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S U M M A R Y 

Serpentinites are polymineralic rocks distributed almost ubiquitously across the globe in active 
tectonic regions. Magnetite-rich serpentinites are found in the low-strain domains of serpen- 
tinite shear zones, which act as potential sites of nucleation of unstable slip. To assess the 
potential of earthquake nucleation in these materials, we investigate the link between me- 
chanical properties and fabric of these rocks through a suite of laboratory shear experiments. 
Our experiments were done at room temperature and cover a range of normal stress and slip 

velocity from 25 to 100 MPa and 0.3 to 300 μm s −1 , respecti vel y. We show that magnetite-rich 

serpentinites are ideal materials since they display strong sensitivity to the loading rate and 

are susceptible to nucleation of unstable slip, especially at low forcing slip velocities. We also 

aim at the integration of mechanical and microstructural results to describe the underlying 

mechanisms that produce the macroscopic behaviour. We show that mineralogical composi- 
tion and mineral structure dictates the coexistence of two deformation mechanisms leading to 

stable and unstable slip. The weakness of phyllosilicates allows for creep during the interseis- 
mic phase of the laboratory seismic cycle while favouring the restoration of a load-bearing 

granular framework, responsible of the nucleation of unstable events. During dynamic slip, 
fault zone shear fabric determines the mode of slip, producing either asymmetric or Gaussian 

slip time functions for either fast or slow events. We report rate/state friction parameters and 

integrate our mechanical data with microstructural observations to shed light on the mech- 
anisms dictating the complexity of laborator y ear thquakes. We show that mineralogical and 

fabric heterogeneities control fault slip behaviour. 

Key wor ds: F riction; Earthquake dynamics; Rheology and friction of fault zones; Mechanics, 
theory and modelling; Microstructures; Experimental rock deformation. 
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1  I N T RO D U C T I O N  

Faults accommodate tectonic deformation in the upper crust through 
a spectrum of slip behaviours that range from stable sliding to fast 
slip during earthquakes (e.g. Peng & Gomberg 2010 ; Leeman et 
al. 2016 ; Harris 2017 ; Scholz 2019 ). This includes creep events 
and strain transients, slow earthquakes, low frequency earthquakes, 
tectonic fault tremor and post-seismic afterslip. Complex modes of 
fault slip have been interpreted in terms of frictional, rheological and 
geometrical heterogeneity within fault zones (Marone & Richardson 
2010 ; Skarbek et al. 2012 ; Saf fer & Wallace 2015 ; among man y 
others) and laboratory studies have shown that shear fabric evolution 
in fault zones plays a key role in determining fault strength, rheology 
and slip behaviour (e.g. Holdsworth 2004 ; Collettini et al. 2009 ; 
Schleicher et al. 2010 ). Similar inferences have been deduced from 

the geological record, which suggests that a spectrum of fault slip 
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C © The Author(s) 2023. Published by Oxford University P
article distributed under the terms of the Creative Common
permits unrestricted reuse, distribution, and reproduction in
modes occur within thick, mature faults that include broad damage 
zones and localized principal slip zones (e.g. Fagereng & Sibson 
2010 ; Scholz 2019 ). 

Fault slip behaviour and seismogenic potential are determined 
by the fault zone mineralogy and properties of the wear materials 
within the fault core (Scholz 2019 ). The wear materials, known 
as cataclasites and fault gouges, are typically heterogeneous mix- 
tures of the wall rock of different age and origin, with shear fabric 
of varying intensity depending on the dominant rock type (Sibson 
1977 ). From this heterogeneity emerges one key to understanding 
the complex slip behaviour of a variety of ‘weak’ faults, which do 
not follow Byerlee’s rule (Holdsworth 2004 ; Collettini et al. 2021 ). 
Fault gouges are typically fine-grained, foliated rocks composed of 
both g ranular (e.g. quar tz, feldspars, etc.) and platy (phyllosilicate) 
materials. These two main mineral categories are distinct for their 
geometrical properties and fabric intensity (e.g. Sibson 1977 ) and 
ress on behalf of The Royal Astronomical Society. This is an Open Access 
s Attribution License ( https://cr eativecommons.or g/licenses/by/4.0/ ), which 
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how an almost antipodal mechanical behaviour, being—in most of
he studied cases—respecti vel y strong and weak to shear motion
e.g. Byerlee 1978 ; Ikari et al. 2011 ; Collettini et al. 2021 ). Sev-
ral works demonstrated that the frictional strength of these gouge
aterials is not solely a material-dependent characteristic but also

he result of the spatial arrangement and optimal orientation of their
eometrical attributes and rheological properties, which together
efine the fabric of the rock. If platy minerals are fav ourab ly ori-
nted to shear motion, the rock has a well-developed fabric, which
a vours w eakness (among many, Handy 1990 ; Wintsch et al. 1995 ;
ollettini et al. 2009 ; Niemeijer et al. 2010 ; Tesei et al. 2014 ;
annucchi 2019 ; Bedford et al. 2022 ). Laboratory work has doc-
mented the role of fabric in promoting weakness, but it appears
hat natural faults with intense fabrics are even weaker in some
ases. 

Phyllosilicates are common minerals in faults since they are the
rimary component of sedimentary and igneous rocks, and are eas-
ly formed during metamorphism, metasomatism and supergene
lteration of silica-rich rocks. Deformation along fault systems pro-
otes their formation by increasing the surface of minerals ex-

osed to alteration and by enhancing fluid flow along the fault core
here fresh surface area is produced continually during breccia-

ion and comminution during fault motion. This almost ubiquitous
resence of phyllosilicate minerals has moti v ated much research
n natural and analogue mixtures of granular and platy materi-
ls (e.g. Bos & Spiers 2001 ; Tembe et al. 2010 ; Moore et al.
011 ; Behnsen and Faulkner, 2012 ; Ikari et al. 2011 , 2013 ; Haines
t al. 2013 ; Tesei et al. 2014 ; Giorgetti et al. 2015 ; Ruggieri et al.
021 ). 

As much as heterogeneity characterizes the mineralogy of such
ocks, their frictional properties are not tri viall y predicted and are
trongl y af fected b y modal distribution, fabric and boundary con-
itions (e.g. water saturation, temperature). Understanding the link
hat interconnects these features with the rheological properties
f granular-phyllosilicate fault materials is important for the un-
erstanding of fault slip (phenomenological and quantitative) be-
aviour. 

One key example is the velocity dependence of constitutive pa-
ameters in the rate- and state-dependent friction laws ( a , b and D c )
ocumented in granular-phyllosilicate mixtures (Saffer et al. 2003 ;
iemeijer & Spiers 2007 ; Ikari et al. 2011 , 2013 ; den Hartog &
piers 2013 ; Ruggieri et al. 2021 ; Scuderi et al. 2022 ; Volpe et al.
022a ), with direct implications on earthquake nucleation and its
heoretical modelling (e.g. Leeman et al. 2018 ; Im et al. 2020 ).
espite recent progress on fault frictional characterization, there is

till a lack of understanding on the connection between velocity-
ependent constitutive parameters and mineralogy and fabric. We
xplore in this work the link existing between mineralogy, fabric
nd rate- and state-dependent frictional properties by choosing a
ele v ant natural material composed by a mixture of phyllosilicates
nd strong granular materials: serpentine rocks, which are an em-
lematic example of such heterogeneity. 

Serpentinites are polymineralic rocks distributed almost ubiqui-
ously across the globe in active tectonic regions (e.g. Guillot et al.
015 ). They are the result of hydrous metamorphism of peridotites,
hich results in a rock composed mainly by serpentine group miner-

ls (antigorite, lizardite and chrysotile) and magnetite, with minor
 yrox ene, talc and other accessories. The main component, ser-
entine polymorphs, are phyllosilicates with typically small values
f friction coefficients (apart from the high-grade polymorph, the
ntigorite) that deform mainly by frictional sliding (Reinen et al.
994 ; Moore et al. 1996 , 1997 ; Escartin et al. 1997 ; Moore &
ymer 2007 ; Tesei et al. 2018 ; Scuderi & Carpenter 2022 ). Mag-
etite, instead, is a rheolo gicall y strong granular material, with fric-
ion coefficients close to Byerlee’s values (Byerlee 1978 ; Österle
t al. 2014 ). We used natural samples of lizardite–magnetite rich
erpentinites cropping-out in a thin nappe of the Elba Island (Italy),
ocality Monte Fico (Keller & Pialli 1990 ). The rocks, already char-
cterized with XRD and TEM analysis in previous work by Tesei
t al. ( 2018 ), were deformed in a set of shear laboratory experi-
ents. We observed a systematic change of mechanical properties

nd fault slip behaviours with the variation of the sliding velocity
hat we interpret to be the result of the time-dependent arrangement
f grains within a heterogeneous experimental fault architecture. 

 E X P E R I M E N TA L  S E T U P  A N D  

E T H O D O L O G Y  

xperiments were conducted on serpentinite rocks collected from
ow strain domains of the Monte Fico thrust zone, in Elba Island
taly. Samples were powdered to form synthetic fault gouge and
ieved below 125 μm. This serpentinite consists dominantly of
izardite (constrained with TEM analysis, Tesei et al. 2018 ), mag-
etite and minor diopside. The relative abundance of magnetite
 > 7 per cent volume) is retrieved using ImageJ (Schneider et al.
012 ) by thresholding back-scattered SEM images. P o wders were
ested at room temperature (25–27 ◦C) and room humidity (30–40
er cent) in the bi-triaxial shear apparatus BRA V A in double di-
ect shear (DDS) configuration (Collettini et al. 2014 , Fig. S1 ). The
ssembly consists of a central forcing block sandwiched between
wo stationary side blocks that confine two synthetic fault zones.
he faults are each initially 5 mm in thickness, prior to load and
hear. When mounted in the deformation apparatus, normal stress
s applied perpendicular to the layers by one ram while shear stress
s applied by the other ram. Fault zone shear is imposed by the
entral block of the DDS assembly with a stiffness of k = 0.928 kN
m 

−1 . Groov es engrav ed on the forcing blocks in contact with the
ample ensure that shear occurs within the fault zone rather than
t its boundary. The relative motion of the rams is measured close
o the hydraulic pistons by LVDTS with a precision of ±0.1 μm.
he vertical motion and displacement rate measured at this posi-

ion are referred to as ‘loading point’ displacement and velocity
LPV), respecti vel y. We also measure shear displacement directl y
cross the fault using an additional LVDT ( Fig. S1b ). We measure
orces using calibrated load cells and convert these to shear and nor-
al stress on the fault surfaces using the fault area which is 50 by

0 mm. 
Experiments for standard characterization of frictional parame-

ers were run at four normal stresses, σ N = 25, 50, 75 and 100 MPa,
sing two experimental protocols. The first consisted of four stages
Fig. 1 a). Samples were initially brought to target normal stress and
llowed to compact for ∼15 ′ . During this stage, the initial high-
orosity gouge layers decrease their total thickness by 4–5 mm
 Fig. S3a ). After compaction, samples were sheared at constant ve-
ocity of 10 μm s −1 for a total displacement of ∼1 cm to attain
ear steady-state friction coefficients (run-in stage, Fig. 1 a). Sub-
equently, the shear motion was cyclically stopped and re-applied
n a series of slide-hold-slide (SHS, Fig. 1 a) tests. Hold times were
ncremented according to the sequence 1, 3, 10, 30, 100, 300, 1000
nd 3000 s. Between each hold the sample was sheared at constant
elocity of 10 μm s −1 for a total slip of 500 μm. Afterwards, two
equences of velocity step (Fig. 1 a) tests were performed to assess
elocity and state dependence of friction. During velocity step tests

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
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Figure 1 Mechanical data: (a) Evolution of the apparent friction coefficient obtained with Type I experiments with a run-in, slide-hold-slide (SHS) test and 
two consecutive velocity step tests. The grey frame shows the velocity step tests highlighted in panel (c). The grey inset shows the steady-state shear stress 
values (coloured dots) plotted in a Mohr diagram. The best-fitting linear equation is reported in the inset. (b) Friction during Type II experiments with a run-in 
and velocity steps. The grey frame shows the data zoomed in panel (d). (c) F riction ev olution during velocity step tests from panel (a). Note the modest but 
evident strength increase due to slip hardening at high normal stress for magnetite-rich serpentinite and for lizardite. σN and τ are the normal and shear stress, 
respecti vel y. See Table 1 for experiment conditions and fault gouge materials. (d) Friction evolution and frictional instabilities during Type II experiments. 
Zooms are shown for a few cases to highlight unstable stick-slip events. Loading point velocities (LPV) are given in the top margins of panels (c) and (d). 
Orange shaded area in panel (d) indicates the transition from unstable to stable sliding, which occurs at LPV = 5 μm s −1 . 
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the sliding velocity was changed every 500 μm with the following 
LPVs: 10, 1, 3, 10, 30, 100 and 300 μm s −1 . The same protocol was 
used for a single test performed at σ N = 75 MPa on pure lizardite 
gouge (the same selected by Tesei et al. 2018 ). 

Two additional tests were performed with the second protocol at 
75 and 100 MPa with the aim of characterizing the frictional stability 
of the experimental fault in a wider range of sliding velocities. These 
tests (Fig. 1 b) consisted of a run-in phase (LPV = 10 μm s −1 for 
a total slip of 10 mm), followed by velocity stepping from 10 to 
300 μm s −1 , and a sequence of velocity steps with the following 
LPVs: 0.1, 0.2, 0.3, 0.5, 0.75, 1, 2, 3, 5, 7.5, 10, 30, 100 and 300 
μm s −1 . For the second sequence, velocity was kept constant for 
500 μm at each velocity up to 5 μm s −1 , 1500 μm for all the others. 
The sampling frequency during these velocity steps is 100 Hz. We 
used an iterative, non-linear least squares procedure to measure 
the friction constitutive parameters (using the module ‘RawPy’ for 
Python; https://github.com/mar coscuder i/rawPy ). Table 1 provides 
the gouge compositions, conditions and results for our first suite of 
experiments. 
3  E X P E R I M E N TA L  R E S U LT S  

3.1. Friction curves and fault stability 

Magnetite-rich serpentinite gouges display different values of the 
friction coefficient at the end of the run-in phase (dots in Fig. 1 a). 
The friction coefficient, defined as the ratio between shear and nor- 
mal stress, decreases with increasing normal stress with steady-state 
values of μ = 0.54, 0.50, 0.47 and 0.45 for σ N = 25, 50, 75 and 
100 MP a, respectiv ely (measured at the coloured dots in Fig. 1 a). In 
a Mohr space (Fig. 1 a, grey inset), the steady-state values of shear 
stress (measured at the same location of the steady-state friction 
coefficient) align according to a linear criterion. The slope of this 
fit corresponds to the internal friction coefficient μI = 0.42, which 
is not normal stress dependent, and the intercept is a non-zero co- 
hesion c = 3.5 MPa. Marked frictional instability with stick-slip 
events occurs at normal stresses equal or larger than 50 MPa and 
only for LPVs lower than 10 μm s −1 (Fig. 1 c), while for higher 
LPVs, or lower stress, the sample undergoes stable sliding. This 

art/ggad322_f1.eps
https://github.com/marcoscuderi/rawPy
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Table 1 Experimental data: experimental conditions and retrieved mechanical data of the first experimental protocol. The two columns of the ( a –b ) and D c 

parameters correspond to the two consecutive velocity-step tests. 

Material Exp. code 
Normal 

stress 
Friction 

coefficient Rate and state parameters 
Frictional 

healing rate 
Creep 

relaxation 

σN (MPa) μ V 0 → V ( μm s −1 ) ( a –b ) D c ( μm) β ( � μ log −1 s) 

Magnetite-rich 
serpentinite 

b900 25 0.54 0.3 → 1 −0.0057 −0.0060 75.4 55.5 0.0015 −0.0091 

1 → 3 −0.0050 −0.0050 66.3 85.3 
3 → 10 −0.0044 −0.0048 76.7 49.9 

30 → 100 −0.0024 −0.0028 6.7 18.6 
100 → 300 −0.0014 −0.0016 11.1 14.4 

b895 50 0.50 < 10 Unstable −0.0006 −0.0048 
10 → 30 −0.0033 −0.0036 2.5 2.8 
30 → 100 −0.0022 −0.0024 4.8 2.6 

100 → 300 −0.0013 −0.0015 5.4 7.1 

b896 75 0.47 < 10 Unstable −0.0018 −0.0037 
10 → 30 −0.0030 −0.0027 2.5 3.1 
30 → 100 −0.0021 −0.0021 4.2 3.7 

100 → 300 −0.0013 −0.0014 5.9 6.6 

b919 100 0.45 < 10 Unstable −0.0022 −0.0034 
10 → 30 −0.0021 −0.0021 2.7 2.4 
30 → 100 −0.0014 -0.0015 4.0 2.7 

100 → 300 −0.0010 −0.0006 6.4 5.1 

Lizardite b1086 75 0.38 0.3 → 1 −0.0021 −0.0017 1.5 3.6 −0.0026 −0.0043 
1 → 3 −0.0022 −0.0013 3.8 4.7 

3 → 10 −0.0009 −0.0003 3.2 5.2 
30 → 100 −0.0001 0.0003 6.1 4.2 

100 → 300 0.0015 0.0019 2.8 6.5 
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s clearly observed in the second set of experiments at high nor-
al stress (75 and 100 MPa) and for a broader range of LPVs

as low as 0.1 μm s −1 ) shown in Figs 1 (b) and (d). The circles
n panel (d) show a zoom of stick-slip events observed at differ-
nt values of LPV, pointing out the effect of LPV on frictional
nstabilities. The magnitude of stress drops during sequences of
tick-slip events decreases with increasing LPV, as qualitatively
hown in the insets of Fig. 1 (d). A detailed analysis of stick-slip
vents and their properties is presented in Section 5 . The results for
aults composed of pure lizardite (Fig. 1 a) at σ N = 75 MPa empha-
izes the different frictional behaviour of this material. Lizardite
hows a constant slip hardening behaviour, with values of μ =
.38 at the end of the run-in stage and, notably, no instabilities
t any explored values of LPV. At σ N ≥ 50 MPa magnetite-rich
erpentinite gouges display a slip hardening behaviour when slid-
ng velocities are higher than 10 μm s −1 . This effect, which is
learl y e vident when comparing the run-in curve with the follow-
ng velocity step section, is enhanced at higher stresses (Fig. 1 c).
ifferent slip hardening does not seem related to differences in

ayer compaction as the total layer thickness decreases (after the
ompaction stage, Fig. S3a ) of comparable amounts in all experi-
ents, due to geometrical thinning. Fur ther more, the variation of

ayer thickness with vertical displacement ( Fig. S3b ) is identical
or all investigated stresses during the first experimental protocol
Fig. 1 a). 

The experiments of Fig. 1 show that, despite the dominant sta-
le frictional response, stick-slip instabilities can be generated in
erpentinite gouge depending on normal stress conditions and load
oint velocities (LPV). 
.2. Rate and state par ameter s 

temming from the analysis of the spring slider motion, the mechan-
cal data are successfull y anal ysed within the ‘rate and state friction’
RSF) framework (e.g. Dieterich 1979 ; Ruina 1983 ; Marone 1998 ),
 here unstab le sliding may emerge if: (i) the material weakens with

ncreasing sliding velocity and (ii) the stiffness of the loading sys-
em ( k ∗) is lower than a critical stif fness ( k ∗c ), described b y eq. ( 1 )
Gu et al. 1984 ; Baumberger 1994 ). 

 

∗ < k ∗c = 

− ( a − b ) 

D c 
σN . (1) 

The dimensionless term ( a –b ) quantifies the steady state frictional
esponse to a change in sliding velocity (i.e. rate) while D c (critical
lip distance) has the dimension of a length and represents the
haracteristic slip required to achieve steady state after a change
n load point velocity. For simplicity, we will use throughout the
ext k and k c , which are the same values k ∗ and k ∗c normalized
y the normal stress. The variables ( a –b ) and D c are measured by
nverting the mechanical data obtained during velocity stepping by
sing eqs (2) , (3) and (4 ). Eq. ( 2 ) describes the effect of slip rate V
nd frictional state θ on friction: 

= μ0 + a log 10 

(
V 

V 0 

)
+ b log 10 

(
V 0 θ

D c 

)
, (2) 

here μ0 is the steady-state friction at the reference sliding velocity
 0 , V is the sliding velocity after the step, θ is the state variable,
ith dimensions of time, often thought of as the contact junction

ifetime (Rabinowizc 1951 ). D c can be interpreted as the length scale
arameter controlling the evolution of the state variable. Eq. ( 2 ) is

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
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Figure 2 RSF parameters: (a) example of friction data (blue) and RSF model fit (black) for (a) velocity step test. Panels (b), (c) and (d) show values of ( a –b ), 
D c and K c as a function of sliding v elocity, respectiv ely. Best-fitting curv es (dashed lines) are shown for experiments at σN = 75 and 100 MPa (see colour key 
in panel (d). Dashed curves in panel (d) are from eq. (5) . Error bars in all panels correspond to one standard deviation, not visible if smaller than the symbol. 

Table 2 Best-linear fit of rate- and state-dependent parameters 

Stress (MPa) Variable Space Slope ( m ) Intercept ( q ) R 

2 

75 a–b Lin–Log 0.0016 −0.0052 0.9807 
D c Lo g–Lo g 0.3448 −6.0713 0.9285 

100 a–b Lin–Log 0.0013 −0.0041 0.9599 
D c Lo g–Lo g 0.3460 −6.1258 0.8207 
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combined with a friction state evolution law, and we use the law 

proposed by Ruina ( 1983 ): 

dθ

dt 
= −V 

θ

D c 
log 10 

(
V 

θ

D c 

)
. (3) 

Note that at steady state, frictional state is given by the ratio 
D c / V . To solve for friction evolution after a perturbation in sliding 
velocity, one must account for elastic interaction between the fault 
zone and its surroundings. In laboratory experiments it is common 
to use a 1-D system as: 

dμ

dt 
= k ( LPV − V 

) , (4) 

where k is the normalized loading stiffness and LPV is the load point 
v elocity. We inv ert for the RSF parameters a , b and D c using an it- 
erative, least-square non-linear procedure to solve eqs ( 3 ) and ( 4 ) 
simultaneously, while using eq. ( 2 ) to relate friction and state. We 
use a fifth-order Runge–Kutta integration technique with adaptive 
step-size control (e.g. Blanpied et al. 1998 ; Saffer & Marone 2003 ). 
Fig. 2 (a) shows an example of an inverted friction evolution follow- 
ing a velocity step, numerical values are reported in Table 1 . 

Values of ( a–b ) in magnetite-rich serpentinite gouges are neg- 
ative for all selected slip velocities (Fig. 2 b) and display direct 
linear dependency to the logarithm of the sliding velocity (Fig. 2 b). 
Lizardite powders produce similar dependency to velocity, even 
though the ne gativ e ( a–b ) values become neutral to positive at ve- 
locities ≥100 μm s −1 . Values of D c for serpentinite are rather small 
(below 10 μm), linearly dependent on sliding velocity ( V ) in a log–
log space and seemingly independent of the normal stress (Fig. 2 c). 
The experiment at σ N = 25 MPa represents an exception with val- 
ues as high as 90 μm, especially at low slip velocities ( < 100 μm 

s −1 ). This result corroborates the difference in frictional behaviour 
shown in Fig. 1 for low values of normal stress. The critical slip 
distance of lizardite is less sensitive to velocity but is comparable to 
that of magnetite-rich serpentinite. k c as defined in eq. (1) has values 
in a range between 2 and 0.1 mm 

−1 (Fig. 2 d), with a few ne gativ e 
values for lizardite due to the positive values of ( a–b ) (Fig. 2 b). 

Gi ven the e vident dependenc y on sliding v elocity for both ( a–b ) 
and D c parameters, we analyse best-fitting values of rate- and state- 
dependent parameters to investigate the stability of the experimental 
fault. For this task, we have analysed the data from the second type 
of experiments performed at σ N = 75 and 100 MPa and with the 
long sequence of velocity steps (Figs 1 b and d). The regression 
lines of rate and state data are shown in Figs 2 (b) and (c) (dashed 
lines). Best-fitting values are reported in Table 2 . Following eq. (1 ), 
k c values can be also estimated through the ratio of the two inferred 
best-fitting lines for ( a–b ) and D c parameters (dashed lines in Figs 2 b 
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Figure 3 Frictional healing: (a) Data showing how we measure frictional healing � μH (see circles) and creep relaxation � μR (see stars) during a slide-hold- 
slide test (hold time shaded in grey); (b) frictional healing and (d) creep relaxation values obtained at increasing hold times, with dashed lines representing the 
linear fit (lin–log space) whose slopes, the healing and relaxation rates ( β), are reported in panel (c). 
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nd c, respecti vel y), as defined in eq. (5) : 

 c = −m a−b log 10 ( V 

) + q a−b 

10 ( m D c log 10 ( V ) + q D c ) 
, (5) 

here m and q indicate the slope and the intercept of the linear
egression lines for ( a–b ) and D c parameters, retrieved in lin–log
nd lo g–lo g scales, respecti vel y. 

By using the values of Table 2 in eq. (5) , we observe a nearly log–
og linear inverse dependency of k c on sliding velocity up to 30 μm
 

−1 (Fig. 2 d) and minor deviations for the different imposed normal
tress v alues. Then, k c rapidl y decreases to low v alues, more than
ne order of magnitude lower than normalized machine stiffness,
hich is above 3 mm 

−1 for the stresses here considered. This clearly
epresents the k c dependency on V , consistent with previous works
e.g. Baumberger et al. 1994 ; Leeman et al. 2016 ). 

The comparison of friction evolution during velocity step exper-
ments shows that, at σ N equal or higher than 50 MPa, friction does
ot achieve steady state conditions after a velocity step (Fig. 1 c),
ven though D c is on the scale of few micrometres (Fig. 2 c). This
s especiall y e vident with increasing LPVs and normal stress (note
he severe hardening of serpentinite at σ N = 75 and 100 MPa,
 ig. 1 d), and w hen the tested gouge is pure lizardite (Fig. 1 c). The
ependence of this slip hardening on loading velocity (LPV) and
ormal stress suggests that the gouge layer has a complex response
o a change in velocity. We interpret the observed slip hardening in
erms of an additional slow (long-term) e voluti ve ef fect af fecting
he bulk response to the change in velocity. This second e voluti ve
ffect is slower than the response to the velocity step, which is
xpected to be governed by the evolution of the state variable as
redicted by eq. (3) . In other words, it represents a deviation from
he steady state response to a velocity step predicted by rate- and
tate-dependent friction laws with a single state variable. We point
ut that the friction evolution with slip depicted in Fig. 2 (a), nicely
odelled with rate- and state-dependent friction through eqs ( 2 )

nd ( 3 ), only shows the instantaneous response as e videnced b y the
mall slip values, and that the observed slip hardening is occurring
t longer time scales. This aspect will not be analysed in terms
f rate and state friction in the main text. The reader is referred
o Supplementary section SII and Fig. S2(a) for highlights on this
atter. 

.3. Time dependent frictional healing 

lide-hold-slide tests (Fig. 1 a) are used to estimate time-dependent
rictional healing and assess RSF parameters (e.g. Marone 1998 ).

e measure frictional healing values � μH as the difference between
he steady state friction prior to the hold and the peak friction

easured upon reshear after slip is interrupted for a specific (hold)
ime (circle symbol, Fig. 3 a). The linear fit of these values (Fig. 3 b)
s function of the logarithm of hold time provides the relative values
f healing rate ( β, circles in Fig. 3 c). Numerical values are reported
n Table 1 . 

The healing rates of magnetite-rich serpentinite gouges are neg-
tiv e for inv estigated normal stresses e xcept for σ N = 25 MPa.

v alues decrease monotonicall y with increasing normal stress.
izardite gouges at σ N = 75 MPa show null to ne gativ e frictional
ealing with ne gativ e β values, with both β and � μH values slightly
ower than that of serpentinite (Figs 3 b and d). Overall, healing rates
re consistent with those documented in phyllosilicate-rich, weak
ithologies (e.g. Carpenter et al. 2011 ; Carpenter et al. 2016 ; Tesei
t al. 2012 ; Collettini et al. 2021 ; Scuderi & Carpenter 2022 ). 
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The absolute values of creep relaxation rates are low ( < 0.01 
log −1 s), typical of phyllosilicate-rich materials (Carpenter et al. 
2016 ). Opposite to the frictional healing, these values decrease with 
normal stresses, with the highest values observed in magnetite-rich 
serpentinite at σ N = 25 MPa. The creep relaxation rate of lizardite 
at σ N = 75 MPa is very similar to that of magnetite-rich serpentinite 
at the same normal stress. 

The analysis of frictional healing and creep relaxation, similarly 
to the rate and state anal ysis, e vidences the separation of frictional 
behaviour that characterizes magnetite-rich serpentinites at low nor- 
mal stress as well as pure lizardite. If, on one hand, we infer the role 
of the lizardite fraction in the processes that underlay creep relax- 
ation and the ne gativ e healing rates (similar for both materials), the 
higher � μH values of magnetite-rich gouges calls for investigation 
of the role of fabric heterogeneity. 

One aspect that should also be noted from friction curves is that, 
when hold times become longer than 10 s, the effect of creep re- 
laxation outlasts the recovery of steady state friction during slides 
(Fig. 1 a, enlarged in Fig. S2a ). This effect is opposite—even if un- 
derlying mechanisms may share the same nature—to the slip hard- 
ening originating from velocity stepping. This leads the experimen- 
tal fault to a ‘relaxed’ state, which requires long timescales of reset. 
Again, we do not discuss in detail this aspect in the main text and 
refer the reader to the Supplementary section SII and Figs S2 and S4 . 

4  A NA LY S I S  O F  S T I C K - S L I P  E V E N T S  

Our data show that laboratory-scale earthquak e (lab-quak es) pa- 
rameters for magnetite-rich serpentinites vary systematically with 
load point velocity (LPV). Frictional sliding is unstable at lower 
slip velocity and becomes stable at higher LPV (Fig. 1 ). This transi- 
tion is reflected in RSF parameters. We observe enhanced velocity 
w eakening beha viour (low er a–b ) and smaller values of D c for lower 
LPV, which favours stick-slip instabilities at velocities of ≤5 μm 

s −1 (Figs 1 and 2 ). The transition is consistent with the fact that the 
frictional weakening rate with slip ( k c ) is higher at lower LPV, and 
thus instability occurs because the condition k < k c is met, where k 
is loading system stiffness. We observe larger stress drops for lower 
values of LPV, as expected based on the variation of k c with LPV 

(Fig. 2 ). Ho wever , the simple analysis of RSF and the stability con- 
dition cannot account for all of the phenomenology we observe (e.g. 
Figs 1 b and d). We show in the following that, despite similar k c 
values are inferred at both σ N = 75 and 100 MPa (Fig. 1 d), stick-slip 
events are characterized by different mechanical properties such as 
the dynamic stress drop, peak slip velocity and the symmetry of 
slip velocity time histories ( Fig. S5 for a schematic of the measured 
values). 

4.1. Dynamic slip velocity and stress drop 

We show in Fig. 4 the slip velocity and stress drop time histories 
of the stick-slip events of experiments reported in Fig. 1 (b). The 
slip velocity is obtained by differentiating the fault displacement in 
time and we refer to its evolution in time as a slip velocity function 
(SVF). The SVF curves are illustrated in Fig. 4 (a) for each loading 
point velocity and for two values of fault normal stress. These ve- 
locities represent the average sliding behaviour for the laboratory 
fault (considered as a point source) and can be anal ysed similarl y to 
the source-time functions inferred from 2-D dynamic rupture mod- 
elling or kinematic and pseudo-dynamic modelling (Yoffe 1951 ; 
K ostrov 1974 ; T inti et al. 2005 ; Mena et al. 2010 ). We also measure 
stick-slip stress drop and its evolution with time (Fig. 4 b). Note 
that stress is shown relative to zero at the end of the dynamic slip 
instability. 

Consistent with what is shown in Fig. 1 (d), stick-slip behaviour 
is influenced by LPV, resulting in different shapes of the SVFs 
(Fig. 4 a), peak slip velocities (Fig. 4 a) and stress drops (Fig. 4 b). 
Note that at normal stress of 75 MPa this change of attributes is 
not gradual, but it occurs more rapidly within a certain range of 
LVPs. In particular, the stick slip events can be grouped according 
to three LPV ranges. For LPV ≤0.5 μm s −1 , the events show similar 
SVF shape (slightly left-asymmetric), duration ( ∼0.3 s), peak ve- 
locity ( > 100 μm s −1 ) and stress drop ( > 1 MPa). Between 0.75 and 
1 μm s −1 , the peak slip velocities become highly variab le (F igs 4 a), 
ranging from 30 to 300 μm s −1 , without a recognizable pattern in 
time or displacement. At LVP of 2 and 3 μm s −1 , we find only 
slow lab-quakes, with peak slip velocities < 100 μm s −1 (Figs 4 a 
and 5 a). This change of stick-slip attributes is more gradual at σ N 

= 100 MPa (Figs 4 a and 5 a), even though the largest transition 
is again observed between LPVs of 0.75 to 1 μm s −1 . The stress 
drop appears to reduce smoothly with LPV for both values of nor- 
mal stresses (Fig. 4 b). These observations suggest that serpentinite 
faults are more complex than expectations based on a simple, linear 
evolution of k c with LPV (Fig. 2 and eq. 1 ). 

The complexity of slip behaviours and lab-quake characteristics 
is confirmed by the SVFs. The SVFs for serpentinite faults show 

systematic changes in shape and symmetry. We note in particular 
the symmetry of SVFs relative to the peak slip velocity (Fig. 4 ). 
At σ N = 75 MPa, the SVFs tend to be mostly left-asymmetric, 
that is the peak slip velocity is achieved before half of the entire 
duration of the event (Figs 4 a and S6 ). This asymmetry, ho wever , 
tends to decrease with increasing LPV (Figs 4 a and S6 ), when SVFs 
switch to right-asymmetric. At σ N = 100 MPa, the SVFs are mostly 
symmetric or right-asymmetric (Figs 4 a and S6 ) with the exception 
at low LPVs (0.1–0.2 μm s −1 ), which are slightly left-asymmetric. 
Ov erall, we observ e that symmetric to right-asymmetric events are 
slower than lab-quakes with left-asymmetric SVFs (Figs 4 a and 
S6c,d). We discuss these features more in detail in the Supplement 
ary section SIII (Fig. S6) . 

The dependence of the shape of the SVFs on normal stress and 
LPVs suggests that the shear fabric of the gouge layer plays a role 
in accommodating the imposed external load and controls the mode 
of slip and fault’s behaviour. 

4.2. Interseismic creep 

Between each stick-slip event the fault zone is neither fully locked 
nor stably sliding (Fig. 1 ). For our range of conditions (Table 1 ) 
fault slip (measured by the on-board LVDT) is non-zero during 
the interseismic phase and begins to accelerate as indicated by the 
concavity of the displacement-time curves ( Supplementary secti 
on SIV and Fig. S7 ). Fur ther more, the amount of displacement 
also increases non-linearly with shear stress (Fig. 5 a), indicating 
non-elastic loading associated with fault creep. This condition is 
reproducible across consecutive stick-slip events and thus there must 
be a linear dependency of cumulative slip with the state of stress 
of the fault (e.g. see selected events at LPV = 0.3 μm s −1 and σ N 

= 75 MPa, Fig. 5 b). Indeed, Fig. 5 (b) shows that the local creep 
velocity is a function of the shear stress according to an exponential 
law. The proportionality between the logarithm of creep velocity 
and shear stress is 0.34, which is comparable to v alues retrie ved for 
dislocation glide in biotite (Kronenberg et al. 1990 ), and considered 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data


Fabric controls fault stability in serpentinite gouges 1785 

Figure 4 Slip velocity and stress drop time histories:evolution of fault slip velocity (slip velocity function) and shear stress variation in time. The ‘stress drop’ 
reported here corresponds to the variation of shear stress during the dynamic event, thus the minimum value is 0. The grey colour scale of the cur ves, for m 

dark to light, indicate the relative succession in time of the dynamic instabilities. From the slip velocity functions (a) note that, at σN = 75 MPa, the events are 
similar up to loading point velocities (LPV) up to 500 nm s −1 . The slip velocity function becomes variable among subsequent events at LVPs of 750 nm s −1 

and 1 μm s −1 . At higher LVPs, the slip velocity functions have dramatically lower peak velocities. This transition is less pronounced at σN = 100 MPa. 
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 valid creep mechanism in lizardite (Reinen et al. 1992 ) . A power-
aw fit could also be used, as it graphically overlaps the po wer-la w
t, and yields a large stress exponent n > 27 ( R 

2 ≈ 0.97). Amiguet
t al. ( 2014 ) also found that lizardite deforms plastically with low
trength (differential stress of 20–200 MPa) and that the mechanism
s almost insensitive to pressure and temperature. 

Although accelerated creep between stick slip events has been
ocumented in man y pre vious studies (e.g. Scholz et al. 1972 ; An-
hony & Marone 2005 ; Scuderi et al. 2016 ; Leeman et al. 2018 ;

cLaskey 2019 ; Cebry et al. 2022 ), the underlying mechanism
s often poorly understood. The observation of accelerated creep
ogether with shear stress increase points to plastic flow of ser-
entinites at low ef fecti ve loading rates. The good agreement with
o w la ws pre viousl y associated with lizardite (Reinen et al. 1992 )
upports this hypothesis. Nonetheless, the bulk expression of creep
n serpentinite faults is likely a complex combination of frictional-
lastic mechanisms at the asperity scale, yielding large uncertainties
hen extrapolating laws for a microphysical model. 
.3. Scaling of the mechanical properties of dynamic 
vents 

ur laboratory experiments reproduce a series of stick-slip events
ollowing the response of a spring-slider system. The governing
quations of a simple spring slider link the mechanical properties
f stick slip events with the boundary conditions. Fig. 6 (a) shows the
caling of stress drop with peak slip velocity during dynamic slip in-
tabilities. Colours indicate the loading point v elocity, transparenc y
he normal stress values. For both investigated normal stresses val-
es the logarithm of stress drop (MPa) scales linearly with the loga-
ithm of peak slip velocity ( μm s −1 ), yielding a po wer la w with expo-
ent ∼0.4 (Fig. 6 a). The highest values of both shear stress and peak
lip velocity are obtained at LPV values ≤0.5 μm s −1 (cold colours
n Fig. 6 a) and are associated with short acceleration time in SVFs
 Fig. S6a ). The central values of stress drop and peak slip velocity
ithin this cluster are ∼1.75 MPa of and ∼200 μm s −1 , respecti vel y.
t higher LPVs ( ≥0.75 μm s −1 ), shear stress and peak slip velocity
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Figure 5 Interseismic creep: interseismic creep paths of seven stick slip events at LPV = 0.3 μm s −1 and σN = 75 MPa (b1000). (a) Fault slip as a function 
of shear stress showing the trajectory during stick-slip events. (b) Fault slip velocity as function of shear stress. Best fit (thick black line) using a simplified 
exponential law links shear stress with creep velocity. Since the ef fecti ve thickness of the deforming layer is not retrie v able from experiments, while assuming 
it to be constant as a first approximation, the scaling here proposed does not consider the strain rate but the creep velocity. Temperature effects are ignored 
due to negligible heat production at low slip velocities and low sensitivity to temperature of micas and lizardite (Kronenberg et al. 1990 ; Reinen et al. 1994 ). 
Curves in panel (a) are shifted rigidly in displacement and slightly overlapped for visualization purposes. 

Figure 6 Mechanical properties of stick-slip and scaling relations: (a) stress drop as function of peak slip velocity, dashed lines show the best fit of the linear (in 
lo g–lo g scale) trend; (b) stress drop as function of the time intercurred from the previous event, the shaded area represent the transition in stick-slip behaviour 
described in paragraph 4.1 (LPV ≈ 1 μm s −1 ); (c) interseismic creep velocity as function of loading point velocity (points are slightl y of fset to show better 
the differences in normal stress) and (d) of time intercurred from the previous ev ent. Transparenc y indicates the normal stress: opaque for σN = 75 MPa and 
faded for σN = 100 MPa. Oblique bars indicate the slope of the best-linear fit of the data (dark and light grey lines for σN = 75 and 100 MPa, respecti vel y). 

D
ow

nloaded from
 https://academ

ic.oup.com
/gji/article/235/2/1778/7243385 by G

abriella Leon user on 02 O
ctober 2023
values scale following the inferred linear trend until the transition 
to stable sliding (LPV = 3 μm s −1 ), where stress drop values are 
scattered and peak slip velocities become close to their minimum 

values approaching the LPV. Stress drops and peak slip velocity 
values increase at σ N = 100 MPa following again a linear scaling 
in lo g–lo g space according to a po wer la w with exponent of ∼0.37, 
and a relati vel y wide range of peak slip velocities may occur at any 
gi ven LPV. De viation from the linear trend and severe scattering 
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f the data is again observed close to the stability transition at LPV
 3 μm s −1 . 
Stress drops scale linearly with the logarithm of the interseis-
ic time (Fig. 6 b), which, for each event, is calculated as the time

lapsed since the previous dynamic event. This exponential scaling
s similar to the effect of a frictional healing with hold time equal
o the interseismic time (e.g. Karner & Marone 2000 ). The scaling
slopes in Fig. 6 b) can be converted to equi v alent frictional healing
ates of ∼0.01 log −1 s, which are comparable with those of gran-
lar materials but not matching the ones measured in magnetite–
erpentinite gouges in this work. For distinct loading point veloci-
ies, we also would expect (eq. 2 of Karner & Marone 2000 ) a linear
elationship between interseismic time and stress drop, which is
overned by the loading system stiffness. Apart from low LVPs
alignment of data points at LVP ≤ 0.2 μm s −1 , Fig. 6 b), this is
ot observed in our experiments. In fact, the mechanical data scat-
ers around the rough average value of interseismic time and stress
rop predicted by purely elastic-frictional theor y (Kar ner & Marone
000 ). 

In order to get a rough magnitude of the interseismic creep ve-
ocity (ICV) we use a simple least squares linear fit of fault dis-
lacement to obtain the average slip velocity. The ICV shows a
o wer-la w scaling with loading point velocity with larger disper-
ion with increasing LPV (Fig. 6 c). The intersection between the
table sliding threshold (LPV = ICV, Fig. 6 c) and the po wer-la w fit
ccurs at LPVs of minimum 400 μm s −1 , far above the suppres-
ion of instabilities. This limits the use of the inferred scaling for
dentifying the transition to stability. 

ICV scales also with interseismic time according to a power law,
ut with ne gativ e e xponent (Fig. 6 d). If each LPV is considered
ndi viduall y, instead, we observe the opposite: a positive scaling
etween the ICV velocity and the interseismic time. This latter is
xplained by the fact that, at a given loading rate, the interseismic
reep contributes ne gativ ely to the storing of elastic energy thus de-
aying the achievement of peak stress before failure. Interestingly,
e find that the investigated normal stresses do not strongly af-

ect the inferred scaling relationships represented in Figs 6 (c) and
d). This observation suggests that, at high stresses (75–100 MPa),
he first order control on the spring-slider behaviour of this exper-
mental design is exerted by loading point velocity and apparatus
tiffness. 

Nonetheless, if each single LPV is considered in isolation, we
bserve an evident scattering of the parameters shown in Fig. 6
round the inferred bulk trends. On one hand, stress drop values
how a random scattering in their scaling with peak slip velocities
nd interseismic time, which is coherent with the observed emer-
ence of different slip velocity functions (see Figs 4 and S6b). On
he other, the ICV displays a clear scaling with interseismic time.
he largest scattering of data is al wa ys observed at high LPV values
 ≥0.75 μm s −1 ), where interseismic creep is close to the LPV and
he interseismic time is small, suggesting an increased chaoticity
f the system. The inferred features characterizing the mechanical
roper ties obser v ed so far call for a detailed inv estigation of the de-
ormed materials. In the next section, we document that shear fabric
volution can give important insights on the macroscopic frictional
roperties of the experimental fault. 

 M I C RO S T RU C T U R A L  A NA LY S I S  

inematic sections of each of the four experiments used for the
haracterization of frictional properties were documented with SEM
ack-scattered imaging. The microstructural investigation was car-
ied out on polished cross-sections using a JEOL JSM 6500F
EM (equipped with a field emission source) using a voltage of
5 keV and a working distance of 10 mm. Figs 7 and 8 show
he overall fault textures and close-ups of the most deformed
egions. 

Magnetite-rich serpentinite samples display an overall Y-B-P-R
ype fabric (Figs 7 a–d) typical of granular-dominated materials (e.g.
ogan 1979 ; Volpe et al. 2022b and references therein). Deforma-

ion bands are characterized by intense comminution and fabric
evelopment and show strong contrast with the low-strain regions
hat, especially at low normal stresses, are almost undeformed. The
rincipal slip zone (PSZ) is recognizable from the smaller grain
ize with respect to the surrounding material and the development
f a penetrative S-C foliation (Figs 7 e–h). The PSZs are present as
rominent boundary (B) shear bands. 

At low stress, σ N = 25 MPa, the bulk of the experimental sample
hows little deformation beyond that related to compression during
oading. These samples do not have shear fabrics nor significant
rain size reduction (Fig. 7 a). Only at one side of the sample, at
he contact with the central block of the DDS configuration do we
bserve a shear band that is parallel to the shear motion (Fig. 7 e).
his few microns-thick PSZ (orange shading Fig. 7 a) is formed by
xtremely comminuted lizardite platelets filling the gaps between
uch coarser grains (Fig. 7 e). The material outside the PSZ is

lmost undeformed. 
At higher stresses, deformation is localized on both boundaries

ith the forcing b lock, w here shear zones (boundary shear zone)
ith non-zero thickness are characterized by grain size reduction

nd fabric development (orange-shaded areas, Figs 7 a–d). At the
ighest normal stress, σ N = 100 MPa, some minor shear zones
ucleate away from the teeth of the forcing blocks (Fig. 7 d). Grain
ize reduction becomes more widespread and perv asi ve with in-
reasing normal stress. Grain size reduction is also observed within
iedel shear bands and, at σ N = 100 MPa, P-shear bands (R and

, respecti vel y, Figs 7 a–d). These features are easil y reco gnizable
rom splitting along fav ourab ly oriented plates of lizardite during
ecompression. 

The boundary shear zone close to the central forcing block is
l wa ys thicker and with prominent textures. Therefore, we con-
ider them as the principal slip zones that accommodate most
f the deformation of each sample. In the main PSZ, we ob-
erve a foliated matrix of lizardite enveloping porphyroclasts of
ominantly magnetite, diopside and residual clasts of serpenti-
ite. The matrix is extremely fine-grained, with platelets varying
rom few microns to sub-micron in length, with closely spaced
-C fabric (Figs 7 f–h). The spacing between C planes decreases
ith increasing degree of comminution and roundness of the por-
hyroclasts fraction at increasing normal stress (compare Figs 7 g
nd h). 

The pure lizardite sample displays instead an S-C-C’ type fabric
Fig. 8 a) that is typical of phyllosilicate-dominated materials (e.g.
os & Spiers 2001 ; Volpe et al. 2022b and references therein).
eformation is distributed within the entire layer (Fig. 8 a) and is

haracterized b y penetrati ve and closel y spaced C’ foliation, deco-
ated by S-foliation, traceable to the grain size scale (Fig. 8 b). We
o not observe continuous nor undulous C foliation as in the case of
agnetite-rich serpentinite PSZs (Figs 7 f–h), with local exception

t the shear boundaries (Fig. 8 b). Few porphyroclasts of lizardite
nd rare clasts of magnetite are dispersed in the phyllosilicate
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Figure 7 Back-scattered SEM images of Mt-rich serpentinite: Panels (a–d) show the bulk experimental fault architecture, mainly separated in shear bands 
of high deformation (orange shading), among which is the principal slip zone (PSZ) and almost undeformed low-strain domains. Panels (e–f) show the 
magnification of the fabric within the PSZs, whose location is highlighted by white frames. The inset in e) shows the close-up of the white frame within. The 
scale is maintained for each column. All microstructures are oriented to show dextral shear sense. R—Riedel (normal motion) shear bands, P—compressive 
(inverse motion) shear bands. 
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Figure 8 Back-scattered SEM images of lizardite: (a) bulk experimental fault architecture, characterized by distributed deformation (orange shading) and 
perv asi ve S–C’ foliation. (b) magnification of the foliation within the white frame. All microstructures are oriented to show dextral shear sense. C’–C’ foliation, 
S–S foliation. 
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 D I S C U S S I O N  

agnetite–lizardite serpentinite powders display a complex fric-
ional behaviour that depends on the imposed loading point veloc-
ty and normal stress conditions. It is well-known that rock fabric
nfluences the rheological and frictional behaviours of experimental
aults (e.g. Holdsworth 2004 ; Niemeijer et al. 2010 ; Scuderi et al.
020 ; Collettini et al. 2021 ; Bedford et al. 2022 ; Volpe et al. 2022a ),
mplying that the integration of microstructural and experimental
ata is key to understanding the phenomenology of fault friction. 

.1. Nucleation of instabilities due to rate-dependent 
riction 

he first order observation of the mechanical behaviour of
agnetite-rich serpentinites is that slip can be accommodated sta-

ly or unstably (stick-slip) depending on the applied normal stress
nd loading point velocity (Figs 1 c and d). According to theory, in-
tability occurs when the material is velocity weakening [ne gativ e
 a–b ), Fig. 2 b] and if the fault weakening rate with slip, that is the
ritical stiffness, is higher than the loading system stiffness (eq. 1 ,
.g. Gu et al. 1984 ; Rice 1983 ). 

We measured the RSF parameters ( a–b ) and D c to obtain the
ormalized critical stiffness ( k c ) as a function of the sliding velocity
eq. 5 ). In our experiments, the k c of magnetite-rich serpentinite
aries as a function of the sliding velocity and rapidly decreases
ith LPV. (Fig. 2 d). This agrees with the emergence of unstable slip

t low sliding velocities and the transition to stable sliding at higher
lip rates. The second ingredient of eq. (1 ), the normalized stiffness
f the loading system ( k ), needs to be measured to find the exact
elocity range in which unstable sliding is expected. 

For our experiments, the ef fecti ve loading stiffness k includes
he elastic parameters of the apparatus and those of the sample.

e measure k from the linear part of the friction versus loading
oint displacement record of stick-slip events (Fig. 9 a, greyscale
urve and angle). Ho wever , we need to account for interseismic
reep (Fig. 5 , Section 5.2), because they contribute for part of the
easured load point displacement. Aseismic fault creep and defor-
ation within the fault zone contribute to dissipate part of the stored

lastic energy in the system (Fig. 9 c). Thus, the stiffness k estimated
sing the loading point displacement (Fig. 9 a, grey angle) is only
n apparent stiffness ( k app ), which is an underestimate of the true
lastic stiffness. This is highlighted also by the direct relationship
etween interseismic time and interseismic creep in Fig. 6 (c): the
aster the interseismic creep, the longer will be the time required
at a given LPV) to accumulate enough elastic energy. To obtain
he ef fecti ve normalized stif fness ( k eff ), the friction data should be
 v aluated as a function of the ef fecti ve elastic deformation of the
ystem (our experimental elastic reservoir). 

The elastic deformation of the system (comprehensive of material
nd machine contributes, blue line, Fig. 9 b) can be obtained by
ubtracting the non-recoverable fault displacement (measured with
 sensor close to the experimental fault, green line) from the load
oint displacement (the position of the loading piston, grey line). We
hen use k eff to plot the friction data (colour-scale curve in Fig. 9 a).
he evolution of friction with elastic deformation is now linear and
hows no rele v ant hysteresis during cycles of loading-unloading
Fig. 9 a). The slope of this curve (blue angle, Fig. 9 ) is the ef fecti ve
ormalized stiffness k eff . 

After this correction, we can compare the ef fecti ve and apparent
ormalized stiffnesses (Fig. 10 a). Stiffness data are plotted as a
unction of the degree of locking of the experimental fault, which
s represented by the experimental interseismic coupling (EIC): 

IC = 1 − ISC 

LPV 

, (5) 

here ICV is the interseismic creep and LPV is the loading point
elocity. This quantity is equi v alent to the interseismic coupling
easured in natural fault segments (e.g. as defined in Kaneko et al.

010 ). When the experimental interseismic coupling is 1 the fault is
ocked (ICV = 0), while if it is equal to 0 it is continuously sliding
ICV = LPV). The experimental interseismic coupling is important
or understanding the role of fabric during the stick-slip cycle. 

For both considered normal stresses, the apparent normalized
tiffness ( k App ) shows wide variability, especially at high LPVs
lose to the stability transition ( ∼5 μm s −1 ). The highest K App 

alues (1.6 and 1.2 mm 

−1 at σ N = 75 and 100 MP a, respectiv ely)
re observed at low LPVs (0.1 μm s −1 ), when the experimental
nterseismic coupling is high (0.6–0.7). At increasing LPV, k App 

ecreases and becomes more variab le (F ig. 10 a). The overall exper-
mental interseismic coupling also decreases. After correction, the
f fecti ve normalized stiffness ( k eff ) values retain a similar spread as
 App but are much higher, with average values of k Eff = 2.4 and 1.9
m 

−1 ( σ N = 75 and 100 MP a, respectiv ely, Fig. 10 a). For each slip
vent, we can now divide k Eff by the respective k c (eq. 1 ), which
s obtained with eq. ( 5 ) substituting V with the interseismic creep

art/ggad322_f8.eps
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Figure 9 Deformation components and apparent normalized stiffness: (a) friction coefficient for three selected stick-slip events at LPV = 0.1 μm s −1 and σN 

= 75 MPa (exp. b1000), expressed as function of the loading point position (greyscale) and the corrected elastic displacement (colour-scale). The colour scale 
indicates the instantaneous fault slip velocity, the angles indicate the stiffness of the loading apparatus, measured as the slope of the linear fit of the loading 
path. The grey and blue angles represent the apparent ( k app ) and ef fecti ve ( k eff ) normalized stif fness, respecti vel y. (b) curves of the relative position of the 
loading point (grey), on-fault creep-slip displacement (green) and the difference between the two (blue line), that represents the elastic deformation used in 
panel (a). (c) conceptual model of the experimental fault rheology, similar to the CNS model (Chen et al. 2017 ). (d) ideal experimental fault architecture in 
two phases of the seismic cycle. Green colouring represents the viscous contribute, orange the frictional one. 

Figure 10 Ef fecti ve stif fness and fault stability: (a) comparison between apparent ( k app ) and ef fecti ve ( k eff ) normalized system stif fness. The experimental 
interseismic coupling (EIC) represents the degree of locking of the experimental fault. Since k eff is measured after removing the interseismic creep contribution, 
values are plotted as if the experimental interseismic coupling is 1. (b) Ratio between the normalized stiffness and the normalized critical stiffness ( k c ). Single 
k c values are obtained using the interseismic creep velocity values in eq. (5 ) normalized by the respective k eff . Best-fitting curves are obtained using the average 
values of k app and k eff (stars in panel a) normalized by the k c obtained with eq. ( 5 ). Values at LPV = 3 μm s −1 are not plotted because of difficulties in 
performing the cor rection. Ar rows indicate the LPV at which transition to stable sliding should occur ( k / k c = 1) for both k app (dashed line) and k eff (solid line). 
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velocity, which is the average on-fault velocity in the interseismic 
period. The values scale coherently with the theoretical curve of 
k/k c (solid lines, Fig. 10 b) obtained using the best fit of k c and the 
average k eff . The transition to stable sliding ( k/k c > 1) is predicted 
at a LPVs of 8 and 6.5 μm s −1 (at σ N = 75 and 100 MPa, respec- 
ti vel y, Fig. 10 b, solid line arrow), which are close to the LPVs at 
which the transition to stable sliding is observed in our experiments 
( > 5 μm s −1 ). Using k App instead (dashed lines in Fig. 10 b) the tran- 
sition would be predicted at far higher LPVs > 18 μm s −1 (Fig. 10 b 
dashed arrow) where the observed sliding is stable. 

We have demonstrated that, although the deformation of the ex- 
perimental fault is controlled by both viscous (creep) and elastic- 
frictional components, the rate and state framework is efficient in 
predicting the stability transition when the dependence of its con- 
stitutive parameters on sliding velocity is considered. This analysis 
is feasible only after appropriate separation of the two components. 

6.2. Microstructur al inter pretation of creep-slip behaviour 

Frictional instabilities observed in lizardite–magnetite serpentinite 
are not present in pure lizardite powders under the same experimen- 
tal boundary conditions (Fig. 1 b). This implies that the frictional 
properties that lead to unstable slip must be related to magnetite, 
which is the dominant granular phase, in rheological contrast with 
the serpentine (e.g. Tarling et al. 2018 ). Several previous works have 
shown that mixed phyllosilicate-granular powders possess similar 
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ependence of rate and state friction on the sliding velocity (Saffer
t al. 2003 ; Ikari et al. 2011 , 2013 ; Moore et al. 2016 ; Ruggieri
t al. 2021 ; Scuderi et al. 2022 ; Volpe et al. 2022a ). We suggest
hat the complex rheology arises due to the interplay of the two

ineral components. Here, we integrate mechanical data with mi-
rostructural analysis to provide a qualitative model for the origin
f creep-slip in phyllosilicate-granular mixtures. 

Our results suggest that shear motion forms an S-C-C’ fab-
ic in the principal deformation zones of magnetite-rich serpen-
inite faults. This microstructure, typical of phyllosilicate-rich
ouges (e.g. Bos & Spiers 2001 ; Volpe et al. 2022b and refer-
nces therein), presents through-going, anastomosing C-foliation
hat curves around the boundaries of porphyroclasts (Figs 7 c and
). The interconnectivity of the weak lizardite platelets is high-
ighted by the formation of this foliation (Figs 7 f–h). Even though
he c-planes are the most fav ourab ly oriented to accommodate shear

otion, their undulous character suggests that the porphyroclasts
roduce local stress inhomogeneity and may form a load bearing
ramework (Fig. 9 d). The load bearing framework is expressed as
he stiff interaction of granular materials across the fault, which can
orm force chains (Fig. 9 d). This is evident from comparison of mi-
rostructures with those of the experimental faults that did not show
rictional instabilities: the one deformed at σ N = 25 MPa (Figs 7 a
nd e), and the pure lizardite experiment (Fig. 8 a). The first shows
xtremely localized deformation corresponding to a single layer of
izardite platelets (Fig. 7 e), which does not include granular phases.
he second shows distributed deformation, low-angle S–C’ foli-
tion, typically associated to velocity-strengthening materials that
revent hard interaction of the granular phase (Haines et al. 2009 ,
013 ; Okamoto et al. 2019 ; Volpe et al. 2022b ). The formation of a
tiff load-bearing framework is therefore necessary for the build-up
f elastic energy which would be otherwise entirely dissipated by
he phyllosilicate matrix. Stable slip due to viscous deformation at
ow sliding velocities is postulated by microphysical models assum-
ng rate-dependent rheology of the frictionally stronger phase (e.g.
einen et al. 1992 , 1994 ; Chen et al. 2017 ; Aharonov & Scholz
018 ; Allison et al. 2018 ; Barbot 2019 ; van den Ende et al . 2018 ). 

The presence of a partial load bearing framework is also inferred
rom the analysis of frictional healing during slide-hold-slide tests
Figs 1 a, 3 and 11 ). Indeed, on closer inspection, the frictional
ealing values are not distributed linearly but start decreasing sys-
ematicall y onl y w hen hold times exceed 10 s (F ig. 3 b). This change
s associated with a difference in the evolution of friction that fol-
ows each hold. We first observe that friction increases rapidly upon
eshear to a peak v alue, immediatel y followed by a decrease to
 minimum value (Fig. 11 a). This friction value is smaller than
he steady-state friction measured before the hold, and decreases
ystematically with hold times above 10 s. Following the mini-
um, friction increases with slip until pre-hold values are attained.
ith these observations we can separate the frictional healing in

wo components: a ne gativ e and a positiv e one, as illustrated in
ig. 11 (a). The sum of two components yields the bulk frictional
ealing (Fig. 3 b). Both ne gativ e and positive components of fric-
ional healing display a distinct linear trend only when hold times
re larger than 10 s (Fig. 11 b). 

We interpret the positive component of healing as a proxy of the
ormation of the partial load bearing framework while the ne gativ e
omponent represents the bulk relaxation (mobility) of the phyl-
osilicate network. The latter is confirmed by the fact that the creep
elaxation rates of both serpentinite and lizardite are similar, and
lso identical to their respectiv e ne gativ e healing rates (Fig. 11 c).
he absence of granular phases in the pure lizardite yields a bulk
e gativ e healing rate (e.g. Tesei et al. 2012 ) and the negligible pos-
tive component. The positive healing component in the mt-rich
erpentinites may explain the positive scaling between stress drop
nd interseismic time (F ig. 6 b), w hich would otherwise be puzzling
ue to the bulk ne gativ e healing (Fig. 3 b). 

The transition from unstable to stable regime can therefore be
llustrated as the competition between the purely elasto-frictional
eformation of the granular fraction (see previous section) and the
iscous-frictional deformation of the phyllosilicate matrix. At low
oading rates, the lizardite matrix responds viscously (Reinen et al.
992 , 1994 ; Amiguet et al. 2014 ) around magnetite porphyroclasts,
llowing for the recovery of a granular load bearing framework.
his is confirmed also by the creep relaxation that, if measured

n shear stress, is independent from the normal stress (compare
ig. 11 d with Fig. 3 d). Upon re-shear, dilation lowers dramatically

he interaction of the granular fraction (e.g. Chen et al. 2017 ) while
romoting frictional sliding on the lizardite platelets. The phyllosil-
cate matrix, incapable to flow around porphyroclasts in this regime,
ehaves similarly to pure lizardite gouges with macroscopic stable
liding. It should be noted that, even at the lowest loading rates, the
xperimental interseismic coupling of lizardite–magnetite serpen-
inite is smaller than 1 (Fig. 10 a), implying that the load bearing
rame work is onl y partial, and the locking of the fault is function
f the mobility of the phyllosilicate matrix. This gives rise to a
reep-slip—rather than stick-slip behaviour—very similar to those
redicted by numerical simulations of visco-frictional rheologies
Allison et al. 2018 ). The integration of viscous rheology with rate
nd state friction can be instrumental to encompass the complex
pectrum of fault slip behaviour in complex materials (e.g. Pranger
t al. 2022 ). 

.3. The timescale of deformation processes 

e have observed that rate- and state-dependent friction theory, as-
ociated with velocity-dependent constitutive parameters, explains
he first order behaviour of the experimental fault. Ho wever , the
urel y frictional frame work is not suf ficient to predict the variabil-
ty of the mechanical properties of stick-slip events (see Sections 5.1
nd 5.3). Foremostly, complex stick-slip events should emerge close
o the bifurcation expressed by eq. (1) according to theory (Gu et al.
984 ). Moreover, if k c decreases with velocity (e.g. Baumberger
994 ; Leeman et al . 2016 , 2018 ), the slip events can be slow when
he ( k/k c ) ratio is close to 1 ( k/k c > 0.7, Leeman et al. 2018 ). In
ur experiments, all of the lab-quakes (Fig. 4 ) are categorizable as
slow’ even though the associated ( k/k c ) ratios can be as small as 0.1
Fig. 10 b). We also observe different slip velocity functions at the
ame ( k/k c ) ratio and loading rate but different normal stress values
Figs 4 a and S6a ). Although the shape of the slip velocity function
an be the result of the variation of rate and state parameters with
lip velocity (e.g. Im et al. 2020 ), the equation that describes this
ependency in our experiments (eq. 5 ) is not substantially affected
y the normal stress (Fig. 10 b). These observations suggest that
nstable slip in magnetite-rich serpentinites is the result of multi-
le deformation mechanisms that, together, define the macroscopic
ehaviour of the experimental fault. 

The binary nature of the gouge, phyllosilicate-granular, is re-
ected by the coexistence of viscous-frictional and elastic-frictional
echanisms. Both mineral components control the bulk frictional

esponse but operate at different time scales or, in other words, they
espond more or less steadily to the change of external (e.g. velocity
tepping, and slide hold slide tests) and local forcing. The fastest

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
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Figure 11 Frictional healing components and creep relaxation: (a) the same example of slide-hold-slide test of Fig. 3 (a), where frictional healing ( � μH ) is 
separated in its positive (squares) and ne gativ e (diamonds) components, creep relaxation is again reported with the star symbol; (b) values of positive and 
ne gativ e components of frictional healing measured at increasing hold times, with dashed lines representing the linear fit (lin–log space) whose slope, the 
healing and relaxation rates ( β), are reported in panel (c) and (d) creep relaxation expressed in stress drop instead of friction (compare with Fig. 3 d) as function 
of logarithm of time. 
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response is that of the granular frame work, dominated b y mag- 
netite grains. This material deforms according to elastic-frictional 
interaction of particles due to the equant aspect of grains, the high 
stif fness, the sluggish dif fusion kinetics and the high friction angle 
( ̈Osterle et al. 2014 ). The timescale of this process is likely very 
small, possibly proportional to D c and the state variable (eq. 3 ). The 
slow, viscous-frictional part is instead controlled by the phyllosil- 
icate network that envelops the granular materials. Its dynamics 
is the result of plastic deformation by pure glide along the phyl- 
losilicate folia at low forcing stressing rates. The work of Reinen 
et al. ( 1992 , 1994 ), ho wever , defines a transitional sliding velocity 
(imposed at the boundary of the experimental shear zone) between 
0.32 and 1.0 μm s −1 , across which lizardite is observed to have a 
purely frictional rheology. With this information we can build a mi- 
crostructural interpretation of the three creep-slip regimes explored 
in Section 4.1 and the transition to stable sliding. 

The key component to obtain frictional instability is the formation 
of a partial load-bearing framework (F ig. 9 d), w hen the fault is, even 
partially, locked (experimental interseismic coupling > 0 (Fig. 10 a), 
not observed in pure lizardite). Sudden acceleration to dynamic slip 
may happen every time a zone of stress concentration (jamming 
of the granular fraction) fails. That is, we suggest a similar initi- 
ation mechanism based on force chains in pure granular material 
(e.g. Mair et al. 2002 ; Pozzi & Scuderi 2022 ). Unstable slip propa- 
gation and stress transfer is then accommodated depending on the 
rearrangement of the viscous-frictional phyllosilicate matrix, which 
determines the slowness of the process (slow creep-slip). Finally, 
the slowness of the viscous deformation of the phyllosilicate matrix 
is crucial for the recovery of the load bearing framework (frictional 
healing) during the interseismic phase. 

We distinguish three regimes depending on the length of the in- 
terseismic time. If the interseismic phase duration (white intervals 
of Fig. 12 ) is > 10 s, the interseismic creep velocity (blue curve) 
seats well below the transition velocity (Fig. 12 c, cyan line) and a 
partial load bearing framework can form, resulting in the increase of 
the apparent and ef fecti ve k , as well as the experimental interseismic 
coupling (Fig. 10 a). The beginning of the unstable slip (on-fault slip 
rate equal to the LPV) occurs at velocities lower than the transition 
velocity (Fig. 12 c) and dynamic slip builds up with rapid acceler- 
ation (left-asymmetric slip velocity functions, Fig. S6 ). This rapid 
acceleration is likely the result of local failure of force chains and 
subsequent deformation of a relax ed ph yllosilicate matrix (high neg- 
ative healing component, Fig. 3 d), also aided by weakening caused 
by sudden dilation (Fig. 12 b). This regime is observed for LPVs < 

1 μm s −1 (Fig. 5 b). 
If the interseismic period is lower than 10 s, the interseismic 

creep velocity remains close to the transition velocity (Fig. 12 k) 
and does not allow the formation of the partial load bearing frame- 
w ork (lo w k, Fig. 10 a). This generates small frictional instabilities 
characterized by small peak velocities (Fig. 5 a), preceded by grad- 
ual acceleration (Fig. 12 k) and symmetric to right-asymmetric slip 
velocity functions (Figs 4 and S6 ). The creep-slip behaviour is ac- 
companied by small dilatancy (Fig. 12 j) which indicates reduced 
interaction of the granular fraction. Lastly, when the average in- 
terseismic period is close to 10 s the LPV is comparable to the 
transition velocity (Fig. 12 g). Here, we observe chaotic behaviour 
with non-predictable alternance of relati vel y slow and fast events 
(Figs 5 a and 12 g), where fast events are characterized by large 
dilatancy compared to slow ones (Fig. 12 f). 

The significative timescale of 10 s does not appear to emerge 
casually. This is in fact the minimum time at which the positive and 
ne gativ e frictional healing components can be confidently measured 
and distinguished in the slide-hold-slide tests (Fig. 10 b). Stick slip 
events that have an interseismic period longer than 10 s show also 
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Figure 12 Mechanical comparison of dynamic events: mechanical properties of selected portions of the experiment b1120 ( σN = 100 MPa) at LPVs of interest. 
Red cur ves: friction coefficient; g reen cur v es: recov erable dilatanc y; blue curv es: slip v elocity, treated with low-pass filter and overlaid in lighter blue to better 
show the low velocities; black: time normalized by the total duration of the selected data. Relatively fast, regular stick slip occurs at LPV = 0.1 (panels a and 
d). Events become highly variable at LPV = 1 μm s −1 (panels eh). Small instabilities with slip velocity comparable to LPV are observed at LPV = 2 μm s −1 

(panels i–l). Recoverable dilatancy is obtained by removing the bulk trend of shear thinning, which is detrended as the long-term variation of the total layer 
thickness with on-fault slip. The range of transition velocity of lizardite (Reinen et al. 1994 ) is shaded in cyan. 
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he higher experimental interseismic coupling, suggesting that these
imescales are optimal for the formation of the unstable partial load
earing framework. 

Considering two rheological regimes with two different
imescales adds a layer of complexity to the first order phenomenol-
 gy described b y the rate and state friction frame w ork. Ho wever ,
his is still not sufficient to explain why there is a substantial differ-
nce in slip velocity functions between experiments performed at

N = 75 and 100 MPa. It is also not sufficient to explain why there
s such variability of interseismic time (at the same LPV) without
ny clear link with the mechanical properties measured for each
vent (Fig. 5 and Section 5.3). 

.4. Heterog eneous f abric, heterog eneous instabilities 

he mechanical properties of stick-slip events show a rough, but
onsistent scaling of stress drop, peak slip velocity, interseismic
reep velocity and interseismic time (Fig. 6 ). Scaling is consistent
ith the similarity of the sample-machine assembly to a simple

pring slider. Deviations are likely a function of the stress history
uring the succession of unstable events (e.g. Beeler et al. 2014 ;
 assele gue et al. 2020 ) but also of the fault fabric; that is, the
rrangement—function of time and space—of the granular materi-
ls within the phyllosilicate matrix. 

The direct and detailed inspection of fabric during deformation
s not yet possible, but some micromechanical interpretation can be
nferred from the main proxy of the packing state of the granular
ramework, which is dilation (Figs 12 b, f and j). We observe dila-
ion during (i) the interseismic phase (reorientation of partial force
hains during nucleation), (ii) the dynamic slip and (iii) the velocity
teps (dilation controlled by strain rate, e.g. Chen et al. 2017 ). The
yclicity of dilation-compaction stages is gradually lost towards sta-
le sliding conditions (Figs 12 b, f and j), which means that a dilated,
teady-state PSZ accommodates deformation with a stable fabric,
ominated by the lizardite foliation as in the case of pure lizardite
ouges (Fig. 1 c). Dilation prevents interaction and jamming of the
ranular phase, which is microstructurally the most heterogeneous
n terms of grain size and spatial distribution (Figs 7 e–h). 

It is reasonable to assume that more heterogeneous fault fabrics
roduce greater deviation from a classic spring-slider model. Obvi-
usly, this will remain a speculation since we cannot fully express
he underlying physics (e.g. Beeler et al. 2014 ) nor exert an abso-
ute control of the external forcing parameters (the experimental
pparatus, Gualandi et al. 2023 ). Ho wever , there is a macroscopic
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effect that can be linked to fault heterogeneity, which is the shape of 
the slip velocity functions (Section 4.1 ). At σ N = 75 MPa and low 

loading point velocities, the slip velocity function is left-asymmetric 
(Fig. 4 a), meaning that the instability starts via rapid acceleration 
and then decays more gradually ( Fig. S6a ). Our view is that the sud- 
den acceleration initiates via unjamming of the partial load bearing 
frame work, re vealed b y the relati vel y high interseismic coupling 
(Section 7.3 and Fig. 9 a). At σ N = 100 MPa and the same load- 
ing point velocity, the slip velocity function is Gaussian to slightly 
right-symmetric, that is characterized by a rather symmetric grad- 
ual acceleration profile centred on the achievement of the peak slip 
velocity (Figs 4 a and S6a ). These differences are reflected by the 
microstructures since at the highest normal stress deformation is 
more distributed (compare Figs 7 c and d) and the grain size of the 
granular phase tends to be smaller (compare Figs 7 g and h). We 
hav e already observ ed that pure lizardite shows distributed defor- 
mation, meaning that the granular phase favours processes of slip 
localization (Volpe et al. 2022b , and references therein). There- 
fore, at higher stresses, the phyllosilicate network is more efficient 
in accommodating permanent deformation during the interseismic 
stages and during nucleation, promoting more gradual acceleration 
into the dynamic event. This hypothesis is also confirmed by the 
lower interseismic coupling measured at σ N = 100 MPa (even at 
low LPVs, Fig. 10 a) determined by the slightly faster interseismic 
creep velocity (Fig. 5 c). Support comes also from previous study 
suggesting that the difference in slip velocity functions is deter- 
mined by fabric heterogeneity (Scuderi et al. 2020 ; Pozzi & Scuderi 
2022 ). 

7  I M P L I C AT I O N S  F O R  NAT U R A L  

FAU LT S  

Serpentinites are significant for the rheology of several tectonic en- 
vironments (Guillot et al. 2015 , for a re vie w). They are found in 
major shear zones at the interface of subducting plates, spreading 
ridges and orogenic nappe stacks. These bodies localize and facili- 
tate deformation due to their rheological weakness (Hirth & Guillot 
2013 ; Tesei et al. 2018 ), which is the result of a low shear resistance 
of minerals such as lizardite ( μ < 0.3, Reinen et al. 1994 ; Moore 
et al. 1996 , 1997 ; Escartin et al. 1997 ; Moore & Rymer 2007 ; Te- 
sei et al. 2018 ), which favour deformation along the [001] plane by 
frictional sliding (eased by bulk development of c-foliation) and dis- 
location glide. Serpentinites are also sensitive to pressure solution 
in hydrothermal environments, mechanism that contributes to their 
bulk weakness (Tesei et al. 2018 ). Due to oriented growth in cracks 
during shear deformation, only 15 per cent of serpentinization of 
peridotite is sufficient to decrease the resistance of these rocks to 
that of pure serpentinite (Escartin et al. 2001 ; Tesei et al. 2018 ; 
Viti et al. 2018 ). Slip along these weak layers, associated with the 
velocity-strengthening behaviour recorded in analogue fault mate- 
rial, is argued to favour aseismic creep and to hinder fault instability 
(Reinen et al. 1994 ; Hirth & Guillot 2013 ). 

Equally numerous experimental studies focus on the rele v ance of 
weak fault materials, plenty of field evidence demonstrate that faults 
are complex objects, where the coexistence of the full range of slip 
beha viour ma y occur by defor mation par titioned between two rheo- 
lo gicall y dif ferent materials (Fagereng & Sibson 2010 ; Tembe et al. 
2010 ; Collettini et al. 2011 ; Tesei et al. 2014 ; Fagereng & Beall 
2021 ; Volpe et al. 2022a ). Seismic failure within or along strong 
lenses (or phacoids) can also be promoted by high fluid pressure 
due to break-down of hydrated phases (among which serpentinites) 
during subduction (e.g. Fagereng et al. 2014 ; Behr et al. 2018 ; Tar- 
ling et al. 2019 ). Serpentinite shear zones, such as those sampled 
for this study (Monte Fico, Elba Island, Ital y, e.g. K eller & Pialli 
1990 ; Tesei et al. 2018 ), typically display this anatomy of anasto- 
mosing levels of weak phyllosilicates that envelop strong, magnetite 
rich slow-strain domains. In light of this knowledge, our study finds 
rele v ance for the rheology of the low-strain domains, considered as 
potential sites of unstable slip nucleation. 

Pre viousl y, unstable slip in serpentinites has been linked to phase 
transition at depth to the rheolo gicall y stronger polymorph antigorite 
(Dengo & Logan 1981 ; Xing et al. 2019 ), general higher frictional 
strength of serpentine minerals at high temperatures ( > 200 ◦C, 
Moore et al. 1997 ) and rate w eakening beha viour at displacement 
rates higher than those of plate rate motion (Reinen et al. 1994 ; 
Moore & Rymer 2007 ). Our experiments show that serpentinites 
enriched in granular phases (magnetite and p yrox ene), are far more 
frictionally unstable than pure phases and thus represent the best 
candidates to nucleate unstable slip. In fact, the measured ( a–b ) and 
D c parameters decrease with decreasing slip velocities (slow strain 
rates in nature) yielding k c values that largely exceed the stiffness of 
the surrounding medium (consider the high stiffness of the loading 
system measured in our experiments, Fig. 10 a). Low strain rates 
in the strong lenses are typical due to strain partitioning with the 
weak matrix, as also shown by recent numerical models (e.g. Beall 
et al. 2019 ). The partitioning is function of the relative abundance 
of weak phases, contrast of viscosity and external loading rates. We 
thus infer that, similarly to other tectonic environments (Fagereng 
& Sibson 2010 ; Collettini et al. 2011 ; Hayman & Lavier 2014 ; 
Beall et al. 2019 ; Fagereng & Beall 2021 ; Volpe et al. 2022a ), 
serpentinites are susceptible of nucleating the entire spectrum of 
fault slip behaviour (see also French & Zhu 2017 ; Tarling et al. 2018 , 
2019 ). The combined effect of nucleation within the strong lenses 
and propagation within rate-strengthening serpentine materials will 
determine whether slip will occur stably, with accelerated creep, or 
with slow-to-fast dynamic slip. 

8  C O N C LU S I O N S  

We analysed the frictional behaviour of natural magnetite-rich 
lizardite gouges as representative rocks of low-strain domains in 
serpentinite shear zones, acting as potential sites of nucleation of 
unstable slip. 

Lizardite–magnetite synthetic fault gouges display more pro- 
nounced velocity weakening behaviour than pure lizardite, indi- 
cating low strain domains in natural serpentinite shear zones as 
preferred sites of nucleation for unstable slip. Thanks to the small 
critical slip distance ( D c ), the force imbalance is met even when the 
stiffness of the loading medium is high ( > 180 MPa mm 

−1 ) and ex- 
ternal loading velocities are much higher than natural plate motion 
rates ( < 5 μm s −1 ). The inverse dependence of the critical stiffness 
to sliding velocity concur in promoting fault instability, especially 
at low loading point v elocities. Ov erall, the bulk slip behaviour of 
serpentinite-hosted experimental faults is accurately described by 
the velocity-dependence of rate- and state-dependent friction law. 

The velocity dependence of rate and state parameters is phe- 
nomenolo gicall y explained b y the distribution of granular and phyl- 
losilicate material in the experimental fault. Slow forcing velocity 
promotes creep in the phyllosilicate fraction, allowing for creep re- 
laxation at stress concentration sites and promoting a higher degree 
of packing of the granular fraction. The higher the packing, the 

https://academic.oup.com/gji/article-lookup/doi/10.1093/gji/ggad322#supplementary-data
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igher is the velocity weakening effect due to enhanced interac-
ion of the granular fraction. With rising slip velocity, dilation and
ransition to purely frictional regime promotes localization of slip
long the weak lizardite foliation with transition towards velocity-
trengthening and stable slip conditions. 

Not only the mineralogy, but also the fault rock fabric controls
he interseismic phase, the nucleation of stick-slip events and the

ode in which dynamic slip occurs. Localized deformation and
oarser grain sizes promote higher experimental interseismic cou-
ling, fast acceleration at nucleation and left-asymmetric slip veloc-
ty functions. Distributed deformation, strong foliation and smaller
rain sizes produce gentle acceleration and Gaussian slip velocity
unctions. Finally, our experiments highlight the role of fault rock
omplexity in giving rise to unpredictable behaviours of dynamic
lip in nature as well as in controlling the slip mode during dynamic
nstabilities. 
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