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Abstract

The clay mineralogy of fault gouges has important implications for the frictional
properties of faults, often identified as a major factor contributing to profound fault
weakness. This work compares the frictional strength of a group of Mg-rich minerals
common in the Mg-Al-Si-O compositional space (talc, saponite, sepiolite and palygorskite)
by conducting triaxial frictional tests with water or argon as pore fluid. The studied minerals
are chemically similar, but differ in their crystallographic structure. Results show fibrous Mg-
rich phyllosilicates are stronger than their planar equivalents. Frictional strength in this group
of minerals is highly influenced by strength of the atomic bonds, continuity of water layers
within the crystals, and interactions of mineral surfaces with water molecules, all of which are
dictated by crystal structure. The formation and stability of the minerals studied are mainly
controlled by small changes in pore fluid chemistry, which can lead to significant differences

in fault strength.

1 Introduction

Clay minerals are commonly significant components of fault gouges and have been
found to play a significant role in controlling fault strength by facilitating shear localization in
the weak clay matrix [Shimamoto and 1ogan, 1981; Tembe et al., 2010]. Consequently, many
studies have focused on determining what factors control clay mineral frictional strength
[Morrow et al., 2000; Moore and 1.ockner, 2004; Bebnsen and Faulkner, 2012; Sakuma and Suehara,
2015], which is typically much lower than the Byerlee friction range (0.6su<0.85) [Byerlee,
1978]. Several experimental studies have shown that the dominant microphysical processes
operating during phyllosilicate deformation include rotation, delamination, and grain

fracturing (involving breakage of bonds) during shear [[banez and Kronenberg, 1993; Mares and



Kronenberg, 1993; French et al., 2015]. Many factors influence these processes, including:
normal stress, grain shape and grain strength (due to mineralogy) [Guo and Morgan, 2000]. In
particular, strength is greatly affected by two factors: lubrication and adhesion [Moore and
Lockner, 2004; Sakuma and Suehara, 2015]. Lubrication refers to the lubricating effect of
adsorbed water (water molecules held on the mineral surfaces by electrochemical forces).
Adhesion occurs within the interlayer space between phyllosilicate structural sheets, which
are bonded by electrostatic forces, and may also have interlayer water molecules bonded via
hydrogen bonds. Because it directly controls atomic arrangement, mineral crystallographic
structure influences the atomic forces and interactions that can contribute to both
lubrication and adhesion. Thus, identifying crystallographic controls on minerals present in

fault zones can contribute to understanding fault strength.

Mg-bearing phyllosilicates have long been suggested to be implicated in lowering the
strength of active faults [Irwin and Barnes, 1975; Reinen et al., 1991; Wintsch et al., 1995; Lockner
et al., 2011]. Fault zones enriched in magnesium (Mg) occur in the continental and oceanic
crust. Mg-enrichment promotes the formation of Mg-rich phyllosilicates within fault rocks
including: chlorite, talc, serpentine-group minerals, fibrous clay minerals (sepiolite and
palygorskite), and Mg-rich smectites (i.e., saponite). Previous work on Mg-phyllosilicates
under water-saturated conditions has shown very low friction coefficients, u = 0.05 for
saponite [Lockner et al., 2011] and p = 0.16 for talc [Escartin et al., 2008; Moore and Lockner,
2008]. As a result of their low strength, the planar phyllosilicate minerals saponite and talc
are thought to promote significant weakening and strain localization in various settings,
including the oceanic lithosphere and the subduction interface [Moore and Lockner, 2008]. The
frictional strength of serpentine minerals has also been investigated [Dengo and 1ogan, 1981,

Reinen et al., 1994; Moore et al., 1996, 1997], with some studies showing significant differences



in frictional behavior between minerals with the same chemical composition but different
crystalline structures (polymorphs) [Reinen et al., 1994]. In contrast to the relatively well-
studied predominantly platy Mg-phyllosilicates above, the fibrous clay mineral group has not
been studied in the context of faulting and friction. Thus, this study concentrates on the
behavior of these less studied minerals and compares their frictional properties with their

planar equivalents.

Sepiolite and palygorskite constitute a group of Mg-rich phyllosilicates with a fibrous
(lath-like) morphology, which is dictated by their crystal structure. The frictional strengths of
monomineralic samples of this mineral group have not previously been determined. Sepiolite
and palygorskite are Mg-rich phyllosilicates stable up to 325 °C under hydrothermal
conditions [Frank-Kamenetskiy et al., 1969]. They commonly form from reactions involving
talc and Mg-rich smectites (i.e. saponite) which are chemically very similar and coexist under
the same activity values of Mg and Si [Birsoy, 2002]. The serpentine-group minerals are also
associated with the formation of fibrous clay minerals, but they are chemically less similar to
the minerals in this study due to their significantly lower Si/Mg chemical ratio [Pefers, 1993;
Yalgin and Bogkaya, 2004]. Fibrous clay minerals commonly occur in fracture and fault zones
[Post and Crawford, 2007; Sdnchez-Roa et al., 2016]. Thus, quantifying the frictional behavior of
fibrous clay minerals constrains their contribution to the strength of Mg-rich fault gouges
and facilitates comparison of the strength of chemically similar but structurally different

minerals.

In this study, the results of friction experiments on planar and fibrous Mg-
phyllosilicates at nucleation velocities (0.3 to 3 um/s) are used to investigate the possible
effects of crystal structure on the frictional strength and stability of chemically similar and
structurally different minerals. A comparison between water- and argon-saturated
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experiments is used to explore the role water plays in their frictional behavior. Finally, we
present the thermodynamic controls on the distribution of these Mg-rich phyllosilicates in

fault zones to describe the implications of the results on fault strength.

2 Materials and Methods

The materials selected for the study atre: palygorskite (PIF-1) (79% putity) [Chipera
and Bish, 2001]; sepiolite (SV) (91% purity) [Vzseras et al., 1999]; saponite (78% purity) [Boulton
et al., 2017]; and talc item-468003 from Ward’s Scientific. All samples were sieved to obtain
the <53 um fraction, with the exception of the saponite sample in which the <2 um separate
was obtained. For more details on the selected materials see supporting information (Figure
S1). The main phyllosilicate in each of the samples constitutes more than 75% of the tested
gouge, thus, they are expected to control the bulk frictional properties. However, to some
extent, sample impurities could affect sample strength and their contributions cannot be fully
disregarded. In particular, the palygorskite gouge contains ~11% smectite; hence our

measurements may present a lower bound on the strength for this phase.

Friction tests were carried out using a triaxial deformation apparatus with a servo-
controlled axial loading system and fluid pressure pump [Faulkner and Armitage, 2013].
Frictional sliding experiments were conducted on 1.5 mm-thick gouge layers using a direct
shear sample assembly and methods documented in Sdnchez-Roa et al. [2016]. For more

details on experimental methods see supporting information (Figure S2).

For the argon tests, the pore pressure lines were connected to a vacuum pump to

ensure that water (including air humidity) was removed from the system. The samples were



kept in a vacuum oven at 80 °C overnight to ensure complete evaporation of the ethanol
used during sample preparation and introduced in the pressure vessel while warm to limit
adsorption of water. The use of water as pore fluid during the experiments more closely
resembles the conditions found in natural faults, while the use of argon gas as pore fluid is
designed to understand the mechanisms of friction and identify the effects on the frictional
behavior caused by the physicochemical interactions between water and each of the

phyllosilicates studied.

The initial sliding velocity for the 1.5 mm displacement run-in was 0.3 pm/s. A low
loading rate was chosen specifically to avoid the development of pore fluid effects, such as
overpressure development due to a combination of compaction and low hydraulic diffusivity
that could influence the measured strength. The starting permeability was ~10"" m?
reducing to ~10* m’ during shear. Permeability measurements were conducted using the
pore pressure oscillation technique [Fischer, 1992] and processed following the methods in
Faulkner and Rutter [2000]. For details on the permeability measurements, see supporting
information (Figure S2). The values of normal stress and fluid pressure were set at ¢,=100

MPa and P,=5 MPa for all experiments. After the run-in, sliding velocity steps were imposed

every 0.5 mm (0.3-3.0-0.3 um/s) to a total displacement of 4 mm.

Friction coefficient values (u) were calculated for each experiment as the ratio of
shear stress (7) and effective normal stress (6,) = normal stress (g,) — pore fluid pressure (P,);
(u=t/0,-P,). The “true shear stress” was calculated as the force (F) per unit area (A); t=F/A.
The area was calculated based on the initial dimensions of the assembly’s sliders, which
increases in the direction of sheating during displacement; [v=F/width. (length+displacement)).

Fitting of the velocity steps using the rate and state formulation with the ageing law [Diezerich,



1979] was conducted for all samples through a least squares numerical fitting routine
including apparatus stiftness [Noda and Shimamoto, 2009], with the aim of finding the friction
rate parameter (a-b), which describes the stability of the sliding surface [Scho/z, 1998]. For a

description of the methods used in the modeling, see supporting information Text S1.

Scanning electron microscope (SEM) observations were made on polished
impregnated samples using a Merlin Carl Zeiss SEM in back-scattered electron (BSE) mode
and secondary electron (SE) mode. Transmission electron microscope (TEM) images on
individual particles were obtained with a Philips CM20 (STEM) microscope operated at 200

kV.

3 Results

Results of friction experiments on samples of palygorskite, sepiolite, saponite and
talc at 95 MPa effective normal stress, 5 MPa pore pressure and 25 °C are presented in
Figure 1a and 1b. Test reproducibility was good with differences in u<0.05 for duplicate
experiments. Differences between duplicates are much smaller than the relative strengths
between the different minerals. The primary source of error between duplicate experiments

likely results from sample preparation.

All samples experienced yield during the initial run-in, before the first positive
velocity step. For comparison, the representative friction coefficient of each experiment is
taken at 2.49 mm displacement at the end of a slow-sliding velocity segment (0.3 pm/s).
Sepiolite shows values of friction coefficient (i) of 0.57 with argon and 0.47 for water-
saturated experiments whereas the palygorskite values of u are higher, 0.63 with argon and
0.51 for water (Fig. 1). Talc u values of 0.34 and 0.27 show the smallest difference between
argon and water-saturated experiments, respectively. Experiments run on saponite show
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considerably lower friction coefficients (u) of 0.22 with argon and 0.045 for water-saturated
experiments. Saponite under water-saturated conditions also exhibits the largest
displacement-hardening effects. For all samples, friction coefficients in water-saturated
experiments were lower than in the argon experiments run under the same conditions of
effective normal stress and velocity. However, the extent of this effect is variable between
the saponite, talc and the fibrous clay minerals. Saponite exhibited the greatest effect of

water on u, and talc exhibited the smallest water effect.

All samples tested show strong rate dependency of the friction coefficient. Figure 1c
and 1d show the results of changes in sliding velocity imposed during the experiments to
determine the rate dependence of the strength. Results of the frictional stability parameter a-
b for experiments on talc and saponite show a consistent velocity-strengthening behavior for
both positive and negative velocity steps (Fig. 1c and 1d). Meanwhile, the frictional stability
parameter a-b obtained for the fibrous clay minerals palygorskite and sepiolite shows
predominantly velocity-strengthening and velocity-neutral behavior. However, negative
values of the a-b parameter can be observed in the first positive velocity steps after yield in
the water-saturated experiments, and in the palygorskite experiment with argon as pore fluid,
which is the only experiment that shows consistent velocity-weakening (Fig. 1c and 1d). For

more details on the constitutive parameters for the velocity steps see supporting information

(Table S1).

TEM images of the contrasting morphology of the studied planar and fibrous Mg-
rich phyllosilicates are presented in Figure 2a. SEM observations on the deformed samples
(Fig. 2b and 2c) show a homogeneous matrix with the development of typical clay-bearing
fault gouge microstructures [Rutter et al., 1980] including P foliation, poorly developed R,
Riedel shears, and shear-parallel Y-shears (Fig. 2b 1 to 4). Under higher magnification (Fig.
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2¢) on a cut parallel to the slip direction and perpendicular to the shear plane, different
arrangements of the individual crystals were observed. Crystals in the planar phyllosilicates
talc and saponite (2c 1 and 2) are aligned on their basal planes and appear to show the start
of delamination and folding of the grains (Fig. 2c¢ 1 and inset 1). The fibers of sepiolite and
palygorskite are not aligned within the shears. Instead, samples appear to show multiple fiber

orientations forming a grid-like network visible within the R, Riedel shears (Fig. 2c 3 and 4).

4 Discussion
4.1 Crystallographic control on the frictional strength and stability

The results of the experiments performed show significantly higher friction
coefficients for the fibrous clay minerals sepiolite and palygorskite than for the planar clay
minerals talc and saponite, despite their chemical similarity. The actual differences could be
still higher than those shown by the experiments due to the presence of minor impurities of
planar minerals in the fibrous samples investigated. Planar phyllosilicates are well known for
their perfect (001) cleavage, a consequence of their continuous intetrlayer spacing between
one T-O (1 tetrahedral sheet: 1 octahedral sheet) or T-O-T (2 tetrahedral sheets:1 octahedral
sheet) layer and the next (Fig 3). The lower bonding energy of the adhesive forces that bind
the layers together makes the interlayer the most likely place to localize shear deformation.
Consequently, the frictional strength of phyllosilicates has previously been compared to the
strength of their (001) intetlayer bond energy [Moore and Lockner, 2004; Bebnsen and Faunlkner,

2012).

In the case of fibrous clay minerals, periodic inversions of the apical oxygen atoms in
the Si-tetrahedra create discontinuous alumino-magnesic-silicate ribbons, which dictate the

fibrous morphology of the minerals. The discontinuous ribbons remain together through Si-



O-Si covalent bonds which serve as “bridges” [Yariv, 1980] (Fig. 3). The presence of these
strong “bridges” forces the fibrous structures to shift the cleavage planes to the octahedral-
planes (O-planes), where deformation (delamination) must involve the breaking of the ionic
bonds of the octahedral layer. The breaking of ionic bonds requires higher shear stresses
than those involved in shearing of weakly-bonded planar structures in this study and partly
explains the difference in frictional strength between these planar and fibrous Mg-rich clay

minerals.

This case of crystallographic control can be compared to that of serpentine
polymorphs, where experiments at room temperature show higher friction coefficients for
the fibrous polymorph antigorite (0.5-0.85) [Reznen et al., 1994], and low friction coefficients
for the polymorph chrysotile [Moore et al., 1996]. Antigorite has the same Si-O-Si covalent
bridging bonds as palygorskite and sepiolite [Yariv, 1986], which can explain its higher
strength. Chrysotile, while also fibrous in morphology due to its tubular structure, does not
have periodic inversions or connections between the tubes and therefore lacks the strong Si-
O-Si bridging group. This difference in strength for phyllosilicates with fibrous
morphologies implies that crystal structure has a stronger influence on the frictional strength

than particle morphology.

With regards to the frictional stability parameter a-b, the minerals studied are
predominantly velocity strengthening, with sepiolite and palygorskite sometimes exhibiting
velocity-neutral or even velocity-weakening behavior. Results of the stability parameter a-b
for talc agree with results from previous experiments, showing a consistent velocity-
strengthening behavior for both positive and negative velocity steps [Moore and Lockner,

2008]. Similarly, our velocity-strengthening results for the saponite gouge agree with stability



parameter a-b for a gouge with high saponite content yielding velocity-strengthening results
[Moore et al., 2016]. Most of the positive velocity steps (where sliding velocity is increased) for
saponite and talc were modeled using negative values of the state parameter 4, the
microphysical basis for the occurrence of negative 4 can be related to grain-scale contact
saturation [Ikari et al., 2009; Smith and Faulkner, 2010], changes in viscosity of the water phase
in the contacts [Niemezjer and Collettini, 2013, or transient pore pressure changes [Samuelson et
al., 2009]. In contrast, & values for sepiolite and palygorskite were always positive (supporting
information, Table S1), possibly indicating that the microphysical processes involved in the
friction of the fibrous and planar minerals in this study are different or have a different
dependence on velocity. The stability parameter (a-b) results for the lowest-displacement
positive velocity steps in the water-saturated fibrous clay minerals show velocity-weakening
behavior, and thus the potential for earthquake nucleation [Scholz, 1998]. However,
exploration of a wider range of velocities, temperatures and normal stresses is required for

extrapolation of the data to crustal-scale conditions, which is outside the scope of this study.

4.2 Strength results and effects of water distribution

The results of talc friction experiments using argon as pore fluid (u=0.34) are in
good agreement with those reported for the dry frictional strength of talc in previous studies
(1=0.35-0.36) [Moore and Lockner, 2004; Moore and Rymer, 2007]. The results of this study for
wet talc (u=0.27) show values slightly higher than previously reported (u=0.18-0.20) [Moore
and Lockner, 2004; Bebnsen and Faulfner, 2012], but this small discrepancy is within the
experimental variability. Talc exhibits the smallest difference between frictional properties

under argon- and water-saturated conditions, whereas all the other minerals tested show a



significant reduction in friction with the addition of water (Fig. 1). Talc crystal structure has
no cation substitutions in either the tetrahedral or octahedral layers resulting in an
electrostatically neutral T-O-T structure [Meunier, 2005]. The lack of electrostatic charge
prevents water molecules from bonding in the interlayer space (unlike other platy
phyllosilicates) and therefore would not be expected to produce any difference in friction
coefficient with water or argon as the pore fluid (Fig. 1, 3). Adsorbed water on mineral
surfaces might be expected to produce a difference in frictional behavior but talc can only
adsorb one monolayer of water to its surface [Wang et al., 2006]. However, removal of this
monolayer of water may be the primary factor responsible for the small difference in friction

coefficients measured during the argon- and water-saturated experiments.

The results of saponite friction coefficient using argon as pore fluid (u=0.22) are
lower than those reported for the dry frictional strength of montmorillonite in previous
studies, which range from u=0.39 to u=0.8 [Moore and Lockner, 2007; Bebnsen and Fanlkner,
2012]. However, a direct comparison cannot be drawn given that all reported friction
experiments on saponite have been conducted using water as pore fluid. Meanwhile, the
results of this study for wet saponite (u=0.045) show very good agreement with the values
reported for a highly-pure saponite sample (u=0.05) [Lockner et al., 2011]. The planar
phyllosilicate saponite shows the largest difference between water-saturated and argon-
saturated friction coefficients in this study (Fig 1). For phyllosilicates such as smectites,
substitutions in the tetrahedral layers (common in saponite, where Si'" is replaced by Al’")
and substitutions in the octahedral layers result in a deficit of positive charge in the structure,
leading to the need for interlayer cations to balance the excess of negative charges. The
cations within the interlayer space have the ability to hydrate [Norrish, 1954], resulting in

continuous sheets of hydrogen-bonded water molecules that decrease tetrahedral-layer
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contact area and reduce shear strength [Schleicher et al., 2013; Behnsen and Fanlfner, 2013].
Furthermore, smectites can adsorb multiple (two to six) monolayers of water to their surface
[Clausen et al., 2009], Thus, the effect of water in smectite friction is strongly related to both
adsorbed water on the mineral surface [Moore and Lockner, 2004] and to bound water in the

interlayer.

The fibrous clay minerals show a difference between their water-saturated and argon-
saturated friction coefficients of around 0.1, a value between that for talc and saponite.
Water distribution in fibrous clay minerals differs from the planar phyllosilicates. Due to
their crystallographic structure, and the discontinuity of the octahedral sheet, the interlayer
space in these fibrous minerals is made of channels parallel to the ¢ axis of the fiber [Garcia-
Romero and Sudrez, 2013]. Two water molecules bond to the edges of the discontinuous
octahedral sheets to complete the octahedral coordination of the Mg atoms. In addition,
non-structurally-bound water occurs within the channels. This interlayer water may affect
fibrous-mineral friction by decreasing direct contact between surfaces, thus decreasing their
friction coefficient under water-saturated conditions (Fig. 3). Adsorbed water may play a less
significant role in the friction of fibrous phyllosilicates. Unlike talc and smectite surfaces,
which can adsorb one or multiple (two to six) monolayers of water respectively, sepiolite has
a 3A void space on the basal plane that repels the adsorption of water molecules directly on
the sepiolite surface due to the absence of hydrogen bonding sites in the hydrophobic basal
plane [Benli et al., 2012]. Thus, the interlayer water (water in the channels, both bound and

unbound) likely influences the friction of fibrous clay minerals more than adsorbed water.

The observed differences in the strength, stability, and microstructures of fibrous
and planar clay minerals indicate that gouge microstructures influence the deformation
mechanisms operating during frictional sliding. In particular, the stronger fibrous clays are
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influenced by the observed lack of fiber alignment that result in the grid-like microfabric
seen in electron microscope images (Fig. 2¢ 3 and 4). This microfabric can be related to the
exposed crystal surfaces of the fibrous minerals, which have numerous atomic-scale barriers;
these barriers create rough surfaces that resist alignment and exhibit relatively high frictional
strength. Fibrous phyllosilicates have specific surface areas that vary from 95 to 400 m*/g for
sepiolite [Hibino et al., 1995] and 173 m*/g for palygorskite [Dogan et al., 2006]. These surface
areas are considerably larger than those of the planar phyllosilicates in this study, around 65.2
m’/g for smectites [Dagan et al., 2006] and 7.4 m*/g for talc [Huang and Fuerstenan, 2001]. A
combination of a strong mineral structure, high contact area, and a grid-like microfabric
explain the higher friction coefficients found for fibrous clay minerals compared to their

planar equivalents.
4.3 Thermodynamic controls on the distribution of Mg-rich phyllosilicates

Given the marked difference between the frictional properties of planar and fibrous
Mg-phyllosilicates, the thermodynamic stability and conditions necessary for transformation
from one mineral group to another in natural faults become a key question. In terms of
thermodynamic stability, smectite minerals as pure phases are restricted to the upper 3-4 km
and are generally unstable at temperatures >100 °C, when the smectite transformation to
illite-smectite and chlorite-smectite mixed layered minerals is noticeable [Inoue and Utada,
1991; Vazquez et al., 2010]. Sepiolite and palygorskite are stable to higher temperatures
(~325 °C) than smectites, and break down to talc and quartz at these high temperatures
independent of pressure conditions [Frank-Kamenetskiy et al., 1969]. Talc is the most stable
Mg-rich phyllosilicate over a wide range of temperature-pressure conditions ranging from
surficial environments to temperatures of ~800 °C and pressures of 1-2 GPa [Moore and

Lockner, 2008].



Talc, saponite, sepiolite and palygorskite are chemically similar minerals that occupy
the same equilibrium field on Mg-Si activity diagrams [Birsgy, 2002]. Their formation and
stability relate primarily to Al activity, changes in pH", salinity of the water, and reaction
kinetics. Chemical stability studies on sepiolite and palygorskite indicate that their occurrence
is mainly dictated by pH' and temperature [Guggenbheimr and Krekeler, 2011]. A high
(Mg+Si)/Al ratio, pH" between 8 to 9.5, and moderate salinity favor precipitation of fibrous
clay minerals instead of the Mg-rich smectites (saponite and stevensite), which are favored by

a pH" higher than 9.5 and high salinity waters [Jones and Galin, 1988].

Transformations between fibrous and planar phyllosilicates are likely important
processes that affect fault strength and stability. Natural cases of this transformation include
epitaxial overgrowth of smectite on palygorskite [Krekeler et al, 2005]. Meanwhile,
experimental studies exploring transformation of palygorskite and sepiolite to smectites (at
conditions found in shallow, brittle portions of fault zones) have obtained well-developed
transformation reactions at T=22 to 180 °C; pressures P= atmospheric pressure to 30 MPa;
and pH = 6 to 12 [Golden et al., 1985; Wang et al., 2015]. Once again, pore fluid chemistry is

the most important factor controlling the transformation.

The scarcity of fibrous clay minerals in surface fault rock outcrops does not rule out
their stability and abundance in depth. Evidence of sepiolite and palygorskite transformation
to smectites as a result of fluid-rock interaction in surface outcrops indicates that they could
exist widely in their fibrous configuration at seismogenic depths [Callen, 1984; Krekeler et al.,
2005]. Sepiolite and palygorskite have been observed in cores recovered from the Mariana
Fore-arc region [Natland and Mahoney, 1982] and minor amounts of palygorskite were

recognized in cores recovered from the San Andreas Fault [Bradbury et al., 2011, 2015],



demonstrating that fibrous clay minerals can indeed constitute important amounts of fault

gouges in Mg-rich fault systems and influence frictional sliding at seismogenic depths.
5. Concluding remarks

The distribution of chemically similar Mg-rich phyllosilicates can significantly influence fault
strength depending on the abundance of either weak platy minerals (u=0.045-0.22) or
stronger fibrous clay minerals (u=0.44-0.63) (Fig. 1). This strength variation may also be
accompanied by a transition in the stability regime of crustal faults, which can vary from a
velocity-strengthening, stable regime when planar phyllosilicates are present to a velocity-
neutral regime when fibrous clay minerals dominate (Fig. 1). Subtle changes in pore-fluid
chemistry within fault zones control the formation of Mg-rich mineral phases with markedly

different crystallographic structures and frictional behaviors.
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Figure 1. a. and b. Experimental quantification of the frictional properties of palygorskite,

sepiolite, talc and saponite under a. argon and b. water-saturated conditions. The steps

within the curves correspond to alternating changes in sliding velocity of one order of

magnitude (0.3 to 3 um/sec). Grey curves on palygorskite water-saturated runplot are

duplicate experiments c. and d. Values of the friction stability parameter (a-) for positive

and negative velocity steps under c. argon-saturated and d. water-saturated conditions. Inset:

Enlargement of two individual positive velocity steps at 2.5 mm of axial displacement from:

inset 1. Palygorskite under argon conditions, and inset 2. Saponite under water-saturated

conditions. The insets illustrate the model inversion fitting of the experimental data with the

aging law and the resulting values of @, b and a-b.
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Figure 2. a. TEM images illustrating the planar morphology (smectite) and fibrous

morphology (sepiolite) of the minerals studied. b. Microstructural comparison of planar and
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fibrous phyllosilicate gouges recovered at the end of the experiments. BSE images showing
pootly developed Y-shears and R-shears for 1. Talc 2. Saponite 3. Sepiolite 4. Palygorskite c.
SEM images of the deformed gouges were taken with a combination of in-lens secondary
electrons detector (66%) and secondary electrons detector (33%). White dashed lines
indicate the general orientation of the crystals. 1. SEM image of talc gouge showing an
interconnected network of talc crystals oriented on their basal planes with signs of
delamination and folding. Inset-1. Folded talc crystal 2. Saponite crystals oriented on their
basal planes 3. SEM image of sepiolite gouge showing the needle-like morphology of the
crystals and the representative microstructure with multiple orientations of the acicular
crystals after shearing (O,, O,, O;, etc.). 4. SEM image of the palygorskite gouge Inset-2.
Higher magnification image showing how the planar-like grains within the palygorskite

gouge are aggregates of palygorskite fibers.

28



+
pH Saponite Temperature

AA 1 (CoN0IMFOISIANOIOOHZ4(HZ0) stability
Y [ B |
$ﬁfﬁ5§§ g
o
180 of 1 1
(8
(0] ] I
o5 L5, ,’ g
Sepiolite AR I
Mg4SigO15(OH)2- 6(H20) -
_ 100°C} !
1
T S
- " yy O-plane o: i
, e UG 21
; \ w
a TR
2| a5 Lese W T
Z| |-= Palygorskite S o)
>3 (M3 A)2S4010ORY4H20) S1)
O-plane =1
o1
[oN | 1
S
: [
_ \ Discontinuous : :
ao = octahedral 11
w sheet : E
o 325 °C}
Mg3Sig010(0OH)2 1
7 «— Tetrahedral sheet 1
\ <«— Tetrahedral sheet :
" e M
* 800 °C
b

[ A Si-Tetrahedron [l Octahedron -, Water molecules @ Interlayer cation]

Figure 3. Schematic diagram illustrating the different crystal structures, as well as pH+,
salinity and temperature stability of the Mg-rich phyllosilicate minerals in the study. Mineral

structures after Guggenheim and Krekeler (2011).

29



QJAGU PUBLICATIONS

Geophysical Research Letters
Supporting Information for
How phyllosilicate mineral structure affects fault strength in Mg-rich fault systems

C. Sanchez-Roa 1, D. R. Faulkner?, C. Boulton? J. Jimenez-Millan' and F. Nieto3

! Departamento de Geologfa y CEACTierra, Unidad Asociada IACT (CSIC-UGR), Universidad de Jaén, Campus Las
Lagunillas s/n 23071, Jaén, Spain, 2 Rock Deformation Laboratory, Department of Earth and Ocean Sciences, University of
Liverpool, Liverpool, UK, 3 Departamento de Mineralogfa y Petrologfa e IACT (CSIC-UGR), Facultad de Ciencias,

Universidad de Granada, Avda. Fuentenueva s/n 18002, Granada, Spain.

Contents of this file

Text S1
Figures S1 to S2

Table S1

30



Text S1. Numerical fitting of the velocity steps

The velocity steps were modeled with an iterative non-linear least squares numerical fitting routine
on the experimental data [Noda and Sbhimamoto, 2009], using the constitutive friction equation
[Dieterich, 1979] with two state variables that provided a much better fit to the data than a single state

variable:

- 1(V)+b1 Vobu) | 1 (Y002
HSS_HO aln VO 1n D Zn D

1 c2

"9 and 17 are the initial and final load point velocities, respectively, uo and p are the initial and final
(steady-state) friction coefficients, @, b, and D¢ are empirical constants, and 8 is the state variable that

evolves according to the ageing law [Dieterich, 1979]:

do;_ (Ve . _ .,
dt D (i=12)

Ci

For the numerical fitting, the data are first de-trended based on the averaged displacement-hardening
rates in the sections of the run-plot where a steady state is recognized. The routine finds the best-fit
values for the empirical constants, « (related to the direct effect), & (related to the evolution effect), D,
(critical distance) and £ (machine stiffness) [Noda and Shimamoto, 2009]. The rate-and-state frictional
properties of fault materials help determine fault stability. The friction rate parameter (a-5) describes
the stability of the sliding surface. A positive value of (4-b) indicates rate-strengthening leading to
fault creep. Negative values of (a-b) correspond to velocity weakening that may result in earthquake
nucleation [Scholz, 1998]. Two state variables were used for the fitting because the use of one state
variable underestimates the values of « (Fig. 1 inset 1 and 2). Negative values of the parameter 4 (Fig.
1 inset 2) were introduced into the model fitting procedure for materials showing strong velocity-
strengthening behavior (planar minerals). Meanwhile, the fibrous clay minerals palygorskite and

sepiolite were modeled with positive values for the 4 parameter.
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Figure S1. Selected Materials
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Figure S1. X-ray diffraction patterns of randomly oriented powdered samples were obtained in
a PANalytical X'Pert Pro diffractometer (CuKo radiation, 45 kV, 40 mA) equipped with an
X'Celerator solid-state linear detector (Department of Mineralogy and Petrology, University of
Granada). A sweep between 3° and 70° 20 was performed using a step increment of 0.008° 20 and a
counting time of 10 s/step. a. Planar saponite sepatated from sample 34116 from the Alpine Fault
Zone at Hokuri Creek, New Zealand (78% saponite, impurities include lizardite, talc and chlorite)
[Boulton et al., 2017]. b. Planar talc item-468003 from Ward’s Scientific used as a standard for strength
tests for interlab comparisons, XRD analysis of the talc sample shows that impurities include
tremolite and antigorite, impurities where not recognized in SEM imaging (Fig 2cl). c. Fibrous
palygorskite (PIF-1) from the Clay Mineral Society standards (79% palygorskite, 11% smectite, 6%
quartz, 4% feldspar, 1% other) [Chipera and Bish, 2001]. d. Fibrous sepiolite sample (SV) from the

Vicalvaro deposit, Spain (91% sepiolite; impurities include 2% quartz, 2% illite, 2% feldspar and 3%
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smectite) [Viseras et al., 1999], the only impurity detected through XRD analysis in this study was a
small content of albite. All samples were sieved to obtain the <53 um fraction, with the exception of
the saponite sample in which the <2um separate was obtained. Further grain size separation on the
other samples was not conducted to avoid the concentration of impurities that are favored in the

<2um separate due to their clay size (<2um) such as smectite, illite and antigorite.
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Figure S2. Sample assembly
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Figure S2. a. Photograph of the sliders and other elements included in the direct-shear sample
assembly used for the friction tests b. Schematic cross section of the direct-shear sample assembly
used in friction tests in a triaxial deformation apparatus with a servo-controlled axial loading system
and fluid pressure pump [Mitchell and Fanlkner, 2008]. The servo-controlled fluid system controls the
confining and pore fluid pressure to a resolution of 0.01 MPa, the force is measured to +/- 0.05 kN,
and the axial loading system controls the displacement rate. During sample preparation, a fixed mass
of one gram of the powdered samples was made into a paste using deionized water for water-
saturated experiments and ethanol as bonding agent for experiments using argon as the pore fluid.
The layers were then prepared on the sliders using a precision leveling jig to ensure a uniform
thickness of around 1.5 mm. Test reproducibility was good with differences in p<0.05 for duplicate
experiments, at least one and up to 5 duplicate test were run for water-saturated tests, argon test were

then run with confidence in the sample preparation and apparatus calibrations.

Measurements monitoring permeability evolution during deformation experiments were carried out
using the pore pressure oscillation technique (Fischer, 1992). This technique applies a sinusoidal

pore-fluid pressure oscillation in the up-stream reservoir using a servo-controlled pump. The up- and
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down-stream reservoirs are separated from each other by the sample, therefore the attenuation (A)
and phase offset () of the sinusoidal pressure wave recorded in the downstream reservoir reflect the
properties of the sample. The amplitude and period of the imposed oscillation were fixed to 1 MPa

and 2000 s, respectively. Further details on the technique and the processing of the signal can be

found in Faulkner and Rutter (2000).
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TABLE S1. VELOCITY DEPENDENCE OF y FOR EXPERIMENTS CONDUCTED AT Pc=100 MPa Pp=5 MPa AND 25°C
Emor Total error
Experi Peak (ym) V. (um/s) V (um/s) k a b, De, (mm) b, D¢, (mm) ab Ty Yo 20 (k) 20 (a) 20(by, 20(Dc, (mm)) 20(b, 20(Dc; (mm) 20 (fo) (a-b)
Sepiolite (water)
15 03 30 102743 0.014237 0.010475 0.000192 0.000402 0.000001 0.003360 0453000 0424250 341E-01 3.05E+00 1.03E-01 141E+02 148801 6.80E+01 3.11E-04  0.05623080
20 30 03 113030 0.015699 0.018714 0.001885 0.000337 0.000001  -0.003352 0441740 0.438800| 546E+00 1256+02 1.11E-01 5.85E+03 44301 2.82E+03 0.02E-04 1.96802775
25 03 3.0 82445 0.014311 0.000023 0.000005 0.000315 0.000001 0.013974 0460240 0441740 642E-01 2.10E+01 1.86E+03 B8.80E+02 741E+02  7.70E+02 366E-04  0.38203528
30 30 03 856.16 0.016756 0.002532 0.000852 0.000429 0.000002 0.013706 0453520 0.460240| 272E+00 4.63E+01 253E-01 1.81E+03  7.58E-01 9.71E+02 840E-04 077545126
35 03 30 685.20 0.013455 0.000017 0.000018 0.000352 0.000002 0.013086 0486500 0.453520| 3.30E-01 7.84E+00 1.33E:02 207E+02 0.11E+01 1.87E+02 358E-04  0.11030453
Sepiolite (argon)
15 03 30 172317 0.010197 0.000183 0.000008 0.000956 0.000008 0.002058 0.573500 0.551460| 1.20E-01 1.53E-01 0.20E:01 1.80E+01 3.40E+02  6.68E+01 3B84E-04  0.32557400
20 30 03 1862.02 0.012005 0.007281 0.000096 0.000047 0.000005 0.004678 0.585000 0.575520| 222E-01 5.80E-01 6.50E-02 154E+02  7.08E-02 1.18E+02 467E-04  0.00607473
25 03 30 146421 0.010014 0.002812 0.000068 0.012206 0.000001 0.004806 0.571280 0.564800| 1.80E-01 1.08E+00 6.13E-02 1.72E+00  1.03E-01 1.60E+00 302E-04  0.02112106
30 30 03 380588 0.010181 0.005127 0.000056 0.000009 0.000010 0.004955 0.557470 0.571280| 1.75E-01 1.38E-01 1.97E-01 1.15E+01  1.44E-01 271E+01 362E-04  0.00172842
35 03 30 1556.56 0.000896 0.001243 0.000100 0.002865 0.000005 0.004788 0.570100 0.557470| 1.26E-01 1.30E-01 1.19E-01 324E-01  267E-01 3.80E-01 340E-04  0.00165088
Palygorskite (water)
15 03 30 115467 0.013187 0.004250 0.000070 0.002717 0.000004 0.006220 0407600 0.503410| 629E-02 1.62E-01 255E-02 7.83E-01 382E-02 6.20E-01 280E-04  0.00214083
20 30 03 961.12 0.014194 0.001087 0.000266 0012073 0.000260 -0.008868 0511860 0.407500| 3.93E-02 288E-02 3.53E:02 1.82E+01 1.68E+02  0.19E+00 0.04E-04  3.36840118
25 03 30 113084 0.074711 0.001573 0.001047 0.063388 0.000000 0.000750 0.517650 0511860 1.11E-01 1.54E+01 1.98E:01 1.60E+01  2.19E+01 1.62E+01 1.85E-04 1.80034085
30 30 03 3472 0.028664 0.000416 0.000535 0.016448 0.000003 0.002800 0.503060 0.517650| 4.12E-01 3.57E+00 326E-02 6.24E+00  7.65E-02 5.26E+00 8.63E-04  0.10238161
35 03 30 107475 0.038974 0.000005 0.000003 0.028857 0.000000 0.010112 0525800 0.503060| 4.51E-01 247E+01 2.73E:03 3.31E+01  1.10E+03 3.12E+01 563E-04 31.63037385
Palygorskite (argon)
15 03 30 150174 0.011443 0.000804 0.000067 0.003852 0.000013 0.006787 0.637270 0.616500| 640E-02 4.12E-02 4.55E-01 1.19E-01  4.56E-01 2.08E-01 364E-04  0.00185444
20 3.0 03 175265 0.015091 0.008643 0.000141 0.005041 0.000011 0.001407 0.833710 0.837270( 5.77E-02 8.06E-02 3.06E-02 2.15e-01 4.44E-02 3.65E-01 3.07E-04 0.00126408
25 03 30 1676.32 0.008806 0.006769 0.000111 0.003218 0.000017  -0.001170 0.620580 0.633710| 8.50E-02 353E-02 287E-02 001E-02 627E02 1.66E-01 354E-04  0.00041830
30 30 03 2157.08 0.012382 0.010283 0.000256 0.004565 0.000010  -0.002566 0.619140 0.620580| 1.21E-01 1.38E-01 197E-02 345E-01 6.61E02 5.52E-01 5.14E-04  0.00174681
35 03 30 196009 0.008116 0.006865 0.000144 0.002584 0.000016  -0.001333 0.617500 0.819140| 151E-01 547E-02 4.56E-02 1.71E-01  1.30E-01 2.72E-01 5.19E-04  0.00063885
water)
15 03 30 168.34 0.001728 0.000003 0.000020 0.000031 0.000002 0.001684 0.043060 0.030837| 467E-01 4.04E+00 1.10E:02 275E+02 8.20E+01 1.85E+02 145E-03  0.00806486
20 30 03 141.72 0.003160 0.001134 0.000131 0.000017 0.000011 0.002009 0.047093 0.043969| 7.50E-01 3.73E+00 2.78E-01 7.03E+02 335601 5.46E+02 203E-03  0.01172226
25 03 3.0 23328 0.001198  -0.000213 0.000008  -0.000509 0.000058 0.002009 0051168 0.047003| 344E-01 3.66E-01 1.84E:00 208E-01 1.80E+00 2.12E-01 9057E-04  0.00127671
30 30 03 12383 0.003186 0.001808 0.000382 0.000055 0.000004 0001323 0.052028 0.051168| 1.86E+00 203E+01 422E-01 1.72E+03  6.20E-01 1.02E+03 175E-03  0.00345487
35 03 3.0 221.10 0.001673  -0.000080 0.000010  -0.000803 0.000135 0.002446 0.058450 0.052028| 256E-01 2.73E-01 5.34E:00 1.75E-01 5.34E+00 4.52E-01 1.06E-03  0.00374885
‘Saponite (argon)
15 03 30 1242.18 0.008551 0.000007 0.000008 0.000303 0.000001 0.008241 0.240200 0.231050| 320E-01 273E+00 1.78E:02 7.80E+01 1.31E+02  427E+01 8.17E-04  0.04500281
20 30 03 3025.09 0.008026 0.000070 0.000425 0.000019 0.000001 0.007936 0.225740 0.248200| 8.16E-01 3.15E+00 530E-01 1.30E+03  3.17E+00 1.80E+02 543E-04  0.02530200
25 03 30 218585 0006383  -0.000201 0.000001  -0.000002 0.000035 0006586 0.236830 0.225740| 7.72E-01 281E+00 8.91E:01 1.82E+02 5.42E+01 2.53E+02 120E-03  0.02535720
30 30 03 342750 0005612  -0.001535 0.000026  -0.000042 0.000028 0.007189 0.214880 0.236010| 2.02E-01 8.19E-02 0.52E:01 344E+03 8.48E+01 3.10E+03 703E-04  0.14618175
35 03 30 215042 0.006246  -0.002500 0.000101  -0.000123 0.000055 0.008959 0.235800 0.214880| 256E-01 5.01E-02 3.18E:00 6.88E+01 1.32E+00  221E+01 134E-03  0.00823411
Talc (water)
15 03 30 148448 0.006030 0.000007 0.000009 0.000088 0.000001 0.006835 0.207760 0.201830| 5.85E-01 3.33E+00 1.44E:02 2062E+02 1.19E+02 1.46E+02 576E-04  0.02537388
20 30 03 1502.61 0.005030 0.000153 0.000098 0.000042 0.000002 0.005735 0.277720 0.297760| 7.94E-01 246E+00 1.20E+00 348E+02 1.89E+00 1.95E+02 705E-04  0.01457687
25 03 30 257.70 0.007755 0.000013 0.000005 0.000037 0.000002 0.007705 0.200170 0.277720f 5.10E-01 3.50E+00 3.11E:03 421E+02 8.27E+02 1.18E+03 7.68E-04 0.05702240
30 30 03 73824 0.007066 0.000024 0.000022 0.000072 0.000008 0.007870 0.268550 0.200170| 1.02E+00 525E+00 5.78E+02 442E+02 220E+02  6.32E+02 101E-03  0.04685046
35 03 30 187228 0005826  -0.001575 0.000083  -0.001353 0.000011 0.008754 0.285750 0.268550| 1.72E-01 1.04E-01 148E-01 42301 221E01 5.21E-01 6.18E-04  0.00071581
Talc (argon’
15 03 30 51042 0.005085 0.000001 0.000001 0.000016 0.000000 0.004167 0.352040 0.336100| 1.26E+01 7.26E+02 2.32E:04 4.01E+03 4.93E+03 2.11E+03 366E-04 583633007
20 30 03 426.81 0.005306 0.000050 0.000002 0.000049 0.000003 0.005188 0.335000 0.352040| 1.01E+01 1.50E+02 4.87E+06 501E+06 245E+05  240E+05 7.17E-04 288.08355700
25 03 30 168803 0.004314  -0.001581 0.000034  -0.000102 0.000010 0.005007 0.353060 0.335000| 2.35E-01 1.10E-01 562E-01 8.01E+00  3.286E-01 9.60E+00 324E-04  0.00100638
30 30 03 5083.81 0003875  -0.003011 0.000086  -0.000009 0.000081 0006895 0.332520 0.353040| 441E-01 5.10E-02 2.20E:01 TT7E+03 2.17E+00  7.73E+02 403E-04  0.08613801
35 03 30 152058 0.004520  -0.000888 0.000010 _ -0.000130 0.000010 0.005538  0.345800 0.332520| 296E-01 2.00E-01 238E:02 1.63E+03 5.64E+01 3.72E+02 436E-04 021173384

Ve siiding velocity before the velocity Step
V: sliding velocity of the step

k: machine stiffness

a: empirical constant related to the direct effect
bs and bz: empirical constants related to the evolution effect for the first and second state variables respectively

Des and Dez: eritical distance for the first and second state variables respectively
p=: final coeficient of friction after the velocity step
po: coeficient of friction before the velocity step

20: standard deviation

Table S1. Results of the numerical fitting of the empirical constants a, by, bz, Der, De» for all experiments used to calculate the friction rate parameter (a-

b).
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