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Abstract
A great number of earthquakes occur within thick carbonate sequences in the shallow crust. At the
same time, carbonate fault rocks exhumed from a depth <6 km (i.e., from seismogenic depths) exhibit
the coexistence of structures related to brittle (i.e. cataclasis) and ductile deformation processes (i.e.
pressure-solution and granular plasticity). We performed friction experiments on water-saturated
simulated carbonate-bearing faults for a wide range of normal stresses (from 5 to 120 MPa) and slip
velocities (from 0.3 to 100 pm/s). At high normal stresses (G, > 20 MPa) fault gouges undergo strain-
weakening, that is more pronounced at slow slip velocities, and causes a significant reduction of
frictional strength, from p = 0.7 to p = 0.47. Microstructural analysis show that fault gouge weakening
is driven by deformation accommodated by cataclasis and pressure-insensitive deformation processes
(pressure solution and granular plasticity) that become more efficient at slow slip velocity. The
reduction in frictional strength caused by strain weakening behaviour promoted by the activation of
pressure-insensitive deformation might play a significant role in carbonate-bearing faults mechanics.
1. Introduction

The characterization of the mechanical behaviour of carbonate-bearing faults is crucial to
better understand the physical processes at the origin of earthquakes that nucleate or propagate
through thick carbonate sequences. Notable examples are provided by the Aigion event in 1995 in
Greece (Bernard et al., 1997), the Wenchuan earthquake in 2008 in China (Burchfiel et al., 2008) and
by several events occurring in Italy such us: the Umbria-Marche in 1997-98 (Miller et al., 2004;
Mirabella et al., 2008), the L’ Aquila 2009 (e.g., Valoroso et al., 2014), the Emilia 2012 (Ventura and
Di Giovanbattista 2013; Govoni et al., 2014) and the 2016-17 seismic sequence in the Amatrice and
Norcia areas (Pizzi et al., 2017).

Deformation structures hosted in the outcrops of carbonate faults exhumed from < 6 km, i.e.
from crustal depths where most of the seismic sequences in Italy nucleate or propagate, provide the
opportunity to get insights into fault rocks and deformation mechanisms. Cataclastic processes that

induce grain size reduction and slip localization along millimetric-to-micron thick principal shear
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zones are widespread (e.g., Storti et al., 2003; Agosta and Aydin, 2006; De Paola et al., 2008; Smith
et al., 2011; Collettini et al., 2014a). Cataclastic processes are often intimately associated with fluid
assisted dissolution-precipitation and low temperature plasticity (Koopman, 1983; Kennedy and
Logan, 1998; Tesei et al., 2013; Bullock et al., 2014; Wells et al., 2014; Viti et al., 2014). Diagnostic
structures of fluid assisted dissolution-precipitation typically consist in pressure-solution seams (Fig.
1A) forming anastomosing foliations and slip surfaces (Fig. 1B). On the other hand, the evidences of
granular plasticity are represented by twinning and sub-grains development (Fig. 1C; e.g., Kennedy
and Logan, 1998; Siman-Tov et al., 2013; Collettini et al., 2014a). These observations, indicate that
during fault activity different deformation mechanisms coexist and potentially control the resulting
frictional strength at depth. These mechanisms can be grouped into pressure-sensitive, i.e., cataclasis,
and pressure-insensitive, i.e., pressure solution flow and intracrystalline plasticity (Rutter, 1986).
Several experimental studies have investigated the effects of microscale deformation
processes on the mechanics of carbonate bearing fault zone. At sub-seismic slip velocities and room
temperature (i.e., v < 1 mm/s and T ~ 25 C°), it has been shown that deformation is mainly
accommodated by cataclasis through the localization of grain size reduction within the typical R-Y-
B zones, in some cases associated with P-foliation (e.g. Logan et al., 1979, 1992). In addition, some
studies have reported evidences for fluid-assisted dissolution and precipitation mechanisms (e.g.
Carpenter et al., 2016), and granular plasticity represented by the formation of dense aggregates of
nanograins (Tesei et al., 2017; Sagy et al., 2017). From these laboratory observations emerge the
coexistence of pressure sensitive and insensitive processes governing the deformation style of
carbonate-bearing simulated faults. This fault zone structure is commonly associated with high values
of steady-state friction (lss), that usually range between pss ~ 0.7 (dry conditions) to pss ~ 0.6
(saturated conditions) (Verberne et al., 2010, 2014; Carpenter et al., 2016). However, it has been
shown that carbonate-bearing fault gouges can undergo significant frictional weakening under
specific boundary conditions where pressure-insensitive deformation mechanisms are expected to be

active, i.e., either high temperatures or slow deformation rates. For example, Verberne et al. (2015)
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showed a decrease in the coefficient of friction with increasing temperature from pss ~ 0.55 at room
temperature to pss ~ 0.4 at 200 °C. Similarly, Carpenter et al. (2016) showed that the coefficient of
friction at high normal stresses (i.e., 6, = 100 MPa) decreases from pss ~ 0.65 at 1 mm/s down to s
~ 0.51 at 0.1 pm/s. From these studies emerge that the activation of pressure insensitive
micromechanical processes can decrease the frictional strength of carbonate-bearing fault zone with
important implication for earthquake nucleation. However, these observations are sporadic and
usually carried out from multiple stage experiments where the slip velocity is systematically varied
to interrogate the velocity dependence of friction and/or frictional re-strengthening (e.g., Verberne et
al., 2015; Carpenter et al., 2016). Each variation of slip velocity during the experiments can create a
competition between micromechanical processes at the grain scale. In this context, the final
microstructure is the sum of many processes that take place at different stages, making difficult to
link the overall mechanical behaviour with the deformation mechanisms that accommodate shear.

In this work, we aim to better characterize the evolution of frictional strength along carbonate-
bearing faults by performing shear experiments for a variety of normal stresses and slip velocities on
simulated fault gouges of Carrara Marble. We inform the mechanical data with detailed
microstructural analysis to shed light on the physico-chemical processes acting within carbonate-
bearing fault zones varying the boundary conditions.

2. Methods

We performed rock deformation experiments on powdered Carrara Marble (> 98% CaCO;
content) to simulate a carbonate-bearing fault gouge and to investigate its frictional properties.
Experiments were conducted using a biaxial apparatus, BRAVA (Brittle Rock deformAtion Versatile
Apparatus; Collettini et al., 2014b), in the double-direct shear configuration (Fig. 2). In this
configuration two servo-controlled rams apply a horizontal and vertical load to the sample (Fig. 2A).
Load was measured with = 0.03 kN accuracy load cells mounted at the extremity of both pistons and
in contact with the sample assembly (Fig. 2A). Linear Variable Displacement Transformers (Fig. 2A)

measured horizontal and vertical displacements with a precision of £ 0.1 pum. Both horizontal and



100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

vertical displacements were corrected taking in account for the elastic stiffness of the loading frame.
For horizontal loads, smaller than 50 kN, on the grounds of calibration tests (e.g., Collettini et al.,
2014b), elastic stiffness was 125.363 MPa/mm, while at higher loads we considered a stiffness value
0f 416.558 MPa/mm due to the non-linear elastic deformation of the apparatus at small loads. For the
vertical piston, elastic stiffness was 116.801 MPa/mm for loads smaller than 50 kN, and 301.461
MPa/mm for higher loads. During experiments, we recorded loads and displacements, both in the
horizontal and vertical direction, with a sampling rate ranging from 1 to 100 Hz depending on the
target slip velocity (we registered at least one measurement every micron of slip).

Carrara Marble was preliminary grinded and passed through a 125 pm sieve. All the particles
that passed through the sieve were included in the starting material. Two identical, ~ 5 mm thick
gouge layers were constructed upon stainless steel forcing blocks with nominal frictional contact area
of 5 cm x 5 cm and both were assembled with the central forcing block composing a symmetric
assembly (Fig. 2B). To avoid slip at the interface between fault gouge and steel, and ensure that shear
localizes within the gouge, the surfaces of the forcing blocks were machined with grooves 0.8 mm
high and spaced 1 mm. To prevent excessive gouge extrusion during shear, a rubber membrane and
steel plates were fixed below and laterally of the sample assembly respectively (Fig. 2B).

We conducted 24 experiments (Table 1) at room temperature (i.e., ~25°C) and water saturated
boundary conditions. As pore fluid, we used a CaCOs-equilibrated water solution to simulate a
realistic pore fluid chemistry along shallow-crustal carbonate fault zones. For each experiment, once
the assembly was positioned within BRAVA, it was left saturating within a flexible membrane
containing CaCOs equilibrated water for 45 minutes under a normal load of 1 kN (Fig. 2B). At this
stage, we increased the normal stress to the desired target value that ranged between 5 and 120 MPa,
and left the sample to compact until a steady layer thickness was attained. The time for the compaction
of the sample was ~15 minutes, depending on the target normal stress. The vertical ram was then
advanced at constant displacement rate to apply shear stress and induce deformation within the

sample. We conducted experiments for a range of shear velocities between 0.3 pm/s and 100 pm/s
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and a total shear displacement between 5 and 20 mm (Table 1). In addition, we performed unloading-
loading cycles every 5 mm of displacement (Fig. 3) to characterize stiffness and shear modulus of the
fault gouge but these data are not presented here.

At the end of each experiment, the deformed gouge layers were collected, impregnated with
epoxy resin and standard thin section were cut parallel to the slip direction for microstructural analysis
(optical microscope and Scanning Electron Microscope, SEM-backscattered electron mode). In
addition, gouge layers deformed in experiment b675 (see Table 1) were left drying and observed at
the SEM operated in secondary electron mode without the epoxy resin impregnation.

Normal stress (o) was calculated dividing the applied normal load by the surface of the side
block (0.0025 m?). Similarly, shear stress (t) was calculated dividing vertical load by 0.005 m? (two
surfaces of application). We calculated the coefficient of friction dividing shear stress by normal
stress, and assuming no-cohesion for a powdered material. The values of the steady state friction
coefficients, L reported in the following, were measured as the average friction after the initial
loading phase (shear strain > 3), without considering the unloading-loading cycles (Fig. 3). For
experiments with a significant weakening after a shear strain of 3, this further evolution of friction
with strain is included as standard deviation from the mean value (e.g., vertical bars in Fig 4). Layer
thickness was calculated subtracting horizontal displacement values to the initial pre-shear value
measured using a calliper. In addition, we corrected layer thickness for geometrical thinning and
evaluated the shear strain accordingly (Scott et al., 1994).

3. Results
3.1. Frictional behaviour

The mechanical behaviour of simulated calcite fault gouges is controlled by applied normal
stress and imposed slip velocity. At low normal stress, e.g., 6, = 10 MPa, the shear strength reaches
a steady state value (7ss) after a few millimetres of slip and it remains nearly constant until the end of
the experiment (Fig. 3A). This trend is independent on the applied slip velocity (Fig. 3A) and defines

a steady state coefficient of friction (uss) of about 0.65 (Figs. 3A and 4B). Differently from the
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experiments at low normal stress, at high normal stress, e.g., 6, = 100 MPa, we document that shear
strength evolves following three main stages. In stage one, after the initial nearly-elastic loading
phase, the shear strength reaches a peak value (tpeak in Fig. 3B) that corresponds to a friction of ~ 0.6
that is independent of the applied slip velocity (Fig. 3B). With increasing displacement, during stage
two, we document a strain-weakening phase that depends on the imposed slip velocity. We observe
that at slow slip velocities the strain weakening phase is more pronounced when compared with
higher slip velocities (Fig. 3B). During stage three, fault gouge reaches a new steady state frictional
sliding regime. As a consequence of stage two, the new values of frictional strength at steady state
are lower for slower sliding velocities (Figs. 3B and 4B). For instance, at a slip velocity of 0.3 um/s
the corresponding steady state value of friction is ~ 0.5, which is lower when compared to that at a
slip velocity of 10 pm/s where pss ~ 0.6 (Figs. 3B and 4B).

The relationship between shear and normal stresses, when analysed in a Coulomb diagram,
highlights two different regions (Fig. 4A). Below o, ~ 20 MPa, shear strength increases linearly with
normal stress and is independent of the imposed slip velocity (Fig. 4A). The Coulomb failure
envelope is described by a straight line with a slope pu = 0.64 (solid black line in Fig. 4A), representing
the average coefficient of friction. Within this range of normal stresses, the coefficient of friction is
independent on slip velocity and is comprised between 0.62 (6, =5 MPa, v=1 um/s) and 0.66 (on =
10 MPa, v = 10 um/s) (Fig. 4B). For normal stress higher than 20 MPa, the relationship between
shear strength and normal stress deviates from the linearity, in particular at slow slip velocity (Fig.
4A). Under the same imposed normal stress, slower slip velocities promote lower values of friction
(Fig. 4B) and this is more pronounced at higher normal stresses (Fig. 4B). For example, at 6, = 50
MPa, pss decreases by ~11% (from 0.63 to 0.56) for slip velocity decreasing from 100 pm/s to 0.3
um/s, whilst at 6, = 100 MPa pss decreases by ~19% (from 0.61 to 0.49) for the same range of slip
velocities. For a fixed slip velocity, the steady-state friction decreases with increasing normal stress.
This trend is more pronounced at slower slip velocities (Fig. 4B). For example, at slip velocity of 10

um/s, friction decreases by ~ 5% (from 0.62 to 0.59) for normal stress increasing from 50 to 100
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MPa, whilst at 0.3 um/s, friction decreases by ~11% (from 0.56 to 0.49) for the same range of normal
stresses (Fig 4B).
3.2. Microstructural observations
3.2.1. Low normal stress microstructures

At low normal stresses (o, < 20 MPa), deformation is localized in B and R; shear zones
(Logan, 1979) that are observed at both high, v =10 pm/s (Fig. 5A), and slow, v = 0.3 pm/s, slip
velocity (Fig. 5C). B and R; consist of 100 to 200 pm-thick shear zones characterized by higher grain
comminution when compared to the bulk gouge layer (Fig. 5B-D). In detail, these zones are
characterized by angular grains typically smaller than 10 pm (Fig. 5B-D), whilst in the surrounding
the grain size is larger and characterized by angular clasts with heterogeneous grain size distribution
(Fig. 5A-C) resembling the undeformed gouge. Comparing gouge layers sheared at the same normal
stress conditions but with different slip velocities, we do not observe substantial differences (Fig. 5).
3.2.2. High normal stress microstructures

The microstructures retrieved from experiments performed under high normal stresses (on >
20 MPa) show dramatically different features when compared with low normal stresses experiments.
In general, we observe: 1) that shear deformation is distributed within the entire gouge, 2) the
development of a pervasive anastomosing foliation and, 3) the development of very sharp principal
slip zones with B geometry (Logan, 1979; Fig. 6A-B-C-D), associated with R; and Y fabric (Fig. 6A-
B-C; see also Fig. 7C). The pervasive foliation is oriented at high angles to the ideal normal stress
component of the shear couple (e.g. Ramsay, 1967) for both fast (Fig. 6A-B-E) and slow (Fig. 6C-D-
F) slip velocities, showing a characteristic S-shape (Berthé et al., 1979; see Fig. 6) Apart from the
common features mentioned above, only for the experiments at 10 um/s, we observe pervasive grain
comminution throughout the entire sample, although a few relict grains with dimensions of hundreds
of microns are still present (Fig. 6A-B). At slow slip velocity (0.3 um/s) larger grains are contained
within a finer matrix and grain size reduction tends to increase approaching the B shear surface (Fig.

6C-D).
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Looking at the details of fault zone structure we document the following features. (1) Large
portions of the experimental faults are cemented (Fig. 7A). The cemented regions contain grain
aggregates that are reworked by cataclastic processes (Fig. 7A) and are particularly evident in the
sample collected at slow slip velocity (i.e., 0.3 pm/s). (2) The foliated zones consist of grains with
sutured boundaries and local indentations (Fig. 7B). (3) The presence of grains that are folded along
the pre-existing twinning planes (Fig 7C). Finally, when the principal slip zone is observed in plain
view, it reveals (4) the presence of smooth striations (Fig. 7D) and packages characterized by very
densely-packed nanoparticles with a polygonal geometry (10-150 nm in diameter; Fig. 7E).

4. Discussion

Our results show that the mechanical behaviour of simulated carbonate-bearing faults strongly
depends on the applied normal stress and is modulated by the imposed slip velocity (Figs. 3-4). A
marked change of behaviour occurs at a normal stress of ~ 20 MPa (Fig. 4) in agreement with previous
experiments carried out on intact (Paterson, 1958; Fredrich et al., 1989) and powdered (Carpenter et
al., 2016) Carrara Marble. In particular, at relatively low values of normal stress (o, < 20 MPa) we
observe a nearly constant steady-state shear strength that is not affected by accumulated shear
displacement and imposed slip velocity (Fig. 3A). This behaviour favours a linear relationship
between shear stress and normal stress described by a failure envelope with a slope of p = 0.64 (Fig.
4A), which is in general agreement with other studies on calcite-rich lithologies (e.g., Verberne et al.,
2010, 2014; Carpenter et al., 2014; Tesei et al., 2014; Chen et al., 2015). Furthermore, we observe
that deformation localizes within shear bands characterized by strong grain size reduction and with
B and R; geometries (Fig. 5). The coupling of the mechanical behaviour and microstructural
observations indicates that, at low normal stress, the mechanical behaviour is controlled by pressure-
sensitive deformation (i.e., cataclasis) with localization along B and R shear planes.

For the experiments performed at higher normal stress (i.e., on > 20 MPa), we observe that
shear strength evolves in three stages with accumulated displacement, reaching a peak that is followed

by a strain-weakening phase before attaining a steady state value (Fig. 3B). As a result of this
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behaviour, we document a non-linear relationship between shear and normal stress that is more
pronounced at slow slip velocities (Fig. 4A). The observed weakening can be interpreted by
considering the interplay of different processes: 1) cataclasis, 2) fluid-rock interaction, which favours
fluid assisted dissolution and precipitation processes, and 3) intragranular plasticity. Coupling
mechanical data with microstructural observations we note that shear is accommodated by a
distributed deformation, accomplished through pervasive grain size reduction and the development
of a pervasive foliation (Fig. 6). The anastomosing foliation (Fig. 6), the presence of densely-packed
grains with sutured contacts and local grain indentations (Fig. 7B) suggest that fluid assisted
dissolution and precipitation processes played an important role, inducing compaction and dissolution
of smaller grains (e.g., Rutter 1983; Gratier and Gamond 1990). Large cemented portions of the
experimental fault (Fig. 7A) represent a direct evidence of calcite precipitation and strengthens the
hypothesis of the activity of fluid-assisted diffusion mass transfer (i.e., pressure-solution + transport
+ precipitation; Rutter 1983; Gratier et al., 2013). A further evidence of the role played by fluid
assisted diffusion mass transfer in fault weakening can be inferred comparing mechanical data
retrieved from an experiment conducted under nominally dry conditions (i.e., relative humidity <5%)
and at high normal stress with the saturated experiments (Fig. 8). Under dry conditions the shear
strength is high, p = 0.7, and we do not observe the characteristic strain weakening reported under
saturated conditions (Fig. 8). Furthermore, the presence of folded grains (Fig. 7C) and densely-packed
nanoparticles (Fig. 7E) that form the principal slip surfaces (Fig. 7D) indicates that granular plasticity

was also active during deformation (Kennedy and Logan, 1998; Tesei et al., 2017).

To summarize, our microstructural observations suggest that at high normal stress (i.e., on >
20 MPa) pressure-insensitive deformation mechanisms (i.e., pressure-solution flow and intra-
crystalline plasticity; Rutter, 1986) work together with pressure-sensitive mechanisms (i.e.,
cataclasis) in accommodating shear deformation. We suggest that with increasing normal stress, the

activation of pressure-insensitive deformation mechanisms is responsible for the strain weakening
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phase (Fig. 3B) and for the transition from a linear relationship between shear strength and normal
stress (i.e., purely pressure-sensitive) to a more non-linear relationship (i.e., less pressure-sensitive).
Since both the strain weakening phase and the departure from the linear behaviour are more evident
at slow slip velocities (Figs. 3B and 8), we posit that time-dependent mechanisms (i.e., pressure-
solution flow and granular plasticity) increase their role in accommodating shear deformation with
decreasing slip velocity because of the longer contact time between grains that favours their
dissolution.

The range of normal stresses investigated in our experiments together with saturated fluid
conditions allow us to get insights on the mechanics of carbonate-bearing faults at seismogenic depths
(between 1 and ~ 10 km). Our results suggest that the activation of fluid assisted diffusion mass
transfer and grain plasticity can significantly reduce the frictional strength of carbonate-bearing
faults, from 0.7 to 0.47 in friction, facilitating fault slip. This observation has important implications
for our understanding of frictional processes associated with the nucleation of unstable slip, when
slip velocity is still slow. In this context, fluid rock interaction weakens the fault favouring the onset
of slip. Then, as slip accelerates, the onset of dynamic slip will be controlled by the rate dependence
of friction and the local generation of high pore fluid pressure, which can promote seismic slip even
if the fault is characterized by rate strengthening behaviour (Scuderi et al., 2017). This mechanism is
appealing in relation to the seismicity observed along the Apennines, where the coupling of high fluid
pressure (e.g., Miller et al., 2004; Lucente et al., 2010) and fluid-rock interaction, can potentially
promote earthquake.

S. Conclusion

We investigated the coupling between mechanical and microstructural features of carbonate-
bearing faults by performing shear experiments on powdered Carrara Marble under saturated
boundary conditions. We explored a range of normal stresses (5 MPa < 6, < 120 MPa) and slip
velocities (0.3 um/s < v < 100 um/s) to shed light on the time-dependent physico-chemical processes

that control the evolution of fault zone strength. We observe that an increase in normal stress promote
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fault zone weakening through the activation of pressure-insensitive deformation mechanisms.
Comparing microstructures from low to high normal stress we report a transition from localized to
distributed deformation associated with the development of an anastomosed foliation. We suggest
that the different micromechanical processes, such as pressure solution flow and granular plasticity,
accommodating shear deformation are responsible for the evolution from a linear to a non-linear
Coulomb envelope.

Since the coexistence of cataclastic and pressure-insensitive deformation is a typical feature
of carbonate fault rocks exhumed from seismogenic depths, we suggest that the shear strength
weakening documented in our experiments is relevant for the mechanics of faults hosted in carbonate
sequences.
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Figure 1 — Coexistence of pressure-sensitive (i.e., cataclasis) and pressure-insensitive deformation in
carbonate fault rocks exhumed from seismogenic depths in the Northern Apennines. A) Typical
cataclastic products (Fault Breccia, Cataclasite and Ultracataclasite; Sibson, 1977) are found together
with pressure-solution seams in a transect through the core Monte Maggio fault, which display strong
localization of slip also at the sample scale (Collettini et al., 2014a). B) Anastomosed foliation with
S-geometry nearly orthogonal to the compression component (C) of the shear couple. This
microstructure formed by pressure-solution and re-precipitation processes along a carbonate/clay
fault (Tesei et al., 2013; Viti et al., 2014). C) Nanometer-scale subgrains in the Monte Maggio fault

(De Paola et al., 2015).
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Fig. 2 — (A) The biaxial servo-controlled apparatus used for this study (BRAVA in INGV, Rome;
Collettini et al., 2014b). Horizontal and vertical load cells and LVDTs control and measure
respectively loads and displacements. (B) The double direct shear configuration: two identical layers
of gouge are comprised between three steel forcing blocks; a constant horizontal load is applied
laterally and the central block is moved downward with constant velocity inducing symmetric shear

within gouge layers.
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Fig. 3 — Shear stress (1) and friction (p) evolution with shear strain (y) for experiments performed at
(A) 10 and (B) 100 MPa at different slip velocities. The portion of the curve where peak and steady-

state shear stress were collected, see methods for details, is marked by Tpeax and tss respectively.
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Fig. 4 — A) Evolution of shear strength t vs. normal stress o,, for different slip velocities. Black line
represents Mohr-Coulomb failure envelope for experiments performed at 6, < 20 MPa (inset). At
high normal stresses and slow slip velocities, a second-order polynomial function provides a better
fit than the classical linear Coulomb regression data. B) Mean steady-state friction coefficient, ps,
plotted against normal stress for different slip velocities. The variability of friction observed during

each experiment is represented by the vertical bars (see methods for details).
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Fig. 5 — Microstructures of simulated calcite fault gouges deformed at low normal stress (G, = 10
MPa) and at slip velocity of 10 um/s (A, B) and 0.3 um/s (C, D). Figures A and B are from experiment
b555, whilst figures C and D are from the experiment b651 (see Table 1). Deformation localizes into
B and R zones (A, C) that are represented by 100 to 200 um-thick shear zones characterized by
higher grain comminution than the bulk gouge layer (B, D). Figure A is an optical micrograph (plane

polarized light), whilst B, C, D are from SEM microscope in backscattered mode.



473

474

475

476

477

478

479

0n=100 MPa 0n=120 MPa

e o

Fig. 6 — Optical micrographs of simulated fault gouges deformed at a relatively high normal stress
(on =100 MPa for the left column and ¢, = 120 MPa on the right one) and at slip velocity of 10 um/s
(A, B, E) and 0.3 um/s (C, D, F). Figures A, C and E derive from observations at plane polarized
light, whilst figures B, D and E are from observation at cross polarized light. The micrographs are
derived from experiments b564 (A, E), b641 (B), b639 (C) and b640 (D, F); experiments are listed in

Table 1. Deformation is distributed within the entire gouge layer (A, B, C. D) and is characterized by
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strong grain size reduction and the development of an anastomosed foliation, which is interpreted as
oriented orthogonal to the normal stress component, C, of the shear couple. Grain comminution is
more pronounced at higher slip velocities (Fig. A vs C and Fig. B vs. D). A detail of the anastomosed

foliation at a slip velocity of 10 pm/s and 0.3 um/s is presented in Fig. E and F respectively.
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Fig. 7 — SEM micrographs in simulated calcite fault gouges deformed under relatively high normal
stresses, i.e., 120 (A, B) and 100 MPa (C, D, E). A) Large cemented portion of the gouge deformed
during the experiment b640 (Table 1). Blue arrows indicate grains within the cemented portion. B)
Sutured grain contacts with indentations (blue arrows) in the experiment b640 (Table 1). C) Folded
calcite grain in the experiment b564 (Table 1). Shear zones are often striated (D) and constituted by

dense aggregates of nanograins (E); the figures D and E are from the experiment b675.
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494  Fig. 8 — Evolution of friction with displacement for experiments at normal stress of 100 MPa in
495  saturated conditions at a slip velocity of 0.3 pm/s (green) and 10 pm/s (red) and for an experiment
496  performed dry and at slip velocity of 10 pm/s.
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Total Total shear
Experiment | Normal stress, (oa) Slip velocity Displacement strain
name (MPa) (nm/s) (mm) )
b555 10 10 19.6 10.3
b556 20 10 19.9 8.5
b561 50 10 19.9 10.4
b562 5 10 20.3 5.8
b563 10 100 20.3 9.9
b564 100 10 20.3 12.3
b566 50 100 20.2 10.4
b567 5 100 20.2 7.9
b568 100 100 19.8 11.6
b600 100 1 213 14.6
b602 50 1 20.4 9.1
b603 10 1 21.2 10.1
b604 10 0.3 8.2 3.6
b605 50 0.3 7.2 3.8
b606 100 0.3 5.7 3.9
b631 20 1 19.2 8.5
b638 5 1 19.6 10.3
b639 100 0.3 16.9 9.6
b640 120 0.3 13.8 7.6
b641 120 10 18.5 12.0
b642 80 10 18.6 13.0
b643 80 0.3 18.4 11.9




b651 10 0.3 20.0 11.6

b675 100 10 13.6 9.7

498  Table I — Summary of experiments and boundary conditions. All tests were conducted under CaCOs-

499  equilibrated water saturated conditions.



