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ARTICLE INFO ABSTRACT

Editor: J.P. Avouac Spatial fault heterogeneity is often invoked to explain the occurrence of fault afterslip following seismic ruptures.
In this study, we tested this hypothesis in the laboratory by performing triaxial experiments on both homoge-
neous and heterogeneous faults, under confining pressures of 30, 60, and 90 MPa. The faults were composed of
granite, prone to seismic behaviour, and marble, prone to aseismic behaviour. Unlike homogeneous granite
faults, which display a nucleation stage followed by regular seismic events, heterogeneous faults can contain the
co-seismic dynamic event within the experimental fault length. During this phase, the aseismic areas adjacent to
the dynamic event undergo a stress increase, which is then released by fault afterslip over an extended post-
seismic phase. The magnitude and duration of this post-seismic phase increase with confining pressure and
with the proportion of aseismic-prone areas. We infer that the enhancement of post-seismic afterslip originates
from the increase in the frictional stability of the aseismic-prone area, and of the normal stress acting on the fault.
In addition, the observed increase in initial strain rate with normal stress is well explained by the rate-and-state
framework. At the scale of our experiments, fault frictional heterogeneities play a primary role in the emergence
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of fault afterslip.

1. Introduction

Recent geodetical and seismological observations have revealed that
a significant proportion of earthquakes exhibit prolonged fault afterslip,
primarily characterized by aseismic fault movement in the surrounding
of the seismically ruptured zone (e.g., Barbot et al., 2009; Cheloni et al.,
2010; Smith and Wyss, 1968; Yagi et al., 2001, 2003. See Avouac (2015)
for an extensive review). Importantly, the moment released by fault
afterslip can be as large as, or even larger than the co-seismic moment
(Barbot et al., 2009). Because of that, fault afterslip is expected to
contribute significantly to the energy release along the fault during the
seismic cycle, as well as to stress transfer in areas devoid of recent
seismic rupture.

To understand the physical parameters controlling the emergence of
fault afterslip, numerical models have been developed, primarily based
on rate-and-state friction laws (Dieterich, 1978; Ruina, 1983). Within
this framework, fault afterslip is typically explained by spatial frictional
heterogeneities, where velocity-weakening and velocity-strengthening
regions interact (Marone et al., 1991; Rice and Gu, 1983). In these
models, the co-seismic event is confined to the velocity-weakening zone,
which induces stress perturbations and a slip deficit in the
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velocity-strengthening region, that is subsequently retrieved (at least
partially) by aseismic fault afterslip, and often associated with after-
shocks (Perfettini and Avouac, 2007). Other models suggest that the
presence of stress heterogeneities can induce the emergence of fault
afterslip (Helmstetter and Shaw, 2009; Hirose and Hirahara, 2004). In
this case, afterslip can occur on a velocity-weakening fault zone pre-
senting a stress level that is too low to trigger earthquakes or to permit
the adjacent rupture to propagate through this area. Finally, a recent
study suggests that fault afterslip can be generated on any portion of the
fault presenting a geometric moment deficit (the product of slip and
rupture area) following an earthquake (Meade, 2024). While these
models can effectively describe fault afterslip following earthquakes (e.
g., Barbot et al., 2009; Fukuda et al., 2009; Gualandi et al., 2017;
Helmstetter and Shaw, 2009; Lin et al., 2013; Perfettini et al., 2010;
Perfettini and Avouac, 2004, 2007; Wimpenny et al., 2017), assump-
tions are needed in order to estimate the physical parameters that
govern fault afterslip, especially due to the unknown stress conditions.

To understand further the emergence of fault afterslip, laboratory
experiments have been conducted along homogeneous and heteroge-
nous fault interfaces. For example, Caniven et al. (2015) demonstrated
that post-seismic deformation (both afterslip and viscoelastic relaxation)
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can be observed in a strike-slip heterogeneous fault system only,
composed of a polyurethane foam placed on a silicone layer, repre-
senting the seismic upper crust and the ductile lower crust, respectively.
Similarly, in analogue experiment of subduction systems, introducing
viscoelastic coupling between the overriding plate and the mantle
wedge facilitates the post-seismic viscoelastic relaxation phase (Caniven
and Dominguez, 2021). On bare rock interfaces, afterslip has been
observed due to pore fluid pressure recharge of the fault following a
co-seismic event (Aben and Brantut, 2023). In this scenario, afterslip is
co-located with the main rupture zone, contrary to what is typically
observed in natural earthquakes. Afterslip has also been observed,
though to a limited extent, on large bi-axial faults composed of homo-
geneous granite interface (Ke et al., 2021). When ruptures are confined,
limited afterslip occurs at the rupture arrest tip, releasing about 5% of
the stress deficit, which is significantly smaller than what is observed for
large earthquakes (Barbot et al., 2009; Cheloni et al., 2010; Smith and
Wyss, 1968; Yagi et al., 2001, 2003). To our knowledge, laboratory
experiments conducted on bare rock interfaces have not yet reproduced
large afterslip similar to what is observed after large natural earth-
quakes, which is characterized by significant slip amplitude occurring
outside of co-seismic slip patch.

Here, we tackle this issue by conducting laboratory triaxial experi-
ments of homogeneous and heterogeneous faults composed of Westerly
granite (prone to seismic behaviour) and Carrara marble (prone to
aseismic behaviour) (Figure S1). The experiments were performed at
confining pressure (P.) ranging from 30 to 90 MPa to investigate the
effect of different depth on heterogeneous fault’s seismic cycle. These
experiments allowed, for the first time, to reproduce afterslip in a
triaxial apparatus, and to estimate the parameters controlling the dis-
tribution of fault slip during the different stages of the seismic cycle.

2. Experimental methods

Two lithologies were used for the study: Westerly granite (Rhode
Island, USA) and Carrara marble (Tuscany, Italy). These lithologies were
selected because they are well studied in the literature (Fredrich et al.,
1989; Lockner, 1998; Schmid et al., 1980; Tullis and Yund, 1977; Wong,
1982) and have opposite frictional properties. Under the tested condi-
tions, laboratory experiments show that bare surface fault of Westerly
granite are prone to seismic behaviour (Lockner et al., 2017; Passelegue
et al.,, 2016; Thompson et al., 2009), related to a velocity weakening
behaviour (Dieterich, 1979; Ruina, 1983). On the contrary, in the tested
conditions, Carrara marble is prone to aseismic behaviour (Aubry et al.,
2020; Carpenter et al.,, 2016; Verberne et al., 2014), related to
velocity-strengthening behaviour, and can experience a brittle-ductile
transition at high confining pressure (P, > 50 MPa (Fredrich et al.,
1989; Meyer et al., 2019)).

The tested samples are cylinders of 39.5-mm diameter and 85-mm
height, with a saw-cut oriented at 30° from the cylinder axis. Five
samples, composed of homogeneous and heterogeneous half-sample,
were tested: (i) granite-on-granite fault (Gy), (ii) granite-on-granite
with a marble inclusion (Mjyc), (iii) granite-on-marble with a granitic
inclusion (Gipe), (iv) granite-on-marble fault (GMy), and (v) marble-on-
marble fault (My) (Figure S1). The inclusion are 12-mm diameter cores
inserted into the cylindrical samples. The faults surfaces (i.e., saw-cut
surfaces) were then polished using a silicon carbide powder with
grains having a 5-um diameter (equivalent to #1200 grit).

All experiments were conducted in a triaxial loading apparatus
located in Géoazur and developed by CoreLabs (Brantut et al., 2011;
Passelegue et al., 2016). Both axial and radial pressure were monitored
using pressure transducers (+50-kPa resolution). The axial displacement
(dax) was measured using three external gap sensors, placed outside of
the confining cell, having a 0.1-um resolution. The axial displacement
was corrected from the apparatus and sample stiffness (ranging from
290 to 560 MPa/mm depending on the sample and P, conditions), and
projected to the fault surface to obtain the fault displacement (dgy). In
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addition, 8 strain gauges were deployed around the fault (Figure S2),
allowing to record local strain measurement during the sample defor-
mation. These strain gauges were glued parallel to the axial stress (6ax)
as close as possible to the fault (typically their centre stands at 5 mm
from the fault plane). Note that the strain gauges were always glued on
the granite half sample (except for the My), to insure measurement on a
homogeneous medium. During the sample deformation, all the me-
chanical data were recorded at 2400 Hz sampling rate. An experiment
consists in two main steps. After placing the fault assemblage into the
deformation apparatus, we first conducted successive deformation at 30,
60 and 90 MPa confining pressure. For each of the tested confining
pressure conditions, the deformation of the sample was conducted by
applying a constant flux of 100 cc/hr at the axial pump, corresponding
to an almost constant far field axial velocity of 1.4 x 10~> mm/s. During
these three consecutive stages, the roughness of the fault is expected to
evolve with the cumulative displacement and with the increase of stress
at fault asperities. Because of that, in a second step, we conducted two
additional experiments, decreasing first the confining pressure back to
60 MPa, and finally to 30 MPa. In the following, we mainly focus on the
experiments conducted during the stepwise increase of confining pres-
sure. The results of the experiments in which the confining pressure was
decreased stepwise will be discussed in the Section 4 only. For additional
information on the experimental methods, please refer to the Supple-
mentary Material section 1.

3. Experimental results
3.1. Macroscopic measurements

The experimental results show that the fault slip behaviour depends
primarily on the sample composition (Fig. 1), and secondarily on the
confining pressure. As expected, our two end-members tested fault show
opposite behaviour. Gr shows typical repeated stick-slip (i.e., seismic)
behaviour with macroscopic shear stress drop (A7) increasing from ~
3.3 to 14.8 MPa with increasing P. from 30 to 90 MPa. In these exper-
iments, most of the slip occurs seismically (Fig. 2a), as observed in
previous studies (Lockner et al., 2017; Passelegue et al., 2016; Thomp-
son et al., 2009). Conversely, Mf shows stable sliding behaviour for all
the tested P.. The heterogeneous samples (Gipc, Minc, and GMy) all show
repeated stick-slip behaviour. Interestingly, the macroscopic stress drop
is decreasing with increasing marble content (Fig. 1 and Table S1-3). For
example, at P, = 30 MPa, At is reduced from ~ 1.5 MPa for Mj,. to 1
MPa for Gjp. For all the heterogeneous samples, increasing the confining
pressure favour larger macroscopic stress drop (Fig. 1 and Table S1-3).

To analyse further the influence of heterogeneities on the different
stages of the seismic cycle, we now describe the evolution of the shear
stress and of the fault slip before, during and after the main instabilities.
For all the experiments, the inter-seismic phase is characterized by an
elastic stage, highlighted by a linear increase in shear stress during
which no slip is observed (Fig. 2). This phase ends when the shear stress
reaches a critical value allowing the initiation of fault slip. At this point,
the faults enter in a pre-seismic phase (or nucleation phase), which is
characterized by a deviation from linearity in the macroscopic shear
stress, and by the onset of fault slip (yellow areas, Fig. 2a-d). The amount
of slip during the pre-seismic phase remains small, but is systematically
observed. The duration of the nucleation phase and the measured slip
are larger for Gr when compared to the other tested fault. Increasing the
confining pressure tends to increase both the duration and the amount of
slip accumulated during the pre-seismic phase (Fig. 2e-g). Following the
nucleation phase, a rapid macroscopic stress drop associated with rapid
fault slip is observed (Fig. 2a-d). This fast fault slip phase, corresponding
to a far-field slip rate typically greater than 1 mm/s, is defined as co-
seismic. As expected from the values of the stress drop, increasing the
content of marble leads to a decrease of the co-seismic slip (Fig. 2). For
Gy, the amount of co-seismic slip increases from 34 to 116 um with
increasing the confining pressure from 30 to 90 MPa (Fig. 2e-g). For the
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Fig. 1. Shear stress measured as a function of time for the 5 tested fault compositions and three tested confining pressures. The symbols of the left represent the two
sides of the fault tested (grey for granite and white for marble). Note that the shear stress and time axes are the same for all the data plotted. For the full mechanical
curves see Figure S4 in the supplementary material. Also note that, for the heterogeneous sample, the macroscopic shear stress drop measurements are an average of
the entire fault. Because of that, the real co-seismic stress drop must be larger than the apparent measurement presented here when the seismic rupture is confined

within the fault.

heterogeneous fault (Minc, Ginc and GMg), the amount of co-seismic slip is
about 7-15 pm in average at P, = 30 MPa, and of 13-25 um at higher
confining pressure (Fig. 2e-g).

The main result of our study is that following the co-seismic phase,
heterogeneous faults exhibit an extended period of slip (Fig. 2). This
behaviour is particularly well observed for Gj,. and GMy, where fault slip
continues after the co-seismic phase over a non-negligible amount of
time (from 1 to 1.5 second at P. = 90 MPa, blue areas in Fig. 2c¢ and d).
Remarkably, in the case of Gy, no fault afterslip is observed. Our results
demonstrate that the presence of a single marble inclusion (Mj.) allows
fault afterslip to take up to 10% of the total slip (i.e., pre-, co- and post-
seismic slip, Fig. 2e-g). Increasing the content of marble tends to
enhance fault afterslip. Gijn. and GM¢ show the largest and the longest
afterslip stages. For these faults, afterslip represent up to 28% of the total
slip. Additionally, the fault afterslip increases with P, increasing for
example from 17% to 27% with increasing P, from 30 to 90 MPa for Gipc
(Fig. 2e-g).

3.2. Local strain measurements

To analyse the slip distribution during the different stages of the
seismic cycle, the array of strain gauges measuring axial strain variation
close to the fault was used. In the following the influence of heteroge-
neity on the nucleation, co-seismic and post-seismic phases are
described using this array.

3.2.1. Nucleation of instability

As observed in the macroscopic measurements (Fig. 2), the initiation
of the nucleation stage is highlighted by the strain gauges array when
the inelastic strain (see Supplementary Material section 1.4) departs
from 0 indicated by a horizontal broken line on Fig. 3 and Fig. 4. Note
that a decrease in inelastic strain is a proxy for fault slip, while an in-
crease in inelastic strain is a proxy for fault stick (or slipping less than the
rest of the fault). The nucleation stage is clearly marked for G¢, where the
onset of nucleation, associated with the propagation of a quasi-static slip

front, can be tracked spatially. The quasi-static slip front initiates in the
upper part of the fault (blue curves on Fig. 3a-c, blue and green curves on
Fig. 4a and Figure S7a-c) and propagates toward the bottom of the fault
(Fig. 3a-c and Fig. 4a).

In the case of heterogeneous fault, the nucleation stage is more
complicated. For Mjy, at confining pressures of 30 and 60 MPa, the
initiation of the pre-seismic phase is more localized at the granite-
granite contacts (Figure S7d-f). Meanwhile, inelastic strain near the
marble inclusion (yellow and green curves in Figure S7d-f) is increasing,
indicating that this part of the fault remains locked. However, at P, = 90
MPa, the nucleation is predominantly confined to the bottom left of the
sample (orange curve in Fig. 4b), while other parts of the fault remain
locked. For Gij,c, the pre-seismic phase is primarily confined to the
bottom of the granite inclusion (orange curve in Fig. 3g-i, Fig. 4c and
Figure S7g-i), while the rest of the fault experiences an increase in strain.
Note that for this sample, an aborted pre-seismic phase could also be
observed on the top of the inclusion (green curve on Fig. 4c). Finally, for
GM, the pre-seismic phase is mainly confined to the bottom of the fault,
with the top part remaining locked (Fig. 3j-1, Fig. 4d and Figure S7j-1).
Notably, for all tested fault and confining pressure conditions, the onset
of the nucleation phase coincides with the location of maximum recor-
ded stress (Figures S10 and S11), i.e., where the static friction is the
highest.

3.2.2. Co-seismic phase

The strain gauges array can be used to track the propagation of the
seismic rupture (Passelegue et al., 2020). For Gy, the dynamic strain drop
occurs at the same time on all the strain gauges (Fig. 3a-c, Fig. 4a and
Figure S7a-c). Our temporal resolution does not allow us to see any
propagation of this strain drop front, which means that the front must
propagate at least at 190 m/s, and that the co-seismic rupture propa-
gates through the entire fault.

For Mjp, the dynamic strain drop also occurs on all the strain gauges
at the same time, indicating fast rupture velocity. Additionally, at P, =
90 MPa, the two strain gauges located at the top of the sample measure
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an increase in strain rather than a drop (Fig. 4b) suggesting that this part
of the fault did not break co-seismically. In the case of Gijy, a rapid strain
drop is observed only on the strain gauges located close to the granite
inclusion (i.e., at the centre of the fault, Fig. 4c). Strain gauges located
further from the inclusion experience a large increase in strain. Finally,
for GMy, the co-seismic strain drop is also confined close to the

00000000

Fig. 2. a-d) Shear stress (black curves) and fault displacement (blue curves) as a function of time measured during a typical event at P. = 90 MPa on a) granite-on-
granite (Gy), b) granite-on-granite with marble inclusion (Mjyc), ¢) granite-on-marble with granite inclusion (Gj,c), and d) granite-on-marble (GMy) samples. The
yellow, red and blue zones represent the pre-seismic, co-seismic and post-seismic phases, respectively. e-g) Fault slip (average of all the events) recorded during pre-
seismic, co-seismic and post-seismic phases for the tested fault that experienced seismic behaviour for €) P. = 30 MPa, f) P, = 60 MPa and g) P. = 90 MPa. The
symbols of the x-axis represent the two sides of the fault tested (grey for granite and white for marble). In each plot, the insert represents the fault slip distribution for
each tested condition.
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nucleation zone (orange curves on Fig. 3j-1 and Fig. 4d). For Gjp. and
GMy, increasing the confining pressure favour a smaller spatial extent of
the co-seismic rupture (Figure S7j-1). For Gjyc, at P. = 30 and 60 MPa fast
strain drop (> 2 x 1072 /s) extends from the top left to the bottom right
of the fault surface (green, yellow and orange curves on Figure S7 g and
h) while at P, = 90 MPa, fast strain drop is only measurable at two strain
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Fig. 3. Inelastic strain measurement obtained from two strain gauges as a function of time for the tested fault composition. SG5 (orange), having often the larger co-
seismic strain drop; and SG2 (blue) having often the largest post-seismic long-term strain drop. For each case, a typical seismic event is presented. The symbols of the
left represent the two sides of the fault tested (grey for granite and white for marble). a-c) G¢, d-f) My, 8-1) Gine, j-1) GMt. a, d, g, j) P = 30 MPa, b, e, h, k) P. = 60 MPa
and ¢, f, i, 1) P. = 90 MPa. Note that the inelastic strain scale is different for each plot. The colour of the curve represents the strain gauge position on the sample
schematic. See Fig. 4 and Figure S7 in the supplementary material for the data measured at all the strain gauges. For Gj,. and GMs (g-1), the duration of the post-
seismic phase (t,ost) is indicated. It represents the time from the end of the co-seismic strain drop to the moment at which all the inelastic strain as a function of time

returns flat.

gauges located at the bottom of the fault surface close to the granite
inclusion (orange curves on Fig. 4c and Figure S7i). For GMg, at Pc = 30
and 60 MPa, fast strain drops extend on the left and top right part of the
fault surface (green, yellow and orange curves on Figure S7j and k),
whereas they are more restricted to the bottom left of the fault surface
(orange and yellow curve on Fig. 4d and Figure S71).

3.2.3. Afterslip phase

The strain gauges array also recorded the signal of fault afterslip
during the post-seismic stage. For the heterogeneous samples (particu-
larly for the ones with high marble content), after the co-seismic phase,
some strain gauges show a long strain release (Fig. 3, Fig. 4 and
Figure S7). This long strain release is located in areas devoid of co-
seismic strain drop, i.e., where a strain deficit has accumulated during
the co-seismic phase.

For Gjy, the strain gauges located far from the seismic granite in-
clusion exhibit a large increase of strain during the co-seismic phase
(Fig. 3g-1 and Fig. 4c). During the post-seismic phase, these same strain

gages (blue curves in Fig. 3g-i, blue and red curves in Fig. 4c), are
subjected to a long-lasting strain decay. The same behaviour is observed
for GM for the strain gages located far from the co-seismic strain drop
(Fig. 3j-1 and Fig. 4d). As observed on the macroscopic data, the post-
seismic phase is particularly well developed at high P.. Increasing P.
from 30 to 90 MPa, the duration of the post-seismic phase increases from
~1to ~7 sand from ~1 to ~4 s for Gjp. and GMy, respectively. Similarly,
post-seismic phase seems to emerge for My at large confining pressure
(blue curve in Fig. 3f). This result demonstrates that the post-seismic
phase, associated with afterslip is mostly observed far from the co-
seismic strain drop areas (Figure S8), and well captured by local strain
gauges measurements (Fig. 3g-1, Fig. 4c and d).

In summary, the macroscopic and strain gauge data show that the
spatial and temporal evolution of slip and strain is more complex for
heterogeneous faults than for homogeneous ones. In particular, the
nucleation phase of heterogeneous faults is reduced in time and space
compared to G (deviation from the broken line on Fig. 3 and Fig. 4).
However, heterogeneities favour local stress/strain changes
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Fig. 4. Inelastic strain measurement obtained from the eight strain gauges as a function of time for the tested fault composition at 90 MPa of confining pressure. For
each case, a typical seismic event is presented. The symbols of the left represent the two sides of the fault tested (grey for granite and white for marble). a) Gg, b) My,
¢©) Gine, d) GM¢. Note that the inelastic strain scale is different for each plot. The colour of the curve represents the strain gauge position on the sample schematic. See
Figure S7 in the supplementary material for the data at all tested confining pressure.

subsequently to the co-seismic phase (i.e., confined stress/strain drop),
that give rise to a stress/strain deficit at the edge of the rupture (blue
curves on Fig. 3). This stress/strain deficit favour the emergence of fault
afterslip (blue curves on Fig. 3).

4. Discussion

Our experiments highlight that frictional heterogeneities are able to
modify the seismic cycle of a simple geometry fault. Particularly,
granite-granite contacts favour the release of the accumulated stress
through dynamic events. Instead, for the granite-marble contact, stress
is released not only through dynamic events, but also through fault
afterslip during a post-seismic phase. This behaviour is observed at all
the tested confining pressures. However, higher confining pressures tend
to favour fault afterslip of larger magnitude that last longer (Fig. 2, Fig. 3
and S9). Our experiments are in this sense in agreement with rate-and-
state models proposed for afterslip (Marone et al., 1991), as frictional
heterogeneities are needed (or at least help) for the emergence of
afterslip.

As stated previously, we find that fault afterslip is preferentially
observed on strain gauges that exhibits little to no dynamic co-seismic
strain drop (Figure S8). These results agree with observations from
natural earthquake, where afterslip tends to occur in region devoid of
co-seismic slip (Barbot et al., 2009; Gualandi et al., 2017; Hsu et al.,
2002; Lu and Zhou, 2022; Miyazaki et al., 2004; Perfettini and Avouac,
2007) or with a little overlap (Barnhart et al., 2016; Hsu et al., 2006,
2009; Lin et al.,, 2013; Ozawa et al.,, 2012; Twardzik et al., 2021;
Wimpenny et al., 2017).

Our experiments suggest that for afterslip to take place during our
experiments, two mutually dependent conditions are required: (i) a
seismic event confined within the experimental fault length, and (ii) a
zone around the co-seismic rupture that is critically loaded and prone to
aseismic behaviour, i.e., velocity strengthening. In our case, these con-
ditions are favoured along the granite-marble contacts. Particularly, the
case of Gip. sample demonstrates that frictional heterogeneities can be a
key parameter for large afterslip (Fig. 2, Fig. 3g-I and Fig. 4c).

However, the bi-material fault experiment (GMy) is more puzzling.
Even if the fault is composed of two materials, the frictional property of
this bi-material interface should be homogeneous across the fault, and
should therefore produce only seismic or only aseismic slip. However,

the behaviour is similar to Gy, i.e., dynamic events are confined within
the fault length, and fault afterslip occurs in areas devoid of co-seismic
rupture (Fig. 3j-1). A possible explanation could be that stress hetero-
geneity (Figure S10 and S11 in the supplementary material) induce
highly localized spatial frictional changes of the interface, and a tran-
sition from velocity strengthening to velocity weakening behaviour
along the fault due to plastic processes at the scale of asperities, as
observed previously in calcite-rich bare surface (Aubry et al., 2020). The
second hypothesis is the development of a patch of granite rich fault
gouge along the interface, allowing a dynamic instability to nucleate and
propagate locally (Figure S12 in the supplementary material).

To understand further the dynamics of fault afterslip, we analyse our
post-seismic data within the rate-and-state framework. For that, we used
the strain gauge measurements, in which the transition between co-
seismic and post-seismic phase is clearly identified as it is separated in
space and time (Fig. 3 and Fig. 4). To prevent possible contamination of
afterslip motion by the co-seismic rupture, we assume that the fault
afterslip begins at the end of the rapid strain drop recorded by the strain
gauge located the closest to the dynamic rupture (Figure S14). We
consider the end of the post-seismic phase when the inelastic strain rate
at the strain gauges goes back visually to 0. In this rate-and-state
framework, we assume that all the strain released during the post-
seismic phase occurs on the frictional interface, and that nothing is
released within the bulk of the sample, which is commonly assumed for
natural events. Note that for the performed experiments, this assump-
tion seems reasonable as no bulk deformations has been observed on the
post-mortem analysis of M¢ and Gij,. samples. We model the slipping
region as a spring-slider system obeying rate-and-state friction
(Dieterich, 1979; Ruina, 1983). Assuming steady-state approximation
and that the loading rate during this phase is negligible, the strain
relaxation during post-seismic deformation on a frictional interface can
be described as (Helmstetter and Shaw, 2009; Marone et al., 1991;
Scholz, 2019):

o= éotoln(é-i- 1), &)
With
_onla=b) @
(k/K)eo
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Fig. 5. a) Post-seismic strain as a function of time measured experimentally at one strain gauge SG2, along with the modelled one using Eq. (1). Here, the
experimental data are for the strain measured at strain gauge 2 of the GM; at P, = 60 MPa. The red curve is the best fit using the experimentally retrieved & and
inverted to. The blue curve is the best fit inverting both éo and ty. b) Measured strain rate at the onset of post-seismic phase éo as a function of the inverted t, for all the
afterslip recorded at strain gauge for the experiments conducted during the stepwise increase of P.. The solid lines correspond to the estimate of t, as a function of &9
for the three average values of ¢,, and (a-b)*. ¢) Measured strain rate at the onset of post-seismic phase €0 as a function of the inverted t, for all the afterslip recorded
at strain gauge for the experiments conducted during the stepwise decrease of P.. The data presented in figure b) are displayed in transparency. For panel b) and c),
the size of the datapoint represent the total amplitude of post-seismic strain. d) Apparent rate-and-state parameter (a-b)* obtained from the inverted t, and the
measured éo, k and o, (Eq. (2)) as a function of the post-seismic strain. €) Same as panel d) except that (a-b)* is multiplied by the normal stress, allowing to collapse
the data. The colour bar represents the macroscopic shear stress drop, Az. f) Measured strain rate at the onset of post-seismic phase, as a function of the macroscopic

shear stress drop, Az. The full curves show %’ = Vpiexp [(afﬁ] , with V| being the far field loading rate (1.4 um/s), (a-b) = 0.003, and for the three tested normal
stress. For panels b-f) triangles and circles represent Gj,. and GMj, respectively. For panel c-f), the datapoint in transparency are the one obtained during the rising

confining pressure step and the full datapoint are during the decreasing confining pressure step.

at the onset of afterslip, and t; is a characteristic time. The spring stift-
ness, k, relates the change in shear stress on the fault during the initial
linear elastic loading of the sample, and is directly measured experi-
mentally. The parameters K is estimated through finite elements analysis

where oy, is the normal stress acting on the fault, (a-b)* is the apparent
steady-state rate-and-state parameter, k is the spring stiffness, K is a
coefficient relating the change in axial strain with fault slip (¢ = K&, &

being the slip), £ is the strain rate observed at the strain gauge location
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following the method developed by Dublanchet et al. (2024). This
approach accounts for the geometry of the fault and of the sample (See
supplementary material section 7 for details). K depends on the strain
gauge location, e.g., K = 14.5 m™ for SG2.

In the model, we also fixed the initial strain rate éo to the value
measured at the onset of fault afterslip on the strain gauge used.
Therefore, we only invert for ty. Eq. (1) provides a good fit of our
experimental data (Fig. 5a and Figure S13), highlighting that the
released strain related to fault afterslip evolves as a logarithmic function
of time, as observed after natural earthquakes (e.g., Barbot et al., 2009;
Cheloni et al., 2010; Smith and Wyss, 1968; Yagi et al., 2001). Note that
using Eq. (1) and (2), only positive values of (a-b)* are considered, i.e.,
velocity strengthening behaviour. Other approximations exist involving
negative values of (a-b)*, i.e., velocity weakening behaviour,
(Helmstetter and Shaw, 2009), however they imply stiffness or stress
conditions that are not realistic for our performed experiments (for
instance, k > k., where k. is a critical stiffness; or 7 < 7, where 74 is the
shear stress at steady state; see Helmstetter and Shaw, 2009 Table 2).

Assuming this hypothesis, the inversions conducted imposing our

measurement of éo demonstrate at first order that, an increase in ¢o

leads to a decrease in ty (Fig. 5b and 5c). Considering only the experi-
ments conducted during the stepwise increase of P, we find that ty is
slightly increasing with increasing confining pressure, for both G, and
GM (Fig. 5b). In addition, tj is found to be generally larger for GMs than
for Gipc, in agreement with the increase in final strain released by fault
afterslip. For both samples, the inverted ty are of the order of few mil-
liseconds, that is, ~3 orders of magnitude shorter than the total duration
of post-seismic phase. Assuming simply Eq. (2), this increase in ty is
expected to result from an increase in (a-b)* with increasing confining
pressure, since the increase in normal stress acting on the fault at each
confining pressure tested is not enough to explain the observed trend
(Fig. 5b). Interestingly, the trend is different for the experiments con-
ducted during the stepwise decrease of P, i.e., decreasing the confining
pressure from 90 MPa to 30 MPa (Fig. 5c). Once the fault surface has
experienced stick-slip events and fault afterslip at P. = 90 MPa, the
frictional properties of the fault seem to remain constant, even when the
confining pressure is decreased. For these experiments, the general trend
in to can be explained by Eq. (2), assuming simply the change in normal
stress at the different confining pressure tested, and a similar value of (a-
b)* = 0.006 (Fig. 5¢). Thus, during the stepwise increase of confining

pressure, the general to-éo trend is influenced by both (a-b)* and P,
whereas during the stepwise decrease of confining pressure, (a-b)* does
not change and only P, influences the relaxation time.

Interestingly, using the inverted values of ty, and our direct experi-

mental and numerical measurement of oy, k, K and €0 ; we can use Eq. (2)
to estimate (a-b)* for each event. Note that these estimates are expected
to represent the frictional parameters during the afterslip phase, and
representative of the granite-marble interface only, since we conducted
the inversions only for Gj,. and GM;. We find that, an increase of post-
seismic strain is observed with increasing (a-b)* (Fig. 5d). In addition,
our results demonstrate that increasing the confining pressure (i.e., the
normal stress) leads to an increase in (a-b)* for both G, and GMg
(transparency datapoint in Fig. 5d). This increase in (a-b)* could be
directly related to an increase in (a-b) (here rate-and-state parameters)
of the marble-granite contact with increasing confining pressure.
Indeed, the increase of (a-b)* with confining pressure is similar in
magnitude than the increase in (a-b) obtained for calcite gouge under
the same normal stress conditions previously documented (Carpenter
et al., 2016; Verberne et al., 2015). In agreement with the inverted
values of ty, GMs presents generally larger values of (a-b)* and final
post-seismic strain release (Fig. 5d). However, the events recorded at 60
MPa and 30 MPa confining pressure during the stepwise decrease of P,
(i.e., after the experiments conducted at 90 MPa confining pressure),
exhibit larger post-seismic strain, and larger values in (a-b)* than the
events conducted at the same confining pressure during the stepwise
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increase of P, (Fig. 5d). Therefore, after a fault interface has undergone
stick-slip events and afterslip at P. = 90 MPa, its frictional properties
retain a memory of the past deformation. Similar memory effect ob-
servations have been previously made on gouge samples (Hong and
Marone, 2005; Pozzi et al., 2022; Scuderi et al., 2017), suggesting that
our inversions of the apparent rate-and-state parameters, through our
measurements of post-seismic strain release, are a real proxy for the
frictional parameters of the fault at the strain gauge location. The in-
crease of post-seismic strain with increasing (a-b)*, or equivalently (a-b),
has been also demonstrated numerically. Specifically, if the (a-b)
parameter of a velocity strengthening region adjacent to a co-seismic
stress perturbation is increased, the post-seismic slip increases propor-
tionally to the total slip (Marone et al., 1991).

Remarkably, analysing all experiments together, the retrieved (a-b)*
is directly proportional to the post-seismic strain for each tested
confining pressure (Fig. 5d). At large confining pressure, similar values
of post-seismic strain release require smaller (a-b)* values than at low
confining pressure. These results trend to demonstrate that the ampli-
tude of the strain release due to fault afterslip is mostly controlled by
on(a-b)*. Indeed, multiplying each value of (a-b)* by the normal stress
on applied on the fault at the onset of post-seismic phase, collapses all
the data set (Fig. 5e). Our results confirm that fitting the fault afterslip of
real earthquakes can provide a good estimate of the local frictional pa-
rameters of the fault. However, since the normal stress (or effective
normal stress) remains poorly constrained along natural faults, only the
inversion of oy(a-b)* (as performed in some natural afterslip inversion
studies, e.g., Lin et al.,, 2013; Perfettini et al., 2010; Perfettini and
Avouac, 2004, 2007; Wimpenny et al., 2017) can provide an element of
comparison between the different stations, or between different
earthquakes.

Finally, our results also demonstrate that éo trend to increase with
confining pressure (Fig. 5b and c), and with the average stress drop
during instabilities (Fig. 5f). This increase in éo leads to the decrease in to
observed at each confining pressure, as expected by the theoretical
predictions obtained from Eq. (2) (Fig. 5b and c). This increase in éo with
P can be attributed to an increase in sliding velocity during the confined
co-seismic ruptures. Indeed, the strain rate depends on the slip velocity
time the parameter K (é = KV;). As K is constant in the tested range of
normal stress, ¢ is a direct function of the slip velocity reached at the
onset of the fault afterslip. Following previous studies, the slip velocity
at the onset of fault afterslip is expected to be a function of the stress

drop and of the normal stress following Vo = V;jexp {(afﬁ} (Perfettini

and Ampuero, 2008; Perfettini and Avouac, 2007). Even if our mea-
surement Ar are obtained far from the fault (estimated from our pressure
transducers), and therefore, potentially underestimated, our experi-
mental results seem to confirm this exponential relationship between V,

and At (Fig. 5f). However, the role of éo on the final value of strain
release during the post-seismic slip remains secondary compared to
on(a-b)* that has a predominant effect (Fig. 5e).

In summary, the evolution of the fault afterslip is well explained by
the rate-and-state framework, and appears to be a combination of 1) the

strain rate at the onset of afterslip éo, which trend to decrease ty and 2)
the frictional properties (i.e., (a-b)*) around the area experiencing a
dynamic stress/strain drop, which tends to increase with confining
pressure.

For natural earthquakes, afterslip has been often proposed as the
main driving force of the aftershock sequences (Avouac, 2015; Helm-
stetter and Shaw, 2009; and references therein). If the performed ex-
periments do not allow to correlate afterslip and aftershock sequence (as
no acoustic emission were emitted during afterslip sequences), they are
able to identify the main parameters influencing the amplitude of
afterslip. Our data alongside with recent experimental data performed
on heterogeneous fault material (e.g., Arts et al., 2024; Bedford et al.,
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2022; Song and McLaskey, 2024) highlight the major role of frictional
heterogeneity on the fault strength and stability. In particular, they
allow for the emergence of afterslip similar to the one occurring after
large earthquakes.

5. Conclusion

Among the many hypotheses proposed for the generation of afterslip
during natural events, this manuscript explores the role of frictional
heterogeneities regarding the emergence of fault afterslip following
large earthquakes. At the scale of our experiments, the presence of stress
heterogeneities along the fault, which can potentially arrest seismic
ruptures, does not appear sufficient to trigger a significant post-seismic
phase. Instead, the emergence of afterslip in our experiments results
from the interaction between a propagating seismic front, which stops in
an aseismic region, causing a substantial increase in stress that is then
released by fault afterslip. Our results are consistent with natural ob-
servations, including (i) afterslip occurring preferentially outside of the
co-seismic rupture area, and (ii) a slip evolving with the logarithm of
time. The measured afterslip in our experiments are explained by a
simple model involving velocity-weakening patches, governed by a rate-
and-state friction law, surrounded by a velocity-strengthening interface.
This is supported by (i) the imposed rheology of our experimental faults,
and (ii) the observed exponential increase in initial afterslip velocity
with increasing stress drop. Finally, our results indicate that the afterslip
magnitude is likely controlled by both the frictional properties of
velocity-strengthening patches and the normal stress acting along the
fault plane. Due to this complexity, independently analysing these pa-
rameters from natural afterslip measurements is expected to remain
challenging, especially given the uncertain on the stress conditions
along natural faults.
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