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Abstract 

This study provides a deep understanding of the complex interaction between 

thermo-hydro-mechanical behaviours and earthquake rupture process in 

injection induced earthquake areas with a coupled numerical model. The 

physics based numerical modelling specially designed for injection induced 

seismicity integrates fluid flow, heat transfer, mechanical deformation and 

seismic rupture sequences. The applicability of the hydro-mechanical and 

thermo-hydro-mechanical coupled earthquake sequence numerical models is 

examined with a variety of scenarios which vary injection rate, fault strike 

direction and injection fluid temperature. The simulation results demonstrate 

the effect of each parameter on the injection induced micro-earthquake activity.   

As a case study of applying the developed seismic sequence model, focal 

mechanism research and earthquake cluster analysis reveal the characteristics 

of the Wairakei fracture geometries. The seismogenic hydraulic and mechanical 

properties of the Karapiti formations and fractures are also identified using a 

triggering front method and the Karapiti 1D P-wave velocity model analysis. 

The hydro-mechanical coupled seismicity rate prediction model is finally 

applied to the Karapiti re-injection area to investigate the relationship between 

the injection well operation and injection induced micro-seismicity sequences. 

The reproduced spatiotemporal seismicity rate is in broad agreement with the 

observed earthquakes in the Karapiti active seismic zone. 
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 Chapter 1 

Introduction 

Public interest in geothermal energy, which is one of the well-known renewable 

energy resources, has significantly increased over the last half century because 

of depletion of fossil fuels, reduction of greenhouse gas emission, and high 

energy demand. The main advantage of using geothermal energy is leaving a 

minimal environmental footprint and offering base-load energy which is 

independent from climatic conditions. However, development and exploration 

of geothermal energy can have serious anthropogenic effects, for instance, 

subsidence and induced seismicity. In recent time, due to the occurrence of 

large magnitude injection induced earthquakes in enhanced geothermal system 

(EGS) projects such as at Basel and Pohang, induced seismicity has become a 

major scientific and social issue in the geothermal field.  

 1.1  Induced seismicity in geothermal field 

McGarr et al. (2002) distinguished between “induced seismicity” and “triggered 

seismicity.” Induced seismicity results from anthropogenic stress changes in 

the reservoir which are the same order of the ambient stress, whereas the 

triggered seismicity is caused by a small fraction of the ambient stress.  
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A number of induced seismicity cases have been recorded at a variety of  

industrial operations including water impoundment (Leith et al., 1981; 

Simpson and Negmatullaev, 1981; Gupta, 2002; Klose, 2012), Groundwater 

extraction (McGarr, A., 1991; González et al., 2012; Amos et al., 2014; Kundu et 

al., 2015), mine excavations (Miller et al., 1998a; Rudajev and Šílený, 1985), 

hydrocarbon production (Simpson and Leith, 1985; Suckale, 2010), geothermal 

production (Batini et al., 1985; Foulger, GR, 1988a; Foulger, GR, 1988b; Miller 

et al., 1998b; Simiyu and Keller, 2000; Keiding et al., 2010), wastewater 

disposal (Lei et al., 2008; Ellsworth, 2013; McGarr, Arthur, 2014; Yeck et al., 

2014; Walsh and Zoback, 2015), enhanced geothermal system (Baisch et al., 

2009; Kaieda et al., 2010; Calò et al., 2014), geothermal reinjection (Julian et 

al., 2004; Monastero et al., 2005; Julian et al., 2007; Majer et al., 2007), carbon 

capture and storage (CCS) (Verdon et al., 2013; Huaman and Jun, 2014; Kaven 

et al., 2015). 

As mentioned above, the major cases of the induced seismicity in the 

geothermal field incorporate geothermal production, reinjection and hydraulic 

fracturing. In the geothermal production areas, a couple of large magnitude 

earthquakes resulting from reservoir compaction were recorded at the Imperial 

Valley (1979, M 6.1), and Cerro Prieto (1987, M 5.4). In order to maintain the 

reservoir pressure, geothermal fluid is often re-injected into the exploited 

reservoir. This process could lead to injection induced earthquakes and the 

Geysers and the Coso geothermal field are the most remarkable cases of 

injection induced earthquakes. As an unconventional geothermal development, 

hydraulic fracturing has become a key technique in enhanced geothermal 

systems which require permeability enhancement with hydraulic stimulation. 

In such a case, the injection induced seismicity simultaneously responds to the 

volume of the injection rate. Hydraulic fracturing involves a high risk of strong 

seismic motion. The most notable sites are Basel in Switzerland (2006, M 3.1) 

and Pohang in Korea (2017, M 5.5). Both the projects were cancelled. 
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 1.2   Mechanisms of the injection induced seismicity 

The research on injection induced seismicity has been well established in many 

geothermal areas and in EGS development. In most reinjection areas, 

thousands of weak earthquakes occur every year. The magnitudes of the events 

are mostly less than M 2.0 which is too weak to perceive, or feel, and hardly 

bring severe damage to facilities and structures. However, the magnitude could 

sometimes reach up to M 5.5 (Foulger, Gillian R. et al., 2018). The mechanisms 

of injection induced seismicity have been reported to explain the seismic 

activity and those are reviewed in the following section. 

 Pore-pressure change 1.2.1 

Effective normal stress decrease on a fault plane associated with pore pressure 

increase could lead to a reduction in the static friction coefficient and 

consequently, a seismic slip is activated under a deviatoric stress field. With a 

very low level of pore pressure increase, the injection induced seismicity could 

be triggered if the fracture orientation is favourable to a seismic rupture. In 

most geothermal areas, fluid injection is one of the clear mechanisms of the 

injection induced seismicity. Fluid injection at higher pressures may surpass 

the effective principle stresses, and produce new faults in the reservoir. 

  Temperature drop 1.2.2 

Cold fluid injection into geothermal reservoirs may lead to compaction of 

fracture surfaces by thermo-elastic strain process. The tiny fracture opening 

could result in a static friction decease, and could cause a slip along the 

fracture which is in a critically stressed condition. In addition, the interaction 

between cold water injection and hot reservoir temperature can also generate 

seismicity due to thermal contraction. 
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  Volume change due to production/injection of fluid 1.2.3 

During production or injection of geothermal fluids, the reservoir rock can be 

deformed or pressurized. These reservoir volume changes are directly linked to 

the local stress changes which could bring earthquake ruptures. 

  Chemical alteration of fracture planes 1.2.4 

Injecting fluid from different sources into the geothermal reservoir may lead to 

geochemical alteration of fracture planes resulting in variation of friction 

coefficient on the planes. If the friction coefficient decreases on the fault planes, 

injection induced seismicity could occur more often. 

 1.3  Numerical models of injection induced seismicity 

In the last decade, to forecast injection induced seismicity, advanced models 

have been significantly developed based on either seismic catalogues or 

physical processes (Gaucher et al., 2015). Recently, due to the enhancement of 

computer capacities, many seismic prediction numerical models are capable of 

resolving fully coupled hydromechanical or thermohydromechanical behaviours 

in 2D or 3D. This section presents some notable numerical simulators suitable 

for injection induced seismicity  

Rutqvist (2011) developed TOUGH2- FLAC3D coupling simulator as a multi-

purpose model extending CO2 storage, nuclear waste repositories and 

multiphase geothermal reservoir. This model is capable of solving 

thermoporomechanical process in 2D or 3D based on the finite different method. 

Slip behaviour is evaluated through the Mohr-Coulomb failure criterion. 

Yoon et al. (2012) used the discrete fracture network, DFN model to simulate 

dynamic fracture generation and frictional failure. Tensile and shear failure 

simulation is possible with this model according to the Mohr-Coulomb failure 
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criterion. Fracture breakdown pressure is calculated by the Haimson-Fairhurst 

equation. This model is able to produce a synthetic catalogue of injection 

induced earthquakes with hypocentre and magnitude as well as the type of the 

event failure (Gaucher et al., 2015). 

McClure (2012), Norbeck (2016) introduced a hydraulic fracturing simulator, 

CFRAC resolving deformation, pore pressure and stresses induced by opening 

and shearing along individual fractures with discrete fracture network, DFN 

approach. Since the model is hydraulic stimulation oriented, the matrix 

permeability is very low and injected fluid migrates through the fracture 

network according to the cubic law. The fracture slip is determined by the rate 

and state law.  

Segall and Lu (2015) developed a poro-elastic coupled seismicity rate prediction 

model based on a modified rate and state model. This model computes pore 

pressure and stress changes on a pre-existing fault plane induced by fluid 

injection. The temporal seismicity rate is estimated by the Coulomb stressing 

rate, a combination of effective normal stress and shear stress changes.  

Cueto‐Felgueroso et al. (2017) introduced the hydromechanical fully coupled 

rate and state model based on the finite element method. This model calculates 

pore pressure, normal and shear stresses, and slip velocity. Once the slip 

velocity exceeds a reference velocity induced by pore pressure increase, the 

friction coefficient begins to decrease according to the rate and state theory 

governed by the aging law. The model is able to capture a whole coseismic 

rupture cycle. 

 1.4  Outline of the thesis 

The mechanisms of injection induced seismicity are well established, as 

reviewed above. However, in reality, due to the complex interaction of muti-

physics and insufficient physical properties of geothermal fields, it is difficult to 



1 

 
6 

 

explain the relationship between thermo-poro-elastic behaviours in the 

subsurface and injection induced seismicity. This work, therefore, focuses on a 

deep understanding of the complex interaction between thermo-hydro-

mechanical behaviours and earthquake rupture processes in injection induced 

earthquake areas with coupled numerical models. The micro-seismicity events 

recorded in Karapiti re-injection filed, Wairakei, New Zealand is investigated 

with a seismicity prediction rate model developed in this study, and the major 

factor of the events is revealed. The structures of this thesis are briefly 

reviewed below. 

Chapter 2 describes the numerical formulations of fully coupled models, hydro-

mechanical (HM) and thermo-hydro-mechanical (THM), and two different types 

of earthquake sequence models which are the rate and state model and the 

seismicity rate prediction model are introduced. In addition, the formulations 

of two way coupling parameters are expressed. 

In Chapter 3, the first seismic sequence simulator, rate and state model is 

developed and then combined with HM or THM models. The models are 

examined in a variety of injection induced seismicity scenarios – fault 

geometries and injection fluid temperature. The results of the rate and state 

model show the applicability of the model to coseismic rupture process and 

multi-seismic event simulations. Furthermore, it is able to forecast earthquake 

locations and magnitudes. However, this model consumes way overlong 

computational time due to the stress propagation on the fault plane during a 

fault slip and hens rate and state model settings should be simple. 

In Chapter 4, to overcome the drawback of the rate and state seismic model, an 

upgrade seismic simulator, seismicity rate prediction model is established and 

then integrated with HM or THM models. This model does not calculate the 

state variable which is one of the major variables in the rate and state model 

(eq. 2-21) which saves the huge amount of the total computational time. It 
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allows more realistic geological model settings and multi fractures. However, it 

is not able to estimate the event magnitude of each earthquake. With HM 

coupled multi-layered seismicity rate models, this study identifies the injection 

rate effects and fault permeable effects on the temporal earthquake sequence. 

In addition, injection temperature effects are also investigated using THM 

coupled multi-layered seismicity rate model. 

As a case study, this research carries out HM coupled Karapiti injection 

induced earthquake simulation with the advantage of the seismicity rate 

prediction model introduced in Chapter 4. As with common fracture 

mechanisms, pre-existing fracture zones are the most sensitive part to the 

injection induced shear slip. Chapter 5 therefore, performs focal mechanism 

solution and cluster analysis to characterize the Wairakei fault geometries and 

the regional stress field from the Wairakei induced microseismicity catalogue. 

Since measured in-situ hydraulic or local stress data sets in Karapiti area do 

not exist, Chapter 6 estimates the seismogenic hydraulic properties of the 

Karapiti formations and fractures using a triggering front method, and the 

thermal effect is considered on the property values with measured thermal 

gradients in Karapiti geothermal field. In addition, mechanical properties of 

the Karapiti formations are calculated by the 1D P-wave velocity model.  

In Chapter 7, HM coupled injection induced seismicity rate model is finally 

applied to the Karapiti injection area with estimated input parameters 

obtained from Chapter 5 and Chapter 6. The observed spatiotemporal injection 

induced seismicity is compared to the simulated seismicity rate and the 

Coulomb stressing rate maps. The primary factors for the seismic events are 

discussed. 

Lastly, Chapter 8 summarizes the key findings of this research and presents 

suggestions for reducing injection induced anthropogenic disasters in 

geothermal fields. 
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 Chapter 2 

Thermo-Hydro-Mechanical Coupled 

Numerical Model Formulation for 

Injection Induced Earthquake 

Sequence 

 2.1  Introduction 

Injection induced seismicity is a complex multi-physics process which includes 

fluid flow, heat transfer, mechanical deformation and earthquake rupture. It 

would be impossible to observe this behavior directly because the phenomenon 

occurs in the deep subsurface. Even direct measurements are only available at 

limited areas such as drilled wells using well logging and core samples. 

Microseismicity and well test mapping can provide spatial information 

indirectly but require a number of assumptions to simplify data analysis. With 

this incomplete and imperfect information, it might be difficult to understand 

the complex interactions. 

As an alternative approach, physics-based coupled numerical models have been 

applied to the injection induced seismicity fields (McClure, Mark W. and Horne, 
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2011; Rutqvist et al., 2013; Yoon et al., 2015; Norbeck, JH and Rubinstein, 

2018). Despite insufficient input parameters, numerical simulations would be 

able to reproduce the thermohydromechanical behaviours through acceptable 

assumptions. The number of numerical models that developed with different 

computational methods, therefore, has been used as a very useful tool to 

understand the complex system of injection induced seismicity. 

This study developed hydromechanical and thermohydromechanical fully 

coupled injection induced seismicity models integrated with two different types 

of earthquake sequence models which are the rate and state friction model and 

the seismicity rate prediction model. This chapter presents the details of the 

mathematical formulations for the fully coupled interactions of fluid flow, heat 

transfer, solid mechanics and earthquake sequence. 

 2.2  Thermo-hydro-mechanical coupling model 

 Mass conservation equation 2.2.1 

Single phase fluid flow in a homogenous and isotropic porous media with 

injection or production is governed by mass conservation and Darcy’s law 

(Darcy, 1856), 

 𝜕
𝜕𝑡

𝜌 𝜑 ∇ ∙ 𝜌 ∙ 𝑢 𝑄 (2-1) 

where 𝑡 is time, 𝜌  is the density of fluid, 𝜑 is the porosity of porous media, 𝑄 is 

a sink or source of fluid mass and 𝑢 is Darcy’s velocity vector expressed by, 

 
𝑢

𝑘
𝜂

∇𝑃 𝜌 𝑔∇𝑧  (2-2) 

where 𝑘  is the intrinsic permeability, 𝜂  is fluid viscosity, 𝑃  is pore fluid 

pressure, 𝑔 is gravity, and 𝑧 is depth. 
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In a confined aquifer, the fluid equation of transient storage model is written 

as 

 𝜕
𝜕𝑡

𝜌 𝜑 𝜌 𝑆
𝜕𝑃
𝜕𝑡

 (2-3) 

where 𝑆 is the storage coefficient as a function of porosity, Biot’s coefficient 𝛼, 

fluid bulk-modulus 𝐾  and solid bulk-modulus 𝐾 . 

 S
𝜑
𝐾

𝛼 𝜑
1 𝛼

𝐾
 (2-4) 

Substituting Eqs. (2-1) and (2-2) into Eq. (2-4), the diffusion equation is 

obtained as follows, 

 
𝜌 𝑆

𝜕𝑃
𝜕𝑡

∇ ∙ 𝜌
𝑘
𝜂

∇𝑃 𝜌 𝑔∇𝑧 𝜌 𝛼
𝜕𝜀

𝜕𝑡
 (2-5) 

where 𝜀  is volumetric strain which is a coupling variable between fluid flow 

and geo-mechanics. 

 Thermal energy conservation equation 2.2.2 

Based on heat convection and conduction, heat transport equation in a 

homogeneous system with heat source or sink can be defined by Fourier’s law 

as follows, 

 
𝜌 𝐶

𝜕𝑇
𝜕𝑡

𝜌 𝐶 𝑢 ∙ ∇T ∇ ∙ 𝑘 ∇T 𝑄  (2-6) 

where 𝐶  is heat capacity of fluid at constant pressure, 𝑇 is temperature, and 

𝑄  is the heat source or sink. The equivalent volumetric heat capacity 𝜌 𝐶  

is expressed as 

 𝜌 𝐶 1 𝜑 𝜌 𝐶 , 𝜑𝜌 𝐶 (2-7) 
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where 𝜌  is the dry density of porous media and 𝐶 ,  is the heat capacity of dry 

porous media at constant pressure. The equivalent thermal conductivity of 

porous media 𝑘  is described as follows, 

 𝑘 1 𝜑 𝑘 𝜑𝑘 (2-8) 

where 𝑘  is the thermal conductivity of dry porous media and 𝑘  is the thermal 

conductivity of fluid. 

 Momentum conservation equation 2.2.3 

Linear stress-strain constitutive behavior is governed by the Hooke’s law, 

 σ 𝐶 𝜀 𝜀 𝛼𝑃 𝐼 (2-9) 

where σ is stress tensor, 𝐶  is drained elasticity matrix and 𝐼  is an identity 

matrix. The strain tensor ε can be assumed infinitesimal, 

 
ε

1
2

∇𝑢 ∇𝑢  (2-10)

Thermal strain 𝜀  is described by the thermal expansion coefficient 𝛼 and 

temperature difference from initial temperature 𝑇 𝑇 , 

 𝜀 𝛼 𝑇 𝑇  (2-11)

The second constitutive equation in a poroelastic model is an increment in fluid 

content 𝜉 relating to volumetric strain, 

 𝑃 𝑀 𝜉 𝛼𝜀 (2-12)

where 𝑀 is the Biot’s modulus, the inverse of the storage coefficient S (Eq.2-4). 

Lastly, mechanical equilibrium can be written as 
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 ∇ ∙ σ 𝜑𝜌 𝜌 �⃑� 0⃑ (2-13)

 2.3  Poroelastic and thermoporoelastic variables 

One way coupling model for thermohydromechanical behaviors can be solved 

by iterative computation through Eqs (2-1) to (2-13) but in order to implement 

a fully coupled model, thermo, hydro and mechanical dependent parameters 

should be considered (Fig. 2.1). This section describes independent variable 

equations in terms of physical properties: fluid, material, and heat. 

 

Figure 2.1: Schematic diagram of the interaction among fluid flow, heat 

transport, and geo-mechanics 
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 Fluid properties 2.3.1 

The density of water, 𝜌  (Tong et al., 2010) can be expressed by, 

 
𝜌 𝜌 1

𝑃 1013235.0
𝐾

  (2-14)

where 𝜌  is the density of water at atmospheric pressure 

(1000.066219+0.0209229T-0.00602137T2+0.0000163T3 kg/m3), T is temperature 

in oC, 𝐾  is the bulk modulus of water (2.15e+9 Pa) and 𝑃  is the pore pressure 

in Pa. 

Temperature dependent water viscosity (Roytburd, 1983) is written 

 η 1.984 10 exp 1825.85 𝑇⁄ (2-15)

where T is temperature in Kelvin. 

Temperature dependent specific heat capacity (Tong et al., 2010) is expressed, 

 𝐶 6872.8945 23.090239𝑇 0.06893537𝑇

0.00007350365𝑇  
(2-16)

where T is temperature in Kelvin. 

 Material properties 2.3.2 

The evolution of permeability is affected by the change in porosity as a result of 

volumetric strains of matrix reformed by temperature and pressure. The 

equations of porosity, φ (Mainguy and Longuemare, 2002) and permeability, 𝑘 

(Li et al., 2004) changes can be written, 

 φ 𝜑 𝛼∆𝜀 𝐶 , 𝛼 𝜑 ∆𝑝 (2-17)
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𝑘 𝑘 𝑒  (2-18)

 Thermal property 2.3.3 

Lee and Deming (1998) compared temperature dependent thermal conductivity 

equations and proved that Sekiguchi (1984) equation is the most accurate and 

reliable formula that is expressed as below: 

 𝑘 𝑘
𝑇 𝑇

𝑇 𝑇
𝑘 𝑘

1
𝑇

1
𝑇

 (2-19)

where 𝑘  and 𝑇  are the thermal conductivity (1.8418 W/m/K) and absolute 

temperature (1473 oK), respectively at the assumed point Sekiguchi (1984) 

proposed, and 𝑘  is the thermal conductivity at room temperature 𝑇  (20 oC). 

 2.4  Rate and state frictional model 

The rate and state theory is able to capture a whole rupture cycle: seismic 

nucleation, rupture propagation, rupture arrest and fracture restrengthening 

and also possible to model earthquake sequence. Therefore, this study adopts 

the rate and state theory for multi-seismic rupture simulation, and its 

formulations are introduced in this section. 

The dynamic frictional coefficient on a fault plane can be calculated by the 

Dieterich-Ruina’s aging law (Dieterich, James H., 1979; Ruina, 1983), 

 
μ 𝜇 𝑎 ln

𝑉
𝑉

𝑏 ln
𝑉 𝜃
𝐷

 (2-20)

where 𝜇  is the steady-state friction coefficient at the reference slip rate 𝑉 , a 

and b are the direct-effect and evolution friction parameters, 𝜃  is the state 

variable described as the average time of contacts on the fault, and 𝐷  is the 

characteristic slip distance where fault frictional strength changes. The 
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positive number of (b-a) coincides with velocity-weakening behavior which 

results in unstable stick slip. On the other hand, a negative number leads to 

stable slip which is called velocity-strengthening slip (Ruina, 1983; Rice, JR 

and Ruina, 1983; Gu et al., 1984).  

Various models for the evolution of the state variable have been developed and 

their pros and cons are considerably analyzed (Rice, James R. et al., 2001; 

Putelat et al., 2011). In this study, the Dieterich-Ruina’s aging law (Dieterich, 

James H., 1979; Ruina, 1983) is used. 

 𝑑𝜃
𝑑𝑡

1
𝑉𝜃
𝐷

 (2-21)

A typical range of the characteristic slip distances 𝐷  is 1e-5 m to 1e-3 m, 

covering upper boundary from laboratory measured values (Marone, 1998; 

Scuderi and Collettini, 2016) and lower boundary based on upscaling of field 

values (Marone and Kilgore, 1993; Marone, 1998). 

 Frictional contact model 2.4.1 

The frictional contact model is governed by an augmented Lagrangian 

formulation (Simo and Laursen, 1992) which introduces two sets of constitutive 

parameters, the contact pressure 𝑇  and the friction traction vector, T . Shear 

stresses on the fault, τ  T ∙ 𝑡 , 𝑡 , are controlled by fault strength and in a 

quasi-static manner, the shear stress acting on the fault equals fault strength 

𝜏  expressed as 

 𝜏
𝜏 𝜇𝜎 𝜉𝑉, 𝜎 0
𝜏 , 𝜎 0

 (2-22)

where 𝜏  is the cohesive strength of the fault (hereafter 𝜏 0 ), 𝜉  is the 

radiation damping factor applied for the avoidance of unbounded slip velocities 

and 𝜎  is the effective contact pressure defined as 𝜎 𝑇 𝑝 , in which 𝑇  is 
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the total normal compression acting on the fault plane. Jha and Juanes (2014) 

proposed that the fault pore pressure is the maximum on both fault planes, 

𝑝 max 𝑝 , 𝑝 .  By adopting a radiation damping approximation (Rice, 

1993), the rupture process is resolved in a quasi-dynamic simulation which 

neglects the inertial term. The radiation damping approximation is expressed 

as a velocity-dependent cohesion, 𝜉𝑉, in which 𝜉 𝐺/2𝐶  where 𝐺 is the shear 

modulus and 𝐶  is the shear wave velocity, 𝐶 𝐺/𝜌   

 2.5  Seismicity rate prediction model 

Dieterich (1994) introduced the first seismicity rate model which governed by 

the rate and state friction law. In order to obtain a solution of seismicity rate 

more effectively, Segall and Lu (2015) proposed a modified seismicity rate 

equation without the state variable which makes computational time retarded. 

Segall and Lu (2015) focused on the stress change on earthquake triggering. 

Therefore they defined a Coulomb stress term for the seismicity rate model as 

below, 

 τ 𝜏 𝜇 𝜎 𝑝 (2-23)

where 𝜏  and 𝜎  are the shear and the normal stresses acting on a fault plane, 

respectively. 

Finally, the modified seismicity rate equation from Segall and Lu (2015) is 

expressed as, 

 𝜕𝑅
𝜕𝑡

𝑅
𝑡

𝜏
𝜏

𝑅  (2-24)

where 𝑅  is the seismicity rate, 𝜏  is the Coulomb stress rate, 𝜏  is the 

background stressing rate and 𝑡  is the characteristic decay time, 𝑡 ≡ a𝜎 /𝜏 . 

In the term, a is the direct parameter on slip rate in the rate-state friction law 

and 𝜎  is the background effective normal stress (𝜎 𝜎 𝑝 . 
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 2.6  Coupling solution and time integration 

To implement the THM coupled injection induced seismicity model, this study 

used the finite element program, COMSOL Multiphysics. The THM model 

discretizes pressure and temperature with linear elements, displacement with 

quadratic elements and the state variable with Gauss quadrature points. The 

time integration is fully implicit and adaptive based on a backward 

differentiation formula; BDF2 (Hindmarsh et al., 2005). The nonlinear solver 

using damped Newton iterations computes the solution at each time step until 

converging to a defined tolerance.  

 2.7  Conclusions 

Mathematical formulations were presented in this chapter for hydro-

mechanical coupled and thermo-hydro-mechanical coupled seismic sequence 

modeling. The governing equations of the THM modelling are based on the 

commercial program, Comsol Multiphysics. By developing the rate and state 

stick slip model and the seismic rate prediction model in this study, the THM 

coupled seismic model is able to evaluate the interaction of fluid flow, heat 

transfer, mechanical deformation, and coseismic slip on a fracture embedded in 

a porous media. Furthermore, by applying field data such as geological 

conditions and injection rate from an active injection induced seismic area to 

the model, it would be possible to account for the primary factors influencing 

seismicity activity and to forecast the seismicity rate efficiently. 

In Chapter 3, the stick slip seismic model combined with a HM or THM model 

with the rate and state friction model and the frictional contact model 

demonstrates the ability of the coupled simulator to capture the whole cycle of 

a coseismic rupture on a pre-existing fault plane, earthquake nucleation, slip 

propagation and rupture arrest based on the evolution of the friction coefficient. 

The seismicity rate model in Chapter 4 integrates the HM or THM model with 
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the seismicity rate model, and presents the capability for temporal forecasting 

of seismicity rate computed by the modified rate and state model. In chapter 7, 

the HM coupled seismicity rate model applies to the Karapiti injection induced 

earthquakes and the simulated seismicity rate compares to the observed 

seismicity rate. 
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 Chapter 3 

Stick Slip Injection Induced Seismic 

Modeling on a Rate and State Fault 

 3.1  Introduction 

Since Brace and Byerlee (1966) proposed the applicability of the stick-slip 

theory as an earthquake mechanism which is able to account for earthquake 

slip and dynamic instability with the static friction coefficient and dynamic 

friction coefficient, respectively, the constitutive rock frictional behaviour has 

been intensely focused (Marone, 1998; Scholz, 1998). Based on laboratory 

experiments, there are several types of the rate and state friction laws which 

include the static friction coefficient depending on the history of the slip, the 

dynamic friction coefficient depending on the slip velocity and a characteristic 

slip distance. The most well-known laws are the aging law (Dieterich, James H., 

1979) and the slip law (Ruina, 1983). 

The rate and state model is capable of capturing a whole coseismic rupture 

cycle which includes rupture reactivation, nucleation, propagation and arrest. 

It is moreover able to simulate earthquake sequences with the slip velocity 

weakening setting in which the constitutive parameter a is smaller than the 

parameter b (see Chapter 2 for more detail). Thus these rate and state models 
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that have been established by laboratory observations have been widely 

applied to coseismic rupture simulations (Rice, James R., 1993; Kaneko et al., 

2008; Cueto‐Felgueroso et al., 2017; Pampillón et al., 2018). 

In this study, hydro-mechanical or thermo-hydro-mechanical coupled models 

combine with the rate and state model governed by the aging law, and the 

frictional contact model to simulate injection induced earthquake sequence. 

The rate and state friction model is validated by a spring-block slider model 

and then in section 3.3, the evolution of the friction coefficient in the rate and 

state model is analysed with major input variables. Section 3.4.1 presents 

overall results of velocity weakening friction model. Lastly, the model is 

examined with two scenarios: fault strike angles and injection temperatures.  

 3.2  Validation of the rate and state friction model 

In order to validate the rate and state friction model, this study simulates the 

spring-block slider model that Burridge and Knopoff (1967) proposed as a 

conceptual model to explain seismic nucleation and stick-slip instabilities. This 

benchmark modeling is compared with the results of 0-D differential equations 

and 2-D finite element model that Cueto-Felgueroso et al. (2018) computed. 

The solid block is connected to a spring which is pulled with constant speed 

rate (V0) over the rectangular block (Fig. 3.1 (a)). Both blocks are sufficiently 

stiff and not deformed on both contact areas. Gravity is not applied. The upper 

block mass (m) is 1000 kg, the spring constant (k) is 1000 N/m, the vertical 

force (Fn) is 5000 N, the critical stiffness (Kc) is 5000 N/m, and the speed rate of 

the spring (V0) is 0.1 m/s pulled right direction. The rate and state equation 

variables are imposed as follow: μ0 = 0.6, a=0.01, b =0.02, Dc=0.01m, and V = 

1e-9 m/s. For mechanical properties of the blocks, Young’s modulus (E) is 10 

GPa and Poisson’s ratio (ν) is 0.25. Roller boundaries are imposed at both 

lateral sides and bottom. 
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Figure 3.1 (b-c) shows the comparison of model results, evolutions of the 

displacement and friction coefficient, between Cueto-Felgueroso et al. (2018) 

and this study. Total 5 stick slip cycles are shown in all the models and creeps 

which are slow slip velocity are also observed. As seen in the figure 3.1 (b-c), 

this validation model is in good agreement with the validation models of Cueto-

Felgueroso et al. (2018). 

 

 

Figure 3.1: The model domain and boundary conditions for the rate and state 

frictional validation model (a). The comparison of the evolutions of the 

displacement and the coefficient of friction between Cueto-Felgueroso et al. 

(2018) and this study (b-c). 

  

a 

b c
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 3.3  The evolution of the friction coefficient in the rate and 

state model 

The rate and state model plays a key role in earthquake sequence modelling 

because the model determines the dynamic frictional coefficient subjected to 

the variation of the fault slip velocity and the low friction coefficient would be 

able to trigger an earthquake. This section, therefore, presents the response of 

the dynamic friction coefficient from the input parameters of the constitutive 

variable a, b and characteristic slip distance Dc (eq 2-20 and 2-21). For this 

analysis, fault slip velocity abruptly increases up to 1e-8 m/s from the initial 

velocity of 1e-10 m/s at day 10 which a slip is being created at and the reference 

fault slip velocity was imposed with 1e-9 m/s. 

In the characteristic slip length model, a long slip distance of 1e-4 m leads to 

the long friction healing time because the period of low friction coefficient state 

lasts. In contrast, a short slip distance brings very tight recovery time (Fig. 3.2). 

Although the small change of the friction coefficient, less than 0.02, a coseismic 

slip would occur due to the high slip velocity. The constitutive parameter a, the 

so-called direct effect, is an important variable since it mitigates the total slip 

distance during the maximum compressional stage (Marone, 1998). The higher 

input value of a directly results in the higher friction coefficient at the rupture 

reactivation time. Lastly, the constitutive parameter b controls the lower limit 

of the friction coefficient. Thus, a fault with lower b could be more favourable to 

earthquake ruptures and consequently have more possibility of earthquake 

swarms. 
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Figure 3.2: The evolution of the coefficient of friction in response to variable 

input parameters of Dc, a and b, respectively. 
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 3.4  The rate and state numerical model setup 

Poro-elasticity and thermo-poro-elasticity behaviors in a single phase flow and 

deformable porous medium were computed with the equations of energy (heat), 

mass (fluid) and momentum (solid mechanics) conservation, with coefficients of 

the Biot and the thermal expansion for the physics coupling (see Chapter 2 for 

more detail). The earthquake slip simulation was performed by the rate and 

state model and the friction contact model. An embedded fault in the model 

domain is treated as a zero thickness plane that is able to control the pressure 

and displacement discontinuity along the fault by imposing the mass flux 

exchange boundary which is the pore pressure times the transmissivity of the 

fault. The fracture instability is evaluated with the shear traction and the 

frictional strength on the fault plane, for instance, when the shear traction 

becomes higher than the frictional strength, a rupture begins. The frictional 

strength highly depends on the dynamic frictional coefficient, which is 

determined by the rate and state model. The state variable 𝜃 for the rate and 

state model was obtained from the aging law. For the robustness of the rupture 

simulation, this study used a radiation damping approximation as a velocity-

dependent cohesion that restricts the maximum slip velocity during fault 

activation. The HM and THM coupled injection induced rate and state seismic 

sequence models were performed using the finite element commercial program, 

COMSOL Multiphysics. The governing equations and constitutive equations 

used in this chapter are described in Chapter 2. 

 3.5  The rate and state numerical model results and 

discussions 

In this section, the results of the hydromechanical and thermohydromechanical 

coupled injection induced rate and state earthquake sequence modeling are 

presented. The first modeling demonstrates coseismic rupture cycles and 



1 

 
25 

 

seismic sequence processes with slip velocity weakening friction settings. The 

second modeling presents the effects of embedded fault angles on earthquake 

ruptures. The last modeling describes injection temperature effects on a fault 

slip with THM coupled rate and state modeling. 

 HM coupled velocity weakening friction rate and 3.5.1 

state model 

3.5.1.1  Simulation description 

2D horizontal hydro-mechanical coupled velocity weakening friction rate and 

state model was performed to simulate the injection induced fracturing 

sequence and rupture cycles. Fluid is injected at a constant rate of 5500 

m3/year that is equivalent to 20 mm/hour in inward volumetric flux into a 1 

km2 poroelastic porous media domain for 50 days which is the same as the total 

simulation time. The injection well of 5 m diameter is placed at 70 m away 

from the permeable fault of 400 m length and N60W strike direction (Fig. 3.3). 

The scale of the injection well is larger than a real well to reduce numerical 

errors around the injection well. The local stress boundaries for 𝜎  and 𝜎  are -5 

MPa and -10 MPa, respectively (negative indicates compressional stress) and 

the initial pore pressure is imposed with 0.5 MPa. In geological environment, 

the ratio of 1:20 between pore pressure and the principle stress does not exist. 

However, in numerical computational process, it is an acceptable value because 

the driving force of fluid flow is hydraulic gradient between a model domain 

and injection pressure which means just treated as relative value, and the pore 

pressure in solid mechanics is only used for calculating effective stress. This 

model also does not consider the geological depth. The hydro mechanical 

boundary conditions for left and bottom are no flow and roller, respectively. 

The model domain is considered as a consolidated permeable porous media. 

The hydro and mechanical properties are shown in Table 3.1. In the rate and 
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state model, values of the constitutive parameter a and b are imposed with 

0.005 and 0.02 for the velocity weakening slip model setting. The reference 

friction coefficient 𝜇  and velocity 𝑉  are 0.6 and 1e-9 m/s, respectively (Table 

3.2).  

Figure 3.3: Schematic diagram of the model domain and boundary conditions 

for the hydro-mechanical coupled rate and state model. 
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Table 3.1: Parameters for the hydro-mechanical coupled model 

Parameter Value Unit 

Young’s modulus 20 GPa 

Poisson’s ratio 0.25 - 

Material density 2500 kg/m3 

Fluid density 1000 kg/m3 

Porosity 0.2 - 

Permeability 1e-14 m2 

Fault transmissivity 1e-9 s/m 

Compressibility of fluid 4e-10 1/pa 

Dynamic viscosity of fluid 1e-3 pa·s 

Biot coefficient 1 - 

 

  



1 

 
28 

 

Table 3.2: Parameters for the rate and state model 

Parameter Value Unit 

a 0.005 - 

b 0.02 - 

Dc 2e-4 m 

𝜇  0.6 - 

𝑉  1e-9 m/s 

 

3.5.1.2  Results and discussions 

After the injection starts, due to the pore pressure increase five coseismic 

ruptures are clearly observed around 2, 8, 18, 30 and 45 days at the centre of 

the fault plane (Fig. 3.4). The Mohr-Coulomb diagram shows the evolution of 

the shear traction and the effective normal compaction. The contact points are 

accurately consistent with the onset of each coseismic rupture. During the fault 

slip, the friction coefficient drops and the fault slip length increases both 

significantly and abruptly. In this particular model, the rupture slip size 

decreases over time, and at the end of the simulation, the accumulated slip size 

at the centre of the fault plane shows about 0.075 m (Fig. 3.4). 
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Figure 3.4: The Coulomb stress path (left) and the evolution of friction 

coefficient and fault slip (right) at the center of the fault over the simulation 

time. 

Figure 3.5 illustrates the accumulated seismic moment and average slip 

velocity on the fault plane. The slip velocity rises up quickly during the rupture 

up to 1 m/s limited by the radiation damping, and after the rupture dies out, it 

suddenly falls down. During the interseismic period, the velocity is locked with 

the very low state in an earlier time, and then at some point steadily it grows 

up until the next event occurs. The pattern of the accumulated seismic moment 

is exactly the same as that of accumulated slip (D). Assuming the shape of fault 

as a square (A) 0.4 km x 0.4 km and the shear modulus (G) of 8 GPa, the 

magnitudes of the earthquakes can be calculated based on the seismic moment 

(M0=GAD), and the equation for the earthquake magnitude driven by Hanks 

and Kanamori (1979) is as below, 

 𝑀 2/3 log 𝑀 9.0 (3-1)

where M is the earthquake magnitude, and M0 is the seismic moment. 

The estimated injection induced earthquake magnitudes are shown in Table 

3.3. The magnitude ranges are in good agreement with the earthquake size 
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summarized by Boese (2012) which shows that a event of magnitude 2 has 

average slip of 0.4 to 1 cm, and rupture width of 100 m. The highest 

earthquake magnitude occurs day 8 with M 2.82 in this model. 

Figure 3.5: The accumulated seismic moment on the fault and the average log 

slip velocity. 

Table 3.3: The earthquake magnitudes for the 5 ruptures 

Time (day) 
Average slip 

(cm) 
Seismic 

moment(N.m) 
Magnitude 

2 1.50 2.00e+13 2.80 

8 1.75 2.15 e+13 2.82 

18 1.25 1.63 e+13 2.74 

30 0.90 1.15 e+13 2.64 

45 0.10 0.12 e+13 1.98 
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An advantage of the rate and state model is that the model is able to simulate a 

whole earthquake rupture cycle from seismic nucleation to rupture arrest, and 

fault weakening or strengthening slip based on the constitutive parameter a 

and b. Figure 3.6 shows the evolution of y-displacement during the first 

coseismic rupture event. Before the rupture begins, the model domain deforms 

symmetrically due to the fluid injection. After the seismic nucleation, the 

rupture starts to propagate abruptly and then gets into an arresting stage in a 

very short period of time. In order to obtain an accurate solution, the maximum 

time step of this model was set with 2 hours. During a period of the earthquake 

nucleation, propagation, and arrest, the time step size sharply decreases 

automatically by the solver, and the tiny time step allows the model to solve for 

the dynamic rupture and seismic wave propagation (Fig 3.7). 

Figure 3.6: The evolution of y-displacement during the first co-seismic rupture. 
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Figure 3.7: The reciprocal of time step size during the first coseismic rupture 

 Fault strike effects 3.5.2 

3.5.2.1  Simulation description 

This section demonstrates the fault strike geometry effect on the injection 

induced earthquake sequence across a pre-existing fault plane in 2D horizontal 

hydro-mechanical coupled rate and state model. A 1500 m fault with N10W, 

N30W, and N60W strike directions is embedded in a 3 km x 3 km porous media 

domain (Fig. 3.8). Fluid is injected with a constant inward velocity at 40 

mm/hour for 50 days. The injection well is located at 100 m away from the 

centre of the fault. The depth of this simulation is considered as 1 km below the 

surface and consequently, the local stress 𝜎  and 𝜎  are -17.5 MPa and -20 MPa, 

respectively (negative indicates compressional stress) and fluid pressure for the 
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top and right boundaries is 10 MPa. The left and bottom boundaries of fluid 

flow and solid mechanics are no flow and roller, respectively. This model 

presumes that the model domain is a consolidated anisotropic permeable 

formation with a permeable fracture. In order to reduce the direct distance 

effect from injector to fault plane due to the strike angle, the permeability of 

the x-direction is ten times faster than that of the y-direction (Table 3.4). For 

slip velocity weakening modelling, the constitutive parameter b = 0.02 has a 

higher value than a = 0.005. The reference friction coefficient and slip velocity 

of fault are 0.5 and 1e-9 m/s, respectively (Table 3.5). Note that this model 

setting is slightly different with the other rate and state models for reducing 

the computational time. 

Figure 3.8: Schematic diagram of the model domains with a variety of fault 

strike directions for the fault strike effect rate and state model: N10W (a), 

N30W (b) and N60W (c). 

  



1 

 
34 

 

Table 3.4: Parameters for the fault strike effect hydro-mechanical coupled 

model 

Parameter Value Unit 

Young’s modulus 20 GPa 

Poisson’s ratio 0.25 - 

Material density 2500 kg/m3 

Fluid density 1000 kg/m3 

Porosity 0.2 - 

Permeability_x 1e-14 m2 

Permeability_y 1e-15 m2 

Fault transmissivity 1e-9 s/m 

Compressibility of fluid 4e-10 1/pa 

Dynamic viscosity of fluid 1e-3 pa·s 

Biot coefficient 1 - 
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Table 3.5: Parameters for the fault strike effect rate and state model  

Parameter Value Unit 

A 0.005 - 

B 0.02 - 

Dc 2e-4 m 

𝜇  0.5 - 

𝑉  1e-9 m/s 

 

3.5.2.2  Results and discussions 

In the N10W fault strike rate and state model, six ruptures occurred at 10, 12, 

14, 20, 24 and 49 days (Fig 3.9). The friction coefficient evolves gently during 

aseismic creeps and sharply decreases at the coseismic events (Fig 3.9 and 

3.10). The average slip velocity generally fluctuates during the whole 

simulation time but especially in the earlier time, it severely oscillates (Fig. 

3.9). It leads to very slow rupture slip earthquakes. At the end of the 

simulation, the average accumulated slip rises up to 7.5 mm (Fig. 3.10) and the 

accumulated seismic moment increases up to 1.36e+14 N.m (Fig. 3.11). 
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Figure 3.9: The evolution of the friction coefficient at the center of the fault and 

the average slip velocity along the fault plane from the N10W fault strike rate 

and state model. 

Figure 3.10: The evolution of the friction coefficient at the center of the fault 

and the average accumulated fault slip from the N10W fault strike rate and 

state model. 
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Figure 3.11: The accumulated seismic moment and the average slip velocity 

along the fault plane from the N10W fault strike rate and state model. 

In total, four clear coseismic earthquakes were observed at day 6, 9, 13 and 30 

in the N30W fault strike rate and state model (Fig 3.12). During the first two 

event ruptures, the change in the friction coefficient does not show because the 

earthquake hypocentre locations are far from the centre of the fault (Fig. 3.12 

and 3.13). The third and fourth events have strong slip motions of 0.2 and 0.5 

m/s respectively, leading to the higher slip length and seismic moment. At day 

50, accumulated slip length and seismic moment mark 21 mm and 3.92e+14 

N.m, respectively (Fig 3.13 and 3.14). 
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Figure 3.12: The evolution of the friction coefficient at the center of the fault 

and the average slip velocity along the fault plane from the N30W fault strike 

rate and state model. 

Figure 3.13: The evolution of the friction coefficient at the center of the fault 

and the average accumulated fault slip from the N30W fault strike rate and 

state model. 
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Figure 3.14: The accumulated seismic moment and the average slip velocity 

along the fault plane from the N30W fault strike rate and state model. 

From the N60W fault strike rate and state model, five events were detected at 

4, 11, 16, 23 and 50 days (Fig 3.15). An aseismic creep was observed between 

event 1 and 2 (Fig. 3.16). It would be inferred by the evolution of the friction 

coefficient that the only fourth event triggered near the center of the fault (Fig. 

3.15 and 3.16). The slip sizes of the events continue to increase with time due 

to the continuous injection (Fig 3.16). At the end of the simulation, the 

accumulated slip distance is 11 mm, and the accumulated seismic moment 

reveals 2e+14 N.m (Fig. 3.16 and 3.17). 
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Figure 3.15: The evolution of the friction coefficient at the center of the fault 

and the average slip velocity along the fault plane from the N60W fault strike 

rate and state model. 

Figure 3.16: The evolution of the friction coefficient at the center of the fault 

and the average accumulated fault slip from the N60W fault strike rate and 

state model. 
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Figure 3.17:  The accumulated seismic moment and the average slip velocity 

along the fault plane from the N60W fault strike rate and state model. 

Figure 3.18 shows the comparison of the accumulated seismic moments among 

the 3 fault strike models. Although the least number of coseismic rupture 

events of 4 was observed in the N30W fault strike model, its accumulated 

seismic moment is almost twice bigger than that of N60W model showing the 

second highest accumulated seismic moment at the end of the simulation day 

50. In the N10W and N60W models, aseismic creeps were seen during the 

earlier simulation time period. From this study, it could be concluded that the 

fault geometry could contribute to the coseismic activity significantly, and in 

this study, N30W fault strike is in the most critically stressed condition among 

the models. This could be explained with the Mohr-Coulomb criteria diagram. 

In this case of the 0.5 friction coefficient, the N30W fault angle is located at the 

closest point from the Mohr-Coulomb criteria envelop. 
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Figure 3.18: Comparison of the accumulated seismic moments among the 

N10W, N30W, and N60W fault strike rate models. 

 THM coupled injection temperature 3.5.3 

3.5.3.1   Simulation description 

In order to investigate the injection temperature effect on the seismic activity, 

2D horizontal single phase flow thermo-hydro-mechanical (THM) coupled rate 

and state models were carried out with a variety of injection fluid temperature 

40, 60 and 80oC. Relatively cold fluid compared to the reservoir temperature of 

120oC is injected into a 2 km x 2 km consolidated porous media at a constant 

inward velocity of 60 mm/hour. The injection well is located at a distance of 100 

m away from the permeable fault of 500 m long and N60W strike direction (Fig. 

3.19). 

The depth of this model is considered as 2 km. Hence, the stress boundary 𝜎  

and 𝜎  are -32 MPa and -39 MPa (negative indicates compressional stress) and 



1 

 
43 

 

the hydraulic head is imposed with 2000 m at the top and right boundaries. 

The left and bottom boundaries for the fluid flow and solid mechanics are no 

flow and roller, respectively. The temperature boundaries of the top and bottom 

are set with 120oC, and the sides are thermal insulation boundaries (Fig. 3.19). 

For slip velocity weakening rate and state model, the constitutive parameters a 

and b are 0.005 and 0.12, respectively and the fault transmissivity is 1e-9 s/m. 

In addition, the reference friction coefficient and slip velocity are 0.5 and 1e-9 

m/s, respectively (Table 3.7). This study also applied temperature, and pressure 

and temperature dependent equations to hydraulic and thermal properties 

(Table 3.8). The temperature dependent variables include material thermal 

conductivity, fluid viscosity, and fluid heat capacity. For fluid density, the 

temperature and pressure dependent equation is used. The independent 

variable equations are explained in Chapter 2. Due to the computational cost, 

this study analyzed only the first coseismic event of each model. Note that 

again this model setting is slightly different with the other rate and state 

models for reducing the computational time. 
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Figure 3.19: Schematic diagram of the model domain and boundary conditions 

for the thermo-hydro-mechanical (THM) coupled injection temperature rate 

and state model 
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Table 3.6: Parameters for the injection temperature effect thermo-hydro-

mechanical (THM) coupled model. The asterisk indicates a temperature or 

temperature and pressure dependent parameter. The equations are shown in 

Chapter 2. 

Parameter Value Unit 

Young’s modulus 20 GPa 

Poisson’s ratio 0.25 - 

Material density 2500 kg/m3 

Fluid density* 1000 kg/m3 

Porosity 0.1 - 

Permeability 1e-14 m2 

Fault transmissivity 1e-9 s/m 

Compressibility of fluid 4e-10 1/pa 

Dynamic viscosity of fluid* 1e-3 pa·s 

Biot coefficient 1 - 

Material heat capacity 800 J/kg.K 

Fluid heat capacity* 4200 J/kg.K 

Material thermal conductivity* 2.5 W/m.K 

Fluid thermal conductivity 0.6 W/m.K 

Thermal expansion coefficient 1e-5 1/K 
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Table 3.7: Parameters for the injection temperature effect rate and state model 

Parameter Value Unit 

a 0.005 - 

b 0.012 - 

Dc 1e-5 m 

𝜇  0.5 - 

𝑉  1e-9 m/s 

 

3.5.3.2   Results and discussions 

In this rate and state model, the local effective normal stresses are calculated 

by the combination of local stresses, pore pressures and thermal stresses. 

Therefore, this THM coupled modelling is able to simulate all types of failures 

such as shear and tensile modes induced by thermal stress changes. 

Figure 3.20 shows the evolution of friction coefficients and seismic moments for 

three types of injection temperature models. In all models, the coefficients of 

friction drop abruptly during a very short coseismic rupture period as seen in 

the fault strength weakening model but the seismic occurrence times and 

seismic moments are varied due to the injection temperatures. The lower 

injection temperature brings the earlier seismic event and weak seismic 

moment. In contrast, the higher injection temperature leads to the later 

earthquake rupture and intense seismic moment. It could be explained by the 

difference in the injection fluid density induced by the injection temperature. 
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At low temperature, fluid normally has higher density, and it could directly 

affect the pore pressure build up. As a result of this poroelastic phenomenon, 

the pore pressure build up in the low injection temperature model could be 

relatively faster than that in the higher injection temperature models. 

 

Figure 3.20: The evolution of the friction coefficients and the seismic moments 

for injection temperature effect THM coupled rate and state models. 

During the first seismic events in all three models temperature changes are not 

observed on the fault plane. Thermal stress changes are detected only around 

the injection area, and cause local stress changes in the vicinity of the injection 

well. Therefore, the thermal stress changes are not directly related to the 

seismic events. In this particular study case, the primary influence on induced 

seismicity appears to be the injection rate mass flux and injection fluid density 

and viscosity. 
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Seismic moment depends directly on the total amount of fluid injected. As seen 

in earlier HM coupled models injected with a constant injection rate, the 

seismic moment of each event gradually increases over time. The same feature 

is observed in the THM coupled models as well (Fig 3.20(c)). 

In order to estimate the event magnitude, the geometry of the fault is assumed 

as a square of 500 m x 500 m. The shear modulus of 8 GPa is calculated based 

on the Young’s modulus and Poisson’ ratio. The magnitude range is very 

narrow from M 1.66 to M 1.89 (Table 3.8). 

 

Table 3.8: Summary of the first coseismic information for the injection 

temperature effect THM coupled rate and state models 

 
40oC 

Injection 

60oC 

Injection 

80oC 

Injection 
Unit 

Coseismic Rupture 

Occurrence Time 
32 44 88 Day 

Slip Size 1.3 1.5 2.6 mm 

Seismic Moment 3.85e+11 4.16e+11 8.86e+11 N.m 

Magnitude 1.66 1.68 1.89 - 

 

 3.6  Conclusions 

In this study, HM and THM coupled injection induced rate and state 

earthquake sequence numerical models were conducted with simulation 
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scenarios: velocity weakening frictional earthquake sequence model, fracture 

strike effect model, and injection temperature effect model. 

From the velocity weakening earthquake sequence model, this study 

demonstrated the ability of the rate and state model to simulate a whole 

coseismic rupture cycle from earthquake nucleation to rupture arrest. In 

addition, this model is able to simulate a series of earthquakes and determine 

the hypocenter location and seismic magnitude of each event. 

The fault strike effect model highlighted the importance of the fault angle to 

the seismic activity. According to the fault strike or dip angle, different local 

stress rates could be loaded on the fault plane, and the fracture could be under 

the critically stressed condition at a certain angle. In such a case, there would 

be a high possibility of clear and strong coseismic rupture sequence. The 

results of fault strike simulations show a good agreement with the fracture 

theory.  

Lastly, THM coupled injection temperature rate and state models showed that 

the low temperature injection with heavy fluid density derived by the 

temperature could lead to coseismic events with weak seismic moments at the 

earlier time. On the other hand, high injection temperature involves strong 

seismic events at the later time. 
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 Chapter 4 

Injection Induced Seismicity Rate 

Modeling on a Pre-existing Fault Plane 

 4.1  Introduction 

The direct effect of pore pressure change could solely reactivate induced 

seismicity in both injection and production field. However, with poroelasticity 

theory and hydro-mechanical coupled numerical simulations, it has been 

demonstrated that local stress changes derived by an increase or decrease in 

pore pressure may also trigger induced earthquakes indirectly (Ellsworth, 2013; 

Segall and Lu, 2015; Chang and Segall, 2016).  

In order to explain fracture failure, the Mohr-Coulomb criterion has been 

widely adopted. The Coulomb stress is a useful measure to evaluate the failure 

state given local stresses and pore pressure (Harris et al., 1995). To estimate 

the temporal seismicity rate, Segall and Lu (2015) defined the Coulomb stress 

change over time, which is a combination of changes in effective normal stress 

and shear stress. The advantage of their model is that it could effectively solve 

the seismic sequence model based on the rate and state law without the state 

variable. In addition, it is capable of identifying the dominant effect, for 
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instance, pore pressure change or local stress change, on the seismic activity by 

analyzing the Coulomb stress change. 

This study examined the effects of poroelastic behaviors on the injection 

induced seismicity with a variety of scenarios: injection rate, fault permeability 

and the characteristic decay time over which the seismicity rate reaches the 

background rate. Furthermore, in order to investigate thermal effects on the 

seismicity rate, thermo-hydro-mechanical fully coupled modeling was also 

performed with different injection temperatures. The seismicity rate model 

that determines temporal earthquake rate was directly linked to the hydro-

mechanical and thermo-hydro-mechanical coupled models and only applied to a 

preexisting fault. 

 4.2  Seismicity rate model 

In order to simulate a seismic sequence model, a seismicity rate model was 

introduced by Dieterich (1994) with a seismicity state variable 𝜃. After the 

reserach, by eliminating the state variable, Segall and Lu (2015) derived a 

modified seismicity rate model in terms of the change in the Coulomb stress on 

a fault plane. The equation is written as below, 

 𝑑𝑅
𝑑𝑡

𝑅
𝑡

𝜏
𝜏

𝑅  (4-1)

where 𝑅 is the seismicity rate which is subject to the steady state seismicity 

rate at tectonic stressing rate 𝜏 . The characteristic decay time, 𝑡  is defined as 

𝑡 𝐴𝜎/𝜏  where 𝐴 is the direct effect constitutive parameter in the rate and 

state friction law, 𝜎  is effective stress. 𝜏  is the temporal variation of the 

Coulomb stress change. The ordinary differential equation of the seismicity 

rate model is solved using the boundary ODE module in COMSOL 

Multiphysics, and the seismicity rate R is discretized with the Gauss 



1 

 
52 

 

quadrature points along the fault boundary. The parameters for the seismicity 

rate model are shown in Table 4.1. 

Table 4.1: Summary of MH and THM coupled seismicity rate model parameters 

Parameter Value Unit Description 

a 0.015 - Direct effect parameter 

𝝉𝟎  1e-3 MPa/year Tectonic stressing rate 

𝝈  12 MPa Effective normal stress 

𝒕𝒂  180 year Characteristic decay time 

 

Hydro-mechanical (HM) and Thermo-hydro-mechanical (THM) coupled 

seismicity rate model was also performed with the commercial software 

COMSOL Multiphysics. For the coupling model and the seismicity rate model, 

this study used poroelasticity, solid mechanics, heat transfer in porous media 

and boundary ODE modules of built-in modules in COMSOL. The governing 

equations for seismicity rate models are explained in Chapter 2.  

 4.3  Numerical model setup 

Hydro-mechanical (HM) and thermo-hydro-mechanical (THM) coupled 

seismicity rate models were carried out with a variety of scenarios. The model 

domain includes 3 layers whose thicknesses are 1000, 500 and 1000 m, 

respectively and is considered as volcanic sedimentary rock formations (Fig. 4.1, 

Fig 4.2 and Table 4.1). A permeable fault is embedded in layer 2 and layer 3 

with an offset of 50 m and a dip of 80o. The distance between the injector and 
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the fault plane was designed with 500 m for HM coupled model and 15 m for 

THM coupled model. To simulate the direct temperature effect on the fault 

plane, the THM models have the short distance of 15 m. 

For the HM coupled seismicity rate model, this study imposes vertical pressure 

and stress at the top boundary and hydraulic head pressure and lithostatic 

stress with a tectonic ratio of 0.7 along the right boundary. The left and bottom 

boundaries are considered with no flow and rollers which are fixed to the 

normal direction but free to the parallel direction (Fig 4.1). For the THM 

coupled seismicity rate model, the top and bottom boundaries for heat transfer 

are 14oC and 140oC, respectively, and thermal insulation is imposed at the left 

and right boundaries. The hydro and mechanical boundaries are the same as 

those of the HM coupled models except the right hydro boundary which is set 

with no flow (Fig 4.2). The total simulation time is 1year, and fluid is injected 

for 30 days for HM and 50 days for THM. 
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Figure 4.1: Schematic diagram of HM coupled seismicity rate model domain 

and boundary conditions 
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Figure 4.2: Schematic diagram of THM coupled seismicity rate model domain 

and boundary conditions. The distance between the injector and the fault plane 

is 15 m. 
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Table 4.2: Summary of HM and THM coupled model properties 

Property Layer 1 Layer 2 Layer 3 Fault Fluid 

Young’s modulus (GPa) 9.5 12.5 11.2 - - 

Poisson’s ratio 0.25 0.25 0.25 - - 

Biot’s coefficient 1 1 1 - - 

Porosity 0.23 0.14 0.05 0.3 - 

Density (kg/m3) 2000 2200 2300 1800 1000 

Permeability (m2) 2.4e-15 1.5e-14 0.9e-15 1e-14 - 

Coefficient of friction  0.6 0.6 0.6 0.6 - 

Specific heat (J/kg/K) 800 800 800 800 4200 

Thermal conductivity 

(W/m/K) 

1.8 1.9 2.3 1.5 0.6 

Coefficient of thermal 

expansion (1/K) 

1e-5 1e-5 1e-5 - - 
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 4.4  Numerical results and discussions 

This section presents the results of HM and THM coupled injection induced 

seismicity rate models with a variety of simulation scenarios including 

injection rate, fault permeability, and characteristic decay time, 𝑡   for HM 

coupled models and injection temperature for THM coupled model (Table 4.3). 

The HM models focus on point A on the fault plane placed in the interface 

between layer 1 and layer 2 due to the shear offset of 50m (Fig. 4.1). The 

highest pore pressure buildup is shown at this point because layer 1 and layer 

2 are imposed with different formation properties (Table 4.2). In the THM 

coupled model, the depth of interest on the fault plane is the same depth of the 

injector, 1250 m because the location of injection well is very nearby the fault 

plane which is only 15 m, and the changes in pore pressure and local stresses 

response immediately. The injection rate in the THM simulations is 4 m3/day.  

Table 4.3: Scenarios of Hydro-mechanical (HM) and thermo-hydro-mechanical 

(THM) coupled seismicity rate models. The bold letters represent the 

parameters for the base case simulation.  

Scenarios Value Unit 

Injection rate (HM) 10, 15, 20 m3/day 

Fault permeability (HM) 1e-13, 1e-14, 1e-15 m2 

Characteristic decay time (HM) 25.7, 180, 360 year 

Injection temperature (THM) 40, 60, 80 oC 
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 HM coupled seismicity rate model 4.4.1 

4.4.1.1  Base case model 

After injection starts, the pore pressure steadily increases around the injector 

and migrates to the low pressure and high permeable zone. In the base case 

model, the pore pressure increases up to 7.09 MPa on the injection point at day 

30 when the injection ended. In the postinjection period, the pressure continues 

to diffuse toward the upper and bottom formations and the fault plane as well 

and slowly dissipate (Fig 4.3). 

Figure 4.4 shows the pore pressure changes and seismicity rates on the fault 

plane for different time steps of the base case model. The increase and decrease 

rates of the pore pressure change in the injected formation (shadow area in Fig. 

4.4) are higher than those in the layer 3 since the target layer has relatively 

higher hydraulic properties. During the injection period, the seismicity rate 

continually increases and the highest value of 72 events/day occurs at the point 

A at 30 days. After the end of injection, the seismic rate decreases 

exponentially, and then no more seismicity occurs after 200 days. 
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Figure 4.3: Pore pressure change with time from the base case. The unit is in 

MPa. The maximum pore pressure change of 7.09 MPa is shown at the 

injection well at the last injection day. After the stop of injection, pore pressure 

diffuses to the upper and bottom layers. 
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Figure 4.4: Change in pore pressure along the fault plane at day 15, 30, 50 and 

70 (left), and seismicity rate along the fault plane at day 15, 30, 50, 70 and 200 

(right) from the base case. The shadow zone indicates the fluid injected 

formation. 

The seismicity rate is evaluated based on the Coulomb stress change ∆τ which 

is a combination of changes in effective normal stress ∆𝜎′  and shear stress ∆𝜏 . 

Figure 4.5 illustrates the components of the Coulomb stress change and 

seismicity rate at the point A over the whole simulation time of 365 days. 

During the injection, all the stresses and the pressure rise and then after the 

stop of the injection at day 30, those drop asymmetrically. The seismicity rate 

pattern is similar to that of the Coulomb stress change but after 150 days it 

becomes fairly stable though the Coulomb stress still decreases with very low 

rate due to the characteristic decay time. 
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Figure 4.5: Temporal distributions of the elements of the Coulomb stress 

change (a) and seismicity rate (b) for the base case model at the point A. 

4.4.1.2  Injection rate effects 

In order to investigate the injection rate effect on the seismicity rate model, 

this study performed the HM coupled modeling with different injection rates: 

10, 15, and 20 m3/day. The highest pore pressure change and seismicity rate on 

the fault plane are shown in the highest injection rate (20 m3/day) model at 30 

days after injection (Fig. 4.6). Within the target formation, the pore pressure 

distributions on the fault plane of each model do not show huge differences, but 

the seismicity rate marks up to an order of magnitude difference in the 20 

m3/day injection model. 

During the injection period, all the components of the Coulomb stress change 

increase with a similar pattern among the models. The highest increased 

element for the Coulomb stress is pore pressure followed by the effective 

normal stress and shear stress (Fig. 4.7). This result indicates that the pore 

pressure increase on the fault plane could perturb the local stresses, so they 

have different values. In addition, as seen in figure 4.6, the distribution of 

seismicity rate on the fault plane is considerably changed with a small 

variation of pore pressure. However, compared to Figure 4.7(a) and Figure 

4.7(e), with a tiny pore pressure change, it would not be possible to result in a 

massive change in the seismicity rate. In this particular case, therefore, the 

seismic activity could be induced by the secondary effect which is the change in 
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effective normal stress and shear stress resulting from the pore pressure 

change. The maximum seismicity rate of the models marks 16 events/day for 10 

m3/day, 64 events/day for 15 m3/day and 254 events/day for 20 m3/day at the 

end of the injection day 30. 

 

Figure 4.6: Change in pore pressure (left), and seismicity rate (right) along the 

fault plane after the end of the injection day 30 with different injection rate 10, 

15, and 20 m3/day. 
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Figure 4.7: Temporal distributions of the elements of the Coulomb stress 

change (a-d) and seismicity rates (e) for the injection rate models at the point A. 

4.4.1.3  Fault permeability effects 

This session presents the results of HM coupled seismicity models with a 

variety of fault permeabilities: 1e-13, 1e-14 and 1e-15 m2. The fault plane was 

considered as a fracture boundary of 5 m thickness. A permeable fault tends to 

have low pore pressure change and low seismicity rate compared to 

impermeable faults (Fig. 4.8). In the low permeability fault models, the 

negative pore pressure change is shown below 1800 m depth. It may be related 

to higher extensional stress and be inferred that the low permeable fault could 

be a conduit and barrier with injection depth.  
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Figure 4.8: Change in pore pressure (left), and seismicity rate (right) along the 

fault plane after the end of the injection day 30 with different fault 

permeabilities: 1e-13, 1e-14 and 1e-15 m2. 

Figure 4.9 illustrates the components of the Coulomb stress change and 

seismicity rates with time. In this model setting, the high permeable fault has 

slightly low values in all components. The low permeable fault seems to be 

more favorable to pore pressure build-up due to less movement of fluid in the 

fault zone. However, these models show that the fault permeability effect 

would not be significant on the seismicity rate. The maximum seismicity rates 

of the models at day 30 are 57 events/day for 1e-13 m2, and 64 events/day for 

1e-14 and 1e-15 m2.  
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Figure 4.9: Temporal distributions of the elements of the Coulomb stress 

change (a-d) and seismicity rates (e) for the fault permeability models at the 

point A. 

4.4.1.4  Characteristic decay time 𝒕𝒂 effects 

As discussed earlier in the seismicity rate model session, the characteristic 

decay time is expressed as 𝑡 𝐴𝜎/𝜏 . In order to get the different 𝑡  values, 

this study used different tectonic stressing rates 𝜏 : 5e-4 MPa/yr, 1e-3 MPa/yr 

and 7e-3 MPa/yr which is equivalent to 360, 180 and 25.7 years, respectively 

for the characteristic decay time. In this research, the direct effect constitutive 

parameter A and the effective stress 𝜎 used 0.015 and 12 MPa, respectively. 

This particular model shows that applying a longer characteristic decay time 
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results in higher seismicity rate (Fig. 4.10). In the case of 5e-4 MPa/yr model, 

the maximum seismicity rate appears in the post-injection period with 88 

events/day and the seismic activity lasts a longer time. The maximum rates of 

the other cases reveal 63 events/day for the 1e-3 MPa/yr model and 60 

events/day for the 7e-3 MPa/yr model at day 30. 

 

Figure 4.10: Temporal distributions of seismicity rates for the characteristic 

decay time models at the point A. 

 THM coupled seismicity rate model 4.4.2 

Thermo-hydro-mechanical fully coupled seismicity rate modeling was 

conducted to examine the injection temperature effect on the seismicity rate. 

Total injection period was 50 days and relatively cold fluid with temperature 

ranging from 40 to 80oC was injected into layer 2 with 4 m3/day injection rates. 

The initial temperature of the injection depth of 1250 m is 85oC. In order to 

compare THM models with HM modeling, HM coupled seismicity modeling was 
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also carried out with the same modeling settings and the fluid density for the 

HM model was 980 kg/m3 which is the water density at around 60oC. 

Just before the end of the injection, the temperature on the fault plane starts to 

drop and then continues to decrease until at the end of the simulation (Fig. 

4.11(f)). In the 40oC fluid injection model, the temperature falls down up to 

10oC from the initial temperature. Regarding the pore pressure change, the 

highest rate is shown in the 40oC injection model because the cold fluid has 

higher density but not a meaningful amount compare to the other models (Fig. 

4.11(a)). The change in the local stresses, especially the effective normal stress 

considerably increases over the whole simulation time compared to the 

previous HM coupled models (Fig. 4.11 (b, c) and Fig. 4.7(b, c)). Without the 

temperature change on the fault plane, the seismicity rate in 40oC model show 

the highest number from the beginning. Thermal stress change is not a direct 

effect on the seismic activity in this case. The Coulomb stress change and 

seismicity rate could be explained by the variation of local stress changes 

rather than pore pressure change (Fig. 4.11(d, e)). The maximum seismicity 

rates for the THM fully coupled injection temperature models reveal 1.1e+5 

events/day for 40oC, 4.2e+3 events/day for 60oC and 42 events/day for 80oC 

model on the fault plane of 1250 m depth at day 50. 

In the HM coupled model, the pore pressure change is up to 0.15 MPa higher 

than that of 40oC injection model showing the highest rate in the THM model 

but the changes in the local stresses are remarkably lower than those of all 

THM models. Consequently, the seismicity rate occurs at lower value of 20 

events/day on the fault plane of 1250 m depth at day 50. It could be inferred 

from these simulations that relatively cold fluid injection might affect 

earthquake reactivation and control the amount of seismicity rate resulting 

from the disturbed local stress changes induced by fluid injection. 
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Figure 4.11: Temporal distributions of the elements of the Coulomb stress 

change (a-d), seismicity rates (e) and temperature (f) for the THM fully coupled 

models and an HM coupled model at the same depth of injector on the fault 

plane. 
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 4.5  Conclusions 

In order to investigate the effects of input variables on the seismic 

reactivations along the preexisting fault plane, this study performed hydro-

mechanical (HM) and thermo-hydro-mechanical (THM) fully coupled injection 

induced seismicity rate models with a variety of scenarios. The seismicity rate 

was computed based on the Coulomb stress change, a combination of changes 

in pore pressure, normal stress and shear stress on the fault plane.  

In the HM coupled models, the seismicity rates increase with the elevated 

injection rates due to the poroelastic stress changes which are pore pressure 

and effective normal stress along the fault plane. The tectonic stressing rate 

would also be a key variable for the earthquake triggering. In case of that the 

characteristic decay time is long enough, the maximum seismicity rate could be 

recorded during the postinjection period. 

With HM coupled model, forecasting temporal seismicity rates could be 

simulated effectively. However in reality, for the geothermal fields, heat 

transfer plays a significant role in poroelasticity behavior. Thus, this study 

conducted THM fully coupled seismicity rate model considering injection 

temperature. Compared to the HM coupled modeling, there were remarkable 

changes in the local stresses perturbed by cold fluid injection resulting in the 

increase of the seismicity rate. The highest seismicity rate was shown in the 

coldest injection temperature model. 

The direct effect on the seismicity rate is apparently pore pressure change but 

the indirect effects, regional stress changes associated with pore pressure 

increase also could contribute to the seismicity rate.  
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 Chapter 5 

Case Study 1: Investigation of Focal 

Mechanisms and Swarm Analysis for 

Fault Geometries from the Wairakei 

Microseismcity 

 5.1  Introduction 

The Wairakei geothermal field is a part of the greater Wairakei-Tauhara 

geothermal system which is one of the 23 high enthalpy geothermal areas in 

the Taupo Volcanic Zone (TVZ), New Zealand (Bibby et al., 1995). This area is 

located in the NNE-trend rifting continental back-arc resulting from the 

convergence of the Pacific Ocean plate and Australian continental plate along 

the east coast of the North Island of New Zealand. The stratigraphy of the 

Wairakei-Tauhara geothermal system mainly consists of rhyolites and volcanic 

sediments. Its structure shows NE-SW trending and steeply dipping normal 

faults leading to offsets and varying thicknesses of volcanic layers (Rosenberg 

et al., 2009). 

 



1 

 
71 

 

Figure 5.1: Vertical and horizontal distributions of the Wairakei 

microseismicities with the locations of the Wairekei seismic network stations 

(blue triangle) recorded from March 2009 to Apri 2014. The colored rectangles 

indicate the boundary of 5 sub-regions of the Wairakei area for the 1D P-wave 

seismic velocity model (from Boese et al., 2015) 

In 1958, the Wairakei geothermal field started commercial production of 

electricity, which currently holds the largest installed capacity of the TVZ 

(~375 MWe) across four power stations: Te Mihi, Wairakei, Poihipi and the 

Wairakei Binary geothermal plant. For operational reasons, large scale infield 

re-injection in the Wairakei started in the mid-1990s (Otupu area; east of 

Wairakei) and further extended to the south Wairakei (Karapiti area) in 
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August 2011. Small scale re-injection trials have also been conducted since 

2012 (West of Wairakei). 

Although the Wairakei geothermal field is on the active tectonic regime as a 

part of the TVZ, this area has been a few focal mechanism studies due to low 

magnitude events, shallow hypocenters and the small number of seismometers 

(Hurst et al., 2002). The focal mechanism solution is a widely used practical 

method to identify fault geometries and local principle stresses. In geothermal 

fields, the fracture orientations might provide valuable information like the 

origin of heat source. In addition, since pre-existing faults in the injection 

induced seismic zone have more possibility of fault re-activation. It is 

worthwhile to identify fracture structures. 

From 2009, the Contact Energy has operated 13 high-sensitivity and high-

resolution borehole seismometers in the Wairakei geothermal field and 

recorded more than 7700 seismic events which are mostly less than magnitude 

2.0 by April 2014 (Fig. 5.1). In this study, active fault structures were identified 

from the micro-seismicity events detected in the Wairakei geothermal field 

from March 2009 to September 2013 using the focal mechanism solution and 

cluster analysis methods. 

 5.2  Data acquisition 

In the vicinity of the Wairakei geothermal field, a total of twenty-five seismic 

stations have been operated by Contact Energy LTD. (WSN: Wairakei Seismic 

Network, 13 stations) and GNS Science (12 GeoNet stations), a New Zealand 

government-owned research institute. 

Since 2009, Contact Energy Ltd. has installed and operated the high-sensitivity 

and high-resolution borehole network WSN in the Wairakei geothermal field, 

Taupo (Table 5.1). The main purpose of the network is to monitor micro-

seismicity activities induced by the production and re-injection of geothermal 
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fluid and to support reservoir management and drilling strategies. The depth 

range of the borehole seismometers is between 60 m to 1,209 m below sea level 

(Sepulveda, F. et al., 2013). The borehole sensors are equipped with a natural 

frequency of 4.5 Hz and an output of ~1V/cm/s ± 5%. The sensors are capable of 

depth of over 3 km and up to the temperature of 150 ⁰C. 

The GeoNet seismic monitoring network consists of 111 regional network 

stations and 222 strong-motion accelerograph stations throughout New 

Zealand. The GeoNet stations have been designed to observe earthquakes and 

volcanic eruptions and to provide rapid event information to the public 

(Petersen et al., 2011). This study employed 12 GeoNet seismic stations 

deployed in the vicinity of the Wairakei geothermal area to reduce the 

uncertainties of focal mechanism solutions (Table 5.2). 

Through the WSN and the GeoNet stations, a total of 7,753 events were 

recorded in the Wairakei geothermal field from March 2009 to April 2014. The 

vertical orientations of all seismometers were identified by teleseismic events 

recorded in the USGS seismic catalogue. It showed that the GeoNet sensors 

have reversed polarities. 
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Table 5.1: Installed borehole seismometer depths of the Wairakei seismic 

network (WSN) station (from Sepulveda et al., 2013). 

Station ID Borehole ID Sensor depth (m) Elevation, MSL (m) 

T01 THEQ01 80 337 

W01 WKM09 92 293 

W02 WKMQ02 80 380 

W03 WKMQ03 80 459 

W04 WKMQ04 80 369 

W05 WKMQ05 156 326 

W06 WKMQ06 153 368 

W07 WKMQ07 60 444 

W08 WKMQ08 120 401 

W09 WKMQ09 80 516 

W10 WK402 1194 -760 

W11 WK313 1209 -869 

W19 WK227 300 97 
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Table 5.2: Locations and depths of the GeoNet seismometers deployed around 

the Wairakei geothermal area 

Station Code Longitude Latitude Elevation (m a.s.l)

GRRZ 176.110 -38.350 580 

HRRZ 176.284 -38.390 590 

PRRZ 176.393 -38.497 392 

KUTZ 175.823 -38.489 515 

WPRZ 176.162 -38.520 519 

ALRZ 176.343 -38.562 405 

WHTZ 175.957 -38.666 822 

POIZ 176.034 -38.631 598 

ARAZ 176.120 -38.628 420 

WATZ 175.733 -38.708 560 

RATZ 175.772 -38.866 653 

HATZ 176.092 -38.891 506 
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 5.3  Hypocenter distribution 

The hypocenter locations of the Wairakei microearthquakes were determined 

by the Hypoinverse-2000 (Klein, 2002) with the 1D P-wave velocity model 

derived by Boese et al. (2015), (Fig. 5.2). The paper applied a genetic algorithm 

method to the P-wave velocity model of the Wairakei geothermal field. 

Additionally, the area was divided into five sub-regions: Central, Karapiti, 

Otupu, Tauhara, and Poihipi in terms of the earthquake distribution and the 

natural boundaries of the clusters of earthquakes (Fig. 5.1). 

Magnitudes of the Wairakei earthquake catalogue were calculated based on the 

seismic moment M0 described by Andrews (1986), 

 𝑀 4𝜋𝜌𝛽
Ω
𝑅

 (5-1)

where 𝜌 is the density (g/m3), 𝛽 is the shear-wave velocity (cm/s), Ω is the low-

frequency spectral level (cm2∙s), and R is a correction factor for the radiation 

pattern of the S-wave. 

The moment magnitude (𝑀 ) is finally derived using the following formula 

defined by Hanks and Kanamori (1979), 

 
𝑀

𝑙𝑜𝑔𝑀
𝑎

b (5-2)

where 𝑀  is the seismic moment (dyn∙cm), a and b are the constants for the 

slope and intercept of 𝑀  axis based on regional geology and calibration. In this 

study, the values of the constant a and b are 0.9825 and 17.61, respectively 

(Boese, Carolin M. et al., 2014). 
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Figure 5.2: 1D P-wave velocity models of the Wairakei geothermal field (from 

Boese et. al., 2015). 

During a period between March 2009 and April 2014, more than 7,700 

hypocenters were determined within the Wairakei geothermal field boundary 

detected by the WSN and Geonet. About 97% of the seismic events have less 

than magnitude 2.0, in the so-called micro-earthquake range, and are located 

above the 6 km depth (Fig 5.1). Nearly 90% of the earthquakes were triggered 

in the production areas (Central and Western Wairakei). The distribution of 

micro-seismicity tends to be diffuse showing that deep events occurred around 

Poihipi (Western Wairakei), and shallow earthquakes were activated in the 

central Wairakei (Fig. 5.1). One of the noticeable features is that the number of 
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seismic events around Karapiti and Tauhara (Southern and Eastern Wairakei) 

had apparently been increased after re-injection from 2011. 

 5.4  Focal mechanism 

In order to estimate the double couple focal mechanism from the Wairakei 

micro-seismic events recorded from March 2009 to September 2013, one of the 

conventional methods for the focal mechanism solution, HASH Ver. 1.2 was 

used in this study. The dense spacing seismic network of the order of 2km 

deployed within the Wairakei geothermal boundary could enable determining 

single event focal mechanisms. Nevertheless, the magnitudes of most 

earthquakes were too low (M<2) to pick the P-wave first motion polarities of 

each event. Hens, this study picked the polarities only for the events that are 

magnitude ≥ 1.0 and above 6 km depth. To minimize the uncertainty of the 

solution, all the focal mechanisms were determined by at least 8 P-wave 

polarities (Fig 5.3). As mentioned in the previous section, the reverse polarities 

of the Geonet seismometers were corrected. 

In a total of 30 focal mechanisms of the Wairakei geothermal field were 

determined (Fig. 5.4 and Table 5.4). The solutions revealed types of the faults 

of the Wairakei geothermal field: 20 strike-slip faults, 5 normal faults and 5 

thrust faults. About 70% of the solutions shows steeply dip ranging from 60 to 

90 degree. In addition, two major directions of the fault strikes are NE-SW (16 

solutions) and NW-SE (9 solutions) followed by N-S (4 solutions) and E-W (1 

solution) directions. 

It is well known that the TVZ is located in the NNE trend actively rifting 

continental back arc which would infer the normal fault dominant extensional 

regime. However, this study shows that the major faulting system in the 

Wairakei geothermal field is strike-slip with NE-SW strike direction. The 

solution 1 is only involved with purely strike-slip, while most strike-slip 
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solutions show between strike-slip and normal faults. In the Wairakei 

geothermal area, subsidence has been observed for a long time due to the 

continuous geothermal fluid production. It would be possible that the principle 

stresses have been changed by the pore pressure decline in this area and 

consequently, the extensional stress is possibly less dominant (Hurst et al., 

2002). Seagall and Fitzgerald (1998) presented that normal faulting is likely to 

be induced by production within reservoirs and reverse faulting would be 

triggered by production above and below the reservoir in compressional stress 

state. The events of the solution 3-11 occurred as a cluster at 4 to 5 km depth in 

13th Dec 2009 but the fault types and strike directions are varied. The main 

reason is that the P and T points of all the normal faults (solution 3, 5, 6, and 8) 

in the low hemisphere balls are not well constrained. In this case, it would be 

worthwhile to use the composite focal mechanism solution. This swarm was 

analyzed in the next section using the swarm analysis and the major strike 

direction is involved with NE-SW. 5 thrust faults (21, 22, 23, 24, and 26) reveal 

in the shallow production area: central and Poihipi. It also might be linked to 

the subsidence or geothermal fluid production. Although this study indicates 

the fact that the dominant fault type is strike slip, the principle direction of the 

fractures is NE-SW which is consistent with the mapped fault trends in the 

TVZ. 
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Figure 5.3: Vertical and horizontal distributions of 2,305 filtered Wairakei 

microseismicities recorded from March 2009 to September 2013 which are 

M≥0.4 and above 6 km depth. 
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Figure 5.4: Focal mechanism solutions from microearthquakes recorded in the 

Wairakei geothermal field. Black and pink lines represent mapped faults and 

borehole directions, respectively. The legend indicates the uncertainty of the 

focal mechanism solution. 

 5.5  Fault structures from micro-earthquake swarm 

analysis 

The other approach to identify fracture geometries, a swarm analysis were 

applied to the Wairakei geothermal filed. Firstly, the spatiotemporal micro-

seismic distribution was analysed by the event clustering method, CURATE 

(Jacobs et al., 2013) which determines event sequences by comparing observed 

event rates to an average event rate. In this study, the input parameters for 
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the CURATE were 0.4 magnitude cut-off, 0.7 km for distance rule, and 5 days 

for day rule to identify the swarms. From the Wairakei micro-earthquake 

catalogue, a total of 22 event clusters were obtained (Fig. 5.5). 

Figure 5.5: Vertical and horizontal distributions of 22 earthquake clusters. The 

hypocenter locations were determined by HypoDD. 

In order to reduce the hypocentre location errors determined by the 

Hypoinverse71, the hypocentre of 22 clusters were relocated using a double-

difference hypocentre relocation method, HypoDD (Waldhauser and Ellsworth, 

2000) which is an effective tool for estimating relative event locations in a 

swarm accurately (Fig. 5.5). The waveform cross-correlation analysis was then 
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conducted for each cluster to determine the final fault geometries. It is a very 

commonly accepted assumption to determine fault structures that if a number 

of events in a cluster have similar waveforms, the events might be triggered on 

the same fault plane. Figure 5.6 presents the event waveforms of each cluster 

showing the identical seismograms. Lastly, the singular value decomposition 

(SVD) was applied to estimate the strikes and dips of swarms. 

Table 5.3: Estimated strikes and dips of 22 earthquake clusters using singular 

value decomposition (SVD) 

Swarm No. Strike Dip Swarm No. Strike Dip 

1 N56E 82NW 12 N61W 67SW 

2 N3E 82NW 13 N17E 45SE 

3 N18W 72NW 14 N8W 86SW 

4 N36E 74NW 15 N52W 81NE 

5 N89W 66SW 16 N2E 87SE 

6 N20E 62NW 17 N59E 68SE 

7 N14W 72SW 18 N48W 80SW 

8 N55W 88NE 19 N77W 40NE 

9 N70E 84NW 20 N83W 83SW 

10 N38E 86NW 21 N56E 74SE 

11 N20E 82NW 22 N50E 78NW 
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In central Wairakei, a total of 7 clusters were obtained and the estimation of 

fault planes shows mainly NE-SW strike directions (swarm 2, 4, 13, 16 and 22): 

swarm 2, 13 and 16 have NNE-SSW direction. It suggests that the strike 

directions of the central Wairekei are well matched with the tectonic direction 

of TVZ. Only one cluster (swarm 14) was collected in the Karapiti re-injection 

area, southern Wairakei which indicates NNW-SSE strike direction with very 

deep slip. In Oputu, eastern Wairakei, W-E direction strikes (swarm 5, 20) 

were involved. In total 11 swarms were analyzed in Poihipi, western Wairakei, 

and 7 clusters have NE- SW strikes (swarm 1, 6, 9, 10, 11, 17, 21): swarm 6, 10 

and 11 show NNE –SSW direction. The rest of the swarms in Poihipi have NW-

SE strike trend. Swarm 1 includes the events of focal mechanism 3-11. Its 

strike direction is fairly consistent with the strike-slip fault ones of the focal 

mechanisms. Most of the fault planes from the swarm analysis indicate steeply 

dip ranging 67 to 87 except swarm 13 and 19. 

 5.6  Conclusions 

The Wairakei geothermal field is placed in a part of the TVZ but the focal 

mechanism studies have hardly been carried out before because of weak 

seismic moments, shallow depth of earthquake locations and not enough 

seismometers around this area. However, total 25 seismometers (13 WSN and 

12 GeoNet) which have been operated by Contact Energy Ltd., and GNS since 

2009 around the Wairakei geothermal field make it possible for this study to 

calculate 30 focal mechanisms. 

Although the Wairakei field is on the extensional dominant stress regime, the 

major focal mechanism solution revealed the strike-slip with NE-SW strike 

direction which is only consistent with the mapped fault strike trends in the 

TVZ. The strike-slip dominant mechanism would result from perturbation of 

principle stresses associated with subsidence and fluid production in the 

Wairakei geothermal field. 
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Investigation of fault geometries using cluster analysis showed that the strike 

directions of the swarms in the central Wairakei are in good agreement with 

the NNE tectonic direction of TVZ. In addition, the dip of fault planes of the 

most swarms involved the range of 67 to 87 degree which is steeply deep. 

The uncertainties of focal mechanism solutions and swam analysis still remain 

because of unclear P-wave first motion polarities of microearthquakes and 

hypocentre location errors. The re-injection areas (Oputu and Karapiti) located 

in the boundary of the seismometer array are especially more difficult to obtain 

accurate hypocentre locations. To resolve them, it might be necessary to apply 

a better technique to minimize the hypocentre locations such as HypoDD and 

NONLINLOC and to use clear P-wave first motion polarities of at least M≥1.5 

from the accumulated event catalogue. 
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Table 5.4: Focal mechanism solution results in the Wairakei geothermal field. FPU is fault plane uncertainty, APU is auxiliary plane 

uncertainty, NOP is a number of P first motion polarities, Q is focal mechanism quality, PM is probability mechanism close to the 

solution, SDR is station distribution ratio. The unit of depth is in km. 

ID Year Month Day Hour Minute Second Latitude Longitude Depth Strike Dip Rake FPU APU NOP Q PM SDR 

1 2009 7 24 17 56 11.08 -38.6373 176.1115 2.59 227 73 8 44 47 10 D 31 59 

2 2009 9 24 0 44 42.48 -38.6360 176.0465 1.20 210 84 -121 36 39 10 C 61 63 

3 2009 12 13 11 18 41.66 -38.6407 176.0380 5.00 302 89 -101 42 41 10 D 39 76 

4 2009 12 13 11 18 41.81 -38.6392 176.0407 4.34 219 49 -15 41 41 11 D 39 74 

5 2009 12 13 11 19 10.34 -38.6402 176.0395 4.79 309 89 -111 44 43 10 D 39 78 

6 2009 12 13 11 19 10.46 -38.6395 176.0430 4.22 101 78 99 46 45 8 D 35 81 

7 2009 12 13 11 19 22.94 -38.6398 176.0397 4.83 344 70 159 40 37 11 C 54 76 
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ID Year Month Day Hour Minute Second Latitude Longitude Depth Strike Dip Rake FPU APU NOP Q PM SDR 

8 2009 12 13 11 19 22.94 -38.6398 176.0397 4.83 216 80 -90 44 47 11 D 35 77 

9 2009 12 13 11 20 53.40 -38.6395 176.0435 3.98 206 54 -12 40 37 15 C 51 73 

10 2009 12 13 12 15 36.59 -38.6407 176.0417 4.62 206 51 -39 37 34 13 C 57 68 

11 2009 12 13 12 50 57.29 -38.6418 176.0360 5.08 194 57 -28 41 36 11 D 44 67 

12 2009 12 13 17 28 53.74 -38.6233 176.0607 1.11 211 64 -163 42 43 9 D 27 50 

13 2011 5 7 10 50 14.75 -38.6295 176.0445 1.00 203 76 137 26 24 16 B 80 67 

14 2011 11 20 13 15 30.75 -38.6417 176.0920 2.17 24 70 -114 43 45 11 D 38 54 

15 2012 1 17 9 48 8.19 -38.6405 176.0865 1.11 302 59 -54 39 45 9 D 39 70 
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ID Year Month Day Hour Minute Second Latitude Longitude Depth Strike Dip Rake FPU APU NOP Q PM SDR 

16 2012 1 20 18 26 30.32 -38.6527 176.0603 0.89 20 69 -135 32 24 15 B 82 75 

17 2012 1 22 8 7 58.21 -38.6522 176.0563 1.33 57 66 -93 50 45 10 D 34 64 

18 2012 1 24 21 28 29.52 -38.6458 176.0618 1.04 359 89 136 38 42 10 C 52 60 

19 2012 1 26 2 23 12.01 -38.6497 176.0570 2.08 45 59 -111 29 22 13 B 83 64 

20 2012 4 15 1 15 52.76 -38.6213 176.0828 0.49 171 81 -108 60 55 7 D 15 59 

21 2012 4 25 17 55 49.63 -38.6235 176.0812 0.72 11 53 104 41 46 13 D 31 66 

22 2012 4 26 6 13 43.12 -38.6242 176.0747 1.44 323 53 89 46 41 14 D 44 70 

23 2012 5 21 11 43 42.76 -38.6273 176.0568 1.04 23 44 31 41 36 11 C 54 61 
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ID Year Month Day Hour Minute Second Latitude Longitude Depth Strike Dip Rake FPU APU NOP Q PM SDR 

24 2012 5 21 12 25 28.33 -38.6290 176.0590 1.28 56 63 84 57 57 11 D 19 54 

25 2012 6 5 18 39 7.13 -38.6200 176.0637 1.10 341 69 -121 37 36 11 C 55 55 

26 2012 12 4 21 34 21.10 -38.6300 176.0455 1.26 4 56 95 31 36 11 C 58 57 

27 2013 1 11 3 28 18.89 -38.6305 176.0730 1.01 118 81 119 45 43 12 D 40 65 

28 2013 1 11 3 29 2.52 -38.6370 176.0738 0.96 161 82 140 40 38 13 C 56 65 

29 2013 3 24 12 43 22.88 -38.6568 176.0595 2.49 340 88 120 47 44 9 D 33 54 

30 2013 5 28 1 40 42.86 -38.6327 176.0563 0.72 192 79 -131 42 43 9 D 36 67 
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Figure 5.6: Waveforms of 22 earthquake clusters 
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 Chapter 6 

Case Study 2: Seismogenic Hydraulic 

and Mechanical Properties from the 

Karapiti Injection Induced 

Microearthquakes 

 6.1  Introduction 

The Karapiti re-injection area is a part of the Wairakei-Tauhara geothermal 

system placed in the southern end of the Taupo Volcanic Zone (TVZ), an NNE-

trending active rifting arc, New Zealand. Commercial geothermal power 

generation commenced in the Wairakei field in 1958 with large scale infield 

reinjection starting in the eastern Wairakei (Oputu) in 1998 and in the 

southern Wairakei (Karapiti) in 2011. 

In terms of the seismic activity, the Karapiti area is known as one of the 

aseismic zones in the TVZ (Sepulveda, Fabian et al., 2015). However, since re-

injection started in 2011 with 7 injection wells, injection induced 

microearthquakes have obviously increased, and most of the events involve less 

than magnitude 2.0 (Fig. 6.1). The earthquakes in the Karapiti area tend to 
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increase during the elevated reservoir pressure observed at WK402 and the 

period of the long term relatively cold geothermal fluid injection time (Fig. 6.2). 

With the poro-elastic theory (McGarr, Arthur, 2014; Gaucher et al., 2015; 

Doglioni, 2018; Goebel and Brodsky, 2018) and hydro-mechanical coupled 

numerical models (Troiano et al., 2013; Kim and Hosseini, 2015; Norbeck, Jack 

H. and Horne, 2018), it has been proved that the fault instability by fluid 

injection results from the pore pressure increase. In addition to the fluid 

pressurization, the local stress change on pre-existing fractures driven by fluid 

injection could also activate an earthquake rupture (Segall and Lu, 2015; 

Chang and Segall, 2016; Bhattacharya and Viesca, 2019). To explore and 

forecast the injection induced seismicity, it is necessary to obtain accurate 

hydro and mechanical properties.  

In this study, by analyzing the Karapiti injection induced seismicity recorded a 

period between August 2011 and April 2014, the seismogenic hydraulic and 

mechanical properties of the Karapiti formations and fractures were estimated 

with the triggering front method (Shapiro et al., 1997) and 1D P-wave velocity 

model (Boese, Carolin M. et al., 2015) of the Karapiti area, respectively.  
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Figure 6.1: Distribution of M≥0.4 earthquake events before (upper) and after 

(bottom) re-injection in the Karapiti area. After injection started from 11 

August 2011, microearthquakes have increased in the Karapiti area. Red and 

blue solid lines indicate mapped active faults and Waikato River, respectively. 

Red triangles represent seismic stations. 
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Figure 6.2: The history of injection induced earthquakes (black bar), the total 

injection rate (blue), injection temperature (red) and reservoir pressure (black) 

monitored at WK 402 well in the Karapiti field during a period between August 

2011 and April 2014. 

 6.2  Data acquisition 

Injection induced microearthquakes in the Karapiti re-injection area were 

obtained from the Wairakei event catalogue which determined by Hypo 71. In 

this area, a total of 455 events are collected which are M≥0.4, above 4.0 km 

depth and a period of between August 2011 and April 2014.  

In order to use the triggering front method which is a spatiotemporal analysis 

tool for estimating hydraulic diffusivity, it is essential to minimize the seismic 

location errors because the distances between injectors and earthquake 

hypocenters are the most important input parameter. This study, therefore, 

adopted NONLINLOC software calculating probabilistic, non-linear 

earthquake locations using systematic, complete grid search and global, non-

linear search methods to improve the precision and reliability of hypocenter 

(Lomax et al., 2000). 
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Compared to the Hypo 71 hypocenter locations, the NONLINLOC relocations 

show tighter clustering vertically and horizontally between 0 and 1 km depth 

and around injection wells (Fig. 6.3). The average location errors of 

NONLINLOC hypocenters are significantly decreased horizontally and 

vertically against those of Hypo 71 from 0.2 km and 0.4 km to 0.08 km to 0.2 

km, respectively. 

Figure 6.3: Comparison of hypocenter locations from Hypo71 (upper) with 

NONLINLOC (lower). The average horizontal and vertical errors of 

NONLINLOC locations are considerably reduced from 0.2 km and 0.4 km to 

0.08 km and 0.2 km respectively. Red and blue solid lines indicate mapped 

active faults and Waikato River, respectively. Red triangles represent seismic 

stations. 
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Total 6 swarms in the Karapiti re-injection area were identified by the cluster 

analysis (CURATE) introduced in the previous chapter 5. The input 

parameters for CURATE were magnitude 0.4 for the cut off magnitude and 0.7 

km for the distant rule and 1 day for the day rule. Swarm S2, S4 and S5 

involve NNE strike directions which are good in accordance with the active 

fault trending in TVZ. In contrast, Swarm S1, S3 and S6 show NNW strike 

trends (Fig. 6.4). The swarm number represents the order of event trigger time. 

The interesting phenomenon of the Karapiti area is that the earlier events 

occurred at a long distance from the injection wells and then the event 

locations moved into the injection wells. 

Figure 6.4: Distributions of 6 fractures from the swarm analysis (CURATE) in 

the Karapiti field. 3 swarms (S2, S4 and S5) show NNE strike trends, 

coinciding with the TVZ extensional tectonic and mapped fault lineaments (red 

solid lines). The other swarms have NNW strike directions. 

 6.3  Determination of hydraulic diffusivity  

Shapiro et al. (1997) announced a triggering front method to estimate poro-

elastic behaviours especially, hydraulic diffusivity and permeability. After that, 
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several types of triggering front methods have been developed in terms of 

medium character and non-linear fluid-rock interaction (Shapiro and Dinske, 

2009). To make the solution simple, this research assumed that the Karapiti 

formations are homogeneous and isotropic porous media. In this case, the 

triggering front equation can be expressed as follows: 

 𝑟 √4𝜋𝐷𝑡 (6-1)

where 𝑟  is the radius of the triggering front, D is the hydraulic diffusivity and t 

is time from the injection start. 

 

Figure 6.5: Karapiti 1D P-wave seismic velocity model estimated by a genetic 

algorithm (Boese et al., 2015). Red lines indicate the boundaries of Karapiti 

formations. 
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The most important 2 variables for the triggering front method are time 

between injection start and seismic triggering and distances between 

hypocenters and injectors. Hence, the Karapiti area is firstly subdivided by 3 

formations according to the P-wave velocity. Secondly, the injection start time 

of each well is considered because there are 3 injection operation schedules and 

lastly for the distance variable, high permeable zones of each injection well 

were reflected in this study.  

Table 6.1: Formations of the Karapiti re-injection area classified by the 

Karapiti 1D P-wave seismic velocity model. Due to data uncertainties of the 

end formations such as low input data and hypocenter errors derived by 

thermal effect, this study only investigates 3 formations: Waiora Fm, Wairakei 

Ignimbrite and Tahorakui Fm  

Formation Depth (km, below the sea level) 

1. Huka Falls Fm., and Karapiti 2A 

Rhyolite 
Surface to 0.18 

2. Waiora Fm. 0.18 to -0.5 

3. Wairakei Ignimbrite -0.5 to -1 

4. Tahorakuri Fm. -1 to -3 

5. Greywacke ≤ -3 

 Karapiti formations 6.3.1 

According to the Karapiti P wave seismic velocity, the Karapiti area is 

classified with 5 layers (Table 6.1): Huka falls Fm. and Karapiti 2A rhyolite 
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(surface to 0.18 km, 1.86 km/s), Waiora Fm (0.18 to -0.5 km, 2.39 km/s), 

Wairakei Ignimbrite (-0.5 to -1km, 2.64 km/s), Tahorakui Fm (-1 to -3 km, 

3.80km/s) and Greywacke (≤-3 km, ≤3.80 km/s). The number of earthquakes in 

Huka falls Fm. and Karapiti 2A rhyolite is not enough to estimate hydraulic 

diffusivity and Greywacke formation which is the deepest layer would contain 

uncertainties of hypocenter locations due to high temperature effect leading to 

unreliable output. This study, therefore, analyses only 3 formations: Waiora 

Fm, Wairakei Ignimbrite and Tahorakui Fm (Fig. 6.5 and Table 6.1). 

 Re-injection schedule 6.3.2 

For time variable in the triggering front method, re-injection time schedule of 

each injector was considered. In the Karapiti area, since Aug 2011, 7 injection 

wells have been operating with 3 different injection start time schedule. The 

first operation commenced in August 2011 with WK 401, WK 403 and WK 404 

wells, and followed by January 2013 with WK 408, WK 409 and WK 410 wells 

and lastly July 2013 with WK 407 injection well (Table 6.2). 

Table 6.2: Re-injection schedule and ID of injectors in the Karapiti field 

Re-injection Schedule Well ID 

11/Aug/2011 ~ Present WK 401, WK 403, WK 404 

30/Jan/2013 ~ Present WK 408, WK 409, WK 410 

03/Jul/2013 ~ Present WK 407 
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 Feed zone depth 6.3.3 

Depths of high permeable zones of all the Karapiti injection wells were 

investigated by Contact Energy Ltd. with well logging tests. The most injectors 

were drilled directionally except WK403 and WK 408 wells and therefore the 

coordinates of latitude and longitude of the feed zones are changed with depth. 

Waiora Fm. contains 3 high permeable zones penetrated by WK 403 and WK 

407 wells. Wairakei Ignimbrite, the most interesting formation showing dense 

seismic clusters is re-injected by 2 feed zones through WK 401 and WK 407 

wells. 5 injection wells: WK 404, WK 407, WK 408, WK 409 and WK 410 reach 

Tahorakuri Fm. and re-inject through 10 high permeable zones (Table 6.3). 

Table 6.3: Feed zone depth of the Karapiti re-injection wells. The unit is in km, 

below the sea level. 

Formation Major Feed Zone Depths of Injection wells (km) 

Waiora Fm. 0 (WK 403), 0.06 (WK 403), 0.37 (WK 407) 

Wairakei Ignimbrite 0.67 (WK 401), 1.10 (WK 407) 

Tahorakuri Fm. 

1.21 (WK 407), 1.50 (WK 410), 1.62 (WK 410), 1.82 

(WK 404), 1.85 (WK 407), 1.93 (WK 408), 2.17 (WK 

404), 2.24 (WK 409), 2.36 (WK 407), 2.39 (WK 408) 

 r-t composite plots  6.3.4 

Hydraulic diffusivities of 3 Karapiti formations and 6 fractures were 

determined using the triggering front method so-called r-t plot based on the 

equation 6-1. It is assumed that each formation is homogeneous and isotropic 
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porous media, and fluid flows horizontally within the injected formation. In 

order to reduce the uncertainty in the hydraulic diffusivity estimation, this 

study considered 3 different injection start time and locations and depths of 

high permeable zones of 7 injection wells. In order to include all the injection 

information, the formation hydraulic diffusivities are calculated by r-t 

composite plots. 

Figure 6.6: r-t composite plots for the Karapiti formations. The composite plots 

are used for reflecting injection schedule and feed zone depths of 7 injection 

wells. It is assumed that injected fluid flows horizontally within the hosting 

formation. Black, blue and red colors represent first, second and third injection 

time schedule, respectively. The shapes of symbols indicate different feed zone 

depths of injection wells. 

Figure 6.6 shows the maximum and minimum range of hydraulic diffusivities 

of Karapiti formations determined by r-t composite plots. Black, blue and red 

colours represent the 3 re-injection time schedule and the symbols indicate 

different feed zone locations of injection wells. The maximum hydraulic 

diffusivities of Waiora Fm. and Wairakei ignimbrite reveal 0.03 m2/s, and that 

of Tahorakuri Fm. shows slightly higher value of 0.05 m2/s. Wairakei 

Ignimbrite and Tahorakui Fm. have nearly the same low limit of hydraulic 

diffusivities 0.005 and 0.007 m2/s, respectively. The minimum hydraulic 

diffusivity of Waiora Fm. marks 0.015 m2/s which is almost twice faster than 
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that of Tahorakuri Fm.. It is interesting to note that outliers in the r-t 

composite plot of Tahorakuri Fm. could be explained by fracture swarms. 

For the hydraulic diffusivity determinations of 6 swarms, the differences of 

distance and time among events in a swarm were calculated from the first 

event occurance. The locations of 6 swarms are shown in Figure 6.4. The range 

of hydraulic diffusivities of 6 swarms shows 0.05 ~ 7 m2/s (Fig. 6.7). Swarm 3 

and Swarm 5 embedded in Tahorakuri Fm. reveal an order of magnitude 

higher diffusivity of 2 and 7 m2/s, respectively than those of the others. Swarm 

1, 2, and 4 are in a range of 0.2 to 0.5 m2/s. The lowest diffusivity of 0.05 m2/s 

was calculated in Swarm 6. Compared to the formation diffusivities, fracture 

swarms mark 1 or 2 order of magnitude higher values. 

 

Figure 6.7: r-t plots for 6 seismic clusters determined by CURATE. The 

maximum distance and time between events are 700 m and 1day for the 

CURATE analysis. 
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 6.4  Permeability and elastic property estimation 

In order to convert hydraulic diffusivities to permeabilities of the Karapiti 

formations and 6 fractures, the following equation is used (Bodvarsson, 1970; 

Talwani et al., 2007). 

 𝑘 Dμ 𝜑𝛽 1 𝜑 𝛽  (6-2)

where D is hydraulic diffusivity, μ is the viscosity of fluid, 𝜑 is the porosity, and 

𝛽  and 𝛽  are the compressibility of fluid and matrix, respectively. 

The viscosity and compressibility of water were calculated under the 

temperature and pressure condition of the Karapiti re-injection area. The 

average geothermal gradient and pressure gradient in the Karapiti area were 

obtained from well logging data and the values are 51oC/km and 90 bar/km, 

respectively. The estimated viscosities and compressibilities of fluid of the 

Karapiti formations are selected from the median depth of each formation and 

those of fractures are from their hosting layers. This study assumed that 

porosity decreases with depth, maximum ranges from 0.4 to 0.2 with 

decreasing depth, and all the fracture porosities have the same values of 0.3 

(Table 6.4). 

The calculated permeability of the Karapiti re-injection area tends to slightly 

decrease with the depth ranging from 5.74 to 1.48 mD due to mainly declining 

of the porosity and matrix compressibility. This range is in good agreement 

with the seismogenic permeability range (0.5 ~ 5mD) from Talwani et al. (2007). 

The fracture permeabilities mark one or two orders of magnitude higher than 

their hosting layers. 
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Table 6.4: Input parameters for calculating permeabilities and estimating 

permeabilities of Karapiti formations and 6 seismic swarms. The μ and 𝛽  are 

temperature and pressure dependent fluid properties and therefore geothermal 

gradient of 51oC/km and pressure gradient of 90 bar/km are applied. The 

matrix compressibility 𝛽  was estimated from Karapiti P-wave seismic velocity 

model (Table 5). This study assumed that the compressibility of fracture is 1.0e-

10 (1/Pa). 

 D (m2/s) 𝛍 (Pa·s) 𝝋 
𝜷𝒇

(1/Pa) 
𝜷𝒎 

(1/Pa) 
k (mD) 

Waiora 0.015~0.03 6.39e-4 0.23~0.4 4.5e-10 1.76e-10 2.29~5.47~

Wairakei 
Ignimbrite 

0.005~0.03 3.04e-4 0.14~0.3 4.7e-10 1.48e-10 0.29~2.23~

Tahorakuri 0.007~0.05 1.61e-4 0.05~0.2 6.5e-10 6.75e-11 0.11~1.48 

Swarm 1 0.5 1.61e-4 0.3 6.5e-10 1.0e-10 21.3 

Swarm 2 0.3 3.04e-4 0.3 4.7e-10 1.0e-10 19.2 

Swarm 3 2 1.61e-4 0.3 6.5e-10 1.0e-10 85.3 

Swarm 4 0.2 6.39e-4 0.3 4.5e-10 1.0e-10 26.2 

Swarm 5 7 1.61e-4 0.3 6.5e-10 1.0e-10 299 

Swarm 6 0.05 3.04e-4 0.3 4.7e-10 1.0e-10 32.1 
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Table 6.5: Estimated elastic moduli from the Karapiti 1D P-wave velocity 

model. The ratio of P and S wave is constant of 1.76 and the range of the 

typical sedimentary rock density applied for the Karapiti formations. 

 Karapiti 2A 

Ryolite 
Waiora 

Wairakei 

Ignimbrite 
Tahorakuri

P wave velocity (m/s) 1860 2390 2640 3800 

S wave velocity (m/s) 1057 1358 1500 2159 

Density (kg/m3) 1500 1750 1700 1800 

Bulk Modulus (GPa) 2.96 5.69 6.74 14.80 

Young’s modulus (GPa) 4.23 8.14 9.65 21.17 

Shear Modulus (GPa) 1.66 3.23 3.83 8.39 

Compressibility (1/Pa) 3.38e-10 1.76e-10 1.48e-10 6.75e-11 

1st Lame’s Constant 1.84 3.54 4.20 9.21 

Poisson’s ratio 0.26 0.26 0.26 0.26 

 

Elastic moduli of Karapiti formations were also calculated using the 1D P-wave 

velocity model (Table 6.5). The ratio of P and S wave velocity of the Karapiti 

area is assumed at 1.76 and therefore the Poisson’s ratios of all the formations 

have the same value of 0.26. Compared to consolidated rocks, all the moduli 
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have lower values due to the rock types of the Karapiti area, volcanic 

sedimentary. In addition, all the elastic moduli tend to decrease with depth 

because of the decrease in P wave velocity and formation density with depth. 

 6.5  Discussions 

In the result of the estimated seismogenic hydraulic diffusivity using the 

triggering front methods, many types of uncertainty factors could be contained, 

for instance, the hypocenter locations, heterogeneity of subsurface condition 

and variable injection rate. Since the geologic properties in the Karapiti area 

are not well constrained, this study assumed that each Karapiti formation is 

homogeneous and isotropic porous media. To reduce the errors of earthquake 

locations, the hypocenters were determined by the NONLINLOC, and the 

errors were considerably cut down. The triggering front method used in this 

study does not consider the injection rate. It would be therefore worthwhile to 

apply a new method involving the injection rate for future research. 

In terms of anisotropic hydraulic diffusivity due to vertical faults, naturally 

created joints, fractures, and discontinuity layer boundaries are easily affected 

by stress change and it results in deformations or seismic triggers. The induced 

seismicities in pre-existing fractures hence should be considered for estimating 

the hydraulic diffusivity, for example, the seismic clusters (Fig. 6. 6). For more 

accurate estimations, seismic swarm declustering is necessary and the study 

should use a heterogeneous and anisotropic media triggering front method 

(Shapiro and Dinske, 2009). In this study case, the estimated hydraulic 

diffusivities could be lower bounds (the blue lines in Fig 6. 6). 

The estimated hydraulic diffusivities in this study ranging from 0.007 to 0.05 

m2/s are 2 orders of magnitude lower than those in Talwani et al. (2007). The 

main reasons for that would be because of the characteristics of the study site. 
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Talwani et al. (2007) gathered most of the data from hydraulic fracturing sites 

for enhanced geothermal systems, but the Karapiti area is placed in an 

unconsolidated volcanic sedimentary zone which might be not favourable to 

pore pressure build up for a seismic slip. In addition, the Karapiti area used to 

be an aseismic zone and hence the local stress state would not be under the 

critically stressed condition. 

In the permeability determination, the calculated seismogenic permeabilities 

for the Karapiti formations range 0.11 to 5.47 mD coinciding with those 

ranging 0.5 to 5 mD in Shapiro et al. (1997) and Talwani et al. (2007) though 

the hydraulic diffusivities show 2 orders of magnitude lower values. It results 

from that this study considered the temperature effect on the fluid properties 

to estimate the permeability, which leads to higher fluid viscosity and 

compressibility, as well as the porosity of the Karapiti formation is one order 

magnitude higher than that of their studies. 

Compared to the intrinsic permeability, the seismogenic permeability would be 

likely to mark lower value because of the time delay over which the critical 

level of the pore pressure reaches to the earthquake slip. 

 6.6  Conclusions 

Poro-elastic behavior plays a very important role in the injection induced 

seismic activity. Therefore this study estimated the seismogenic hydraulic and 

mechanical properties of the Karapiti formations and fractures from the 

Karapiti injection induced seismicity.  

The estimated hydraulic diffusivities using the triggering front method are in 

the range of 0.07 to 0.05 m2/s for the formations and 0.05 to 7.0 m2/s for the 

fractures. Those values are two orders of magnitude lower than those of the 
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reference (Talwani et al., 2007) due to the geological characteristics of the 

Karapiti area. 

The inverted permeabilities from the hydraulic diffusivities show the range of 

0.11 to 5.47 mD for the formations and 20 to 300 mD for the fractures which 

are in good agreement with the reference (Shapiro et al., 1997; Talwani et al., 

2007). The seismogenic permeability in the Karapiti area could be lower than 

the intrinsic permeability due to the time gap between the arrivals of the fluid 

and the pore pressure increase up to the critical point for a seismic slip. 

The estimated elastic moduli from the 1D P wave velocity model shows 

relatively low values because of the unconsolidated volcanic sedimentary rock 

type of the Karapiti area.  
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 Chapter 7 

Case Study 3: Hydro-mechanical 

Coupled Seismicity Rate Model for 

Injection Induced Microearthquakes in 

the Karapiti Reinjection Field. 

 7.1  Introduction 

The Karapiti reinjection area used to be an aseismic zone in the TVZ (Taupo 

Volcanic Zone). However, since re-injection started in August 2011, injection 

induced earthquake activity has been recorded by the Wairakei Seismic 

Network and GeoNet stations. The magnitudes of the observed earthquakes 

are mostly less than 2.0 which belong to the microseismicity range.  

In order to mitigate and forecast the potential injection induced seismicity, it is 

important to understand the interaction between the operation of the fluid 

injection and the geological condition of the target formation. However, it is not 

easy to obtain the right information through field tests or laboratory 

experiments. Thus, poro-elastic or thermo-poro-elastic coupled numerical 
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earthquake modeling recently becomes a very useful tool for interpretation of 

the earthquake rupture induced by pore pressure increase or local stress 

changes in fluid injection areas such as geothermal fluid reinjection, 

wastewater disposal and CO2 sequestration.  

This study performs hydro-mechanical coupled injection induced seismicity 

rate model to investigate the causative factor of the Karapiti seismic activity 

and to forecast the seismicity rate. The spatial and temporal distributions of 

the observed Karapiti injection induced earthquakes are compared with the 

Coulomb stressing rate map and simulated seismicity rate. 

 

Figure 7.1: The history of seismic events (black bar), the total injection rate 

(blue), reservoir pressure (black) and injection temperature (red) in the 

Karapiti reinjection area during the period between August 2011 and August 

2014 

 7.2  Karapiti injection induced seismicity 

Since reinjection commenced in the Karapiti area in August 2011, about 300 

injection induced earthquakes which are greater than 0.4 magnitude and above 

6.0 km depth were observed during the period between August 2011 and March 

2014. In addition, after the reinjection with 7 injection wells, the change in the 



1 

 
114 

 

reservoir pressure relatively well coincides with the total injection rate (Fig 

7.1). A couple of peak seismic rates occurred during the increase of the 

reservoir pressure at around 155 days and after 700 days.  

The interesting features of the earthquakes in the Karapiti area are that the 

earthquakes are mostly located in the northwestern area from the injection 

wells and the earlier events for the first 300 days were detected about 1.5 km 

away from the injectors. Furthermore, in the southeastern area from the 

injection wells, no earthquakes observed (Fig 7.2). 

 

Figure 7.2: Distribution of the total Karapiti injection induced seismicity 

recorded from August 2011 to August 2014 (left) and the events occurred during 

the first 300 days (right). The earthquakes shown in the figures are greater 

than 0.4 magnitude and above 6.0 depth. 

In order to explain and simulate the Karapiti seismic distribution, this study 

subdivides the Karapiti area into 3 zones: impermeable or aseismic slip zone 

(A), seismic zone (B) and aseismic zone (C), (Fig. 7.3 and 7.4). The seismic 

activity in zone A may not be interpreted by the pore pressure propagation due 

to the long distance earthquakes occurred at the earliest time. However 2 

hypotheses could explain the earthquake mechanism in zone A. Firstly, the 
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permeability and friction coefficient of zone A might be lower than those of zone 

B because the impermeable layer is more favourable to the pore pressure build 

up leading to earthquake ruptures and the lower friction coefficient directly 

affects a coseismic slip. Secondly, the seismic events in zone A may be 

associated with the local stress change induced by aseismic slip rather than 

pore pressure change. The fluid injection could also stimulate aseismic slip and 

its movement might be much faster than the pore pressure migration (Cornet 

et al., 1997; Guglielmi et al., 2015; Bhattacharya and Viesca, 2019). The second 

hypothesis aseismic slip would be more acceptable than the first one because 

the location of zone A is too far from the injection well to reach the pore 

pressure in a short period time and pore pressure build up could be insufficient 

to create triggers. Thus the second hypothesis is applied to zone A. Zone B is 

named as seismic zone because most earthquakes occurred in there after 300 

days of injection. However, in zone C, earthquakes were hardly recorded. Hence 

it is tagged as an aseismic zone. This study mainly focuses on the active 

seismic zone B.  
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Figure 7.3: Schematic diagram of 3 sub-model domains (aseismic slip zone, 

seismic zone and aseismic zone) according to the distribution of the injection 

induced earthquakes 
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 7.3  Model setup 

In order to examine the Karapiti injection induced seismicity, this study 

developed a numerical simulator that combines a single phase hydro-

mechanical coupled model for resolving the fluid and local stress behaviors 

with the rate and state based seismicity rate model for forecasting injection 

induced seismicity rate. The coupled model was performed in a 2D horizontal 

domain and the simulation depth was considered as 2 km. Fluid was injected 

into a 4 km x 4 km unconsolidated permeable volcanic sedimentary rock with 8 

injection points with different injection rate and start time. 

This study imposed the local stress 𝜎  and 𝜎  at the top and right boundary 

with -20.7 MPa and -23.7 MPa which is the ratio of 0.7 and 0.8 against the 

vertical stress, and the other sides are roller boundaries. The fluid movement 

was assumed that it runs from the right to the left boundary by the pressure 

difference of 5 MPa since production wells are located in the left boundary and 

Waikato River flows at right boundary area. Lastly, the fluid does not migrate 

to North and South boundaries (Fig 7.4). 

The input parameters for the hydro-mechanical coupled model come from the 

results of the previous research of chapter 6. The values of the Wairakei 

ignimbrite formation are used in this study. The fluid properties - density and 

viscosity are considered as temperature dependent variables and calculated 

using the geothermal gradient of the Karapiti area of 51oC/km (Table 7.1). For 

the characteristic decay time ( 𝑡 𝑎𝜎/𝝉𝟎 ), the effective normal stress is 

estimated based on the model depth of 2 km. The direct effect value is taken as 

an unconsolidated volcanic sedimentary (Marone, 1998) and the tectonic 

stressing rate is come from an estimated average value for TVZ (Cole et al., 

1995),(Table 7.2). 
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Table 7.1: Summary of hydro-mechanical coupled model properties for the 

Karapiti reinjection area (from Chapter 6) 

Property Formation Fluid Unit 

Young’s modulus 8.14 - GPa 

Poisson’s ratio 0.25 - - 

Biot’s coefficient 1 - - 

Porosity 0.3 - - 

Density 1750 955 kg/m3 

Permeability 2.23e-14 - m2 

Coefficient of friction 0.6 - - 

Fluid compressibility  1e-10 1/Pa 

Dynamic viscosity  2.1e-4 Pa.s 
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Table 7.2: Summary of the hydro-mechanical coupled seismicity rate model 

parameters for the seismic zone 

Parameter Value Unit Description 

a 5e-5 - Direct effect parameter 

𝝉𝟎  5e-2 MPa/year Tectonic stressing rate 

𝝈  30 MPa Effective normal stress 

𝒕𝒂  3 year Characteristic decay time 
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Figure 7.4: Schematic diagram of the hydro-mechanical coupled seismicity rate 

model domain and boundary conditions. The model domain is subdivided into 3 

zones: aseismic slip zone (A), seismic zone (B), and aseismic zone (C). The 

locations of 8 injection points are placed in zone B and C. 
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 7.4  Results and discussions 

To forecast seismicity rate of the Karapiti reinjection area, this study 

performed a single phase hydro-mechanical coupled injection induced 

seismicity rate model with considering of the poro-elastic geological condition, 

injection locations and operational rate of the Karapiti area.  

The temporal seismicity rate is estimated based on the following ordinary 

differential equation (Segall and Lu, 2015), 

𝑅
𝑅
𝑡

𝝉
𝝉𝟎

𝑅  
(7.1) 

where, R is the seismicity rate, 𝑡  is the characteristic decay time, 𝝉 is the 

Coulomb stress change rate, and 𝝉𝟎 is the tectonic stressing rate. 

The Coulomb stress rate 𝝉 is defined as below (Segall and Lu, 2015), 

𝝉 𝝉 μ𝜎 (7.2) 

where  𝝉  is the shear stress change rate, μ is the friction coefficient and 𝜎  is 

the effective normal stress change rate. 

 Temporal seismicity rate forecast in Zone B 7.4.1 

In this study, the seismicity rate was calculated only in the active seismic zone 

B from the Coulomb stressing rate throughout the period between August 2011 

and March 2014, total 935 days. Figure 7.5 shows the results of the temporal 

seismicity rate in the zone B. Since this study assumed that the earthquakes 

triggered during the period between 0 and 300 day could be aseismic slip, the 

seismicity rate of the zone B in Figure 7.5 is shown from 400 days. The 
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observed seismic rate is plotted with the events, greater than 0.4 magnitude 

and above 6.0 km depth in zone B. 

The temporal evolution of the simulated seismicity rate seems to relatively well 

correspond to the observed rate except for the peak rate period at 837 and 838 

days. The main reason for the discordance is that during that time, the 

earthquakes activated as a cluster. Therefore, for comparing the observed 

seismicity rate, a seismic declustering method should be applied (Norbeck, JH 

and Rubinstein, 2018). In the simulated seismicity rate, a peak seismicity rate 

time is shown at day 850 when the injection rate reached the highest level. It 

could be therefore inferred that the injection rate would be the most dominant 

factor in the seismic activity in the Karapiti area. This study is not coupled 

with heat transfer but as mentioned in Chapter 3 and 4, injection fluid 

temperature may not influence Karapiti seismic activity due to the far distance 

of about 800 m between injection wells and event locations. 

Figure 7.5: Comparison of the simulated seismicity rate (red) against the 

observed seismicity rate (black bar) in zone B 
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 Coulomb stressing rate map 7.4.2 

This study also compares the spatial distribution of the observed seismicity 

with the Coulomb stressing rate distribution in the Karapiti area. The 

Coulomb stressing rate is normalized to facilitate analysis. Total 8 time periods 

are split according to the seismic rate and injection rate, interval of 100 days 

for the period between 400 and 700 days and interval of 50 days for the period 

between 700 and 935 days. The most active earthquake triggering time in each 

period was selected (Figure 7.6).  

In the active coseismic zone B, the normalized Coulomb stressing rate maps 

are in good agreement with the spatial distributions of the observed 

earthquake. Furthermore, most events are placed within the contour boundary 

of the Coulomb stressing rate of 0.55. However, in the aseismic zone C, despite 

the high Coulomb stressing rate, due to the 3 injectors, seismic events are 

hardly observed. It would be related to the frictional properties, for instance, 

high friction coefficient or negative value of the rate and state constitutive 

parameters (b-a) which is slip velocity strengthening frictional environment. 

Even so, the nearly good correlation between the distributions of event 

locations and the Coulomb stressing rate in the zone B demonstrates that the 

major contribution on the seismic activity in the Karapiti area could be the 

fluid re-injection. Therefore, the seismicity rate in the Karapiti area may be 

controlled by the total injection rate. 
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Figure 7.6: Comparison of the spatial distribution of the normalized Coulomb 

stressing rate against the distribution of the observed earthquakes in the 

Karapiti area. The most active earthquake triggering time in each period was 

selected. 

 7.5  Conclusions 

The analysis of the Karapiti injection induced seismicity shows that the 

occurrence of the Karapiti earthquake is in good agreement with the reservoir 
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pressure change induced by fluid injection. According to the spatiotemporal 

distribution of the Karapiti seismicity, the Karapiti area was divided into 3 

sections: aseismic slip, seismic and aseismic zone. 

In order to investigate and forecast the Karapiti injection induced seismicity, 

this study performed hydro-mechanical coupled injection induced seismicity 

rate numerical modeling. The results of the simulation proved that the 

earthquake activity in the Karapiti area could be linked to the total injection 

rate primarily. 

The numerical modeling reproduced the seismicity rate of the seismic zone and 

the simulated seismicity rate shows nearly well agreement with the observed 

seismicity rate except for earthquake cluster occurrence periods. To resolve the 

disagreement, seismic declustering research should be considered. This study 

compared the spatial seismic distribution of the Karapiti area with the 

simulated Coulomb stressing rate distribution and it broadly well matches.  
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 Chapter 8 

Summary and Conclusions 

This work presented computational approaches to injection induced seismicity 

in geothermal fields. In order to predict the poro-ealstic and thermo-poro-

elastic behaviors in a fluid injected reservoir, physics-based hydro-mechanical 

(HM) and thermo-hydro-mechanical (THM) fully coupled numerical models 

were developed. In addition, for earthquake rupture sequence simulation, the 

rate and state theory and the seismicity rate theory were combined with the 

HM and THM coupled models. The coupled seismicity models were examined 

in a variety of geological and injection operation settings and then the HM 

coupled injection induced seismicity rate model was applied to the Karapiti 

injection induced seismic area. 

In Chapter 2, the numerical formulations of the HM and THM fully coupled 

injection induced seismicity modeling were described. The models are capable 

of explaining the interaction of fluid flow, heat transfer, mechanical 

deformation and earthquake rupture. The rate and state friction model is able 

to simulate a whole seismic rupture cycle as well as earthquake sequence. The 

seismicity rate prediction model is applicable to forecasting long term 

earthquake sequence.  
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In Chapter 3, HM and THM coupled injection induced rate and state 

earthquake sequence models were performed with 3 scenarios. The first slip 

velocity weakening model demonstrated a whole cycle of earthquake rupture 

and continuous earthquake rupture. The second fault strike model presented 

the importance of the fault angle in the model domain on the rupture slip. 

Lastly, the injection temperature model proved that low temperature injection 

leads to earlier and weaker coseismic rupture than the event of high 

temperature injection. 

In Chapter 4, HM and THM coupled injection induced seismicity rate model 

was examined. The seismicity rate was well responded to the total injection 

rate. During the postinjection time, the maximum seismicity rate could be 

observed by a long characteristic decay time. The THM coupled seismicity rate 

model demonstrated that not only the pore pressure change but also the local 

stress change could lead to earthquake rupture. 

In Chapter 5, the Wairakei induced seismicity data analysis was performed to 

determine the fault characteristics with focal mechanism and cluster analysis. 

The major focal mechanisms are involved with NE-SW direction strike slip 

faults resulting from local stress perturbation associated with subsidence and 

geothermal fluid production. The fault geometries determined by the cluster 

analysis revealed the NNE dominant strike direction with steeply deep fault 

dip. 

In Chapter 6, the seismogenic hydro and mechanical properties were 

determined from the Karapiti injection induce seismicity. The hydraulic 

diffusivities of formations are two orders of magnitude lower but the inverted 

permeabilities of the formations are in good agreement with the reference 

values. Lastly, the elastic moduli show lower values due to the rock type of 

Karapiti –unconsolidated volcanic sedimentary. 
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In Chapter 7, HM coupled injection induced seismicity rate model was applied 

to the Karapiti re-injection area. The forecast seismicity rate and the Coulomb 

stressing maps broadly well corresponded with the spatiotemporal 

distributions of the Karapiti earthquakes. The Karapiti earthquakes could be 

related to the total injection rate.  

The practical suggestions for preventing injection induced seismicity in 

geothermal areas are that 1) the total injection rate which is the primary factor 

should be considered because the seismic magnitude is directly proportional to 

the total inward flux rate, 2) if the injection rate is not to be controlled, colder 

fluid injection would be better to minimize the seismic moment though it would 

trigger events more often, 3) the location and geometry of a pre-existing 

fracture zone should be investigated since most induced seismicity events occur 

on pre-existing fracture planes and faults with dip of 60o are the most sensitive 

to shear slip, and 4) the injection well should be located far from pre-existing 

fracture zones since thermal stress changes and pore pressure build up could 

lead to the induced seismicity near the injection area. 
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