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Abstract “Slick-water” fluids routinely used in
hydraulic fracturing contain friction-reducing agents
and clay-stabilizers that may influence on the strength
and stability of reservoir rocks and preexisting faults.
We performed laboratory measurements on four
powered shale reservoir rocks with different carbonate
contents recovered from Longmaxi Formation in
Sichuan Basin of China, to examine the potential
effects of slick-water fracturing fluids on gouge
friction. Velocity-stepping experiments were con-
ducted at shear velocities of 0.122 and 1.22 pum/s, a
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confining pressure of 60 MPa, a pore fluid pressure of
30 MPa and a temperature of 90 °C, typifying the ~
2.3 km depth of producing reservoirs. Two pore
fluids, i.e., DI water and acidic slick-water, were
selected to probe the chemical effects of fracturing
fluids. Results show that the frictional properties of
studied shale gouges are not only controlled by both
the phyllosilicate and carbonate contents, but also
affected by slick-water. Acidic slick-water dissolves
carbonates from the shale gouges and this mineralogic
alteration exerts a negligible influence on frictional
strength u but increases the frictional stability (@ — b),
regardless of the mass of carbonate removed. Clay
stabilizers are shown to exert minimal influence on
either frictional strength or stability at high confined
stresses, possibly due to the unchanged mineral
contacts. Our results imply that the acidity of slick-
water fluids can impact the frictional responses in
carbonate-rich fault gouges through corrosion and
dissolution, and have important implications in under-
standing the chemical effects from the fracturing fluids
on subsurface fault stability during shale reservoir
stimulation.

Keywords Slick-water - Fracturing - Shale - Fault
gouge - Strength and stability - Clay swelling

@ Springer


http://orcid.org/0000-0002-4998-6259
http://crossmark.crossref.org/dialog/?doi=10.1007/s40948-020-00153-1&amp;domain=pdf
https://doi.org/10.1007/s40948-020-00153-1

28 Page 2 of 16 Geomech. Geophys. Geo-energ. Geo-resour. (2020) 6:28

1 Introduction

The recovery of natural gas from shale reservoirs has
been facilitated by the advent of horizontal drilling
combined with massive hydraulic fracturing (Clark
1949; Grossman 1951). During hydraulic fracturing,
high-pressure fracturing fluid is injected into a
targeted zone of the reservoir to drive the propagation
of an hydraulic fracture and thereby enhance reservoir
permeability (Rubinstein and Mahani 2015; Zhang
et al. 2017a). Generally, 4 to 6 million gallons are
injected during shale reservoir stimulation (Al-Mun-
tasheri 2014). However, a significant proportion of the
fracturing fluid (up to 90%) may be retained within the
reservoir with only a small proportion returning in the
flow-back water (Vidic et al. 2013). “Slick-water” is
one frequently used fracturing fluid where friction-
reducing agents are used to reduce frictional losses
along the wellbore and thereby allow the full injection
pressure to be applied at the heel of the hydraulic
fracture, along the wellbore (Yang et al. 2013). The
remnant slick-water fracturing fluid that remains and
penetrates the reservoir may exert significant physical
and chemical controls on the frictional strength and
stability of the shale reservoir rocks (Arthur et al.
2011; Jacoby 2011).

During the hydraulic fracturing phase, the injection
well may be close to, or directly transect, a preexisting
natural fault at depth (Fig. 1a). The slick-water

(@

1 km
Slick Water

Fault
Natural Fractures

~

<

Hydraulic Fractures \ \

Fig. 1 a Schematic plot of an injection well transecting a
natural fault during hydraulic fracturing. b The slick water can
infiltrate the fault zone through several ways, like natural or
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fracturing fluid may penetrate the adjacent fault gouge
zone through the conduit itself, or through natural or
hydraulic fractures (Fig. 1b) (Davies et al. 2013;
Scuderi and Collettini 2018; Guindon 2015) (Fig. 1b).
The slick-water in the fault gouge zone could have
several adverse impacts on the stability of gouge-filled
faults. First, the slick-water could lubricate the fault
and reduce the fault frictional strength (Diao and
Espinosa-Marzal 2018). Second, the slick-water infil-
trating the fault zone may elevate local pore fluid
pressures. This fluid overpressure can promote fault
reactivation (Scuderi et al. 2017). Third, typical shales
span a wide range of mineralogical compositions
(Kohli and Zoback 2013), enabling acidic friction-
reducers and clay-stabilizers to potentially react with
the fault gouge and alter the mineral composition
(Dieterich et al. 2016; Pedlow and Sharma 2014) and
frictional strength and stability (Fang et al. 2018;
Zhang et al. 2019).

Significant efforts have been applied to understand
the interaction between slick-water fracturing fluids
and the physical properties of shales. These include
the impacts of the removal of carbonate minerals in
altering pore structure (Sun et al. 2018; Wu and
Sharma 2017), with concomitant impact on gas
transport and hydrocarbon permeability (Pagels et al.
2013). Halide clay stabilizers minimize clay swelling
and significantly enhance the tensile strength of shale
samples (Aderibigbe and Lane 2013; Huang et al.
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hydraulic fractures and the leakage of the wellbore (Scuderi and
Collettini 2018). b refers to the area in the red square of a
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1998). However, the effect of the slick-water fractur-
ing fluids on the frictional strength and stability of
subsurface gouge-filled shale faults remains incom-
pletely understood. A thorough understanding of this
behavior can contribute to the confidence in designing
fracture treatments in faulted reservoirs. The follow-
ing examines the frictional and instability response of
shale gouges permeated by slick-water fracturing
fluids including the corrosive effects of friction-
reducers and of clay-stabilizers. These effects are
examined over an appropriate range of reservoir
stresses and temperatures, including evaluation of
the impact of durations of exposure. These observa-
tions are used to define the impact of slick-water fluids
on gouge characteristics and transformations, and their
impact on reservoir stimulation and fault stability.

2 Materials and methods
2.1 Sample preparation

A total of four samples were collected from shales of
the Longmaxi Formation (Fig.2) from Lijiawan,
Niuzhai Township, Yanjin County, Zhaotong City,
Yunnan Province, China (Coordinates: N 28° 07’ 55",
E 104° 26’ 40”). Lijiawan is located in the Zhaotong
national shale gas demonstration area (Liang et al.
2016) on the southern edge of the Sichuan Basin,
China. The Sichuan Basin is currently the major
region for shale gas extraction and production in China
(Yang et al. 2014). Outcrops of Upper Ordovician
Wufeng Formation shale and Lower Silurian Long-
maxi Formation shale are widely distributed around
Lijiawan and both shales are important target zones for
shale gas exploration and recovery in China (Borjigin
et al. 2017; Luo et al. 2016).

Unweathered fresh samples of the Longmaxi for-
mation shales were recovered then cleaned for surface
impurities. The samples were crushed and sieved
to <75 um size fraction to simulate gouge. The
particle size distribution of the gouge samples was
measured by laser classifier (instrument type: Master-
sizer 2000). The median particle sizes (D50) of
resulting shale gouges 1#, 2#, 3# and 4# were 2.0,
4.9, 3.8, and 2.8 um (Fig. 3), respectively. X-ray
diffraction (XRD) data were recovered using a Rigaku
D/max-rB X-ray diffractometer at the Micro Structure
Analytical Laboratory at Peking University, Beijing,

China. All diffraction data were recorded from a
starting angle of 3° to a completion angle of 70°. All
four fabricated shale gouges (Fig. 4 and Table 1)
contained quartz, feldspars and clay minerals. Shale
1# consisted mainly of tectosilicate minerals, without
carbonates; shale 2# contained a small amount of
carbonates with relative proportions as carbon-
ates < phyllosilicates < tectosilicates; shale 3# with
moderate amounts of carbonates contained similar
proportions of tectosilicates, phyllosilicates and car-
bonates; and shale 4# was dominated by carbonates.

2.2 Slick-water

The slick-water used in this study consisted of
0.1 vol% drag reduction agent (friction reducer) and
4.0 wt% clay control agents (Aderibigbe and Lane
2013; Al-Muntasheri 2014). Other additives, includ-
ing cleanup agents and de-emulsifiers, are ignored and
excluded. The drag reduction agent is the water-
soluble emulsion, polyacrylamide, manufactured by
the SNF Group. The clay control agent is a mixture of
potassium chloride (KCl) and ammonium chloride
(NH,4CI). The resulting “slick-water” is weakly acidic
with an initial pH of 5.8. The shale gouges were treated
with the slick-water prior to conducting the friction
experiments. Each 15 g sample of shale gouge was
saturated with 500 mL of slick-water for 5-days at
room temperature. For comparison, a double dose of
1000 mL slick-water was also used for the same 15 g
gouge samples of shale 4#, also for a 5-day treatment.
The pH value of the slick water was monitored during
the treatment with the results shown in Fig. 5. For the
slick-water applied to shale gouges 2#, 3#, and 4#, the
pH value increased from 5.8 to 7.0 within 1 day. In
contrast, the pH of the slick-water applied to shale
gouge 1# remained unchanged. The neutralization of
the water applied to shale gouges 2#, 3#, and 4# results
from the dissolution of carbonates within the shale.
The remaining slick-water was removed after the
5-day treatment and the gouges dried at room
temperature for further XRD analysis and friction
experiments. The XRD results (Table 2) indicate the
dissolution of 4-7 wt% calcite and dolomite in shale
gouges 2#, 3#, and 4# but with the formation of
2-3 wt% magnesite and < 1 wt% kaolinite.

@ Springer
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(a) Shale 1#

(b) Shale 2#

Fig. 2 Outcrop of the four Longmaxi Formation shales, a shale 1#, b shale 2#, ¢ shale 3#, and d shale 4#

2.3 Testing apparatus and procedure

The friction experiments were carried out using a
high-pressure and high-temperature argon-gas con-
fined triaxial shear apparatus (Fig. 6) at the Institute of
Geology, China Earthquake Administration (He et al.
2016; Zhang et al. 2017b). A 1-mm-thick sample of
shale gouge was sandwiched between two stainless-
steel cylindrical blocks transected at 35° inclination to
the axis. The length and diameter of the driving steel
blocks were 40 and 19.8 mm, respectively. The saw
cut surfaces were carved with 1-mm-width and 0.2-
mm-height grooves to avoid shear along this gouge-
platen interface (Moore and Lockner 2011). The upper
driving block was drilled with two thoroughgoing 2.5-
mm-diameter boreholes to maintain the effective
contact of pore fluid with the shale gouges. Brass
filters were inserted into the ends of the two boreholes
to prevent extrusion of the gouge. After the gouge was
placed between the two steel driving blocks, the
gouge-filled cylinder was inserted into a thin copper
jacket with high-hardness tungsten carbide and

@ Springer

corundum on both sides. The space between the thin
copper jacket and furnace was filled with high
thermal- but low electrical-conductivity boron nitride.
O-rings on both sides of the copper jacket excluded the
incursion of pressurized argon gas into the shale
gouge.

During the experiment, a confining pressure of
60 MPa, a pore fluid pressure of 30 MPa and a
temperature of 90 °C were applied to approximate the
in situ conditions of an injection well at a depth of
2.3 km (Chen et al. 2017). When the fault assembly
was placed in the pressure vessel, the confining
pressure and pore fluid pressure were increased to
approximately two thirds of the targeted values, since
the pressure the argon confining fluid increases with an
increase in temperature. Both deionized (DI) water
and the slick-water mixture were separately adopted as
pore fluids representing either untreated or treated
shale gouges, respectively. Then the furnace was
heated to the desired value, followed by adjusting the
confining pressure and pore fluid pressure to the
targeted values. The temperature was independently



Geomech. Geophys. Geo-energ. Geo-resour.

(2020) 6:28

Page 5of 16 28

100

80

60

40

20

Cumulative Volume (%)

Shale 1#

Cumulative Volume (%)

0.1 1 10 100

Particle Diameter (um)
100 T r

80

60

40

Cumulative Volume (%)

20

Shale 3#

Cumulative Volume (%)

0.1 1 10 100

Particle Diameter (um)

100

80

60

40

20

Shale 2#

0.1 1 10 100
Particle Diameter (um)

100 T T

80

60

40

20
Shale 4#

0.1 1 10 100
Particle Diameter (um)

Fig. 3 Particle size distribution of the four shale gouges, a shale 1#, b shale 2#, c shale 3#, and d shale 4#
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Fig. 4 Mineral compositions of the four shale gouges. Tec-
tosilicate minerals include quartz, albite, and microcline;
phyllosilicate minerals include smectite, illite, kaolinite, and
chlorite; carbonate minerals include calcite, dolomite, and
magnesite

monitored by thermocouple during the experiments
(Fig. 6).

At the initiation of the experiment, the gouge was
sheared at a constant axial displacement rate of

Table 1 Mineral compositions (wt%) of the four shale gouges

Gouges Qtz Alb Mic Cal Dol Pyr III Chl I/S

1# 68 5 3 - - - 22 - 2
2# 34 13 5 9 3 2 22 7 5
3# 25 3 30 5 2 17 7 5
4# 4 3 80 - 1 4 1 1

Qtz, quartz; Alb, albite; Mic, microcline; Cal, calcite; Dol,
dolomite; Pyr, pyrite; Il1, illite; Chl, chlorite; 1/S, illite/smectite
mixed layer

1 pm/s. Once steady state friction was achieved, the
axial loading rate was stepped between 1 and 0.1 pm/
s, corresponding to shear velocities of 1.22 and
0.122 pm/s along the shearing direction of the gouge,
to acquire the velocity dependence of gouge friction.
All experimental data were recorded at a sampling
frequency of 10 Hz for the experiment matrix shown
in Table 3.

@ Springer
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Fig. 5 pH value versus 8
saturation time for the four T 7F (a) Shale 1# + 500 mL slick water
shale gouges during the Sgl
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Time (d)
Table 2 Mineral compositions (wt%) of the shale gouges following slick water treatment
Gouges Qtz Alb Mic Cal Dol Mag Pyr 11 Chl /S Kao
2#-500SW 33 11 7 6 2 3 2 23 7 6 -
3#-500SW 23 7 3 27 4 3 2 19 7 5 -
4#-500SW 3 6 2 75 - <2 1 2 3 <1
4#-1000SW 3 7 3 73 - <2 1 2 3 <1

500 SW means that the 15 g shale gouge sample was treated with 500 mL of slick-water

Mag magesite, Kao kaolinite

2.4 Data analysis

All recorded experimental data were corrected fol-
lowing the method described by He et al. (2006) to
compensate for the variation in shear area with offset
and for the shear resistance of the copper jacket
(Moore and Lockner 2008). The coefficient of friction
u reflects the magnitude of gouge frictional strength,
calculated as,

p="1/(on—Py) (1)

where 1, 0, and P, represent the applied shear stress,
normal stress and pore fluid pressure, respectively. A

@ Springer

laboratory derived rate- and state- friction (RSF)
constitutive law was employed to evaluate the velocity
dependence of gouge friction (Dieterich 1978, 1979;
Marone 1998; Ruina 1983), expressed as,

Vv Vo0
do vo ..
5= 1- D, (Dieterich law) (3)

where pg is the reference steady state coefficient of
friction at the reference shear velocity V,, u is the
instantaneous coefficient of friction at the shear
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Fig. 6 Schematic of the triaxial shear assembly used for the
friction experiments. The temperature was measured at the
midpoint of the gouge sample

velocity V, a and b are two constants and reflect the
direct and evolutional effects from the velocity
change, respectively, 0 is a state variable, D, is the
critical slip distance required to transit from the past
state to a new steady state, and ¢ is time (Fig. 7). At
steady state friction, 0 remains constant with the
variation of time and thus d0/dt = 0. Then, the friction
stability parameter (¢ — b) can be obtained from
Egs. (2) and (3), as,

where Ay, denotes the difference between the steady
state coefficients of friction before then after the
velocity step. Positive (a — b) indicates that the
coefficient of friction increases with an increase in
shear velocity and the gouge exhibits velocity
strengthening  behavior, promoting inherently
stable sliding (Fig. 7). To the contrary, gouges
exhibiting negative (a — b) are velocity weakening
and may potentially promote unstable sliding (Marone
1998). The slope was detrended in calculating values
of (a — b), as shown in Fig. 7b.

3 Results

The coefficient of friction versus shear displacement
curves for the four untreated and slick-water treated
shale gouges are shown in Figs. 8 and 9. Each
experiment exhibits a near linear increase in friction
until achieving a steady state. The decrease in
frictional strength p of shale gouges 2#, 3#, 4#, 2#-
500SW, 3#-500SW, 4#-500 SW, and 4#-1000SW
(Figs. 8 and 9) may be attributed to the alignment of
clay minerals (Saffer et al. 2001) during shearing. We
evaluate the steady state coefficient of friction at ~
2.75 mm shear displacement and a shear velocity of
1.22 um/s for all experiments with the results pre-
sented in Fig. 10 and Table 4. The frictional strengths
of shale gouges 2#, 3#, and 4# (u = 0.50-0.64) are
broadly consistent with gouges in previous studies
showing similar contents of phyllosilicates
(20-35 wt%) (Kohli and Zoback 2013; Zhang et al.
2019). Shale gouge 2# exhibits the lowest frictional
strength (4 =~ 0.5) among the four shale gouges due to

a—b= & (4) its highest phyllosilicate content (34 wt%). Consistent
Aln(V)

:12:1?('35;)’;%1&13:&“ Shale gouges 6. (MPa) P;(MPa) T (°C) Pore fluids Velocity steps (um/s) l4,, (mm)

that the gouge was treated 1# 60 30 90 DI water 1.22-0.122-1.22 321

by 500 mL of slick water 24 60 30 90 DI water  1.22-0.122-1.22 321
34 60 30 90 DI water  1.22-0.122-1.22 3.24
44 60 30 90 DI water  1.22-0.122-1.22 3.49
1#-500SW 60 30 90 Slick water 1.22-0.122-1.22 3.50
24-500SW 60 30 90 Slick water 1.22-0.122-1.22 331

5, confining pressure, Py 3#-500SW 60 30 90 Slick water 1.22-0.122-1.22 3.45

pore fluid pressure, 4#-500SW 60 30 90 Slick water 1.22-0.122-1.22 3.59

T temperature, [, final 4#-1000SW 60 30 90 Slick water  1.22-0.122-1.22 3.56

shear displacement

@ Springer
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Fig. 7 a Rate and state friction (RSF) model (V > V})) showing the two responses of velocity strengthening (@ — b > 0) and velocity
weakening (@ — b < 0) behavior. b Schematic plot showing the slope was detrended in the calculation of (a — b)
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Fig. 8 Friction-vs-shear displacement curves for the four untreated shale gouges, a shale 1#, b shale 2#, ¢ shale 3#, and d shale 4#

with this, shale gouge 4#, with the lowest phyllosil-
icate content (6 wt%), shows the highest frictional
strength (¢ =~ 0.68). Many previous studies on fric-
tion of natural or synthetic gouges indicate that
phyllosilicate-rich gouges show much lower frictional
strength than phyllosilicate-poor gouges (Giorgetti

@ Springer

etal. 2015; Ikari et al. 2011; Moore and Lockner 2011;
Numelin et al. 2007). The frictional strength of shale
gouge 1# (u =~ 0.64) is higher than that of shale
gouges 2# and 3# due to its higher tectosilicate content
(76 wt%), but still lower than that of shale gouge 4#
due to its higher phyllosilicate content (24 wt%). The
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Fig. 9 Friction-vs-shear displacement curves for the four 500/1000 mL slick-water treated shale gouges, a shale 1#-500SW, b shale
2#-500SW, ¢ shale 3#-500SW, d shale 4#-500SW, and e shale 4#-1000SW

difference in frictional strengths for the four untreated
and slick-water treated shale gouges is within 0.02
(Table 4 and Fig. 10), implying that the slick water
exerts little influence on the frictional strength of the
studied shale gouges.

Values of velocity dependence (¢ — b) were cal-
culated following the method described in Sect. 2.4
with the results presented in Fig. 11 and Table 4. All
shale gouges exhibit positive values of (a — b),
indicating that these shale gouges would promote
stable sliding. Values of (¢ — b) are similar for both
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Fig. 10 Comparison of coefficient of friction p for the four
untreated and 500/1000 mL slick-water treated shale gouges

untreated and slick-water treated shale gouges 1#, 2#,
and 3# (Fig. 11a). In contrast, a slight increase in
values of (a — b) is observed for shale gouge 4# with
an increase in the volume of slick-water applied to the
sample (Fig. 11b), and possibly resulting from an
increase in relative phyllosilicate content during slick-
water treatment (Table 2) (as carbonate is dissolved
then removed). As apparent in previous observations,
an increase in phyllosilicate content in gouges
increases the frictional stability (increasing positive

(a — b)) and thus promotes stable sliding (Takahashi
et al. 2007; Tembe et al. 2010; Wang et al. 2017).

4 Discussion

4.1 Effect of acidic slick-water on gouge friction

From the XRD results (Tables 1 and 2) and from the
observed variation in pH (Fig. 5), the acidic slick-
water treatment may trigger a series of chemical
reactions in the gouge. These candidate reactions are
defined below and represent dissolution of calcium
(Egs. (5) and (6)) into an aqueous component and
transformations to either magnesite (Eq. (7)) or
kaolinite (Egs. (8) and (9)).

CaCOj3(calcite) + 2H" — Ca’" +CO, + H,O  (5)

CaMg(COs3), (dolomite) + 4H™*
— Ca’" + Mg>" + 2H,0 + 2CO, (6)

CaCOs/(calcite) + Mg?t — MgCO,(magnesite)
+ Ca®*

(7)

Table 4 Magnitudes of

; R Shale gouges
coefficient of friction u and

Coefficient of friction u

Velocity step (um/s) Values of (a — b)

its velocity dependence 1# 0.640
(a — b) for all friction
experiments
2# 0.502
3# 0.574
4# 0.682
Magnitudes of (a — b) for 1#-500SW 0.656
shale gouges 1#, 2#, 3#, 1#-
500SW, 2#-500SW, and 3#- 24#-500SW 0.522
500SW were calculated
from the second velocity
step to ensure that all 3#-500SW 0.562
velocity steps were in their
steady states. For shale
gouges 4#, 4#-500SW, and 4#-500SW 0.671
4#-1000SW, only the final
velocity steps at steady state 4#-1000SW 0.666

were adopted to calculate
the values of (a — b)

0.122-1.22 0.0049 £ 0.0005
1.22-0.122 0.0047 £ 0.0004
0.122-1.22 0.0083 £ 0.0009
1.22-0.122 0.0093 £ 0.0004
0.122-1.22 0.0068 £ 0.0006
1.22-0.122 0.0079 £ 0.0001
0.122-1.22 0.0147 £ 0.0010
1.22-0.122 0.0159 £ 0.0007
0.122-1.22 0.0051 £ 0.0012
1.22-0.122 0.0047

0.122-1.22 0.0068 £ 0.0006
1.22-0.122 0.0084 £ 0.0003
0.122-1.22 0.0073 £ 0.0008
1.22-0.122 0.0089 £ 0.0005
0.122-1.22 0.0166

1.22-0.122 0.0183

0.122-1.22 0.0176

1.22-0.122 0.0207
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Fig. 11 Comparison of velocity dependence of friction (¢ — b) for the four untreated and 500/1000 mL slick-water treated shale
gouges, a untreated and slick-water treated shale gouges 1#, 2#, and 3#, and b untreated and slick-water treated shale gouges 4#

2NaAlSi;Os (albite) + 2C0, + 11H,0
— Al,Si,0s(OH), (kaolinite) + 2Na™ + 2HCO;
+ 4H4Si104

(8)

2KAISi30g(microcline) + 2CO, + 11H,0
—+ ALSi,O5(OH), (kaolinite) + 2K* + 2HCO;
+ 4H4Si04

©)

Firstly, the calcite and dolomite may be dissolved
during acidic slick-water treatment according to the
reactions of Egs. (5) and (6), and consistent with the
results of previous experiments (Dieterich et al. 2016;
Sun et al. 2018). Secondly, the precipitation of a small
amount of magnesite indicates that a replacement
reaction may occur between calcium and magnesium
ions, as noted in the reaction of Eq. (7) (Zilberbrand
1999). The magnesium ions may source, not only from
the reaction between dolomite and the hydrogen ions
(Eq. (6)), but also from the dissolution of illite and
smectite in the slick water (Ali and Hascakir 2017).
Thirdly, the occurrence of kaolinite may also result
from the reaction of albite or microcline with carbon
dioxide (CO,) and water (H,O) through the reactions
of Egs. (8) and (9) (Nightingale et al. 2009; Zhou et al.
2012). During the friction experiments, high temper-
atures (T = 90 °C) would further accelerate the reac-
tion rates between the slick-water (pore fluids) and the
treated shale gouges. However, due to the merely
weakly-acidic slick-water and the limited resulting
mineral alteration, the slick-water treatment is shown

to have negligible effect on the frictional strength and
stability at short timescales for the shale gouges
studied here, except for on the frictional stability of
shale gouge 4#.

Since the slick-water u—sed in our experiments is
only weakly-acidic (pH = 5.8) and applied for only a
very short reaction time prior to the friction experi-
ments, there is limited potential for the dissolution of
carbonate minerals (Table 2). However, a significant
amount of carbonate might be dissolved during acid
fracturing over extended durations (Nieto et al. 2008;
Wu and Sharma 2017). Reservoir shales can be
indexed relative to the proportions of three key groups
of minerals i.e., tectosilicates, phyllosilicates and
carbonates (Fang et al. 2017; Kohli and Zoback
2013), ignoring the content of trace components, such
as pyrite. The dissolution of carbonate increases the
relative contents of tectosilicates and phyllosilicates,
since tectosilicates (wt%) + phyllosilicates (wt%) +
carbonates (wt%) = 1. This mineral alteration can
exert a control on the frictional strength and stability
of gouge-filled faults.

Previous laboratory results demonstrate that, for
this ternary grouping of minerals (tectosilicates-phyl-
losilicates-carbonates), tectosilicate-rich or carbonate-
rich gouges are prone to exhibit higher frictional
strength but unstable response, while phyllosilicate-
rich gouges show the opposite trend (Fang et al. 2018;
Ikari et al. 2011) of low-friction and high-stability. For
binary groupings of minerals (tectosilicates-phyllosil-
icates or carbonates-phyllosilicates), the phyllosilicate

content controls the fault frictional response.
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Meanwhile, > 20-30 wt% phyllosilicates can evi-
dently lower the frictional strength and stabilize the
fault (Giorgetti et al. 2015; Tembe et al. 2010; Wang
et al. 2017). We consider several cases to explore the
effect of carbonate dissolution on frictional properties
of gouge-filled faults. First, for these binary mineral
mixtures with tectosilicates-phyllosilicates, acidic
slick-water will exert little influence on the frictional
properties due the absence of carbonates—e.g. for
shale gouge 1#. For binary mineral mixtures of
carbonate-phyllosilicate, the dissolution of carbonate
will increase the relative content of phyllosilicates and
thus lower the frictional strength and stabilize the
gouge (Giorgetti et al. 2015). Second, for ternary-
mixtures with similar contents of tectosilicates, phyl-
losilicates, and carbonate (e.g. shale gouge 3#) or
those dominated by carbonates (e.g. shale gouge 4#) or
phyllosilicates, the influence of carbonate dissolution
may be similar to that of carbonate-phyllosilicate
gouges but also dependent on the boundary conditions
such as stress, temperature and even the roughness
(Fang et al. 2016; Spokas et al., 2019). For ternary-
mixtures dominated by tectosilicates (e.g. shale gouge
2#), the dissolution of carbonates may promote either
fault stability or instability with the gouge frictional
properties depending on the relative contents of
tectosilicates and phyllosilicates.

Though the dissolution of carbonate minerals may
typically stabilize the gouge, it may also significantly
lower the frictional strength and promote reactivation
(Zhang et al. 2017a). This fault creep or aseismic slip
may also induce earthquakes by modifying the local
stress field and activating adjacent unstable faults
during hydraulic fracturing (Eyre et al. 2019;
Guglielmi et al. 2015).

4.2 Effect of clay stabilizer on gouge friction

Common clay minerals in reservoir shales include
smectite, illite, chlorite and their mixed layer minerals.
These clay minerals will swell in the presence of
water-based fracturing fluids. Such swelling generally
results in a significant increase in volume and may
degrade rock strength and influence both wellbore
stability and drilling efficiency (Anderson et al. 2010).
To inhibit swelling during fracturing, various organic
and inorganic clay stabilizers are added to fracturing

@ Springer

fluids (Hensen and Smit 2002; Liu et al. 2004). Halide
salt is one frequently adopted inorganic clay stabilizer
that intercalates clay minerals and thus minimizes
swelling (Anderson et al. 2010). However, from our
friction measurements (Figs. 10, 11), clay swelling
exerts only a minor effect on frictional properties,
especially at high stresses. Several possible explana-
tions may account for this phenomenon. At micro-
scale, friction results directly from shear between
mineral particles. Although clay mineral volume
increases with swelling, this feature may not influence
the contacts between phyllosilicates and carbonates or
between phyllosilicates and tectosilicates, as depicted
in Fig. 12—and therefore exert a null influence on
friction. More plausibly, the applied high confining
stress (0. = 60 MPa) may restrict significant swel-
ling—resulting in the same null influence. Notably,
our reservoir gouges are illite-dominant with signif-
icantly reduced swelling relative to smectite (Ikari
et al. 2007). As a result, clay swelling will exert only
minor influence on the frictional properties of shale
gouges at high pressures, at least for the Longmaxi
Formation shale studied here.

4.3 Implications for shale reservoir stimulation

The observed dissolution of carbonate on the frictional
properties of shale gouges, as a direct result of the
permeation of slick-water fracturing fluids, has impor-
tant implications for the stability of subsurface gouge-
filled faults and the resulting seismic potential of shale
reservoirs. The infiltration of acidic slick-water into
faults not only elevates pore fluid pressures, but may
also transform the mineralogic composition, and
thereby affect the frictional strength and stability of
faults. As carbonate-rich shales are common, includ-
ing in the Bakken, Eagle Ford (Wu and Sharma 2017)
and Longmaxi shales (this study), the frictional
stability data of shale 4# suggest that fault stability
can indeed be impacted by slick-water treatment.
Our results also suggest possible mechanisms for
delayed earthquakes following hydraulic fracturing.
Previous studies indicate that some induced earth-
quakes are delayed for several months or years (van
der Elst et al. 2013; Yeck et al. 2016) following
injection. One possible explanation for delayed earth-
quakes is due to delayed poromechanical changes in
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Fig. 12 Schematics showing a the swelling of phyllosilicates in DI water, and b the minor influence of swelling of phyllosilicates in

slick-water

effective stresses (Eyre et al. 2019; Segall and Lu
2015) that change the stress regime. A complementary
mechanism is one that relies on a reduction in strength
resulting from mineralogical transformations explored
in this study. The interplay between the slick-water
fracturing fluid and fault gouge material may affect the
timing of subsurface fault nucleation and further
promote earthquakes (Westaway and Burnside 2019).

5 Conclusions

We report triaxial shear experiments on simulated
shale gouges at o¢.=60MPa, P,=30MPa,
T =90 °C and shear velocities of 0.122—1.22 pum/s,
to define the effect of slick-water infiltration on gouge
frictional strength and stability. For shale gouges not
exposed to slick-water treatment, the phyllosilicate-
rich shale gouges show a lower frictional strength than
the carbonate-rich shale gouge. All shale gouges
exhibit strong velocity strengthening, indicative of
promoting stable fault sliding. Comparison between
the frictional response of the untreated and slick-
water-treated shale gouges implicate a series of
chemical transformations driven by the acidic slick-
water that are capable of reducing carbonate content
by both dissolution and transformation. The dissolu-
tion of relatively minor amounts of carbonate are
shown to exert scant influence on frictional strength
but enhance the fault stability as a result of the relative
increase in phyllosilicate content. Clay swelling can
be inhibited by the use of clay stabilizers but these

have little influence on fault strength and stability,
especially at high pressures—although this requires
further confirmation for other combinations of stabi-
lizers and reservoir rocks. These experiments suggest
mechanisms responsible for slick-water corrosion in
shale fault gouges with broad implications for the
potential for triggering earthquakes both during and
after the stimulation of shale gas reservoirs.
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