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Abstract A shale fault reactivated during multistage hydraulic fracturing in the Changning block in the
Sichuan Basin, southwest China, accompanied a cluster of small earthquakes with the largest reaching
M ~ 0.8. We illuminate the underlying mechanisms of fault reactivation through measurements of
frictional properties on simulated fault gouge under hydrothermal conditions. Velocity-stepping
experiments were performed at a confining pressure of 60 MPa, temperatures from 30 to 300°C, pore fluid
pressures from 10 to 55 MPa, and shear velocities between 0.122 and 1.22 um/s. Results show that the
gouge is frictionally strong with coefficient of friction of 0.6-0.7 across all experimental conditions. At
observed in situ pore fluid pressure (30 MPa), the slip stability response is characterized by velocity
strengthening at temperatures of 30-200°C and velocity weakening at temperatures of 250-300°C.
Increasing the pore fluid pressure can increase values of (a — b) at temperatures >200°C, narrowing the
temperature range where velocity weakening occurs. At the in situ temperature (90°C), the simulated gouge
shows only velocity strengthening behavior and aseismic slip at elevated pore fluid pressures, contrary to
the observed seismicity. We postulate that the aseismic slip at elevated pore fluid pressures may trigger
seismicity by activating adjacent earthquake-prone faults.

Plain Language Summary The Sichuan Basin of southwest China is the host to an increasing
number of induced earthquakes potentially linked to the hydraulic fracturing for shale gas extraction. To
understand whether the deep shale faults would slip unstably during hydraulic fracturing, we measure the
frictional properties of powdered deep shale fault rocks (as simulated fault gouge) from a well in the
Changning block in the Sichuan Basin which was identified with fault reactivation during hydraulic
fracturing. We found that the simulated gouge slips stably at lower temperatures but unstably at higher
temperatures. Elevating the pore fluid pressure stabilizes the fault slip at in situ and higher temperatures,
contrary to the field observations. We postulate that the shale fault is prone to stable slip at higher pore fluid
pressure, but this slip further can lead to the slip of adjacent unstable faults. Our results highlight the
importance of combined temperature and pore fluid pressure effects on assessing the potential of induced
seismicity from fluid injection activities.

1. Introduction

The Sichuan Basin of southwest China possesses rich shale gas resources with broad prospects for devel-
opment (Zou et al., 2016). However, the basin is the host of an increasing number of induced earthquakes
potentially linked to fluid injection for hydraulic fracturing (Chen et al., 2018; Lei et al., 2017, 2019; Meng
et al., 2019). In the Changning-Weiyuan national shale gas demonstration area located in the southern
edge of the basin, recorded seismicity (M, > 0) has rapidly increased from 2009 to 2019 (Figure 1). The
2017 My, 4.7 (Lei et al., 2017) and 2018 My, 5.7 induced earthquakes (Lei et al., 2019) in the Changning
block resulted in serious damage to nearby buildings and structures, constituting a threat to the safety
of local residents.
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Earthquakes induced during hydraulic fracturing are feasibly linked to
the reactivation of pre-existing faults or fractures (Bao & Eaton, 2016;
Ellsworth, 2013; Elsworth et al., 2016; Yeck et al., 2017). There are two
important factors that control the slip stability of pre-existing faults or
fractures during injection-related activities, namely, elevated pore fluid
pressure resulting from the injection and the rate of change of pore fluid
pressure (Andrés et al., 2019; French et al., 2016; Hincks et al., 2018;
van der Elst et al., 2013) and high temperatures at depths of thousands
of meters (Martinez-Garzon et al., 2014). The increase in pore fluid pres-
sure can significantly decrease the effective stress and promote fault fail-
ure (Rubinstein & Mahani, 2015). Meanwhile, high temperatures can
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accelerate the rate of fluid-assisted processes, and the temperature differ-
ence between reservoir and injected fluid can induce a thermoelastic

Figure 1. Cumulative number of My, (local magnitude) > 0 earthquakes in ~ effect on local stress field in a reservoir, enabling the high temperature
the Changning block from March 2009 to March 2019. Shale gas recovery in ~ to exert a control on fault stability (Boulton et al., 2014; den Hartog
the Changning-Weiyuan national shale gas demonstration area started et al., 2012; King & Marone, 2012; Martinez-Garzon et al., 2014). Based

in 2011 with systematic hydraulic fracturing beginning in 2014.

on observations of a reactivated shale-bearing fault during multistage
hydraulic fracturing in the Changning block, Sichuan Basin, this paper
explores the evolving frictional behaviors of the shale fault under hydrothermal conditions.

The fault is near injection well N201-H1 (Figure 2a), which is the first horizontal well for shale gas extraction
in the Changning block. The well has a vertical depth of ~2,500 m and a total length of ~3,790 m. The
Silurian Longmaxi shale is the target reservoir formation (Zhao et al., 2017). Microearthquakes occurring
during the multistages fracturing of the horizontal well were monitored and recorded by eight downhole
geophones that were installed in an adjacent vertical well N201 (Figure 2b). As shown in Figures 2c and
2d, the spatiotemporal characteristics of the recorded microearthquakes near the toe of the horizontal well
clearly delineate a planar fault. The casing underwent severe shear deformation near this conjectured fault
with the number of fracturing stages reduced from 12 to 10 as a consequence (Chen et al., 2017; Zhang, Yin,
et al., 2019). Microseismic monitoring and data reduction by ant-tracking algorithms (Cox & Seitz,
2007) show that the fault has a length of ~860 m, height of ~290 m and dips 70° toward N57°E. The
ant-tracking algorithm, developed by Schlumberger (Cox & Seitz, 2007), is an efficient procedure to identify,
track, and sharpen the location of faults—by linking successively occurring seismic events by a trace. The
depth at the top of the fault is ~2,350 m with a presumed in situ pore fluid pressure of ~32.9 MPa (equivalent
pore fluid density of ~1.4 g/cm?) and in situ temperature of ~92°C. Given the high population density (~1,000
people per km?) in the Sichuan Basin combined with the frequent activity of hydraulic fracturing, it is impor-
tant to understand the parameters that affect fault instability.

There is growing interest in understanding the mechanisms of induced seismicity associated with shale gas
extraction. At room temperature, the frictional strength and stability of powdered shale gouge are dependent
on the mineralogy of the gouge, primarily the phyllosilicates and organic carbon (Fang et al., 2017; Kohli &
Zoback, 2013; Zhang, An, et al., 2019). With an increase in pore fluid pressure, phyllosilicate-rich shale
gouges do not weaken but instead promote aseismic creep (de Barros et al., 2016; Scuderi & Collettini,
2018). Although these previous studies on the friction of shale faults or fractures highlight the effects of
mineralogy and the variable stress conditions, few studies accommodate the influence of high temperature
(An et al., 2020; den Hartog et al., 2012). It is not clear whether the frictional properties of powdered shale
gouge change with elevated temperature and pore fluid pressure. In this regard, this paper explores the cou-
pling effects of temperature and pore fluid pressure on the frictional properties of the powdered shale fault
rocks.

2. Material and Methods
2.1. Sample Preparation
Black shale samples were recovered from rock core fragments (Figure 3) from well N201-H1 near the reac-

tivated fault. X-ray diffraction (XRD) indicated that the simulated gouge consists of 38% quartz, 11% albite,
4% microcline, 9% calcite, 4% dolomite, 21% illite, 6% illite/smectite mixed layer, 5% chlorite, and 2% pyrite in
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Figure 2. (a) The well N201-H1 is located at the southern edge of the Sichuan Basin, southwest China. The Sichuan Basin is adjacent to the Tibetan Plateau to the
west and is one of the major shale gas production areas in China. (b) The geologic column of the region with the trajectories of wells N201 and N201-H1.

The geologic strata range from Triassic through Ordovician. Eight downhole geophones were installed in the vertical well (N201) with a spacing of 30 m to record
microseismicity. The deepest geophone is at ~2,305 m. (c) Top view of the recorded microearthquakes during the 10 stages hydraulic fracturing. The length of
each stage is ~75-100 m, with three or four fracturing clusters for each stage. (d) Side view of the recorded microearthquakes. The size of the circles repre-
sents the moment magnitude, and the color indicates the fracturing sequence. The microseismic events during each shut-in stage were combined with the
foregoing fracturing stage. The maximum moment magnitude of 0.795 occurred during the first stage.

1cm
Le—

Figure 3. Rock core fragments recovered from the reactivated shale fault.

weight. After removing the surface impurities, the cuttings were crushed
and sieved to retain the <75-um fraction as the simulated gouge. Laser
particle size analysis showed that the median particle size of the gouge
is 13 wm and 90 vol.% of the gouge particles have diameters <75 um
(Figure 4).

2.2. Testing Procedure

Friction experiments on the simulated gouge were conducted using a
(argon) gas-confined triaxial shearing apparatus (described in detail in
He et al., 2016) (Figure 5) at the Institute of Geology, China Earthquake
Administration. A 1-mm-thick gouge layer was sandwiched between sur-
faces cut at 35° to the axis of a cylindrical stainless-steel block with a dia-
meter of 20 mm. The forcing block surfaces are grooved (1-mm width and
0.2-mm height) perpendicular to the shearing direction. The upper forcing
block is drilled with two injection holes for the transmission of pore fluids,

AN ET AL.

30f 14



Ay

N\\JI Journal of Geophysical Research: Solid Earth 10.1029/2020JB019584
100 with a brass filter inserted into the holes to prevent gouge extrusion.
80 Deionized water was adopted as the pore fluid to minimize chemical
_ effects. The gouge was placed between the driving blocks, and the
s 60 3 gouge-filled steel cylindrical blocks were inserted into a thin copper jacket
> % with high-hardness blocks on both sides. For each experiment, the confin-
§ 40 5 ing pressure was first applied using pressurized argon, followed by the
g © application of pore fluid pressure. The temperature was then raised to
20 ~ the desired magnitude by the furnace and monitored by a thermocouple
placed within the pore fluid inlet. All stress and displacement data were
0 —— 0 recorded at a sampling frequency of 1 Hz.
0.1 1 10 100 1000

Particle Diameter (um)

Figure 4. Particle size distribution of the simulated gouge. The 50 vol.%
gouge particles are <13 um and the 90 vol.% < 75 pm.

A total of 17 friction experiments were conducted at a confining pressure
of 60 MPa (approximately equivalent to lithostatic pressure at ~2.4 km
depth with rock density of ~2,500 kg/m®) under varied pore fluid pres-
sures and temperatures (see Table 1). The experiments are divided into
three groups based on the aims of the experiments. The friction experi-

ments in Groups 1 and 3 were performed at a constant pore fluid pressure of 30 and 55 MPa, respectively,
to explore the effect of temperature on gouge friction. The friction experiments in Group 2 were carried
out at a temperature of 90°C to study the role of variable pore fluid pressure on gouge friction. At the initial
stage of each test, the gouge was sheared at a constant shearing velocity of 10 um/s until steady state friction
was achieved. Then, the shearing velocity was stepped between 1.22 and 0.122 um/s with the final shear dis-
placements reaching 3.0 to 3.5 mm (Figure 6).

2.3. Data Analysis

The frictional strength of the gouge is defined by the coefficient of friction u = 7/(0,, — Py) (ignoring cohe-
sion), where 7, o,,, and Py are the applied shear stress, normal stress, and pore fluid pressure, respectively.

Thermal couple —— « Pore fluid

Top sealing block
and upper piston

Furnace —=- T
Two-hole steel o
block ™~ 8
] o Brass filter
1-mm-thick __| I
gouge I Steel block
Copper jacket - :
Teflon sheet — Loading piston

Figure 5. Schematic of the triaxial shearing assembly. Pore fluid pressure is
controlled by an independent hydraulic pump. The fault assembly is
wrapped in a thin copper jacket to prevent the argon gas from infiltrating
into the pore space of the gouge.

For each test, the coefficient of friction was evaluated at ~2.5 mm shear
displacement with 1.22 um/s shearing velocity. The calculated stresses
were corrected following the methods described in He et al. (2006) to com-
pensate for the change in overlapping area during shearing. The velocity
dependence of friction was analyzed using the rate and state friction
equations with an evolution law (Dieterich, 1978, 1979; Ruina, 1983). To
incorporate the effect of variable normal stress, the modified equations
by Linker and Dieterich (1992) were employed, expressed as

B 1% Vo0
,u—/vto-i—aln(vo) +bln< & ) (1)

ds VO ab dony

=1
d d,  bony dt

2

where uy and u are the steady state coefficients of friction measured at
the reference velocity V,, and the instantaneous velocity V, respectively,
a reflects the direct effect due to a step in the shearing velocity
(Figure 2a), b describes the evolution effect to a new steady state over
a critical shear distance d.. (Figure 2a), 6 is a state variable, « is a nondi-
mensional parameter reflecting the effect of variable normal stress, and
Onefy denotes the effective normal stress. At steady state friction, the velo-
city dependence (a — b) is calculated as

H— Ko
—ph=--—_r0 3
¢ n(V/Vo) ®
Positive values of (a — b) indicate velocity strengthening behavior, pro-
moting inherently stable sliding. Conversely, gouges with negative
values of (@ — b) show velocity weakening behavior and may

AN ET AL.

4 of 14



o~
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Journal of Geophysical Research: Solid Earth

10.1029/2020JB019584

Table 1

List of Experimental Conditions and Key Data

experience unstable sliding once critical stiffness is met. Other frictional

constitutive parameters were estimated using an iterative least squares

O Py T lfinal Type of method by incorporating Equations 1 and 2 and a formulation describ-
Experiment (MPa) (MPa) (°C) u (mm) LOHIEr ing the elastic interactions with the testing machine (Marone, 1998).
Data set 1: Effect of T at constant Py = 30 MPa The first velocity step may not be truly representative of the ultimate
PP30-1 60 30 30 0.620  3.144 \C steady state—correspondingly, it is excluded. All frictional constitutive
PP30-2 60 30 60 0.628  3.080 V& parameters were calculated from the second velocity step. After the
PP30-3 60 30 %0 0625 3106 v shear experiments, the deformed gouge samples were first dried at room
PP30-4 60 30 120 0641  3.015 vs P ’ gouge samp :
PP30-5 60 30 150 0640  3.148 - temperature for 2 days. Next, the deformed gouges were impregnated
PP30-6 60 30 200 0.630  3.565 Vs with epoxy resin in a vacuum before slicing into thin sections perpendi-
PP30-7 60 30 250 0.635  3.508 W cular to the shear direction and along the sample axis. The thin sections
PP30-8 60 30 300 0.664  3.485 ALY were polished and coated with carbon for microstructural characteriza-
L0 53 28 HEEERE G et sk I = GG tion using scanning electron microscopy (SEM) (instrument type:
T90-1 60 10 9 0600 3215 vs - using g py ype:
T90-2 60 20 90  0.604  3.185 vs Zeiss-sigma).
T90-3 60 40 90  0.601 3.215 'S
T90-4 60 50 90  0.667 3.065 VS
T90-5 60 55 90  0.680 2.944 'S 3. Results
Data set 3: Effect of T at constant Pr= 55 MPa 3.1. Mechanical Data
PP55-1 60 55 150 0.636 3.450 VS Each hibi - . ffriction in the fi 0 £
PP55-2 60 55 200 0609  3.450 s ach test exhibits a nearly linear increase of friction in the first ~0.5 mm o
PP55-3 60 55 250 0.680  3.500 Vs shear displacement, followed by either a slip strengthening or slip weaken-
PP55-4 60 55 300 0.649 3495 W ing behavior (Figures 6a and S1 in the supporting information). The coef-

Note. o, = confining pressure, Pr= pore fluid pressure, T = temperature,
u = coefficient of friction, lyq; = final shearing displacement, vs = velo-
city strengthening, vw = velocity weakening.

ficients of friction of the gouge at varied temperatures and pore fluid
pressures are in the range 0.60-0.70 (Figure 6b and Table 1). As shown
in Figure 6b, at Pr= 30 MPa, the coefficient of friction only increases from
0.62 to 0.66 when T is increased from 30 to 300°C, implying that the tem-
perature just has a minor influence on the gouge friction. One can also see
that the coefficient of friction of the gouge slightly depends on the variation of pore fluid pressure—with
higher coefficients of friction (u = 0.67-0.68) apparent at the highest pore fluid pressures (P = 50 or
55 MPa) (Figure 6b). The variations of effective normal stress in representative experiments are shown in
Figure S2.

The simulated gouge exhibits positive values of (a — b) at T < 200°C and varied pore fluid pressures (Figure 7
and Table S1). A transition from velocity strengthening behavior (a — b > 0) to velocity weakening behavior
(a — b < 0) can be identified at T = 250°C and Py = 30 MPa (Figure 7a), similar to the results of den Hartog
et al. (2012) on simulated illite-quartz gouge (velocity strengthening at T = 150-250°C and velocity weaken-
ing at T = 250-400°C). However, at Py = 55 MPa, values of (a — b) are positive at T = 250°C and become
negative when T reaches 300°C (Figure 7a). This indicates that, at the same testing temperature of 250°C,
the gouge becomes more stable at elevated pore fluid pressures. However, at T = 90°C, the values of
(a — b) barely changes with pore fluid pressures (Figure 7b). The frictional parameters a, b, and d. with

0.8 T T T T 0.75
@ 1.22 [0.1221.22 [0.122] 1.22 [0.122]1.22 [0.122 pmis ()
0.7r 300C A 0.70
= 250°C o e L
13 o
So6f : 5065} °
£ B °
2 P.=30 MPa E e ® o ¢ o o
= 5 °
Sost v Soe0f &
5 Vo iV g
S ks
S g4l bin(V/Vo) o |
E 0.4 aln(V/V) \_ p £ 055
o (@b)in(VIV) 8 P,=10MPa * P =20MPa @ P =30MPa
03f v e 0.50
de Displacement ®m P =40MPa V¥ P =50MPa @ P =55MPa
0.2 - - - - 0.45
1 2 3 4 0 50 100 150 200 250 300 350

Shear displacement (mm) Temperature (C)

Figure 6. (a) Coefficient of friction u versus shear displacement from representative experiments at a pore fluid pressure
of 30 MPa. The inset in (a) shows the rate and state friction parameters. The strain weakening effect was corrected

by detrending the slope in the calculation of (a — b). (b) Measured coefficient of friction u versus temperatures at different
pore fluid pressures.
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Figure 7. Variation of (a — b) with (a) temperature at Py = 30 and 55 MPa, respectively, and (b) pore fluid pressure at
T = 90°C. The velocity up and down steps represent step magnitudes of 0.122-1.22 and 1.22-0.122 um/s, respectively.
The plotted (a — b) is the average value from the same velocity steps in each test with error derived from the

standard deviation.

respect to temperature and pore fluid pressure are further compared. At Pr= 30 and 55 MPa (Figures 8a and
8c), the values of a barely change with temperature, while the values of b show a rapid increase at T > 200°C.
The responses of values of a or b at higher temperatures are significantly different in previous laboratory
measurements (den Hartog et al., 2012; He et al., 2016; Lu & He, 2018; Zhang, He, et al., 2017), possibly
due to the variation in gouge materials and testing conditions. The increase in values of (a — b) at
T > 200°C is caused by independent changes in values of a and of b. Values of d. obtained in velocity up steps
show a decreasing trend at T > 200°C, but those obtained in velocity down steps increase with higher tem-
perature at T > 200°C (Figure 8e). At T = 90°C, both values of a and b exhibit a slightly increasing trend with
an increase in pore fluid pressure, but the values of d. are barely affected by the pore fluid pressure
(Figures 8b, 8d, and 8f).

3.2. Microstructural Characterization

Microstructures of deformed samples were characterized using scanning electron microscopy (SEM) in
backscattering mode. Methods of Logan et al. (1992) were adopted to define the fabric of the fault zones
and to describe gouge fabrics. The fabrics of gouge samples returning velocity strengthening behavior are dif-
ferent from those returning velocity weakening responses. At Py= 30 MPa and lower temperatures of 30 and
90°C (Figures 9a, 9b, and 10), the gouges exhibited velocity strengthening response, and the microstructures
of the deformed gouges show apparent particle crushing and elongated clays, with a moderately sheared
zone (MSR, with larger particles) in the center of the gouge sample and an intensely sheared zone (ISR, with
smaller particles) distributed along the upper and lower boundaries. When the temperature is increased to
250 and 300°C (Figures 9c and 9d), the gouges exhibited velocity weakening response, and Y-oriented and
R1-oriented shears develop together with a localized zone with finely comminuted particles. In contrast,
when the pore fluid pressure is increased to Py = 55 MPa (Figures 9e and 9f), the deformed gouge samples
show a homogeneous shear mode with no apparent particle crushing and only minor Y-oriented shears,
possibly due to the lower effective stress.

4. Discussion
4.1. Mechanisms of Combined T and Py Effects on Fault Stability

The current experiments on powdered shale fault rock at Py= 30 MPa and T = 30-300°C exhibit two regimes
of velocity dependence (a — b)—these are velocity strengthening behavior (a — b > 0) at T = 30-200°C and
velocity weakening behavior (a — b < 0) at T = 250-300°C (Figure 7a). The discrepancy of d.. values between
velocity up and down steps is attributed to healing and the difference in the post shear velocities. The agree-
ment with den Hartog et al. (2012) in the temperature at which velocity strengthening changes to weakening
is probably coincidental—due to the differences in gouge material and experimental conditions (especially
the different effective normal stress). When the pore fluid pressures increase from 30 to 55 MPa, the tempera-
ture range for velocity weakening behavior narrows from T = 250-300°C to only T = 300°C (Figure 7a).
These results suggest that the frictional stability of the gouge is controlled by the coupled effect of tempera-
ture and pore fluid pressure.
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Figure 8. Summary of frictional constitutive parameters a, b, and d.. (a) The direct effect a, (c) the evolution effect b, and
(e) the critical slip distance d,. at different temperatures (30~300°C) for P= 30 and 55 MPa. (b) The direct effect a, (d) the
evolution effect b, and (f) the critical slip distance d. at different pore fluid pressures (10-55 MPa) and T = 90°C.
Velocity up and down steps represent the velocity magnitudes of 0.122-1.22 and 1.22-0.122 um/s, respectively. The
plotted frictional constitutive parameters are the average values from the same velocity steps in each test with the error
calculated from the standard deviation.

The changes in velocity dependence (a — b) with temperature can be partially explained by using the micro-
physical model for quartz-phyllosilicate gouges (den Hartog & Spiers, 2014; den Hartog et al., 2012).
According to the microphysical model, two processes, that is, shear-induced gouge dilation and thermally
activated gouge compaction possibly by pressure solution, may control the friction velocity dependence.
At higher temperatures (T = 250-300°C) and for steady state friction (immediately before the velocity step),
thermally activated gouge compaction is stronger due to the action of pressure solution of quartz minerals
and a denser gouge structure will be formed than at lower temperatures (T = 30-200°C). The denser struc-
ture at higher temperatures may accentuate gouge dilation (Paterson, 1995) upon application of a velocity up
step. This dilation dominates any compaction at the higher shearing velocity, retains elevated porosity and
results in a decrease in the macroscopic frictional strength (Samuelson et al., 2009)—contributing to the
observed velocity weakening behavior. Although we do not directly measure the variation in gouge porosity,
this explanation for gouge weakening is a reasonable speculation and has been previously employed in inter-
preting laboratory observations (e.g., Boulton et al., 2014; Sawai et al., 2016). Meanwhile, at higher tempera-
tures (T = 250-300°C), the increase in porosity at a velocity up step may indicate an increase in the evolution
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Figure 9. Microstructures of representative deformed gouge samples (backscattered images) with the features described
by the method of Logan et al. (1992). (a) At T = 30°C, Pr= 30 MPa, an intensely sheared region (ISR, red dashed
lines) shows an apparent grain size reduction than in the moderately sheared region (MSR). (b) At T = 90°C,

Pr= 30 MPa. (c) At T = 250°C, Pr= 30 MPa, a localized shear zone (LSZ, red dashed lines) can be observed on the
boundary with very fine particles. (d) At T = 300°C, Pr= 30 MPa, a localized shear zone (red dashed lines) can be seen in
the R1 shear direction. () At T = 90°C, Py = 55 MPa. (f) At T = 250°C, Py = 55 MPa. The gouge samples in (a), (b), (e),
and (f) exhibited velocity strengthening behavior, and gouges in (c) and (d) exhibited velocity weakening response.

effect (b value) since the evolution effect is associated with the creation of new grain-grain contacts
(Niemeijer & Spiers, 2007). Our results indeed show that the values of b increase with the increasing
temperatures at T = 250-300°C (Figure 8c). The evolution effect (Figure 8c) and the development of a
shear localization zone (Figures 9c and 9d) at T = 250-300°C can be partially understood from the
observations of Marone et al. (1990). When the shear stress approaches about one-quarter of the peak
shear stress, the gouge begins to dilate with progressive shear straining until reaching the peak shear
stress. Post peak (stress/strength) change in porosity with the shear strain decreases with a decrease in
shear stress, leading to a decrease in dilation rate that accompanies shear localization (Marone et al.,
1990). Our experiments only exhibit localized shear (Figure 9) in the velocity weakening behavior gouges.
However, localized shear is also reported in gouges with velocity strengthening behavior (He et al., 2016).
We postulate that the absence of localized shear in our tested gouges (with velocity strengthening
behavior) results from the high content of phyllosilicate minerals and weak pressure solution of quartz at
lower temperatures (den Hartog et al., 2012; He et al., 2016).

At the in situ temperature (90°C), the pore fluid pressure for the shear experiments was varied from 10 to
55 MPa—specifically to explore the effect of pore fluid pressure. These pressures are representative of the
fluid injection phase where massive hydraulic fracturing occurs (Ellsworth, 2013; Rubinstein &
Mahani, 2015) and of long-term reservoir depletion from gas production. A confining pressure of 60 MPa
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Figure 10. Microstructures of deformed gouge sample at o, = 60 MPa, Py = 30 MPa, and T = 90°C (Figure 9b). (a) and
(b) Comparison of the intensely sheared zone (ISR) and moderately sheared zone (MSR). (c) and (d) Elongated clay
minerals in the deformed gouge. Minerals: Qtz = quartz, ill = illite, Pyr = pyrite, Cal = calcite.

functionally limits pore fluid pressures to 55 MPa. From Figure S2, the effective normal stress is 10-15 MPa
at the highest pore fluid pressure. At this condition, the highest pore fluid pressure is a factor of two larger
than the in situ pore fluid pressure—representative of injection operations (Chang et al., 2020). The lower
pore fluid pressures (10 and 20 MPa) are representative of reservoir depletion (Buijze et al., 2019).
However, elevating the pore fluid pressure alone did not significantly influence the frictional stability of
the tested gouge (Figure 7b), at least at an in situ temperature (90°C)—an important observation.

Based on a simple spring-slider model, the prerequisites for fault instability are that the fault exhibits
rate-weakening response (a — b < 0) and that the slider stiffness K is smaller than the critical stiffness K,
(Rice & Ruina, 1983), expressed by

(o0 —Pf)(b—a)

K< K, = i
C

“4)
According to Equation 4, for a rate-weakening fault with negative values of (a — b), decreasing the effec-
tive normal stress can lower the critical stiffness and thus stabilize the fault zone. However, as shown in
Figure 7a, the values of (a — b) at Py = 55 MPa are larger than those at Py = 30 MPa at T > 250°C with
opposite responses at T' = 250°C (velocity weakening at Py = 30 MPa and velocity strengthening at
Py = 55 MPa) are shown. This arises since the effective normal stress exerts a control on both the velocity
dependence (a — b) and the critical stiffness K,,. By employing the above-mentioned microphysical model
(den Hartog & Spiers, 2013; Niemeijer & Spiers, 2007), decreasing the effective normal stress would
decrease the rate of gouge compaction or dilation and is similar to the effects of lowering the temperature.
This will shift the transition temperature to a higher value.

4.2. Laboratory-Measured Gouge Velocity Strengthening Versus In Situ Seismicity

An important question remaining is why the powdered shale rocks exhibit velocity strengthening behavior
under recreated in situ conditions (T' = 90°C, Py = 30 MPa) and where elevating the pore fluid pressure
would also favor aseismic slip at T = 90°C (Figure 7b)—but induced seismic events are abundant during
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Figure 11. Schematic of fault response to hydraulic fracturing. The blue elliptical area close to the injection well
indicates the footprint of the hydraulic fracturing. Subsurface faults may slip either stably or unstably as a result of
strata heterogeneity. Phy represents the phyllosilicate minerals. Hydraulic fracturing may directly reactivate a stable fault
(with phyllosilicate-rich gouge) (brown) with the stress transfer facilitating the failure of adjacent unstable faults
(phyllosilicate-poor gouge) (purple), finally triggering seismicity.

the multistage hydraulic fracturing (Figures 2c and 2d). We realize that the gouge material (likely clay-
dominated) along the fault surfaces may not be identical to that tested in the laboratory and that the
laboratory experiments are not a perfect representation of nature—in particular, the imposed slip
velocities are likely significantly higher than those in nature. However, previous laboratory friction or
large-scale in situ experiments and modeling studies (Bhattacharya & Viesca, 2019; Cappa et al., 2018,
2019; Guglielmi et al., 2015; Scuderi & Collettini, 2018) have indicated that slow but accelerating slip or
aseismic creep are observed at elevated pore fluid pressures, highlighting the importance of fluid diffusion
processes. Fault creep at high pore fluid pressures may modify the local stress distribution, and this stress
reorientation may activate adjacent faults (Rubinstein & Mahani, 2015; Zhang, Fang, et al., 2017).
Subsurface heterogeneity, especially the variation in mineralogy and geological structure, may also play
an important role in promoting triggered seismicity (Cappa et al., 2019; Scuderi et al., 2017). Reservoir
shales generally span a wide range of mineral compositions but can be indexed into three key groups of
minerals—tectosilicates, phyllosilicates, and carbonates (Kohli & Zoback, 2013). Tectosilicate-rich or
carbonate-rich shale gouges can facilitate unstable fault slip, while phyllosilicate-rich shale gouges are
prone to enhance aseismic creep (Chen et al., 2015a, 2015b; Fang et al., 2018; Kohli & Zoback, 2013). In
addition, aseismic fault creep may activate unstable faults and trigger the seismicity (Elsworth et al., 2016;
Lei et al., 2017), as illustrated in Figure 11. Based on the mineralogical analysis on the core samples from
the exploration wells (Jiang et al., 2016; Xu et al., 2019), the Lower Silurian Longmaxi Formation shale
shows a strong variation in mineral compositions, with quartz content in the range 20-60% and clay
content in the range 15-65%. This strong variation in mineralogy indicates the possibility of both brittle
and ductile faults in the Longmaxi Formation shale. In addition, the anticlinal and synclinal geological
structures are widely developed in Sichuan Basin (Guo, 2013; Tan et al., 2014) and further increase strata
complexity. Under perturbed stress conditions (e.g., by injection of pressurized fluid), faults rich in weak
minerals can presumably deform predominantly by creep. The full spectrum of fault deformation modes
during fracturing may not be fully displayed.

The seismicity resulting from hydraulic fracturing clearly extends into the Shiniulan formation (Figure 2).
This indicates that the earthquakes could also be induced at the upper/lower formation of the reservoir.
The Shiniulan formation contains shale, sandstones, and carbonates (Xu et al., 2019) with the sandstone
and carbonate gouges potentially unstable at in situ conditions on the basis of previous laboratory results
(Chen et al., 2015b; Hunfeld et al., 2017; Zhang, An, et al., 2019). Based on the model of Eyre et al. (2019),
distal fault rupture (e.g., in Shiniulan formation) may result from aseismic fault slip generated within the
reservoir (e.g., in Longmaxi formation), highlighting the importance of fault aseismic slip.
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Figure 12. Magnitude of (a — b) versus depth and temperature in the Changning block of the Sichuan Basin. The current
target hydraulic fracturing zone is the Lower Silurian Longmaxi Formation at a depth of 2.3-2.5 km (blue solid line to the
left), while future target hydraulic fracturing zones will extend to the Lower Cambrian Qiongzhusi Formation at a
depth of 4.5-5.0 km (blue dashed line to the left) (Xu et al., 2019). The black solid line with black circles (to the right)
shows the variation of (@ — b) with temperature for 21% illite (ill) + 38% quartz (qtz) gouge in this study, and the

gray dashed line with gray circles (right) represents the results of den Hartog et al. (2012). The regions with (a — b) > 0
and (a — b) < 0 denote the inherent stable and potentially unstable regions, respectively, for gouge-filled faults.

Ocefy = effective confining stress, oy,qfr = effective normal stress.

Importantly, our results indicate that the fault gouge cannot be the origin of the seismicity at the projected in
situ P, T conditions—even though the events are aligned and broadly coincident with a pre-existing fault.
The alignment of the observed seismicity in the vicinity of the fault suggests that since only aseismic defor-
mation can occur within the fault core (our tested gouge) this then overloads rough fractures (containing
bridging asperities) within the fault damage zone—resulting in the transition from an original aseismic sig-
nal to a seismic signal, consistent with field observations elsewhere (Guglielmi et al., 2015). It is the impact of
this off-fault structure in the damage zone that results in the seismicity—speculated to result from the strain
weakening breakage of asperities on the fractures comprising the damage zone.

4.3. Implications for Fault Behavior During Hydraulic Fracturing

Our results have important implications for understanding the friction of shale-bearing faults in the
Changning block of the Sichuan Basin and controls on induced seismicity during fracturing relative to dif-
ferent temperatures and pore fluid pressures. We consider a temperature gradient of 30°C/km in the
Changning block, based on previous observations (24-36°C/km in Changning-Weiyuan national shale gas
demonstration area) (Xi et al., 2018) and this study (92°C at 2,350 m). Current fracturing at a depth of
2,300-2,500 m with a temperature of 90-100°C (ground surface temperature of 20°C) and future fracturing
at a recovery depth reaching to 4,500-5,000 m at a temperature of 160-170°C may not directly destabilize the
illite-quartz dominated and illite-rich shale gouges (den Hartog et al., 2012) (Figure 12). Although we cannot
exclude the possibility of brittle layers in shales (Fang et al., 2018; Kohli & Zoback, 2013), the results in
Figure 12 demonstrate that the temperature alone may not be the main factor contributing to seismicity
in the shallow reservoirs and highlights the importance of pore fluid pressures. Meanwhile, high tempera-
ture may assist fluid-related processes and modulate the local stresses (Martinez-Garzon et al., 2014;
Westaway & Burnside, 2019). Hence, the combined effect of temperature and pore fluid pressure is impor-
tant in triggering seismicity in the shallow shale reservoirs.
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In addition, other compounding factors cannot be neglected in the observed triggering of earthquakes,
including the presence of earthquake-prone rock types and in situ driving slip rates. Based on previous
laboratory results (Chen et al., 2015b; Pluymakers & Niemeijer, 2015), carbonate or anhydrite gouges are
potentially unstable at current in situ reservoir conditions. Interbedded dolomites and gypsum-rich strata
are present between the Longmaxi and Qiongzhusi Formations in the Changning block, Sichuan Basin,
southwest China (Xu et al., 2019). Similarly, the natural driving slip rates of the faults are much lower than
those utilized in the laboratory. Lowering the driving velocity may reduce frictional stability, that is, induce
smaller values of (a — b) (Chen et al., 2015a).

5. Conclusions

We examined the coupling effects of high temperature and elevated pore fluid pressure on the frictional
properties of powdered shale rocks from a reactivated fault during multistage hydraulic fracturing in
Changning block, Sichuan Basin, southwest China. The results demonstrate that temperature has a signifi-
cant effect on the frictional response of the powdered shale gouge. At a pore fluid pressure of 30 MPa, the
gouge undergoes a transition from velocity strengthening to weakening behavior at a temperature of
250°C. Elevating the pore fluid pressure may stabilize the shale-bearing fault at the studied temperature
range from 30 to 300°C. We interpret that aseismic creep at elevated pore fluid pressure may have triggered
the observed microearthquakes by changing the local stress distribution and reactivating the adjacent
unstable faults. Our results shed light on the possible mechanisms for induced microearthquakes from
shale-bearing faults during multistage hydraulic fracturing and have important implications for better
understanding the occurrence of hydraulic fracturing induced seismicity.
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The earthquake data in Changning block and all friction constitutive data in this work are available online
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