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A B S T R A C T

Understanding fracture slip susceptibility in geothermal reservoirs is central to the control of fluid injection- 
induced seismicity. To investigate the role of regional fracture systems on induced seismicity, a coupled 
thermo-hydro-mechanical (THM) model containing fracture networks was developed, which features direct 
coupling between different physics for explicit fractures, fractured rocks (porous matrix blocks with small-scale 
fractures) and their interactions, as well as indirect coupling through changes of material properties, such as 
stress-dependent fracture and rock permeabilities. The model was applied to simulate geothermal fluid extraction 
and re-injection in a natural fracture system comprised of three dominant fracture sets at the Hellisheiði 
geothermal field over a 10-year period (2011–2021), utilising field recorded monthly production and re-injection 
rates. Based on the model results, the slip susceptibility of regional fracture systems was examined under 
reservoir conditions before and after the start of fluid re-injection across different time scales, i.e., over short (1 
month), intermediate (1 year) and long-term (10 years). Two model scenarios, one with cooling contraction and 
one without, were considered to examine the relative contribution of cooling contraction and fluid overpressure 
on fracture slip susceptibility. Results have shown that fracture networks act as preferential fluid flow paths that 
influence fluid pressure and stress distribution and fracture slip susceptibility in geothermal reservoirs. NE-SW 
and N-S trending fractures at Hellisheiði are susceptible to slippage before the start of fluid re-injection. Dur
ing fluid re-injection, the distribution of fractures with enhanced slip susceptibility gradually shifts from sur
rounding the re-injection region to forming a two-lobed pattern in the fault-normal direction around the re- 
injection region, indicating the dominant role of cooling contraction over fluid overpressure on the fracture 
slip susceptibility in the intermediate- and long-term.

1. Introduction

Induced seismicity associated with subsurface fluids injection have 
been a longstanding concern in industrial geothermal applications. In 
addition to fluid injection operations, regional fracture systems that 
form preferential fluid flow pathways exert fundamental controls on the 
induced seismic occurrence.1–3 The high correlation between induced 
seismicity and characteristic of regional fracture systems has also been 
observed in various industrial applications, including oil and natural gas 
extraction (e.g., Groningen gas field, and Permian Basin of West Texas 

and Southeast New Mexico),4,5 wastewater injection (e.g., Oklahoma, 
and Fort Worth Basin of Texas),3,6–8 and geothermal exploitation (e.g., 
Matouying geothermal field).9 Most induced seismicity occurred on 
fault structures or fracture traces that have relatively high slip tendency 
in the existing stress field. Induced seismicity sequences tend to orient 
aligned with fault structures along with the maximum horizontal prin
ciple stress.5,6,10 In fault systems that accommodate multiple injection 
wells, the majority of mapped faults may have a likelihood to slip that is 
equal to or greater than that of faults that have already hosted induced 
seismic events.6
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A vital component in controlling induced seismicity is to identify 
potentially active fractures or faults amongst regional fracture systems 
or fault traces, and to evaluate conditions that likely promote slip. To 
this end, substantial efforts have been made on the evaluation of fault/ 
fracture behaviour under fluid injection conditions through determin
istic geomechanical modelling. Geochemical models were usually 
coupled with hydrological models to obtain spatial and temporal dis
tribution of fluid pressure and stress field surrounding injection wells. 
The focus has been placed on modelling the fault/fracture behaviour not 
only in terms of slippage and stress re-distribution, but also fluid flow 
and even convective heat transfer. In earlier studies, fractures imple
mented in numerical models have mostly been simplistic major 
fractures11–13 or statistically generated discrete fractures.14–17 Recently, 
researchers have considered field realistic fault traces or fracture sys
tems, comprised of a set of planar fault/fracture segments.18–20 A wide 
variety of indicators were used to examine the stability of faults/
fractures, such as the fault slippage magnitude,20 horizontal fault slip 
rate,18 and Coulomb failure stress change.21,22

In addition to geomechanical modelling, the slip-tendency analysis 
for fractures provides a rapid evaluation of stress in terms of its potential 
to cause slip, or seismic susceptibility in regions prone to seismicity.23,24

This analysis is based on the notion that fault or fracture slip is deter
mined by the ratio of resolved shear to normal stress on the fault or 
fracture plane in the ambient stress field, following the linearised 
Mohr-Coulomb fracture slip criterion. In recent years, a probabilistic 
approach to assess the fault slip potential based on the slip-tendency 
analysis has been developed and applied to various field sites.5,6,9,10

This probabilistic approach incorporates uncertainties in 
Mohr-Coulomb parameters, including fault strike and slip, rock prop
erties, initial fluid pressure and ambient stress field. This approach uses 
the Monto Carlo method to generate numerous random combinations of 
parameters, and calculates the probability of slip at specified fluid 
pressure on fault or fracture segments, referred to as the fault-slip po
tential (FSP). However, these deterministic and probabilistic seismic 
susceptibility evaluation methods for realistic fracture systems or fault 
structures were mostly based on fluid overpressure alone (e.g. Refs. 10,
25,26), neglecting the poroelastic and thermoelastic stressing effects 
that also significantly contribute to induced seismicity. In particular, 
thermal effects caused by cold fluids injection in geothermal exploita
tion may play a dominant role in induced seismicity occurrence,27 but 
was seldom considered. Therefore, it is essential to employ coupled 
thermo-hydro-mechanical (THM) numerical models to resolve in
teractions and complexities involved in various subsurface processes 
and accurately reflect their impacts on the slip tendency.28

The authors27 have carried out fully coupled THM modelling of fluid 
re-injection into the Húsmúli area through five re-injection wells under 
constant injection pressure conditions to evaluate the potential for 
induced seismicity over a 1-year period (2011–2012) at the Hellisheiði 
geothermal field. Not explicitly representing regional fracture systems, 
this model was not able to reflect finer-scale, preferential fluid flow 
pathways,29,30 nor to correlate seismic susceptibility with slip tendency 
of fractures. In addition, multiple years of fluid extraction and 
re-injection with time-varying production and injection rates could 
complicate the fluid flow and heat transfer behaviour in the reservoir, 
which significantly influence the fracture slip behaviour and seismic 
response.

The objective of this follow-up work was two-fold: 1) to investigate 
the role of regional fracture systems on geothermal fluid production and 
re-injection induced seismicity, and 2) to examine the competing role of 
fluid pressure and cooling contraction on the reservoir response and 
fracture slip susceptibility across different time scales. Field mapped 
fracture network level preferential fluid flow paths at the Hellisheiði 
geothermal field were implemented into a fully coupled THM model, 
which features direct coupling between different physics for explicit 
fractures, fractured rocks (porous matrix blocks with small-scale frac
tures) and their interactions, as well as indirect coupling through 

changes of material properties, such as stress-dependent fracture and 
rock permeabilities. The model was applied to simulate the geothermal 
fluid extraction at the Skarðsmýrarfjall area (through six production 
wells) and re-injection at the Húsmúli area (through five re-injection 
wells) over a 10-year period (2011–2021), utilising field recorded 
monthly production and re-injection rates. Based on the model results, 
the slip susceptibility of regional fracture systems was examined under 
in-situ conditions as well as after geothermal operations. Two modelling 
scenarios, one considering the poroelastic effect and the other thermo
poroelastic effect, were examined to identify the areal extent and evo
lution of cooling contraction and fluid overpressure, and their relative 
contributions to slip susceptibility for fractures across short (1 month), 
intermediate (1 year) and long-term (10 years) time frames.

2. Hellisheiði geothermal field

Located in the Southwest Iceland, the Hellisheiði geothermal field 
produces geothermal fluid at 240–320 ◦C from a reservoir at depths 
ranging from 1.5 to 3.3 km. The subsurface at the geothermal field is 
comprised of a succession of hyalocalstic and olivine tholeiitic basaltic 
sequences.30 The region consists of NNE-SSW trending extensional fault 
structures with sub-vertical dips and highly fractured fissure swarms. 
The maximum horizontal principal stress is oriented in alignment with 
regional major fault structures. The vertical principal stress gradient σv 
is 29.5 MPa/km, and maximum and minimum horizontal principal 
stress gradients are constrained in the range of 71.3–76.0 and 13.0–29.5 
MPa/km, respectively.31

Fluid flow at the Hellisheiði geothermal field is controlled by 
regional fault structures, which provide favourable fluid conduits along 
the fault strike but impede fluid flow across faults. Regional fracture 
systems have been identified from outcrop fractures mapped using aerial 
imagery, and processed using three types of imageries, including col
oured Spot, coloured Orthomaps, and black and white aerial photo
graphs.32 Fracture traces were first observed on Spot images having a 
resolution of ~5 m on the ground surface. Then, these traces were 
examined with Orthomaps (having a resolution of ~1 m on the ground 
surface) and aerial photographs for corrections in fine detail and the 
determination of relative ages. Fractures identified were categorised 
into three sets based on orientations (Fig. 1a)30,32,33. 

• Set 1: NE-SW trending (NNE, NE and ENE). Parallel or sub-parallel to 
regional fault strikes, this Set extends from the Húsmúli re-injection 
area to the edge of the Skarðsmýrarfjall production area, facilitating 
the subsurface fluid circulation.

• Set 2: N-S trending (N and NNW). This Set channels fluid flow from 
and to NE-SW trending fractures.

• Set 3: NW-SE trending (WNW and EW). Perpendicular to regional 
fault strikes, this Set delays fluid travel time across fractures.

The fracture frequency was quantified in terms of the number of 
fracture segments and the total length of fractures by orientation (Fig. 1b 
and c). Based on the total fracture length by orientation, the three 
fracture sets are almost equally frequent, followed by fractures in other 
orientations. Sets 1 and 2 are carrier structures providing preferable 
fluid flow paths, and Set 3 represents barrier structures that impede the 
fluid flow. The fractures have near-vertical structures as evidenced from 
well log observations.33

One main production zone at the Hellisheiði geothermal field, the 
Skarðsmýrarfjall area, has six production wells (HE05, HE31, HE33, 
HE44, HE46 and HE48), and annually produces ~10 Mt of geothermal 
fluids. The main re-injection site, the Húsmúli area, has five injection 
wells (HN09, HN12, HN14, HN16 and HN17) and re-injects ~12 Mt of 
spent geothermal fluid annually. Fluid injection activities started on 
September 1, 2011 at wells HN09, HN12, HN14 and HN17, and on 23 
September at well HN16.34 Over the 10-year period from September 
2011 to December 2021, injection rates at the five injection wells 

W. Cao et al.                                                                                                                                                                                                                                     International Journal of Rock Mechanics and Mining Sciences 183 (2024) 105939 

2 



fluctuated mostly between 50 and 100 kg/s, with wellhead pressures 
being maintained at ~8 bar (Fig. 2). The temperature of re-injected 
fluids varied between 70 and 100 ◦C.

3. Coupled THM modelling methodology

The coupled THM model used for simulating the fluid extraction and 
re-injection related reservoir behaviour considers direct coupling be
tween different physics (fluid flow, heat transfer and geomechanics) for 

explicit fractures, fractured rocks and their interactions (Sections 3.1- 
3.3), as well as indirect coupling through changes in material properties, 
such as stress-dependent rock and fracture permeabilities (Section 3.4). 
Fractured rocks are considered as interacting continua comprised of 
porous matrix blocks and fully penetrating small-scale fractures that are 
not explicitly represented, whilst large-scale fractures are explicitly 
considered as lower-dimension thin layers (individual fractures) that are 
subjected to ambient stresses and fluid pressure. Fig. 3 illustrates the 
modelling methodology for geothermal fluid extraction and re-injection 
in a naturally fractured thermoporoelastic porous media, comprised of a 
deformable fractured rock domain and explicitly embedded large-scale 
discrete fractures.

3.1. Fluid flow

Mass conservation equations with the Darcy’s law govern fluid flow 
through both fractured rocks and explicit fractures1: 

ρSm
∂p
∂t

+∇ ⋅ (ρvm)=Qf − ρα ∂εV

∂t
, (1) 

vm = −
km

μ ∇p, (2) 

and 

bρSf
∂p
∂t

+∇τ ⋅
(
bρvf

)
= ρ

(
fup + fbottom

)
− ρ ∂b

∂t
, (3) 

vf = −
kf

μ∇τp, (4) 

where ρ is the fluid density, Qf is the mass source term, α is the Biot 
coefficient, εV is the volumetric strain, and μ is the dynamic viscosity of 
fluids. v, k and S are the Darcy’s velocity vector, permeability and 
poroelastic storage coefficient, with subscripts “m” and “f” representing 
fractured rocks or explicit fractures, respectively. fi = -(km/μ)(∂pi/∂ni) is 
the fluid exchange term between fractured rocks and explicit fractures, 
with subscript i denoting the up or bottom side of the explicit fracture 
and ni representing the outward normal direction of the fracture wall. ∇τ 

Fig. 1. Fracture systems in the Northwest section of the Hellisheiði geothermal field (Húsmúli and Skarðsmýrarfjall areas): (a) fracture trace and density map 
(after30), and statistics of fractures, including (b) rose diagram for the number of fracture segments, and (c) rose diagram for the total fracture length (after32).

Fig. 2. Fluid injection rate and temperature time series at five re-injection wells 
(HN09, HN12, HN14, HN16 and HN17) at the Húsmúli area during September 
2011–December 2021.
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is the gradient operator restricted to the fracture’s tangential plane. The 
solid-to-fluid coupling is reflected by the influence of pore volume and 
fracture aperture on the fluid pressure.

3.2. Heat transfer

Heat transfer follows thermal energy balance equations in both 
fractured rocks and explicit fractures, where variations of thermal en
ergy in time are balanced by convection driven by the Darcy’s velocity 
field, and thermal conduction governed by the Fourier’s law. The ther
mal energy balance equations are written as1: 

(ρC)eff
∂T
∂t

+ ρfCfvm ⋅∇T+∇ ⋅ (qm)=Qh, (5) 

qm = − keff∇T, (6) 

and 

b(ρC)eff
∂T
∂t

+ bρfCfvf ⋅∇τT +∇τ⋅qf = eup + ebottom, (7) 

qf = − bkeff∇τT, (8) 

where T is temperature, Qh is the heat source term, and q is the 
conductive heat flux, with subscripts “f” and “r” denoting fluids and 
fractured rocks, respectively. Terms (ρC)eff = ϕρfCf+(1-ϕ)ρrCr and keff =

ϕkf+(1-ϕ)kr are the effective heat capacity and effective thermal con
ductivity, respectively, where ϕ is the fractured rock porosity, and ρ, C 
and k are the density, specific heat capacity and thermal conductivity for 
fluids and fractured rocks, respectively. ei = ρfCfTi⋅fi-keff⋅∂Ti/∂ni is the 
convective and conductive heat exchange term between fractured rocks 
and explicit fractures, with subscript i denoting the up or bottom side of 
the fracture. The heat exchange in geothermal environments is usually 
dominated by the convection,36 which reflects the hydrological effect on 
the temperature field.

3.3. Geomechanical deformation

Stress equilibrium of fractured porous media satisfies the momentum 
balance equation, which is expressed by: 

∇ ⋅ σ + F = 0, (9) 

where σ denotes the total stress tensor, and F is the body force vector. 

Geomechanical deformation of fractured rocks is calculated based on the 
total strain, which is comprised of the stress-free strain caused by fluid 
pressure and temperature changes, and thermoporoelastic strain 
induced by the thermoporoelastic stress21: 

ε =
1

2G

(
σ −

ν
1 + ν trσ

)
+

α
3K

pI + αTΔTI, (10) 

where G, K and ν are the shear modulus, bulk modulus and Poisson’s 
ratio of fractured rocks, respectively. α and αT are the Biot coefficient 
and thermal expansion coefficient, respectively. ε is the total strain 
tensor, which is expressed by the displacement vector u, i.e., ε =
(u∇+∇u)/2, and I is the unit tensor. ΔT is the temperature change. This 
constitutive relationship represents hydrological and thermal effects on 
the displacement field.

The effective stress tensor σ’ is related to the total stress tensor σ: 

σʹ= σ + αpI. (11) 

Fractures subjected to stress perturbations may manifest normal 
opening and closure, and shear deformation behaviour. In compressive 
environments, the fracture normal closure un is described by a hyper
bolic relationship with the prevailing effective normal stress σn’, i.e., 
Barton-Bandis joint deformation model37: 

un =
σn

ʹum

kn0um + σn
ʹ , (12) 

where kn0 is the initial fracture normal stiffness, and um is the maximum 
allowable closure approximated by the fracture aperture under un
stressed conditions. Under tensile stress, the fracture tensile opening un 
is given by: 

un = σn
ʹ/kn0. (13) 

Similarly, the fracture shear deformation us is obtained by the frac
ture shear stiffness ks and the prevailing shear stress τs: 

us = τs/ks. (14) 

3.4. Stress-dependent permeability

Permeabilities for both fractured rocks and explicit fractures are 
stress dependent. The permeability of fractured rocks km varies with 
rock porosity ϕ as follows38,39: 

Fig. 3. Schematic diagram for simulating fluid extraction and re-injection using the coupled THM model, considering a deformable fractured rock domain (porous 
matrix blocks and implicitly embedded small-scale fractures) and explicitly embedded large-scale discrete fractures (modified from11,35).
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km

k0
=

(
ϕ
ϕ0

)3

, (15) 

where k0 and ϕ0 are the rock permeability and porosity at unconfined 
stress, respectively. The rock porosity ϕ is given by40–42: 

ϕ=(ϕ0 − ϕr)exp
(
αϕσv

)
+ ϕr, (16) 

where ϕr is the residual porosity at high stress, σv is the mean effective 
stress (with tension positive, in Pa), and αϕ is the stress sensitivity co
efficient (with a value of 5.0 × 10− 8/Pa for typical rocks).40,42,43

The fracture permeability kf is related to the fracture aperture b 
based on the cubic law: 

kf =
b2

12
, (17) 

where the fracture aperture b varies depending on whether the fracture 
is under compressive or tensile stress: 

b=
{

b + un, σn
ʹ < 0

b − un, σn
ʹ ≥ 0 . (18) 

The stress dependence of both fracture and rock permeabilities 
represents the mechanical effect on the hydrological field, and in turn 
the temperature field.

4. Numerical modelling of geothermal operations in fractured 
rocks

A 2D THM coupled model incorporating extracted fracture networks 
was constructed to simulate the geothermal fluid extraction and re- 
injection related reservoir behaviour and to evaluate the slip suscepti
bility of fractures systems over a 10-year period at 1000 m depth at the 
Hellisheiði geothermal field (Húsmúli and Skarðsmýrarfjall areas). The 
stratigraphy at the target depth mainly consists of the hyalocalistic 
formation, which are underlain by basaltic basement (from ~1600 m 
down to 3300 m depth). The fracture system explicitly considered in the 

Fig. 4. Model geometry for the 2D coupled THM model incorporating fracture networks at the Hellisheiði geothermal field (Húsmúli and Skarðsmýrarfjall areas): (a) 
the full fracture network mapped (after30,32), (b) model geometry and locations of five re-injection wells at Húsmúli and six production wells at Skarðsmýrarfjall, and 
(c) three dominant fracture sets and other fractures at Húsmúli and Skarðsmýrarfjall.
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model (Fig. 4b), including the three dominant fracture sets (Fig. 4c), was 
extracted and digitalised from the full set of outcrop fractures mapped 
(Fig. 4a).32 Each fracture was discretised as a set of fracture segments 
having a minimum length of 5 m.

The equivalent permeability of fractured rocks can be derived under 
steady state uniform flow conditions based on the Darcy’s law. Given a 
rock matrix permeability of 0.1 mD (=0.1 × 10− 15 m2), a fracture 
permeability in the range of 15–50 mD, and a fracture volume fraction of 
5 % for the hyalocalistic formation,30 the effective permeability of 
fractured rocks ranges between 0.845 and 2.595 mD. Therefore, an 
initial fractured rock permeability of 2 mD was used in the model. This 
single-porosity model for reservoir rocks may not reflect the local 
thermal non-equilibrium due to the relatively slow heat transfer be
tween explicit fractures and fractured rocks, but is considered to capture 
well field-scale fluid flow and heat transfer in extensively fractured rocks 
at Hellisheiði.44 Other geomechanical, hydrological and thermodynamic 
parameters for rocks were taken from27 (Table 1).

Effective fracture permeabilities keff for different fractures sets were 
modelled based on fracture aperture b and fracture zone width h under 
prevailing in-situ stresses, given by keff = b3/(12h). One key fracture 
parameter is the initial fracture aperture b0, which was uniformly 
assigned a value of 0.5 mm. Assuming a width of 10 m for fractured 
zones, the initial effective fracture permeability keff calculated under 
prevailing in-situ stresses for the three fracture sets are 103-104 mD (Set 
1), ~103 mD (Set 2), and 101-102 mD (Set 3). These are in general 
agreement with permeability values used in Ratouis et al.30’s model, 
where corresponding values are 200-5000 mD (Set 1), 100-5000 mD 
(Set 2), and 50–150 mD (Set 3). This indicates that the coupled model 
could reproduce realistically anisotropic hydrological properties using 
the stress-dependent permeability relationship, based on a uniform 
initial fracture aperture. The verification of implementing implicitly 
embedded small-scale fractures and calibration of the coupled model 

against field measured injectivities can be referred to in.27

The model simulated the geothermal fluid extraction at Skarðsmýr
arfjall and re-injection at Húsmúli during September 2011–December 
2021. The stress field in the numerical model was first initialised by 
applying normal and shear components of in-situ stresses on model 
boundaries, considering a 200 m overburden. This ensures the 
maximum horizontal principal stress to be applied in the NNE-SSW di
rection. The in-situ fluid pressure field was calculated based on gravi
tational equilibrium, in additional to an overpressure of 20 bar caused 
by the local high natural groundwater table. Fluid extraction and re- 
injection were then modelled for the six production wells at Skarðs
mýrarfjall and five re-injection wells at Húsmúli, using field fluid 
extraction and re-injection rate and temperature time series (see Fig. 2
for fluid re-injection rate and temperature time series).30

To investigate the respective role of fluid overpressure and cooling 
contraction on fracture slip susceptibility, two coupled model scenarios 
were considered: (1) non-cooling contraction model scenario (under 
poroelastic effect), and (2) cooling contraction model scenario (under 
thermoporoelastic effect). The stress-dependent permeability model was 
activated for the faulted reservoir domain in both model scenarios. A 
maximum timestep of 10 day was used in modelling for accuracy 
considerations.

To monitor fluid pressure, temperature and stress changes at 
different locations over the geothermal operation period, five mea
surement points spaced by 500 m were set up in the fault-parallel di
rection, and five spaced by 300 m in the fault-normal direction (see 
Fig. 5a and 8a). The measurement point A is located in between injection 
wells HN16 and HN17.

Based on modelled fluid pressure and stress distribution, the slip 
susceptibility of the fracture network was evaluated by means of the 
Coulomb failure stress change ΔCFS, using a friction coefficient of 0.6. 
Calculations were performed for each individual fracture segment based 
on its orientation.

5. Model results and analyses

5.1. Thermo-hydro-mechanical response of reservoir rocks

Fig. 5 presents the thermo-hydro-mechanical reservoir behaviour at 
1000 m depth at the Hellisheiði geothermal field after 1 month, 1 year 
and 10 years of operations for both model scenarios. When the cooling 
contraction is not considered, fluid pressure is elevated around the 
Húsmúli area, and reduced around the Skarðsmýrarfjall area (Fig. 5a). 
The areal extent of both overpressurised and underpressurised regions 
experiences remarkable changes in response to fluctuating field injec
tion and production rates (Fig. 2) throughout the entire injection period, 
indicating that fracture networks provides excellent hydraulic conduc
tivities at the field site. In contrast, significant temperature decrease is 
observed around the five re-injection wells at the Húsmúli area, and this 
cooled region expands remarkably in the fault-parallel direction (the 
maximum principal stress direction) over the modelled period (Fig. 5b). 
In overpressurised regions around the Húsmúli area or underpressurised 
regions around the Skarðsmýrarfjall area, the bulk expansion or 
compression of rocks is resisted by poroelastic stress of a lesser amount 
than the fluid pressure change (mostly below 1 MPa). The combined 
effects of pore pressure and poroelastic stress lead to a decrease in the 
minimum effective principal stress change Δσ′3 (less compressive, 
moving towards the Mohr-Coulomb fracture slip envelope) around the 
Húsmúli area, and an increase (more compressive, moving away from 
the Mohr-Coulomb fracture slip envelope) around the Skarðsmýrarfjall 
area (Fig. 5c).

When the cooling contraction is modelled, the overpressured region 
has similar areal extents at different times over the modelled period, as 
compared to in the non-cooling contraction model scenario (Fig. 5d). In 
contrast, cooled regions influenced by Darcy’s velocity field expand not 
only in the fault-parallel direction, but also in the fault-normal direction 

Table 1 
Material properties of hyalocalistic formation used in the coupled THM model. 
Initial values for stress-dependent porosities and permeabilities at 1000 m depth 
in bold.

Parameters Explicit 
fractures

Fractured 
rocks

References

Physical and mechanical properties
Density ρ (kg/m3) – 2600 Ratouis et al.30

Young’s modulus E 
(GPa)

– 60 Juncu et al.34

Poisson’s ratio υ – 0.25 Juncu et al.34

Initial normal 
stiffness kn0 (GPa/ 
m)

50 – ​

Initial shear 
stiffness ks0 (GPa/ 
m)

10 – ​

Hydrological properties
Initial porosity ϕ 0.1 0.1 Stefánsson et al.,45

Snæbjörnsdóttir et al.,46

Ratouis et al.30

Residual porosity 
ϕr

– 0.01 ​

Initial permeability 
k (mD)

– 2 Ratouis et al.30

Initial fracture 
aperture b0 (mm)

0.5 – ​

Biot coefficient α 1 1 ​
Thermodynamic properties

Heat capacity Cp 

(J/kg/K)
900 900 Ratouis et al.30

Thermal 
conductivity ks (W/ 
m/K)

1.5 1.5 Ratouis et al.30

Coefficient of 
thermal expansion 
αT (1/K)

– 2 × 10− 5 Juncu et al.47
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(Fig. 5e). This is because thermal stress produced around re-injection 
wells significantly perturbs the minimum effective principal stress 
field around the re-injection wells, causing stress concentration (more 
compressive) in the fault-parallel direction and stress relaxation (less 
compressive or more tensile) in the fault-normal direction (Fig. 5f). This 
stress perturbation modifies the permeability of fractured reservoir 
rocks by varying the aperture of underlying fractures. Rocks in the fault- 
normal direction are subjected to cooling contraction-induced perme
ability enhancement, which facilitates the flow of colder injected fluids.

The induced thermoelastic stress due to injection of cold fluids has a 
more pronounced effect on the stress state than the fluid pressure change 
and poroelastic stress. Since the onset of geothermal operations, the 
minimum effective principal stress change Δσ′3 caused by thermoelastic 
stressing could exceed 4 MPa (the in-situ effective minimum principal 
stress at 1000 m depth), so regions immediately around re-injection 
wells are subjected to tensile stresses. After 10 years of geothermal op
erations, the minimum effective principal stress concentrated regions 
(coloured in red) extend over 2 km in the fault-parallel direction, whilst 
the relaxed regions (coloured in blue) over 1.2 km in the fault-normal 
direction (Fig. 5f). In addition, the contrast between the evolution of 
overpressurised regions and cooled regions implies that fluid flow mi
grates at a much faster pace than the heat transfer.

Fig. 6 presents fluid pressure, temperature, and minimum effective 
principal stress changes at measurement points over the modelled 
period in model scenarios with and without considering cooling 
contraction. Fluid pressure changes at different locations in the cooling 
contraction scenario are slightly higher than those in the non-cooling 

contraction scenario, signifying the role of cooling contraction- 
induced permeability enhancement. The fluid pressure change at mea
surement point A throughout the modelled period ranges mostly be
tween 0.5 MPa and 1.0 MPa, comparable to the field injection pressures 
maintained at ~0.8 MPa. Smaller fluid pressure changes are observed at 
measurement points away from the injection area in both fault-parallel 
and fault-normal directions (Fig. 6a and b). Fluid pressure changes at 
measurement points D and E located closer to the Skarðsmýrarfjall area 
are close to 0 or even become negative when injection rates are low or 
production rates are high.

The comparison between the two model scenarios reveals that when 
cooling contraction is considered, temperature drops slower in the fault- 
parallel direction (the measurement point A), but faster in the fault- 
normal direction (the measurement point F). This demonstrates the 
role of cooling contraction-induced permeability change on heat trans
fer, i.e., reduction in the fault-parallel direction and enhancement in the 
fault-normal direction. In the cooling contraction model scenario, the 
temperature at measurement point A drops significantly by ~50 ◦C 
during the 2.5 years of cold fluid injection, followed by much gentler 
decrease by a further 45 ◦C in the following years (Fig. 6c). The mea
surement point F begins to experience a temperature drop after 2 years 
of injection, and has a total temperature drop of ~20 ◦C over the 
modelled period (Fig. 6d). Temperature remains unchanged at other 
measurement points spaced farther away, implying that the thermody
namic front is restricted within 500 m around the injection wells even 
after 10 years of operation.

In the cooling contraction model scenario, the measurement point A 

Fig. 5. Thermo-hydro-mechanical reservoir behaviour at 1000 m depth after 1 month, 1 year and 10 years of operations at the Hellisheiði geothermal field (Húsmúli 
and Skarðsmýrarfjall): (a) fluid pressure change Δp, (b) temperature change ΔT, and (c) minimum effective principal stress change Δσ′3 (positive for compression).
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located within the injection area experiences a sharp decrease of 4 MPa 
in the minimum effective principal stress shortly after the cold fluid 
injection began, marking a rapid transition from bulk compression to 
extension of rocks (Fig. 6e). The tensile region expands in the fault- 
normal direction by 300 m (the measurement point F) in less than 0.3 
years, by 600 m (the measurement point G) in 3.3 years, and by 900 m in 
over 10 years (Fig. 6f). Minimum effective principal stresses in the fault- 
parallel direction are gradually concentrated, yielding an increase of 
~12 MPa within 500 m away from the injection area (the measurement 
point B), but less than 5 MPa more than 1000 m away (measurement 
points C, D and E) after 10 years of injection (Fig. 6e). In contrast, 
minimum effective principal stress changes due to poroelastic response 

alone are negligible at different locations in the non-cooling contraction 
model scenario.

5.2. Fracture slip susceptibility at Hellisheiði

Fig. 7 presents modelled stress and permeability distribution on the 
fracture networks in the modelled region before fluid re-injection star
ted. Large initial fracture shear stresses are produced in directions other 
than fault-parallel (NNE-SSW trending fractures, partly Set 1) and fault- 
normal (WNW-ESE trending fractures, partly Set 3) directions, and the 
maximum fracture shear stress could reach up to 35 MPa (Fig. 7a). In 
contrast, initial normal effective stresses are equal to the maximum 

Fig. 6. Evolution of fluid pressure, temperature, and minimum effective principal stress changes at measurement points (from Fig. 5a) over the modelled period for 
cooling contraction and non-cooling contraction scenarios: (a), (c), (e) in the fault-parallel direction, and (b), (d), (f) in the fault-normal direction.

Fig. 7. Modelled stress and permeability distribution on the fracture networks at 1000 m depth in the modelled region before fluid re-injection started in September 
2011: (a) shear stress along fractures τ, (b) normal effective normal stress on fractures -f(σ – p) (positive for compression, thus the minus sign), (c) Coulomb failure 
stress along fractures CFS = τ – f(σ – p), and (d) effective fracture permeability keff (assuming a fracture zone width of 10 m).
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horizontal effective principal stress on NNE-SSW trending fractures 
(partly Set 1), and equal to the minimum horizontal effective principal 
stress on WNW-ESE trending fractures (partly Set 3) (Fig. 7b). Consid
ering combined effects of the two, Coulomb failure stresses are positive 
for NE-SW trending (partly Set 1) and N-S trending fractures (Set 2), and 
negative for WNW-ESE trending fractures (partly Set 3) (Fig. 7c). Ac
cording to the Mohr-Coulombs failure criterion, the maximum Coulomb 
failure stress is achieved at 29.5◦ (45◦ - φ/2, φ being the friction angle 
which takes 31◦ for a friction coefficient of 0.6) from the NNE-SSW di
rection, i.e., roughly along the NE-SW and N-S directions, which are 
consistent with the observations. Fractures with positive Coulomb fail
ure stresses are likely to have already slipped at their initial states. 
Therefore, the following analysis of fracture stress states will focus on 
the Coulomb failure stress change, rather than the absolute value of the 
Coulomb failure stress.

Fig. 8 presents modelled stress changes on the fracture networks over 
short (1 month), intermediate (1 year) and long-term (10 years) after 
geothermal operations started in the two model scenarios. In both sce
narios, fluid pressure in the fractures increases around the Húsmúli area, 
and decreases around the Skarðsmýrarfjall area throughout the 
modelled period (Fig. 8a and d). The bulk expansion caused by fluid 
injection is opposed by increased compressive stress of a lesser amount 
(coloured in blue) around the Húsmúli area, and the opposite is true 
around the Skarðsmýrarfjall area (Fig. 8b). This fluid pressure change 
barely leads to shear stress changes along fracture planes (Fig. 8c).

When the cooling contraction is considered, the normal stress change 

is influenced by both poroelastic stressing and thermoelastic stressing 
(Fig. 8e). The thermal contraction due to injection of cold fluids results 
in lower compressive stresses (coloured in red) in surrounding fractures 
oriented perpendicular to the radial direction of the re-injection wells at 
the Húsmúli area (Fig. 8e). The thermal contraction also increases the 
shear stress along fracture planes (and the deviatoric stress in reservoir 
rocks) around the injection wells in the fault-normal direction, and de
creases that in the fault-parallel direction (Fig. 8f). Whist the poroelastic 
stressing is dominant in the short-term after geothermal operations, the 
thermoelastic stressing prevails in terms of both the magnitude and areal 
extent in the intermediate- and long-term (Fig. 8e and f).

Fig. 9 presents modelled Coulomb failure stress changes on the 
fracture networks for both model scenarios at different times after 
geothermal operations started. In the non-cooling contraction scenario, 
fractures around the Húsmúli area are predominantly characterised by 
enhanced slip susceptibility (positive Coulomb failure stress changes 
ΔCFS), and those around the Skarðsmýrarfjall area by suppressed slip 
susceptibility (Fig. 9a). Both regions of enhanced and suppressed 
enhanced slip susceptibility represent preferential fluid flow pathways, 
which are oriented in alignment with the regional fault strike 
throughout the modelled period.

When the cooling contraction is considered, the fracture slip sus
ceptibility is similar to that in the non-cooling contraction scenario in 
the first month of geothermal operations, implying the dominant control 
of fluid pressure and poroelastic stressing (Fig. 9d). After 1 year, ther
moelastic stressing leads fracture slip susceptibility enhanced regions to 

Fig. 8. Modelled stress changes on the fracture network at 1000 m depth over short (1 month), intermediate (1 year) and long-term (10 years) after geothermal 
operations started at Húsmúli and Skarðsmýrarfjall in non-cooling contraction and cooling contraction model scenarios: (a) and (d) fluid pressure change fΔp, (b) and 
(e) normal stress change -fΔσ (positive for compression, thus a minus sign), (c) and (f) shear stress change Δτ.
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extend in the fault-normal direction, and suppressed regions in the fault- 
parallel direction (Fig. 9d). Regions with enhanced and inhibited frac
ture slip susceptibility continue to expand extensively around the re- 
injection wells during 10 years of operation, reaching more than 
2000 m away from the wells in the fault-normal direction (Fig. 9d). 
Noticeably, Coulomb failure stress change in fractures around re- 
injection wells is considerably elevated in the cooling contraction 
model scenario, indicating the dominant role of thermal effect over 
hydrogeological effect in the intermediate- and long-term.

Considering the combined effects of in-situ stresses and geothermal 
operations on fracture slip susceptibility, fractures that were initially 
susceptible to slip (CFS >0) and those remained as being susceptible 
after re-injection started (CFS >0 and ΔCFS >0) are displayed in Fig. 9b 
and e and Fig. 9c and f, respectively. Fractures that initially started as 
susceptible to slip mostly belonged to the Fracture Sets 1 and 2 (Fig. 9b 
and e), while those that remained susceptible after re-injection started 
are a subset of the above with positive ΔCFS (Fig. 9c and f). In the non- 
cooling contraction scenario, fractures that remained as susceptible to 
slip fell on the preferential fluid flow path within the overpressurised 
region throughout the modelled period (Fig. 9c). On the other hand, in 
the case of cooling contraction, fractures that remained susceptible to 
slip gradually manifested a two-lobed pattern after 1 year of geothermal 
operations (Fig. 9f). Slippage of these fractures is considered as sources 
for seismicity at the Hellisheiði geothermal field.

To examine the long-term evolution of fracture slip susceptibility, 

Coulomb failure stress change ΔCFS for NNE-trending fractures at 
measurement points over the modelled period in both model scenarios 
are plotted in Fig. 10. When cooling contraction is not considered, ΔCFS 
is elevated to relatively low positive values immediately around re- 
injection wells (0.8 MPa for Point A), so as those along both fault- 
parallel direction (0.7 MPa for Points B and C) and fault-normal di
rections (0.65 MPa for Point F, and 0.45 MPa for point G) (Fig. 10a and 
b, dashed lines). These ΔCFS values maintain at low levels throughout 
the modelled period.

When cooling contraction is modelled, ΔCFS increases rapidly over 
time within 600 m distance from the injection area in the fault-normal 
direction (as at measurement points A and F), but much gently more 
than 900 m away (as at measurement points G, H and I) (Fig. 10b, solid 
lines). In contrast, ΔCFS continuously decreases away from the injection 
area in the fault-parallel direction, and the measurement point B has the 
minimum ΔCFS, which could be as low as − 7 MPa after 10 years of cold 
fluids injection (Fig. 10a, solid lines). The evolution of Coulomb failure 
stress change ΔCFS in Fig. 10a and (b) has an opposite trend with that of 
the minimum effective principal stress changes Δσ′3 in Fig. 6e and (f), 
implying that the latter (predominantly caused by thermoelastic 
stressing) dominates the slip tendency of fracture networks.

Fig. 11 presents the advance of hydrodynamic and thermal fronts at 
the Hellisheiði geothermal field at different times in the two model 
scenarios. A hydrodynamic front of 0.5 MPa pressure increase and a 
thermal front of 10 ◦C temperature decrease are used to illustrate the 

Fig. 9. Modelled Coulomb failure stress changes ΔCFS = Δτ - f(Δσ - Δp) on the fracture network at 1000 m depth over short (1 month), intermediate (1 year) and 
long-term (10 years) after geothermal operations started at Húsmúli and Skarðsmýrarfjall in non-cooling contraction and cooling contraction model scenarios: (a) and 
(d) all fractures, (b) and (e) initially susceptible fractures (CFS >0), and (c) and (f) fractures that remained as susceptible to slip after re-injection started (CFS >0 and 
ΔCFS >0).

W. Cao et al.                                                                                                                                                                                                                                     International Journal of Rock Mechanics and Mining Sciences 183 (2024) 105939 

10 



evolution of fluid pressure and temperature fields, respectively. When 
the cooling contraction is not considered, the hydrodynamic fronts 
manifest oval-shaped patterns at different times, delineating the pref
erential fluid flow path around the injection area (Fig. 11a). The hy
drodynamic front responds fast following the fluctuating field injection 
rates over time, reflecting the great hydraulic conductivity of the frac
ture network. For such permeable reservoir formations, fluid injection at 
a constant injection pressure would lead to quasi-steady-state flow 
conditions within 0.1 year after geothermal operations started.48 In 
comparison, thermal fronts emerge in the immediate vicinity of 
re-injection wells, and gradually coalesce into a large one over the 
operational period (Fig. 11c). The area of cooled regions is less than that 
of overpressured regions, and the thermal front is much less smooth than 
that of the hydrodynamic front, both manifesting the limited areal in
fluence of temperature.

When the cooling contraction is modelled, the hydrodynamic front 
advances to a relatively larger region over the geothermal period 
(Fig. 11b), as a consequence of the cooling contraction-induced 
permeability enhancement of the faulted reservoir. The broad fluid 
pressure distribution accelerates the convection driven by the Darcy’s 
velocity field, which in turn intensifies the cooling contraction effect. As 
a result, time-lapse thermal fronts advance farther (Fig. 11d) in com
parison to those in the non-cooling contraction model scenario 
(Fig. 11c).

6. Discussion

6.1. Model performance against field monitored seismicity

To examine the performance of the model developed, the distribu
tion of fractures modelled as being susceptible to slip were compared 
against field monitored seismicity at the Húsmúli area at different times 
over the 10-year period between September 2011 and September 2021 
(with a seismic monitoring gap between May 2012 and December 2016) 
(Fig. 12). Field monitored seismicity are superimposed on the slip sus
ceptible fracture patterns. The model results and field observations 
achieved overall consistency across various time scales over the 
modelled period. At the onset of geothermal operations (September 
2011), field monitored seismicity distributed along the preferential fluid 
flow path, which is delineated by the modelled slip susceptible fractures 
(Fig. 12a). Within 1 year of geothermal operations, whilst seismicity 
persisted along the local fault strike, some seismic events emerged to the 
west of the injection wells, i.e., predominantly within the left lobe of the 
two-lobe-shaped susceptibility enhanced region gradually formed 
(Fig. 12b and c). Since then, modelled slip susceptible fractures maintain 
this two-lobe distribution pattern, although the region populated with 
slip susceptible fractures gradually expands (Fig. 12d–h). The distribu
tion of field monitored seismicity also expanded over time, and mostly 
overlapped with the fractures modelled as susceptible to slip 
(Fig. 12f–h). Seismicity tended to locate within the left lobe, suggesting 

less pronounced stress and pressure perturbations to the southeast of the 
injection wells. This observation is in agreement with observations from 
tracer tests carried out during 2013–2015, where the re-injection wells 
are not well communicated hydraulically with the southeast part.49

The distribution and evolution of Coulomb Failure Stress Changes 
from the current model were also compared with those from a 3D 
coupled THM model implemented without explicitly incorporating 
fracture networks by the authors48 (Fig. 13). This previous model used 
comparable geomechanical, hydrological and thermodynamic parame
ters for reservoir rocks, and only simulated reservoir response to cold 
fluids injection at Húsmúli in a 5 km × 6 km model domain. The only 
difference in evaluating the Coulomb failure stress change ΔCFS lies in 
orientations considered for fractures to slip: the fixed NNW-SSW fault 
strike in the fracture-free model, but the respective fracture orientation 
of each fracture plane considered in the current model. From Fig. 9d, e 
and f and Fig. 13, the spatial extent of seismic susceptibility enhanced 
and suppressed regions in general compares favourably between the two 
models across different time scales after geothermal operations started. 
Compared to the fracture-free model, the slip susceptibility for fractures 
in the current model is more inhibited around the Skarðsmýrarfjall area 
due to geothermal production.

It is worth mentioning that uncertainties exist for a range of pa
rameters used in the coupled THM model, including stress and geolog
ical parameters (the maximum and minimum horizontal principal 
stresses, stress orientation, fluid pressure, fault dip, etc.)10,26,50,51 and 
material parameters (porosity, permeability, Young’s modulus, Pois
son’s ratio, friction coefficient, Biot’s coefficient, thermal expansion 
coefficient, heat capacity, thermal conductivity, etc.).52,53 Parametric 
investigations of material parameters have shown that the thermal 
expansion coefficient and permeability are amongst the most sensitive 
factors to the geomechanical stability in geothermal systems.52 The 
potential for fault re-activation is also considered to be highly sensitive 
to the stress field and fault friction.51 In particular, a friction coefficient 
of 0.6 was assumed to calculate the Coulomb failure stress change in this 
work, representing the low end of the range of 0.6–0.85 reported by 
Byerlee.54 This is in line with previous research which assumed the same 
friction coefficient for hydraulically conductive faults (e.g.,21,22,55). The 
relatively low friction coefficient provides a conservative assessment of 
fault stability. When the friction coefficient is within the range of 
0.6–0.85, there would be less fractures that were initially susceptible to 
slip (CFS >0), and less fractures that would remain as being susceptible 
after re-injection started (CFS >0 and ΔCFS >0). This would cause a 
more limited spatial extent of modelled slip susceptible fractures as 
compared to field monitored seismicity in Fig. 12. Uncertainties in other 
stress, geological and material parameters were largely constrained by 
comprehensive previous studies (Table 1), and the existing uncertainties 
do not change main conclusions obtained from the modelling work. 
Nevertheless, it would be beneficial to carry out further parametric in
vestigations to refine model results and provide probabilistic evalua
tions of the potential for fault re-activation.

Fig. 10. Evolution of Coulomb failure stress change ΔCFS for NNE-trending fractures at measurement points (from Fig. 8a) over the modelled period at Húsmúli and 
Skarðsmýrarfjall for cooling contraction and non-cooling contraction scenarios: (a) in the fault-parallel direction, and (b) in the fault-normal direction.
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6.2. Role of fracture systems on the coupled THM behaviour

A distinctive feature of the coupled THM model developed is the 
inclusion of field mapped, interconnected conductive fracture systems to 
explicitly model fluid flow channels in reservoir rocks, as opposed to a 
bulk of faulted regions populated with uniform properties.27,48 This al
lows the evaluation of slip susceptibility of individual fractures by 
means of Coulomb failure stress change or any other slip susceptibility 
indicators, such as the slip tendency. In addition, the fracture slip sus
ceptibility under the cooling contraction effect, which was rarely eval
uated and compared against field observations, has also been 

investigated.
This model demonstrates the significant role of fracture networks on 

the fluid flow and heat transfer behaviour and the evolution of fracture 
slip susceptibility associated with geothermal operations. In the fluid 
flow and heat transfer process, the expansion of overpressurised and 
cooled regions is controlled by preferential fluid flow pathways, which 
are in turn dictated by the distribution, connectivity and intensity of 
natural fractures with highly anisotropic permeabilities.56–58 In the 
stress and deformation response of reservoirs, fracture apertures vary 
due to poroelastic and thermoelastic stressing and further modify frac
ture permeabilities. Also, the fracture orientation has significant impacts 

Fig. 11. Modelled time-lapse hydrodynamic and thermal fronts at the Hellisheiði geothermal field at different times at Húsmúli and Skarðsmýrarfjall for cooling 
contraction and non-cooling contraction scenarios: (a), (c) hydrodynamic front of 0.5 MPa, and (b), (d) thermal front of − 10 ◦C.
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on slip susceptibility for different fracture sets even under the same 
stress conditions (Fig. 7).

It is worth mentioning that several simplifications were made in 
modelling the hydromechanical behaviour of fracture systems in the 
current model. First, the current model, which is implementing an 
elastic constitutive model, did not consider elastoplastic behaviour such 
as rock damage and failure, therefore, tensile failure zones around re- 
injection wells and shear failure zones near fracture tips were not real
istically modelled. Second, explicit fracture slippage and propagation, as 

well as consequent stress re-distribution and shear dilution-induced 
fracture aperture change, were not modelled due to high computa
tional costs, which may cause deviations in the stress field around 
fractures that have already slipped before geothermal operations star
ted. Third, fracture permeabilities assigned based on a uniform initial 
fracture aperture may not accurately represent the wide spread of 
permeability distribution for fractures in the same fracture set. Fracture 
permeability usually has a positive correlation with fracture length, and 
the permeability for different fractures in the same fracture set may span 

Fig. 12. Comparison between modelled slip susceptible fractures in the cooling contraction scenario and field monitored seismicity at Húsmúli at different times over 
a 10-year period between 2011 and 2021 (with a seismic monitoring gap between May 2012 and December 2016): (a) 1 month, (b) 0.5 year, (c) 1 year, (d) 2 years, 
(e) 4 years, (f) 6 years, (g) 8 years, and (h) 10 years after geothermal operations started.

Fig. 13. Modelled Coulomb failure stress change ΔCFS at 1000 m depth at the Húsmúli area of Hellisheiði geothermal field in a fracture-free, 3D coupled THM 
model: (a) 0.1 year, (b) 1 year, and (c) 10 years after fluid re-injection started (after48).
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across several orders of magnitude.59,60 One common approach to 
further consider this variability of fracture permeability is to adopt the 
fracture aperture-to-length scaling relationship, which takes linear61 or 
square-root62 forms based on various assumptions. An alternative 
approach is to parameterise the distribution of fracture permeabilities 
based on approximate scaling functions derived from laboratory and 
field measured fracture permeabilities.63,64 Nevertheless, the focus of 
this work is placed on capturing the hydrological behaviour at the 
fracture network scale, rather than the variability of fracture perme
ability distribution, therefore, this model is considered to effectively 
represent the field reservoir response and fracture slip susceptibility 
under combined actions of hydraulic and thermal effects.

6.3. Competing role of cooling contraction and fluid overpressure on 
fracture slip susceptibility

In this work, the non-cooling contraction model scenario represents 
the effect of poroelastic effect alone on fracture slip susceptibility, whilst 
the cooling contraction model scenario demonstrates the role of ther
moporoelastic effect. Based on thermoporoelastic theory,65 both cooling 
contraction of reservoir rocks and fluid overpressure associated with 
fluids injection can lead to conditions towards increased potential for 
induced seismicity. Under unconstrained stress states, the contribution 
of thermoelastic and poroelastic stresses around fluid injection wells can 
be quantified by the ratio of temperature change to fluid pressure 
change ΔT/Δp, as well as rock hydrological and thermodynamic prop
erties.66 The ΔT/Δp value around injection wells at geothermal fields is 
influenced by both fluid flow and heat transfer in surrounding regions, 
which may lead to competing effects between cooling contraction and 
fluid overpressure on fracture slip susceptibility in the long term.

For the Hellisheiði reservoir formations embedded with a highly 
conductive fracture system, quasi-static fluid flow conditions can be 
reached within one month after the start of re-injection.48 Even with 
fluctuating injection rates under field operational conditions, the fluid 
pressure change is kept well below 1 MPa across the majority of the 
reservoir region (Fig. 6a and b). Taking the wellhead pressure of 8 bar as 
an approximation of the fluid pressure change Δp, the ratio ΔT/Δp is 
only influenced by the temperature change ΔT. The areal extent of 
cooled regions grows monotonically, preferentially in the fault-normal 
direction under the influence of cooling contraction-induced perme
ability change (Fig. 11d). In addition, the temperature in cooled regions 
continues to drop, although the cooling rate gradually becomes slower 
as cooled regions expand to increasingly larger volumes (Fig. 6d). 
Therefore, it is believed that fractures currently susceptible to slip will 
continue to be characterised by high slip potential, and that regions with 
enhanced fracture slip susceptibility will continue to expand in the long 
term, given the existence of regional natural fracture systems.

7. Conclusions

This paper presents the development and application of a coupled 
THM model containing fracture networks to simulate geothermal fluids 
extraction and re-injection process over a 10-year period at the Hell
isheiði geothermal field. Model results have shown that fracture net
works representing preferential fluid flow pathways have a pronounced 
effect on the fluid pressure, stress and temperature distribution. Due to 
the nature of fluid flow and heat transfer in fractured rocks, the hy
drodynamic front outpaces the thermal front, and fluid overpressured 
regions are larger than cooled regions. The ΔT/Δp value around re- 
injection wells gradually increases over the geothermal operation 
period, which represents the dominant control of cooling contraction 
over fluid overpressure on the stress state in the long term.

The inclusion of fracture networks allows for the slip susceptibility 
evaluation on each individual fracture, which is more accurate than the 
previous fracture-free coupled THM modelling approach. Model results 
have shown that NE-SW and N-S trending fractures (Sets 1 and 2) are 

susceptible to slippage, or even have already slipped under in-situ stress 
conditions. At the onset of geothermal fluid re-injection, the slip sus
ceptibility of fractures is enhanced around the Húsmúli area but sup
pressed around the Skarðsmýrarfjall area, as dominated by the fluid 
pressure and poroelastic stressing. Over the intermediate- and long- 
term, a two-lobed pattern is formed for fractures with enhanced slip 
susceptibility in the fault-normal direction around the Húsmúli area, 
driven by the thermoelastic stressing that gradually prevails over fluid 
pressure and poroelastic stressing. The distribution of modelled slip 
susceptible fractures compared favourably with that of recorded 
induced seismicity over the modelled period at the Hellisheiði 
geothermal field. Furthermore, model results suggested that regions 
with enhanced fracture slip susceptibility would continue to expand in 
the long term.
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47. Juncu D, Árnadóttir T, Hooper A, Gunnarsson G. Anthropogenic and natural ground 
deformation in the Hengill geothermal area, Iceland. J Geophys Res Solid Earth. 2017; 
122(1):692–709.

48. Cao W, Durucan S, Ratouis T, Shi JQ, Korre A, Hjörleifsdóttir V. Role of cooling 
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