
1. Introduction
High-pressure injection into the subsurface can reactivate critically stressed faults and trigger earthquakes. 
This phenomenon has been widely reported in numerous projects conducted in deep formation and has aroused 
public attention—including for enhanced geothermal systems (EGS), underground wastewater disposal and shale 
gas extraction (Bao & Eaton, 2016; Elsworth et al., 2016; Goebel & Brodsky, 2018; Grigoli et al., 2018; Kim 
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et  al.,  2018; Martínez-Garzón et  al.,  2014; Walsh & Zoback,  2015). For mature faults present close to such 
projects, the frictional properties of the fault gouge typically control fault rupture and seismic response (Ikari 
et al., 2011; Niemeijer & Collettini, 2014). Thus, detailed characterizations of the fault geometry and frictional 
properties are important in mitigating seismic risk for triggered earthquakes.

Hydraulic stimulation enhances the permeability of fractured reservoir through injection of high-pressure fluid. 
Fluid pressure in EGS reservoirs varies from a few MPa, to 89 MPa in the Pohang reservoir, or over 90 MPa 
in Espoo, Finland, respectively (Kwiatek et al., 2019; Park et al., 2020). Fluid overpressures, capable of reduc-
ing effective stresses and lowering fault strength, are one of the primary mechanisms that promote fault failure 
and trigger earthquakes. Prior studies have explored the role of dynamic fluid pressurization on fault frictional 
and stability properties, including pressurization due to fluid injections (e.g., Cappa et  al.,  2019; Larochelle 
et al., 2021; Passelègue et al., 2018; Sáez et al., 2022), thermal pressurization of fluids (e.g., Acosta et al., 2018; 
Badt et al., 2020; Brantut & Platt, 2017; Rice, 2006; Wibberley & Shimamoto, 2005), and mineral dehydration 
induced pressurization (e.g., Brantut et al., 2010; Hirose & Bystricky, 2007). However, limited laboratory studies 
focused on investigating the role of static fluid overpressure (i.e., effective stress variation) on fault frictional 
stability. Some show that increases in static fluid pressure result in a transition from stable to unstable fric-
tional behavior (i.e., stick-slips), indicating that the static fluid overpressure is an important factor in promoting 
fault instability and further seismic slip (Sawai et al., 2016; Scuderi et al., 2017). Conversely, other experiments 
conducted on phyllosilicate-bearing gouges reveal that static fluid pressurization does not weaken the gouge—
but instead promotes aseismic creep (An et al., 2020; de Barros et al., 2016; Scuderi & Collettini, 2018). This 
apparent contradiction in the impacts of static fluid pressurization on frictional stability implies a knowledge 
gap in our understanding of nucleation physics under static fluid overpressurization. Despite this contradiction, 
granites are typical EGS reservoir rocks, for which the effect of fluid overpressures or effective stress variations 
on frictional stability is poorly understood (Blanpied et al., 1998; Hong & Marone, 2005). Therefore, a systematic 

experimental study of slip instability in granites, specifically in response to 
static fluid overpressures, is needed to resolve the mitigating or reinforcing 
impacts of effective stress variations on instability.

Field investigations frequently document that chlorite is an important altera-
tion mineral in greenschist facies and is a ubiquitous product of hydrothermal 
alteration (Elders et al., 1979; Schiffman & Fridleifsson, 1991). This is espe-
cially true within the fault cores within granites hosting geothermal reser-
voirs that are believed to play a significant role in modulating fault strength 
and stability (An et al., 2021; Kwon et al., 2019). Natural fractures in granite, 
recovered from borehole cores at 4.2-km depth from the Pohang geothermal 
reservoir, South Korea, show greenschist alteration along the fracture surface 
reaching 7 wt.% chlorite (An et al., 2021). Moreover, borehole cuttings (Well 
PX-2) at depths of 3,535–3,814 m show >10 wt.% chlorite with a maximum 
of 19 wt.% chlorite at a depth of 3,791 m (Lee et al., 2019). These observa-
tions are representative of other granites and confirm that chlorite can be 
a major component in geothermal reservoir rocks, and in controlling fault 
instability. To date, the effects of chlorite on frictional stability on faults in 
granite remains ambiguous, especially at high temperatures (Fagereng & 
Ikari, 2020; Okamoto et al., 2019).

Here, we specifically explore the impacts of effective stress variation on the 
frictional properties of simulated granite fault gouges containing chlorite to 
systematically evaluate the impacts of mineral composition and proportions. 
Experiments are conducted at stresses equivalent to a typical geothermal 
reservoir at a depth of ∼4 km. These experiments are to: (a) determine the 
frictional properties of simulated granite and chlorite gouges under hydro-
thermal conditions; especially (b) the role of effective stress variation; (c) the 
role of chlorite content; and to then (d) use these observations to contextual-
ize the response to reactivation in geothermal reservoirs.

Figure 1. Schematic of the internal structure of the triaxial confining cell and 
testing apparatus.
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2. Materials and Methods
2.1. Sample Preparation

We collected rock cores from ∼4.2-km depth (Kwon et al., 2019) from the 
Pohang granodiorite. This is close (∼300-m distance) to the hypocenter of 
the Mw 5.5 2017 fault reactivation, reflecting the frictional properties of the 
implicated fault. X-ray diffraction analysis (XRD) confirms the composition 
of the Pohang granite as 33% quartz, 47% albite, 8% microcline, 3% musco-
vite, and 9% chlorite by weight (Figure S1 in Supporting Information S1). 
The chlorite was collected from Fanshi County, Shanxi Province in north-
west China and returns a >99% purity (Figure S2 in Supporting Informa-
tion S1). To simulate the fault gouge, both the granite and chlorite samples 
were crushed and sieved to particles <75 μm.

2.2. Testing Procedure

Shear experiments were conducted in an argon gas-confined triaxial testing 
apparatus (Figure 1) located at the Institute of Geology, China Earthquake 
Administration, Beijing, China (He et al., 2006, 2007). The gouge sample is 
heated by a two-zone internal furnace with the fluid pressure elevated by a 
stepping-motor-driven pressure generator. An electro-hydraulic servocontrol 
system was used to drive the axial displacement. This apparatus can apply a 
confining pressure up to 420 MPa, a temperature up to 600°C, a fluid pres-
sure up to 200 MPa, and an axial displacement rate down to 10 −2 μm/s.

A 1-mm-thick layer of fault gouge inclined at 35° to the loading axis was 
sandwiched between gabbro driving blocks with dimensions of 20  mm in 
diameter and 40 mm in height. Two interconnected microboreholes in the 
upper driving block provide fluid access to the layer of fault gouge. To prevent 
extrusion of the fault gouge into this port and guarantee the low-pressure-loss 
transmission of fluid pressure, a brass filter caps the supply line at the edge 
of the fault gouge. The assembled sample was jacketed in a 0.35-mm-thick 
annealed copper sleeve. Double O-rings seal the sample against incursion of 
the argon gas into the gouge layer and are placed at both tips of the assembled 
sample. A thermocouple at the top of the apparatus monitors the changes in 

Test ID Gouge σc (MPa) Pf (MPa) σceff (MPa) T (°C) lfinal (mm) Observed response

Group1

 Gr-150-21 Pohang granite 110 21 89 150 3.44 vs

 Gr-150-42 Pohang granite 110 42 68 150 2.96 vn

 Gr-150-63 Pohang granite 110 63 47 150 3.59 vw

 Gr-150-80 Pohang granite 110 80 30 150 3.29 vw

Group2

 Chl-150-42 Pure chlorite 110 42 68 150 3.74 vs

 C1G9-150-42 Mixed (10% chlorite + 90% granite) 110 42 68 150 3.73 vs

 C3G7-150-42 Mixed (30% chlorite + 70% granite) 110 42 68 150 3.66 vs

 C5G5-150-42 Mixed (50% chlorite + 50% granite) 110 42 68 150 3.20 vs

Note. σc = confining pressure, Pf = fluid pressure, σceff = effective confining pressure, T = temperature, lfinal = final shear displacement, versus = velocity-strengthening, 
vn = velocity-neutral, vw = velocity-weakening.

Table 1 
Experimental Matrix Defining Conditions and Key Data

Figure 2. Typical fitting of data for (a) velocity-strengthening behavior in 
C5G5-150-42 (velocity-step of 0.244–1.22 μm/s) and (b) velocity-weakening 
behavior in Gr-150-63 (velocity-step of 1.22–0.244 μm/s).
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Figure 3. Friction-displacement curves for pure granite gouge at: (a) Pf = 21 MPa, σceff = 89 MPa; (b) Pf = 42 MPa, 
σceff = 68 MPa; (c) Pf = 63 MPa, σceff = 47 MPa; (d) Pf = 80 MPa, σceff = 30 MPa. The axial corresponding displacement rates 
(1–0.2–0.04 μm/s) are identified below the curves.
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Figure 4. Friction-displacement curves for chlorite:granite mixtures at: (a) 100:0% (pure chlorite); (b) 10:90%; (c) 30:70%; 
and (d) 50:50%. The corresponding axial displacement rates (1–0.2–0.04 μm/s) are identified below the curves.
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temperature local to the fault gouge. The experiments typically begin by rais-
ing the gas confining pressure and axial load, then applying the fluid pressure 
and finally raising the temperature to desired values. Deionized water was 
adopted as the pore fluid to eliminate reactive chemical effects. When the 
pore fluid pressure was applied, the simulated gouge was saturated for >2 hr 
to ensure full saturation. In addition, to ensure that the chlorite gouge was 
fully saturated during the experiment, high permeability cylindrical porous 
ceramics were used as the upper driving blocks. All experimental data were 
recorded at a sampling frequency of 1 Hz.

We designed two groups of experiments based on the aims of the study. In 
Group 1, the fluid pressure was incremented from 21 to 80 MPa to investi-
gate the impacts of effective stress variation on gouge friction and stability 
(Table 1). In Group 2, experiments on mixed granite/chlorite samples were 
performed to define the impacts of chlorite content on the frictional behavior 
of granite faults (Table  1). All experiments were conducted at a constant 
confining pressure (σc) of 110 MPa (corresponding to the lithostatic pressure 
at 4.2 km with a rock density of 2.630 g/cm 3) and a constant temperature 
(T) of 150°C (representing an in situ temperature at the 4.2-km depth of the 
Pohang geothermal reservoir). The constant fluid pressure (Pf) of 42 MPa 
set in Group 2 corresponds to the hydrostatic pressure at 4.2-km depth. 
The experiments involved shearing at an initial axial displacement rate of 
1.0 μm/s with the axial displacement rates then stepped between 1.0, 0.2, and 
0.04 μm/s at steady state (corresponding to 1.22, 0.244, and 0.0488 μm/s in 
the shear direction), to explore the velocity dependence of friction.

2.3. Data Analysis

To eliminate data errors ascribed to the decrease in contact area with shearing 
and the shear resistance from the copper jacket, the raw data were corrected 
following the methods described in He et al. (2006). The corrected data were 
then processed to obtain the corrected shear (τ) and normal stresses (σn). 
Frictional strength of the simulated fault gouge is defined by the friction 
coefficient μ as

� = �
�neff

= �
(�� − �� ) (1)

where the σneff is the effective normal stress.

The velocity dependence parameter (a − b) was evaluated based on rate-friction and state-friction (RSF) theory 
(Dieterich, 1978, 1979; Marone, 1998; Ruina, 1983). In the framework of RSF theory, the coefficient of friction 
μ is expressed as

𝜇𝜇 = 𝜇𝜇0 + 𝑎𝑎𝑎𝑎𝑎𝑎

(

𝑉𝑉

𝑉𝑉0

)

+ 𝑏𝑏𝑎𝑎𝑎𝑎

(

𝑉𝑉0𝜃𝜃

𝑑𝑑𝑐𝑐

)

 (2)

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 1 −

𝑉𝑉 𝑑𝑑

𝑑𝑑𝑐𝑐

 (3)

where μ is the friction coefficient at the instantaneous shear velocity V, μ0 is the friction coefficient at the refer-
ence shear velocity V0, a and b are the friction parameters reflecting the direct and evolutionary effects of the 
shear velocity transition, respectively, with dc denoting the critical slip distance over which frictional strength 
evolves to a new steady state, θ is a state variable that represents the renewal time of contact asperities. At a 
steady state of friction, the state variable θ is constant and thus dθ/dt = 0 in Equation 3. Therefore, the velocity 
dependence parameter (a − b) can be calculated based on Equations 2 and 3, expressed as

Figure 5. (a) Coefficient of friction μ and (b) frictional stability (a − b) 
for the simulated granite gouge at varied effective confining pressures. The 
plotted values of (a − b) are average values from the same velocity-steps in 
each experiment with the error bars representing the standard deviations. The 
legend shows the axial displacement rates.
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𝑎𝑎 − 𝑏𝑏 =
𝜇𝜇 − 𝜇𝜇0

ln (𝑉𝑉 ∕𝑉𝑉0)
. (4)

Faults with positive values of (a − b) exhibiting velocity-strengthening behavior 
are intrinsically stable and promote aseismic slip. Conversely, negative values of 
(a − b) indicate velocity-weakening behavior. Velocity-weakening behavior offers 
the potential for stick-slip and is a prerequisite for earthquake nucleation (Dieterich 
& Kilgore, 1996; Marone, 1998; Scholz, 1998).

We used an iterative least squares method to obtain the values of the constitutive 
parameters a, b, and dc from the velocity-stepping experiments (Figure 2) (Blanpied 
et al., 1998; Reinen & Weeks, 1993). In addition, the constitutive laws of Equa-
tions  2 and 3 need to be incorporated with a description of elastic interaction 
between the fault gouge and the fault surroundings (Marone, 1998), expressed as

𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
= 𝑘𝑘 (𝑉𝑉𝑙𝑙𝑙𝑙 − 𝑉𝑉 ) (5)

where k is the geometric stiffness of the fault in its surroundings (in this case the 
testing machine), Vlp is the velocity of load point and V is the true slip velocity.

At the conclusion of the experiments, we first used an oven to dry the deformed 
gouge samples at 75°C for 24 hr. Then, the dried samples were impregnated with 
low-viscosity epoxy under a vacuum. The thin sections were prepared by cutting 
the hardened samples perpendicular to the shear direction and along the sample 
axis when they were completely cured. Finally, all thin sections were polished and 
carbon coated for microstructural observation using the scanning electron micros-
copy (SEM).

3. Results
3.1. Impacts of Effective Stress Variation on Gouge Friction

Following the methods described in Section 2.2, shear experiments were conducted 
on the simulated granite, chlorite, or mixed gouges, with the friction-displacement 
curves presented in Figures 3 and 4. All experimental curves initially show a linear 
response, followed by yielding during an inelastic stage and finally followed by 
a slip hardening response. We measured the steady-state-friction coefficient at 
a shear offset of ∼2.5  mm (corresponding to a shear velocity of 1.22  μm/s) for 
each experiment. A slip hardening response is observed for the granite-rich gouges 
(Figures  3,  4b, and  4c), but is less clearly apparent in the chlorite-rich gouges 
(Figures  4a and  4d). The slip hardening behavior is possibly due to an increase 
in contact area contributed by grain-size reduction through shear compaction 
(Scholz, 2002).

The coefficients of friction μ for the simulated granite gouge at varied effective 
confining pressures are in the range of 0.69–0.74 (Figure 5a and Table 2), consistent 
with previous work (Kilgore et al., 1993; Mitchell et al., 2016). The varied effective 
confining pressures result in a negligible increase in frictional strength (Figure 5a), 
implying that the variation in effective confining pressure exerts only a minor 
influence on the frictional strength. The velocity dependence of friction, recov-
ered from velocity-stepping tests, is summarized in Figure 5b and Table 2. We find 
that the granite gouge exhibits an apparent transition from velocity-strengthening at 
σceff = 89 MPa (a − b = 0 to 0.0012), to velocity-neutral at σceff = 68 MPa (a − b = 0 
to 0.0006), and then to velocity-weakening at σceff = 47 MPa (a − b = −0.0018 to 
0.0006) through σceff = 30 MPa (a − b = −0.0031 to 0.0006) (Figure 5b). Similar 
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results of fault instability prone to nucleate at lower effective stresses have 
been previously observed (e.g., He et al., 2007; Niemeijer & Collettini, 2014; 
Saffer & Marone, 2003; Sawai et al., 2016; Scuderi et al., 2017). In addi-
tion, from Figure 5b and Table 2, we observe that the (a − b) values recov-
ered between velocity upstepping and downstepping (e.g., 0.244–1.22 and 
1.22-0.244 μm/s) may also be different. This discrepancy may arise from  a 
more pronounced healing effect during velocity downstepping due to the 
lower post-shear velocity. Moreover, velocity upstepping promotes gouge 
dilation, while velocity downstepping promotes gouge compaction. This 
can also produce different (a − b) values between the upstepped and down-
stepped velocities.

We further evaluate the response of friction constitutive parameters a, b, 
and dc to variation in effective confining pressures. The parameters a and b 
both decrease with an increase in effective confining pressures (Figures 6a 
and 6b; Table 2). Our results are in accordance with other studies that observe 
that parameters a and b both decrease at higher effective stresses (Sawai 
et al., 2016). However, there is almost no variation in dc across the range of 
our environmental conditions, indicating that dc is little influenced by the 
effective confining pressures (Figure 6c and Table 2).

3.2. Effects of Chlorite Content on Gouge Friction

The pure chlorite gouge in our experiments is the weakest with μ = ∼0.37 
(Figure 7a and Table 2), congruent with many previous studies (e.g., Moore 
& Lockner, 2004; Okamoto et al., 2019). Chlorite is a phyllosilicate mineral, 
but still stronger than other common phyllosilicates, such as illite (μ ∼ 0.28), 
talc (μ ∼ 0.20), or montmorillonite (μ ∼ 0.13) (Giorgetti et al., 2015; Tembe 
et  al.,  2010). The coefficient of friction μ decreases systematically with 
increasing chlorite content in granite/chlorite mixed gouges (Figure 7a and 
Table 2). Conversely, the velocity dependence of friction (a − b) in granite/
chlorite mixed gouges shows a monotonic increase with increasing chlorite 
content (Figure 7b and Table 2). Positive (a − b) values paired with lower 
coefficients of friction μ are congruent with the relationship between the fric-
tional strength and stability summarized by Ikari et al. (2011).

The variation in friction constitutive parameters a, b, and dc of granite/chlo-
rite mixed gouges for an increase in chlorite content are shown in Figure 8 
and Table 2. Parameter a increases with increasing chlorite content, while 
parameter b conversely decreases (Figures 8a and 8b; Table 2). The responses 
of parameters a and b for increasing phyllosilicate content are signifi-
cantly different in previous measurements (Giorgetti et al., 2015; Saffer & 
Marone, 2003), possibly due to the discrepancy in gouge materials and test-
ing conditions. The characteristic length dc increases monotonically with 
increasing chlorite content (Figure 8c and Table 2), congruent with previous 
observations (Fagereng & Ikari, 2020), but the pure chlorite gouge does not 
return a maximum magnitude of dc in our measurements.

3.3. Microstructural Characterization

Microstructural observations reveal that the simulated granite gouges exhibiting velocity-strengthening behavior 
are distinct from those exhibiting velocity-weakening responses. At σceff = 89 MPa (i.e., Pf = 21 MPa), the granite 
gouge shows velocity-strengthening behavior with the microstructure of the deformed gouge exhibiting particle 
crushing (Figure 9a). When the effective confining pressure is reduced to 68 MPa then 47 MPa, the granite 
gouges show velocity-neutral (σceff = 68 MPa, Pf = 42 MPa) then velocity-weakening responses (σceff = 47 MPa, 

Figure 6. Friction constitutive parameters: (a) values of a, (b) values of b, and 
(c) values of dc for the simulated granite gouge at varied effective confining 
pressures. The plotted frictional constitutive parameters a, b, and dc are the 
average values from the same velocity-steps in each test with the error bars 
representing the standard deviations. The legends show the axial displacement 
rates.
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Pf  =  63  MPa). R1-oriented and Y-oriented shears (Logan et  al.,  1992) 
develop together with an increase in variation of grain size as apparent in 
Figures 9b and 9c. The characteristic of a large variation of grain size is espe-
cially evident in the deformed granite gouge that sheared at σceff = 30 MPa 
(i.e., Pf = 80 MPa) and exhibits the strongest velocity-weakening behavior 
(Figure 9d).

In contrast to the granite gouges, the granite/chlorite mixed gouges all 
exhibit velocity-strengthening behaviors. In addition, less obvious localized 
shear zones and foliation enrichment are found in these chlorite-rich gouges 
(Figures 10a and 10b). Well-developed foliations aligned with the shear direc-
tion are observed in pure chlorite gouge, and shear is distributed homogene-
ously throughout the gouge (Figure 10a). In the 50:50 chlorite:granite gouge, 
chlorite foliations wrap around the granite gouge particles, and deformation 
is mainly concentrated in chlorite-rich shear zones (Figure 10b). In summary, 
the microstructure of deformed velocity-strengthening gouge is characterized 
by particle crushing or elongation with the development of a finer and more 
uniform grain size (Figures 9a, 10a and 10b), whereas velocity-weakening 
response promotes localized shear characterized by a large variation in grain 
size (Figures 9b–9d).

4. Discussion
4.1. Mechanistic Impact of Effective Stress Variation on Fault Stability

The shear experiments with granite gouges conducted at varied effec-
tive confining stresses define two regimes of velocity dependence—these 
are velocity-strengthening response (a − b > 0) at σceff = 68–89 MPa and 
velocity-weakening response (a − b < 0) at σceff = 30–47 MPa (Figure 5b). 
Sawai et al. (2016) conducted friction experiments on blueschist powder at 
effective normal stresses of 0–200 MPa and temperatures of 22–400°C. They 
reported that a transition from velocity-strengthening to velocity-weakening 
occurred when decreasing effective normal stress to ∼70  MPa at temper-
atures of 100–300°C. Such a similar velocity-weakening response has 
also been presented for phyllosilicate-bearing fault rocks with decreasing 
effective normal/confining stresses (Niemeijer & Collettini,  2014). From 

these results, the effective normal/confining stress is apparently important in controlling the transition from 
velocity-strengthening to velocity-weakening behavior. Meanwhile, the responses of fault stability also depend 
on the mineral composition, temperature, and sliding velocity.

The changes in velocity dependence (a − b) with effective normal/confining stress can be partially explained 
by a microphysical model involving shear-rate dependent modes of mass transfer (den Hartog & Spiers, 2013, 
2014; Niemeijer & Spiers,  2007). In this model, friction is potentially modulated by a competition between 
shear-induced dilation, associated with granular flow, transitioning to thermally activated compaction modulated 
by pressure solution. A lower effective normal/confining stress will decrease rates of mass transfer by pressure 
solution (Yasuhara & Elsworth, 2004), and thus yield a decrease in the relative importance of thermally acti-
vated compaction, relative to shear-induced dilation. In this process, the shear deformation can no longer be 
accommodated by compaction through pressure solution and the gouge must therefore dilate to accommodate 
slip—resulting in an elevated steady-state porosity. This in turn indicates a decrease in intergranular contact 
area at steady state due to the higher porosity. As a consequence, the steady-state-frictional strength is reduced, 
the parameter b is increased, and the velocity dependence (a  −  b) is reduced—contributing to the observed 
velocity-weakening behavior.

Our results indeed show that the parameter b increases with decreasing effective confining stress (Figure 6b), 
suggesting a contact area decrease or porosity increase under lower effective confining stress conditions. Although 
we do not directly measure the gouge porosity, the microscopic observations provide a reasonable proxy. The 

Figure 7. (a) Coefficient of friction μ and (b) frictional stability (a − b) 
for granite/chlorite mixed gouges. The plotted values of (a − b) are average 
values from the same velocity-steps in each experiment with the error bars 
representing the standard deviations. The legend shows the axial displacement 
rates.
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microstructures of the granite gouges deformed at higher effective confin-
ing stresses exhibit a dense structure—a lower porosity, characterized by a 
compaction-dominated response, and corresponding to velocity-strengthening 
(Figures 11a and 11b). Conversely, the gouges at lower effective confining 
stresses form a discrete structure—a higher porosity characterized by a 
dilation-dominated response corresponding to velocity-weakening behavior 
(Figures 11c and 11d). An elevated porosity resulting in velocity-weakening 
behavior has also been documented in other laboratory studies on granite 
fractures (Ishibashi et al., 2018). This is also congruent with field observa-
tions that faults tend to dilate during seismic slip (Guglielmi et al., 2015). The 
transition from net compaction to dilation with decreasing effective confin-
ing stress indicates that a lower effective confining stress can reduce catacla-
sis and its impact on grain-size reduction by weakening the effect of compac-
tion and thus accentuating fault dilation, contributing to an elevated porosity, 
and thereby changing the velocity dependence of friction. This observation is 
consistent with the results of Acosta et al. (2020, 2022) in terms of the perme-
ability evolution of calcite bearing faults. The fault shear induces dilatancy 
at low effective stress but contributes to more compaction at high effective 
stress. The general concept of competition between compaction and dilation 
is useful in interpreting our observations of changes in the velocity depend-
ence of friction as a function of effective confining stress and velocity. Our 
results emphasize the importance of variations in effective confining stress as 
a key factor in controlling fault instability in terms of a competition between 
compaction and dilation.

In addition, we observe that the friction coefficient is insensitive to variations 
in effective confining stresses, whereas the velocity dependence is highly 
sensitive (Figure 5). These observations further demonstrate that the vari-
ation in effective confining stress imparts an intrinsically time-dependent 
response which is expected to affect, and to be affected-by, the dissolution 
and reaction of minerals—thereby contributing to a pronounced impact on 
velocity dependence of friction. A more evident change in velocity depend-
ence of (a − b) with decreasing effective stress at relatively low slip velocity 
also supports this idea (Figure 5b).

4.2. Evolution of Friction With Elevated Chlorite Content

We observe that homogeneously mixed gouges of granite/chlorite exhibit 
almost pure velocity-strengthening behaviors when >30  wt.% chlorite 
(at hydrothermal conditions representative of a reservoir at ∼4-km depth 
(Figure 7b)) contrary to the pure granite gouge exhibiting velocity-neutral 
behavior. We extrapolate this to imply that the presence of chlorite within 
the principal slip zone (PSZ) of a fault will promote aseismic slip and fault 
creep. Our results show that the friction coefficient decreases monotonically 
with increasing chlorite content in mixed granite/chlorite gouges (Figure 7a), 
signifying that the participation of chlorite may at the same time weaken but 
stabilize such faults.

The persistent weakness of a fault with increasing chlorite content, in our 
experiments, indicates a potential change in deformation mechanism for slip 
behavior. To investigate the role of chlorite in inducing fault weakness, we 

compare the deformed characteristic microstructures between the 100% granite and the 50:50 chlorite:granite 
gouges. Cataclastic flow is clearly evident in microstructures with some fine grains surrounding the relatively 
larger grains in the 100% granite gouge (Figure 12a). This phenomenon can be attributed to comminution occur-

Figure 8. Friction constitutive parameters: (a) values of a, (b) values of b, 
and (c) values of dc for granite/chlorite mixed gouges. The plotted frictional 
constitutive parameters a, b, and dc are the average values from the same 
velocity-steps in each test with the errors representing the standard deviations. 
The legends show the axial displacement rates.
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ring at contacting asperities between large grains through a process of cataclastic flow, suggestive of plastic 
deformation at grain-to-grain contacts which favor velocity-weakening (Baumberger & Caroli, 2006; Dieterich & 
Kilgore, 1994; Fagereng & Ikari, 2020; Ikari et al., 2016). The R1 shear exhibited in 50:50 chlorite:granite mixed 
gouge is more continuous than that in the 100% granite gouge and is characterized by enrichment of chlorite 
foliation with very small grains enhanced in zones of high concentration of shear strain (Figure 12b; Giorgetti 
et al., 2015). The development of a network of chlorite foliations surrounded by fine grains establishes a local-
ized shear zone (Figure 12b), implying that the deformation mechanism evolves from distributed cataclastic flow 
(100% granite gouge) to localized frictional sliding along chlorite-rich R1 shears (50:50 chlorite:granite gouge), 
thus resulting in a decrease in frictional strength. This mechanism of shear strain accommodated by phyllosilicate 
foliation is equivalent to the fault becoming persistently weak once the phyllosilicate-rich network matures and 
then dominates the mode of frictional sliding (Collettini et al., 2009; Okamoto et al., 2019). The occurrence of 
shear that localizes on chlorite-enriched planes is one suitable mechanism to explain the weakening with increas-
ing chlorite content.

We observe that the frictional parameter b is near-zero for all chlorite contents (Figure 8b). In terms of RSF 
theory, the physical significance of the parameter b is in describing the evolution of contact area over a critical 

Figure 9. Microstructures (backscattered images) of the deformed granite gouges for shear experiments at (a) σceff = 89 MPa, (b) σceff = 68 MPa, (c) σceff = 47 MPa, and 
(d) σceff = 30 MPa.
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slip distance dc (Scholz, 1998). Our microstructural observations for pure chlorite show that the alignment of the 
elongated chlorite particles results in a layered structure (Figure 13a). We infer that this layered structure favors 
maximizing the contact area and minimizing the evolution of contact area when changing the slip velocity, and 
thus driving b to approach zero. Our observations are consistent with the phenomenon of “contact saturation” 
(Saffer & Marone, 2003; see also Ikari et al., 2009). Thus, a near-zero value for b, also observed in pure smectite 
gouge, results in the assumption that the clay particles are in complete contact with no further potential for the 
contact area to evolve/increase. Our microstructural observations on pure  chlorite gouge represent a documenta-
ble demonstration of this effect (Figure 13b). This might also be the reason why slip hardening is less developed 
in chlorite-rich gouges (Figures 4a and 4d). Since the particles are already in “complete” contact, due to a high 
proportion of chlorite, the frictional strength would no longer change with continued sliding. Our data suggest 
that the “contact saturation” effect, arising from clay grain alignment, is a key factor in modulating the velocity 
dependence of friction in clay-rich gouges.

4.3. The Role of Chlorite in EGS Development

Chlorite is a common rock-forming mineral that forms readily at both low and high temperatures (Browne, 1978). 
Present not only in the Pohang geothermal reservoir, numerous geothermal reservoirs worldwide document the 
presence of chlorite as a hydrothermal alteration product. This presence is documented over the broad tempera-
ture range 80–380°C but is more frequently apparent within the range 150–250°C (Arnórsson, 1995; Cathelineau 
& Nieva, 1985; Cavarretta et al., 1982; Elders et al., 1979; Gebregzabher, 1986; Reyes, 1990; Seki et al., 1983; 
Steiner, 1968). These temperature ranges correspond to typical temperature gradients in the range 30–50°C/km 
and representative of a depth of 4–5 km—common to many EGS reservoirs (Olasolo et al., 2016). The Pohang 
granite samples recovered from 4.2  km display a native presence of 9  wt.% chlorite, with borehole cuttings 
(3,535–3,814-m depth) returning a maximum of 19 wt.% chlorite. In addition, granite cores obtained from the 
Gonghe geothermal system in Qinghai, China, show chlorite enrichment (2,900–3,500-m depth) reaching to 
34 wt.% chlorite at 3,500-m depth (Table 3) (Figures S3–S6 in Supporting Information S1). These field data 
therefore suggest that chlorite may exert a strong control on the frictional properties of granitic EGS reservoir 
rocks due to its high relative abundance.

As noted by Elders et al. (1979), the pattern of heat transfer and fluid flow determines the distribution of hydrother-
mal mineral assemblages. Thus, the high temperatures and induced fluid circulation characteristics of geothermal 
reservoirs could facilitate the transition of typical shallow-habit phyllosilicate minerals, such as montmorillonite 
or kaolinite, into illite plus chlorite—resulting in a typical clay-mineral assemblage formed at higher tempera-
ture (e.g., >145°C; Browne, 1978). This may be the cause of enrichment of chlorite as a temperature-dependent 

Figure 10. Microstructures (backscattered images) of the deformed (a) pure chlorite gouge and (b) 50:50 chlorite:granite gouge after shear experiments.
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mineral in geothermal reservoirs. Our results reveal that chlorite is frictionally weak and capable of promoting 
fault slip but of maintaining stable sliding. This effect can be more profound if the fault zone is highly permeable, 
favoring invasion by hydrothermal fluids, and facilitating alteration by metasomatism on the fault surface. This, 
in turn, would result in increased chloritization of the fault surface to significantly weaken the fault but induce 
stable fault sliding. Therefore, the chlorite content should be determined in geothermal sites to evaluate the fault 
reactivation potential and fault slip mode triggered by fluid injection.

4.4. Implications for Induced and Natural Seismicity

Our results have important implications for the generation of induced seismicity in deep geothermal reservoirs 
and wastewater disposal projects, both proximal to basement rocks, and also offers insights into natural seismic-
ity in other environments. EGS and wastewater disposal each involve the injection of large volumes of water 
into deep formations, significantly increasing fluid pressures and reducing effective stresses. Many EGSs reach 
to 4–5 km, and temperatures are typically over 150°C. Forced fluid injection reduced the effective stresses to 
<30 MPa at 4,200-m depth at the Pohang EGS site (e.g., in situ effective normal stresses of σHmax = 153.8 MPa, 
σhmin = 30.8 MPa, and σv = 16.8 MPa reduced by a maximum overpressure of 89.2 MPa during hydraulic stimu-
lation of well PX-2, Lee et al., 2019), with our results (without chlorite) suggesting that any fault reactivation will 
likely be velocity-weakening—to potentially produce unstable sliding and trigger earthquakes. Dehydration reac-

Figure 11. A transition from compaction-dominated to dilation-dominated shear response with decreasing effective confining stress observed in granite gouges: (a) 
σceff = 89 MPa, (b) σceff = 68 MPa, (c) σceff = 47 MPa, and (d) σceff = 30 MPa.
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tions may also release water from hydrous minerals through metamorphism, suggested as an important control 
on fault instability for megathrust earthquakes in subduction zones (Brantut et al., 2010; Chapman et al., 2022; 
Davis et al., 1983; Hirose & Bystricky, 2007; Sawai et al., 2016) and may add to this effect—although the “open-
ness” of the system is likely to make this a small secondary effect. For faults containing mixed gouges of granite 
and chlorite, a low chlorite content can reduce fault frictional strength and promote fault failure but under stable 
sliding. The localized frictional behavior observed in chlorite-rich gouge provides insight that, if chlorite is abun-
dant in natural faults, slip could localize along a weak layer since the chlorite is energetically prone to deform. 
From our experimental results of Figures 5 and 7, decreasing the effective confining pressure from 89 to 30 MPa 
decreases (a − b) values of ∼2.5e−3, while increasing the chlorite content from 0 to 50 wt.% increases (a − b) 
values also around 2.5e−3. This implies that the impact of chlorite may compensate for the impact of stress, with 
regard to controls on frictional stability. However, the chlorite content in the Pohang geothermal reservoir (South 
Korea) is generally below 20 wt.% (Lee et al., 2019) and the highest chlorite content in the Gonghe geothermal 
reservoir approaches 35 wt.% (Table 3), all much lower than the 50 wt.% content. This suggests that a low chlo-
rite content may not totally compensate for the stress effect for frictional stability. Our results hence imply fault 

Figure 12. A comparison of microstructure deformation characteristics between the (a) 100% granite and (b) 50:50 chlorite:granite gouges, indicating a potential 
change of deformation mechanism.

Figure 13. Microscopic observations for the deformed pure chlorite gouge. Panel (b) represents a zoom-in of the white outline in (a).
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slip is promoted by the weakening presence of chlorite but fault instability is conversely promoted by reduced 
effective pressures—defining basic first-order controls on fault strength and stability and suggesting the potential 
for control.

In addition, our results on the influence of effective stress variation have important implications for understand-
ing the relation between fault stability and permeability. The hydraulic transport properties of calcite bearing 
faults are impacted by surface geometry and applied stresses for rough fractures or faults (Acosta et al., 2020, 
2022). Reducing the effective stress will promote fault dilatancy and generate large permeability increases. 
Combined with our results, the instability of a granite fault at lower effective stresses may be accompanied by 
an increase in reservoir permeability during EGS development. Our effective pressure-induced transition of fric-
tional stability to instability on granite fault gouge is also similar to the reported brittle-ductile transition (BDT) 
in porous rocks (Baud et al., 2021; Wong & Baud, 2012). At lower effective confining stresses, brittle faulting 
is generally observed with dilatant deformation accompanied by shear localization. Conversely, shear-enhanced 
compaction may be developed with this leading to either delocalized cataclastic flow or compaction band 
deformation. Our observed microstructures (Figure 11) confirmed similar mechanisms of a pressure-induced 
stability-instability transition with the BDT, indicating that the mechanisms of BDT in porous rocks can also 
explain the stability-instability transition in porous fault gouge. Both transitions are important in understanding 
the deformation during faulting and in earthquake rupture.

5. Conclusions
We measured friction and stability on simulated samples of Pohang granite gouges and on fabricated mixed 
gouges of granite/chlorite under hydrothermal conditions, to separately investigate the impacts of effective stress 
variation and mineral composition. These laboratory observations result in the following conclusions:

1.  A transition from velocity-strengthening to velocity-weakening response is observed with decreasing effective 
confining pressures in the simulated granite gouge sheared under hydrothermal conditions. This indicates that 
the reduction in effective stresses promote frictional instability by controlling the competition between fault 
compaction and dilation.

2.  Chlorite-rich gouges return much lower frictional strengths than granite gouge. Shear is observed to localize 
on chlorite-enriched planes. This localized slip is suggested as a mechanism to explain the increase in fault 
weakness with increasing chlorite content. In addition, the parameter b, responsible for the evolution of fric-
tion, decreases to near-zero with increasing chlorite content, suggesting that “contact saturation” in clay-rich 
gouges is a viable mechanism in controlling the velocity dependence of friction.

3.  Since fault instability caused by injection typically results from elevated pore fluid pressure and related reduc-
tion in effective frictional strength, we infer that earthquake ruptures triggered during fluid injection can also 
be facilitated by effective stress variations. Concurrently, faults containing chlorite-rich gouges may be readily 
reactivated. Thus, the effective stress variations and the presence of alteration minerals should jointly be taken 
into account to mitigate injection-induced seismic risks.

Data Availability Statement
The friction data in this work can be found at https://doi.org/10.5061/dryad.tb2rbp02j.

Depth (m) Quartz Plagioclase Chlorite Microcline Calcite Mica Laumontite

2,900 43 20 20 12 3 2 0

3,250 56 9 18 1 10 7 0

3,400 49 28 14 4 0 3 2

3,500 27 14 34 10 8 4 3

Note. Measured by XRD (wt.%). The bold values highlight the abundance of chlorite in Gonghe Geothermal Reservior.

Table 3 
Mineral Compositions in Granite Cores From Well GR-1 in the Gonghe Geothermal Reservoir, Qinghai, China

https://doi.org/10.5061/dryad.tb2rbp02j
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