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e Pressure drives early fracture slip, but cooling controls long-term evo-
lution.

e Fracture network connectivity strongly affects heat extraction.

e Fractures carrying most of the moment shift toward higher shear-to-
normal stress states.



Coupled THM Processes Drive Spatiotemporal Slip
Evolution in Fracture Networks during Geothermal
Heat Production

Le Zhang®P*, Chuanyin Jiang®, Qinghua Lei¢, Alexandros Daniilidis®,
Anne-Catherine Dieudonné®, Longjun Dong?, Thomas Hermans®

¢Department of Geology, Ghent University, Ghent, Belgium
bFaculty of Civil Engineering and Geosciences, Delft University of
Technology, Delft, The Netherlands
¢ Department of Farth Sciences, Uppsala University, Uppsala, Sweden
4School of Resources and Safety Engineering, Central South University, Changsha, China

Abstract

Understanding induced fracture slip in geothermal reservoirs requires clarify-
ing the relative roles of rapid pore pressure propagation and slower cooling-
related stress redistribution. We investigate this problem using coupled
thermo-hydro-mechanical simulations with explicitly represented discrete frac-
ture networks embedded in a poroelastic rock matrix. The study considers
three fracture density levels (low, medium, and high), multiple realizations,
and contrasting injection-temperature and pressure-gradient conditions. An
isothermal reference configuration is used to help isolate the relative contri-
butions of pressure and cooling. The results show a clear transition in the
main control on slip. Fracture slip initiates mainly in response to pressure
propagation, whereas long-term development of the cumulative seismic mo-
ment is sustained by cooling-related stress redistribution. Pressure perturba-
tions spread rapidly through connected fracture clusters and define a broad
early activation region, while cooling remains more localized within preferen-
tial flow corridors and becomes increasingly important for late-time moment
accumulation. Higher fracture density increases both cumulative heat ex-
traction and cumulative moment relative to low-density networks, but the
two responses do not scale identically within the medium- and high-density
networks. A small fraction of fractures carries a large share of the total mo-
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ment, and the fractures with the largest moment contributions shift toward
higher shear-to-normal stress states as cooling develops. Together, these
findings explain why improved thermal performance does not correspond to
a proportional increase in cumulative moment across fracture network real-
izations.

Keywords: Geothermal reservoir, discrete fracture networks, induced
fracture slip, thermo-hydro-mechanical coupling

1. Introduction

Deep geothermal operation changes both pore pressure and temperature
in the subsurface, which can jointly reactivate pre-existing fractures to slip
[1, 2]. In fractured reservoirs, the same network that enables efficient fluid
and heat transport may also define mechanically weak planes along which
slip develops [3, 4]. Geothermal system performance therefore needs to be
evaluated not only in terms of heat extraction, but also how evolving hy-
draulic and thermal changes influence fracture stability and the potential
of induced seismicity [5]. This issue becomes particularly important over
long operational timescales; hydraulic adjustment is generally faster than
thermal evolution, such that the factors controlling early fracture response
are not necessarily the same as those governing long-term behavior [6, 7, §].
Clarifying the coupled influence of hydraulic and thermal effects is therefore
essential for understanding the long-term behavior of fractured geothermal
reservoirs and for identifying the controls on both energy production and
induced seismicity.

In fractured geothermal reservoirs, fracture reactivation reflects the com-
bined influence of hydraulic, mechanical, and thermal effects [9, 10]. Stud-
ies of hydraulic stimulation and pressurization have consistently shown that
pressure buildup reduces effective normal stress and can trigger early slip
on critically stressed fractures [11, 12, 13]. Hydraulic stimulation may also
initiate and propagate new fractures, and their interaction with pre-existing
natural fractures can influence fracture pathways, connectivity, and stimu-
lation outcomes [14]. Studies of long-term cooling have shown that temper-
ature reduction can generate additional stress redistribution through ther-
mal contraction and coupled thermo-poroelastic effects, thereby sustaining
or amplifying fracture destabilization over longer timescales [15, 16]. These
studies suggest that hydraulic forcing is not the sole mechanism driving frac-
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ture slip in geothermal systems, especially during long-term operation [5, 17].
However, the relative roles of pressure-driven and cooling-related contribu-
tions remain difficult to disentangle in fractured reservoirs. While recent
studies have thoroughly investigated hydraulic pressurization, thermal break-
through, or induced seismic response in isolation, the transient co-evolution
of these mechanisms remains insufficiently constrained under coupled THM
conditions [18, 19]. This limitation is particularly evident in reservoir-scale
studies that either treat thermal performance and seismic response separately
or do not resolve how their relative contributions evolve through time [20, 21].

In fractured reservoirs, fluid flow, heat transport, and mechanical re-
sponse are all strongly influenced by fracture network architecture and con-
nectivity [22, 23, 24]. Previous studies have shown that fracture intensity,
orientation, length distribution, and intersection topology can all affect the
formation of connected pathways, flow localization, thermal breakthrough,
and reservoir-scale heat extraction efficiency. In such systems, fluid flow and
solute transport are strongly controlled by the connected hydraulic backbone
and by channelized pathways within the fracture network [25, 26]. Heat
transport in fractured geothermal reservoirs is also shaped by these preferen-
tial flow paths, but the resulting thermal perturbation depends on advective
residence time, heat exchange with the rock matrix, and operation duration
[24, 27, 28, 29|. As a result, hydraulic connectivity and thermal perturbations
do not necessarily define the same spatial footprint, even under the same op-
erating conditions. This spatial mismatch is mechanically important because
stress redistribution in fractured media depends not only on the magnitude of
pressure and temperature changes, but also on where these changes concen-
trate and how they act on individual fracture segments [10, 13, 30]. Fracture
reactivation is therefore often heterogeneous in both space and time, reflect-
ing the coupled evolution of transport pathways, local stress changes, and
fracture properties rather than a uniform response of the connected network
[20]. Many reservoir-scale approaches still rely on equivalent continuum de-
scriptions or simplified fracture representations, which can reproduce bulk
reservoir behavior but may smooth out the pathway-dependent organization
of fracture-controlled flow and heat transport [31, 32]. Even where cou-
pled processes modeling is adopted, the combined effects of fracture network
structure, operational forcing, and the evolving balance between pressure and
cooling remain insufficiently constrained [33].

In this study, we use coupled thermo-hydro-mechanical (THM) simula-
tions with explicitly represented discrete fracture networks to examine how
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pressure diffusion, temperature evolution, stress redistribution, and fracture
network structure jointly control fracture slip in a fractured geothermal reser-
voir. By exploring multiple fracture network scenarios and realizations as
well as contrasting operating conditions, our results indicate a transition
from pressure-dominated early slip to increasingly stronger thermal control
on continued slip growth. We also show that thermal output and cumulative
seismic moment do not increase in proportion across fracture network real-
izations, because moment accumulation remains concentrated on a limited
group of fractures with stress states favorable for slip. The analysis further
shows that the spatial organization and evolving stress state of these high-
contribution fractures largely control the network-scale moment response.
The rest of the paper is organized as follows. The modeling framework and
diagnostic definitions are presented in Section 2. The Results section then
examines the pressure-to-cooling transition in fracture slip (Section 3.1), the
relation between thermal output, connectivity, and cumulative moment (Sec-
tion 3.2), and the moment concentration and stress controls (Section 3.3).
Section 4 discusses the broader implications and limitations of these findings,
followed by the conclusions in Section 5.

2. Methodology

We investigate how cold-water injection into discrete fracture networks
governs fracture slip and seismic moment release under coupled THM pro-
cesses. Fractures are represented as lower-dimensional internal boundaries
embedded in a poroelastic rock matrix within a plane-strain domain. All
results are reported per unit out-of-plane thickness to provide a consistent
basis for estimating fracture rupture area and seismic moment [9.

2.1. Governing equations for coupled THM processes

2.1.1. Matriz domain
Mechanical equilibrium in the rock matrix is assumed quasi-static [7],

V-o+b=0, (1)

where o is the total Cauchy stress and b is the body force. Under the
small-strain assumption, we write

e=1(Vu+(Vu)'), g, = tr(e).
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where u is the displacement vector, € is the infinitesimal strain tensor, and
g, = tr(e) is the volumetric strain. The matrix follows isotropic linear
thermo-—poroelasticity [34],

oc=2Ge+ e, I —appl —3K ar (T — Ti) 1, (2)

where o is the Cauchy stress tensor, G and A are the Lamé elastic constants,
K is the bulk modulus, I is the second-order identity tensor, ap is the Biot
coefficient, a7 is the linear thermal expansion coefficient, p is pore pressure,
and Ty = Tp is the initial reservoir temperature. The Lamé constants and
bulk modulus relate to Young’s modulus £ and Poisson’s ratio v as

E E Ev

2(1+v) 3(1—2v) A (1+v)(1—2v)

Single-phase water flow is governed by a mass conservation equation with
poroelastic coupling,

op Ozg, B
Pw (Sma + ap ot ) -V (pwwm) - 07 (3>
where the Darcy flux is given by
k
W, = ——=Vp, 4
. (4)

with k,, is the intrinsic permeability of the matrix and g is the dynamic
viscosity of water.
The matrix storage coefficient is

3(1—2v)

5

where ¢ is the matrix porosity, x, is the fluid compressibility, and yx,, is the
compressibility of the porous matrix skeleton.

Heat transport in the matrix is governed by the advection—diffusion equa-
tion,

Sm = ngw + (aB - ¢)Xm7 Xm =

oT
(IOO>eH E

where (pC)eg is the bulk volumetric heat capacity, and Aeg is the effective
thermal conductivity of the saturated matrix. The effective properties are
written as [35]

(pc)eff = ¢pwcw + (1 - ¢)p8087 /\eff - QS)\’U) + (1 - ¢))\s (6)

4 puClo Wi - VT =V - A VT) = 0, (5)

5
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Here, p, and p, are respectively the densities of water and solid rock, C,,
and C are their specific heat capacities, and A\, and A\, are their thermal
conductivities.

2.1.2. Fracture domain

Fractures deform in the normal and shear directions and act as preferen-
tial pathways for flow and heat transport. Let o, and 7 denote the normal
and shear tractions on a fracture (compression positive). Effective normal
stress is defined as

ol = 0n — Qp Py, (7)

where py is the pore pressure and o, is the Biot coefficient for fractures, dis-
tinguished here from the matrix’s Biot coefficient ag used in the poroelastic
matrix formulation.

Normal closure follows a hyperbolic relation characterized by the maxi-
mum closure v, and initial normal stiffness K, 36, 37],

/
0, Um,

Uy = ———.
Kyovm + 0,

(8)
Shear behavior is governed by a Coulomb failure stress criterion 23],
CFS = 7] - iy (9)

where 7 is the shear traction, o), is the effective normal stress, and i is
the friction coefficient. Negative values of CFS indicate a stable stick state,
whereas frictional sliding occurs when CFS = 0 and shear displacement ac-
cumulates in the direction of the shear traction.

Shear-induced dilation is activated from the onset of sliding and is com-
puted from the accumulated shear displacement [23]:

Vs = — |ug| tan ¢g, (10)

where u, is the cumulative shear displacement and ¢4 is the dilation angle.
The minus sign follows the sign convention adopted here, in which negative
normal displacement denotes fracture opening.

The fracture aperture is calculated based on the initial aperture by and
considering normal closure and shear dilation effects [38§],

b=by— v, — vs, (11)
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and fracture permeability follows the cubic law,

b2

Mass conservation along fractures accounts for fluid compressibility, aper-
ture change, and along-fracture Darcy flux [9],

0 ob
bpwsfﬁ_‘_pwa_

ot V- (bpwwf) = Pw (fup+fbot)7 (12)

where S} is the fracture storage coefficient, w is the along-fracture Darcy
flux, V. denotes the tangential gradient operator along the fracture, and
fup and fuoy are the exchange terms at the opposing fracture walls with
the surrounding matrix. The along-fracture flux follows Darcy’s law on the
lower-dimensional fracture element, with the tangential pressure gradient and
fracture permeability.

The fracture storage coefficient is given by

S:w_>
f X+Knb

where x,, is the fluid compressibility and K, is the tangent normal stiffness
of the fracture. Differentiating Eq. (8) gives

K, — da!, _ (KnoUm + 0;)2
ov, K ov2,

Heat transfer along fractures is written as [7]

oT
b puCl 8—; 0 puCo Wy ViTh = Ve (bAVTY) = €up + hor,  (13)
where T is the temperature within the fracture. The exchange terms ey
and ey represent energy transfer across the opposing fracture walls and are
evaluated consistently with the embedded matrix—fracture coupling used in
the numerical implementation.

2.2. Model setup, boundary conditions, and operating scenarios

The computational domain is a 1200 m x 1200 m square in the (x, y) plane
with unit out-of-plane thickness. The DFN is generated within a central
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Figure 1: Model configuration and a representative fracture network realization. Circles
denote injection and production wells.

1000 m x 1000 m region. Coordinates are reported relative to the centre of
the DFN region. The injection and production wells are located at

Xinj = (—250,—250) m, Xprd = (250,250) m.
The straight-line distance between the two wells is
L, = [|Xpra — Xinj|| = 707.1 m.

The producer is maintained at the initial hydrostatic pressure py and acts
as a reference pressure outlet, whereas injection is driven by an imposed well-
to-well pressure difference Ap. The injection pressure is therefore given by
Dinj = Po+ Ap, corresponding to a nominal pressure gradient Ap/L,, between
the two wells. The injection temperature is denoted as T},; (Figure 1).

A reservoir depth of H = 3000 m is assumed. The initial pore pressure
is hydrostatic,

po = puwgH,
where ¢ is the gravitational acceleration constant. The initial in-situ stress
field is defined as

0, = ppgH, oy =0, =080,

8
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Table 1: Rock and fracture parameters [7].

Category Item Symbol  Value (unit)

Rock matriz
Young’s modulus E 30 (GPa)
Poisson’s ratio v 0.25 ()
Biot coefficient ap 0.6 (-)
Thermal expansion ar 1x107° (K1)
Porosity o 0.001 (-)
Matrix Permeability Em 10718 (m?)
Thermal conductivity As 3(Wm K™
Heat capacity C, 1000 (Jkg 1K)
Density Ps 2700 (kgm™?)

Fractures
Initial aperture bo 0.6 (mm)
Maximum normal closure vy, 0.52 (mm)
Initial normal stiffness Ko 50 (GPam™1)
Shear stiffness K, 10 (GPam™1)
Biot coefficient ap 1.0 (-)
Friction angle oy 31 (deg)
Dilation angle o] 10 (deg)

where py is the saturated bulk density of the reservoir rock. Consistent with
the phase properties introduced above. The reservoir model is initialized
with uniform pressure py and uniform temperature Ty = 180°C, under the
abovementioned in-situ stress state and well controls. All outer boundaries
are hydraulically impermeable and thermally insulated, and the mechanical
boundary tractions are imposed based on the in-situ stresses.

The key model parameters are summarized in Table 1. Water properties,
including dynamic viscosity u, density p,, heat capacity C,, and thermal
conductivity A, are treated as temperature-dependent functions of 7' (in
°C). The corresponding correlations are provided in Appendix A.

The geothermal reservoir operating conditions are defined by two in-
jection temperatures, Ti,; € {60,120} °C, and two imposed pressure gra-
dients, Ap/L, € {10,15} kPa/m. These combinations define four oper-
ating cases considered in our simulations: Case 1, with T;,; = 60°C and



189

190

191

192

193

194

197

198

199

200

201

202

204

205

206

207

208

209

210

211

212

213

214

215

216

217

Ap/L,, = 10 kPa/m; Case 2, with T},; = 120°C and Ap/L,, = 10 kPa/m;
Case 3, with Ti,; = 60°C and Ap/L, = 15 kPa/m; and Case 4, with
Tinj = 120°C and Ap/L,, = 15 kPa/m. These four operating conditions are
analyzed for all the fracture network cases and realizations. Each simulation
covers a total period of 10? s (approximately 31.7 years). For post-processing
and comparison, results are presented in logarithmic time and sampled at
logarithmic steps of 0.05 between 10° and 10° s .

To support interpretation of the coupled response, each non-isothermal
case is paired with an isothermal reference run under the same hydraulic
forcing, with the injection temperature fixed at the initial reservoir temper-
ature Ty. The isothermal case provides a baseline for isolating hydraulic and
poroelastic responses for the corresponding non-isothermal case [39]. In the
following sections, the difference between the non-isothermal and isothermal
responses is used to estimate thermal effects.

2.8. Fracture network construction

The fracture system consists of two fracture sets with fixed orientations
(counterclockwise from the x-axis) denoted as 6; = 135° and 0, = 60°, re-
spectively. Fracture trace lengths follow a truncated power-law distribution
[40]

p(l) oc 177, I € [lmin, lmax) s

with o = 2.5, [,in = 50 m, and [, = 250 m.
We explore three fracture density scenarios Po; = 0.05, 0.075, and 0.1 m/m?,
with P being the total trace length per unit area [41]

1
P = lia
= ;

where A is the area of the 2D reservoir section, [; is the length of fracture 7,
and Ny is the total number of fractures.

Three fracture network realizations are generated for each density level
while keeping the fracture set orientations and trace length distribution fixed.
Thus, in total, nine fracture network realizations are generated (Figure 2).
Each realization is then simulated under the four operating scenarios defined
in Section 2.2.

10
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Figure 2: Nine DFN realizations used in this study. Three realizations are shown for each
of the three Py levels.

2.4. Response metrics and diagnostic quantities

For visualization of pressure and temperature field evolution, the pressure
and thermal fronts are extracted using midpoint values between the initial
and injection conditions:

_ Po  Dinj

T + T’in'
Pmid = T, Tnid = M-

2

The pressure front is plotted as the isocontour p = pyq, and the thermal
front is plotted as the isocontour 7' = T},iq.

Fracture slip is analyzed using a potency-based seismic moment proxy.
For the ith fracture with trace length [;, the rupture area per unit thickness
is A; = l;. Over a reporting interval [t;_1, ], the incremental moment is [42]

AMOJ(tk) = GAZ ’Aﬂs,z(tk” )

where Au,; is the length-weighted mean shear slip increment on the ith
fracture. The incremental total moment is

Ny
AMy ot (t) = Z AMy;(tr),
i=1

11
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and the cumulative moment is

Mo(te) = - AMy(t;).

J<k

For each reporting interval, fractures with positive incremental moment
are identified as moment-contributing fractures. These fractures are ranked
by AMy;(t), and the smallest group whose summed contribution reaches
50% of AMjyot(tx) is used for the interval-based stress-state analysis. For
the cumulative analysis, fractures are ranked by their cumulative moment
contribution up to time ¢;, and the fracture fraction required to account for
50% of cumulative moment is denoted by f5.

For the fractures in the 50% moment group, segment-wise ACF'S is used
to indicate whether the local stress state moves closer to slip. The stress evo-
lution is further analyzed using effective normal stress o/, and shear traction
T.

Thermal performance is characterized by the thermal power proxy

QAT (t) = pCuw Q(t) [Tous(t) — Tinj]

and the cumulative extracted heat

t
EA®) = Cu [ Q) Ton(r) = Tin] dr.
0
Injector—producer connectivity is described by the shortest path length

Lo =min2 4
JEP
where () is the set of connected paths between the injector and producer,
and ¢; is the length of segment j along path P.
To quantify network-scale flow partitioning, we further compute the chan-
neling indicator [43]

(f r, 4 dg) 2
( Jy, a2 cw) ( Ji 1 dE) ’

where ¢ is the along-fracture flux magnitude over the full fracture network
I'y. Smaller dg indicates stronger channelization.

dg =

12
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Figure 3: Cumulative seismic moment proxy My for two contrasting operating cases: (a)
Case 1. (b) Case 4. Solid lines show the non-isothermal simulations, dashed lines show the
corresponding isothermal simulations, and thin lines with open markers show the thermal
increment, estimated as the difference between the non-isothermal and isothermal results.
Colors denote the representative low-, medium-, and high-density fracture networks.

3. Results

3.1. Pressure-driven to cooling-driven fracture slip

We first compare two contrasting operating cases defined in Section 2.2:
Case 1, with the lower injection temperature and lower pressure gradient,
and Case 4, with the higher injection temperature and higher pressure gra-
dient. Unless noted otherwise, spatially resolved results are shown for one
representative realization from each fracture-density level, referred to as the
low-, medium-, and high-density cases. In Fig. 3, the solid curves denote
the non-isothermal THM calculation results, whereas the dashed curves de-
note the isothermal reference solutions under the same hydraulic forcing with
7ﬂinj = TO'

Figure 3 shows how the cumulative seismic moment proxy evolves under
these two operating conditions. Across the three density levels, M increases
by several orders of magnitude over the operation period, from about 10* N-m
at early time to values approaching or exceeding 10! N-m in the denser
networks at late time. At early time, the isothermal reference simulations
reproduce most of the increase in M, while the cooling-related increment
remains small, indicating that the initial fracture slip response is controlled
mainly by pressure diffusion. With time, the separation between the non-

13
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isothermal and isothermal responses gradually increases, indicating that the
sustained late-time increase in M, reflects an additional contribution from
cooling.

The temporal separation is strongest when the response is viewed in
stages. This contrast indicates that long-term moment accumulation is not
driven by pressure effects alone, but also increasingly by cooling-related stress
redistribution. At early time, ¢ < 10% s, the cooling contribution remains
small compared with the total non-isothermal response. Between about 10%
and 10° s, the first clear separation appears in the medium- and high-density
fracture network cases, indicating that cooling-induced stress redistribution
has become measurable while pressure effects still remain important. In
the low-density fracture network case, this separation is weaker and emerges
later. After about 10° s, the contrast becomes pronounced. Over this late
stage, the isothermal response shows strongly reduced growth and, especially
for medium- and high-density networks, it approaches a near-plateau behav-
ior over the simulated time window, whereas the non-isothermal response
continues to increase.

The two operating conditions differ mainly in the timing and extent to
which the two mechanisms develop. Case 4 produces the larger early-time
moment release across different fracture network density cases, consistent
with the higher imposed pressure gradient. Case 1 shows the stronger late-
time separation between the non-isothermal and isothermal responses be-
cause the larger cooling contrast produces a stronger cooling-related incre-
ment. The temporal evolution therefore points to a shift from pressure-
dominated initiation to cooling-controlled long-term growth.

Figure 4 shows the reservoir response at late time (¢ = 10® s) for the rep-
resentative fracture network realizations. The pressure perturbation occupies
a broader region than the cooling signal and is more sensitive to the imposed
pressure gradient. Accordingly, Case 4 produces the larger AP footprint in
all three realizations. Increasing fracture network density also broadens the
pressure-affected region by providing more connected flow pathways. At this
late time, the pressure perturbation has reached the closed lateral bound-
aries, and the pressure field is close to a domain-scale equilibrated state.
The remaining spatial differences mainly reflect fracture-controlled pressure
redistribution within the bounded model domain. The pressure maps are
therefore used to compare how the operating conditions and fracture density
affect the internal pressure structure.

The cooling field shows a different structure. In the low-density network,

14
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Figure 4: Reservoir response at t = 10% s for the representative low-, medium-, and
high-density realizations. Rows show pressure change AP (top), temperature change AT
(middle), and change in minimum principal stress Acs (bottom), all relative to the initial
state. Columns compare the colder, lower-pressure-gradient case (Case 1: Tj,; = 60°C,

Ap/L,, = 10 kPa/m) with the warmer, higher-pressure-gradient case (Case 4: Tiy; =
120°C, Ap/L,, = 15 kPa/m).
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Figure 5: Spatial distribution of fractures that together account for 50% of the incremental
moment during three reporting intervals (0-10* s, 10*-10° s, and 10%-10® s) for Case 1
(T = 60°C, Ap/L,, = 10 kPa/m) and Case 4 (Tinj = 120°C, Ap/L,, = 15 kPa/m).
Rows show the representative low-, medium-, and high-density realizations, and columns
show the reporting intervals. Pressure fronts and thermal fronts are shown at the end of
each interval. Fractures are colored by log;q(AMp) (N-m). The injector and producer are
marked by a star and a triangle, respectively.

cooling remains confined to a narrow corridor close to the injector. In medium
and high-density networks, the cooled region extends farther and branches
more strongly across the reservoir. For a given realization, Case 1 produces
both a larger cooling magnitude and a broader cooled footprint than Case 4
because of the colder injection temperature.

The stress response follows the cooling pattern more closely than the pres-
sure field. This indicates that, at late time, the stress perturbation relevant to
continued slip is increasingly governed by cooling-induced contraction along
connected flow paths. The largest changes in Acos are concentrated within
the cooled corridor rather than across the full pressure-affected region, and
both the magnitude and spatial extent of Acs increase with the fracture
density.

Figure 5 shows how fractures with large AM, contributions become spa-
tially organized across the three reporting intervals. In all panels, the pres-
sure front advances rapidly and encloses a broad pressure-affected region,
whereas the thermal front remains closer to the injector and propagates more
slowly along connected flow paths.

During 0-10* s, fractures with large AM; contributions are mainly lo-
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cated within the pressure-affected envelope and show little systematic rela-
tion to the thermal front, which remains very close to the injector. In the
low-density network, activity is strongly localized near the injection point.
In the medium- and high-density networks, the activated region is broader,
reflecting the larger number of connected pathways and candidate fractures
that can respond to the initial pressure perturbation. Case 4 also shows a
broader pressure footprint than Case 1 over this early interval.

During 10*-10° s, the moment release becomes less diffuse and starts
to concentrate along connected fracture corridors. Most moment-carrying
fractures are still located within the pressure-affected region, while their dis-
tribution is no longer uniform. This patchy distribution reflects the combined
effect of fracture connectivity and local stress conditions, which select only
part of the pressure-perturbed network for slip. The thermal front remains
close to the injector during this interval, so the cooling-related contribution
is still spatially limited.

During 10°-10® s, the spatial pattern becomes clearer. The pressure front
still defines a broad outer envelope, but fractures with large AM, contribu-
tions no longer fill that region uniformly. Instead, the largest contributions
become increasingly concentrated in and around the cooling-influenced cor-
ridor. This tendency is strongest in the medium- and high-density networks,
where connectivity allows cooling to extend and branch through multiple
pathways. Case 1 shows the clearest late-time concentration of large A M,
contributions within the cooling-affected region, whereas Case 4 retains a
larger pressure-front footprint and therefore stronger early activation.

The color scale further indicates that fractures within or near the cooled
corridor account for some of the largest late-time moment increments, linking
the spatial pattern in Figure 5 to the continued increase in M, in Figure 3.

3.2. Thermal output, fracture density, and cumulative moment

Having established the transition from pressure-dominated initiation to
cooling-controlled long-term growth of fracture slip, we now compare cumu-
lative seismic response with cumulative thermal performance. Figure 6 shows
the mean evolution of cumulative seismic moment and cumulative extracted
heat across the four operating conditions and three fracture density levels,
while Figure 7 compares cumulative extracted heat and cumulative moment
for individual fracture-network realizations under the two contrasting oper-
ating cases.
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Figure 6a shows that the largest separation in cumulative moment occurs
between the low-density network and the medium- to high-density networks.
The low-density group remains well below the other two groups, typically
by about an order of magnitude or more. Here, increasing P, does not
reduce cumulative moment. Under constant-pressure boundary conditions,
denser networks sustain larger flow, involve a larger connected fracture pop-
ulation, and produce stronger late-time cooling-related stress redistribution.
Cumulative moment therefore increases from the low-density network to the
medium- and high-density networks, although the moment is still carried
mainly by a limited number of fractures where the local stress conditions
favor slip. Cumulative heat extraction shows a comparable density depen-
dence (Figure 6b). At a given density level, colder injection generally leads
to greater cumulative extracted heat. A stronger imposed pressure gradient
also increases cumulative heat extraction by sustaining a larger flow rate.
The same operating conditions often produce larger cumulative moment as
well. Thus, higher cumulative thermal output is generally associated with
larger cumulative moment.

Figure 7 shows that this overall correspondence is not strictly propor-
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tional at the level of individual fracture network realizations. Low-density
networks occupy the lower-left part of the plot, while the medium- and high-
density realizations shift toward higher cumulative extracted heat and higher
cumulative moment. The L2 point lies near the lower-left corner because this
realization lacks a spanning injector—producer fracture pathway, leading to
very low cumulative heat extraction and cumulative moment.

Within the medium- and high-density networks, cumulative extracted
heat is systematically higher for the high-density realizations than for the
medium-density realizations under comparable operating conditions. In con-
trast, cumulative moment is often similar in magnitude between the two
groups. This indicates that increasing fracture density continues to improve
effective flow capacity and thermal output, but does not induce a propor-
tional increase in cumulative moment.

The color scale in Figure 7 shows that cases with shorter injector—producer
connected paths generally fall toward higher cumulative extracted heat. This
indicates that the shortest-path length provides a useful geometric indicator
of the effective connection between the wells. However, the same relation
is weaker for cumulative moment. Networks with comparable M, can still
differ substantially in thermal output, showing that heat extraction is more
directly linked to well-to-well connectivity, whereas the seismic response de-
pends more on where slip localizes among fractures whose local stress states
are closer to failure.

To examine the flow structure behind the heat—-moment relation, we cal-
culate the flow partitioning metric dg from the along-fracture flux distribu-
tion over the whole network. Smaller dy means stronger channelized flow,
where most of the flow is carried by a smaller part of the fracture network.
Figure 8 shows that dg increases rapidly at early time in all fracture net-
works, reflecting the establishment of the pressure-driven flow field. The
low-density network then reaches an early plateau and shows little differ-
ence between Case 1 and Case 4, consistent with flow being restricted to
a small connected part of the network. In the medium- and high-density
networks, dg continues to change at later time and separates between the
two operating cases. This later separation shows that cooling changes how
flow is partitioned through the connected fracture network. The pattern is
consistent with the heat—moment relation above: heat extraction follows the
flow-carrying part of the network more directly, whereas cumulative moment
remains concentrated on fractures with local stress states favorable for slip.
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Figure 9: Cumulative moment contribution curves at t = 10%, 10%, and 108 s. Fractures
are ranked by their cumulative moment contribution up to each reported time, and the
cumulative M, share is plotted against the cumulative fracture share. Solid lines denote
Case 1 and dashed lines denote Case 4. Insets show fs5g, the fracture fraction required to
account for 50% of cumulative moment.

3.3. Moment concentration and stress controls

The relations in Section 3.2 show that cumulative heat extraction re-
sponds more directly to fracture network connectivity than cumulative mo-
ment, especially when the medium- and high-density realizations are com-
pared. Figures 9-11 indicate that this contrast arises because heat extraction
mainly follows the connected flow pathways between the wells, whereas mo-
ment release also depends on whether individual fractures have local stress
states favorable for slip. As a result, many connected fractures can contribute
to flow and heat transport, while the largest moment contributions remain
localized on a smaller group of fractures with favorable stress conditions.

Figure 9 first quantifies how unevenly cumulative moment is distributed
across fractures. In all cases and at all times, the curves lie well above the
equality line, showing that a limited group of fractures carries a dispropor-
tionate share of the total moment. The inset metric f59 provides a compact
measure of this concentration: smaller f5y means that fewer fractures are
required to account for 50% of cumulative M.

At t = 10* s, the response is still dominated by the initial pressure pertur-
bation. In the low-density fracture network, only a small number of fractures
near the injector and along the connected pathway contribute appreciably
to cumulative moment. In the medium- and high-density fracture networks,
pressure propagates through a larger connected part of the network, allowing
more fractures to participate and producing larger fs, values. By ¢t = 10° s,
the curves for Case 1 and Case 4 begin to separate more clearly, and the inset
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Figure 11: Spatial distribution of Coulomb failure stress change ACFS on fractures for
Case 1 (left) and Case 4 (right) at ¢ = 10%, 10, and 10® s. Rows correspond to the
representative low-, medium-, and high-density fracture network realizations. Fractures
are colored by ACFS (MPa). The blue polyline indicates the injector—producer shortest
path within the fracture network.
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f50 values show that the fraction of fractures carrying half of the cumulative
moment differs between the two operating conditions. This indicates that
moment concentration is no longer controlled only by fracture density. As
cooling starts to affect the connected flow corridor, the additional moment
becomes more focused on fractures located along this thermally perturbed
pathway. At ¢ = 10% s, the concentration pattern is more pronounced. The
low-density networks still have very small f5y values, showing that half of the
cumulative moment is carried by only a small fracture group. The medium-
and high-density networks have larger fs5, values, but their curves still remain
well above the equality line, showing that moment accumulation is far from
uniformly distributed across the fracture population. The difference between
Case 1 and Case 4 is also clearer at this time, reflecting the different bal-
ance between cooling-driven stress changes and pressure-driven activation.
This explains why denser networks can produce more heat without causing
a proportional increase in cumulative moment.

The two operating conditions differ mainly in how broadly the moment-
contributing fracture group develops. Case 4 more often shows larger f5g
at intermediate to late times, consistent with a broader pressure-affected
region and a larger population of participating fractures. Case 1 tends to
require fewer fractures to account for 50% of the cumulative moment at late
time, indicating stronger concentration of moment accumulation within the
cooling-influenced corridor.

Figure 10 shows how the stress state of the fractures carrying most of the
interval moment evolves. During 0-10* s, these fractures cluster at relatively
high effective normal stress and low shear stress. Most points lie within
ol =~ 25-33 MPa, while 7 is generally below about 0.5 MPa. The low-density
case is shifted toward lower o/, and shows a more scattered cloud, whereas
the high-density case forms a more compact cluster at somewhat higher o7,.
This is consistent with the different connectivity regimes: in the low-density
network, pressurization remains more localized and produces a stronger local
reduction in effective normal stress on a limited set of fractures, whereas the
high-density network accommodates pressure perturbation more efficiently
across multiple connected pathways.

During 10%-10° s, the fractures that carry most of the incremental moment
spread over a wider stress range and shift toward lower o/, and higher 7,
especially in the medium- and high-density networks. The lower end of o/,
decreases to about 20-25 MPa, and these fractures commonly reach 7 ~ 0.5-
2 MPa. This indicates that moment release is no longer controlled only
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by a reduction in effective normal stress. As cooling develops and becomes
spatially heterogeneous, thermally induced stress redistribution increasingly
modifies the resolved shear traction on favorably oriented fractures.

During 105-10% s, the shift toward higher shear stress becomes more pro-
nounced. In the medium- and high-density networks, the fractures carrying
most of the incremental moment are distributed over a wider range of stress
states, with many points reaching 7 ~ 2-6 MPa and o/, extending over a
wider and generally lower range than at earlier times. The largest incre-
mental moments concentrate within this higher-7 portion of the cloud. The
low-density network remains more confined and contains fewer large-AM,
contributors, indicating that limited connectivity restricts how far the cou-
pled pressure and cooling perturbations can reorganize slip. Case 4 tends
to show a broader stress-state cloud at early time, whereas Case 1 shows
a clearer late-time enrichment of large-A M, contributions in the high-7 re-
gion. Overall, the fractures carrying most of the interval moment shift from a
low-7 initiation range toward higher shear-to-normal stress states as cooling
develops.

Figure 11 shows the spatial patterns of this stress-space evolution. At
t = 10* s, positive ACFS remains highly localized near the injection well, and
most fractures stay close to ACFS ~ 0. Differences among fracture networks
of different densities are expressed mainly in the size of the promoted region
rather than in the magnitude of shear enhancement. By ¢ = 10° s, positive
ACFS becomes more organized along connected corridors, especially in the
medium- and high-density networks, where the promoted patches begin to
align with the shortest path corridor and its neighboring branches. At t =
10® s, the activated region expands substantially in the denser networks and
forms a corridor-like structure around the shortest path neighborhood. The
contrast between operating conditions is also strongest at this stage: Case 1
develops markedly larger positive ACFS than Case 4, consistent with the
stronger late-time shift toward fractures carrying large moment increments
in the high-7 range under the larger cooling contrast.

Taken together, Figures 9-11 show that, in the DFN realizations consid-
ered here, higher fracture density increases the connected flow capacity and
broadens the cooling footprint. At the same time, cumulative moment is
carried by a limited group of fractures, mainly along the cooling-influenced
corridor where higher shear traction and positive Coulomb stress change de-
velop. The high-density realizations therefore produce more heat through
better connected flow, whereas cumulative moment remains limited by slip
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localization on fractures whose local stress states favor continued slip.

4. Discussion

4.1. Interpretation of the heat—-moment relation

The results show that different parts of the coupled response are con-
trolled by different processes. Fracture slip initiates under rapid pressure
propagation, but sustained long-term moment growth requires cooling-related
stress redistribution [18, 44|. At the network scale, connectivity governs how
effectively flow and cooling propagate between the injector and producer, and
therefore sets the overall capacity for heat extraction [28, 45|. However, our
work shows that cumulative seismic moment is controlled more selectively by
the evolution of fractures whose local stress states favor slip. This distinction
explains why thermal output and cumulative moment increase in a similar
manner while not scaling proportionally across fracture network realizations.

This distinction is most evident when comparing the medium- and high-
density fracture networks. Increasing density improves hydraulic connection
between the wells and expands the set of pathways that can participate in
flow and cooling, which directly enhances cumulative heat extraction. At
the same time, Figures 9-11 show that moment release remains concentrated
in a limited group of fractures. Additional connectivity therefore does not
induce a proportional increase in cumulative moment, because the fractures
that accumulate most of the moment are selected by local stress evolution
rather than by geometric connectivity alone. Operating conditions modify
this balance by changing the relative importance of stronger pressurization
at early time and stronger cooling at late time.

The dg result (Figure 8) further supports this interpretation. Higher
fracture density increases the part of the network that can participate in
flow and heat transport, which helps explain the increase in cumulative heat
extraction from the medium- to high-density networks. The cumulative mo-
ment response does not follow the same scaling because slip remains con-
centrated on a smaller group of fractures with local stress states favorable
for slip. This is consistent with the idea that pressure behavior in frac-
tured systems is strongly shaped by the well-connected fracture population,
the connected cluster structure, and fracture intensity [46]. Thus, within
the fracture-network family considered here, thermal output is more directly
linked to the effective flow network, while cumulative moment depends more
on where slip localizes within that network.
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4.2. Implications for seismic monitoring of cooling-front migration

Tracking the cooling front is important for geothermal reservoir manage-
ment because it governs thermal sweep, long-term production sustainability,
and the approach to thermal breakthrough [47|. In practice, however, the
cooled corridor is difficult to observe directly. Temperature measurements are
usually confined to the wells, while the breakthrough signals can be detected
only after the thermal disturbance has already propagated through part of
the connected fracture system [48]. In fractured reservoirs, this problem
is even more acute because cooling migration is controlled by connectivity,
channelized flow, and the coupled evolution of pressure and thermal stresses.

The present results suggest a practical implication for seismic monitor-
ing [49]. Early in time, induced slip mainly reflects pressure propagation
and therefore spans a broader connected region than the cooling anomaly
itself. At later time, however, the largest moment contributions become con-
centrated near the cooling-influenced corridor, while the pressure footprint
remains more spatially extensive. This means that late-time seismic response
is more informative of cooling-front migration than early-time seismicity. In
practice, this suggests a simple interpretation strategy: use the early seismic
response mainly to identify the pressure-activated fracture domain, and then
use the later migration and concentration of the largest seismic-moment con-
tributions to infer where the cooled corridor is advancing [50, 51]. In that
sense, seismic monitoring can complement well-based pressure and tempera-
ture observations by providing distributed information on the evolving cold
pathway within the reservoir.

4.8. Limitations and outlook

The present study is designed as a controlled mechanistic analysis, and
the conclusions should be interpreted within that scope. The operating con-
ditions are constant in time, with fixed pressure gradients and injection tem-
peratures, so the results do not capture transient controls such as ramp-up,
seasonal scheduling, operational interruptions, or short-lived pressure pulses.
The simulations are also performed in a 2D plane-strain setting with unit
out-of-plane thickness and idealized laterally closed boundaries, which may
not represent the full influence of three-dimensional fracture network connec-
tivity, vertical heterogeneity, or open-boundary recharge and discharge. In
addition, the analyzed fracture network realizations are associated with two
fracture sets of fixed orientation statistics, fixed length-distribution param-
eters, and fixed mechanical properties, such that the main structural varia-
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tion explored is fracture density characterized by P,;. The identified trends
should therefore be understood as density-controlled behaviors within such
fracture systems rather than as universal rules for all fractured geothermal
reservoirs. Finally, the seismic-response proxy is based on modeled shear slip
and a scalar seismic moment definition, and does not include dynamic rup-
ture propagation, frequency-magnitude statistics, or seismic wave radiation.
The reported moment values and fracture activity maps should therefore be
interpreted as indicators of relative seismic response, and the limited number
of realizations per density level should be viewed as sufficient for mechanistic
comparison rather than for full statistical generalization.

These limitations also define the possible directions for future work. A
natural next step is to test whether the transition from pressure-dominated
initiation to cooling-controlled long-term growth remains robust under tran-
sient operating schedules, especially when pressure pulses and evolving ther-
mal stresses interact over time. Extending the framework to 3D fracture
networks and more site-representative boundary conditions will be useful to
assess how broadly the identified flow partitioning and fracture-controlled
mechanisms persist beyond the present idealized setting. A broader set of
fracture network realizations, such as the ones proposed by [52], varying not
only density but also orientation structure, length statistics, and frictional
properties, would allow the generality of the pressure-to-cooling transition
identified here to be evaluated more rigorously. Finally, integrating observa-
tional constraints such as microseismic catalogs, tracer and thermal break-
through data, and pressure-temperature monitoring would enable evidence
updating of fracture network and frictional parameters and help translate
the present diagnostics into site-specific forecasting and decision support.

5. Conclusions

This study used coupled THM simulations with explicitly represented
DFNs to examine how fracture density, pressure forcing, and injection tem-
perature affect fracture slip and heat extraction in a fractured geothermal
reservoir. The results show that fracture slip starts mainly through rapid
pressure propagation, and long-term growth of cumulative seismic moment
becomes increasingly associated with cooling-induced stress redistribution.
Increasing fracture density improves the hydraulic connection between the
wells and increases cumulative heat extraction, but cumulative seismic mo-
ment does not increase in the same proportion, because moment accumula-
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tion is concentrated on a small group of fractures with stress states favorable
for slip. As cooling develops, the largest moment contributions occur on frac-
tures with higher shear traction, lower effective normal stress, and positive
Coulomb stress changes near cooled flow corridors. These results indicate
that flow connectivity is useful for evaluating thermal output, but induced-
slip assessment also needs to account for the coupled evolution of pressure,
cooling, and local stress conditions.

Appendix A. Temperature-dependent water properties

Water properties are updated as functions of temperature using empir-
ical polynomial correlations, where T is expressed in degrees Celsius. The
temperature-dependent viscosity, thermal conductivity, density, and specific
heat capacity of water are given by

w(T) = 1.38 — 0.0287T + 1.36 x 107*T? — 4.64 x 107"T% + 8.9 x 1071°T*,
Ao(T) = —0.869 4 0.0097T — 1.58 x 107°T* +7.98 x 10~71?,
pu(T) = 838.47 + 1.47T — 0.0037T% + 3.72 x 10713,
(T)

Cy(T) = 12010.15 — 80.417 + 0.317T° — 5.38 x 107*T°% + 3.62 x 107"

(A.1)
Here, p is the dynamic viscosity (Pas), A, is the thermal conductivity
(Wm™ K1), p, is the density (kgm™), and C,, is the specific heat ca-
pacity (Jkg=*K™!). In the simulations, these properties are updated locally
from the current temperature at each time step.
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