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Abstract The geochemical alteration of host rocks might affect the productivity and the potential for
induced seismicity of geothermal systems. In addition to natural alteration, following production and heat
extraction, re‐injected fluids at lower temperatures and different pressures may be in chemical disequilibrium
with the rock, impacting mineral solubility and dissolution/precipitation processes. In this study, we investigate
the effect of geochemical alteration on the frictional behavior of granites, and their seismogenic potential, by
conducting direct shear experiments using samples with varying degrees of alteration. The samples originate
from the Carnmenellis granite in Cornwall, SW England, and represent the formation used in the United Downs
Deep Geothermal Power Project for heat extraction. Experiments were conducted on granite powders (referred
to as gouges) at room temperature and 180°C, at simulated in situ confining and pore pressures of 130 and
50 MPa, respectively (∼5 km depth). With increasing degree of alteration, the frictional strength of the gouges
decreases while frictional stability increases. At high temperature, frictional stability is reduced for all samples
while maintaining the trend with alteration stage. Microstructural investigation of the sheared gouges shows
alteration delocalizes shear by reducing grain size and increasing clay fraction, which promotes the formation of
pervasive shear fabrics. Our work suggests that, within the range of tested pressures, more alteration of granite
initially causes more stable shearing in a fault. This behavior with alteration is sustained at high temperatures,
but the overall frictional stability is reduced which increases the potential for induced seismicity at higher
temperatures.

Plain Language Summary Geothermal systems are of high interest as renewable energy source.
However, hot fluids in the deep subsurface can chemically react with the host rock they flow through. These
reactions then affect the fluid chemistry and the rock mineral composition. With changes in mineral
composition, changes in mechanical and hydraulic properties are observed. We test the effects of a specific
group of reactions (argillic alteration) on the frictional properties of granite powders by using an example rock
that is targeted in geothermal projects in Cornwall, SW England. The frictional properties give information
about how likely it is for granitic rocks to produce an earthquake while sliding. Our tests show that the more the
granite has chemically changed, the easier the powder is to slide but the more stably it will slide. This means that
chemically changed powders are less likely to create seismic waves on sliding. In addition, tests at high
temperature (180°C) showed the same stabilizing effect within the reacted rocks but the general sliding stability
was reduced over all samples. This implies that the potential for earthquakes is higher at higher temperatures,
although the analyzed chemical reactions reduce this potential in granitic geothermal systems.

1. Introduction
Transitioning toward renewable and carbon neutral energy generation is one of the major tasks during the 21st
century. In addition to wind or solar energy, harnessing the Earth's geothermal heat can help diversify national
green energy portfolios, particularly as geothermal energy projects can deliver a continuous supply of heat and/or
power. In the United Kingdom, one of the most promising areas for deep geothermal energy production is
Cornwall, SW England (Busby & Terrington, 2017). This region is underlain by the Cornubian batholith, with
several large granitic plutons now revealed by erosion. Granites often contain higher concentrations of uranium,
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thorium and potassium relative to their host rocks (Abesser et al., 2020). The decay of these elements causes
enhanced heat flowwhich, in the case of Cornwall, is close to double the UK average (Busby & Terrington, 2017).
This makes the region a target for geothermal operations like the United Downs Deep Geothermal Power project
(UDDGP; see Figures 1 and 2) in the Carnmenellis pluton or the Eden Project in the St. Austell pluton
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Figure 1. (left) Schematic of the UDDGP project; Porthtowan fault zone as reservoir for fluid production and reinjection.
(right) Rock undergoes temperature and pressure changes under geothermal operation. This potentially geochemically alters
the rock along the flow paths changing the mineralogy around the fault. New mineralogy causes the formation of other shear
structures and changes frictional properties that affect the potential of induced seismicity (modified after Ledingham
et al., 2019).

Figure 2. Map of south‐west Cornwall indicating the locations of three major plutons. The plutons are part of the Cornubian
Batholith emplaced during early Permian post‐collisional extension. Sampling location (Holman's Test Mine) is shown and
the approximate position and strike of the Porthtowan fault zone (modified after Simons et al., 2016).
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(Ledingham et al., 2019, and edengeothermal.com, 2022). These projects target fractures and fault zones in
crystalline rock that provide pre‐existing pathways for the production of hot fluids (∼180°C) and then the re‐
injection of cooler fluids following heat extraction (e.g., Ledingham et al., 2019).

The sustainability and reliability of these systems depends on the stability of the fault transport properties
throughout the lifetime of the system. After heat is extracted, fluids are re‐injected into the subsurface at tem-
peratures and pressures that may not be in equilibrium with the surrounding rock. Consequently, the fluids may
not be in chemical equilibrium with the surrounding rock, which may promote geochemical reactions to occur
(e.g., Kamila et al., 2021; Stefansson, 1997). Mechanical and/or geochemical rock property changes occurring
over extended periods of time (i.e., years), can impact the productivity of the system (e.g., Bischoff et al., 2024;
Forbes Inskip et al., 2023). Furthermore, given that fault frictional properties depend on mineralogical compo-
sition (e.g., Fang et al., 2018; Ikari et al., 2011; Summers & Byerlee, 1977; Tembe et al., 2010), this might impact
the risk for induced seismicity (Scholz, 1998).

The frictional properties of granite are relatively well understood over a wide range of conditions (e.g., Biegel
et al., 1992; Blanpied et al., 1995; Byerlee, 1967; Hadizadeh et al., 2015; Ishibashi et al., 2018; Mitchell
et al., 2016; Wang & Scholz, 1994). However, in most previous studies unaltered granite was used. At room
temperature, unaltered granite gouges were found to exhibit stable sliding under a wide range of conditions. These
only transition into potentially unstable sliding at high sliding velocities under high effective pressures (Kilgore
et al., 1993) or at displacements of 10–100 mm in high displacement tests (Beeler et al., 1996). Blanpied
et al. (1998) found that unaltered granite gouges transition from stable sliding to potentially unstable sliding
between 90°C and 350°C at 400 MPa effective pressure and 100 MPa pore pressure. This temperature window is
relevant to the UDDGP project which operates between∼180°C at the production well and∼80°C at the injection
well based on projected temperature gradients (Busby & Terrington, 2017; Ledingham et al., 2019), but also
applies to other geothermal systems which work at similar temperature ranges.

Natural fault systems, however, often show geochemical alteration, usually becoming more distinctive with
increasing proximity to the fault core (e.g., Nishimoto & Yoshida, 2010). Studies that have considered granite
alteration have focused on the alteration mechanisms (e.g., Bartier et al., 2008; Nishimoto & Yoshida, 2010;
Savage et al., 1987) or other rock mechanical properties (e.g., Chen et al., 2018; Coggan et al., 2013) instead of
friction. Meller and Kohl (2014) considered both chemical alteration and rock frictional behavior and analyzed
the impact of hydrothermal alteration zones on the mechanical behavior in granite at Soultz‐sous‐Forêts (France).
They compared borehole logs and friction literature for different rock types and clast clay mixtures and related
alteration state and bulk clay content of the rock to frictional strength. Furthermore, they observed on the
geothermal reservoir scale that large seismic events were limited to unaltered granite, while clay‐rich zones only
hosted small magnitude events. However, Meller and Kohl (2014) only related this to friction coefficients from
the literature and neglected frictional stability (defined here in terms of the rate and state friction parameters
(a− b), as described in the data processing section later) as important factor for nucleation of seismic events.

Trends in frictional behavior have been linked to microstructural changes, for mono‐mineral powders (e.g.,
Bedford & Faulkner, 2021; Beynon & Faulkner, 2020; Leclère et al., 2016), and synthetic multi‐mineral powder
mixtures (e.g., Bedford et al., 2022; Bos et al., 2000; Tembe et al., 2010). While this research provides important
fundamental insights, natural rocks often contain more than three minerals and the minerals mechanically interact
during shearing, creating complex microstructures. To investigate the links between friction and microstructure in
nature, ground‐up complex rocks were tested (e.g., He et al., 2007; Hunfeld et al., 2017; Okuda et al., 2023),
including granite (e.g., Beeler et al., 1996; Hadizadeh et al., 2015; Ikari et al., 2011). Although, granite friction
was analyzed at hydrothermal conditions (e.g., Blanpied et al., 1995) and with respect to geothermal systems (e.g.,
Zhang et al., 2023), nobody has yet linked their microstructural observations to friction and seismicity in
geothermal systems or to the effects of natural geochemical alteration on friction.

In this study, we investigate the effect of geochemical alterations on the frictional behavior and microstructure in
granitic fault systems (Figure 1). The key questions addressed here are: Does natural alteration promote or inhibit
unstable sliding and with this induced seismicity? How is the friction behavior related to structural changes
triggered by alteration? We conducted a series of direct shear experiments at room temperature (18°C) and at
180°C under near in situ stress conditions on Cornish granites, representative of the fault zone targeted in the
UDDGP project. We prepared gouges from a sequence of samples from the fault zone with increasing proximity
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to the fault core exhibiting different stages of natural chemical alteration. Following the shear‐experiments, we
prepared thin sections from the deformed gouges and analyzed the development of the gouge microstructure.

2. Materials and Methods
2.1. Sample Material

We collected granite samples from the Carnmenellis pluton in SW Cornwall, England. The pluton is part of the
Cornubian batholith that spans from the Isles of Scilly in the SW to the Dartmoor pluton in the NE (Bott
et al., 1958). The batholith was emplaced during Early Permian post‐collisional extension and the Carnmenellis
pluton was dated to be 293.7 ± 0.6 Ma (Chesley et al., 1993). The pluton contains significant amounts of biotite
and muscovite, is medium‐ to coarse‐grained and contains potassium feldspar phenocrysts (<25 mm) that make
up <5 to 25 wt‐% of the rock (Simons et al., 2016).

The granite samples analyzed have been collected in Holman's Test Mine which is located about 1.5 km SE of
Camborne (Figure 2, exact coordinates of entrance: 50°11′02.0″N 5°17′00.3″W) and comprises over 2 km of
tunnels and galleries arranged in a grid layout, at depths up to 30 m below surface, in the Carnmenellis pluton. It
was selected for sampling because rocks from the mine are less weathered than surface outcrops and there is good
3D exposure of faults within the granite. The granite at the mine hosts two sets of low‐displacement (<5 m) faults:
(a) ENE‐WSW striking, moderately to steeply inclined, extensional faults that are associated with variably
developed quartz‐tourmaline‐chlorite‐fluorite‐sulfide magmatic‐hydrothermal mineralization (Early to Mid
Permian in age), (Shail & Simons, 2023), and (b) NW‐SE to N‐S striking, steeply inclined, faults that typically
bring about a small (<5 m) dextral separation of (a) and are associated with chalcedony/quartz ± hematite veins
and wallrock argillic and hematite alteration due to the migration of lower temperature basinal brines (Shail &
Simons, 2023).

These relations result in the later faults being termed “cross‐courses.” Some cross‐courses may have initiated as
transfer faults during the development of extensional magmatic‐hydrothermal fault systems. However, the
principal episodes of cross‐course fault development and associated fluid flow was in the Late Permian to Triassic
due to ENE‐WSW extension during rifting across southern England (Scrivener et al., 1994; Chadwick &
Evans, 1995; Shail & Alexander, 1997); this was followed by selective reactivation as strike‐slip faults during
Cenozoic intraplate shortening (Dearman, 1963). Larger trace‐length versions of these faults, with displacements
>100 m, have been targeted in the UDDGP (Porthtowan fault zone) and Eden (Great cross‐course) projects, and
also exhibit evidence for argillic and hematitic alteration, (e.g., Reinecker et al., 2021). We therefore consider the
small‐displacement cross‐courses at Holman's Test Mine to be a suitable analog for our study, and relevant for
geothermal energy projects in Cornwall.

We here study the alteration across two low (<5 m) displacement faults in Holman's Test Mine as an analog for
alteration in the Porthtowan fault zone at depth. The samples were collected at variable distances to the fault core
(Figure 3) to capture increasing granite alteration with decreasing distance to the fault core, which was confirmed
by XRD mineralogical analysis (Table 1). With increasing proximity to the fault core (see Figure 3), the samples
show increasing clay (up to 25 wt‐%) and decreasing plagioclase (down to 0 wt‐%). The sample from within the
fault core (TM8) shows the highest quartz (59 wt‐%) and a slightly lower clay content (22 wt‐%). Smec-
tite + chlorite contents increase (2%–11%) closer to the fault core while muscovite + biotite + illite contents
decrease (18%–10%), indicating progressive alteration toward the fault core. Sample Sa6 was collected from
another cross‐course fault from the same mine for comparison purposes. The fault strikes parallel to the main fault
sampled but was located approximately 50 m further east in a parallel drive. Sa6 contains higher amounts of
kaolinite and lower amounts of smectite + chlorite compared to TM samples. Sa6 indicates the potential vari-
ability in the composition of rock that underwent argillic alteration, while the overall mechanism of decreasing
plagioclase and increasing clay content is the same.

Sample preparation involved crushing the samples mechanically to cm‐sized pieces. Samples were then milled in
an agate disc mill for 30–90 s. The powders obtained were subsequently sieved to <125 μm to ensure a uniform
maximum grain size. Milling and sieving was repeated until all material passed through the sieve to avoid
fractionation. This sample powder represents fault gouge to study friction behavior.

Journal of Geophysical Research: Solid Earth 10.1029/2024JB028861

HARPERS ET AL. 4 of 19

 21699356, 2024, 10, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2024JB

028861 by R
obin Shail - T

est , W
iley O

nline L
ibrary on [27/10/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2024JB028861&mode=


2.2. Triaxial Apparatus and Direct Shear Assembly

Our experiments were performed using a triaxial deformation apparatus at the
University of Liverpool. The apparatus allows the application of confining
pressures of up to 250 MPa and pore pressures up to 200 MPa using two
servo‐controlled fluid systems. The axial piston moves via a servo‐controlled
gear train and can be operated by a force or displacement feedback loop. An
internal force gauge measures differential axial load of up to 300 kN. Three
external furnaces control experimental temperatures while the axial force
gauge at the bottom of the vessel is water‐cooled to reduce thermal drift. The
apparatus is described in detail in Faulkner and Armitage (2013).

The direct shear assembly used in our experiments consists of two L‐shaped
sliders, between which a 20 × 36 mm gouge slab is located (Figure 4). Pore
pressure reaches the sample through porous stainless‐steel frits that are push
fitted into the slider surfaces. 1.3 g of dry sample powder were evenly
distributed on one of the sliders. We then pre‐compressed the powder onto
the sliders at about 5 MPa stress normal to the slider surface to create a
gouge layer of ∼1 mm thickness. To ensure coupling between gouge and
slider, the contact surface of the slider is made up of a series of 100 μm deep
machined grooves. Silicone rubber spacers accommodate the displacement
via elastic compression and stabilize the assembly. The combined slider‐

sample‐spacer set is wrapped in a thin sheet of Polytetrafluorethylene (PTFE) to reduce friction between
sliders and the surrounding jacket. The jacket consists of Polyvinyl chloride (PVC) in low temperature ex-
periments and of Viton rubber in high temperature experiments. A thin PTFE disk was fitted to the top of the
jacketed sliders to allow for small lateral displacements of the sliders during pressurization and compaction of
the gouge layer. A detailed description and a schematic of the direct shear assembly are provided in Faulkner
et al. (2018).

2.3. Experimental Procedure

Most shear experiments were performed at a confining pressure Pc of 130 MPa and a pore fluid pressure Pp of
50 MPa, leading to an effective pressure Peff (=Pc − Pp) of 80 MPa on the sample. These pressures correspond

to the lithostatic and hydrostatic pressures in a granite body at 5 km depth,
respectively, and were chosen to be comparable to the conditions at the
bottom of the production well at UDDGP (Paulillo et al., 2020). We used
room temperature experiments to initially investigate the effect of gouge
composition and then tested at 180°C to analyze temperature effects. The
axial piston was advanced at fixed rates, compressing the slider setup, and
causing shear deformation of the samples. Following a run‐in phase of
0.3 μm/s for 1.5 mm, the axial displacement rate was stepped every 0.5 mm
between 0.3, 1, and 3 μm/s until a maximum displacement of 5 mm was
reached (velocity sequence displayed in detail in Figure 5). A slow run‐in
velocity was chosen to ensure the shear‐enhanced compaction of the
gouge did not result in pore‐fluid pressure transients within the gouge layer
that might affect mechanical results (Faulkner et al., 2018). Load point
displacement (resolution ± ∼0.5 μm), confining pressure (±0.01 MPa), pore
fluid pressure (±0.01 MPa), axial load (±0.05 kN), and temperature
(±0.1°C) were measured, and the corresponding signals logged at a fre-
quency of 10 Hz. We conducted more than the experiments that are subject
of this paper, but due to the high pressures and partially very high tem-
peratures, experiments have been challenging to conduct. Unfortunately,
pump failures and leaks occurred frequently. Data of tests with leaks show
reproducibility up to the point when the leak occurred. Examples for such
data together with a list of all conducted experiments are shown in Sup-
porting Information S1.

Figure 3. Image of a cross‐course structure in Holman's Test Mine with
markers of approximate sampling locations. The position of the fault core is
marked by dashed lines and the marker was placed for scale. The width of the
tags represents the approximate volume from where each sample was taken.
TM11 was collected one meter away and is considered unaltered. Sa6 was
collected from another cross‐course structure in the mine (Table 1).

Table 1
XRD Results for Granitic Samples Used in This Study in wt‐%

Mineral Sa6 TM8 TM7 TM6 TM11

Quartz 37 59 31 31 31

Plagioclase 1 0 2 8 20

K‐Feldspar 38 18 37 36 28

Ankerite <0.5 <0.5 <0.5 <0.5 0

Anhydrite <0.5 <1 1.5 <0.5 0

Tourmaline <1 <0.5 <0.5 <1 <1

Total clay 20 22 25 23 21

Msc + Bio + Illa 10 10 13 12 18

Kaolinite 7 1 2 2 1

Chl + Smeb 3 11 11 9 2

Unknownc 3 0 3 2 <1

Note. TM8 to TM11 are ordered by decreasing proximity to fault core, with
TM8 having been collected within the core. Sa6 was collected at another fault
for comparison. Error for non‐clays <1%; Error for clays 1%–2%, but direct
comparison of samples allows correct estimate of relative clay contents be-
tween samples. aMuscovite, Biotite, and Illite. bChlorite and Smectite.
cAmorphous and not identifiable components.
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Following the experiments, the sheared gouge slabs were carefully taken out
of the assembly and left to dry at room temperature for several days. They
were then impregnated with epoxy resin to conserve structure and stabilize
the thin slab for thin section preparation. Thin sections were cut perpendicular
to the shear surface and tangential to the shear direction. We polished the
section and analyzed them using Scanning‐Electron Microscopy (SEM) as
well as Energy‐Dispersive X‐ray Spectroscopy mapping (EDS mapping)
using a Quanta 650 FEG SEM.

We used Avizo, a software application for data visualization by Thermo-
Fisher Scientific, to analyze and quantify trends in the microstructure by
processing the SEM images of the thin sections. The images were denoised
using a non‐local means filter and the gray levels readjusted using
sigmoidal intensity remapping. We then segmented the images through
thresholding and analyzed the segmented particles for grain size (as grain
area aj), grain shape (as aspect ratio of a fitted ellipsoid ARj), and grain
orientation. The latter is calculated as the angle between the gouge layer and
the direction of the maximum Feret diameter of a grain in the 2D image.
The Feret diameter of a grain at a specific angle describes the distance
between two parallel lines perpendicular to that angle enclosing a grain at
its outside boundary. It is comparable to the diameter that would be
measured with a caliper, if the caliper was fixed to the image plane with the

ruled scale of the caliper positioned parallel to the specific angle of interest. Furthermore, we filtered out all
grains smaller than 8 pixels because they are close to the image resolution, limiting interpretation of shape and
orientation. This filtering of the smallest grain portion and everything below will be addressed in the discussion
section.

2.4. Data Processing

The axial load applied during each experiment was converted into shear stress
τ on the gouge sample which we used to calculate the apparent coefficient of
friction according to μ = τ/σeff. Effective normal stress σeff is the difference
between normal stress σ, which in our setup is induced by the confining
pressure, and pore fluid pressure Pp, that is, σeff = σ − Pp. Following Behnsen
and Faulkner (2012), cohesion and jacket strength are ignored. The data were
analyzed using the Rate‐and‐State Friction (RSF) framework (Dieter-
ich, 1978, 1979; Ruina, 1983) to interpret the velocity dependence of the
friction coefficient according to:

μ = μ0 + a ln(
V
V0
) + b ln(

V0θ
DRS

) (1)

here, θ is a gouge state variable, a determines the magnitude of the instan-
taneous change in μ upon a given step change in sliding velocity from a
reference value V0 to a new value V = eV0, b reflects the magnitude of the
change in μ during the evolution to a new steady state value over a critical
sliding distanceDRS, and μ0 is the steady state friction coefficient measured at
the reference velocity V0. For the state variable θ we used Dieterich's aging
law formulation (Dieterich, 1979):

θ̇ = 1 −
Vθ
DRS

(2)

For changes in the steady state friction coefficient μss resulting from a step-
wise change in sliding velocity Equations 7 and 8 yield (e.g., Marone, 1998):

Figure 4. Schematic drawing of the triaxial rig and a detailed view of the
direct shear assembly (modified after Faulkner et al., 2018).

Figure 5. Friction coefficient against load point displacement for all samples
tested, at room temperature ∼18°C (top) and at 180°C (bottom),
Peff = 80 MPa. Velocity steps are in μm/s and are marked on top of the
graphs. Percentages in the legend indicate the clay content in the sample.
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dμss
d(ln V)

= (a − b) (3)

A positive (a − b) value indicates that the friction coefficient increases with higher velocities while a negative
value of (a − b) indicates a decrease in friction coefficient with an increase in velocity. Systems that exhibit
positive (a − b) values are therefore called “velocity‐strengthening” (VS) and slip in such systems is intrinsically
stable. In contrast, systems that show negative (a − b) values are called “velocity‐weakening” (VW) and have the
potential to nucleate unstable slip (e.g., Scholz, 2019). We used the MATLAB software package RSFit3000 by
Skarbek and Savage (2019) to obtain the Rate‐and‐State Friction parameters. The software uses a nonlinear least‐
squares fitting routine for fitting a RSF model to a velocity step and outputs the related parameters.

3. Results
3.1. Direct Shear Experiments

Figure 5a shows representative curves of friction coefficient μ versus load point displacement for all samples at
room temperature (∼18°C) and 80 MPa effective pressure. From displacements of 0.1 mm to 0.9–1.2 mm, μ
increases steeply and quasi‐linearly to values of 0.43–0.52, when the apparent yield point is reached. Following
yielding, the friction coefficients of the gouges generally continue to gently increase with displacement until a
displacement of 2 mm. Thereafter, the samples continue to show similar behavior as all reach a steady state before
the final displacement of 5 mm. However, their final friction coefficients are different with TM11 reaching the
highest value of ∼0.6 and TM7 the lowest value of ∼0.49.

Figure 5b shows friction coefficient μ versus load point displacement for the experiments performed at 180°C.
Similar to measurements performed at 18°C, μ increases steeply and quasi‐linearly from 0.1 mm to 0.9–1.2 mm to
values of 0.48–0.56, after which the apparent yield point is reached. Thereafter, μ of TM11 remains constant, for
Sa6 it increases slightly, indicating minor strain hardening, and for TM6, TM7 and TM8 it decreases slightly with
displacement, indicating minor strain weakening. We generally observe that for the high temperature experiments
at 180°C, high clay contents (>21 wt‐%) lead to strain weakening (TM6, TM7, TM8), while strain hardening is
observed for sample Sa6 with a clay content of ≤21 wt‐%. TM11 which also has a clay content of ≤21 wt‐% shows
neither strain hardening nor weakening.

Figure 6 shows the final frictional coefficient, which is a mean of the friction coefficients over the last 0.4 mm
displacement, versus clay content of the gouge (a) and the relative sampling position of the gouge in the fault (b).
Friction coefficients range from 0.49 for sample TM7 to 0.60 for sample TM11 at 18°C. At 180°C, they seem to
decrease with increasing clay content from 0.61 at 20 wt‐% clay for Sa6 to 0.49 at 25 wt‐% for TM7 (see

Figure 6. Final friction coefficient calculated as mean over the last 0.4 mm displacement versus (a) clay content and
(b) relative position in the fault. In (b) Samples are ordered by increasing proximity to fault core while Sa6 was collected at
another fault and used as a reference here. Blue dots indicate room temperature results (∼18°C); red dots represent high
temperature results (180°C).
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Figure 6a). This trend, however, is not supported by the low temperature data. TM11, TM6 and TM7 show that
clay content increases while friction coefficient decreases with increasing proximity to the fault core (see
Figure 6b). TM8 was collected from within the fault core but shows final friction coefficients at low and high
temperature which are higher than for TM7, the next sample further away from the core.

Figure 7 relates the frictional stability of our samples to their clay content (a, c) and to their relative position to the
fault core (b, d). The combined parameter (a − b) at low temperature (Figure 7a) ranges from − 0.0057 to 0.0049.
The relatively low b values of Sa6 (20wt‐% clay) result in (a − b) values that are on average higher than for the other
samples. Values of (a − b) for Sa6 are all positive and thus indicate VS behavior. Excluding sample Sa6, (a − b)
increases with increasing clay content. TM11 (21 wt‐% clay) shows both VS and VW behavior with values from
− 0.0057 to 0.0022. Values of (a − b) range from − 0.0012 to 0.0035 and − 0.0003 to 0.0043 for samples TM8 and
TM6with 22wt‐% and 23wt‐% clays, respectively, indicating increasingVSbehaviorwith increasing clay content.
The sample with the highest clay content (TM7, 25 wt‐%) shows (a − b) values from 0.0003 to 0.0043, that is, VS
behavior at all velocities tested. Clusters related to post‐step slip velocity can be recognized,where (a − b) at 3 μm/s
are lowest and values at 0.3 μm/s highest. At 180°C (Figure 7c), the ranges and the means of (a − b) of all samples
shifted to smaller and more negative values and with this toward more VW behavior. We generally observe
increasing (a − b) values with increasing clay content at high temperature for TM samples. Furthermore, the mean
frictional stability generally increases with increasing proximity to the fault core from − 0.0008 to 0.0021 at low
temperature (Figure 7b) and from − 0.0013 to 0.0017 at high temperature (Figure 7d).

3.2. Gouge Microstructures

In the following we describe the main characteristics of the gouge microstructures of all our samples at room
temperature and of TM11, TM7 and Sa6 at high temperature. An overview and some example microstructures are

Figure 7. Frictional stability (a – b) against phyllosilicate content (left column) and ordered by proximity to fault core (right
column) at room temperature (∼18°C; top) and at high temperature (180°C; bottom). Blue crosses represent mean values.
Boxplots show mean value (blue cross), median (orange line), upper and lower quartile (box) and overall data range
(whiskers) for data of each sample.
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given in this chapter, but more detailed images, as well as EDS‐element‐maps are attached in Supporting In-
formation S1. We use the terminology of Logan et al. (1992) in the description of the main shear structures.

Unaltered sample TM11: Figure 8a shows compressed but unsheared TM11. This was analyzed to study the
sample microstructure before and after shear deformation. The homogeneously distributed large clasts (<125 μm)
are mostly quartz, albite, and orthoclase with occasional larger interparticle booklets of muscovite and biotite. In
addition, we find other small clay minerals like kaolinite and smectite and small amounts of apatite and rutile,
while the latter is forming needles of 10–20 μm in length. Elongated and platy grains partly orient between ∼75°
and 90° (normal) to the compression direction. Biotite and muscovite predominantly orient perpendicular to
normal stress and partially form layers around larger clasts.

In comparison, the sheared TM11 sample contains significantly fewer clasts of larger size compared to the
unsheared counterpart (Figure 8b). This makes it more heterogenous with respect to spatial grainsize distribution
and causes the formation of specific shear structures, of which examples are shown in Figure 9. Large clasts are
mostly quartz, while feldspars (albite and orthoclase) are widely fractured leading to a decrease in grain size. Shear
deformation did not only lead to grain size reduction but also to generally rounder grains as a result of wear
(Figures 9b and 9c). Some clasts roughly align and orient along early P‐shears. Biotite andmuscovite booklets, that
aligned perpendicular to the compression direction in the unsheared sample, partiallymaintain previous layers they
formed around larger clasts while others have been crushed between larger and stronger grains. Most micas
orientate in the direction of P‐foliation and R1‐Riedel‐shears (Figure 9c). Furthermore, the shearing has crushed
apatite crystals that form “tails” (Figure 9d). These tails are crushed grains that align along the shear sense. Larger
clasts are surrounded by fine to very fine‐grained (<20 μm) matrix which concentrates in dedicated “deformation
bands” and are lower in visible porosity compared to areas where larger grains dominate. Such deformation bands
are found at the top and at the bottom of the gouge, indicating the formation of boundary Y‐shears (Figure 8b), but
are also along R1‐shears (Figure 9a) where they promote the formation of fractures. Neither P‐foliation nor R1‐
shears are very obvious throughout most of the sample. However, the gouge fractured along some R1‐shears
(Figure 9a) and R1‐and P‐orientation are indicated in mineral orientation and alignments.

TM11 sheared at 180°C: The structure of the unaltered granite gouge TM11 tested at 180°C differs significantly
from the experiment performed at room temperature (Figure 8c). Like for the low temperature test, it contains
large grains in a small‐grained matrix. However, large grains are much less abundant, suggesting grinding to form
smaller particles. Here, quartz and K‐feldspar are fractured, while mainly fracturing of K‐feldspar was observed
for the low temperature experiment. The overall structure displays the shear sense well due to an easily identi-
fiable P‐foliation indicated by orientated and curved micas and apatite tails. The orientated and slightly ground
micas form planes of weakness that promote fracture formation along shears. The P‐foliation tails off into
boundary Y‐shears toward the top and the bottom of the gouge layer. In this gouge, P‐foliation and Y‐shears are
dominant while R1‐shears are present but less developed. The shear structures are more comparable to the more
altered samples described below (e.g., TM7) than to room temperature TM11.

TM6 sheared at room temperature: The gouge of TM6 (Figure 8d) is less dominated by larger grains than TM11.
The large grains are K‐feldspar and quartz, with some larger booklets of mica. EDS‐mapping indicates small
amounts of albite in the fine‐grained matrix indicated by elevated Na+ concentrations. The P‐foliation is
composed of orientated and bent micas as well as orientated elongated grains. It is most obvious in the central part
of the gouge, interbedded between horizontal boundary Y‐shears. The latter take the form of deformation bands,
dominated by an accumulation of smaller grains. TM6 contains brighter areas in the central part of the gouge that
can be identified as crushed K‐feldspar.

TM7 sheared at room temperature: The gouge made from TM7 is highly altered and is characterized by the
highest clay content of all samples tested (Figure 8e). This results in a significantly different gouge structure in
comparison to TM11. It contains less larger grains (quartz, rounded or fractured K‐feldspar) that are surrounded
by a fine‐grained matrix. EDS‐mapping shows little Na+ within the gouge which confirms the XRD results
suggesting small amounts of plagioclase. Muscovite is partially ground to form particles <50 μm (some forming
“tails” like apatite) and either orientated normal to stress direction or forming oscillating P‐foliations. Al3+ in the
EDS maps further indicates that the P‐foliation contains higher amounts muscovite and illite compared to sur-
rounding areas. Only small amounts of biotite are found in TM7, suggesting dissolution, transformation into
chlorite, or grinding to fine particles. The fine‐grained matrix in TM7 is dominated by pervasive P‐foliation rather
than distinct shears. P, R, and Y‐shear structures developed more localized in the sheared TM11 gouge. Like for
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Figure 8. Scanning‐Electron Microscopy images of gouges following experiments. Sample ID, shear sense and test temperature are indicated on the right side of each
image. The gouge in panel (a) was only compressed without lateral displacement. Next to (d), a schematic describes typical shear structures as defined by Logan
et al. (1992) adding B for boundary Y‐shears. With a color code that is then used in the pictures to mark the related structures. Next to (g), a schematic indicates the
relative origin position of the samples in the fault.
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TM11, the boundary Y‐shears in TM7 form toward the upper and lower boundary of the gouge, while fractures
have formed along P‐ and R1‐shears. In general, the SEM image shows brighter and darker areas; their distri-
bution highlights the anastomosing foliation in the gouge structure. Brighter minerals are related to high K‐
feldspar contents following grinding to smaller particles. In comparison, porosity is filled with a less dense
epoxy resin, leading to generally darker colors. As such, the SEM image appears darker toward the center of P‐,
R1‐, and Y‐shears which is potentially related to a concentration of clays and slightly higher porosity due to the
onset of fracturing.

TM7 sheared at 180°C: In contrast to TM11, the structure of TM7 sheared at 180°C (Figure 8f) is very similar to
the structure following the room temperature test on TM7. The big grains are slightly more damaged and more
mid‐sized grains are present at high temperature. The bright and dark zones described in TM7 are slightly more
obvious, indicating shear direction and grain displacement. The undulating P‐foliation fabric described before at
low temperature is more defined at high temperature due to the more obvious P‐foliation. This is because clays are
generally better oriented, leading to the development of more bright zones.

TM8 sheared at room temperature: The fault core sample TM8 contains almost twice as much quartz as the other
samples. Therefore, the large grains in the sheared gouge are dominated by quartz with some minor amounts of K‐
feldspar (Figure 8g). As before, these are surrounded by a small‐grained matrix. The large grain fraction is higher
than in TM6 and TM7, and lower than in TM11. The dark gouge is likely caused by low feldspars and high quartz
contents. Crushed apatite embedded within the dark gouge can be found, creating some brighter areas.
Furthermore, very bright fine grains are present throughout the gouge, likely being hematite, resulting in a reddish
coloration. Apatite indicates the shear sense by forming “tails” of crushed particles that follow the P‐foliation. The
gouge shows fracturing along the P‐foliation and slightly darker traces have formed where the gouge expanded as
these areas are more porous (darker). Orientated micas are important to identify shear structures in previous
gouges. However, only few large pieces of muscovite are left, and biotite is completely absent. The oscillating P‐
foliation transitions into horizontal boundary Y‐shears toward the upper and lower boundary of the gouge. While
P‐ and Y‐shearing is obvious, R1‐shears are more difficult to identify because they mainly take the form of
aligned grains.

Sa6 sheared at room temperature: The mineralogical composition of Sa6 is similar to TM7 but contains higher
kaolinite and quartz contents. The gouge from Sa6 is more heterogeneous than TM7. The structure is similar to
TM6, with a similar content of large grains (Quartz, K‐feldspar), embedded in a small‐grained matrix (Figure 8h).
The feldspars are fractured and have started to disperse into the matrix. Apart from the variable grainsize, the
gouge also seems to contain more porous areas with distinct boundaries separating them from areas of low
porosity. The matrix orientation appears chaotic, not clearly representing the imposed shear sense in contrast to
the other gouges. Large grains orientate in both, P‐ and R1‐direction but the gouge is mainly fractured along P‐
and Y‐direction as planes of weakness. The most dominant shears have formed along the P‐foliation, underlining
sinistral shear sense.

Sa6 sheared at 180°C: The microstructure following shearing at high temperature shows quite similar structure to
its low temperature equivalent (Figure 8i); however, shears are better developed. Unlike for TM7 and TM11, Sa6
shows a higher share of large grains in the high compared to the low temperature measurement. The matrix is less
chaotic with elongated grains mostly oriented in direction of the P‐foliation.

4. Discussion
4.1. Alteration Stage of Samples

Our samples were collected at increasing proximity from and within the core of a minor cross‐course fault zone in
the Carnmenellis granite and exhibit different stages of granite alteration (Table 1). Alteration of a host rock
gradually increases toward the fault core which is likely caused by enhanced access to fluids circulating through
the damage zone (Faulkner et al., 2010). In Carnmenellis granite the main alteration mechanism observed around
cross‐course structures is argillic alteration which implies the formation of clay minerals (mainly kaolinite and
smectite) at the cost of plagioclase (e.g., Bevins et al., 2010). With time, due to sericitization, the kaolinite and
smectite transform into more stable secondary white mica like illite (Cuadros, 2012). K‐feldspar also degrades,
showing signs of sericitization of the sodium‐rich mineral cores, but this process acts slower than the alteration of
plagioclase. Argillic alteration can be observed in samples Sa6, TM6, TM7 and TM8, clearly showing a reduction
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in plagioclase with an increase in kaolinite, smectite and chlorite in comparison to TM11 (see Table 1). In
addition, the mafic minerals in the rock are transformed into chlorite. In Carnmenellis granite, this affects mainly
biotite which is found in addition to or replaced by chlorite in more altered aggregates (Charoy, 1986). As a
consequence, our samples show a significant loss in muscovite, biotite and illite from the unaltered (TM11) to the
altered state by at least 5 wt‐%. As muscovite is relatively stable under hydrothermal conditions and illite suc-
cessively forms with time, the main mineral lost is biotite ‐ either transforming into chlorite or lost in solution.

As a consequence of transformation of tectosilicates into phyllosilicates, the overall rock strength decreases and
porosity increases (Coggan et al., 2013). It should be noted that porosity can only increase until alteration causes
major parts of the rocks mineral structure to break down. At this point compaction can occur which reduces the
pore space again. The TM samples become successively more altered with proximity to the fault core. From
TM11 (furthest away from core) to TM8 (from within core), the amount of plagioclase decreases while the
amount of clay minerals increases.

TM8 shows a small reduction in overall phyllosilicate and a significant increase in quartz content (59 wt‐% see
Table 1). One possibility to explain the reduction of clay and higher proportion of quartz in TM8 relative to all
other samples is the removal of small clay particles associated with circulation of fluids along the fault. Alter-
natively, the fault could have hosted a quartz vein before shearing which would also increase the amount of quartz
in the fault gouge. There was no obvious evidence for the presence of a former quartz vein in this fault, but it is
also difficult to identify small quartz veins in heavily altered rock, especially after shear displacement.
Furthermore, quartz veins are commonly present in cross‐course structures (Bevins et al., 2010). Either expla-
nation or even a combination of both appear reasonable. Sa6 was collected at a different fault in the samemine and
based on the amount of plagioclase, it would be positioned in an alteration stage between TM7 and TM8.
However, the combined amount of clay (kaolinite+ smectite+ chlorite) in Sa6 is relatively low and the fact that it
contains most kaolinite in all samples makes a position toward the less altered end possible (e.g., between TM11
and TM6).

4.2. Frictional Strength and Stability of Altered Granite

The alteration sequence with proximity of our samples to the fault core is partly reflected in the final friction
coefficients measured (Figure 6). Notably, the least altered sample TM11 showed the highest final friction co-
efficient (∼0.6), while the lowest final friction coefficient of ∼0.49 was exhibited by TM7, the second closest to
the core. Fang et al. (2018a) analyzed the frictional behavior of natural and synthetic rocks with variable

Figure 9. Examples for structural interpretation on sheared unaltered granite (TM11) at 18°C. (a) Overview of sheared
unaltered gouge in which direction and approximate position of Riedel‐shears (blue) and P‐foliation (green) are marked with
dotted lines. (b) Double folded muscovite with fold planes parallel to the direction of the P‐foliation. Due to initially having
been oriented against shear direction and the relatively low strength of the mica compared to quartz or feldspar minerals, the
grain is folded rather than rotated. (c) Platy biotite (Bio) and muscovite (Musc) arranging toward P‐foliation next to quartz
(Qtz) and K‐feldspar (Kfsp) grains. The feldspar contains darker lines indicating perthitic unmixing. (d) Soft apatite grains
ground to smaller particles due to shear, forming “tails” with shape defined by the shear sense.
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composition and clay content. They reported that frictional strength decreases with phyllosilicate content and
increases with tectosilicate content which is similar to observations made on artificial gouge mixtures with
variable amounts of clay (e.g., Crawford et al., 2008; Takahashi et al., 2007; Tembe et al., 2010). In our ex-
periments, we make similar observations for TM11, TM6 and TM7, showing the lowest final friction coefficient
for TM7, containing the highest phyllosilicate content of 25 wt‐%. However, the final friction coefficients
observed for the other samples are not in full agreement with a decrease in the friction coefficient with an increase
in phyllosilicate content. This may be related to the narrow range in phyllosilicate content in our samples (20–23
wt‐%). Behnsen and Faulkner (2012) analyzed the frictional behavior of different pure sheet silicates and found
that at an effective pressure of 90 MPa, pure muscovite has a higher friction coefficient at the yield point than
kaolinite, illite or smectite. Micas in TM11 are mostly muscovite and biotite due to the unaltered stage of the
sample while the more altered samples contain increasing amounts of illite. This supports the higher friction
coefficient of TM11 even though it contains a higher amount of phyllosilicates than Sa6.

Sa6 and TM6 (intermediate alteration) show similar frictional behavior at room temperature with the difference
that Sa6 shows strain weakening behavior, and TM6 shows strain hardening. The main difference between these
two samples lies in the phyllosilicate composition. While the amount of combined muscovite, biotite and illite is
relatively similar, Sa6 contains more kaolinite and TM6 contains more chlorite and smectite. This does not seem
to explain the observed strength difference as (a) Behnsen and Faulkner (2012) found that pure kaolinite gouge
has an almost three times higher friction coefficient at the yield point than pure smectite and (b) Tembe
et al. (2010) found that an increase in the smectite content rather than the total clay content relates to lower friction
coefficients. We hypothesize that this inconsistency is caused by the small differences in clay contents of our
samples, which is reflected in only small differences in friction coefficients.

Keeping in mind the small differences in friction coefficients between the samples, we generally find that, at high
temperature, frictional strength seems to decrease with increasing clay content across all samples. In the low
temperature tests, Samples Sa6 and TM8 deviate from this trend with clay content. While these differences in
friction coefficients at high and low temperature might lie well in the range of sample variability, we still want to
discuss potential explanations to explore parallels to trends found in other studies. The shift from no clear trend at
low temperature to a potential trend with clay content at high temperature could be caused by quartz and the
feldspars in wet systems becoming more susceptible to thermally activated deformation mechanisms with
increasing temperature (like stress corrosion cracking (SCC) and pressure solution, e.g., den Hartog &
Spiers, 2014). When the previously strong tectosilicates become easier to shear and break, there is less dilatational
movement between grains necessary to accommodate horizontal shear (den Hartog & Spiers, 2013; Niemeijer &
Spiers, 2007). Rather than moving grains relative to other grains potentially causing lateral movement, the grains
can deform or break. The weaker the tectosilicates become, the more the friction on horizontal clay minerals will
contribute to the shear strength of the gouge. This shift in contribution to shear strength at high temperature could
then also explain the trend of frictional strength with clay content in our high temperature tests.

Another possible effect of high temperature in granite friction we potentially see in our samples (e.g., TM6, TM7
and TM8) is a reduction of frictional strength with increasing temperature. While the frictional strength of TM11
stays almost the same and TM7 shows only a very small reduction, Sa6 shows a significant increase in frictional
strength from low to high temperature. A potential reason relates to the friction against displacement curve that
records the high temperature experiment on Sa6 (Figure 5b). In contrast to all other curves, the friction coefficient
of Sa6, that reached steady‐state conditions below 2.5 mm displacement, starts to divert from this state at a
displacement of 2.5 mm, as the friction coefficient increases, and the frictional resistance starts to oscillate with
displacement. To analyze the potential origin of this oscillation we looked at the recorded pressures, the tem-
perature, the axial displacement rates, and the pump volumes. None of them showed cyclic behavior with
displacement like the friction coefficient. A quick permeability test following the experiment also showed the
sliders to be permeable, ruling out pore pressure build‐ups during deformation. As we did not observe any
machine related effect, we assume the oscillation could have been caused by spatial variations in the micro-
structure, maybe due to periodic formation and dispersion of force chains. However, proving that is difficult as we
only analyze the microstructure at the end of the experiment.

Frictional stability shows the opposite behavior compared to the frictional strength for our alteration sequence
(Figure 7). (a − b) and thus, frictional stability is VW for TM11 that was sampled the furthest from the fault core
and then becomes VS with increasing proximity to the fault core for Sa6, TM6, and TM7. In TM8, which was
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sampled from within the fault core, (a − b) decreases slightly. This can again be related to higher amounts of
quartz in the sample caused by an additional process. When trying to relate the frictional stability behavior to the
overall clay content, TM11, TM6, TM7, and TM8 also seem to form a trend toward higher (a − b) values with
higher phyllosilicate content. This observation agrees with previous work that reported a stabilizing effect of
phyllosilicates on slip (e.g., Fang et al., 2018; Ikari et al., 2011; Tembe et al., 2010). Again, Sa6 is not consistent
with this trend as it only shows VS behavior while having the lowest phyllosilicate content.

In the high temperature tests, frictional stability again changes from VW from TM11 to VS toward the fault core
for Sa6, TM6, and TM7 while decreasing slightly for the core sample TM8. This is the same behavior of the
altered samples compared to their low temperature equivalent, indicating that the same or at least similar pro-
cesses control frictional stability at both temperatures. Previous work reports that (a − b) of granular gouges
decreases with increasing temperature, changing from VS to VW behavior where the trend turns and then in-
creases with further increase in temperature, back from VW to VS behavior (e.g., Blanpied et al., 1998; den
Hartog & Spiers, 2013). This creates a VW temperature window that Blanpied et al. (1998) reported for wet
granite gouge at a temperature range between ∼90°C and ∼350°C. The exact temperature limits of the window
vary dependent on other conditions (see den Hartog & Spiers, 2013), but our results are in general agreement with
the observations as the frictional stability for all of our samples is reduced at 180°C compared to the room
temperature tests. This leads to a more velocity neutral and for some even VW behavior, which is related to less
stable sliding and a higher potential for stick slip behavior.

4.3. Gouge Structure and Frictional Behavior

Argillic alteration is the main process relevant for our suite of samples, by which large feldspar crystals are
replaced by clay particles. This can be seen in the grain size distributions of the increasingly altered samples
(TM6, TM7) containing more smaller grains than the less altered sample (TM11, quantitative structural analysis
in Supporting Information S1). This suggests that, in addition to the phase change, argillic alteration also indi-
rectly causes a significant reduction in grain sizes, which is affecting frictional behavior (e.g., Anthony &
Marone, 2005; Bedford & Faulkner, 2021; Higashi & Sumita, 2009; Jiang et al., 2016; Mair et al., 2002). Bedford
and Faulkner (2021) tested the effects of grain size on shear localization and sliding behavior on quartz powders
of different initial grain sizes between 40 and 120 MPa normal stress. They report that the smaller the initial grain
size of the gouge, the more deformation will localize, and unstable sliding will become more likely. We cannot
report this size effect in our test, but we also observe localization of shear in our samples.

Although grain sizes are larger, the sheared unaltered sample (TM11) contains zones where smaller grains
accumulate toward the boundaries, indicating the beginning of formation of boundary Y‐shear zones (Figure 8b).
In comparison, grain sizes in the more altered samples (TM6, TM7) are homogeneously distributed over the
gouge layers, and shearing affects the width of the gouges more evenly (Figures 8c and 8d), dispersing defor-
mation over a larger volume. This difference in localized boundary shearing in the unaltered sample against
pervasive layer deformation in the altered samples is a first effect promoting more stable sliding in our altered
samples. However, this is opposite to Bedford and Faulkner (2021) who reported smaller grain sizes to promote
shear localization and less stable sliding. A potential explanation of this difference to Bedford and Faulk-
ner (2021) could be the initial maximum grain sizes of their samples of 5–30 μm. As we start from a significantly
larger maximum grain size of 125 μm, more strain is needed to accommodate similar degrees of localization.

In addition to the grain size effect on localization, grains that align toward R1‐shears form force chains over the
thickness of the gouge layer. The development characteristics of these chains were also found to affect frictional
properties (e.g., Anthony & Marone, 2005; Jiang et al., 2016). As the unaltered material contains fewer large
grains over the same thickness compared to the altered material, the force chains can accommodate higher
stresses, for which a stress release (e.g., due to mechanical failure of a grain in the chain) is related to less stable
sliding (Anthony & Marone, 2005). In contrast, the force chains in the altered material need to consist of
significantly more grains to span the same layer thickness as the unaltered material. Anthony and Marone (2005)
report, that such chains, composed of more, smaller grains, are weaker and more compliant to deformation.
Stresses cannot build up as high and creep in the gouge happens more stably.

The development of friction parameters and microstructure are further affected by the chemical phase trans-
formation from feldspars to clays which increases the clay fractions in the gouge. An increase in clay fraction has
been found to stabilize sliding at fixed conditions (e.g., Ashman & Faulkner, 2022; den Hartog & Spiers, 2013;
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Fang et al., 2018; Ikari et al., 2011; Tembe et al., 2010). With the phase change, the large feldspar grains are
replaced by small platy clay grains. Although there are only small differences in the grain aspect ratios of our
samples, the more altered rocks (TM6 and TM7) show tendencies toward more elongated grains than the least
altered sample (TM11, see Supporting Information S1). These elongated clays promote the formation of foliations
and clay shear fabrics, which initially stabilize shear and allow easier orientation of grains in the direction of
major shear structures. This is due to the low bond strength between the phyllosilicate sheets whose separation
may further suppress dilatancy in the material (Ikari et al., 2011).

In our experiments, we see more distinct preferred grain orientation in the direction of shear structures from least
altered (TM11), over the intermediate altered (TM6 and Sa6), to the most altered stages (TM7 and TM8). Outside
the fault core, the long axes of the grains orient clearer to shear structures with a higher degree of alteration (in the
order of TM11 to TM6, and TM7), indicating an increase in pronounced shear fabrics. The least altered sample
(TM11) contains the lowest amount of clays and shows orientations that are most independent of shear structures
and closest to simple compression. The more altered the sample, the broader the grains orientate away from
horizontal compression and toward P‐ and R1‐shear directions (see TM6). The formation of pervasive undulating
P‐foliation fabric with shear is promoted for samples with higher clay content (Figure 8c). Finally, the sample
containing the most clays (TM7) also contains the most distinct grain orientations toward P‐ and B/Y‐orientation
(see quantitative analysis in Supporting Information S1). In this sample the fabric is most developed, stabilizing
sliding and decreasing frictional strength compared to TM11. The estimated porosity based on black values in the
SEM images is lowest, hinting to least dilatational shear. As a result, we see the present argillic alteration pro-
moting anisotropy of gouges by promoting the formation of shear fabrics and foliation, and with further
displacement promoting formation of shear structures.

The fault core sample (TM8) diverges from the trends we found for the frictional behavior from TM11 (unaltered)
to TM7 (close to core). As reported earlier, TM8 contains the highest amount of quartz for all our samples because
of an additional process. This affects the grainsize distribution, as the relative amount of stronger and potentially
larger grains is increased while the relative amount of small clay particles is reduced. In addition to the size effect,
the quartz grains are more rounded than clays and feldspars (also visible in aspect ratios analyzed in Supporting
Information S1) and cause more evenly distributed grain‐orientations than in the sample with the highest clay
content (TM7). However, shear structures and clay fabric are still relatively well developed in the fault core
sample (TM8) in comparison to the unaltered sample (TM11) due to the higher amount of small‐grained matrix.
This also affects frictional strength because the force chain network will develop similar to the other altered
samples (TM6 and TM7). However, the fabrics are more localized in TM8 than in TM7, anastomosing around
other grains and causing less stable sliding and higher frictional strength. In conclusion, larger quartz grains are
probably responsible for higher strength and the less stable sliding than in the other highly altered sample (TM7),
but sliding is still more stable in the fault core sample than in the unaltered sample (TM11) due to the larger
proportion of clays.

A comparison of gouge samples from low and high temperature tests shows for the unaltered sample (TM11) that
the post shear grain size distributions at high temperature contain more smaller grains and that the grains are more
oriented toward the major shear structures. The difference in grain size could be related to granite becoming
weaker with increasing temperature (e.g., Yin et al., 2016). This could indicate that during shear at higher
temperatures more brittle failure occurs, generally resulting in more smaller grains. As this is simple grain size
reduction without a phase transition (as it would be caused by argillic alteration), such a reduction promotes shear
localization and with this less stable sliding (e.g., Bedford & Faulkner, 2021). In contrast to the unaltered sample
(TM11), this effect of temperature is not as visible in the high clay sample (TM7) because the grain sizes are
mostly similar after shearing at low and the high temperature. However, the narrower distribution of orientations
of grains in the 180°C gouge hint at a more developed fabric/foliation which could then cause more localized
shear and therefore less stable sliding (see quantitative analysis in paper supplements).

The effects of temperature on the frictional behavior have formerly been related to the competition of different
microstructural processes. Niemeijer and Spiers (2007) explain temperature driven changes in friction in halite‐
muscovite mixtures by the competition of thermally activated compaction and granular flow causing dilation, for
which temperature controls the mechanism that dominates deformation. In their three‐regime‐model pressure
solution is suggested as thermally activated compaction mechanism. den Hartog et al. (2012) applied the Nie-
meijer and Spiers (2007) model to their experiments on crushed illite‐rich Rochester shale and found close
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resemblance to their observed temperature dependence of friction and
microstructure. However, den Hartog et al. (2012) also state that pressure
solution would be insufficient to accommodate the required compaction at
high temperatures under their used conditions. They suggest thermally acti-
vated SCC as dominant deformation process in their experiments. The
grainsize distributions in our high temperature tests are shifted to smaller
grainsizes compared to our room temperature equivalents which could imply
a contribution of a thermally activated deformation mechanism. Similar to
den Hartog et al. (2012), we assume that pure pressure solution would be
insufficient to accommodate shear deformation under our used conditions as
we see no evidence for it in our microstructures. Although we observe tailed
apatite clasts in our samples, the tails consist of crushed material and show no
signs of dissolution or precipitation. The feldspars and quartz grains are more
fractured, more angular, and smaller in our high temperature gouges which
would imply SCC as acting process.

4.4. Implications for Fault Behavior in Geothermal Settings

Our room temperature results suggest that geochemical alteration stabilizes
slip in granitic fault systems. The closer the proximity to the fault core, the

more altered it is likely to be, reducing frictional strength but increasing frictional stability (see TM11, TM6, and
TM7 in Figure 10). A granitic gouge that initially exhibits VW behavior is expected to shear more stably if
plagioclase is replaced by clays, but due to the reduced strength, shear also becomes more likely. As more stable
shear means a decrease in the likelihood of stick‐slip events which are related to seismicity, shearing in more
altered material is more likely to happen aseismically, contributing to destressing the system with less seismicity.
The increase in clay content due to argillitic alteration also promotes the formation of shear fabrics and therefore
the orientation of grains. These fabrics potentially make fault gouge more anisotropic and affect other physical
and hydraulic properties (Kenigsberg et al., 2019; Kenigsberg et al., 2020).

We further found the trends with alteration to still be valid at up to 180°C, which is comparable to the bottom hole
temperature at the UDDGP project. However, if alteration continues and additional processes reduce the amount
of clays (like the integration of a quartz‐vein or loss of fines due to flow along the), the remaining gouge will be
enriched in stable grains like quartz (TM8). This could reduce fault stability over longer time scales. This
accumulation of stable grains is limited by the fault permeability. A lower permeability will reduce overall
geochemical reactions (i.e., dissolution and precipitation) by providing less fluid that is out of equilibrium with
the host rock. Furthermore, fault stability is also controlled by the strength of the rock surrounding the core. If this
rock is weaker due to higher amounts of clay, then slip and deformation will be concentrated where the rock is the
weakest. The potential effects of temperature on fault friction were reported earlier (e.g., Blanpied et al., 1998;
den Hartog & Spiers, 2013). Our findings mainly support these, as our tests at higher temperature showed sliding
to become less stable from low temperature toward the VW window, while frictional strength decreased as well.
Temperature had a similar effect on all samples, regardless of the composition, that is, a higher or lower degree of
alteration does not enhance or dampen any temperature effects. In turn this general temperature related shift of our
data suggests that the stabilizing effect of alteration on frictional stability is temperature independent, because the
magnitude of the increase in stability with increasing alteration (from TM11, over TM6 to TM7) is about the same
for our low and high temperature tests.

With respect to the UDDGP project and its suspected temperature range from 80 to 180°C from injection to
production well, the injection of new fluids or the reinjection of produced fluids could trigger further argillic
alteration as it usually occurs between 100 and 300°C (Pirajno, 2009). Although the overlap of these temperature
ranges does not include the 80°C at the injection well, related lower temperature processes like kaolinization
(Psyrillos et al., 2003) will have the same effect of replacing feldspars with clay minerals closer to the injection
well. Over longer periods of time, this can then widen the alteration zones around conductive faults and gradually
reduce frictional strength while increasing frictional stability. Assuming a wider alteration zone also means a
wider fault or potentially thicker fault gouge layer involved in the accommodation of displacement, this widening
has an additional stabilizing effect as thicker gouge layers were found show more stable shearing than thin ones
(Byerlee & Summers, 1976; Marone et al., 1990).

Figure 10. Schematic of the implications of our results on frictional behavior.
The wider the beam: (I) the more developed the rock alteration state, (II) the
higher the amount of large grains, (III) the higher the clay content, (IV) the
higher frictional strength and (V) the higher frictional stability. The color
change in alteration (I) represents an additional process necessary to explain
frictional changes toward the fault center.
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5. Conclusions
A series of direct shear experiments at room temperature and in situ pressure conditions were conducted on
granite gouges to investigate the effects of chemical alteration on the frictional behavior in granitic fault systems.
We used Carnmenellis granite samples from a fault (cross‐course structure) in Cornwall that exhibit different
degrees of natural alteration. Samples that underwent a higher degree of alteration show higher amounts of clay
minerals (kaolinite, smectite, chlorite) and lower amounts of plagioclase. Frictional strength of the samples
decreases with increasing proximity to the fault core except for the sample closest to it. The sample collected from
within the fault core contains higher amounts of quartz in comparison to the other samples which we relate either
to removal of other minerals dissolved as small particles in fluid or the integration of material from a small quartz
vein into the gouge. Frictional stabilities of the samples change from velocity‐weakening in the least altered
sample to velocity‐strengthening in the more altered samples. The fault core sample shows less velocity‐
strengthening behavior than two less altered samples, presumably due to the increase in quartz content. Micro-
structural analysis of the samples relates alteration and increasing frictional stability to delocalization of shear
fabrics due to reduction of grain size and increase in clay content. Tests at 180°C showed a general decrease in
sliding stability compared to the low temperature tests, while the intensity of the decrease was independent of
alteration stage. From our results we suggest that argillic alteration around faults generally increases the likeli-
hood of slip to occur but stabilizes slip toward the fault core, destressing the system by promoting aseismic shear.
However, additional effects of altered or dissolved material may complicate this pattern.
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