
Tectonophysics 880 (2024) 230332

Available online 26 April 2024
0040-1951/© 2024 Elsevier B.V. All rights reserved.

Brittle sedimentary strata focus a multimodal depth distribution of 
seismicity during hydraulic fracturing in the Sichuan Basin, 
Southwest China 

Mengke An a,b, Derek Elsworth b,c, Fengshou Zhang d,*, Rui Huang d, Junlun Li e, Zhengyu Xu f, 
Zhen Zhong g, Manchao He h 

a Department of Civil and Environmental Engineering, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 100872, China 
b Department of Energy and Mineral Engineering, EMS Energy Institute and G3 Center, The Pennsylvania State University, University Park, PA 16802, USA 
c Department of Geosciences, The Pennsylvania State University, University Park, PA 16802, USA 
d Department of Geotechnical Engineering, College of Civil Engineering, Tongji University, Shanghai 200092, China 
e Laboratory of Seismology and Physics of Earth’s Interior, School of Earth and Space Sciences, University of Science and Technology of China, Hefei 230026, China 
f PetroChina Hangzhou Institute of Geology, Hangzhou 310023, China 
g School of Civil Engineering, Shaoxing University, Shaoxing 312000, China 
h State Key Laboratory for Geomechanics and Deep Underground Engineering, China University of Mining and Technology, Beijing, China   

A R T I C L E  I N F O   

Keywords: 
Induced seismicity 
Hydraulic fracturing 
Multimodal earthquake distribution 
Fluid diffusion 
Poroelastic stress transfer 
Brittle sedimentary layers 

A B S T R A C T   

The number of background earthquakes (ML ≥ 0) in the southern Sichuan basin, southwest China, has increased 
thirtyfold as a result of hydraulic fracturing. Background events are originally deep (4–6 km) within the sedi-
mentary section but build into a multimodal distribution both at depth and in the shallow stimulated reservoir 
(2–4 km) - representing a counterpoint to the usual triggering of seismicity on deep sub-reservoir basement faults. 
Surprisingly, the largest events (ML ≥ 3) evolve in the deep sedimentary strata (4–6 km) that are hydraulically 
isolated from the injection zone (2–4 km) by low permeability layers. We evaluate the friction-stability rheology 
of the strata within the full stratigraphic section to define the feasibility of nucleation within these shallow and 
deep strata. These show velocity-neutral to velocity-weakening behavior in the shallow reservoir transitioning to 
more strongly velocity-weakening with increase in both depth and temperature. Poroelastic stress calculations 
confirms that stress transfer, rather than transmitted fluid pressures, are capable of directly reactivating 
critically-stressed faults at depth, with fluid pressures the triggering source within the shallow reservoir.   

1. Introduction 

Seismicity correlated with hydraulic fracturing (HF) has attracted 
worldwide attention during industrial-scale injection of fluids, including 
the stimulation of shale oil/gas, enhanced geothermal systems (EGS), 
and wastewater disposal (Shapiro et al., 2006; Majer et al., 2007; Ells-
worth, 2013; Walsh and Zoback, 2015; Elsworth et al., 2016; Grigoli 
et al., 2018; Kolawole et al., 2019; Moein et al., 2023). Understanding 
the physical mechanisms of these anthropogenic earthquakes could help 
reducing the hazards o large and damaging earthquakes and ensure the 
safety exploitation of deep energy and resources. The Sichuan Basin in 
southwestern China (Fig. 1a) hosts rich shale gas resources with current 
annual production reaching ~20 billion m3 - representing the most 
promising shale gas basin in China and the second largest shale gas 

production area in the world (Qiu et al., 2020; Zou et al., 2020). How-
ever, swarms of small to medium-sized earthquakes have occurred in the 
shale gas demonstration zones of the Sichuan Basin since the introduc-
tion of systematic hydraulic fracturing in 2014 (Lei et al., 2017; Meng 
et al., 2019; Liu and Zahradník, 2020). Moreover, the ML (local 
magnitude) 5.7 Xingwen earthquake on December 16, 2018 and ML 5.3 
Gongxian earthquake on January 3, 2019 in the Sichuan basin have been 
regarded as the largest hydraulic fracturing-induced events around the 
world (Lei et al., 2019; Atkinson et al., 2020). Given the high population 
density in this area and recent reports of severe damage and some ca-
sualties, clarifying the underlying mechanisms responsible for the hy-
draulic fracturing-related earthquakes is of great importance. 

The Sichuan Basin (Fig. 1a) is a tectonically stable region charac-
terized by a northwestern uplift zone and depressions in the remaining 
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zones. The basin is surrounded by the Qinling-Dabie Orogenic Belt to the 
north and Jiangnan-Xuefengshan Thrust Belt to the west. The northwest 
and southwest boundaries correspond to the Longmenshan and Sanjiang 
Orogenic Belts, respectively. Among the several shale gas demonstration 
blocks in the Sichuan basin, the Changning Block, extending over the 
counties of Changning, Gongxian, Xingwen and Junlian, shows the 
highest level of seismicity. Horizontal well drilling in the Changning 
Block began in 2011, but systematic hydraulic fracturing for shale gas 
extraction in this area was initiated only in 2014 (Lei et al., 2017). Ac-
cording to the Chinese national seismic network (CNSN, blue squares in 
Fig. 1b), the total number of ML ≥ 0 earthquakes from January 2009 to 
June 2021 in Changning Block exceeds 26,000 (red circles in Fig. 1b) 
with >30 earthquakes having magnitudes (ML) ≥ 4.0 in the zone 
bounded by N27.5◦-29◦ and E104◦-105.5◦. The Changning Block rep-
resents a marine-terrestrial environment of Neoproterozoic-Paleozoic- 

Mesozoic age (Table S1 in the supporting information) with Triassic, 
Permian and Silurian strata widely distributed in the surface outcrops 
(Fig. 1c). Earthquake swarms are distributed extensively around the 
Changning Anticline and Jianwu Syncline. The number of ML ≥

0 earthquakes in each quarter year increased from <100 in 2009–2010, 
to ~100–400 in 2011–2016, to ~400–900 in 2017–2018 and then to 
>1000 in 2019–2021 (Fig. 1d and Table S2) - representing a strong 
correlation between the increase in earthquake frequency and hydraulic 
fracturing. More specifically, the highest number of ML ≥ 0 earthquakes 
is larger than 3000 in the second quarter of 2019, proving a thirtyfold 
increase of seismicity pre-hydraulic fracturing to syn- and post-hydraulic 
fracturing. 

The permanent Chinese national seismic network has limited ca-
pacity to accurately characterize the regional seismic events due to both 
incomplete calibration and sparse coverage with distant interstation 

Fig. 1. Seismicity and the geological setting of the Changning Shale Gas Demonstration Block, Sichuan basin, southwest China. (a) Tectonic map of the southern 
China. The Sichuan Basin is surrounded by the orogenic belts to the north (Qinling-Dabie Orogenic Belt) and west (Longmenshan and Sanjiang Orogenic Belts), and 
thrust belts to the east (Jiangnan-Xuefengshan Thrust Belt). The blue solid square in Figure (a) refers to the area of Figure (b). (b) Distribution of M ≥ 0.0 (red circles) 
and M ≥ 4.0 (yellow triangles) earthquakes in the Changning Block and adjacent areas (N27.5◦ to N29◦ in latitude and E104◦to E105.5◦ in longitude) from January 
2009 to June 2021 and depths of 0–10 km. The earthquake data are recorded by the regional Chinese national seismic network (blue squares) and retrieved from 
www.data.earthquake.cn. The Changning Block is defined as the region mainly including the four counties: Changning (CN), Gongxian (GX), Xingwen (XW) and 
Junlian (JL). The blue dashed square in Figure (b) refers to the area of Figure (c). (c) Geologic structure map of the Changning Block. ∈ = Cambrian, O = Ordovician, 
S = Silurian, D = Devonian, P = Permian, T = Triassic, J = Jurassic, and K = Cretaceous. GAX = Gaoxian county, YJ = Yanjin county, W N2 = Well N2 (W = Well). 
(d) The number of M ≥ 0.0 earthquakes in each quarter year from January 2009 to June 2021 in the Changning Block, with the data shown in Table S2. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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spacing (Meng et al., 2019; Yang et al., 2021). To accurately charac-
terize the regional seismicity in the Changning Block, a two-phased 
dense seismic array (DSA) with a total of 337 seismic nodal stations 
and average interstation spacing of 1.5 km was deployed (Fig. 2a), 
covering an area of ~800 km2 (Yang et al., 2021). The sampling fre-
quency for all the nodal stations was 500 Hz, running from 28th 
February 2019 to 6th May 2019 and representing nearly 70 days. >7500 
ML ≥ 0 earthquakes (red circles in Fig. 2a-c) were detected between 
0 and 10 km in depth (mean sea level) with three separate peaks in the 
distribution identified at different depths (Fig. 2d). According to the 
geologic sections at three vertical exploration wells (wells N201, CL1 
and N2) (Fig. 3), the depth of the first peak corresponds to the lower 
Silurian Longmaxi Formation – the host unit for the hydraulic fracturing 
(Xu et al., 2019). The depths of the other two peaks are in the Cambrian- 
Sinian strata at ~4–6 km and below the Longmaxi formation. An 
important question arises as to how such a multimodal distribution of 
seismicity can evolve from hydraulic fracturing at shallow depth. 

Currently, three potential hypotheses are proposed to address the 
mechanisms of induced earthquakes associated with fluid injection ac-
tivities. In the first model, the fault reactivation results from direct fluid 
injection into the fault, lowering the frictional strength and facilitating 
fault reactivation (Ellsworth, 2013; Eyre et al., 2019). The second model 
attributes the fault reactivation to the change in fault loading conditions 
from the transfer of poroelastic stress (Segall and Lu, 2015; Deng et al., 
2016; Bao and Eaton, 2016), and the third model considers that pore 
pressure-driven aseismic fault slip can reactivate distant faults in the 
unpressurized regions (Bhattacharya and Viesca, 2019; Cappa et al., 
2019; Eyre et al., 2019). While the first model requires a highly 
permeable path between the reservoir and the fault, the second and third 
do not. Whether the three individual models or a combination of them 
can explain the multimodal depth distribution of seismicity remains an 
open question. 

We use outcrop samples of the Cambrian-Sinian sediments (Figs. S1- 
S4) (present below the producing Longmaxi Formation) to fabricate 
simulated fault gouge and to explore mechanisms for the multimodal 
distribution of earthquakes with depths. The Ordovician strata are 
excluded due to their thin extent. The Cambrian-Sinian strata mainly 
comprise the Cambrian Xixiangchi-Gaotai-Longwangmiao-Canglangpu- 
Qiongzhusi Formations and the Sinian the Dengying-Doushantuo For-
mations (Fig. 3 and Table S1). Shear experiments were performed under 
hydrothermal conditions corresponding to in-situ pressures and tem-
peratures to assess the rheological properties. The resulting rheologies 
are combined with the multistage hydraulic fracturing model to 
constrain the anticipated locations and magnitudes of projected poroe-
lastic stress perturbations. 

2. Experimental methods 

2.1. Gouge preparation 

Quantitative analysis of the mineral content was accomplished by X- 
ray diffraction (XRD) methods according to the standard “Analysis 
method for clay minerals and ordinary non-clay minerals in sedimentary 
rocks by X-ray diffraction” (China National Energy Administration, 
2018). The procedures for the X-ray diffraction are as follows. First, all 
rock samples were dried at 50 ◦C for ~12 h to remove the moisture. 
Then, the rocks were crushed and sieved to obtain particle diameters 
<40 μm. Next, the rock powders were placed within a sealed sample 
groove and loaded within the X-ray diffractometer (apparatus type: 
Rigaku D/max-rB) to obtain the diffraction spectrum. Finally, the 
diffraction data were logged at angles (2θ) between 3◦ to 70◦, a rate of 
2◦/min and intervals of 0.02◦ at conditions of 100 mA and 40 kV. The 
calculation and validation of mineral contents was accomplished 
following the methods described in Chung (1973) and Moore and Rey-
nolds Jr. (1989). The above procedures were all carried out at the Bei-
dazhihui Micro Structure Analytical Laboratory of Beijing, China. The 

mineral compositions in each outcrop rock sample from the Xixiangchi 
through Doushantuo Formations are shown in Fig. 4 and Table S3. 

We selected representative rock samples in each formation (Figs. S1- 
S4) for the simulated fault gouges. Both the Cambrian Xixiangchi and 
Sinian Dengying Formations contain near-pure dolomite and we 
selected samples Xxc-7 (97 wt% dolomite) and Dy-10 (98 wt% dolomite) 
as representative of the two formations. Many previous studies show 
that compositionally similar fault gouges are prone to unstable sliding at 
lower phyllosilicate contents (Takahashi et al., 2007; Tembe et al., 2010; 
Zhang et al., 2019). The evidence is sourced from not only these labo-
ratory experiments, but also for observations on faults in shale reservoirs 
and other natural fault zones, such as the San Andreas fault (Carpenter 
et al., 2009; Kohli and Zoback, 2013; Niemeijer et al., 2010; Passey et al., 
2010; Ross and Bustin, 2009). The abundance of phyllosilicate minerals 
characteristically weakens faults but promotes aseismic sliding, as 
typified in the San Andreas fault. To evaluate the possibility of unstable 
sliding, we focus only on samples with the lowest phyllosilicate content 
in each formation. Thus, samples Gt-3 (10 wt% illite and 2 wt% chlorite), 
Lwm-1 (no illite and chlorite), Clp-2 (3 wt% illite and 6 wt% chlorite), 
Qzs-4 (4 wt% illite and 5 wt% chlorite) and Qzs-6 (7 wt% illite and 9 wt% 
chlorite) were selected for the friction experiments as representative of 
the Gaotai, Longwangmiao, Canglangpu and Qiongzhusi Formations. In 
addition, both the Gaotai and Longwangmiao Formations show the 
occurrence of thin gypsum layers with low-permeability. We also 
explore the frictional properties of pure gypsum gouge with generic 
gypsum samples collected from nearby Tengchong county, Yunnan 
Province of China. The X-ray diffraction results of the gypsum gouge are 
shown in Fig. S5 (for particles <75 μm). 

2.2. Testing apparatus and procedures 

The gouge shear experiments were completed using a high- 
temperature and high-pressure triaxial shear testing apparatus (He 
et al., 2006) and a schematic of the apparatus internal structures is 
shown in Fig. 5. Different from traditional oil-confined triaxial shear 
apparatuses, this apparatus uses the inert gas (i.e., argon gas) to apply 
the confining pressure. The maximum applied confining pressure, pore 
fluid pressure and temperature for this apparatus are 500 MPa, 200 MPa 
and 600 ◦C, respectively. The fault driving blocks are 40-mm-length and 
19.8-mm-diameter cylindrical gabbro rocks cut at 35◦ to the sample axis. 
The 1-mm-thick fault gouges were sandwiched between the two half 
driving blocks through a precise cylindrical leveling jig. To force the 
shear to occur within the gouge layers and avoid the boundary shear, the 
saw-cut surfaces of the gabbro driving blocks were ground and rough-
ened using the 200-mesh carborundum powders. During the shear ex-
periments, the gouge-filled fault driving blocks were inserted into a 
0.35-mm-thick copper jacket, with cylindrical tungsten carbide and 
corundum blocks symmetrically placed on both sides. The upper 
corundum, tungsten carbide and gabbro driving blocks were all drilled 
with 2-mm-diameter boreholes for pore fluid entry (blue channel in 
Fig. 5). A dense brass filter was placed in the end section of the borehole 
in the upper gabbro driving block to prevent gouge extrusion into the 
borehole and to maintain access of the pore fluid. The rubber O-ring 
seals on both ends of the copper jacket could seal the fault gouge from 
the confining argon gas. The space between the heating furnace and the 
copper jacket was uniformly filled with insulating boron nitride powders 
to prevent gas convection and the fluctuations in confining pressure. The 
ceramic wool was packed at both ends of the heating furnace to prevent 
the leakage of boron nitride powders. The high-pressure seal on the 
upper loading piston maintains the sealing of the whole assembly. The 
Teflon sheet between the lower loading piston and the copper jacket 
reduces friction and enhances the sliding of the loading piston. 

Before the shear tests, the confining and pore fluid pressures were 
applied by the (argon) gas pressurization system and the hydraulic 
pump, respectively. They can be kept constant within ±0.5 MPa and ±
0.3 MPa respectively by independent servo-controlled intensifiers. As 

M. An et al.                                                                                                                                                                                                                                      



Tectonophysics 880 (2024) 230332

4

Fig. 2. Seismic events recorded by the dense seismic array in the Changning Shale Gas Demonstration Block deployed from 28th February 2019 to 6th May 2019. (a) 
Distributions of earthquakes (red circles) from the dense seismic array (blue triangles) in the Changning Block (N27.98◦-28.38◦ in latitude and E104.63◦-105.15◦ in 
longitude) (Yang et al., 2021). Areas ①, ②, ③, and ④ correspond to the Junlian, Gongxian, Changning and Xingwen counties in the Sichuan province, respectively, 
with ⑤ identifying Weixin county of Yunnan province. The thin solid lines represent the county boundaries and the thick solid lines the provincial boundaries 
(Sichuan and Yunnan Provinces). (b) Earthquake depth versus latitude. (c) Earthquake depth versus longitude. Nucleation depths of the induced events from both the 
Chinese national seismic network and the dense seismic array are all defined relative to mean sea level. (d) Number of earthquake events versus depth. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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the air and fluid pressures would increase at elevated temperatures, we 
initially set the confining pressure and pore fluid pressure to two thirds 
of the desired values, followed by then elevating the temperature and 
adjusting the pressures to the final desired values. The temperature was 
elevated through a two-zone internal furnace. The power of the furnace 
upper zone is set proportional to the lower zone and thus the applied 
temperature could be symmetrical along the vertical axis of the sample. 
During the experiments, the temperature was measured by an inde-
pendent thermocouple and controlled by a Yamatake-Honeywell DCP30 
controller. The measured temperature in this paper all refers to the 
temperature at the midpoint of the fault gouge zone. At the highest 
temperature of 600 ◦C, the temperature difference across the fault gouge 
zone can reach 8 ◦C. The highest applied temperature in our experiments 
was 180 ◦C, and the temperature difference in the gouge zone should be 
much <8 ◦C. The temperature could be elevated at a constant rate of 5 
◦C/min with an accuracy of ±2 ◦C. The axial load was applied by the 

electro-hydraulic servo-control system, and the axial load and 
displacement were recorded by the load cell and displacement sensor, 
respectively. 

A total of nine shear experiments were carried out at pressures and 
temperatures corresponding to in-situ conditions and the experimental 
matrix is shown in Table 1. The confining and pore fluid pressures were 
determined according to the lithostatic pressure (considering a rock 
density of ~2500 kg/m3 as representative of the average rock density 
from these sedimentary layers) and the hydrostatic pressure (assuming 
fluid density of ~1000 kg/m3), respectively. Based on Eaton (1975) and 
Hui et al. (2021), the in-situ pore fluid pressure may be estimated from 
the overburden stress, the hydrostatic pressure and the sonic log data. 
Regardless, we still employ the hydrostatic pressure to represent the in- 
situ pore fluid pressure as the small fluctuations in static pore fluid 
pressure are shown to have only a negligible effect on fault frictional 
strength and stability. The temperature for each experiment was 

Fig. 3. The geologic sections of three exploration wells (wells N201, CL1 and N2) in Changning Block. The locations of these three wells are denoted in the bottom 
left insert and Fig. 1c. The top of well N201 is set as the zero baseline depth for comparisons among different sedimentary strata in three wells. Both the Cambrian 
Jindingshan and Mingxinsi Formations along the well CL1 belong to the Canglangpu Formation. 
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determined based on a temperature gradient of 28 ◦C/km in the 
Changning Block of Sichuan Basin. Temperatures of 115 ◦C and 150 ◦C 
represent the upper temperature limits of the Xixiangchi and Qiongzhusi 
Formations, respectively. Because the gypsum was present both in the 
Gaotai and Longwangmiao Formations, we conducted shear experi-
ments on the gypsum gouge at a temperature corresponding to the 
Longwangmiao Formation (120 ◦C). The temperatures of 150 ◦C and 
180 ◦C are the lower and upper temperature limits for the Dengying 
Formation. At the beginning of each shear experiment, the fault gouge 
was sheared at a constant axial loading rate of 1.0 μm/s until reaching a 
steady state friction. To assess the velocity dependence of friction, the 
axial loading rates were then switched between 1.0, 0.2 and 0.04 μm/s, 
equivalent to loading velocities of 1.22, 0.244 and 0.0488 μm/s along 
the shear direction. The shear displacements at the velocities of 1.22 and 
0.244 μm/s are 0.366 mm, but changes to 0.244 mm at a shear velocity of 
0.0488 μm/s. 

2.3. Data analysis 

Raw experimental data, including the axial stress (σa), axial 
displacement (la), pore fluid pressure (Pf) and temperature (T), were 
recorded at a sampling frequency of 1 Hz. The raw data were corrected 
for the variation in sample contact area with increasing shear 
displacement and for shear resistance from the copper jacket. As the 
confining pressure was applied by the argon gas and not affected by the 

change of contact area, we only need to correct the axial stress. The 
relation between the corrected (σca) and measured (σa) axial stresses is 
written as, 

σca =
σa

1 − 2
π

⎡

⎣arcsinΔltanα
2r + Δltanα

2r

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(
Δltanα

2r

)2
√ ⎤

⎦

(1)  

where Δl is the slip along the axial direction, α is the angle of fault 
driving blocks to the cylinder axis and r is the radius of fault driving 
blocks. The equivalent shear resistance of the copper jacket was 
measured by the steel driving blocks with a sandwiched Teflon shim and 
the friction coefficient between the steel and Teflon shim was tested in 
another friction testing system (He et al., 2006). 

The coefficient of friction μ is calculated as the ratio of the shear 
stress (τ) and effective normal stress σneff, expressed as, 

μ =
τ

σneff
=

τ
σn − Pf

(2)  

where σn and Pf represent the normal stress and pore fluid pressure, 
respectively. 

The velocity dependence of friction is analyzed on the basis of slip 
rate and state variable constitutive laws (Dieterich, 1979; Marone, 1998; 
Rice, 1983; Ruina, 1983). The evolution of coefficient of friction is 
defined as, 

Fig. 4. Mineral compositions of the representative rocks in Upper Cambrian Xixiangchi through Lower Sinian Doushantuo Formations. Qtz = Quartz, Alb = Albite, 
Mic = Microcline, Ill = Illite, Chl = Chlorite, Dol = Dolomite, Cal = Calcite, Tecto = Tectosilicates, Phyllo = Phyllosilicates, Car = Carbonates. In this paper, the 
tectosilicates are defined as primarily including quartz, albite and microcline. Phyllosilicates mainly include illite and chlorite, and the dolomite and calcite dominate 
the carbonates. The cyan, pink and yellow zones represent the high tectosilicate, high phyllosilicate and high carbonate contents, respectively. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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μ = μ0 + aln
(

V
V0

)

+ bln
(

V0θ
Dc

)

(3)  

dθ
dt

= 1 −
Vθ
Dc

(4)  

or
dθ
dt

= −
Vθ
Dc

ln
(

Vθ
Dc

)

(5)  

where μ is the instantaneous coefficient of friction at the shear velocity 
V, μ0 is the steady state coefficient of friction at the reference velocity V0 
(V > V0), a and b are empirical constants. a reflects the direct effect from 
the change of shear velocity, b reflects the evolutional effect of the ve-
locity change, θ is a state variable and describes the average asperity 
contact lifetime and Dc represents the critical slip necessary to renew the 
surface contacts. Eqs. (4) and (5) are the Dieterich and Ruina laws that 
describe the evolution of the state variable θ with time, respectively. At 
steady state sliding, the state variable θ does not evolve with time and 
thus dθ/dt = 0. From either Eqs. (3) and (4) or Eqs. (3) and (5), we 
obtain, 

a − b =
Δμss

Δln(V)
(6)  

where Δμss denotes the difference in steady-state coefficients of friction 
before then after a velocity step. Positive values of (a – b) indicate that 
the steady-state coefficient of friction after the velocity step is larger 
than that before the velocity step, and are characterized as velocity- 
strengthening. Faults exhibiting velocity-strengthening behavior will 
promote inherently stable and aseismic sliding. Conversely, negative 
values of (a – b) characterize velocity-weakening behavior and facilitate 
unstable and seismic sliding whenever the critical stiffness is also met 
(Gu et al., 1984). Examples to determine the magnitudes of Δμ are shown 
in Fig. S6. 

3. Results 

A total of nine shear experiments were completed for different 
combinations of rock gouge composition, confining pressure, pore fluid 
pressure and temperature in Table 1. The coefficient of friction and 
shear displacement curves are typical for such gouges, with a near linear 
increase in friction coefficient initially followed by an inelastic yield 
point and minor slip hardening (Figs. 6b-6e and 7a-b) or slip weakening 
(Figs. 6a and 7c-7d) evolution. Most rock gouges deformed as stable 
shear with only slight stick-slips observed for experiment SICH-3 on 
gypsum-rich gouge (Fig. 6c). The rock gouges are frictionally strong 
with frictional strengths mainly within the range 0.6–0.75 (Fig. 8b and 
Table 2), possibly due to the low phyllosilicate contents and high con-
tents of tectosilicates or carbonates. The gouges in experiments SICH-1 
(from the Xixiangchi Formation) and in SICH-8 and SICH-9 (from the 
Dengying Formation) are mostly pure dolomite with the coefficient of 
friction for the dolomite gouges decreasing slightly from ~0.697 at T =
115 ◦C, to ~0.646 at T = 150 ◦C and ~ 0.616 at T = 180 ◦C (Fig. 8b and 
Table 2). Compared with the results for dolomite gouge under hydro-
thermal conditions from Scuderi et al. (2013a) and Pluymakers et al. 
(2016), the frictional strengths of dolomite gouge are influenced by the 
magnitudes of both effective normal stress and temperature (Table S4). 
The trends of frictional strength with temperature for the dolomite 
gouge is in accordance with these prior results (Scuderi et al., 2013b; 
Pluymakers et al., 2016) (Table S4) as well. 

Results of velocity-stepping experiments to evaluate frictional sta-
bility (a – b) are summarized in Fig. 8c and Table 2. The rock gouges 
exhibit a range of behaviors from velocity-strengthening in the Xix-
iangchi (a – b = 0.0041 to 0.0096) and Gaotai (a – b = 0.0020 to 0.0029) 
Formations, to velocity-neutral in the Longwangmiao (a – b = − 0.0011 
to 0.0014), Canglangpu (a – b = − 0.0001 to 0.0008) and Qiongzhusi (a – 
b = − 0.0002 to 0.0021) Formations, and apparent velocity-weakening 
in the Dengying Formation (a – b = − 0.0029 to 0.0155) (Table 2). For 
the dolomite gouges from the Xixiangchi or Dengying Formations, 
frictional stability (a – b) evolves from 0.0041 to 0.0096 at T = 115 ◦C, to 
− 0.0021 to 0.0155 at T = 150 ◦C and − 0.0029 to 0.0112 at T = 180 ◦C, 
implying that instability in favored at higher temperatures or in deeper 
strata (Table 2). Our results are consistent with previous studies on the 
frictional stability of dolomite gouge (Fig. 8d). The dolomite gouges 
characterized in Pluymakers et al. (2016) and Scuderi et al. (2013a) 

Fig. 5. Schematic of the internal structures of the high-temperature and high- 
pressure triaxial shear testing apparatus. 

Table 1 
Testing conditions. The thickness of each formation is determined from the three exploration wells in Fig. 3. The corresponding thicknesses of Xixiangchi, Gaotai, 
Longwangmiao, Canglangpu, Qiongzhusi, Maidiping, Dengying, and Doushantuo Formations are 0.45 km, 0.20 km, 0.25 km, 0.35 km, 0.45 km, 0.15 km, 1.00 km, and 
0.35 km, respectively. σc = confining pressure, Pf = pore fluid pressure, T = temperature.  

Testing Number Simulated gouge Formation σc (MPa) Pf (MPa) T (◦C) Corresponding depth 

SICH-1 Xxc-7 Xixiangchi 80 30 115 2.80–3.25 km 
SICH-2 Gt-3 Gaotai 85 30 115 3.25–3.45 km 
SICH-3 Gypsum – 85 30 120 3.30–3.50 km 
SICH-4 Lwm-1 Longwangmiao 90 35 120 3.45–3.70 km 
SICH-5 Clp-2 Canglangpu 95 35 130 3.70–4.05 km 
SICH-6 Qzs-4 Qiongzhusi 100 40 150 4.05–4.50 km 
SICH-7 Qzs-6 Qiongzhusi 100 40 150 4.05–4.50 km 
SICH-8 Dy-10 Dengying 120 50 150 4.65–5.65 km 
SICH-9 Dy-10 Dengying 120 50 180 4.65–5.65 km  
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exhibit a transition from velocity-strengthening to velocity-weakening 
behaviors at T ≈ 120 ◦C when dry, but at T ≈ 150 ◦C when wet. The 
frictional stability also shows a strong dependence on the shear velocity, 
especially at T = 150 and 180 ◦C. The values of (a – b) for the dolomite 
gouge at shear velocities of 0.244–0.0488 or 0.0488–0.244 μm/s all 
indicate velocity-weakening behaviors, but evolve to strong velocity- 
strengthening behaviors at shear velocities of 1.22–0.244 and 
0.244–1.22 μm/s (Fig. 8c and Table 2). As an important interlayer within 
the Gaotai through Longwangmiao Formations, the gypsum gouge also 
shows slight velocity-weakening behavior at faster velocities of 
1.22–0.244 and 0.244–1.22 μm/s. This indicates that the gypsum gouge 
may be a factor in promoting fault instability in either of these (Gaotai or 
Longwangmiao) Formations. 

4. Discussion 

4.1. Mechanisms of multimodal earthquake distribution 

Based on our previous studies on the frictional and stability prop-
erties of the Longmaxi shale gouges under the hydrothermal conditions 
(An et al., 2020a), the Longmaxi shale gouges show a decrease in car-
bonate content (from ~80 wt% to 0%) and an increase in tectosilicate 
content (from ~10 wt% to ~80 wt%) from the top (close to the Silurian 

Shiniulan Formation) to the base (close to the Ordovician Wufeng For-
mation) of the formation. Most of the Longmaxi shale gouges show 
inherently stable and aseismic responses and only ~5% are brittle shales 
(with phyllosilicates <20 wt%) that exhibit potentially unstable and 
seismic responses. Elevating the pore fluid pressure to simulate the high 
fluid pressure encountered during hydraulic fracturing also retains the 
frictionally stable response of the Longmaxi shale gouges at in-situ 
temperatures of ~90 ◦C (Scuderi and Collettini, 2018; An et al., 2020b). 
Although the ~5% of brittle shale faults could be reactivated and induce 
seismicity during hydraulic fracturing, the frequency of seismicity 
should be small, due to their limited presence. Considering that the first 
peak in the distribution of seismicity with depth is within the zone 
pressurized by hydraulic fracturing, we speculate that the instantaneous 
stress drops on pre-existing faults that results from direct fluid injection 
and the related reduction in effective normal stress could account for the 
swarms of earthquakes detected by the dense seismic array (Fig. 2). 

The experimental data in Fig. 8 indicate that the Cambrian-Sinian 
strata contain brittle faults that may promote unstable and seismic slip 
at in-situ pressures and temperature, especially for the Cambrian Xix-
iangchi and Sinian Dengying Formations that contain thick and pure 
(dry/wet) dolomite. Combined with our previous numerical modeling 
results that demonstrate that the changes in the Coulomb failure stress 
(ΔCFS) exceed 10− 2 MPa at distances of <4.0 km (An et al., 2021), the 

Fig. 6. Relationship of the coefficient of friction and the shear displacement for different experiments, (a) SICH-1, (b) SICH-2, (c) SICH-3, (d) SICH-4, and (e) SICH-5. 
The shear velocities are marked around the curves. 
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Fig. 7. Relationship of the coefficient of friction and the shear displacement for different experiments, (a) SICH-6, (b) SICH-7, (c) SICH-8, and (d) SICH-9.  

Fig. 8. Frictional characteristics of rock gouges from the Xixiangchi through Dengying Formations at hydrothermal conditions. (a) Relationship between temperature 
and depth in the Changning Block representing an average temperature gradient of 28 ◦C/km. The gray rectangle shows the depth range of the Longmaxi Formation. 
The yellow and cyan zones indicate that the changes in Coulomb failure stress (ΔCFS) are in the respective magnitude range of 10− 1 MPa and 10− 2–10− 1 MPa 
respectively and these results are derived from our previous research (An et al., 2021). (b) The frictional strength of rock gouges from the Xixiangchi through 
Dengying Formations. ∈3x = Xixiangchi, ∈2g = Gaotai, ∈1l = Longwangmiao, ∈1c = Canglangpu, ∈1q = Qiongzhusi, Z2dn = Dengying, and Z1d = Doushantuo 
Formations. (c) Frictional stability of rock gouges from the Xixiangchi through Dengying Formations. Positive values of (a – b) imply that the fault gouge will fail 
aseismically, while negative values of (a – b) indicate the potential for unstable slip. (d) As the Xixiangchi and Dengying Formations both contain thick and nearly- 
pure layers of dolomite, the frictional properties of dolomite gouge from previous studies are used for comparison (Scuderi et al., 2013a; Pluymakers et al., 2016). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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stress perturbations from multistage hydraulic fracturing can reactivate 
critically-stressed faults and trigger the seismicity in the Cambrian- 
Sinian strata. This can partially explain the multimodal depth distribu-
tion of seismicity below the hydraulic fracturing zone. Although we 
assume the largest feasible fracture aperture in our calculation for the 
one well pad, this corresponds to the most dangerous case. Our previous 
simulation model (An et al., 2021) followed the typical well configu-
ration of the Changning area with the background consistent with the 
current study. The hydraulic fracturing was performed in the Longmaxi 
formation at a burial depth of ~2.5 km where the elastic modulus (E) 
and Poisson’s ratio (ν) are the average values representative of these 
sedimentary layers. As separation distance from the injection well is the 
most important factor that defines the magnitude of ΔCFS, and then 
changes in mechanical properties at the same distance/location would 
exert little effect on the magnitude of the ΔCFS. Thus, our calculated 
ΔCFSs are broadly applicable. The stress perturbations from the simul-
taneous hydraulic fracturing from multiple well pads could be more 
destabilizing than those obtained in this study of a single well pad. In 
addition, according to the third model considered here for mechanisms 
of induced seismicity (Bhattacharya and Viesca, 2019; Cappa et al., 

2019; Eyre et al., 2019), fluid-pressure-driven aseismic slip in the 
pressurized zones could also trigger earthquakes in the adjacent 
Cambrian-Sinian strata that contain brittle earthquake-prone rocks. 
From Fig. 1b, the magnitudes of >30 earthquakes are close to or higher 
than ML 4.0 necessitating slip on an area of at least 1 km2 (Zoback and 
Gorelick, 2012). In the Changning Block, the thicknesses of the 
Cambrian Xixiangchi and Qiongzhusi Formations are larger than 500 m 
and the thickness of the Sinian Dengying Formation is larger than 1000 
m (Xu et al., 2019), all sufficient to host such large fault ruptures. 

4.2. Implications for injection-induced earthquakes 

Our experimental combined with the previous modeling results have 
important implications in understanding mechanisms contributing to 
the observed multimodal depth distribution of seismicity encountered 
during hydraulic fracturing in the Changning Block. As depicted in 
Fig. 9, the natural faults are prone to nucleate seismicity at higher 
temperatures and pressures with prior natural earthquakes mainly 
occurring at a greater depth. Fluid injection may significantly elevate 
local pore fluid pressures and contribute to the swarms of observed 

Table 2 
Experimental results. lfinal = final shear displacement, μ = coefficient of friction. The coefficients of friction in most experiments were obtained at a shear displacement 
of 2.5 mm and a shear velocity of 1.22 μm/s, except for experiments SICH-3 (at V = 0.244 μm/s), SICH-8 (at V = 0.0488 μm/s) and SICH-9 (at V = 0.0488 μm/s) due to 
the slip-weakening responses in friction. The errors in values of (a – b) are standard deviations from the same velocity steps in each test. The first velocity step was 
excluded in the calculation of (a – b) for all experiments to ensure that the data are qualified in their steady states.  

Testing Number lfinal (mm) μ (a – b) at shear velocities of 

0.244–0.0488 μm/s 0.0488–0.244 μm/s 0.244–1.22 μm/s 1.22–0.244 μm/s 

SICH-1 3.88 0.697 0.0044 ± 0.0044 0.0041 ± 0.0017 0.0064 0.0096 
SICH-2 3.92 0.667 0.0020 ± 0.0001 0.0025 ± 0.0003 0.0020 ± 0.0001 0.0029 
SICH-3 3.88 0.663 0.0104 0.0096 0 − 0.0022 
SICH-4 3.88 0.718 − 0.0011 0.0002 ± 0.0002 0.0014 ± 0.0003 0.0010 
SICH-5 3.87 0.696 − 0.0001 ± 0.0008 0.0008 ± 0.0008 0.0008 ± 0.0004 0 
SICH-6 3.13 0.656 0.0021 0.0021 0.0009 0.0017 
SICH-7 3.88 0.704 − 0.0002 ± 0.0012 0.0005 ± 0.0009 0.0008 ± 0.0006 0 
SICH-8 3.93 0.646 − 0.0021 ± 0.0010 − 0.0017 0.0155 0.0155 
SICH-9 2.88 0.616 − 0.0029 − 0.0019 0.0112 –  

Fig. 9. Mechanisms implicated in the multimodal depth distribution of seismicity resulting from shallow hydraulic fracturing. (a) Schematic representation of 
hydraulic fracturing injection in the shallow reservoir layer and fault responses. The blue dashed square indicates the pressurized zones by hydraulic fracturing. Red 
radiating symbols show the transmission of poroelastic stresses. Hydraulic fracturing induced fluid pressures directly reactivate proximal faults within the reservoir 
but propagating poroelastic stresses reactivate critically-stressed faults both distally within the reservoir at depth where no hydraulic communication exists. (b) 
Distribution of earthquakes with depth. Colors represent the distinct depth distributions of earthquakes both before (green) and during (gray) hydraulic fracturing 
operations. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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earthquakes in the shallow reservoir and pressurized zones. Stress per-
turbations from multistage hydraulic fracturing are shown capable of 
reactivating critically-stressed faults in the deep brittle sedimentary 
strata that containing earthquake-prone rocks. Pore fluid pressure- 
driven aseismic fault slip within the reservoir layer could also trigger 
the response of disconnected and hydraulically isolated faults in the 
deeper brittle sedimentary strata. Our results therefore imply that all 
three potential modes of triggering of injection-induced earthquakes are 
feasible in contributing to the observed multimodal depth distribution of 
seismicity within Changning Block – either individually or collectively. 

5. Conclusions 

Direct fluid injection into the gas-bearing Longmaxi shale in the 
Sichuan basin may significantly reduce effective stresses and promote 
fault failure that contributes to the swarms of earthquakes in and around 
that shallow reservoir. However, this does not explain the evolution of 
seismic events at significantly greater depth in the underlying strata that 
evolve simultaneously with the periods of fluid injection. Rather, our 
friction-stability experiments on the underlying Cambrian through 
Sinian rocks gouges at conditions corresponding to in-situ pressures and 
temperatures reveal that the strata below the hydraulic fracturing zones 
contain earthquake-prone rocks and favor reactivation of seismic 
faulting. Numerical modeling to define the poroelastic stress perturba-
tions resulting from multistage hydraulic fracturing in the higher strata 
indicates that the magnitudes of the changes in Coulomb failure stress 
(ΔCFS) at depth are higher than the 10− 2 MPa broadly recognized as 
sufficient to reactivate critically-stressed faults. The combined experi-
mental and modeling results together can explain the mechanisms 
nucleating remote earthquakes in the deeper brittle sedimentary strata 
that underlay the injection zone – as by direct fluid access and by 
poroelastic stress transfer. Our results demonstrate that both direct fluid 
injection and poroelastic stress transfer from multistage hydraulic 
fracturing are feasible causal mechanisms contributing to the multi-
modal distribution of seismicity with depth in the Changning Block. And 
that the triggered events remain within the sedimentary pile rather than 
within the underlying basement. 
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