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Multiple Seismic Slip-Rate Pulses and Mechanical and
Textural Evolution of Calcite-Bearing Fault Gouges

C. Cornelio! @, S. Aretusini! @, E. Spagnuolo1 , G. Di Toro™? @, and M. Cocco!

ISezione di Roma 1, Istituto Nazionale di Geofisica e Vulcanologia, Roma, Italy, 2Dipartimento di Geoscienze, Universita
degli Studi di Padova, Padova, Italy

Abstract Natural fault zones are complex, spatially heterogeneous systems. Rock deformation
experimental studies simplify the complexity of natural fault zones either as a surface discontinuity between
intact rocks (bare-rock surfaces) or as a few mm-thick gouge layer. However, depending on the simplified fault
type and its slip history, the response to applied deformation can vary. In this work, we conduct laboratory
experiments for investigating the evolution of mechanical parameters of simulated faults made of calcite gouge
subjected to multiple (four) identical seismic slip-rate pulses. We observed that, as the number of applied slip-
rate pulses increased, (a) initial friction and steady-state friction remained approximatively constant, (b) peak
friction and normalized strength excess increased and, (c) the slip distances to achieve peak and steady-state
friction, D, and D,, decreased. The greatest changes occurred between the first and the second slip-rate pulse.
From this pulse onward, the dissipated energy of the calcite gouge fault was similar to those obtained in bare-
rock surfaces experiments. Microstructural analysis showed that, strain is localized in up to two (recrystallized)
principal slip zones (PSZ) with sub-micrometric grain size, surrounded by low porosity sintered and non-
sintered comminuted gouge domains. We conclude that previous seismic slip episodes impact on both the
structure and the strain localization processes within a fault, contributing to its shear fabric evolution. We
highlight that the strain localization process identifies the PSZ, dissipating the least amount of energy within the
entire experimental fault zone.

Plain Language Summary Earthquakes are caused by the propagation of seismic ruptures and
sliding of rocks along geological structures called faults. Within the fault, seismic ruptures propagate in mm-cm
thick slip zones that cut cm- to meters-thick fault cores. Both slip zones and fault cores typically exhibit
microstructural assemblages different from those of nearby rocks. Laboratory experiments are used to
investigate the processes that result in the decrease of fault strength with slip and slip-rate and govern seismic
rupture propagation. However, experiments are performed on simplified fault cores consisting of either a
surface discontinuity between intact rocks (i.e., slip zone = “bare-rock surfaces”) or a mm-thick layer of
powdered rocks (i.e., slip zone in a “fault gouge”). In this work, we investigate how slip zones form and evolve
in an experimental fault (gouge) core depending on seismic slip history. We apply repeated pulses of seismic
slip and show that (a) in the first pulse a slip zone with similar microstructure and friction properties to bare-rock
is formed, (b) in subsequent pulses these slip zones are abandoned and new slip zones are formed in the fault
core. Notably, these structural changes, occur to minimize the mechanical energy dissipated in the FC.

1. Introduction

In the shallow Earth's crust, fault zones are complex systems composed of a distribution of fault rocks with
spatially heterogeneous mineralogy, rheology, cohesion, transport, and frictional properties (Caine et al., 1996;
Faulkner et al., 2010). The primary components of a fault zone are the fault core (FC) (often more than one), the
damage zone (DZ), and the intact protolith or host rock (Caine et al., 1996; Chester & Logan, 1986; Faulkner
etal., 2010). The FC is the inner portion of the fault zone where most of the displacement is accommodated (Caine
et al., 1996). FC includes one or more individual fault slip surfaces separating a thin PSZ (usually <0.1 m thick)
(Sibson, 2003; Smith et al., 2011) made of non-cohesive (gouges or rock powders) or cohesive (cataclasites)
fragmented rocks (Masoch et al., 2022; Sibson, 1989). The DZ surrounds the FC and typically includes a dense
network of fractures, secondary faults, and fold structures (Caine et al., 1996). The structure of a fault zone
depends also on its slip history (Sibson, 1977): for instance, immature faults have accommodated lower slip
compared to mature fault zones, the latter having well-developed FC with multiple and overprinted PSZs,
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surrounded by up to several hundreds of meters thick damage zones (Chester & Chester, 1998; Faulkner
et al., 2003; Fondriest et al., 2020).

Natural fault rocks are complex, mainly because they underwent a long geological history comprised of defor-
mation events with variable slip, slip-rate, temperature, shear stress 7 and normal stress o,, plus the exhumation
from seismological depths. Moreover, fault zone rocks interact with fluids that might react with the unstable
products of coseismic slip (i.e., the nanoparticles), or might determine the precipitation of fault veins, also in
multiple events, that might seal (and heal) the PSZs, the FC and the DZ. The FC is also characterized by the
formation of several PSZs likely indicating multiple seismic events (Collettini et al., 2014, 2019; Demurtas
etal., 2016; Leah et al., 2018). In natural calcite bearing fault cores, cold sintering (or pressure-solution and mass
transfer diffusion), and precipitation of veins from percolating fluids may also contribute to the hardening of the
carbonatic gouges in the FC (Chinello et al., 2023; Demurtas et al., 2016).

The frictional properties of faults are investigated in laboratory rock deformation experiments. However, the
complexity of natural fault zones is simplified, either as a surface discontinuity between intact rocks (bare-rock
experiments) (Dieterich, 1972; Ohnaka, 2003; Ohnaka & Shen, 1999; among others) or as few mm-thick gouge
layer sandwiched between metal or rock sample holders (Byerlee, 1978; Dieterich, 1981; Marone, 1998). In
particular, rotary shear apparatuses are designed to impose on bare-rock surfaces or gouge layers (usually <5 mm
thick) the large fault slip (>0.01 m), the high slip-rate (>0.1 m/s) and the accelerations (>>~10 m/s) typical of
natural earthquakes of moment magnitude M,, > 3 (Heaton, 1990; Ma et al., 2014). In these so-called “high
velocity rock friction experiments” (HVFE), dynamic weakening mechanisms are activated in the experimental
faults, leading to the abrupt reduction of fault shear strength (or friction) due to rock dependent deformation
processes (Di Toro et al., 2011; Nielsen et al., 2021; Tullis, 2015).

Depending on the type (bare-rock or gouge) of the initial fault material, the frictional response to seismic
deformation can vary. In bare-rocks with pre-existing surfaces, strain is already localized and the temperature rise
in the slipping zone increases with slip-rate, effective normal stress and square root of the duration of slip
(Archard, 1959; Carslaw & Jaeger, 1959; Rice, 2006). In bare-rock surfaces, the abrupt increase in temperature
favors the activation of asperity scale processes, such as “flash” heating and weakening (Brantut & Viesca, 2017,
Goldsby & Tullis, 2011; Rice, 2006; Spagnuolo et al., 2015). In the case of experiments performed on bare-rock
surfaces of calcite-bearing rocks through the application of a seismic slip pulse, the slip zone is extremely thin
(<10 pm thick), and made of nano-particles (<100 nm is size) and recrystallized calcite grains bounded by a
(mirror-like) slip surface paved by >2-3 pum in size and <100 nm thick recrystallized calcite grains (Spagnuolo
et al., 2015; Tisato et al., 2012; Violay et al., 2013). For fault gouges, a longer initial slip is required to achieve
strain localization (Beeler & Tullis, 1997; Marone et al., 1990; Platt et al., 2014, 2015; Pozzi et al., 2018; Rempe
et al., 2017; Smith et al., 2015). As a consequence, heat production is distributed in the slipping zone and other
processes including thermal pressurization (if fluids are already present in the pores of the slipping zone) and
thermomechanical pressurization (if fluids like CO, and H,O are released by the breakdown of the minerals of the
slipping zone, like calcite or clays) might be favored (Brantut et al., 2008; Ferri et al., 2010; Rempel & Rice, 2006;
Rice, 2006). Moreover, calcite gouge layers deformed in HVFE include a narrow (<100 pm) and fine-grained
(<1 pm) shear localization zone made of recrystallized calcite cut by a single or multiple (mirror-like) slip
surfaces similar to those found in the case of cohesive rocks (De Paola et al., 2011; Fondriest et al., 2013; Han
etal., 2010; Pozzi et al., 2018, 2019, 2021; Smith et al., 2013). In conclusion, in the case of calcite-bearing rocks,
the different strain localization process in rock gouges compared to bare-rock surfaces corresponds to different
mechanical behaviors, although the mineralogy and seismic loading conditions are identical (Smith et al., 2015).

While the physical parameters controlling coseismic fault weakening were studied in depth, as well as the pro-
cesses of gouge production from a bare-rock surface (Boneh et al., 2013, 2014; Boneh & Reches, 2018; Hirose
et al., 2012; Noél et al., 2023; Wang & Scholz, 1994) or to lithification of gouge into a cataclasite, less studies
have focused on the evolution of the gouge layers resulting from multiple slip-rate pulses representing successive
earthquakes along the same fault (Han et al., 2010; Smith et al., 2015). Smith et al. (2015) analyzed the fabric
evolution of the gouge layer during strain localization and its relation with the weakening process of a calcite
marble rock using two consecutive seismic slip-rate pulses and focusing on the early stage of strain localization.
They found that the gouge layer resheared after a variable holding time has frictional behavior similar to the bare
rock sample and that reactivation occur along the cohesive Principal Slip Surface (PSS) that formed during the
first seismic pulse, which can be so considered as a critical precursor to dynamic weakening for the calcite gouge
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layer. Moreover, Han et al. (2010) showed a decrease of the slip necessary to reach steady state friction in the
second slip pulse. Finally, several works focused on the restrengthening and the healing rate after the shearing at
coseismic slip-rate of natural gouge (Yao et al., 2013) or gabbro (Mizoguchi et al., 2009) and granite (Bedford
et al., 2023). All these works evidenced a rapid healing due to the dissipation of the heat produced during the fault
shearing at seismic slip-rates. Moreover, Yao et al. (2013) showed the development of a complex structure due to
the migration of the slip zone in the gouge layer and disruption of the previous developed slip zone.

Finally, HVFE yield information about the energy dissipation during the coseismic phase (Nielsen, Spagnuolo,
Smith, et al., 2016). For instance, the analysis of thousands of experiments conducted on both bare-rock surfaces
and gouge layers, show the increase of the energy dissipated per unit fault surface with simulated sesismic slip
(Cocco et al., 2023; Nielsen, Spagnuolo, Violay, et al., 2016), which is determined in the experiments from the
shear stress curve evolution with slip, following the definition of Palmer and Rice (1973). However, a
comprehensive examination of fractures and other energy sinks in relation to the frictional behavior and the
microstructural evolution of gouge layers during a series of simulated seismic slip events, representing a complex
and more realistic slip history, is still lacking.

Here we compare mechanical data and microstructures obtained by deforming experimental calcite-bearing faults
made of bare-rock surfaces or of gouge layers after imposing one or up to four seismic slip-rate pulses. The
objective is to understand the evolution of the mechanical behavior (friction, dissipated energy, etc.) and the
microstructures (strain localization, reworking of pre-existing slip zones, etc.) of a FC made of calcite gouge
subjected to a complex slip history.

2. Methods

We deformed samples of Carrara marble using the experimental rotary shear machine SHIVA installed in INGV
in Rome ((Di Toro et al., 2010), Figure 1a). Carrara marble was chosen as analogue material of the carbonate-
bearing rocks which are common in the seismogenic continental crust at shallow depth in the Mediterranean
area (Amato et al., 1998; Ben-Menahem, 1991; Chiaraluce et al., 2011). The experiments were performed on both
bare-rock surface and gouge layer samples (Figure 1). The bare-rock surface samples were hollow cylinders 30/
50 mm internal/external diameter (Figures 1b and 1d) (Nielsen et al., 2012). The gouge starting material was
prepared by grinding the same Carrara marble block (99% calcite with minor dolomite (Violay et al., 2013) of the
bare-rock surface samples to ensure a similar mineralogical composition. Then, after grinding we sieved the rock
powder with grain size <250 pm. The gouges were sheared using a Titanium alloy (similar thermal properties as
calcite-bearing rocks (Yao et al., 2016)) sample holder with 14/30 mm internal/external diameter (Figures 1c—1e).
To avoid extrusion of the gouge material during shearing, we used an external hollow cylinder and internal
cylinder made of Teflon fixed to the sample holder with a screw (Figures 1c and le). This sample holder was
attached to the rotary column of SHIVA (Figure 1c). Due to the sample assembly, and in particular to the fact that
the Teflon parts are attached to the rotary sample holder, the localization of the gouge layer is forced closer to the
stationary side (similarly as in (Aretusini et al. (2017)). The gouge layer was prepared using 3 g or 5 g of material,
which corresponded to an initial thickness of ca. 3 and 4.5 mm, respectively. All experiments were performed
under room humidity conditions and normal stress o,, = 10, 20, and 30 MPa. We simulated coseismic slip-rate
pulses as a trapezoidal function with maximum slip-rate of ~1 m/s, slip of 0.93 m and an acceleration and
deceleration ramp of 6.4 m/s. In the bare-rock surface samples experiments, we imposed one slip-rate pulse. In
the gouge layer experiments, we imposed up to four slip-rate pulses, with a holding time between slip-rate pulses
of 120 s. This holding time was chosen to avoid effect of rapid healing on the gouge material due to temperature
increase during sliding (Bedford et al., 2023; Yao et al., 2013) and sufficiently short for the static postseimic
healing to not be relevant (Chen et al., 2015). Mechanical data (axial load, torque, axial displacement and angular
rotation) were acquired at a frequency between 4 Hz (hold time) and 12.5 kHz (slip-rate pulse). Slip, slip-rate (or
velocity) and shear stress were determined using the method outlined in Niemeijer et al. (2011), Tsutsumi and
Shimamoto (1997).

Microstructural investigations were performed on post-mortem gouge samples recovered after the experiments
performed at 6,, = 20 MPa using 3 g (s1956, s1957, s1958, s1959) and 5 g (s1960, s1961) of material and on bare-
rock surface sample recovered after the experiments performed at o,, = 20 MPa. Deformed gouge layers and the
bare-rock surface sample were embedded in epoxy resin, cut perpendicular to the slip surfaces and tangential to
the slip vector, cross-sectioned (Figures 4a, 4b, 5a, and 5b) and polished with Syton. The polished surfaces were
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Figure 1. Experimental set-up. (a) Sketch of the rotary shear apparatus SHIVA (modified from Aretusini et al., 2021).
(b) Zoom of the sample assembly for bare-rock surface experiments. (c) Zoom of the sample assembly for the gouge layer
experiments. (d) Picture of the bare-rock surface sample made of Carrara marble and (e) picture of the gouge sample holder
before pouring the gouge layer of Carrara marble.

imaged using a field emission scanning electron microscope (FEG-SEM, JEOL JSM-6500F at INGV, Rome and
SEM Tescan Solaris S9252G at Padua University. The working conditions of the FEG-SEM to obtain back-
scattered electron images were working distance of ca. 10 mm and accelerating voltage of 15 kV for gouge
layers (JEOL JSM-6500F), and working distance of ca. 5 mm and accelerating voltage of 10 kV (Tescan Solaris
59252G).

3. Results
3.1. Mechanical Data

From our experiments, we determine the evolution of the apparent friction y as the ratio between shear stress 7 and
normal stress o, applied on the experimental fault (Figure 2). At the onset of both gouge layer and bare-rock surface
experiments, 7 acting on the fault increases until the static friction coefficient y, was overcome and slip initiated.
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a. Bare surface experiment example
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Figure 2. Experimental procedure and definition of the main mechanical parameters. The plots report the evolution of the apparent friction (¢ = 7/5,, blue curves) and
slip-rate (green curves) versus time. In figure are defined the slip weakening distance D, and the static (), peak (4,,.,), steady-state (u,,) and restrengthening (4,,,,)
friction coefficients. (a) Bare-rock surface experiment (s2007 with one seismic slip-rate pulse) versus time (a.1) and versus slip (a.2). (b) Gouge layer experiment
(s1863) with four seismic slip-rate pulses separated by a hold time of 120 s.

Immediately after slip initiation, a further increase in y indicating a slip-strengthening behavior until a peak friction
coefficient y,,,, over a slip distance D,, is observed. Subsequently, # decreases up to a “steady-state” dynamic
friction coefficient u  over a slip distance D_.. The apparent friction evolution with slip distance is fitted following
the exponential decay function proposed by Mizoguchi et al. (2007)

ln(o.os #)
H = Uy + (/’lpeak - /"ss) e

In our experiments, the achievement of the steady-state friction coefficient requires slip distance of several
millimeters to tens of centimeters depending on the type of fault (bare-rock surface or gouge, compare Figures 2a
and 2b) and number of slip-rate pulses (Table S1 in Supporting Information S1). In each pulse, when the imposed
slip-rate decreases back to 0 m/s, the apparent friction increases again to the restrengthening value y,,,.

For each slip-rate pulse, we determine the five mechanical parameter described above (i.€., o, Hpears Hsss Hresr» a1
D). Hereon, the mechanical parameters are either presented individually, or presented as the average and
standard deviation of individual parameters grouped by ¢, (bare-rock surfaces) or by o,, number of pulses, and
weight (gouge layers). We show the dependence of mechanical parameters with (a) the number of applied slip-
rate pulses for experiments performed with the gouge layer, (b) the type of fault (bare-rock surface vs. gouge
layer), (c) initial weight or thickness of the gouge layer, and (d) the applied o, (Figure 3 and Figure S1 in
Supporting Information S1). Independently of the number of slip-rate pulses, o,, and gouge layer weight, u, is
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Figure 3. Friction coefficients py, f,0qs 55 and slip weakening distance D, (see Figure 2 for their definition) versus number
of slip-rate pulses, fault type (gouge layer vs. bare-rock surface), applied normal stress ¢, and initial gouge layer weight (or
thickness). (a) Static friction coefficient, (b) peak friction coefficients, (c) steady state friction coefficient, and (d) slip
weakening distance D.,.

slightly lower for gouge layer experiments, 0.50 £ 0.08, than in bare-rock surface experiments, 0.53 + 0.13
(Figure 3a). In the experiments performed on the gouge layers, 1, increases from 0.74 + 0.07 at the first slip-
rate pulse to 1.02 £ 0.12 at the fourth slip-rate pulse (Figure 3b). The ,,,, values are systematically higher than
the one measured in bare-rock surface experiments (0.70 £ 0.13, Figure 3b). y,, in the gouge layer experiments
are similar in all the applied slip-rate pulses, though slightly larger in the first pulse but still within the standard
deviation (i.e., in order of applied slip-rate pulse: 0.28 = 0.04, 0.22 + 0.05, 0.26 = 0.05, and 0.26 + 0.06)
(Figure 3c). Instead, the average values of p,, measured in the experiments performed on gouge layers,
0.25 £0.05, is higher than the one measured in bare-rocks surface samples, 0.154 =+ 0.02 (Figure 3c). Finally, 4,
is independent of the number of slip-rate pulses (0.46 £ 0.11), but higher in gouge layer than in bare-rock surface
(0.34 + 0.03) experiments (Figure S1 in Supporting Information S1). In the layer gouge experiments, D, dras-
tically decreases from the first, 0.27 = 0.05 m, to the second slip-rate pulse, 0.14 £ 0.04 m, and then remains
constant during the other slip-rate pulses, 0.11 £ 0.06 m and 0.11 £ 0.05 m for the third and fourth pulses,
respectively (Figure 3d).

With respect to the experiments performed on bare-rock surfaces (Figure 2a), the gouge layer shows a phase of
strengthening at the start of the first slip-rate pulse (Smith et al., 2015) (Figure 2b). In the gouge layer experi-
ments, during the first slip-rate pulse, the slip distance D, required to overcome f,,,, and initiate dynamic
weakening decreases with the increase of ¢, from 0.07 m at 10 MPa to 0.025 m at 30 MPa. In the other slip-rate
pulses, similarly as in the experiments performed on bare-rock surfaces, D, is ca. 0.001 m independently of the
imposed o, (Figure S2 in Supporting Information S1).
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Figure 4. Cross sections of the gouge layers (initial weight 3 g) recovered after the experiments performed at 20 MPa normal stress (SEM-BSE images). (a) Sketch of the
sample; (b) sketch of the analyzed section: S stationary side, to the top; R rotary side, to the bottom. (c) Gouge layer after one seismic slip-rate pulse (s1956), (d) after
two seismic slip-rate pulses (s1959), (e) three seismic slip-rate pulses (s1958) and (f) four seismic slip-rate pulses (s1957). In all the cross sections, it was possible to
recognize four domains: spectator, comminuted, low porosity polygonal (Low porosity polygonal domain) and fine-grained polygonal (Fine-grained polygonal domain)
domains. The latter is interpreted to be the principal slip zone (principal slip zoneslprincipal slipping zone, see main text and Figure 5).

3.2. Microstructural Evolution With Subsequent Slip-Rate Pulses

After the experiments, the gouge layer became in part cohesive, and a complete recovery of the gouge layer was

possible after two or more applied slip-rate pulses. However, after the first slip-rate pulse, loose material was still

present and not easily recoverable.

By observing SEM-BSE images of the gouge layers sheared at o,, of 20 MPa and recovered after one (Figure 4c
and Figure S2a in Supporting Information S1), two (Figure 4d), three (Figure 4e) or four (Figure 4f and Figure
S2b in Supporting Information S1) slip-rate pulses, we recognize the following microstructural domains:

1.

“‘Spectator domain”: poorly deformed (mainly by compaction (Rempe et al., 2020)) gouge layer with grain
size <250 pm and very similar to the starting calcite gouge. Calcite grains have straight boundaries and
fracture along cleavage planes (e.g., Figure 5a).

. “Comminuted domain”: deformed gouge (mainly by shear, Rempe et al., 2020) layer with grain size ranging

from <1 pm to ca. 50 pm resembling common cataclasites (e.g., Demurtas et al., 2016). The calcite grains have
sharp to arcuate-lobate boundaries, possibly due to spallation, indentation and fragmentation processes
(Figure 5b).

. “Low porosity polygonal domain (LPPD)”: deformed and recrystallized gouge layer (mainly by shear, see

Smith et al., 2013; Rempe et al., 2020; Pozzi et al., 2018) with grain size ranging from 1 pm to ca. 30 pm and
polygonal porous texture resembling calcitic mylonites (Figures Sc and 5d). The calcite grains are euhedral,
with straight grain boundaries and incomplete (far from the slip zone) to almost complete (approaching the
“fine-grained polygonal domain”, see below) triple junctions (Figure 5d). This domain includes few partially
decomposed dolomite clasts (Figure 5c). Locally, a gradient of grain size across the domain is recognized, with
smaller grains next to principal slip zone (PSZ, Figure 4, see below).
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2.

Figure 5. Microstructural domains (FESEM-BSE images). (a) Spectator domain (s1956); (b) Comminuted domain (s1957);
(c) Low porosity polygonal domain (LPPD) (s1959). Arrow: dolomite grain; (d) LPPD area with arrows indicating complete
and incomplete triple junctions (s1958); (e) Fine-grained polygonal domain (FGPD) (interpreted as principal slip zonesl|
principal slipping zone) cut by an open fracture (s1958); (f) Bent fragment of FGPD bounded by a low porosity domain (top
side) and by a continuous sharp ultra-polished fracture and a FGPD (bottom) (s1957); (g) FGPD bounded at the bottom by a
very porous layer made of calcite grains <200 nm in size (or “nano-particles”); (h) Spatial arrangement of the nano-particles
of calcite with Y-type fractures (white arrows).

4. “Fine-grained polygonal domain (FGPD)”: deformed and recrystallized gouge layers (mainly by shear)
interpreted as PSZs with grain size <1 pm and polygonal texture. As in LPPD, the calcite grains are euhedral
and with straight boundaries but the triple junctions are usually complete. The FGPD has a thickness of 20—
50 pm (see also Pozzi et al., 2018, 2019, 2021) and is bounded by sharp ultra-polished (mirror-like) continuous
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fracture surfaces (Figure Se, see below). Bent fragments of the FGPD are found next to the sharp ultra-polished
and to the healed fractures (Figure 5f).

We also recognize the following microstructural features associated with the presence of fractures, which are
often located at grain size contrasts (e.g., boundary between LPPD and the FGPD or PSZ, Figure 5f):

o Sharp ultra-polished (mirror-like) continuous fractures parallel to the slip vector (Pozzi et al., 2018; Smith
et al., 2013) filled by rounded calcite grains <200 nm in size (or “nano-particles”) cut by Y-type fractures
(Logan et al., 1992) (Figures 5g and 5h);

¢ Sharp ultra-polished open continuous or segmented imbricated fractures. They may lead to fragmentation and
rotation of the FGPD (or PSZs, Figure 4d).

o Healed fractures which appear as trails of micropores cutting the LPPD. Locally, healed fractures often bound
bent fragments of the FGPD or PSZs (Figure 5f). Healed fractures are sub-parallel to the Y-type and to R-type
fractures.

In general, the number and spatial arrangement of the four domains evolves with the number of slip-rate pulses
resulting in more complex gouge layer structures. First, the total thickness of the comminuted, LPPDs and FGPDs
increases at the expense of the spectator domain with the number of slip-rate pulses from ~550 pm (two slip-rate
pulses, s1959) to ~1,330 pm (four slip-rate pulses, s1957) (Figures 4c—4f). Second, the number of FGPDs,
interpreted as PSZs, and of the LPPDs, interpreted as gouge volumes next to the PSZ, increases from one after the
one slip-rate pulse to at least two after the two and more slip-rate pulses experiments (compare Figure 4c with
Figures 4d—4f). Third, the FGPDs and the LPPDs are formed next to the stationary side of the sample assemblage
in the first slip-rate pulse and inside the gouge layer, toward the rotary side, in the following slip-rate pulses
(compare Figure 4c with Figure 4f). Eventually, in the four slip-rate pulses, the entire gouge layer experienced
comminution or recrystallization and the maximum observed grain size is ~50 pm.

We perform microstructural analysis on a bare-rock surface sample recovered from the experiment s2007 per-
formed at 20 MPa normal stress with one seismic slip-rate pulse (Figure 6). The slip surface (Figure 6¢) is locally
preserved and it is surrounded by microstructural domains identical to those recognized in deformed gouge layers
(Figure 5f). Toward the bottom of the slip surface (rotary side), a <15 pm FGPD develops (Figure 6d). The slip
zone is made of euhedral to rounded nano-particles (<100 nm is size) of calcite, lime and portlandite locally
mixed with amorphous carbon (Spagnuolo et al., 2015; Tisato et al., 2012; Violay et al., 2013) (Figure 6e). To the
top of the slip surface and to the bottom of the FGPD domain, a LPPD develops resulting from calcite decar-
bonation and transitional to the wall rock (e.g., Han et al., 2010; Spagnuolo et al., 2015; Tisato et al., 2012; Violay
et al., 2013) (Figures 6d—6f). To the bottom of this is the spectator domain, almost indistinguishable from the
original undeformed rock (Figure 6¢). Along strike, the PSS is welded and obliterated by the LPPD (Figure 6f).
Remarkably, the FGPD in bare-rock surface after one seismic slip-rate pulse (Figure 6e) is very similar to the
FGPD in gouge layer after four seismic slip-rate pulses (Figure 5h).

4. Discussion
4.1. Evolution of Mechanical Parameters

The application of repeated slip-rate pulses in gouge layer experiments is performed in this study to analyze the
succession of multiple dynamic instabilities in a simulated fault with the aim to discuss the evolution of me-
chanical parameters represented by friction coefficients (g, Hpear> Hss> Hresr)> SIip strengthening and weakening
distances (D, D,), dissipated energy and the associated microstructures. The results of experiments with bare-
rock surface are used as a reference or end-member configuration of a fault zone with extreme strain localiza-
tion (see also Cornelio et al., 2022; Nielsen et al., 2021). The values of the initial friction coefficient y, remain
nearly constant during the application of repeated slip-rate pulses and independently of the initial gouge layer
thickness, with values similar to those measured in experiments performed on bare-rock surfaces (Figure 3a).
Differently, the peak friction coefficient y,,,,, increases at each applied slip-rate pulse becoming higher than 1.0 in
some cases (Figure 3b). On average, the thinner experimental fault (with 3 g of gouge material) yields higher
values of y1,,,, than the thicker one (with 5 g of gouge). The y,, values are higher in the gouge layer experiments
than in experiments in bare-rock surfaces, as already observed by Proctor et al. (2014) for serpentinite rich li-
thology. Moreover, we noticed that: (a) u,, is not affected by the number of pulses and being larger in gouge than
in bare-rock surface experiments; (b) the average values of D, were larger in gouge than in bare-rock experiments
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Figure 6. Cross sections of the bare-rock surface sample recovered after the experiment s2007, performed at 20 MPa normal
stress with one seismic slip-rate pulse (SEM-BSE images). Sketches of: (a) the sample and (b) the analyzed section, which
was on the rotary sample with slip surface on the top (left lateral slip). (c) Transect acquired across the top part of the sample,
where the slip surface was preserved between the rotary sample (bottom) and a fragment of the stationary sample (top).
(d) Zoom next to the slip surface. A closer zoom showing: (e) the slip surface (top) and adjacent, to the bottom, fine-grained
polygonal domain and Low porosity polygonal domain (LPPD); (f) moving to the left of (e), the slip surface was locally
welded and surrounded by a LPPD.

for the first slip-rate pulse, becoming smaller during the application of subsequent slip-rate pulses. Instead, o,
does not affect in a clear way none of the friction coefficients and D, while it decreases the slip necessary to reach
peak stress during the initial strengthening stage (D,) ((Smith et al., 2015), see Figure S3 in Supporting
Information S1).

Since p,,., increases with application of repeated slip-rate pulses for the gouge layer, it is worth to investigate two
parameters in which the peak stress is fundamental: the strength excess (7, — 7o), Where 7, is the initial stress and
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Figure 7. Strength excess parameter S versus (a) slip weakening distance D, and (b) slip to the onset of dynamic
weakening D,,.

the breakdown stress drop (defined as Az, = 7

peak

— 17,,). The strength excess and the breakdown stress drop are
invoked to determine the spatial re-distribution of stress during earthquake sequences (Cocco et al., 2016; Dalguer
et al., 2002). These two parameters are used in the literature to define the parameter § = (,., — 70)/(A7,)
(Andrews, 1976; Boatwright & Quin, 1986; Das & Aki, 1977), which is extensively used for modeling the dy-
namic rupture propagation (Gabriel et al., 2012). Here, we use a slightly different definition of the strength excess
more suitable to the interpretation of laboratory results, namely the Normalized Strength Excess (NSE) here
defined as the ratio between the strength excess and the normal stress o,,:

-7

T
NSE=-2_"
O-I‘l

To compute the NSE for our experiments, we assume 7, = 7,,,;5, Where 7,;,, is the shear stress at the end of the
initial (linear) elastic deformation phase (z,;.,s = fto 0,,), Where y is the static friction coefficient (i.e., the friction
value when slip initiates). It is important to remark that our measure of NSE should be considered as a minimum
possible value for this parameter, because of our assumption of considering 7, equal to the yield stress (beginning
of inelastic yielding of the sample) since 7, can take any value between the O stress and the yield stress.

Among all experiments, NSE is the lowest for bare-rock surfaces (0.16 + 0.12) and the highest for gouge layer
experiments at the last applied slip-rate pulse (Figure S4a in Supporting Information S1 and Figure 7). Indeed,
NSE increases with the number of applied slip-rate pulses from 0.26 £ 0.05 to 0.49 £ 0.15 (Figure 7a and Figure
S4a in Supporting Information S1). The breakdown stress drop shows a larger variability with the application of
subsequent slip pulses than the peak stress and a more evident dependency on normal stress not observed for NSE
(Figure S4b in Supporting Information S1). Since NSE increases with the number of slip-rate pulses, being larger
for gouge than bare-rock experiments, we can assert that NSE is a function of the gouge evolution history.

In the slip weakening constitutive model used for modeling dynamic earthquake ruptures (Andrews, 1976), the
increase of shear stress from the initial stress 7, t0 7,,,,
assumption of an elastic and reversible process. In all our experiments, the increase of shear stress from the yield
Tyie1q 1O the peak stress 7, occurs over a finite slip D, (Ohnaka et al., 1997; Ohnaka & Yamashita, 1989). We

observe that for gouge layer experiments the NSE parameter increases with the number of applied slip-rate pulses

« is assumed to occur with zero slip (Ida, 1972) due to the

while D, decreases (Figure 7b). In other words, NSE decreases for increasing D, and D, (Figure 7). This has
implications on the energy dissipation during dynamic sliding, as we will discuss in the following.

Globeally, the application of subsequent slip-rate pulses leads to a simultaneous increase of ., and NSE, and a
decrease of D, and D,, while breakdown stress drop does not show an evident increase. This suggests that, when
numerically simulating dynamic ruptures, the employed friction laws should account for: (a) the variability of D,
and D, (with implications on the energy dissipated during dynamic weakening) and (b) the slip history of fault
zone gouge. The slip D, and the increase of shear stress between 0 and D, should be considered and included in
the dissipated energy. Moreover, a mature fault undergoing a complex history of slip episodes might need a
different set of mechanical parameters (NSE, D, D,) with respect to an immature fault.
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4.2. Microstructural Evolution of the Sheared Gouge Layer With Slip-Rate Pulses

In previous studies performed with rotary shear apparatuses, the mechanical data were coupled with post-mortem
microstructural analysis of the calcite gouge layers to determine the deformation mechanisms activated in the
experiments (De Paola et al., 2011, 2015; Demurtas et al., 2019, 2021; Pozzi et al., 2018; Rempe et al., 2013,
2017, 2020; Smith et al., 2013, 2015). In single slip-rate pulse experiments performed at a 5,, = 25 MPa, slip rate
of 1.4 m/s for 0.045 m, 0.07 m or 1 m of slip, microstructural domains similar to those found in our experiments
developed during strain localization (Pozzi et al., 2018). At the onset of slip (0.045 m < D,,), the spectator domain
was found to be comminuted into a cataclastic domain crosscut by R-type shear fractures which in our case are not
recognized (Pozzi et al., 2018). Then, with increasing slip (0.07 m < D,) a PSZ developed which, with further slip
(09 m > D, > D,), evolved into a fully recrystallized 25-30 pm thick PSZ similar to the FGPD found in our
experiments. For instance, in Pozzi et al. (2018) the PSZ had a polygonal texture with triple junctions, grain size
<1 pm and was separated by sharp and continuous mirror-like surfaces (Mirror Surface (MS)) from the bounding
sintered zone with grain size >1 pm. The MSs were suggested to develop during the deceleration stage of the slip-
rate pulse and interpreted to mark a rheological transition, that is, the impossibility during the deceleration stage
for the PSZ to adjust to decreasing strain rate by increasing its thickness, due to the larger grain size of the adjacent
sintered domains (Pozzi et al., 2018). Similar microstructures were found in calcite gouge layers sheared at a
0, = 8.5 MPa and slip rate of 1 m/s for 0.01 m, 0.13 m, 0.43 m and 1.3 m of slip (Rempe et al., 2017). In this case,
the process of strain localization was also evidenced thanks to the insertion of a strain marker made of dolomite
gouge (Rempe et al., 2017). Similarly, PSZs with nanoparticles, polygonal textures, clasts with pores due to
decarbonation, bordered by sintered domains were found in experiments performed at similar loading conditions
(0, = 8.5-17.5 MPa, slip rate of 1.0-1.3 m/s and 0.3-0.4 m of slip under room humidity conditions) (Demurtas
et al., 2021; Smith et al., 2015). The microstructures found in our experiments after one slip-rate pulse are
consistent with the above findings: the FGPDs and LPPDs are similar, respectively, to the PSZs and sintered
domains described in previous studies. Moreover, the LPPD has non-uniform grain size, spanning from <1 pm to
<40 pm, and the grains have, locally, irregular and sharp grain boundaries (Figures 5c¢ and 5d). The (a) large range
of grain size and shape (from relatively irregular to euhedral) of the grains, (b) the presence of complete and
incomplete triple junctions and, (c) the occurrence of partly decomposed dolomite grains (decarbonation tem-
perature >550°C, Figure 5c (Rodriguez-Navarro et al., 2012);), are consistent with the interpretation that LPPD is
the result of high temperature (static) sintering (or annealing) of the comminuted domain. This interpretation
suggests that most of the shear strain is localized in the FGPDs (or PSZ), where frictional heat is generated and
then diffused into the gouge layer.

With progressing slip-rate pulses, the mechanical behavior of the simulated fault is affected by the strain
localization process in the gouge layer and, vice-versa, strain localization process appears to be influenced by the
previous slip-rate pulses and their associated thermal pulses. In the following section, we interpret our micro-
structural observations for gouge layer experiments (Figures 4 and 5) by means of a simplified sketch (Figure 7).
In the first slip-rate pulse (Figure 8c), the PSZ-1 (1 stands for first pulse) and the associated sintered (or LPPD)
domain are localized next to the stationary side (Figure 4c). The PSZ-1 locally includes nanoparticle pods with
nanopores and Y-shears, which are systematically found in the four slip-rate pulse experiments and is bordered by
R-type fractures below it (i.e., toward the rotary side). After the second slip-rate pulse (Figure 8d), a PSZ-2
appears (Figure 4d). We speculate that PSZ-2 localized at the weak interface between the (sintered) LPPD
(quite cohesive) and the comminuted domain (poorly cohesive). In the third slip-rate pulse (Figure 8e), the PSZ-3
possibly overprinted one of the previous PSZs (Figure 4e). After the first three slip-rate pulses, the PSZs are
localized at 100-300 pm from the contact with the stationary side, forced by the experimental setup (Rempe
et al., 2017). The thermal heat pulses associated with the second and third slip-rate pulse resulted in annealing (or
hot sintering) of the previous PSZs and their respective comminuted domain and LPPDs. Sintering processes
drove to a gradual increase of grain size across the gouge layer and the overall sintered zone was about 500—
600 pm thick (Figure 4e). In the fourth slip-rate pulse (Figure 7f), a new PSZ-4 developed at ca 500-600 pm from
the contact with the stationary side and located at the boundary between the LPPD and the comminuted domain
(Figures 4e and 4f). Remarkably, PSZ-4 includes a characteristic fabric with sharp and continuous fracture
parallel to the slip direction, filled with nanoparticles crosscut by sharp surface interpreted as Y-shears (Figures 5g
and 5h). The R-shears fractures formed next to the previous PSZs 1-2-3 were healed after the fourth slip-rate pulse
and fragments of previous PSZs were folded and plastically deformed (Figure 5f). The PSZ-4 was surrounded by
its sintered zone developed during frictional heat diffusing away, similarly as the previous PSZs. In this case,
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Figure 8. Schematic illustration of the microstructural evolution of the gouge layer with the number of deformation pulses. (a) sketch of the sample, (b) sketch of the
analyzed sections, (c) one slip-rate pulse deformation, (d) two deformation slip-rate pulses, (e) three deformation slip-rate pulses, (f) four deformation slip-rate pulses.
We report the identified domains and the interpretation of the fine grain polygonal domain (Fine-grained polygonal domain) as principal slip zoneslprincipal slipping
zone and their evolution through the four slip-rate pulses.

about half of the gouge layer thickness was overprinted by the sintered domains at the end of the fourth slip-rate
pulse experiments (ca. 750-800 pm) (Figure 4f).

We suggest that the shift of strain localization from the area where PSZ-1, 2, and 3 developed to the area where
PSZ-4 developed was caused by the increase of thickness of the sintered domain with respect to the total thickness
of the gouge layer, due to the three previous slip-rate pulses. The increase of sintered layer thickness might
represent a process of healing and therefore bulk hardening of the gouge layer. Upon a fourth slip-rate pulse, the
fact that the upper part of gouge layer was sintered and had a higher strength might force localization next to or at
the boundary between the sintered zone and the comminuted layer. The overall increase of the thickness of LPPD
might reflect the increase of ., and promote the lowest values of D, and D, attributed to the newly formed
PSZ-4.

Previous works highlighted that multiple PSSs or MSs can develop even during gouge experiments with only one
slip-rate pulse (Rempe et al., 2014). However, we point out that PSSs or MSs are different than the PSZs discussed
here: in fact, PSZs have a clear finite thickness and peculiar grain size (<1 pm), which is clearly lower than the
one in the surrounding sintered domains (<5-10 pm), whereas the PSSs or MSs are thin discontinuities/planar
features that eventually overprint the PSZs or the PSZ-sintered domain boundary (Figures 5e and 5f). Multiple
PSSs or MSs can form due to sample edge effects, for example, approaching to the external radius of the gouge
layer (Rempe et al., 2014), or due to the interaction of the sample holder roughness with the gouge layer (Figure
S5 in Supporting Information S1). We do not exclude that PSSs or MSs can form during the deceleration stage of
each event and represent a brittle overprint over the PSZ active during the event (Pozzi et al., 2018). Here we also
report the presence of PSSs formed in any of the first three slip-rate pulses that appear as welded at the end of the
fourth slip-rate pulse (Figure 5f).

In our experiments, there are microstructural features pointing to the occurrence of high temperatures within the
slip zone: the sintered, statically recrystallized domains surrounding the PSZs that included partially decomposed
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dolomite grains (Figures 5c¢ and 5d) and the nanogranular PSZs themselves. In fact, together with sintering there
are two physical processes that might occur in the PSZ or nearby it. First, the activation of viscous creep processes
(Ashby & Verrall, 1973; De Paola et al., 2015; Pozzi et al., 2018, 2019), which is evidenced by the presence of
euhedral calcite grains with triple junctions in our PSZs-4. Moreover, recent microstructural with EBSD showed
the activation of grain size sensitive and grain size insensitive flow indicative of high temperature and strain rate
viscous creep (Demurtas et al., 2019; Pozzi et al., 2019). Second, the activation of thermal decomposition (Han
et al., 2007, 2010) by decarbonation of dolomite clasts (Figure 5c), and locally by decarbonation of calcite in the
PSZ-4 (gouge, Figure 5h) or right below the slip surface (bare-rock, Figure 6e). The decarbonation of calcite
appears with a peculiar texture suggesting the reaction of lime (the product of calcite decarbonation reaction) with
air humidity to produce portlandite (Figures Sh and 6e).

4.3. Evolution of Mechanical Energy

The main outcome of the mechanical and microstructural investigations is the evidence that the gouge layer
evolved with the application of repeated slip-rate pulses. Here we discuss if the evolution of the gouge layer
influences the work dissipated during the simulated dynamic instabilities.

We can analyze the retrieved values of breakdown work Wb (Cocco et al., 2006, 2023; Tinti et al., 2005)
(Figure 9a) by integrating the evolution of shear stress with slip

D,
Wb=f (1) = 7,,] du,
0

We distinguish two contributions to Wb (Figure 9a), following (Ohnaka, 2003): the energy dissipated from the
start of sliding to the beginning of dynamic weakening (Wb,), which is the energy dissipated during the
strengthening stage characterized by the stress evolution from 7, to the 7, over D, (Figure 9a)

D,
Wo = [ =7, d
0
and the energy dissipated during the weakening stage, from D, to D, (Figure 8d2)

D,
Wbg =/ [t(u) — 7] du

D,

The values inferred for Wb decreased with the application of repeated slip-rate pulses in gouge layer experiments
(1.21 + 0.42 MJ/m? in the first slip pulse and 0.34 + 0.31 MJ/m? in the fourth pulse), with the value obtained at the
application of the fourth pulse being similar to that inferred for bare-rock surface experiments (0.43 + 0.24 MJ/
m?) (Figure 9b). Indeed, Wh, drastically decreased after the first slip-rate pulse (0.55 + 0.23 MJ/m?), and
remained constant for the other slip-rate pulses: 0.012 £ 0.02, 0.005 £ 0.005, and 0.004 £ 0.007 MJ/mz, for the
second, third and fourth slip-rate pulse, respectively (Figure 9c). This is coherent with the retrieved D, values,
which strongly decrease with the application of the subsequent slip-rate pulses. Ohnaka (2013) interpreted Wb, as
the energy spent to create microcracks and crack-coalescence in intact rocks, and for asperity interlocking and
asperity plowing in bare rocks. We can interpret Wb, as the energy dissipated to organize the gouge layer during
initial strain localization. After the first slip-rate pulse, the layer was already organized (and strain localized) and
the onset of the weakening stage required lower amount of energy (Figure 9b) and lower value of D, (Figure 7b).
Wby was the energy dissipated during the dynamic weakening stage and it slightly decreased during the sub-
sequent slip-rate pulses: 0.57 + 0.24, 0.50 + 0.35, 0.41 + 0.36, and 0.34 + 0.31 MJ/m?, for the first, second, third
and fourth slip-rate pulse, respectively (Figure 9d). The energy dissipated during the dynamic weakening stage for
bare-rock surface has similar values. For bare rock experiments, Wb, and Wby had values similar to those of the
fourth slip-rate pulse in gouge layer (0.03 + 0.03 MJ/m? and 0.43 + 0.24 MJ/m?, respectively). Ohnaka (2013)
underlined that the preparatory phase of inelastic deformation is an integral part of the eventual macroscopic shear
faulting and the associated stress drop.
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Figure 9. Breakdown work evolution with the number of slip-rate pulses for gouge layer experiments and bare-rock surface
experiments (a) Sketch for the definition of the partition on the breakdown work Wb, and Wh,; (b) Breakdown work (sum of
Wb, and Wby) vs. the number of the slip-rate pulse and comparison with bare rock experiments (c) breakdown work Wb,
dissipated to reach the slip distance D, and (d) breakdown work Wb, dissipated from D, to reach the slip weakening
distance D...

The importance of Wb,, has also been investigated in modeling the seismic cycle (Bolotskaya & Hager, 2022),
where it has been showed how an initial inelastic deformation produced an oscillatory phase in a 1D spring slider
model. We experimentally quantified Wb, and we observed that its contribution may be significant (45% of Wb)
at the early stage of slip of a not-localized gouge layer.

Finally, we also estimated the energy dissipated in the direction perpendicular to the experimental fault (i.e., the
normal work NW), for both gouge layer and bare-rock surface experiments:

1D.) .
NW = / o,(1) 6(t)dt
0

Where & is shortening rate and #(D,) is the time at which slip is equal to D,.. Since o,(f) is almost constant during
the experiment, the trend of NW with slip was following the one of the layer's shortening (Figure S6 in Supporting
Information S1). We considered a positive value of NW for the energy dissipated due to compaction and negative
value for the one due to dilation (Figure 10). NW was six orders of magnitude lower than Wb. NW decreased with
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Figure 10. Energy dissipated normal to the fault (normal work, NW), due to compaction/dilation of the gouge layer.

the increase of the number of slip-rate pulses from ca. 5.6 + 1.7 J/m? at the first slip pulse to ca. —0.2 = 0.9 J/m? at
the forth slip pulse and —0.7 + 0.4 J/m? in bare-rock surface experiments.

The evolution of dilatancy was the only visible difference between thinner (3 g of gouge) and thicker (5 g of
gouge) gouge layers (Figure 10). The thicker gouge layers, compared to the thinner gouge layer, had overall lower
Hpear Tor the same slip-rate pulse number (Figure 3b) and achieved dilatant behavior at larger number of slip-rate
pulses than the thinner gouge layers (Figure 10). This might happen because the sintered gouge layer thickness
over the total gouge layer thickness was lower in thicker gouge layers, therefore sintering and healing of the entire
gouge layer requires larger number of slip-rate pulses.

5. Conclusions

We applied multiple slip-rate pulses to an experimental fault consisting of a gouge layer obtained from calcite-
bearing rocks. Experiments were conducted at o, = 10, 20, and 30 MPa on a thinner and a thicker gouge layer. We
also performed experiments with bare-rock surfaces of calcite-bearing rocks. Friction coefficients (g, Hpeans Hyss
H,est)> characteristic slip distances (D,., D,) and the dissipated energy (Wb, NW) were compared between the two
end-members (fault gouge—bare-rock) and considering the number of applied slip-rate pulses, o, and initial
thickness (for fault gouge). We have largely extended the analyses of Smith et al. (2015) by applying four
consecutive slip-rate pulses, by comparing fault gouge with bare-rock surfaces, by extending the microanalyses of
gouge samples and bare-rock surface sample and by measuring dissipated energy.

Our results show that the initial friction and the steady-state friction level are nearly constant during the appli-
cation of repeated slip-rate pulses and systematically higher to values inferred for bare-rock surface. Differently,
peak friction increases with the application of subsequent slip-rate pulses, being higher than the ones measured in
bare-rock surfaces. The increase of peak shear stress yields an increase of the NSE parameter with the application
of subsequent slip-rate pulses, but not an increase of energy dissipation (breakdown work Wb) because the
associated slip values, D. and D,, decreases with the application of subsequent slip-rate pulses.

ar

We have analyzed the energy dissipation in the experimental fault by computing the breakdown work, and its
partitioning (Wb, and Wby) during the consecutive dynamic strengthening and weakening stages of friction
evolution. Surprisingly, the dissipated energy is nearly the same during each applied slip-rate pulse and bare
surface experiments. Only breakdown work computed after the application of one slip-rate pulse (Wb and Wb, in
Figures 9b and 9c) are relatively higher, because of the larger value of D,,.
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The microstructural analysis shows the localization of strain in a PSZ with nanometric grain size, surrounded by
low porosity sintered domains in each slip-rate pulse, with subsequent overprint of the structures generated during
the application of the previous slip-rate pulses. Moreover, strain localization position shifts between PSZ-1, PSZ-
2, PSZ-3 and PSZ-4 and thickness of sintered gouge domain increases with increasing number of applied slip-rate
pulses.

By interpreting results from microstructural analysis together with the measures of breakdown work, we show
that the PSZ during repeated slip-rate pulses migrates within the gouge layer. This means that the strain local-
ization process identifies the PSZ trying to minimize energy dissipation within the experimental fault zone to
values similar to those of bare-rock surfaces, which can be considered as the end member of strain localization.
The thinner fault (3 g of gouge) seems to promote strain localization than the thicker fault. We suggest that the
same processes can occur during repeated dynamic instabilities on natural fault zones, providing a mechanism for
creating multiple PSZs within the FC while keeping energy dissipation nearly constant.

We have computed the energy dissipated perpendicularly to the slip direction (NW). We show that it is six orders
of magnitude smaller than breakdown work and it decreases with the application of repeated slip-rate pulses
approaching the values inferred for bare-rock surface. The thinner fault (3 g) has lower NW values than the thicker
fault (5 g), also involving dilation.

Our conclusions are valid for calcite-bearing fault rocks. More experiments on different rocks are necessary to
generalize these results to the mechanics of earthquakes and faulting.

Data Availability Statement

All raw experimental data are available at Cornelio C, (2023).
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