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Abstract The presence of metamorphic epidote on faults has been implicated in the transition from stable
to unstable slip and the nucleation of earthquakes. We present structured laboratory observations of mixed
epidote and simulated Pohang granodiorite (analogous to the EGS-enhanced geothermal system site) gouges

to evaluate the impact of heterogeneity and contiguity of epidote-patch structure on frictional instability.
Experiments are at a confining pressure of 110 MPa, pore fluid pressures of 42—63 MPa, temperatures
100-250°C and epidote percentages of 0—100 vol.%. The simulated Pohang granodiorite gouge is frictionally
strong (friction coefficient ~0.71) but transits from velocity-strengthening to velocity-weakening at
temperatures >150°C. This velocity-weakening effect is amplified in approximate proportion to increasing
epidote content. Modes of epidote precipitation likely control the size and contiguity of the epidote-only patches
and this in turn changes the response of 50:50 epidote-granodiorite mixed gouges for different geometric
configurations. However, 50:50 epidote-granodiorite mixtures that are variously homogeneously mixed,
encapsulated and checkerboarded in their structures are insensitive to their geometries — all reflect the high
frictional strength and strong velocity-weakening response of 100:0 pure epidote. This suggests that the epidote
present as thin coatings on fractures/faults can enhance velocity-weakening behavior, independent of individual
patch size and can thereby support the potential seismic reactivation of faults. Considering the frictional and
stability properties of epidote at conditions typical of shallow depths, the presence of low-grade metamorphism
exerts a potentially important control on fault stability in granitoids with relevance as a marker mineral for
susceptibility to injection-induced seismicity.

Plain Language Summary Epidote is acommon mineral on fractures/faults in granites that
results from both the natural and forced circulation of hot fluids — for example, in geothermal reservoirs. Its
presence, even in trace quantities and as a film on fractures can impact the ability of faults to slip either stably
or unstably — the latter generating earthquakes. We conduct shear experiments on simulated faults of powdered
granodiorite gouge containing varying percentages and structures of epidote through pure epidote and at
varying temperatures and pressures representative of geothermal reservoirs. The powdered granodiorite and
epidote gouges show similar and high frictional strengths but the addition of epidote results in unstable slip and
the potential for seismicity. Increasing epidote proportion amplifies the weakening until 50:50 mixtures that
behave as unstably as pure epidote — regardless of the epidote-granite structure. This suggests that even trace
amounts of epidote in thin films may be effective in destabilizing faults — with implications for the control of
fault instability and earthquake triggering in geothermal reservoirs.

1. Introduction

Fluid-injection-induced earthquakes associated with fluid-injection geoengineering activities are presently
an important global concern for public safety and the integrity of infrastructure (Atkinson et al., 2020; Ells-
worth, 2013; Majer et al., 2007; Schultz et al., 2020; Shapiro et al., 2006; Suckale, 2009). Massive fluid injection
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may elevate fluid pressures and reactivate pre-existing fractures and faults and potentially trigger seismicity
(Elsworth et al., 2016; Eyre et al., 2019; Guglielmi et al., 2015; McGarr et al., 2002). A better understanding of
the mechanical, physical and chemical properties of deep fractures/faults is thus needed to mitigate this seismic
hazard.

One type-example of this is the moment magnitude (M,) 5.5 Pohang earthquake that occurred in November
2017 — one of the largest and most damaging earthquakes on the Korean peninsula since the last century (Grigoli
et al., 2018; Kim et al., 2018). The event has attracted widespread attention not only for the significant result-
ing hazard and damage but also due to its connection with the Pohang EGS (enhanced geothermal system)
project. This earthquake (Lee, Yeo, et al., 2019) directly injured >100 people and resulted in >US$300 million in
economic loss. The event was likely triggered on an unmapped pre-existing critically-stressed fault reactivated at
a depth of ~3.8 km (see Figure S1 in Supporting Information S1) by the fluid injection during EGS stimulation
(Lee, Yeo, et al., 2019). This earthquake is also the largest known injection-induced earthquake at an EGS site.

Two deep fluid-injection wells (i.e., PX-1 and PX-2 [Figure S1 in Supporting Information S1]) pierce the Pohang
granodiorite to a depth of ~4.2 km (Westaway & Burnside, 2019). Five hydraulic stimulations were conducted
with a total injected volume of 12,798 m? and net injected volume of 5,841 m? considering bleed-off. Two months
after the fifth hydraulic stimulation, on 15 November 2017, the M, 5.5 Pohang earthquake occurred. Evidence for
this seismicity correlating with fluid injection is apparent from the observed loss of drilling fluid, the spatio-tem-
poral distribution of the seismic cloud and the numerical modeling (Ellsworth et al., 2019; Lee, Yeo, et al., 2019;
Park et al., 2020; Yeo et al., 2020). During the vertical drilling of well PX-2 a significant loss (>160 m?) of heavy
drilling mud (1.60 g/cm?) occurred in the depth range 3,816-3,840 m. This is immediately below the unmapped
fault zone at depths of 3,790-3,816 m, indicating that well PX-2 transected the permeable unmapped fault zone.

The mechanical and physical properties of the subsurface fractures and faults are reflected in the subsurface core.
A 3.6-m-length and 100-mm-diameter granodiorite core was recovered from geothermal well PX-2 in the depth
range spanning 4,219-4,222.6 m (figure 3 in Kwon et al. (2019)) prior to hydraulic stimulation. The natural gran-
odiorite fractures in Figure 1 were recovered from core samples of well PX-2 at a depth of ~4,221 m.

SEM observations (Figure 1) of the natural granodiorite fracture show that typical minerals in the granodiorite
include quartz, microcline, albite, and chlorite and are consistent with the mineral compositions of cuttings
from PX-2 at depths of 3,535-3,814 m (table 2-1 of Lee, Yeo, et al. (2019)). In particular, the PX-2 cuttings at
3,535-3,814 m all contain chlorite, with the chlorite content spanning ~5-19 wt.%. The natural granodiorite frac-
ture plane (Figure 2) indicates the presence of epidote and chlorite. The chlorite occurs both in the granodiorite
protolith and on the natural granodiorite fracture plane in Figure 2, while the epidote occurs only on the natural
granodiorite fracture plane.

Epidote (Ca,FeAl,[SiO,][Si,0,]0(OH)) is a common nesosilicate mineral that is widely distributed in the Earth's
crust as a low-grade metamorphic mineral in pumpellyite-prehnite, greenschist, epidotite-amphibolite, and
blueschist metamorphic facies (Bird & Spieler, 2004; Franz & Liebscher, 2004; Liou, 1993; Wehrens et al., 2016).
In particular, epidote is also reported as distributed within granitoid fractures or veins where 7' < 200°C of active
hydrothermal zones and has been observed at ~100°C in several geothermal systems (e.g., Onikobe geothermal
system of Japan; Bird & Spieler, 2004; Caruso et al., 1988; Kolawole et al., 2019). Fluids as transport media play
an important role during the precipitation and growth of metamorphic epidote in granitoid fractures or faults at
elevated temperatures (Kameda et al., 2011; Moore et al., 2001). And thus, the epidote can be regarded as an index
mineral associated with the local temperature, permeability and fluid composition (Grapes & Hoskin, 2004; Hu
et al., 2017). Previous experimental results show that epidote or epidotite gouge is frictionally strong, shows
velocity-weakening behavior and promotes unstable fault slip at lower temperatures, generally at 7 (temperature)
of ~100-125°C (An et al., 2021; Fagereng & Ikari, 2020). Therefore, if the fluid-rock interactions under hydro-
thermal conditions contribute to the growth of epidote on fractures/faults, the epidote may control the response of
the fracture or derivative gouge and therefore the frictional stability. In this case, the structure and contiguity of
the hydrothermally precipitated patches will influence the stability of rupture and its manifestation as a seismic,
rather than aseismic event.

Thus, we use powdered Pohang granodiorite, and the natural or laboratory-structured distribution of epidote
therein, as a relevant type example to examine the effect of morphology of epidote gouge patches on the fault fric-
tional response. In particular, we focus on the role of structure of the distributed epidote in controlling response.
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Figure 1. Photographs of (a) Pohang granodiorite rocks recovered from ~4.2 km depth prior to hydraulic stimulation and (b),
(c) backscattered electron SEM (scanning electron microscopy) images. The SEM images of (b) and (c) were taken from the
red dotted rectangle of (a). Typical minerals in Pohang granodiorite rocks include quartz (Qtz), microcline (Mic), albite (Alb),
and chlorite (Chl).

We conduct shear experiments on powdered epidote, Pohang granodiorite rocks and mixtures thereof, to evaluate
the frictional properties of these powdered rocks under hydrothermal conditions typifying a geothermal reservoir.
We: (a) determine the frictional strength and stability of the powdered Pohang granodiorite gouge at different
temperatures; (b) explore the variation of frictional properties of the simulated granodiorite gouge as a function
of epidote content and structure; and (c) extrapolate the experimental results of the powdered granodiorite gouge
to provide insight into the seismic behavior of faults under low-grade metamorphism.

2. Experimental Methods
2.1. Gouge Preparation

Unmetamorphosed Pohang granodiorite (Figure 1a) was used in our shear experiments. The gem-quality and
short single crystal epidote (Figure S2 in Supporting Information S1) was collected from Handan city, Hebei,
China. Both materials were crushed and then sieved to <75-pm diameter to simulate fault gouge. Mineral compo-
sitions of the two rock powders were analyzed using X-ray diffraction (XRD; apparatus type: D/max-rB) at
Beidazhihui Micro Analytical Laboratory, Beijing, China with the results shown in the Supporting Information
of An et al. (2021). The crystal epidote contains only trace inclusions (Figure S2 in Supporting Information S1)
with the epidote gouge showing a >99 wt.% purity. The mixed and textured gouges were prepared from these two
constituent gouges by adding them in different volume (vol.%) proportions and structures.

2.2. Experimental Procedure

We employed an argon-gas confined triaxial shear apparatus to conduct the fault friction experiments with a sche-
matic of the apparatus shown in Figure 3 (He et al., 2006; Moore & Lockner, 2008, 2011). Detailed descriptions
of the experimental apparatus are shown in Text T1 in Supporting Information S1.
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Figure 2. SEM photos showing the occurrence of metamorphic epidote on natural Pohang granodiorite fractures: (a) before
polishing, and (b) after polishing. Both (a) and (b) are obtained at backscattered electron mode and from the red rectangle of
(c). Short prismatic epidote crystals can be observed in (a). Epi = epidote, Chl = chlorite, Mic = microcline.

In our experiments, we mixed the simulated granodiorite gouge with an additional mass of powdered epidote in
various proportions and spatial structures to investigate the effect of gouge texture and structure on fault frictional
properties. For simplicity, we restrict our experiments to explore the frictional properties of 50 vol.% epidote and
50 vol.% granodiorite mixed gouge, only. Six different gouge structures are illustrated in Figure 4 to examine the
impact of geometry, structure and size of gouge patch (epidote/granodiorite) on the mechanical response of the
laboratory fault. We examine two structures of pure granodiorite (Gr) and epidote (Ep) gouges (Figure 4), one
homogeneously mixed (HM) Gr + Ep gouge, encapsulated (EC) and then halved-checkerboard (2CQ) gouges
and finally a quartered-checkerboard gouge (4CQ). This corresponds to a weight ratio of granodiorite:epidote of
~1:1.30. Gouge structures representing EC, 2CQ, and 4CQ were obtained by using steel shim masks cut to the
various geometries.

A total of 12 shear experiments were conducted at a constant confining pressure (¢, = 110 MPa), different pore
fluid pressures (Pf =42 and 63 MPa) and different temperatures (7 = 100, 150, 200, and 250°C) for monominer-
alic gouges (granodiorite/epidote), uniformly mixed gouges (granodiorite:epidote = 50:50, 75:25, and 87.5:12.5)
and different gouge structures (HM, EC, 2CQ, and 4CQ). Experimental details are listed in Table 1. The confin-
ing pressure ¢, = 110 MPa and pore fluid pressure P, = 42 MPa correspond to the lithostatic and hydrostatic
pressures at 4.2-km depth (assuming a rock density of 2,600 kg/m?). A higher pore fluid pressure P,=63 MPa
simulates the fluid injection conditions. The in-situ temperature at a depth of 4.2 km is estimated to be ~150°C
(Westaway & Burnside, 2019). The selected depth of ~4.2 km corresponds to the location of the sampled gran-
odiorite fractures in Figures 1 and 2 and approaching the depth of the mainshock hypocenter of the 15 November
2017 Pohang earthquake (Lee, Ellsworth, et al., 2019). The experiments (Table 1) can be classified into three
groups according to the research objectives. The first group of experiments, including Gr-100, Gr-150, Gr-150-
63, Gr-200, and Gr-250, were conducted at 6, = 110 MPa, Pf = 42 or 63 MPa and incremented temperatures of
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Thermal couple 100, 150, 200, and 250°C, to investigate the effect of temperature and pore
fluid pressure on the frictional properties of the simulated Pohang granodi-

orite gouge. The second group of experiments (Gr-150, E1G8-150, E2G7-

<= Pore fluid entry

Top sealing block

. and upper piston 150, E5G5-150, Ep-150) were carried out at 6, = 110 MPa, Pf = 42 MPa,
High-P seal T = 150°C and epidote contents of 0-100 (0 12.5, 25, 50, and 100) vol.%, to
_ O-1ing seal . explore the effect of epidote content on the frictional strength and stability
eel end plug of simulated granodiorite gouge. The third group of experiments (HM-150,
W Ceramic wool 2CQ-150, 4CQ-150, EC-150) on 50:50 vol.% Gr:Ep were conducted at the
Furnace ——: ’ . Corundum in-situ temperature and pressure but with different gouge structures to define
Boron nitride il A controls of epidote gouge micro-structure on frictional properties.
: ’ : : Tungsten carbide At the initiation of .each experiment, the confining pressure and pgre fluid
Gabbro driving 4 o pressure were applied by gas pump and hydraulic pump, respectively, to
~23.7cm S ] 1 Brass fiter approximately two-thirds of the desired values. The temperature was then
1-mm thick r @ Gabbro driving block raised to the ultimate value at a rate of 5°C/min. The accuracies of the confin-
gouge : : Tungsten carbide mfg preﬁsu{e and pore fluid pressure are 10:5 and +0.3 N[.chl, respcctlvel?/,
: with deionized water adopted as the pore fluid. As the confining pressure in
: : : our experiments was applied by argon gas, the gas pressure increased with
Copper jacket | Corundum an increase in temperature. Therefore, after reaching the desired temperature,
: ) : we adjusted the confining pressure and pore fluid pressure to the desired
O-ring seal — — Stoal ond ol values. In each experiment, the sample was initially sheared at an axial
i j-i piug displacement rate of 1.0 pm/s until approaching steady state friction. To eval-
Teflon shim — Loading piston uate the velocity dependence of friction, the axial displacement rates were
incremented or decremented among 1.0, 0.2, and 0.04 pm/s, corresponding
Figure 3. Experimental assembly. the along-fault shear velocities of 1.22, 0.244, and 0.0488 pum/s. The axial

displacements at each incremented/decremented velocity were designed

to be ~0.3 mm (~0.366 mm at the shear direction) at shear velocities of
1.22 and 0.244 pm/s, and 0.2 mm (~0.244 mm at the shear direction) at a shear velocity of 0.0488 pm/s. The
axial load and displacement were recorded by external load cell and high-precision displacement sensor with
a sampling frequency of 1 Hz. The temperature during the full experiment was monitored and controlled by a
Yamatake-Honeywell DCP30 industrial controller with an accuracy of +2°C.

2.3. Data Analysis

Due to the variation in gouge contact area with increasing shear displacement and a shear resistance from the
copper jacket, the raw experimental data were corrected following the methods in He et al. (2006) and Verberne
et al. (2010) and described in Text T2 in Supporting Information S1. The coefficient of friction was calculated by

the ratio of final corrected shear stress (7) to the effective normal stress (aneﬁ;

U=1/0nss=1/(0n— Pr) (1

000806

Grgouge 50vol.% Ep 50vol.% Ep 50vol.% Ep 50vol.% Ep  Ep gouge
+50vol.% +50vol.% +50vol.% +50vol.%
Gr gouge Gr gouge Gr gouge Gr gouge

(2CQ) (HM) (4CQ) (EC)

ignoring cohesion), expressed as,

Figure 4. Schematic plot showing gouge structures as homogeneously mixed (HM), encapsulated (EC), and as halved-
(2CQ) and then quartered- (4CQ) checkerboard.
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Table 1
Details of the Twelve Shear Experiments
Experiment ID Gouge composition o, (MPa) P, (MPa) T (°C) L, (mm) V Dependence
Gr-100 Granodiorite 110 42 100 3.82 Vs
Gr-150 Granodiorite 110 42 150 2.98 Vs/Vw
Gr-150-63 Granodiorite 110 63 150 3.59 Vs/Vw
Gr-200 Granodiorite 110 42 200 3.27 Vs/Vw/Ss
Gr-250 Granodiorite 110 42 250 3.85 Vw/Ss
E1G8-150 12.5 vol.% epidote + 87.5 vol.% granodiorite (HM) 110 42 150 2.62 Vs/Vw
E2G7-150 25 vol.% epidote + 75 vol.% granodiorite (HM) 110 42 150 3.91 Vs/Vw
E5G5-150 (HM-150) 50 vol.% epidote + 50 vol.% granodiorite (HM) 110 42 150 3.84 Vw/Ss
2CQ-150 50 vol.% epidote + 50 vol.% granodiorite (2CQ) 110 42 150 3.86 Vs/Vw/Ss
4CQ-150 50 vol.% epidote + 50 vol.% granodiorite (4CQ) 110 42 150 3.89 Vw/Ss
EC-150 50 vol.% epidote + 50 vol.% granodiorite (EC) 110 42 150 3.86 Vw/Ss
Ep-150 Epidote 110 42 150 3.77 Vw/Ss

Note. The symbols o, P, T, and [, represent the applied confining pressure, pore fluid pressure, temperature and final shear displacement, respectively. The abbreviations
Vs, Vw, and Ss indicate the observed behaviors as velocity-strengthening, velocity-weakening, and stick-slip, respectively. Gouge structures HM, 2CQ, 4CQ, and EC

are shown in Figure 4.

where P, is the applied pore fluid pressure.

The velocity dependence of friction was analyzed based on rate and state friction (RSF) theory (Dieterich, 1979;
Marone, 1998; Ruina, 1983). Applying RSF theory to modeling fault slip defines the coefficient of friction y as,

ﬂ=y0+aln(%)+bln(lg0> 2)

where p is the coefficient of friction at the current shear velocity V, u,, is the steady state coefficient of friction

at the reference shear velocity V, (V > V), a and b are dimensionless constants that describe the direct and
evolutional effects from the change of the shear velocity, respectively, D, is the critical shear displacement from
a reference steady state toward a new steady state, and @ is a state variable associated with the average lifespan
of grain/asperity contacts. The evolution of the state variable is described by the Dieterich law (or aging law)
(Dieterich, 1979), expressed as,

do Ve
& _ 1=
dt D. &
or the Ruina law (or slip law) (Ruina, 1983) with the expression of,
do Ve Ve
a9 __ 7Y%
dr an<a> @

An idealized rate and state friction response to an increase in shear velocity is shown in Figure 5. Frictional
stability is partially determined by the parameter (a — b) derived from Equations 2 and 3 at steady state friction
(do/dt = 0), expressed as,

a—b=Au,/AIn(V) (%)

where Au_ is the difference in steady state coefficients of friction before then after a velocity step. Positive values
of (a — b) indicate that the coefficient of friction increases as shear velocity increases, that is, velocity-strength-
ening behavior, indicative of inherently stable and aseismic fault slip. In contrast, negative values (@ — b) indicate
a decrease in friction with an increase in shear velocity, that is, velocity-weakening behavior, promoting unstable
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Figure 5. (a) Idealized rate and state friction response to an increase in shear velocity. (b) An example for determining the magnitude of Ay during stick-slips.

and potentially seismic fault slip when the critical stiffness (K_,) is also met. The critical stiffness of the fault is
defined as,

_(b_a)'O'n

Kcr
D.

(0)
Fault instability also requires that the loading stiffness K is smaller than the critical stiffness K, thatis, K < K,
(Guetal., 1984). The stick-slip behavior is an unambiguous indicator of velocity-weakening response. For gouges
with stick-slips, values of (a — b) were estimated from the difference in peak coefficients of friction (Figure 5b),
following Pluymakers et al. (2014).

2.4. Microstructural Methods

After the shear experiments, we carefully removed the corundum and tungsten carbide blocks with only the
gouge-filled gabbro driving blocks wrapped by the copper jacket remaining. These were retained and dried at
~50°C for 48 hr to remove the moisture. The samples were then impregnated with epoxy resin in a vacuum
chamber and placed in a temperature-controlled cabinet for ~24 hr until the epoxy had completely hardened. Thin
sections were then cut along the axis of the cylindrical driving blocks and perpendicular to the fault plane. The
thin sections were polished then gold coated and analyzed by a scanning electron microscopy (SEM).

3. Results
3.1. Pohang Granodiorite Gouge

The coefficient of friction for Pohang granodiorite powder exhibits initially rapid strain hardening followed by
macroscopic yield at shear displacements of 1.0-1.5 mm. This is in turn followed by slight strain hardening
response until the final shear displacements of 3—4 mm (Figure 6). The simulated granodiorite gouge shows stable
sliding behavior at T < 150°C (Figures 6a—6c), while stick-slips were observed at a shear velocity of 0.0488 pm/s
at T = 200°C (Figure 6d) and shear velocities of 1.22 and 0.244 pm/s at T = 250°C (Figure 6e). We compare the
coefficients of friction of each experiment at a standard ~2.5 mm shear displacement and 1.22 pm/s shear veloc-
ity. The coefficients of friction of the Pohang granodiorite powder at different temperatures (7 = 100-250°C) and
pore fluid pressures (P, = 42-63 MPa) are all close to 0.71 (Table 2 and Figure 7a), indicating that the friction
coefficient is insensitive to both temperature and pore fluid pressure over the range studied.

The simulated Pohang granodiorite gouge (Figure 7b) undergoes a transition from velocity-strengthening behav-
ior (a — b = 0.0016 to 0.0025) at T = 100°C, to velocity-neutral behavior (¢ — b = —0.0003 to 0.0011) at

AN ET AL.

7 of 18



I .¥eld
NI Journal of Geophysical Research: Solid Earth 10.1029/2021JB023136

ADVANCING EARTH
AND SPACE SCIENCE

o
©
o
©

(a) Gr-100 (b) Gr-150

Coefficient of Friction (u)
5

Coefficient of Friction (u)
o
o

o
w

o
w

1 2 3 4 0 1 2 3 4

Shear Displacement (mm) Shear Displacement (mm)
0.9 T T 0.9
(c) Gr-150-63 (d) Gr-200

8 10.244
@
‘1.22 ‘0'244‘ <r ‘

S ‘ 122 ‘0.244‘ _

‘0,244

Coefficient of Friction (u)
>

Coefficient of Friction (u)
o
[«

0.3 : : : : : :
0 1 2 3 4 0 1 2 3 4
Shear Displacement (mm) Shear Displacement (mm)

o
©

(e) Gr-250

Coefficient of Friction (u)
o
o

o
w

3 4
Shear Displacement (mm)

o
S
N

Figure 6. Friction-displacement curves for the simulated Pohang granodiorite gouge at conditions: (a) 7= 100°C,
P;=42 MPa, (b) T = 150°C, P; =42 MPa, (¢) T = 150°C, P,= 63 MPa, (d) T = 200°C, P, = 42 MPa, and (e) T = 250°C,
P;=42 MPa.

T = 150°C, then velocity-weakening behavior at 7 = 200°C (a — b = —0.0044 to 0.0006) and T = 250°C (a —
b = —0.0033 to —0.0014) — indicating a higher potential for fault instability at higher temperatures. Elevating
the pore fluid pressure at 7 = 150°C also destabilizes the simulated fault gouge (a — b = —0.0003 to 0.0011 at
P,=42MPa, and a - b= -0.0016 to 0.0009 at P,= 63 MPa), implying that the effective normal stress also exerts
a control on fault stability.

3.2. Epidote-Granodiorite Mixed Gouges for Different Epidote Proportions

To examine the effect of epidote proportion on the frictional and stability properties of simulated granodiorite
gouge, we varied the epidote contents to 0, 12.5, 25, 50, and 100 vol.%. The epidote-granodiorite gouges were
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Table 2
Results of the Twelve Shear Experiments

a — b values at (pm/s)

Experiment ID My 0.244-0.0488 0.0488-0.244 0.244-1.22 1.22-0.244
Gr-100 0.700 0.0016 + 0.0011 0.0025 + 0.0009 0.0020 + 0.0008 0.0020
Gr-150 0.706 —0.0003 0.0002 0.0011 0.0003
Gr-150-63 0.720 —0.0010 + 0.0007 —0.0016 + 0.0016 0.0009 —0.0012
Gr-200 0.715 —0.0034 + 0.0013 —0.0044 0.0006 —0.0017
Gr-250 0.710 —0.0027 + 0.0001 —0.0033 + 0.0007 —0.0017 + 0.0003 —0.0014
E1G8-150 0.702 —0.0008 0 0.0007 -
E2G7-150 0.704 —0.0023 + 0.0009 —0.0012 + 0.0012 —0.0002 + 0.0008 —-0.0014
E5G5-150 (HM-150) 0.718 —0.0046 + 0.0028 —0.0040 + 0.0029 —0.0006 + 0.0006 —0.0017
2CQ-150 0.715 —0.0023 + 0.0017 —0.0033 + 0.0017 —0.0002 + 0.0005 —0.0008
4CQ-150 0.719 —0.0045 + 0.0008 —0.0051 + 0.0007 —0.0010 + 0.0007 —-0.0017
EC-150 0.721 —0.0057 + 0.0020 —0.0042 + 0.0016 —0.0008 + 0.0004 —0.0024
Ep-150 0.730 —0.0062 + 0.0003 —0.0053 —0.0057 —0.0039

Note. The frictional stability parameter (a — b) values were the average values from the same velocity steps in each test with
the errors calculated from the standard deviations. Values of (a — b) in each shear velocity are also shown in Table S1 in
Supporting Information S1. The first velocity step (1.22-0.244 pm/s) was excluded in the calculation. p, = coefficient of
friction determined at ~2.5 mm shear displacement and a sliding velocity of 1.22 pm/s.

HM and evaluated at the identical condition of ¢, = 100 MPa, Pf =42 MPa, and T = 150°C. The friction-dis-
placement curves for the mixed gouges are shown in Figure 8. The mixed gouges exhibited slight strain-harden-
ing response after the first 1-2 mm shear displacement. When the epidote content is below 25 vol.%, the mixed
gouges show stable sliding. In contrast, stick-slips were observed at the second velocity of 0.0488 pum/s for the
50:50 epidote:granodiorite mixed gouge and at 0.244 and 0.0488 pm/s for the pure epidote gouge.

The coefficient of friction y and frictional stability (¢ — b) for the HM gouges are summarized in Table 2 and
Figure 9. The pure epidote gouge is frictionally strong and show a friction coefficient of ~0.73. With an increase
in epidote content for the mixed gouges, the variation in coefficient of friction is negligible (increasing from
~0.70 to ~0.73), intermediate between those for pure epidote (1 ~ 0.730) and the simulated Pohang granodiorite
(1 ~ 0.706) gouge. The mixed gouges (Figure 9b) become increasingly unstable with increasing epidote content.
This is indexed by (a — b) decreasing with increased epidote content progressing from 0 vol.% epidote (a —
b =-0.0003 to 0.0011), 12.5 vol.% epidote (a — b = —0.0008 to 0.0007), 25 vol.% epidote (¢ — b = —0.0023 to
—0.0002), 50 vol.% epidote (a — b = —0.0046 to —0.0006), to 100 vol.% epidote (a — b = —0.0062 to —0.0039).

3.3. Epidote-Granodiorite Mixed Gouges of Different Structures

To further explore the effect of various gouge structures on the frictional response, we varied the geometries
for the 50:50 epidote:granodiorite mixed gouge for the single set of environmental conditions of 6, = 110 MPa,
P,=42 MPa, and T'= 150°C. The structures are for HM, then EC, 2CQ, and 4CQ samples in order of decreasing
patch size. The friction-displacement curves are shown in Figures 8c and 10. For each gouge structure, the simu-
lated gouge is strongly strain hardening over the initial 1-2 mm of shear displacement, followed by a transition to
mildly strain hardening at the final shear displacement of ~4 mm. Stick-slips were observed at a shear velocity of
0.0488 pm/s for all four gouge structures.

We compare the frictional properties of the 50:50 epidote:granodiorite mixed gouge in different structures against
those for pure epidote and the simulated Pohang granodiorite gouge (Table 2 and Figure 11). The coefficients of
friction for the 50:50 gouges all approach ~0.72, independent of configuration. This is slightly higher than that
of the simulated Pohang granodiorite gouge (4 ~ 0.706) and slightly lower than that of the pure epidote (4 ~
0.73; Figure 11a). This indicates that the gouge structure has negligible impact on the overall frictional strength
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Figure 7. (a) Coefficient of friction u and (b) velocity dependence (a — b)
for the simulated Pohang granodiorite (Gr) gouge at different temperatures
and pore fluid pressures and other reported granitic gouges at different
temperatures. The hollow squares and diamonds represent the results from
Blanpied et al. (1991) and Kolawole et al. (2019), respectively (Table S2 in
Supporting Information S1). The solid circles in (a) and colorful symbols
in (b) represent the results of this study. The red dashed line in (a) indicates
1 =0.71 and the legend in (b) denotes the axial displacement rate.

pore fluid pressures are shown in Figure 12, with minor R1 fractures observed
for T=100°C and P,= 42 MPa (Figure 12a) where the gouge exhibits veloci-
ty-strengthening behavior. At higher temperatures and pore fluid pressures, a
denser array of R1 fractures formed across the gouge zone and these gouges
all show velocity-weakening behaviors (Figures 12b-12d), indicating a
higher correlation between the R1 fractures with the temperature and pore
fluid pressure for the simulated granodiorite gouge. For epidote-granodiorite
HM gouges at different epidote proportions (Figures 13a—13c), all gouges
exhibit dense R1 fractures and velocity-weakening responses. The epidote
particles in the R1 shear zones are subject to stronger comminution than
those in the flanking zones, resulting in localized shear zones around the R1
fracture zones.

For deformed epidote-granodiorite mixed gouges of different structures, we select the upper and lower section

of the elliptical sample on a single side of the shear zone of the halved-checkerboard sample 2CQ-150, lower

right section of the quartered-checkerboard sample 4CQ-150, and the central section of the EC sample EC-150

to illustrate the microstructural evolution at 150°C, as shown in Figure 14. From Figure 4, the upper and lower

section of the ellipse of sample 2CQ-150 correspond to the epidote and granodiorite gouges, respectively. The

lower right section of sample 4CQ-150 is granodiorite gouge and the central section of the sample EC-150 is

mainly epidote gouge. In sample 2CQ-150 (Figures 14a and 14b), large R1 fractures are observed in the upper

section filled by epidote gouge, while fewer R1 fractures are visible in the lower section filled by the simulated

Pohang granodiorite gouge. Similarly, minor R1 fractures are also apparent in sample 4CQ-150 (Figure 14c),

but many fewer than in the pure simulated granodiorite gouge under the same testing conditions (6, = 110 MPa,
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Figure 8. Friction-displacement curves for different gouges at 6, = 110 MPa, T'= 150°C, and P, = 42 MPa: (a) 12.5:87.5
epidote:granodiorite gouge, (b) 25:75 epidote:granodiorite gouge, (c) 50:50 epidote:granodiorite gouge, and (d) pure epidote
gouge.

P,=42 MPa, T = 150°C; Figure 12b). Additionally, large R1 fractures are observed in the central section of the
EC sample EC-150 (Figure 14d), similar to the upper section of halved-checkerboard sample 2CQ-150. In addi-
tion, we noted no anomalous features at the Gr-Ep boundaries for samples 2CQ-150 and 4CQ-150 (Figure S3 in
Supporting Information S1).

4. Discussion
4.1. Comparison With Literature Data

The dependence of the friction coefficient of granitic gouges at temperatures 20-300°C from previous stud-
ies is significantly different from that for our powdered Pohang granodiorite. We compare our results with the
friction coefficients of Westerly granite and other simulated granitic gouges at hydrothermal conditions (Blan-
pied et al., 1991; Kolawole et al., 2019; Figure 7a). The coefficient of friction of Westerly granite gouge at
6,+= 400 MPa and P;= 100 MPa increases from ~0.67 to 0.77 at temperatures 23-250°C (Blanpied et al., 1991).
Troy granite (one granite defined in Kolawole et al. (2019)) gouge under hydrothermal conditions exhibits fric-
tion coefficients of ~0.70 at 35-175°C, but decreases (~0.66) at 210°C (Kolawole et al., 2019). The stability
transition temperatures for the reported granitic gouges are also variable and depend on the testing conditions. For
example, the transition from velocity-strengthening to velocity-weakening behavior of Westerly granite gouge
occurs at 7= 100°C under hydrothermal conditions (Blanpied et al., 1991; Figure 7b). Similarly, the Troy granite
and Osage microgranite (defined in Kolawole et al. (2019)) gouges begin to show velocity-weakening behavior at
T = 105°C and 175°C, respectively (Kolawole et al., 2019; Figure 7b). The dependences of fault gouge stability
on effective stresses were also reported in Niemeijer and Vissers (2014) on phyllosilicate-rich gouges obtained
from the Alhama de Murcia Fault and Sawai et al. (2016) on blueschist gouge.
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Figure 9. (a) Coefficient of friction u and (b) velocity dependence (a — b)
for epidote-granodiorite mixed gouges at different epidote proportions at

o, =110 MPa, Pf= 42 MPa, and T = 150°C. The red dashed line in (a)
indicates u = 0.71 and the legend in (b) denotes the axial displacement rate.

The coefficient of friction of epidote gouge (~0.73) is consistent with the
reported friction coefficient of ~0.72 of epidote gouge recovered from veins
and tested under hydrothermal conditions (¢, = 165 MPa, Pf = 60 MPa, and
T = 140°C; Kolawole et al., 2019; Table S2 in Supporting Information S1).
However, this is higher than the coefficient of friction of ~0.63 of epidotite
gouge (69% epidote, 20% amphibole, and 11% sphene) at a normal stress of
10 MPa and at room temperature (Fagereng & Ikari, 2020). Our results for
the frictional stability of epidote gouge are in accordance with the results
of previous studies (Fagereng & Ikari, 2020; Kolawole et al., 2019) that the
epidote-rich gouges tend to exhibit velocity-weakening behavior under both
hydrothermal conditions and dry and at room temperature.

4.2. The Dependence of Granitoid Fault Stability on Temperature and
Pressure

The magnitudes of temperature and pore fluid pressure are both important
factors affecting fault stability with both factors potentially controlling the
effective viscosity of gouge asperity contacts (Blanpied et al., 1995; Lock-
ner et al., 1986). The simulated Pohang granodiorite gouge in this study
undergoes a transition from velocity-strengthening behavior at 100°C, to
velocity-neutral behavior at 150°C, then velocity-weakening behavior at
200-250°C (Figure 7b). Many simulated granitoid gouges (e.g., Blanpied
et al., 1991; Kolawole et al., 2019; Mitchell et al., 2016) also exhibit a simi-
lar transition from velocity-strengthening to velocity-weakening with an
increase in temperature over the temperature range 0-250°C. The difference
between these simulated granitoid gouges is the different threshold/critical
temperature for this transition with this critical temperature also depending
on the gouge composition. A widely accepted theory to interpret the fault
weakening mechanism at elevated temperatures is a microphysical model
advanced in Niemeijer and Spiers (2007), den Hartog et al. (2012), and den
Hartog & Spiers (2013). This microphysical model attributes the changes
in velocity dependence of frictional stability to the styles of deformation of
gouge aggregates. This invokes processes of shear-induced gouge intergran-
ular dilation and porosity reduction (compaction) by pressure solution as key
controls on fault frictional stability. High temperatures accelerate the rate of
pressure solution and reduce porosity and thereby densify the gouge structure
obtained at steady state of friction. Under this condition, increasing the shear
velocity promotes gouge dilation that then dominates over any compaction
and leads to the porosity increase at higher shear velocities. This produces
a lower frictional strength in response to an incremented velocity step and
observed velocity-weakening behavior.

For activities involving massive fluid injection, elevated pore fluid pressures typically reduce the effective stress
and may promote fault reactivation (Ellsworth, 2013; Guglielmi et al., 2015). The first injection operation in
well PX-2 at the Pohang site resulted in a wellhead pressure ~89 MPa and a bottom-hole pressure of 132 MPa
at a depth of 4,368 m (Park et al., 2020). The pore fluid pressures are limited in our apparatus so we elevate the
pore fluid pressure to only 63 MPa (1.5 X hydrostatic pressure). Our results (Figure 7b) indicate that the stabil-
ity of the simulated Pohang granodiorite gouge still depends slightly on the magnitude of the effective normal
stress (or pore fluid pressure). Similar results noting the dependence of the rate-weakening parameter (a — b) to
effective stress are also reported in several experimental studies (e.g., den Hartog & Spiers, 2013; Niemeijer &
Vissers, 2014; Sawai et al., 2016). den Hartog & Spiers (2013) reported that decreasing the effective normal stress
of illite-rich Rochester shale gouge (quartz-phyllosilicate mixtures) favors fault stability. And similar results are

also documented by Niemeijer and Vissers (2014) on phyllosilicate-rich gouges from the Alhama de Murcia fault,

Spain. However, our results are counter to these observations but consistent with results for blueschist gouges

(mainly glaucophane and lawsonite) at higher temperatures (>200°C: Sawai et al., 2016). In rationalizing this
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Figure 10. Friction-displacement curves for 50:50 epidote:granodiorite mixed gouge with different structures at
6,= 110 MPa, T = 150°C, and Pf = 42 MPa: (a) halved-checkerboard (2CQ), (b) encapsulated (EC), and (c) quartered-
checkerboard (4CQ).

discrepancy between various measurements, we speculate that our results are also affected by the evolution of
fault permeability. From Faulkner et al. (2018), the rate-weakening parameter (a — b) can switch from positive to
negative when the pore fluid pressure is disequilibrated — this phenomenon highlights the role of higher pore fluid
pressures in promoting the fault instability. In addition, Mitchell et al. (2016) showed an absence of dependence
of (a — b) on effective normal stress for dry Westerly granite gouge. This also supports the suggestion that the
effects of water content and permeability evolution are important in assessing fault stability.

4.3. Implications for Injection-Induced Seismicity

The potential precipitation of epidote highlights the importance of the interactions between the hot fluids and
natural fracture/fault surfaces (Franz & Liebscher, 2004). The circulation of hot fluids requires that the frac-
ture/fault zones are sufficiently permeable. Thus, an important question remains as to whether fault structures
favor the access and then precipitation of metamorphic epidote and what controls such processes. We briefly
discuss the relationship between fault permeability structure and epidote precipitation in Text T3 in Supporting
Information S1. Apparently, localized conduit, distributed conduit, and combined conduit-barrier structures all
contain permeable zones for the circulation of hot fluids rendering the localized barrier structure as an exception
(Figures S4 and S5 in Supporting Information S1; Caine et al., 1996; Choi et al., 2016). Our observations of
epidote-granodiorite mixed gouges of different structures (Figure 11; HM-150, EC-150, 2CQ-150, and 4CQ-150)
show comparable velocity-weakening behavior to that of the pure epidote gouge but stronger velocity-weakening
behavior to the simulated granodiorite gouge. Apparent from the microstructures are that more localized fractures
and shears develop within the epidote relative to the simulated granodiorite gouge (Figures 12—14). These results
also indicate that the local precipitation of epidote in either fault damage zones or fault core zones could influence
the fault frictional stability.
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Our results have implications in understanding injection-induced earthquakes
related to EGS and wastewater injection (Kolawole et al., 2019; Olasolo
et al., 2016), as well as other related activities. The temperature (100-200°C)
for transition from rate-strengthening to rate-weakening behavior of simu-
lated granitoid gouges (Figure 7) indicates that granitoid faults are potentially
unstable and may nucleate earthquakes at shallow depths. Both magnitude
of pore fluid pressure and the temperature are also important controls on
granitoid fault stability. These observations can help understand the clusters
of injection-induced earthquakes in granitoid reservoirs.

The transition temperature (100-125°C) promoting the occurrence of
velocity-weakening behavior of epidote gouges is similar to, or even lower
than, that currently reported for granitoid faults (An et al., 2021; Blanpied
et al., 1991, 1995; Kolawole et al., 2019; Mitchell et al., 2016). This suggests
that the enrichment of epidote in granitoid fault zones may be another impor-
tant control on granitoid fault stability under hydrothermal conditions. The
in-situ temperature of the Pohang geothermal reservoir at 4.2 km is ~150°C
and the general temperature range for enhanced geothermal systems is
150-250°C (Olasolo et al., 2016). Native fractures in the Pohang granodi-
orite (Figure 2) indeed show epidotization — confirming the potential for
epidote precipitation in shallow geothermal reservoirs. Although the exact
abundance and distribution of the epidote in the fault system at the Pohang
geothermal site is uncertain, its presence in adjacent fractures and broadly
within similar environments worldwide points to its potential significance
with regard to triggered seismicity and reservoir performance. Additionally,
the presence of low-grade metamorphic minerals is widely reported at many
geoengineering sites, including at Pohang in South Korea, the Gonghe Basin
in China and associated with deep disposal in Oklahoma in the United States
(Cheng et al., 2021; Kolawole et al., 2019; Lee, Yeo, et al., 2019; Zhang
et al.,, 2020). Thus, such metamorphic reaction products (epidote) poten-
tially exert important controls on fault stability and in thereby increasing the
anthropogenic seismic hazard.

5. Conclusions

We systematically explore the frictional strength and stability of a spectrum
of gouge mixtures with end members of pure epidote and pure granodior-
ite as representative of faults derived from reservoir rocks. Experiments are
completed at conditions typical of geothermal reservoirs to probe mecha-

nisms and impacts of low-grade metamorphism on the frictional properties of faults in granitoids. In particular,

we examine both homogeneous and structured mixtures to probe the influence of epidote distribution and patch
size on imparted stability. We derive the following conclusions:

1. The frictional strengths of simulated Pohang granodiorite gouge at different temperatures and pressures are
high (u all approaching 0.71). At in-situ pore fluid pressure typifying the Pohang geothermal reservoir, the

simulated granodiorite gouge undergoes a transition from velocity-strengthening behavior at 100°C, to veloc-
ity-neutral behavior at 150°C and finally velocity-weakening behavior at 200-250°C. In particular, decreasing
the effective normal stress (or elevating the pore fluid pressure) can further destabilize the simulated Pohang

granodiorite gouge, indicating that injecting fluids into faults may render them potentially unstable at shallow

depths.

2. The pure epidote gouge shows a similar frictional strength (1 ~ 0.73) to the simulated granodiorite gouge but

exhibits a stronger and earlier onset of velocity-weakening behavior at hydrothermal conditions.
3. For HM epidote/granodiorite gouges with 12.5%, 25%, and 50% epidote, increasing the proportion of epidote
maintains the high frictional strengths (¢ of 0.70-0.72) but increases the velocity-weakening response. This
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Figure 12. Microstructures (backscattered electron images) of the deformed simulated Pohang granodiorite gouges along the shear direction: (a) Gr-100, (b) Gr-150,
(c) Gr-150-63, and (d) Gr-200. Only the deformed gouge in (a) exhibits the velocity-strengthening behavior and others all show velocity-weakening behaviors. Scale
bars, 500 pm.

confirms the potential contribution of naturally present or fluid-circulation-deposited metamorphic epidote
to seismic rupture.

4. The influence of epidote patch dimension is explored using a 50:50 mix of epidote:granodiorite with varied
geometries and patch sizes. These structures include HM, the EC, 2CQ, and 4CQ, in order of decreasing
patch size. All gouge structures result in velocity-weakening response similar to that for pure epidote gouge,
largely independent of patch geometry. This velocity-weakening response is only slightly stronger than for
homogeneously mixed gouge at 25% epidote — implying that the proportion of patch coverage is important but
thickness is not. Thus, a thin but continuous layer of epidote, representative of a small volume percentage of

0 (HM-150)

v

(Y Ep-150°°

Figure 13. Microstructures (backscattered electron images) of the granodiorite-epidote mixed and pure epidote gouges along the shear direction: (a) E2G7-150, (b)
E5G5-150 (HM-150), and (c) Ep-150. All deformed gouges show velocity-weakening responses. Scale bars, 500 pm.
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Figure 14. Microstructures (backscattered electron images) of the deformed granodiorite-epidote mixed gouges at different structures along the shear direction: (a)
the lower section of 2CQ-150, (b) the upper section of 2CQ-150, (c) 4CQ-150, and (d) EC-150. All deformed gouges exhibit velocity-weakening behaviors. Scale bars,

500 pm.
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epidote versus granodiorite, could likely impart the same velocity-weakening response. This supports the idea
that small volumes of epidote deposited on fault plane fractures can support the seismic reactivation of faults.

5. High permeability zones are a necessary feature for the accumulation of hydrothermally-introduced meta-
morphic products (epidote) resulting from fluid-rock interactions. Considering the frictional and stability
properties of epidote at conditions typical of shallow depths, the presence of low-grade metamorphism exerts
an important control on fault stability in granitoids with relevance as a marker mineral for susceptibility to
injection-induced seismicity.
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