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A B S T R A C T   

The Gonghe Basin in northwest China has significant potential for the recovery of deep geothermal fluids. 
However, a large number of earthquakes were observed during stimulation by hydraulic fracturing with the 
maximum magnitude reaching ~ ML 2. To understand the mechanisms of deep fault stability and the clusters of 
earthquakes, we recovered seven granite cores from the Gonghe geothermal reservoir and powdered them to 
simulate fault gouges. XRD results show that the granites are dominated by quartz and feldspar and show a high 
chlorite content. Triaxial shear experiments were conducted on the seven gouges to explore the frictional and 
stability properties at conditions typifying the depths of 2450–3600 m in the Gonghe geothermal site. Results 
show that the friction coefficients of the tested gouges are high and close to 0.70. At hydrothermal conditions, all 
gouges show slight velocity-weakening to velocity-neutral behavior, which is indicative of potentially unstable 
fault slip. Our results have important implications for understanding the fault stability behavior and induced 
seismicity during hydraulic fracturing in granite geothermal reservoirs.   

1. Introduction 

The Gonghe Basin, located in the transition zone between the Qilian 
and Kunlun Mountains of northwest China (Fig. 1), is host to a pilot 
study for hot dry rock geothermal energy development (Liu et al., 2020). 
This area has a high geothermal gradient (~64 ◦C/km) due to magmatic 
activity, especially in the northeastern part of the Qabaq region. One 
well (GR1) has a bottom hole temperature of 236 ◦C at a depth of 3705 
m. Moreover, the recoverable resource from hot dry rock in the Qabaq 
region is estimated to be >30 EJ - equivalent to >1 billion tons of coal 
(Zhang et al., 2018). These characteristics make the Gonghe Basin one of 
the most promising geothermal development sites in China (Zhu et al., 
2015). 

Hydraulic fracturing or hydraulic shearing of pre-existing fractures is 
typically applied to the recovery of deep geothermal resources. Hy
draulic fracturing, which involves a massive fluid injection of high- 
pressure fluids into the subsurface can greatly enhance reservoir 
permeability and improve heat exchange efficiency. However, the fluid 
injection necessarily increases pore fluid pressures and may result in the 

unplanned reactivation of pre-existing faults/fractures and induce 
earthquakes (Pearson, 1981; Zoback and Harjes, 1997; Majer et al., 
2007; Passelègue et al., 2018; Ye and Ghassemi, 2018; Ji et al., 2022; 
Scuderi et al., 2017; Zhang et al., 2022). 

The exploitation of geothermal reservoirs worldwide is always 
accompanied by induced seismic hazards that threaten the public 
acceptance of EGS (Enhanced Geothermal System). The power genera
tion capacity of the EGS project in Soultz (France) has reached the 
megawatt level, regarded as the most successful geothermal reservoir 
(Breede et al., 2013). Nevertheless, more than 400 microearthquakes 
with a maximum magnitude of Mw 2.9 have occurred in the geothermal 
reservoir of Soultz (Majer et al., 2007). The ‘Basel’ project (Switzerland) 
was suspended owing to observed induced seismic events among which 
some exceeded Mw 3.0 (Ladner and Häring, 2009). Pohang EGS site 
(South Korea) is known for the largest induced earthquake of Mw 5.5 in 
November 2017 during hydraulic stimulation, leading to significant 
damage and public attention (Kim et al., 2018). Similarly, during the 
stimulation of well GR1, the maximum moment magnitude of near-field 
earthquakes reached ~ Mw 3 (Chen et al., 2021). Considering the 
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promising development potential of the Gonghe Basin, it is of great 
importance to understand the underlying mechanisms of induced 
earthquakes during geothermal exploitation – to promote the control 
and mitigation of seismic hazards. 

Granite is a common basement host for many geothermal reservoirs, 
worldwide, including those at Soultz (France), Pohang (South Korea), 
Coso (USA) and in the Gonghe Basin (China) (Majer et al., 2007; Vidal 
and Genter, 2018; Kovac et al., 2005; Kim et al., 2018; Grigoli et al., 
2018), and granite faults are reported to be velocity-weakening at hy
drothermal conditions, contributing to unstable slip and induced seis
micity (e.g., Stesky, 1978; Lockner et al., 1986; Blanpied et al., 1991, 
1995; Mitchel et al., 2016; Kolawle et al., 2019; Kang et al., 2021; An 
et al., 2022). Thus, systematically characterizing the frictional proper
ties of granite faults at hydrothermal conditions typifying a geothermal 
reservoir is needed to better understand the seismic behavior in reser
voir granite faults. 

In this work, we first analyze the main components of granites 
recovered from well GR1 of the Gonghe Basin, then conduct laboratory 
shear experiments on the granite gouges to characterize the frictional 
and stability properties at in-situ hydrothermal conditions of the Gonghe 
geothermal reservoir, in order to obtain a better understanding of the 
seismic possibility and nucleation mechanism in granite faults within 
the Gonghe Basin 

2. Experimental methods 

2.1. Sample preparation 

We collected seven granitic cores (numbers: 245#, 255#, 290#, 
325#, 340#, 350# and 360#) from well GR1 at depths between 2450 
and 3600 m (Fig. 2). After removing drilling-debris, all granites were 
powdered and then sieved to particle sizes <75 μm to simulate the fault 
gouges. The mineral compositions of the granites were analyzed by X- 
ray diffraction (XRD) with the results reported in Table 1. Primary 
components are quartz, albite, microcline, chlorite and biotite, with 
traces of amphibole and calcite. The quartz content first increases then 
decreases with increasing depth while albite shows the opposite trend. 
The chlorite content generally increases with depth (except for sample 
360#) but biotite content decreases. 

Bare or carved fractures and simulated gouges are both capable of 
demonstrating the frictional properties of faults/fractures at different 
failure stages (Moore et al., 1994; Morrow et al., 2001). Fault gouges, 
resulting from brittle fragmentation and wear, are typically observed 
within large tectonic faults at seismic cycles (Scholz, 1990; Carpenter 
et al., 2016). Generally, fault gouge is a common product of nearly all 
near-surface faulting regardless of the size and location (Vrolijk and van 
der Pluijm, 1999), and is reported to show a vital control on fault sta
bility and earthquake nucleation (Brace and Byerlee, 1966; Johnson 
et al., 1973; Marone et al., 1990). In addition, shear within gouge-filled 
faults exhibits lower rupture velocities, more precursory slip before 

Fig. 1. (a) Location of the Gonghe Basin (yellow dashed line, coordinates: 98.46–101.22◦E, 35.27–36.56◦N). Red rectangle in (a) indicates the area of panel (b). (b) 
Surrounding orogenic belts and faults of the Gonghe Basin. Both figures are derived from Baidu Maps. 

F. Zhang et al.                                                                                                                                                                                                                                   



Geothermics 112 (2023) 102730

3

rupture nucleation and larger nucleation zones compared to that of bare 
fractures/faults (Marone and Kilgore, 1993; Buijze et al., 2020; Beeler 
et al., 2022; Giacomel et al., 2021). Thus, we chose simulated fault 
gouge mainly to match the apparatus (He et al., 2006), the fault gouge 
can also characterize the fault frictional properties to a certain extent 
and lead to more stable curves. 

The particle-size distribution can also determine the gouge strength 
to some content – particle comminution is driven by relative movement 
among particles and controlled by neighbor particle size, and smaller 
particles dominate gouge weakening within shear localizations (Marone 
and Scholz, 1989). The reduction of dc values is also caused by particle 
size decrease through comminution (Marone and Kilgore, 1993). To 
acquire more accurate results, we chose proper particle sizes typifying 
common natural gouges with small-scale fractures to simulate shearing 
gouges (i.e., <75 μm) (Roux et al., 1993), which simultaneously ac
commodates to the triaxial apparatus conditions (He et al., 2006). 

It is worth noting that the granites from well GR1 are generally rich 
in chlorite. The granites at depths of 2900–3500 m have chlorite con
tents >20 wt.%. Chlorite is a common low-grade metamorphic mineral 
in shallow geothermal reservoirs (Kwon et al., 2019; Bird and Spieler, 
2004). The abundance of chlorite in the Gonghe Basin is likely a result of 
magmatic activity or from the metamorphism of amphibole or biotite 
(Talarico and Kleinschmidt, 2003; Sun and Colin, 2014; Wehrens et al., 

2016) 

2.2. Testing procedure 

Shear experiments were conducted using an argon-gas confined 
triaxial shear apparatus (Fig. 3) at the Institute of Geology, China 
Earthquake Administration, Beijing, China. This apparatus can apply a 
maximum temperature of 600 ◦C, a maximum confining pressure of 420 
MPa and a maximum pore fluid pressure of 200 MPa. A 1-mm thick layer 
of gouge was sandwiched between two gabbro driving blocks (20-mm 
diameter and 40-mm height) with a saw cut inclined at 35◦ to the 
loading axis. An injection hole was drilled through the upper gabbro 
block for pore fluid entry, and a brass filter was placed within the hole to 
prevent gouge extrusion. The sawcut surfaces of the two blocks avoid 
boundary slippage and were both polished by 200-mesh silicon carbide. 
The cylindrical gabbro block assembly with the intervening gouge was 
inserted into a 0.35-mm thick annealed copper jacket, with tungsten 
carbide then high-hardness corundum forcing blocks placed top and 
bottom. Two O-rings top and bottom of the assembly seal the copper 
jacket and prevent the gas leakage during the experiment. The sample 
assembly within the copper jacket is ringed by a furnace and placed in a 
confining vessel with the space between the furnace and jacket filled 
with boron nitride to avoid gas convection. A thermocouple was inserted 
into the pore fluid entry port to monitor the gouge temperature at mid- 
point (Fig. 3). 

The confining pressure was applied by argon gas with the pressurized 
pore fluid comprising deionized water, similar to typical triaxial shear- 
flow tests (Jiang et al., 2022). At the beginning of each test, both the 
confining and pore fluid pressures were applied to about two thirds of 
the target values to allow heating at a rate of 5 ◦C/min to the desired 
temperature. Finally, the confining and pore fluid pressures were 
adjusted to the target values and kept constant within ±0.5 MPa and 
±0.3 MPa, respectively. Axial deformation was applied with an elec
trohydraulic servo-controlled system and the axial displacement was 
recorded by an independent displacement sensor. 

Seven shear experiments (Test ID: G245, G255, G290, G325, G340, 

Fig. 2. Granite core fragments recovered from well GR1.  

Table 1 
Mineral compositions (wt.%) of the collected granites. Sample numbers refer to 
sample depths in the range 2450–3600 m in well GR1.  

Granite numbers 245# 255# 290# 325# 340# 350# 360# 

Quartz 32 34 39 44 39 29 32 
Albite 43 26 21 12 24 20 31 
Microcline 8 13 12 1 5 9 21 
Chlorite 3 2 25 23 29 39 11 
Biotite 9 18 3 9 3 3 3 
Amphibole 5 7 – – – – – 
Calcite – – – 11 – – 2  
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G350 and G360 corresponding to depths 2450–3600 m in well GR1) 
were conducted on the powdered gouges from seven depth intervals to 
characterize the frictional strength and stability under hydrothermal 
conditions - with experiment details noted in Table 2. Confining and 
pore fluid pressures approximate the lithostatic (rock density of ~2500 
kg/m3) and hydrostatic (water density of ~1000 kg/m3) pressures be
tween 2.45–3.6 km, respectively. Experimental temperatures were 
determined from well GR1 temperature data reported by Zhang et al. 
(2018). Considering the uneven temperature distribution even on the 
same horizontal level, two additional tests (Test IDs: G245t and G340t) 
were completed on samples G245 and G340 at elevated temperatures to 
ensure integrated results and evaluate temperature dependence. All 
gouges were sheared at an initial axial displacement rate of 1 μm/s until 
reaching steady state friction. Then the axial loading rate was stepped in 
the schedule 1–0.2–0.04–0.2–1–0.2–0.04 μm/s equivalent to shear ve
locities of 1.22–0.244–0.0488–0.244–1.22–0.244–0.0488 μm/s within 
the gouge, we conducted such velocity-stepping experiments to deter
mine the rate dependence and finally frictional stability of granite fault 

gouges 

2.3. Data analysis 

The experimental data, including the confining pressure, pore fluid 
pressure, axial displacement, piston load and temperature were recor
ded at a sampling frequency of 1-Hz. Then the raw experimental data 
were corrected to eliminate the effect of the reduced contact area with 
increasing shear offset together with the shear resistance of the copper 
jacket using the method described in He et al. (2006). The coefficient of 
friction μ was calculated as 

μ =
τ

σneff
=

τ
(
σn − Pf

) (1)  

where τ and σn represent the corrected shear and normal stresses, 
respectively, σneff denotes the effective normal stress. The velocity 
dependence parameter (a - b) was obtained from rate and state friction 
(RSF) theory (Dieterich, 1979; Rice, 1983; Ruina, 1983). In the frame
work of RSF theory, the coefficient of friction μ is expressed as, 

μ = μ0 + aln
(

V
V0

)

+ bln
(

V0θ
dc

)

(2)  

dθ
dt

= 1 −
Vθ
dc

(3)  

where μ0 is the coefficient of friction at the reference shear velocity V0, V 
is the instantaneous shear velocity of the up/down-step, a and b are 
dimensionless constants that denote the direct and evolutional effects in 
a velocity step, respectively, dc is the critical slip distance required to 
reach a new steady state, and the state variable θ indicates the contact 
age. At steady state, Eq.(3) reduces to Vθ = dc. Thus, the velocity 
dependence parameter (a - b) can be calculated from, 

a − b =
μ − μ0

ln(V/V0)
=

Δμss

ΔlnV
(4)  

where μss represents the difference of the coefficient of friction between 
two successive steady states. A positive (a - b) denotes stable sliding and 
velocity-strengthening behavior - conversely a negative (a - b) indicates 
velocity-weakening behavior and the potential for unstable sliding 
whenever the critical stiffness criterion is also met. 

3. Results & discussion 

3.1. Frictional strength and stability 

The friction-displacement curves for the seven experiments (Testing 
ID: G245, G255, G290, G325, G340, G350 and G360) under hydro
thermal conditions are presented in Fig. 4. At shear displacements of 
1.0–1.5 mm, all gouges are approaching their steady state and then show 
a slight strain-hardening trend, revealing sustained grain crushing and 
gouge evolution (Tembe et al., 2010). All curves have been detrended 
before estimating values of (a - b) to eliminate the effect of 
strain-hardening. Tests G245 and G255 show apparent stick-slip at the 
lowest shear velocity of 0.0488 μm/s, indicating a potential seismic 
response (Brace and Byerlee, 1966). 

Results for the coefficient of friction (μ) and the frictional stability (a 
- b) for the seven gouges are presented in Figure 5. The coefficient of 
friction of the seven gouges (except for G325) all approach 0.70, similar 
to other granite gouges reported by An et al. (2021) and Blanpied et al. 
(1995). The lower frictional strength (~0.61) in G325 possibly results 
from the lowest tectosilicate content (~57 wt.% quartz + albite +
microcline) (Ikari et al., 2009). Frictional stability (a - b) was calculated 
following the methods described in Section 2.3 with the results shown in 
Fig. 5b. Values of (a - b) for the seven gouges are within − 0.0100 to 
0.0050, indicating velocity-neutral to slight velocity-weakening 

Fig. 3. Schematic of the triaxial shear apparatus.  

Table 2 
Matrix of experimental conditions. σc = confining pressure, Pf = pore fluid 
pressure, T = temperature, and designation of lfinal = final shear displacement 
and response as either vs = velocity-strengthening or vw = velocity-weakening.  

Testing 
ID 

Granite 
gouges 

σc 

(MPa) 
Pf 

(MPa) 
T ( 
◦C) 

lfinal 

(mm) 
Fault 
response 

G245 245# 60 25 150 2.99 vs, vw 
G255 255# 65 25 150 3.26 vw 
G290 290# 70 30 175 3.40 vw 
G325 325# 80 30 200 3.22 vs 
G340 340# 85 35 215 3.42 vs 
G350 350# 85 35 220 3.27 vs, vw 
G360 360# 90 35 230 3.65 vs, vw 
G245t 245# 60 25 185 2.77 vw 
G340t 340# 85 35 250 3.54 vs  
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behaviors. Our results are in accordance with the frictional stability 
reported for granite gouges at similar temperatures (An et al., 2021). 

3.2. Temperature dependence of granite gouge 

To examine the temperature dependence of the granite gouge, we 
conducted two more experiments at elevated temperatures (Testing ID: 

G245t and G340t) on gouges 245# and 340# with the results shown in 
Figs. 6-7. For gouge 245#, the temperature was elevated from 150 to 
185℃. This temperature variation exerts nearly no influence on the 
frictional strength and stability–only a small increase in the values of (a- 
b) at lower shear velocities (Fig. 6). Similar results can be observed for 
gouge 340# when the temperature was increased from 215 to 250℃ 
(Fig. 7). These results indicate that the granite gouges could maintain 

Fig. 4. Coefficient of friction versus the shear displacement for tests: (a) G245, (b) G255, (c) G290, (d) G325, (e) G340, (f) G350 and (g) G360. The shear velocities 
are marked above the curves. 
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their frictional properties within a window of elevated temperature of 
<35℃ within the in-situ temperature range. 

Our results coincide with the typical temperature dependence of wet 
granite gouges (Blanpied et al., 1991; Kolawle et al., 2019; An et al., 
2022) (Fig. 8), i.e., hydrothermal granite gouges exhibit 
velocity-weakening behaviors at ~150℃ then the values of (a-b) in
crease with elevated temperature, and finally a transition to 
velocity-strengthening above 250℃ (Blanpied et al., 1991, 1995). The 
temperature of the Gonghe geothermal reservoir covered from 2550 m 
to ~3700 m in depth is included in the weakening temperature range of 
granite faults. 

The velocity-weakening behaviors at high temperatures (<250℃) 
within granite gouges can be interpreted properly by a widely accepted 

theory based on a microphysical model advanced in Niemeijer & Spiers 
(2007), den Hartog et al. (2012), and den Hartog & Spiers (2013): High 
temperature contributes to promoting gouge compaction and porosity 
decrease by accelerating the rate of pressure solution. Under this con
dition, increasing shear velocity can facilitate shear dilation, resulting in 
a higher porosity and lower frictional strength. Reduced strength reflects 
a velocity-weakening behavior which corresponds to unstable slip and 
potential seismicity. 

3.3. Implication for geothermal exploitation 

Our results are significant in understanding the clusters of injection- 
induced earthquakes in the Gonghe Basin. Our results confirm that 

Fig. 5. (a) Coefficient of friction (μ) and (b) frictional stability (a - b) of the seven granite gouges. The coefficient of friction in each test was evaluated at the second 
shear velocity of 1.22 μm/s. The legend in (b) indicates the shear velocities. 

Fig. 6. Comparison of results for experiments G245 and G245t: (a) friction-displacement curves, (b) coefficient of friction (μ) and (c) frictional stability (a - b).  
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gouge-filled pre-existing faults in granite are potentially unstable at in- 
situ temperature and pressure conditions and indicate that the all-depth 
reservoir can be a seismogenic zone with potential seismic hazards. 
Under this condition, there are potentially two separate and additive 
destabilizing environmental factors during fluid injection (i.e., pore 
fluid pressure and temperature variations) that may further weaken the 
proven weakened granite faults at in-situ conditions. Firstly, increasing 
pore fluid pressure caused by large injection fluid volume can reactivate 

pre-existing faults by reducing effective normal stress (Guglielmi et al., 
2015), even a minor change in pore fluid pressure reaches the critical 
stress state and promotes unstable slip (Scuderi et al., 2017). Pore fluid 
pressure heterogeneity (e.g., local fluid volume accumulation (Rutter 
and Hackston, 2017; Ji and Wu et al., 2020) and high injection rate 
(Passelègue et al., 2018; Ji et al., 2022)) is also a vital promoter for 
fracture instability, and fracture rupture could extend to the unpres
surized area (Jia et al., 2020) and continue to after injection period 

Fig. 7. Comparison of results for experiments G340 and G340t: (a) friction-displacement curves, (b) coefficient of friction (μ) and (c) frictional stability (a - b).  

Fig. 8. Frictional stability (a - b) for granite gouges (Test IDs: G245, G245t, G340 and G340t), and other reported gouges at different temperatures. Colored dots and 
triangles mark the results in our study. The hollow squares, diamonds and hexagrams represent the results of Westerly granite gouges (Blanpied et al., 1991), Troy 
granite gouges (Kolawle et al., 2019) and Pohang granodiorite gouges (An et al., 2022) at hydrothermal conditions, respectively. 
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(Passelègue et al., 2018). Secondly, the injection of cold fluid into hot 
dry rocks could result in contractile thermoelastic strains and may also 
induce seismicity (Rawal and Ghassemi, 2014; Yu et al., 2018; Im et al., 
2021; Gan and Elsworth., 2014a & 2014b). On the contrary, Jeanne 
et al. (2017) found that the cooling stress could prevent shear reac
tivation of the pre-existing fractures on some particular configurations. 
Ji et al. (2022) also suggested that a high temperature could facilitate 
unstable fault slip by accelerating hydrothermal reactions and 
enhancing fault healing, and the seismic magnitude is positively corre
lated with reservoir temperature. Thirdly, de Simone et al. (2017) 
highlighted the coupled effects of both pore fluid pressure transfer and 
thermo-poroelastic on inducing seismicity during injection. Pore pres
sure increase and thermal unclamping could also promote aseismic 
creep, indicating a larger seismogenic zone (Im and Avouac, 2021). Pore 
fluid pressure can also be elevated by the high temperature at a deeper 
reservoir zone, resulting in thermal pressurization and more serious 
seismic hazards (Ji et al., 2022). 

During the stimulation of well GR1 by high pressure fluid injection 
for hydraulic fracturing, nearly 1300 seismic events with magnitudes in 
the range 0–2.0 (ML) were detected (Chen et al., 2021) - the earthquake 
locations and their distribution are shown in Fig. 9. The maximum event 
magnitude (ML) is nearly 2.0 although most seismic events have mag
nitudes below 0. The microearthquakes are mainly distributed within 
the depth range 3400–4000 m, and approximately within a circle of 400 
m radius from well GR1 horizontally. This markable distribution of 

microseismic events highlights the significant weakening effect of the 
injection. However, districts without detected seismic events cannot be 
considered as aseismic. The injection can be defined as a ̀ `blasting fuse’’ 
to reactivate pre-existing fractures/faults already with 
velocity-weakening behaviors and an unstable slip trend, resulting in 
induced seismic events in neighboring regions. 

Granite faults exhibiting velocity-weakening behaviors in the 
Gonghe geothermal reservoir provide necessary but insufficient condi
tions for instability and the triggering of seismicity. The earthquake 
distribution around well GR1 after injection confirms that effects such as 
effective stress decreasing and thermal destressing caused by injection 
are sufficient in this regard, and are an essential factor for the triggering 
of induced earthquakes during hydraulic fracturing. Thus, monitoring 
and exploring the stress and temperature conditions of a geothermal 
reservoir and the stability of pre-existing faults are of great significance 
before exploitation to reduce seismic hazards. 

4. Conclusions 

We report the results of shear experiments on powered granite 
gouges recovered from the Gonghe geothermal reservoir to understand 
mechanisms of fault remobilization and the potential for seismicity. 
Drilling cores recovered from well GR1, piercing the reservoir, are 
dominated by quartz and feldspar with a high relative content of chlo
rite. Experiments were conducted under in-situ hydrothermal conditions 

Fig. 9. Distribution of earthquakes during the hydraulic fracturing of well GR1: (a) horizontal view looking E-W, (b) plan view, (c) perspective view, and (d) 
distribution of the earthquake number with depth. 
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and the first- and second-order frictional parameters evaluated consis
tent with rate- and state-friction. The granite gouges all return high 
frictional strengths (~0.70) and velocity-neutral to slightly velocity- 
weakening behavior at hydrothermal conditions, indicating the poten
tial for unstable fault slip. These observations of potential instability are 
congruent with observations of low-levels of seismicity during hydraulic 
fracturing stimulation of the site. Small temperature variations (<35℃), 
relative to measured at in-situ conditions, are shown to exert a negligible 
control on either fault frictional strength or stability. 
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