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Abstract The induced earthquake recently has

gained an increasing public awareness of environ-

mental and safety issue. The earthquakes associated

with fluid injection and extraction, reservoir impound-

ment and mining/rock removal have been extensively

reported. Here, we reviewed injection induced earth-

quakes and their mechanisms from a view of rock

mechanics. This review begins by briefly introducing

the classification and the state-of-the-art research of

induced earthquakes. From a view of rock mechanics,

three fundamental mechanisms of induced earth-

quakes, i.e., pore pressure increase, stress change,

and change in coefficient of friction, are introduced in

details. Firstly, we discussed pore pressure increase

due to fluid injection and reservoir impoundment, and

explained earthquakes caused by fluid injection and

related to reservoirs according to the Mohr–Coulomb

failure criterion and effective stress law in the

saturated rock. Secondly, we discussed stress change

resulting from fluid extraction, temperature change,

reservoir loading and quarry unloading. Thirdly, we

investigated factors determining coefficient of

friction, i.e., mineralogy, fluid pressure and tempera-

ture. Moreover, it is a remarkable fact that additional

physical or chemical effects of fluids may lead to

weakening of materials in fault zones owing to stress

corrosion and stable slip, according to the rate and

state friction law. Finally, we summarized and com-

pared mechanisms of induced earthquakes that

occurred in a variety of past human activities and

projects, and recommended future potential means and

scopes to investigate the mechanism of induced

earthquakes.

Keywords Induced earthquakes � Stress � Pore
pressure � Friction coefficient

List of symbols

rh Tangential stress

rr Radial stress

r1; r3 Axial stress

h Angle between the point on drilling wall and

the r1 axis
pinitial Pore pressure of the fracture opening initially

T0 Tensile strength

k Permeability coefficient

p Pore pressure

c Coefficient of consolidation

T
0

Transmissivity

S Coefficient of storage

q Flow per unit width

J Hydraulic gradient
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b Distance between the parallel plate

v Fluid kinematic viscosity

Qinject Volume of the injected fluid,

Qstored Total fluid volume stored in the fracture

Qlost Fluid volume lost into the surrounding

aquifer

rf Half-length of the fracture

t Time

qI Average rate of the injected fluid

CL Fluid-loss coefficient

hf ;w Average fracture length and width

scrit Critical shear stress

rn Normal stress

l Coefficient of friction

C Cohesion

a Biot–Willis coefficient

v Poisson’s ratio

V Reservoir volume

q Density

c Specific heat of the rock

T Temperature

Q Net flux out of heat out of the reservoir

l0 Coefficient of friction at a reference velocity

ðV0Þ
V Velocity

h State variable

dc Critical displacement

a, b Frictional parameters

K Stiffness of the loading system

Kc Critical fault stiffness

s Shear strength

1 Introduction

A great majority of earthquakes occurring each year

around the world are natural ones. The rest seismic

events that are small in magnitudes are related to

human activities and called ‘‘induced seismic events’’

or ‘‘induced earthquakes’’ (National Research Council

2012). Induced earthquakes in connection with human

activities were observed as early as in 1920s, and

recently, they have attracted increasing public con-

cerns about environmental and safety issues in the

world. Human activities potential to induce earth-

quakes encompass the impoundment of water reser-

voir (Ying 2010), fluid injection (Raleigh et al. 1972;

Seeber et al. 2004), fluid extraction in the oil and gas

industry (Segall 1989; Grasso 1992; Segall et al. 1994;

Davies et al. 2013), mining/rock removal (McGarr

1976; Richardson and Jordan 2002), enhanced

geothermal systems (EGS) (Feng et al. 2014; Deich-

mann et al. 2014), and cavity collapses as a result of

underground nuclear explosions (Boucher et al. 1969).

In accordance with the proportion of stress change and

energy caused by human activities, McGarr and

Simpson (1997) classified earthquakes related to

human activities into two types, i.e., ‘‘triggered

earthquakes’’ and ‘‘induced earthquakes’’. Since it is

rarely possible to reliably quantify the human-related

stress change, the distinction between induced and

triggered earthquakes is difficult. Hence, the term

‘‘induced earthquakes’’ is used in this paper.

More and more induced earthquakes are docu-

mented during the past 100 years. Earthquakes whose

magnitudes are greater than 6 occurred in Hsin-

fengkiang, China in 1962, Kariba, Zambia–Zimbabwe

Border in 1963, Kremasta, Greece in 1966 and Koyna,

India in 1967. So far, the greatest reservoir induced

earthquake is the 6.3-magnitude earthquake in Koyna

(Gupta 2002). The greatest earthquake potentially

related to fluid injection, an Mw 5.7 one, happened in

November 2011 in Oklahoma, USA (Keranen et al.

2013), which was felt in at least 17 states of USA and

caused damage in the epicentral region. An Mw 5.4

mining-induced earthquake occurred at a depth of

about 900 m in Völkershausen, German in 1989

(Grünthal 2014). These above great-magnitude earth-

quakes resulted in huge losses of life and property.

In addition to great induced earthquakes, there exist

more lesser ones. Although they are too small to cause

huge damage to life and property, they could draw

great attentions or even panics from the society if close

to residential areas. For example, during the EGS

project in Basel, Switzerland, a cluster of earthquakes

of magnitude up to 3.4 occurred between December

2006 and March 2007, which resulted in the cancel-

lation of the project in December 2009 (Deichmann

and Giardini 2009).

Therefore, it is of great academic interest and

practical significance to investigate and understand the

mechanisms of induced earthquakes, so as to predict

and assess the potential risks.

Many studies have been performed on the mech-

anisms of induced earthquakes. The earthquakes at the

Rocky Mountain Arsenal, USA in 1960s were
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believed to arise from fluid pressure increase (Van

Poollen and Hoover 1970). Weingarten et al. (2015)

suggested that the magnitude of induced earthquakes

depend on injection rates. Keranen et al. (2014)

pointed out that the increase in overpressure zones in

Oklahoma potentially accounts for the largest swarm.

Segall and Lu (2015) analyzed the relationship

between pore pressure and seismicity rates consider-

ing hydro-mechanical coupling and time-dependent

earthquake nucleation. VanWees et al. (2014) claimed

that induced seismicity associated with gas field

depletion is attributed to differential compaction.

Guglielmi et al. (2015) reported that most aseismic

slip occurs within the fluid-pressurized zone and obeys

a velocity strengthening friction law. McClure and

Horne (2011) proposed the sequential stimulation (SS)

mechanism to explain the phenomenon that the failure

zone grows during fluid injection into a single isolated

fracture. Jeanne et al. (2014) conducted a series of 3D

simulations to study the effects of thermo-hydro-

mechanical (THM) processes on the EGS. De Simone

et al. (2013) identified that hydraulic stimulation and

geothermal reservoir operation may disturb the rock

mechanical stability and trigger micro-seismic events.

This paper presents a detailed review of the

mechanisms of induced earthquakes from a view of

rock mechanics. This review includes six sections.

Section 2 presents hydraulic fracturing, the Mohr–

Coulomb failure criterion and effective stress law in

the saturated rock, and discusses pore pressure

increase due to fluid injection and reservoir impound-

ment. Section 3 discusses stress change resulting from

factors including fluid extraction, temperature change,

reservoir loading and quarry unloading. In Sect. 4,

firstly, the rate and state friction law is introduced;

subsequently, some factors, i.e., mineralogy, fluid

pressure and temperature, influencing coefficient of

friction are summarized; finally, additional physical or

chemical effects of fluids leading to weakening of

materials in fault zones owing to stress corrosion and

stable slip are described with the rate and state friction

dependent law. In Sect. 5, mechanisms of induced

earthquakes that occurred in variety of past human

activities and projects are summarized and compared.

In Sect. 6, the three mechanisms are often coupled and

occur at the same time, e.g., fluid injection changes

pore pressure, stress and coefficient of friction. And

future potential means and scopes to investigate the

mechanism of induced earthquakes are recommended.

2 Pore pressure increase

2.1 Hydraulic fracturing

Hydraulic fracturing has been widely applied to

improve the efficiency of geothermal reservoir, gas

and oil secondary recovery, and liquid waste disposal,

through increasing fractures in the low-permeability

formation. During hydraulic fracturing, earthquakes

are induced attributed to two mechanisms, i.e.,

hydraulic fracture opening and the approximately

linear diffusion of the fluid (Wolhart et al. 2005;

Vulgamore et al. 2007; Maxwell et al. 2008; Cipolla

et al. 2012).

Based on the theory of elastic mechanics, when the

drilling is located in a two-dimensional stress field

r1; r3ð Þ in an infinite body, the rock in a distance from
the drilling end is in a plane strain state. Stresses on the

drilling wall are:

rh ¼ r1 þ r3 � 2 r1 � r3ð Þ cos 2h
rr ¼ 0

ð1Þ

where rh is the tangential stress and rr is the radial

stress, h is the angle between the point on the drilling

wall and the r1 axis. When h ¼ 0� or 180�, the

minimal value of rh follows

rh ¼ 3r3 � r1 ð2Þ

As shown in Fig. 1, when the pressure exceeds the

sum of 3r3 � r1 and the tensile strength (T0) of rock,

tensile cracks will be generated. The tensile crack

initiates on the drilling wall where h ¼ 0� and 180�,
and propagates in a direction parallel to r1. The pore
pressure pinitialð Þ of the fracture opening initially

equals:

pinitial ¼ 3r3 � r1 þ T0 ð3Þ

The length and number of fractures around the

drilling increases with increasing pore pressure,

injection volume and injection rate. The tensile

fracture releases less kinetic energy than that caused

by shearing. In general, the magnitude of induce

earthquakes related to the hydraulic fracturing is

small.

Hydraulic fracturing can result in not only tensile

damage but also shear damage of rock by increasing

pore pressure on faults around the injection well, as

illustrated in Fig. 2. This can be interpreted with
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Mohr–Coulomb failure criterion and effective stress

law that are detailly described in the following

section. The induced 5.0-magnitude earthquake in

November 2011 in Oklahoma, USA is potentially

associated with pore pressure increase after hydraulic

fracturing and has a late response to the fluid injection

(Keranen et al. 2013).

The late occurrence of induced earthquakes in the

process of fluid injection could be explained by

pressure diffusion. Darcy’s law is among the earliest

solutions of pressure diffusion (Biot 1941):

vx ¼ k
op

ox
; vy ¼ k

op

oy
ð4Þ

where k is permeability coefficient, p is the pore

pressure.

Assuming that the fluid is incompressible, the

fundamental seepage equation of steady flow in a two-

dimensional plane is:

o2p

ox2
þ o2p

oy2
¼ 0 ð5Þ

Terzaghi (1923) derived the seepage equation of

unsteady flow for one-dimensional consolidation:

op

ot
¼ c

o2p

oz2
ð6Þ

where c is coefficient of consolidation.

Based on the concept of aquifer, Jacob (1940)

proposed diffusion equation for two-dimensional flow

in a confined aquifer:

op

ot
¼ T

0

S

o2p

ox2
þ o2p

oy2

� �
ð7Þ

where T
0
is transmissivity, S is the coefficient of

storage.

The above equations were derived under the

precondition of fluid flow in the porous medium. On

the contrary, rock mass is generally composed of

intact rock and fractures. The intact rock can be treated

as the porous medium. However, the fluid flow in the

rock fracture is different from that in the porous

Fig. 1 Schematic diagram illustrating the hydraulic fracturing. When the pressure (P) exceeds the sum of 3r3 � r1 and the tensile

strength (T) of rock, the tensile crack initiates on the drilling wall where h ¼ 0� and 180�

Fig. 2 Schematic diagram illustrating injection induced earth-

quakes. The right fault slip is caused by increasing the pore

pressure on the fault. The left fault slip is caused by additional

stress from the increasing volume of the permeable aquifer
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medium. Seepage behaviors of fluid are determined by

the properties of rock fracture, e.g., the fracture’s

aperture. According to Navier–Stokes equation, frac-

ture flow through parallel plates is given by:

q ¼ gb3J

12v
ð8Þ

where q is flow per unit width, J is the hydraulic

gradient, b is the distance between the parallel plate,

v is fluid kinematic viscosity.

Fracture growth and pressure diffusion exist in the

whole processes of hydraulic fracturing. When pres-

sure in the pre-existing fracture is higher than pinitial,

microearthquakes are mainly caused by fracture

growth. Shapiro et al. (2006) proposed an equation

of the fracture growth, which is given by

Qinject ¼ Qstored þ Qlost; rf tð Þ ¼ qIt

2hfwþ 4hf CL

ffiffiffiffi
2t

p

ð9Þ

where Qinject is the volume of the injected fluid, Qstored

is the total fluid volume stored in the fracture, Qlost is

the fluid volume lost into the surrounding aquifer, rf is

the half length of the fracture and treated as a function

of the injection time t, qI is the average rate of the

injected fluid, CL is the fluid-loss coefficient deter-

mined by many factors such as the injection pressure

and the hydraulic diffusivity of the rock, hf and w are

the average fracture length and width, respectively.

Based on Eq. (9), the length of fractures increases

with increasing injected fluid and increasing time. This

could enhance the seepage capability of the rock

formation. Meanwhile, hydraulic fracturing can also

change the stress condition surrounding the rock

formation, e.g., the neighboring pre-existing fault

(Rutledge and Phillips 2003).

If the pressure in the pre-existing fracture is lower

than pinitial, the pressure diffusion dominates the

features of induced earthquakes. Treating fluid injec-

tion in a borehole as a point source of pore pressure

perturbation, Shapiro and Dinske (2009) proposed the

‘‘triggering front’’ and ‘‘back front’’ concepts that can

describe the spatial and temporal behaviors of induced

earthquakes related to pressure diffusion in the

infinite, hydraulically isotropic and homogeneous

saturated rock. As illustrated in Fig. 3, induced

earthquakes occur between the ‘‘triggering front’’

and ‘‘back front’’.

2.2 Mohr–Coulomb failure criterion

Different from hydraulic fracturing resulting in tensile

failure of rock, with increasing pore pressure, shear

failure could happen on the fault (Atkinson et al. 2016;

Ellsworth 2013; Keranen et al. 2013). At present, the

Mohr–Coulomb failure criterion and effective stress

law in the saturated rock can explain the shear failure.

The Mohr–Coulomb failure criterion is shown as

follows (Jaeger and Cook 1979):

scrit ¼ C þ l rn � Pð Þ ð10Þ

where scrit is the critical shear stress loading on a fault
and results in fault slip,rn is the normal stress acting

across the fault, C is cohesion and l is the coefficient

of friction.

Based on Eq. (10), the shear strength of faults

decreases with increasing pore pressure. As shown in

Fig. 4a, when the pore pressure increases to the critical

pressure, the solid circle moves to the failure curve and

is tangent to the failure curve. This indicates that

induced earthquakes occur on the normal fault due to

the reduction in shear strength, as shown in Fig. 4b.

3 Stress change

3.1 Stress change due to fluid extraction

After fluid extraction, pore pressure decreases and the

pore in the reservoir rock could be compressed and

Fig. 3 Induced microseismic events at a borehole in Soultz,

France. The thick line is ‘‘triggering front’’, and the thin line is

‘‘back front’’. Induced earthquakes occur between the ‘trigger-

ing front’ and ‘back front’. Adapted after Shapiro and Dinske

(2009)
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closed. This produces static stress and may reactivate

the fault in the critical failure state. Segall (1989)

suggested that the normal and reverse fault slips

around the reservoir are attributed to stress change due

to fluid extraction. Santarelli et al. (1998) pointed out

the importance of changes in pressure during depletion

known as the reservoir stress path. Hillis (2000) and

Tingay et al. (2003) used pore pressure/stress coupling

to explain the phenomenon of the reduction in rh with
decreasing pore pressure in hydrocarbon reservoirs.

This is also known as stress depletion response of the

reservoir (Addis 1997). ‘‘pore pressure/stress cou-

pling’’ can be expressed by the ratio drh=dp, which
describes the change in total minimum horizontal

stress caused by the change in pore pressure. Analyt-

ically, Engelder and Fischer (1994) derived a space-

and time-independent expression for the ratio drh=dp
under four assumptions, i.e., a horizontal infinitely

large reservoir, constant vertical initial stress which

does not change laterally or with changing pore

pressure, uniaxial strain condition with horizontal

strains equal to zero, and equal changes in the

maximum and the minimum horizontal stresses. The

ratio drh=dp is given by (Engelder and Fischer 1994):

drh
dp

¼ a
1� 2v

1� v
ð11Þ

where a is Biot–Willis coefficient, v is the Poisson’s

ratio.

Hydraulic fracturing measurement shows that

minimum horizontal stresses decrease (become more

tensile) with decreasing reservoir pore pressure (Addis

1997). The value of drh=dp is summarized in Table 1.

As shown in Fig. 5, when the fluid is extracted

completely, the rock is in compressional or exten-

sional environments. The normal fault may be reac-

tivated in the extensional environments. The reverse

fault may be reactivated in the compressional

environments.

3.2 Stress change due to temperature change

Production from geothermal reservoirs in saturated

conditions could result in a decline in reservoir

temperature in addition to decreased pressure (Ernest

et al. 2007). Interaction between cool fluid and hot

rock causes contraction of fracture surfaces, known as

the thermoelastic strain. The thermal contraction can

create fractures and seismicity.

Segall and Fitzgerald (1998) used an energy

conservation equation to estimate the average tem-

perature change of geothermal reservoir and obtained

the stress change. This equation was derived from a

net energy balance of geothermal energy and based on

the condition that thermal energy is contained within

the solid phase:

Vqc
dT

dt
¼ �Q ð12Þ

where V is the reservoir volume, q is the density, c is

specific heat of the rock, T is temperature, and Q is the

net flux out of heat out of the reservoir.

Assuming that the system is at steady state prior to

geothermal production, Segall and Fitzgerald (1998)

found that the cooling rate (dT
dt
) is �0:3�C=year, i.e., a

net temperature decline of 6 �C over 20 years, which

Fig. 4 Schematics of Mohr–Coulomb failure criterion. a The

Mohr circle and failure curve. The solid circle moves towards

the failure curve with increasing pore pressure. When the solid

circle is tangent to the failure curve and becomes a dotted circle,

the pore pressure increases to the critical pressure and the shear

strength decreases to the limited strength. b Schematic diagram

illustrating normal fault. The reduction in shear strength on the

fault can cause induced earthquakes
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is sufficient to generate significant thermoelastic

stresses, i.e., a stressing rate of 0.09 MPa=year. Stress

changes of this magnitude can induce earthquakes in

the critically stressed crust.

The temperature change within the reservoir is

extremely non-uniform, with great concentrations

near injection wells and steam-producing fractures.

Mossop and Segall (1997) showed that thermoelastic

stresses generated from injection of cold fluids into hot

rock are quite appreciable. Segall and Fitzgerald

(1998) illustrated that thermoelastic stressing cannot

be ignored in geothermal reservoirs and is quite likely

the dominant effect in altering the stress state within

the reservoir. This indicates that microseismicity

within the Geysers, USA reflects temperature changes

and may be useful in monitoring cold injection within

the reservoir. Therefore, THM modeling was

performed for cold water injection into a planar

fracture (Kohl et al. 1995; Ghassemi et al. 2008;

Ghassemi and Zhou 2011) or into a fracture network

(Kolditz and Clauser 1998; Bruel 2002; McDermott

et al. 2006). De Simone et al. (2013) analyzed the

thermoelastic effects on the rock within and surround-

ing a fracture zone. They performed 2D coupled THM

and hydro-mechanical (HM) simulations, and their

results showed that thermal effects induce significant

thermal stress perturbation in the surrounding intact

rock.

As an example, Fig. 6 displays the stress state at

three locations that are 3 m away from the injection

well, i.e., Point A inside the fracture, Point B at the

interface between the fracture and the matrix, and

Point C inside the matrix and 0.4 m away from

interface (De Simone et al. 2013). Results of the HM

Fig. 5 Summary of

observed faulting associated

with fluid withdrawal. When

the fluid is extracted, the

normal fault and reverse

fault can be reactivated

beside and above the

reservoir, respectively.

Adapted after Segall (1989)

Table 1 The values of drh=dp

Area Scale Drh=DP References

Scotian Shelf, Canada Basin (overpressure) 0.76 Bell (1990)

Vicksburg Formation, South Texas Field (depletion) 0.48 Salz (1977)

Travis Peak Formation, East Texas Field (depletion) 0.57 Whitehead et al. (1987)

Alberta Basin, Western Canada Field (depletion) 0.34 Woodland and Bell (1989)

Ekofisk Field, North Sea Field (depletion) *0.8 Teufel et al. (1991)

US Gulf Coast Basin (overpressure) & field (depletion) 0.46 Breckels and van Eekelen (1982)

Lake Maracaibo, Venezuela Field (depletion) 0.56

Brunei Basin (overpressure) & field (depletion) 0.49

Magnus Field, North Sea Field (depletion) 0.68 Addis (1997)

West Sole Field, North Sea Field (depletion) 1.18

Wytch Farm Field, UK Field (depletion) 0.65

Venture Field, Canada Basin (overpressure) 0.56
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simulation show that the vertical effective stress

decreases more than the horizontal one. This produces

smaller Mohr circles. In the case of the THM

simulation, the thermal contraction causes an increase

of the deviatoric stress in the cooled section of the

matrix, which results in larger Mohr circles at Points B

and C. Note that the Mohr circle size is greater at Point

C, reflecting a more critical situation. Inside the

fracture zone, i.e., Point A, the results of THM andHM

simulation are similar, indicating a more

stable condition.

3.3 Stress change due to reservoir loading

and quarry unloading

The impoundment of a large reservoir can change rock

stress around the reservoir, which could induce

earthquakes (Bell and Nut 1978; Simpson 1986; Yi

et al. 2012). Unloading stress from quarry unloading

could control the shallow fault slip (Yerkes et al. 1983;

Porsani et al. 2006). The effects of reservoir loading

and quarry unloading on the frictional strength are

shown in Fig. 7. In quarrying operation, the vertical

load is reduced. This may induce earthquakes in the

thrust fault environment (Fig. 7a). On the contrary,

reservoirs impound and blasting enhance the vertical

load, which may induce earthquake for the normal

fault (Fig. 7b).

3.4 Stress change in underground mines

Because of excavation of large volumes of rocks in

underground mines, stress change could result in

fracture initiation, propagation and fault slip close to

underground mines, which usually generate seismic

waves. Figure 8 shows four mining induced seismic-

ities and seismic waves (Horner and Hasegawa 1978)

and dynamical loading, i.e., seismic waves, could

result in fault slip far from underground mines. The

mechanisms of mining induced seismicity include the

sudden release of elastic strain energy in rock mass

due to stress concentration, and fault slip due to

mining-induced stress change including dynamic

loading as shown in Fig. 8.

4 Change in coefficient of friction

A detailed introduction of the behaviors of fault slip is

provided in this section, taking account of the

influence of the mineralogy, fluid pressure, tempera-

ture and sliding velocity, and a summary of the

corresponding results is presented. In addition, the

chemical effect of fluid on the rock strength is

described.

Fig. 6 Changes in effective stress at points placed 3 m away from the injection well at different depths. The solid line represents the

THM solution, the dashed line represents the HM solution, and the dotted line indicates the initial situation (De Simone et al. 2013)

123

178 Geomech. Geophys. Geo-energ. Geo-resour. (2019) 5:171–196



4.1 The rate and state friction law

Mohr–Coulomb failure criterion and effective stress

law were traditionally adopted to understand the

mechanisms of induced earthquakes, with which,

influences of fluid pressure, temperature or stress

change on fault reactivation could be well explained.

However, it is difficult for them to describe the whole

fault slip process and to address the question whether

seismic or aseismic slip happens after fault

reactivation.

Based on experimental studies of rock friction, a set

of constitutive equations, defined as the rate and state

friction laws, has been proposed (Dieterich 1978;

Ruina 1983):

l ¼ l0 þ a � ln V=V0ð Þ þ b � ln V0 � h=dcð Þ ð13Þ

dh
dt

¼ 1� h � V
dc

ð14aÞ

or

dh
dt

¼ �Vh
dc

ln
Vh
dc

� �
ð14bÞ

where l (coefficient of friction) is the shear stress

divided by the effective normal stress acting on the

fault, l0 is the coefficient of friction at a reference

velocity ðV0Þ, V is velocity, h is the state variable. The
characteristic or critical displacement dc is the sliding

distance at a constant V, through which the surface in

contact changes. a and b are parameters characterizing

the effect on fault slip, as illustrated in Fig. 9.

The friction at the steady state velocity is (Scholz

2002):

l ¼ l0 þ a� bð Þ � ln V=V0ð Þ ð15Þ

This law can provide a more comprehensive

interpretation of the phenomenon of the coefficient

of friction changing with slip velocity and other

factors, and decide whether seismic or aseismic slip is

induced by fluid pressure, temperature, or stress

change.

As shown in Fig. 9, if a - b[ 0, the fault is

velocity strengthening, i.e., the friction increases with

the slip velocity, and the fault slip is intrinsically

stable. In contrast, if a - b\ 0, the fault is velocity

weakening, which means the fault slip exhibits

conditional stable behavior or unstable characteristics,

depending on the elastic stiffness of the loading

system K and the critical fault stiffness Kc. Kc depends

on the effective normal stress and the frictional

parameters of the fault (Scuderi and Collettini 2016):

Fig. 7 The Mohr circles showing the fault slip attributed to stress change
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Kc ¼
b� að Þ � rn � Pð Þ

dc
ð16Þ

When K[Kc, the resistance to fault slip decreases

slower than the elastic unloading related to fault slip,

and the fault favors stable sliding, i.e., aseismic slip,

and vice versa. Equation (16) could further explain

fault slip with velocity-strengthening frictional behav-

ior.When a - b[ 0 i:e:Kc\0ð Þ, andK[ 0, the fault

keeps stable slip until new induced factors emerge.

Therefore, the frictional parameter (a - b) plays an

important role in the fault frictional stability. (a - b)

depends on the mineralogy, fluid pressure, tempera-

ture and sliding velocity (Ikari et al. 2007; Rutqvist

et al. 2008; Scuderi and Collettini 2016).

Fig. 8 Schematic diagram of four possible ways in mining induced seismicity. Purple arrows indicate mining induced force direction.

Red arrows and blue arrows indicate normalized far-field P-wave and S-wave, respectively (after Horner and Hasegawa 1978)

Fig. 9 Schematic diagram showing the parameters in the rate

and state friction laws and the frictional parameters (a - b)
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4.1.1 Effect of mineralogy on frictional parameter

(a - b)

There is a common assumption that the great majority

of earthquakes happen on the strong fault with large

coefficient of friction and the aseismic slip occurs on

the weak fault (Scholz 2002), with which, extensive

studies have been conducted (Shimamoto and Logan

1981; Morrow et al. 2000; Ikari et al.

2007, 2009, 2010; Niemeijer and Collettini 2013).

They suggested that the mineral of fault gouge

controls the frictional strength as well as fault slip.

These experiments revealed that (a - b) is attributed

to the fault strength, i.e., the initial coefficient of

friction.

Summarizing previous studies of friction of all

kinds of crystalline and quartzo-feldspathic rock,

Byerlee (1978) achieved the following fitting

equations:

s ¼ 50þ 0:6rn; rn [ 200MPa

s ¼ 0:85rn; rn � 200MPa
ð17Þ

The maximum coefficient of friction is constant,

i.e., l ¼ 0:6 (when rn [ 200MPa) and

l ¼ 0:85 rn � 200MPað Þ. The shear strength of faults

is usually proportional to the coefficient of friction.

Whereas, fault gouges containing phyllosilicate exhi-

bit notably lower coefficient of friction. In particular,

montmorillonite with high absorption performance in

water has a coefficient of friction of only 0.18 under

the normal stress of 20 MPa at room temperature

(Ikari et al. 2010). The coefficient of friction of

different kinds of gouges during steady sliding is

shown in Fig. 10a. Fault gouges composed of halite,

talc, montmorillonite and biotite exhibit low frictional

strength (l\0:4) (Byerlee 1978; Shimamoto and

Logan 1981; Ikari et al. 2010). In contrast, fault

gouges with rich silicate or carbonatite mineral

(quartz, westerly granite, orthoclase, calcite, dolomite

and limestone) have a large friction coefficient

(l[ 0:5) (Shimamoto and Logan 1981; Carpenter

et al. 2009; Ikari et al. 2010). The friction coefficient of

fault gouges composed of phyllosilicate is between

0.35 and 0.5 (Ikari et al. 2010).

Fault gouges are essential for fault slip. In specific,

fault slip depends on the initial coefficient of friction

which depends on fault gouges. Byerlee and Brace

(1968) found that fault gouges with rich strong

minerals exhibit more unstable sliding than those with

rich weak mineral. Summers and Byerlee (1977)

claimed fault gouges containing strong and brittle

minerals, e.g., quartz or feldspar, facilitate fault

unstable slip. Shimamoto and Logan (1981) conducted

experiments for monomineralic gouges and suggested

that Mohs’ hardness of a mineral plays an important

role on the analysis of fault slip. In term of mineralogy,

the fault with low strength has a trend of velocity-

strengthening and (a - b) increases with increasing

phyllosilicate content (Morrow et al. 2000; Moore

2004; Ikari et al. 2007; Carpenter et al. 2009; Tembe

et al. 2010; Boulton et al. 2012; Niemeijer and

Collettini 2013). Ikari et al. (2010) conducted a large

number of laboratory experiments and confirmed a

systematic relationship between friction strength and

the behavior of fault slip. Notably, the fault slip

evolves from velocity strengthening to velocity weak-

ening or keeps velocity strengthening with increasing

coefficient of friction (Fig. 10b). When l\0:5, the

fault exhibits aseismic slip. The fault gouge with

coefficient of friction greater than 0.5 exhibits seismic

slip or conditional stability. However, some gouges

composed of phyllosilicate (Serpentinite, 50%Kaolin-

ite 50% Quartz, Kaolinite) exhibit velocity weakening

and strain hardening under loading, which dramati-

cally improves the fault strength. An explanation of

mineralogy dependence of (a - b) is that the platy

characteristic of phyllosilicate mineral increases the

contact area, suppresses change of the contact area,

and hence decreases the value of b (the evolution

effect) (Ikari et al. 2010).

4.1.2 Effect of fluid pressure on frictional parameter

(a - b)

As mentioned in Sect. 2, increasing fluid pressure can

reactivate the fault and induce earthquake, i.e., fault

unstable slip, by reducing the effective normal stress

on the fault. This has been supported by the positive

correlation between fluid diffusion and the spatio-

temporal evaluation of induced earthquakes (Shapiro

et al. 2006, Shapiro and Dinske 2009). However,

recent studies implied that fluid pressure could also

result in aseismic slip, i.e., fault stable slip. Aseismic

slip events occur at a zone of high fluid pressure in the

subducting oceanic crust (Kodaira et al. 2004). The

fault slips aseismically on the fluid overpressure

domains, defined as high Vp=Vs zones (Moreno et al.
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2014). Guglielmi et al. (2015) proposed that fluid

injection stimulates aseismic slip and micro-earth-

quakes subsequently result from aseismic creep by

fluid injection test on a preexisting fault. Scuderi and

Collettini (2016) conducted laboratory experiments

and concluded that the pore fluid pressure controls the

fault slip and facilitates fault stable slip. De Barros

et al. (2016) asserted that the presence of fluid and

calcite gouges on the fault suppresses the unstable slip.

The fluid pressure gives rise to seismic slip as well as

aseismic slip.

However, how to interpret this obvious contradic-

tion is a challenging work. Many studies have been

performed to explain the role of fluid pressure on the

fault slip based on the rate and state friction law. Ikari

et al. (2007) found that (a - b) increases with water

content increasing from 0 to 20% at shear velocity

steps between 100 lm=s and 300 lm=s. Guglielmi

et al. (2015) injected fluid into a natural fault and

measured fault slip, and found that most slip exhibit

velocity strengthening with a� b ¼ 0:045.

There are two mechanisms for fluid pressure to

stimulate aseismic slip. One is Kc reduction derived

from increasing fluid. Equation (9) predicts that Kc

decreases with increasing fluid pressure, and the fault

favors stable slip (Scholz 1998). However, Scuderi

and Collettini (2016) suggested that the frictional

parameter (a - b) remains positive and decreases

with increasing fluid pressure, but exhibits velocity

neutral behavior in a near lithostatic fluid pressure

condition (shown in Fig. 11). The other mechanism is

that shear dilation inhibits seismicity (Yamashita

1999, Segall et al. 2010). Pore volume dilation occurs

with the fault slip (Marone et al. 1990). The perme-

ability of fault with clay rich gouges is low. When this

fault with fluid pressure is reactivated, the permeabil-

ity increases with pore volume dilation resulting from

fault slip. This can lead to the reduction of fluid

pressure and increase of the effective stress loading on

the fault, which can increase the frictional strength and

result in stable slip

4.1.3 Effect of temperature on frictional parameter

(a - b)

Temperature is an important factor that influences the

frictional strength and slip behaviors of faults. To

understand the mechanism of the effect of temperature

on the fault slip behavior, extensive laboratory exper-

iments have been conducted in different conditions

Fig. 10 Summaries of coefficient of friction. a The coefficient

of friction versus rock minerals. b The coefficient of friction

dependence of frictional parameter (a - b) adapted after Ikari

et al. (2009). The data are taken from Byerlee (1978) (Red),

Shimamoto and Logan (1981) (Yellow), Carpenter et al. (2009)

(Orange), Ikari et al. (2010) (Black), Tembe et al. (2010)

(Green), Boulton et al. (2012) (Pink), Niemeijer and Collettini

(2013) (Purple), and Kohli and Zoback (2013) (Gray)
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(Rutqvist et al. 2008; Verberne et al. 2010; Den Hartog

et al. 2012a, b; Niemeijer and Collettini 2013;

McClure and Horne 2014; Verberne et al. 2015; He

et al. 2016). Blanpied et al. (1995) suggested that the

friction coefficient is 0.7–0.8 below 250 �C and

decreases dramatically with increasing temperature

for wet granite, and predicted that the depth of

evolution from velocity strengthening to velocity

weakening is 13 km. He et al. (2006) conducted

experiment at elevated temperatures up to 615 �C and

inferred that fault gouges may exhibit velocity weak-

ening at above 420 �C and at least up to 615 �C. The
effect of temperature on the frictional strength and slip

behaviors of faults is summarized in Figs. 12 and 13.

The main mechanism for changing (a - b) may be

that the fault gouges evolve from semi-brittle/fric-

tional to plastic deformation behavior.

4.2 Chemical effects of fluid

4.2.1 Decrease of friction coefficient

Recent studies suggested that fluid can influence the

frictional strength as well as the slip behaviors of the

fault by changing coefficient of friction, as observed in

the field and laboratory tests (Moore 2004; Ikari et al.

2007; Okazaki et al. 2013; Kawai et al. 2015). Schulz

et al. (1983) suggested that creep events happening on

the San Andreas fault are related to rainfall which

softens the fault gouges, and these creep events are

smaller and occur earlier than those during the dry

season.

Laboratory experiments examining the influence of

fluid on the fault minerals have also been carried out

(Moore 2004; Ikari et al. 2007; Okazaki et al. 2013;

Kawai et al. 2015). The average coefficient of friction

of fault gouges under dry and wet condition is

summarized in Table 2. When fault gouges change

from dry to wet conditions, the decrease percentage of

l is shown in Fig. 14. The decrease percentage of the

friction coefficient of fault gouges composed of

Fig. 11 The frictional parameters (a - b) as a function of fluid pressure. (a - b) evolves from velocity strengthening to velocity

neutral behavior with increasing fluid pressure (Scuderi and Collettini 2016)

Fig. 12 Coefficient of friction at steady state as a function of

temperature. Data of limestone was obtained at a shear velocity

of 1:22lm=s (Verberne et al. 2010). Data of gabbro was

generated at the same shear velocity above (He et al. 2007). Data

of granite was generated at a shear velocity of 1:15lm=s
(Blanpied et al. 1995). Data of calcite was obtained using a shear

velocity of 1lm=s (Verberne et al. 2015). Data of sample

(calcite 42%, talc 53%, clay 2%) was generated at a shear

velocity 10lm=s (Niemeijer and Collettini 2013)
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montmorllonite (absorbing mineral) is as high as 93%,

because of the decrease of absorbing mineral strength

in saturate condition. In contrast, the non-absorbing

minerals, e.g., quartz, keep the frictional strength after

saturation. The different decreases in the friction

coefficient depend on absorbing mineral content in

fault gouges.

The reason for the frictional strength decreases of

fault gouges with absorbing minerals, e.g., montmor-

llonite and kaolinite, after saturation is that the surface

of sheet structure minerals attracts water molecules

and a thin film of water between two adjacent sheet

structure minerals determines the frictional strength

(Renard and Ortoleva 1997; Moore 2004). Sakuma

and Kawamura (2009) conducted molecular dynamics

simulations, and concluded that the frictional strength

decrease is because the sheet structure minerals absorb

more water molecules. The surface cations of absorb-

ing minerals influence the physical properties of the

thin film of water (Sakuma and Kawamura 2011).

Kawai et al. (2015) carried out frictional experiments

onmoscovite and explained the degree of the frictional

strength decrease in terms of the fluid chemistry of

NaCl or CsCl solutions, which directly certifies the

effect of absorbed water on the frictional strength.

Minerals with sheet structure and high water-

absorbing quality have been observed on the natural

faults (Vrolijk 1990; Uda et al. 2001; Kuo et al. 2009;

Kameda et al. 2011). Based on the above mechanisms,

faults with these minerals can easily be reactivated by

fluid pressure via two paths shown in Fig. 15. When

fluid infiltrates to these faults, e.g., fluid injection in

the oil and gas industry and pressure diffusion in

reservoir dams, these faults may be reactivated due to

the friction coefficient decrease. In addition, the

effective stress loading on the fault decreases with

increasing fluid pressure, which facilitates fault

reactivation.

4.2.2 Stress corrosion

Pore water can play a two-fold role in the earthquake

process, i.e., a mechanical effect as pore pressure and a

chemical effect as stress-aided corrosion. There is

evidence suggesting that pore water or pore pressure

diffuses along pre-existing fractures and bedding

Fig. 13 Frictional parameter (a - b) as a function of temper-

ature. a Fault slip behaviors change with the depth. b The

frictional parameter (a - b) vs temperature. Data of limestone

was obtained at shear velocity steps between 0:122 lm=s and
1:22lm=s (Verberne et al. 2010). Data of gabbro was generated
from the same shear velocity steps above (He et al. 2007). Data

of granite was generated from shear velocity steps between

0:115 lm=s and 1:15lm=s (Blanpied et al. 1995). Data of

calcite was obtained using the shear velocity steps between

0:1 lm=s and 0:3 lm=s (Verberne et al. 2015). Data of sample

(calcite 42%, talc 53%, clay 2%) was generated from shear

velocity steps between 0:3 lm=s and 1 lm=s (Niemeijer and

Collettini 2013)
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Fig. 14 Decrease percentage in friction coefficient when the

gouge changes from dry to saturated conditions. The data is

taken fromMorrow et al. (2000) (Orange), Moore (2004) (Blue),

Ikari et al. (2007) (Red), Okazaki et al. (2013) (Green), Kawai

et al. (2015) (Purple)

Table 2 Summary of the average coefficient of friction of fault gouges in dry and wet conditions

Fault gouges Coefficient of friction (dry) Coefficient of friction (wet) Decrease percentage

(%)

References

Lizardite 0.8 0.4 50 Moore (2004)

Talc 0.35 0.2 43

Kaolinite 0.85 0.5 41

Brucite 0.46 0.3 35

Gibbisite 0.74 0.5 32

Chlorite 0.68 0.48 29

Margarite 0.82 0.6 27

Biotite 0.46 0.35 24

Clintonite 00.72 0.65 10

50%Mont.50%

Quartz

0.57 0.21 63 Ikari et al. (2007)

Montmorllonite 0.41 0.03 93

Serpentine 0.66 0.51 23 Okazaki et al. (2013)

Muscovite 0.28 0.2 29 Kawai et al. (2015)
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planes, etc. (Witherspoon and Gale 1977), and can

attribute to new crack propagation through stress

corrosion (Anderson and Grew 1977). For example,

injecting non-native fluids into the formation may

cause geochemical alteration of fracture surfaces, thus

changing the coefficient of friction on those surfaces.

In the case of reduced friction, smaller seismic events

would be more likely to occur (Ernest et al. 2007).

In the case of silicate rocks with water as the

corrosive agent, the following stress corrosion reac-

tion is implied (Nara et al. 2011):

Si�O�Si½ � þ H2O ! 2 SiOH½ � ð18Þ

This stress corrosion reaction corresponds to a

chemical attack through a hydrolysis reaction of the

strong siloxane [Si–O–Si] bonds at crack tips. The

reaction induces bond rupture and the formation of

terminal silanol [SiOH] groups with weaker bonds.

This chemical reaction is facilitated by high tensile

stresses at crack tips. Activation energy barriers are

modified by mechanical stress levels, thus influencing

chemical reaction rates in solids (Lawn 1993). Sub-

critical crack growth in different conditions is sum-

marized in Table 3. As shown in Table 3, stress

corrosion cracking is enhanced by the presence of

water as well as temperature, because water or

temperature changes the activation energy of the

chemical reaction (Scholz 1972; Nara et al. 2011).

5 Statistics

Tables 4, 5 and 6 summarize induced earthquakes

related to human activities. Well-documented exam-

ples of earthquake activity induced by fluid injection

and extraction include earthquakes induced by waste

injection in Oklahoma, USA (Keranen et al. 2013),

Youngstown, USA (Kim 2013); secondary recovery of

oil in Colorado, USA (Raleigh et al. 1972), West

Texas, USA (Davis 1985), western Alberta, Canada

(Milne 1970) and southwestern Ontario, Canada

(Mereu et al. 1986); solution mining for salt in

western New York, USA (Fletcher and Sykes 1977);

and fluid stimulation in EGS in New Mexico, USA

(Pearson 1981), Soultz-sous-Forêts, France (Cuenot

et al. 2008, 2011) and Basel, Switzerland (Deichmann

and Giardini 2009). The maximum magnitude of

reservoir induced earthquakes, e.g., Hsinfengkiang,

China in 1962, Kariba, Zambia–Zimbabwe Border in

1963, Kremasta, Greece in 1966 and Koyna, India in

1967, exceeds M 6, which is greater than earthquakes

induced by fluid injection and extraction or mining.

Figure 16a shows earthquake magnitude vs fre-

quency of reported examples of injection induced

seismicity whose magnitudes range from 1.0 to 5.7.

Figure 16b shows the maximum observed magnitudes

for different sources of seismicity. Figure 16 reveals

that among all injection induced earthquakes, the

greatest one (ML 5.7) results from wastewater

disposal. This is because the injection depth of waste

water is much greater than other well operations such

as production reservoirs, due to needs for permanent

sequestration and isolation from oil/gas reservoirs and

drinking-water aquifers (Rubinstein and Mahani

2015). The magnitude of fluid-injection-induced

earthquakes is also found to be dependent on the net

volume of injected fluid (McGarr 2014). In addition,

rates of injection has influence on the size of induced

seismicity (Weingarten et al. 2015).

6 Summary

This review is intended to review the induced earth-

quakes caused by human activities, i.e., fluid injection

and extraction, reservoir impoundment and mining/

rock removal, and to analyze and classify their

mechanisms from a view of rock mechanics. Three

fundamental mechanisms of induced earthquakes, i.e.,

Fig. 15 Schematic representation of fault reactivation. Path A:

Induced earthquakes attributed to the decreasing effective

normal stress with increasing fluid pressure. Path B: Induced

earthquakes due to the decrease coefficient of friction in

saturated gouges with rich phyllosilicate. The critical condition

is that the Mohr’s envelope is tangent to the frictional slope of

faults (Jaeger and Cook 1979)
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pore pressure increase, stress change and change in

coefficient of friction, are summarized in details. This

section presents concluding remarks and potential

means and scopes to investigate the mechanism of

induced earthquakes.

Induced earthquake occurs when the mechanical

state of the seismogenic crust is sufficiently perturbed

to cause the fault to failure. As indicated in Eq. (10),

failure can occur because of the increase of shear stress

loading on the fault, the reduction of fault strength due

to a decrease in the normal stress, the decrease of

coefficient of friction or the increase in the pore

pressure.

Induced earthquakes are classified into three cate-

gories, i.e., reservoir induced earthquakes, mining

induced earthquakes and fluid injection/extraction

induced earthquakes. The reasons and mechanisms

for those induced earthquakes are illustrated in

Fig. 17. Reservoir induced earthquakes mainly result

from stress change and pore pressure change. Mining

induced earthquakes are mostly attributed to stress

change, i.e., mechanical unloading. The main cause of

fluid injection induced earthquakes is pore pressure

change. The change of coefficient of friction is usually

too small to induce instable slip.

The HM coupling (Fig. 18) is widely applied in the

study of hydraulic fracturing and reservoir induced

earthquakes. Although factors influencing the hydrau-

lic–mechanical coupling, i.e., effective normal stress,

fracture normal and shear deformation, shear strength

and fracture flow, are considered, it is still not

completely clear how induced earthquakes are corre-

lated with HF coupling.

Table 3 Summary of subcritical crack growth in different conditions

Sample Condition KI 10�5
� �

MN=m
3
2

� �
V (m/s) References

Inada granite Dry 1.2 \10�8 Kodama et al. (2003)

Water 0 �C 1.2 1:0� 10�7

Water 40 �C 1.2 1:0� 10�4

Water 80 �C 1.2 1:0� 10�3

Murata basalt In air 1 1:0� 10�15 Sano and Kudo (1992)

In water PH = 7 1 1:0� 10�11

In water PH = 3 1 1:0� 10�13

In water PH = 11 1 1:0� 10�9:8

Oshima granite In air 1 1:0� 10�11

In water PH = 7 1 1:0� 10�10:4

In water PH = 3 1 1:0� 10�10:9

In water PH = 11 1 1:0� 10�7:6

Berea sandstone Humidity (18	 27% ) 20 �C 0.32 1:3� 10�7 Nara et al. (2011)

Humidity (54–56%) 20 �C 0.27 1:9� 10�3

Humidity (89–92%) 20 �C 0.26 7:2� 10�2

Berea sandstone Humidity (54–56%) 20 �C 0.27 3:0� 10�6

Humidity (53% ) 56 �C 0.26 5:0� 10�5

Humidity (51–54%) 77 �C 0.27 1:5� 10�5

Peridotite Air 20 �C 0.95 10�3:6 Hao et al. (2015)

Water 20 �C 0.95 10�1:6

Lherzolite Air 20 �C 0.25 10�3

Water 20 �C 0.25 10�1:6

Amphibolite Air 20 �C 0.13 10�3:9

Water 20 �C 0.13 10�0:6
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Table 4 Acknowledged cases of induced earthquake associated with well operations

Location Injection

volume (m3)

Injection

rate (L/s)

Well

depth

(m)

Injection

pressure

(MPa)

Date of

earthquake

(Ml)max

(Ml)max Type

Oklahoma USA 06-Nov-2011 5.7 Waste disposal

Rocky Mountain Arsenal,

Colorado USA

620,000 7.97 3700 41.5 1967 5.5 Waste disposal

Western Alberta, Canada 8-Mar-1970 5.1 Secondary

recovery

East Texas USA 17-May-2012 4.9 Waste disposal

Fashing, Texas USA 10-Oct-2011 4.8 Gas withdraw

Cogdell Canyon Reef Oil

Field, West Texas

2265 21.7 Jun-1978 4.7 Secondary

recovery

Arkansas USA 27-Feb-2011 4.7 Waste disposal

The Geysers field in

Northern California

USA

347.22 3000 1982 4.6 Geothermal

Berlin, El Salvador 300,000 16-Sep-2003 4.4 Geothermal

Permian Basin West Texas

Oil Fields

3700 7 1964–1976 4.4 Secondary

recovery

Snyder, Texas USA 11-Sep-2011 4.4 Secondary

recovery

Youngstown Ohio USA 31-Dec-2011 4 Waste disposal

Atascosa County, South

Texas

3400 7.1 Mar-1984 3.9

Cooper Basin, Australia 20,000 48 4421 14-Nov-2003 3.7 Geothermal

Ashtabula, Ohio 1845 1987 3.6 Waste disposal

Basel Deep Heat Mining

project, Switzerland

11,566 62.5 29.6 8-Dec-2006 3.4 Geothermal

Rangely, Colorado USA 9,700,000 1900 27.5 1962–1975 3.1 Secondary

recovery

Soultz-sous-For̂ets, France 40,000 80 5260 10-Jun-2003 2.9 Geothermal

Sleepy Hollow Oil Field,

Nebraska

1170 14.2 1979–1980 2.9 Secondary

recovery

Southwestern Ontario,

Canada

884 Dec-1979 2.8 Secondary

recovery

Calhio, Perry, Ohio 1810 11.4 1983–1987 2.7 Waste disposal

Landau, Germany 70 3000 6 2007 2.7 Geothermal

Hellisheidi Iceland 50 2500 1.7 2003 2.4 Geothermal

the Preese Hall well, near

Blackpool UK

2245 2663 2011 2.3 Secondary

recovery

Rosemanowes UK 33 2500 11 1987 2 Geothermal

Bad Urach, Germany 50 4300 34 2002 1.8 Geothermal

KTBborehole, Germany 9 9100 55 1994 1.2 Geothermal

Attica-Dale, New York

USA

426 5.5 1971–1977 1 Solution mining

Krafla Iceland 45 2000 0.1 Apr-2002 B 2 Geothermal

Fenton Hill, New Mexico 7600 26.67 2930 1979 \ 1 hydraulic

fracturing

experiment
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As shown in Fig. 19, mining induced earthquake is

usually defined as the mechanical behaviors of rock;

hydraulic fracturing and reservoir induced

earthquakes are affected by fluid and mechanics; and

the mechanisms of geothermal induced earthquake

involve the THM coupling where a number of factors,

Table 5 Acknowledged cases of artificial water reservoir induced earthquakes

Name of the

dam

Country Height of

dam (m)

Reservoir volume

(106m3)

Year of

impounding

ML

(max)

Year of largest

earthquake

References

Koyna India 103 2780 1962 6.3 1967 1, 2, 3

Kariba Zamba–

Zimbabwe

128 175,000 1958 6.2 1963 1

Kremasta Greece 160 4750 1965 6.2 1966 1

Hsinfengkiang China (PRC) 105 139,896 1959 6.1 1962 1

Srinagari Thailand 140 11,750 1977 5.9 1983 4

Oroville USA 236 4400 1967 5.7 1975 5

Marathon Greece 67 41 1929 5.7 1938 5

Aswan Egypt 111 164,000 1964 5.6 1981 5

Eucumbene Australia 116 4761 1957 5 1959 5

Bhatsa India 88 947 1981 4.9 1983 6

Kerr USA 60 1505 1958 4.9 1971 7

Monteynard France 155 275 1962 4.9 1963 8, 9

Shenwo China 50 540 1972 4.8 1974 10

Canelles Spain 150 678 1960 4.7 1964 8, 9

Danjiangkou China 97 16,000 1967 4.7 1973 10

Dahua China 74.5 420 1982 4.5 1993 11

Vouglans France 130 605 1968 4.4 1971 8, 9

Clark Hill USA 60 3517 1952 4.3 1974 12

Camarillas Spain 49 37 1960 4.1 1964 8, 9

Manicouagan Canada 108 10,423 1975 4.1 1975 5

Dhamni India 59 285 1983 3.8 1994 13

Shengjiaxia China 35 4 1980 3.6 1986 14

Talbingo Australia 162 935 1971 3.5 1973 15, 16

Lubuge China 103 110 1988 3.4 1988 17

Jocasse USA 107 1431 1971 3.2 1975 18

Shuikou China 101 2350 1993 3.2 1994 14

Zhelin China 62 7170 1972 3.2 1972 10

Contra Switzerland 220 86 1963 3 1965 8, 9

Kamafusa Japan 47 45 1970 3 1970 19

Tongjiezi China 74 30 1992 2.9 1992 20

Hunanzhen China 129 2060 1979 2.8 1979 21

Monticello USA 129 500 1977 2.8 1979 12, 18

Nanchong China 45 15 1969 2.8 1970 10

Huangshi China 40 610 1970 2.3 1974 10

1. Gupta and Rastogi (1976), 2. Gupta and Combs (1976), 3. Gupta (1983), 4.Chung and Liu (1992), 5. Packer et al. (1979), 6.

Rastogi et al. (1986), 7. Simpson (1976), 8. Rothe (1970, 1973), 9. Bozovic (1974), 10. Oike and Ishikawa (1983), 11. Guang (1995),

12. Talwani (1976), 13. Rastogi et al. (1997), 14. Hu et al. (1996), 15. Soboleva and Mamadaliev (1976), 16. Muirhead et al. (1973),

17. Jiang and Wei (1995), 18. Talwani et al. (1980), 19. Suzuki (1975), 20. Guo (1994), 21. Hu et al. (1986)
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e.g., porosity, permeability, poro-elasticity, density,

viscosity, heat transport, friction heating and thermal

expansion, need to be considered.

Although we have had a preliminary understanding

about the mechanisms of induced earthquakes, more

than one parameter, e.g., stress, temperature and pore

pressure, may be involved, and those parameters may

be coupled. Because of the complexity, it is necessary

to adopt appropriate means and carry out further study

to better understand induced earthquakes subjected to

thermal, hydraulic and mechanical loadings.

Many factors, e.g., fluid, mineralogy and temper-

ature, control the fault slip behaviors and may

facilitate aseismic slip. However, there have been

seismic slips occurring on or adjacent to the fault

reactivated and exhibiting stable sliding (Wei et al.

2015; Guglielmi et al. 2015). There are two mecha-

nisms for evolution from stable to unstable slip. One is

Table 6 Acknowledged cases of mining induced earthquake

Mine Time when seismic problem

initiated

Depth

(m)

Max magnitude

(ML)max

Occurrence time of

(ML)max

Newcastle coal mine Australia 5.6 1989

Völkershausen German 900 5.4 1989

Klerksdorp Gold mine, South Africa 5.3 2005

Welkom Gold mine, South Africa 5.2 1976

Klerksdorp District gold mine, South

Africa

3000 5.2 1986

Wyoming Trona Mines USA 5.1 1995

Klerksdorp Gold mine, South Africa 4.9 2004

Zigong Salt Mine, China 4.6 1985

Lubin copper basin, Poland 1972 600 4.5 1977

Taiji coalmine, China 1970 550 4.3 2004

Chayuan coalmine, China 4.3 1987

Taiji coalmine, China 1947 200 4.2 1994

Huachu coalmine, China 4.1 1982

Carletonville gold mine, South Africa 4000 4

Saarland coal mine, Germany 4 2008

East Rand Proprietary gold mine 3000 3.8

Nanshan coalmine, China 1981 347 3.7 2001

Laohutai coalmine, China 1955 300 3.7 1978

Saskatchewan Potash Mine, Canada 1000 3.6 1985

Taozhuang coalmine, China 1976 450 3.6 1982

North Staffordshire Coal Field,

England

1000 3.5

Staffordshire coal mine, Britain 1000 3.5

Sanhejian coalmine, China 1991 545 3.4 2003

Grangesberg Mines, Central Sweden 550 3.2 1974

Esterhazy Cory potash mine, Canada 7100 3.1

Sunnyaide coalj mining district, USA 3000 2.8

Shengli coalmine, China 1933 300 2.8 1978

Utah coal mine, USA 2.2 2000
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that the fault stable slipmay transfer to unstable sliding

if the stress, fluid pressure and temperature etc. change

suddenly and dramatically. The other one is that

induced earthquakes may result from static stress

transfer produced by aseismic slip. Therefore, it is

complicated to analyze the fault slip considering the

combination of these above factors. At present,

researchers pay many attentions to the whole process,

i.e., the evolution from stable to unstable slip, of

induced earthquakes to understand and evaluate

induced earthquakes (Guglielmi et al. 2015; Scuderi

and Collettini 2016; De Barros et al. 2016). Addition-

ally, a new scheme named ‘‘cyclic hydraulic fractur-

ing’’ was introduced in order to reduce induced

seismicity (Zang et al. 2013). Based on the new

scheme, some laboratory studies considering injection

rate and rock characteristics were conducted (Zhuang

et al. 2016, 2018). However, this new scheme could

effectively control induced seismicity only in the stage

of laboratory test and numerical analysis. To achieve

these goals, further field tests, e.g., injection tests, and

laboratory experiments, e.g., biaxial tests and triaxial

tests, are, therefore, recommended in the future.

Fig. 17 Schematic diagram illustrating the major mechanisms

of the reservoir, mining and fluid injection induced earthquakes

Fig. 16 Summaries of induced earthquakes. a Frequency vs magnitude for reported examples of injection induced seismicity.

b Maximum observed magnitudes for different sources of seismicity. The data are taken from Tables 4, 5 and 6
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