartz (bottom panels) and ANH/DOL (upper
panels) fault gouges. A first visual analysis of these time series indicates that the evolution of friction and
slip velocity is quite different for the two fault gouges. Slip acceleration to peak slip velocity and the onset
of the friction drop for the ANH/DOL gouge take place in a relatively short duration (usually ≈1.5 s), and
it is followed by a longer stage during which the slip velocity slows down to the background loading rate at
the end of the friction drop. The resulting evolution of friction drop (i.e., breakdown stage) is characterized
by a concave decay with time followed by a sudden restrengthening (i.e., friction increase) causing the
termination of slip. The relation between friction drop and slip acceleration for the quartz gouge is more
complex. The slip velocity begins to evolve gradually around the yield stress (i.e., preseismic creep) until
the peak slip velocity is attained toward the end of the breakdown stage. The resulting friction drop
displays a convex shape for most of the duration of the breakdown stage characterizing the instability.

In order to shed light on the mechanical processes that can be at the origin of the frictional instabilities dur-
ing laboratory slow‐slip events, we show in Figure 11 the temporal evolution of friction, slip velocity, and the
correspondent volumetric deformation for two typical slow‐slip events generated in both fault gouges. The
slip cycle during each slow‐slip event is characterized by a linear stress increase (here represented by friction
evolution) with time (interseismic stage), during which the fault is under quasi‐stationary contact and the
slip velocity is slower than the background loading rate (i.e., <1 μm/s) (Figures 7 and 11). During this stage,
the fault gouge compacts allowing for contact healing and restrengthening. This is common to both fault
gouges. However, while during the interseismic stage the slip velocity for ANH/DOL is basically zero and
the fault is locked until the onset of the instability, the quartz gouge shows a nearly continuous slip evolution
with a clear preseismic creep preceding the main slip acceleration associated with the frictional instability
(Figures 11a and 11b, Scuderi et al., 2016).

Figure 11. Details of slow‐slip events for quartz (top row) and ANH/DOL (bottom row). Panels (a) and (c) show the time series of friction (black) slip velocity
(blue) and layer thickness (red, compaction negative) for two representative events. The blue dashed lines represent the background loading rate of 1 μm/s,
and the orange dashed lines represent the best fit of the linear evolution in layer thickness. Panels (b) and (d) show the expansion of the signals within
the yellow boxes in panels (a) and (c).
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The peak in fault friction marks the onset of the frictional instability (coseismic stage) corresponding with
the onset of slip acceleration. During this stage, the two fault gouges show a markedly different behavior
(Figure 11). On the one hand, the friction drop for quartz starts gradually with a gentle rollover followed
by a more pronounced drop (Figure 11b). The corresponding evolution of the slip velocity shows an expo-
nential evolution, resembling tertiary creep, corresponding to the convexity of the friction curve and fol-
lowed by a faster acceleration yielding peak slip velocity. It results that slip acceleration is long, Tacc ~ 6 s,
representing more than half‐duration of the whole breakdown process. During this stage, the fault gouge
compacts at the same volumetric rate as during the preseismic stage (Figure 11a). The peak slip velocity is
reached when the breakdown stage is nearly concluded with friction close to its minimum before restrength-
ening and slip termination (Figure 11b). At the onset of slip deceleration, the fault shows an abrupt increase
in compaction rate that persists until the beginning of the next cycle allowing fault deceleration and contact
healing. The change in volumetric deformation is indicative of a change in the micromechanical processes
that accommodate shear deformation within the fault gouge that is clearly captured in the source time func-
tion that resembles a Gaussian slip velocity function. On the other hand, the ANH/DOL fault gouge shows a
faster decrease in friction at the onset of unstable slip, associated with a sharp slip acceleration followed by a
gradual slip deceleration (Figures 11c and 11d). The slip velocity is characterized by an acceleration phase
with a duration Tacc ~ 1.5 s. In this case, the slip velocity function resembles a Yoffe function which is com-
monly used in kinematic modeling of recorded ground motions to simulate the rupture propagation during
earthquakes (e.g., Tinti et al., 2005). The corresponding volumetric deformation shows that at the onset of
the instability, when slip accelerates, the fault dilates reaching themaximum value in the vicinity of the peak
slip velocity (lasting Tacc). After the peak in slip velocity, the gouge layer deforms at a nearly constant layer
thickness and then starts to compact again at a greater rate (until the end of the coseismic phase) when com-
pared to the compaction during the interseismic stage (Figure 11c). These observations suggest that fault
gouge composition and the resulting fault structure play an important role in controlling the mechanisms
of strain energy release during the coseismic stage via different micromechanical processes that are captured
in the slip velocity function during slow‐slip events. From these results emerge that the slip velocity evolu-
tion during frictional instabilities contains key information about the dynamics of slow‐slip events.

Our observations during SHS tests, used to mimic the seismic cycle, agree with the fault slip behavior
observed during slow‐slip events. In fact, the high frictional healing rate observed for ANH/DOL
(Figure 5a) would favor fault restrengthening by locking the fault during the interseismic stage, with the
entire volume of the gouge involved in compaction and internal deformation (Figure 5d). During reshear
in SHS test, we report a time‐dependent dilatant behavior that is also observed during the coseismic stage
of slow‐slip events, suggesting that for this fault gouge dilation is an efficient mechanism to dissipate energy
during unstable slip. Dilation is also favored by the larger grain size of the ANH/DOL mixtures in compar-
ison to quartz, for example, Figure 9 versus Figure 10. On the contrary, the low healing rate and the absence
of dilation during reshear in quartz SHS experiments are well coupled with the creep‐slip behavior that we
observe during slow‐slip events accompanied by a persistent compaction (Figures 3 and 5).

5.2. Dynamics of Slow Frictional Sliding

Figure 12 shows the slip weakening curves (friction versus coseismic slip) and the evolution of the layer
thickness with slip for a set of representative slow‐slip events (panels a and c) together with the associated
phase diagrams (panel b and d). For the sake of simplicity and to facilitate the comparison, we offset to zero
the value of slip at the beginning of each cycle of frictional instability. Blue circle highlights the occurrence of
the peak slip velocity for each event and green circle the deviation from linear loading.

The quartz gouge shows a linear friction increase over a cumulated slip of ~10 μm followed by nonlinear
increase up to the peak friction for a total cumulated slip of ~20 μm during the interseismic phase. This is
followed by a friction drop (Figure 12a) characterizing the breakdown stage. As anticipated above, the peak
slip velocity for quartz gouge is reached more than halfway in the breakdown stage. This feature is clearly
shown by the phase diagram in Figure 12b. Worthy of note, the sudden increase in compaction rate starts
at the peak slip velocity and corresponds to the coseismic deceleration (Figures 12a and 12b), suggesting that
there is an evolution in the micromechanical processes accommodating deformation during the breakdown
stress drop. By coupling these mechanical information (Figures 11 and 12) with the resulting fault zone
structure (Figure 9), we can infer the dynamics of frictional sliding during slow‐slip events. The deviation
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from the linear loading (green circle in Figures 12a and 12b) marks the onset of preseismic creep and an
evolution in the compaction rate from a nonlinear high rate to a lower rate almost linear. The compaction
rate remains constant throughout the first portion of the breakdown stage, up to the peak in slip velocity.
We posit that while the compaction rate is constant (i.e., from the green to blue circle) sliding is likely
accommodated along the Y‐shear planes contained within the B‐shear zones of the fault gouge
(Figure 9b). The Y‐shear planes represent continuous and very thin planes of weakness where slip is
energetically favored resulting in a shear deformation at almost constant layer thickness given that the
fault is accelerating and frictional strength is decreasing (i.e., velocity weakening) (e.g., Beeler et al., 1996;
Marone et al., 1990). Then, as the fault decelerates, and the shear strength is almost at its minimum,
deformation tends to be more distributed across the gouge causing shear delocalization and cataclastic
processes in the vicinity of the slipping zone, manifested in a higher compaction rate. The microstructure
also shows a gradual increase in grain size above and below the Y‐shear planes (Figures 9b and 9c). The
phase diagram for quartz gouge shows subrounded (or egg shaped) trajectories similar to those reported
by Leeman et al. (2018) for both experimental data and 1‐D spring‐slider model. The preseismic phase is
characterized by a smooth slip acceleration associated with the friction hardening phase (creep‐slip event)
followed by a coseismic acceleration associated with friction drop. Such type of trajectory implies that the
“state variable” (θ) is unsteadily evolving in a thin volume surrounding the principal slipping planes
where strain is localized resulting in a never truly locked fault, describing a creep‐slip type of
frictional sliding. This interpretation is also supported by the observation that the quartz gouge always
shows a velocity weakening behavior (Figures 4a and 4b) that would imply shear along localized slip
planes (e.g., Beeler et al., 1996; Marone, 1998; Scuderi et al., 2017), low healing rate, and no dilatant
behavior upon reshear during SHS test (Figures 3 and 4c).

The ANH/DOL also shows an evident slip weakening behavior characterized by a linear increase of friction
over a smaller amount of slip (~5 μm) when compared to quartz during the interseismic phase, which is

Figure 12. Top panels (a, c) shows slip weakening curves (i.e., friction vs. slip) for quartz (panel a) and ANH/DOL (panel c) along with the evolution of the gouge
layer thickness (red curves). The dashed lines represent linear loading, and the green circle marks the departure from it. The blue circle represents the occurrence
of the peak in slip velocity. Bottom panels (b, d) show the associated phase plane diagram for quartz (panel b) and ANH/DOL (panel d).

10.1029/2020JB020405Journal of Geophysical Research: Solid Earth

SCUDERI ET AL. 16 of 23



followed by a two stages friction drop (Figure 12c), the first one from the peak friction to the friction value
associated with peak slip velocity and the subsequent one from that friction value up to the minimum fric-
tion. Most of the slip during the breakdown stage occurs during the slip deceleration from peak slip velocity
associated with the largest friction drop. The phase diagram (Figure 12d) clearly shows that peak slip velocity
is reached over a relatively small amount of slip with amodest friction drop.We note that this behavior is not
predicted by theoretical dynamic simulations based either on slip weakening law or RSF (e.g., Bizzarri
et al., 2001; Fang et al., 2010; Tinti et al., 2005). The coupling of the volumetric deformation with the micro-
structural observations can shed light on the dynamics of these slow‐slip events. During the interseismic
stage, the fault compacts and accumulates elastic strain energy (Figure 12c). The peak in friction marks
the onset of the coseismic stage that begins with a marked increase in slip velocity due to the accumulated
elastic energy. Simultaneously, with slip acceleration the fault begins to dilate. Dilation is a common
mechanism observed in fault gouge that dissipates strain energy and tends to stabilize slip (e.g., Beeler
et al., 1996; Mandl et al., 1977; Marone et al., 1990). Dilation in the ANH/DOL is favored by a heterogenous
fault zone structure lacking a pervasive zone of shear localization suggesting that during the breakdown
phase slip is more distributed and possibly also accommodated along the S‐C foliation producing dilational
work against the normal stress. We also observe pervasive fracturing, that is an important dilatant mechan-
ism consuming energy, within the anhydrite grains, that appears as dismembered, and some fractures
within the dolomite grains. In addition, the larger grain size of the ANH/DOL in comparison to quartz con-
tributes in facilitating dilation. Dilation is associated with a modest amount of slip, and most of the mechan-
ical work is absorbed during the deceleration phase. This behavior is consistent with the SHS data (Figure 5)
showing a significant frictional healing for ANH/DOL and, upon reshear, a marked dilation. Also, the
evolution of the stability parameter (a‐b) from velocity weakening at slow‐slip rate to velocity strengthening
at higher slip rates suggests that pervasive fault deformation would favor the stabilization of slip (Figure 4c)
(e.g., Beeler et al., 1996; Fagereng et al., 2014). Thismechanism is appealing since dilation could act in concert
with variation in porosity and perhaps pore pressure to further quench the instability, as it has been
proposed by theoretical model (e.g., Liu, 2013; Segall et al., 2010) and inferred from outcrop observations
(e.g., Fagereng et al., 2014).

The trajectories of phase diagram (highly reproducible across experiments under the same boundary condi-
tions) show points of consensus and some discrepancies when compared to theoretical models of earthquake
rupture based on RSF or slip weakening laws. For quartz gouges the occurrence of the peak slip velocity
approximately at the end of the breakdown stage (Figure 12) is consistent with theoretical models of earth-
quakes and stick‐slip events observed on planar surfaces (e.g., Fang et al., 2010; McLaskey, 2019; Mclaskey &
Yamashita, 2017). Similarly, the assumption in these theoretical models of a medium that is perfectly elastic
with an infinitesimal surface of discontinuity is quite similar with the sharp zone of localization observed in
quartz gouges and our interpretation that the coseismic acceleration takes place along these planes
(Figure 9). For ANH/DOL the achievement of the peak slip velocity after a very small drop in friction is
not predicted by theoretical models as well as the long deceleration stage, emphasizing the importance of
shear strain partitioning in a heterogenous fault gouge associated with fault dilation.

5.3. Coseismic Phase and Breakdown Work

The results discussed above indicate that the mechanical response of the two fault gouges during the break-
down stagemight be associated to different micromechanical processes that dissipate the accumulated strain
energy within the volume subjected to shearing and containing the slipping zones. In terms of dynamic para-
meters our results, shape of the friction drop and slip velocity time histories corroborate the different
response of the fault gouge and highlight the role of fault fabric during slow‐slip instabilities.

In order to further understand the different response and the dynamic processes occurring during the coseis-
mic breakdown stage, we have computed the mechanical work absorbed during frictional instabilities asso-
ciated with slow‐slip events. The two top panels in Figure 13 show the traction evolution (black curves) and
the slip velocity evolution (red curves) as a function of slip. For sake of simplicity we assume zero slip at the
beginning of each coseismic phase. The shaded area below each slip weakening curve (from the beginning of
the coseismic phase) represents the breakdown work, interpreted as an estimate of the mechanical work
absorbed on a virtual mathematical plane of zero thickness, describing the fault zone during the coseismic
rupture (e.g., Cocco & Tinti, 2008; Tinti et al., 2005). The breakdown work is defined as the excess of work
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over the traction level having minimum magnitude (μmin) achieved during slip. Breakdown work is an
energy density (J/m2). The total breakdown work in each panel is split into two portions (identified by
different colors): the breakdown work absorbed before (WbA) and after (WbB) the occurrence of peak slip
velocity (shown in Figures 13a and 13b by the blue dots). In this analysis we neglect the contribution of
the preseismic slip observed in quartz for simplicity, but we posit that it might have a role in the energy
budget for that fault gouge. The time and slip necessary to reach peak slip velocity are different in the two
materials (see Figure 11), showing a different duration of the acceleration time Tacc and a different ratio
Tacc/duration (this ratio for quartz is 2–3 times greater than for ANH/DOL). The two bottom panels show
the scaling of the estimated breakdown work values (total Wb and partial WbA and WbB, respectively) as a
function of accumulated slip.

Figure 13. Top panels show the slip weakening curves (black) and slip velocity (red) for quartz (a) and ANH/DOL (b). The shaded areas below the friction curves
represent the breakdown work calculated before the peak slip velocity (light shaded) and after (dark shaded). The bottom panels show the scaling of total
breakdown work as a function of event slip for all the slow‐slip events investigated (c) and the values of the partial breakdown work calculated before the peak slip
velocity (squared) and after (diamonds) (d). The lines in panels (c) and (d) represent the best fit performed with a power law: The retrieved exponents agree with
previous literature (Viesca & Garagash, 2015) being 1.97 for quartz and 1.76 for ANH/DO.
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For the quartz a relevant portion of the mechanical work is absorbed before that slip velocity reaches its
peak and before the high compaction phase (see Figure 11). Indeed, the high rate of compaction for
quartz coincides with the deceleration phase of slip velocity. Differently, for the ANH/DOL, the larger
portion of the mechanical work is absorbed after the slip velocity reaches its peak (during the slip decelera-
tion and healing of slip), while the high dilation rate is observed before the occurrence of peak slip velocity
(see Figures 11 and 12). For quartz the temporal evolution of the quantities shown in Figure 11 (friction, slip
velocity, layer thickness) suggests that the energy is mainly absorbed during the propagation along the
well‐localized plane of rupture, and at the end of the coseismic phase, a limited amount of work is absorbed
“off‐fault” during the significant compaction phase (as inferred by the distribution of grain size reduction in
microstructural analysis shown in Figure 9). The mechanical work during this latter phase is negligible as
well as the corresponding slip suggesting that the fault starts to heal (Figure 13). Differently, for the ANH/
DOL, the dilation processes associated with slip acceleration require a relatively modest portion of the break-
down work, likely absorbed in a 200 μm thick shear zone (e.g., Figure 10c), while most of the breakdown
work is absorbed during the deceleration stage. Thismight also suggest the existence of competitive processes
occurring in a larger volume surrounding the slipping zones, that is, slip along the shear zone versus shearing
along the foliation with the breaking of anhydrite grains and granular flow (causing local dilation).

The scaling of total breakdown work with slip (Figure 13c) follows the same scaling inferred for the seismo-
logical fracture energy G′ computed for point sources (see the curves in Figure 13c) (Abercrombie &
Rice, 2005) and for the breakdown work for extended sources (Cocco et al., 2016; Tinti et al., 2005, and refer-
ences therein). The values of the total breakdown work inferred in this study for slow‐slip events match the
scaling retrieved for earthquakes independently of the modeling assumptions to estimate and interpret the
measures. This implies that, from an energy point of view, the involved physical processes require a similar
mechanical work for slow‐slip events and regular earthquakes. The scaling of the partial breakdown work
estimates calculated before (square) and after (diamond) the peak slip velocity is shown in Figure 13d.
This figure shows that for ANH/DOL the breakdown work before peak slip velocity is associated with very
small values of slip, while for quartz the slip is larger but the stress drop associated with the breakdown work
after peak slip velocity is extremely small compared with those inferred for the slip acceleration stage.

6. Conclusions

We have performed experiments in a double‐direct biaxial shear apparatus and used two different fault
gouges, quartz powders, and a mixture of anhydrite and dolomite 50–50 wt% (ANH/DOL) to test the role
of fault heterogeneity in the breakdown processes of slow‐slip events. Slow‐slip events arise spontaneously
from stable sliding under the specific boundary condition of a stiffness ratio K = k/kc ~ 1, as described in pre-
vious works (e.g., Leeman et al., 2016, 2018; Scuderi et al., 2016; Tinti et al., 2016). The slow‐slip events show
comparable absolute values of total friction drop, duration, peak slip velocity, and cumulated slip testifying
that the RSF constitutive framework can be used to describe slow‐slip events in different geomaterials. The
result is that laboratory slow‐slip events represent frictional instabilities and obey the same constitutive laws
as regular earthquakes, suggesting that they may be governed by similar physical mechanisms, contributing
to the continuum fault slip behavior. This observation agrees with the wide range of tectonic environments
where slow slip is observed (e.g., Peng & Gomberg, 2010) providing a general frictional framework, deter-
mined by the variation of k and kc depending on the local boundary conditions (e.g., Brantut et al., 2011).

We have documented that heterogeneities in fault mineralogical composition and the resulting fault zone
structure have a strong control on the coseismic breakdown processes. We find an intimate relationship
between the slip velocity function and the volumetric fault deformation that is controlled by shear localiza-
tion and strain partitioning within the fault gouge. Slip velocity time histories inferred for quartz are char-
acterized by creeping and a progressive acceleration to peak slip velocity (Tacc ~ 6 s) followed by
deceleration toward the background sliding velocity having a shorter duration than the slip acceleration
stage. Differently, the slip velocity time histories inferred for ANH/DOL show a relatively short acceleration
to peak slip velocity (Tacc ~ 1.5 s) followed by a progressive deceleration to the background sliding velocity.
As a result, the total slip duration (Td) documented for quartz (Td ~ 10 s) is longer than the one obtained for
ANH/DOL (~5 s); this is mainly due to the presence of creeping before the slip acceleration to peak slip velo-
city. The ratio between the acceleration time (Tacc) and the total slip duration (Td) for quartz is 2–3 times

10.1029/2020JB020405Journal of Geophysical Research: Solid Earth

SCUDERI ET AL. 19 of 23



greater than for ANH/DOL. The evolution of volumetric deformation observed during the laboratory experi-
ments also shows remarkable differences for the two fault gouges, which we interpreted in the light of the
microstructural analyses. In detail, the creep‐slip behavior associated with the persistent compaction that
we observe for quartz suggests that strain energy is absorbed to allow slip along highly localized planes until
the peak slip velocity. The increase in compaction rate during deceleration can result from cataclastic pro-
cesses and grain size reduction away from the localized slipping plane. Differently, the coseismic fault dila-
tion observed for the ANH/DOL gouge that occurs simultaneously with slip acceleration and is likely due to
slip partitioning and local normal stress changes within the entire experimental fault during the coseismic
phase. Noteworthy, the compacting behavior observed during the interseismic phase for ANH/DOL corre-
sponds to a small amount of slip (i.e., the fault is locked) and has larger absolute values than the dilatant
behavior recorded during the coseismic phase. It is significant that the micromechanical processes are
strongly coupled with slip velocity evolution showing an evident relationship during the coseismic break-
down stage. Our results suggest that multiple processes, which may act in concert and depend on the inter-
nal structure of the fault, can explain the occurrence of slow‐slip events. On the one hand, the observations
of volumetric dilation during the breakdown stage (friction drop) reported for ANH/DOL are consistent with
the dilation‐strengtheningmechanism (Segall et al., 2010). On the other hand, when shear is highly localized
as in quartz gouge, the friction drop is accompanied by compaction that is in contrast with the
dilation‐strengthening mechanism but may still agree with a designer friction law where the RSF constitu-
tive parameters change as a function of slip rate (e.g., Leeman et al., 2018; Rubin, 2011).

The results presented in this study indicate that under similar loading conditions (i.e., K ~ 1) the two fault
gouges dissipate the accumulated strain energy during coseismic slip by different mechanical processes
within the volume undergoing shearing that contains the slipping zones. For quartz, most of the mechanical
work is absorbed during the acceleration to peak slip velocity, requiring ~68% of the total slip due to
accelerated creep along well‐defined slip planes governing the friction evolution around the yield stress level
(i.e., peak friction) and during most of the subsequent breakdown stage. In this stage, the rock sample is
compacting at constant rate, suggesting that slip is highly localized. Slip deceleration to the background
loading rate is associated with a marked increase in compaction rate, luckily associated with micromecha-
nical processes of shear delocalization such as grain size reduction outside the zone of localized slip that
require a small amount of mechanical work. For ANH/DOL slip acceleration to peak slip velocity requires
a modest amount of breakdown work since slip is limited to ~10% of the total slip and it is synchronous to
fault dilation. The majority of the breakdown work is absorbed during the slip deceleration stage associated
with most of the coseismic slip and nearly no compaction. When slip returns to the background sliding velo-
city, the whole bulk volume starts to compact again. These observations suggest that mechanical work is
absorbed in the two fault gouges in different ways and likely by different mechanical processes within the
fault core. Once the fault has developed a shear fabric capable of hosting instabilities, during the initial
stages of the experiment, mechanical work is absorbed by strain rate partitioning within the structural ele-
ments during each slow‐slip event. For ANH/DOL, during the breakdown stage, slip is distributed in a thick
fault core, where shearing also along S‐C foliation and grain fracturing can produce dilation work against the
normal stress. The larger grain size of the ANH/DOL in comparison to quartz and more importantly the
rheological contrast between anhydrite and dolomite contributes in creating a heterogenous fault fabric that
facilitates dilation. It is impossible to determine if dilation is triggering coseismic slip or, on the contrary, if
local normal stress changes causing fault instability and slip are producing dilation in the fault core.
Notwithstanding, the important result is that, for ANH/DOL, we observe coseismic dilation during a slip
weakening response of the fault gouge (Figure 13b).

The results in terms of slip velocity time histories corroborate the different response of the fault gouge and
the role of fault fabric in contributing to the heterogeneities of fault slip behaviors. The inferred values of
breakdown work Wb scale with slip following the same power law retrieved in the literature for “regular”
earthquakes. This implies that the involved distinct mechanical processes require a similar mechanical work
for slow‐slip events and “regular” earthquakes.
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