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The Pressure- and Temperature-Dependence of Thermal
Pressurization in Localized Faults
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, Christian Huber! (©, Greg Hirth!, and Terry E. Tullis!

'Brown University, Providence, RI, USA

Abstract Thermal pressurization (TP) is predicted to be an important dynamic frictional weakening
mechanism during earthquakes. The prevailing models, though, assume that the physical, thermal and hydraulic
properties of the fluid-saturated rock in the fault zone are constant during TP (the constant case) which
inherently involves temperature and pressure changes. We solve the governing equations for TP in their general
form with pressure- and temperature-dependent physical, thermal and hydraulic parameters of a saturated fault
zone with a one-dimensional numerical model (the variable case). The model considers slip on a plane at a
constant rate, and so does not account for dynamic frictional rupture scenario. We test a wide range of medium
permeabilities of 10722-10~' m? and porosities 0.5%—17%, based on experimental data for Frederick diabase,
Westerly granite and the Hanaore Fault gouge. We find that the predicted shear stress drop and temperature rise
is similar between the two cases for low permeability (<1072° m?) and low porosity (<1%) fault rocks, owing
to an increase in the fluid pressurization factor and hydraulic diffusivity. Differences between the two models
are evident in more permeable and porous fault rocks. The increase in hydraulic diffusivity during TP results in
a diffusional length which scales with time®7 in the variable case. In addition, our calculations show that it is
important to apply the constant case model with the ambient initial conditions for the modeled fault zone and
not time-averaged values that aim to represent the temperature and pressure changes that occur during TP.

Plain Language Summary Thermal pressurization (TP) is a dynamic frictional weakening
mechanism that is predicted to operate during earthquakes. TP activates when frictional heat causes the fluids
in the pores of the rocks to pressurize due to differences in thermal expansivity between fluids and rocks. The
elevated pore pressure decreases the frictional resistance during sliding. The current models for TP assume that
the properties of the fault rocks and fluids are constant (the constant case), whereas in practice, these properties
vary due to temperature and pressure changes during TP. We solve the general form of the governing equations
for TP with a one-dimensional numerical model with pressure- and temperature-dependent fluid and rock
properties (the variable case). We compare the two models for different fault rocks that span a wide range of
hydraulic properties. Our results show that for low permeability (<1072 m?) and low porosity (<1%) rocks the
two cases are similar. However, for more permeable and porous rocks the two models differ with continuous
fault slip. Furthermore, we find that it is important to apply ambient initial conditions in the constant case
model, rather than some time-averaged conditions that aim to compensate for the lack of sensitivity to pressure
and temperature changes.

1. Introduction

Faults within fluid-saturated rocks are likely to experience frictional weakening by a process called thermal
pressurization (TP) (Kanamori et al., 2000; Lachenbruch, 1980; Lee & Delaney, 1987; Mase & Smith, 1987;
Rice, 2006; Sibson, 1973), hereafter abbreviated as TP. Frictional weakening during seismic slip (e.g.,
Tullis, 2015) can limit the temperature rise from shear heating, and thus prevent frictional melting of the country
rocks. Field observations of many exhumed seismogenic fault zones show little evidence of melt in the form of
pseudotachylyte (Sibson, 1973) which suggests that frictional weakening mechanisms play an important role
during earthquakes. Furthermore, research into the formation of pseudotachylytes suggests that these rock forma-
tions are typically associated with dry, low-porosity crystalline rocks (Sibson, 1975; Sibson et al., 2006). The
occurrence of pseudotachylytes in fault zones is still subject to further research as some studies suggest that
frictional-melts may be more common than previously thought. Field studies indicate that pseudotachylytes are
rarely preserved in fault zones due to chemical alterations over time or are simply underreported because of their
fine texture and small scale (Fondriest et al., 2020; Kirkpatrick et al., 2009; Kirkpatrick & Rowe, 2013; Phillips
et al., 2019). Other studies suggest that TP may control earthquake rupture propagation into zones where stable
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frictional sliding is expected to dominate (Faulkner et al., 2011; Fujiwara et al., 2011), which has a direct effect
on the size and magnitude of an earthquake and the occurrence of tsunamis, when the rupture breaks to the
ocean floor. TP has been suggested as an important frictional weakening mechanism during earthquakes (e.g.,
Rice, 2006) that can be activated even at sub-seismic slip rates of millimeters-per-second (Badt et al., 2020). The
results of models of TP also provide an explanation for the observed fracture energy of real seismic events over
seven orders-of-magnitude of fault slip (Viesca & Garagash, 2015).

TP is the process of pressurizing the intergranular and crack-filling pore fluids during heating—leveraging the
mechanical-work-associated thermal expansion (Lachenbruch, 1980). Frictional heat produced by a slipping fault
raises the temperature of the surrounding porous, fluid-saturated country rock. If the fluid is effectively trapped
in the fault zone due to low permeability of the rocks, its expansion will increase pore pressure as the thermal
expansion of the fluid far-exceeds that of rocks (Lachenbruch, 1980; Mase and Smith, 1984, 1987; Rice, 2006;
Sibson, 1973). The increase in pore fluid pressure (p) decreases the shear stress (z) in the matrix by counteracting
the normal stress (o):

= u(c - p), (1)

where u is the coefficient of friction. For TP to be effective during fault slip the characteristic time for TP must be
smaller than the slip duration of the fault (Mase & Smith, 1987). The characteristic time for TP depends on the slip
rate, coefficient of friction, and the thermal and hydraulic characteristics of the medium (Mase & Smith, 1987).
Lachenbruch (1980) derived and analyzed the governing equations for TP for special cases and calculated that
for fault rocks of permeability <107'*> m? TP will be efficient enough to promote frictional weakening. Mase
and Smith (1987) predicted that TP is effective for faults with permeability <10~'* m? or with a compressibility
<1078 Pa~!, or when shear strain is more than one. While Mase and Smith (1987) considered localized faults over a
wide range of poroelastic and hydraulic properties their model considers constant hydraulic properties (e.g., permea-
bility) and does not include the effects of specific pressure- and temperature-dependent paths of hydraulic properties.

Fault zones are heterogenous and complex geological structures, often made up of multiple slip surfaces,
secondary fault planes and fractures hosted within lithologies of different mechanical properties (e.g., Faulkner
et al., 2010). In addition to intrinsic heterogeneities, the physical, thermal and hydraulic properties of the rocks
and pore fluids (usually water) in the fault zones respond dynamically to temperature and pressure changes during
slip. Temperature and effective pressure inherently change during TP, though most of the calculations and predic-
tions of frictional weakening during seismic slip based on the TP model assume constant thermal and hydrau-
lic properties (e.g., Andrews, 2002; Bizzarri & Cocco, 2006; Brantut & Mitchell, 2018; Lachenbruch, 1980;
Rice, 2006). In addition, some studies that investigate aspects of the temperature and pressure effect on the phys-
ical properties of fault zones, do not specifically address the underlying thermal-hydraulic-mechanical feedbacks
in the TP model (Noda & Shimamoto, 2005; Wibberley & Shimamoto, 2005). Acosta et al. (2018) tested the
effects of fluid thermodynamics with temperature and pressure on TP and showed that when pore water remains
in liquid state TP is activated during stick-slip motion. Noda and Lapusta (2010) explored the effects of spatially
heterogeneous hydraulic diffusivity on earthquake rupture simulations with TP, showing a complex earthquake
sequence and spatial variability of coseismic slip. Stathas and Stefanou (2023) studied the effects of shear locali-
zation and hydraulic structure on a simulated fault weakening by TP, showing that shear localization can migrate
within the deforming layer during TP. While these studies accounted for complexities of natural fault zones
within the TP framework, they still impose constant hydraulic and thermal diffusivities and do not incorporate
the effects of specific pressure- and temperature-dependent paths of hydraulic properties (e.g., permeability). Our
work expands on the studies mentioned above to consider more realistic physical conditions for TP.

We explore how the temperature- and pore pressure-dependence of the fault zone rock and pore fluid properties
affect frictional weakening and the temperature rise during fault slip. The model focuses on the dynamic behavior of
a slipping fault patch after the rupture front has passed (Brantut, 2021; Garagash, 2012). Our analysis considers the
pressure- and temperature-dependent paths of thermal and hydraulic properties, such as permeability. Here, we study
the effects of highly variable properties during TP, which can vary over several orders of magnitude even with modest
variations in effective stress and temperature (e.g., Badt et al., 2020; Noda & Shimamoto, 2005). We model TP in a
fault made up of a principal slip surface (Figure 1), where deformation and heat production are localized, surrounded
by a homogenous, porous material (crystalline rock or fault gouge)—as observed in field studies of localized, seismo-
genic faults (e.g., F. M. Chester & Chester, 1998; Faulkner et al., 2010; Sibson, 2003; Wibberley & Shimamoto, 2003).
The fault model approximates the principal slip surface as a mathematical plane with zero thickness, following Mase
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Figure 1. Punchbowl fault in California: (a) photograph of the ultracataclasite layer (darker color) located between the country rock (crystalline on top and sandstone
on bottom), arrows point to the principal slip surface (pss) at the center of the ultracataclasite layer (F. M. Chester & Chester, 1998); (b) photomicrograph of the pss and
the adjacent cataclasite (J. S. Chester & Goldsby, 2003).

and Smith (1984) and Rice (2006), whereas in practice the slip surface has some finite thickness which depends on
the grain size of the deforming material (Rice, 2006). Furthermore, we make the simplification that the thermal and
hydraulic properties across the model domain are uniform (Aydin, 2000; Passelegue et al., 2014). We compare our
analysis to the classical TP model proposed by Rice (2006) and specifically the elegant analytical solution to the
slip-on-plane scenario for TP, calculated assuming constant hydraulic and thermal properties.

2. Model

The TP model is based on the conservation of energy (Equation 2) and fluid-mass (Equation 3) in a porous medium.
The basic assumptions are that pore fluid diffuses through a permeable medium according to Darcy's law while
neglecting heat transport by fluid transport (Mase & Smith, 1987; Rice, 2006), as shown in the energy equation.
The governing equations for fluid-mass and thermal energy conservation for TP were derived by Rice (2006). We
assume slip is localized on a plane (hereafter referred to as the fault plane) with zero thickness; fault slip velocity,
normal stress and coefficient of friction are all held constant, to comply with the assumptions made by Rice (2006).

The governing equations for the evolution of temperature (7) and pore pressure (p) in a porous medium
(rock + fluid) are:

oT 1 7} oT

or _ 11,49 (goT ]

ot pc [Ty+dx< 6x) @
0 kpys 0
9 _ T 1 o (kesop) 4
ot t  Sprox \ n ox

where ¢ is time, p is the density of the medium, c is the heat capacity of the medium, ) is the shear strain rate (
7 = v/w, where v is the fault slip velocity and w is the width of the deforming zone within the fault zone fault),
K is the thermal conductivity of the medium, A is the pressurization factor, p, is the density of the pore fluid, S
is the storage capacity of the medium, & is the permeability of the medium and # is the dynamic viscosity of the
pore fluid. The pressurization factor (Rice, 2006) is defined as

Y%
Br+ By’ @

where a is the thermal expansion coefficient and f is the compressibility, subscripts f and ¢ denote the fluid
(water) and pore space, respectively. Note that A is equivalent to I in Mase and Smith's (1987) derivation.
We explore two cases: (a) constant thermal and hydraulic properties during TP—the constant case; and (b)
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variable thermal and hydraulic properties during TP—the variable case. The constant case is used to compare
our model to Rice's (2006) analytical solution for TP for slip-on-a-plane. The variable case expands Rice's (2006)
derivation to account for more realistic thermal and hydraulic conditions in the fault zone, where hydraulic prop-
erties (i.e., permeability, porosity) are strong functions of the effective stress (¢ — p) and thermoelastic properties
(i.e., fluid compressibility) are strong functions of temperature. The variable case does not admit an analytical
solution and requires numerical approximation. We implement an iterative, explicit flux-conservative, numerical
scheme, where all simulations start with a homogenous ambient temperature T, and pore pressure p,, distribution.
The codes for these simulations are available online at Badt (2023).

2.1. Constant Hydraulic Properties (Constant Case)

The model is first compared to Rice's (2006) analytical solution for slip on a plane (fault with zero thickness);
this is done to calibrate the numerical model and estimate numerical errors. To do this, all the physical properties
of the fluid and porous medium in Equations 2 and 3 are held constant, thus simplifying these equations to their
diffusion-like form:
or _t7 | 0T
7>

E—p—C'FK‘? (5)

0 9?
—pzAa—T+aJ P

- 6
ot ot ox?’ ©

where x = K/pc and w = k/Sn are the thermal and hydraulic diffusivities, respectively. These equations are solved
iteratively by a forward (in time) finite-difference scheme with an adaptive time step. In each iteration, the output
from Equation 5 is substituted in Equation 6 until the temperature and pressure fields converge locally to within
a set tolerance (here relative tolerance is set to 10~°).

Rice (2006) finds an analytical solution for Equations 5 and 6 on the fault plane (x = 0), and provides expressions
for the evolution of the temperature and pore fluid pressure as a function of slip (6):

T=To+<l+\/%>@ [1—exp<%>erfc( %)“, @)
p=po+(c—po) [l —exp(%)erfc(\/%)], 8

where L* is a characteristic length scale for TP defined by Rice (2006) as:

L= i(ﬁ)z—(@zﬁ’z. ©

_/42 A

The evolution of shear stress at the fault plane is then calculated by substituting Equation 8 in Equation 1:

r=u(6—p0)exp<%>erfc(\/%). (10)

For the constant case, numerical errors (for temperature and pore pressure) are calculated by comparing the
numerical model outputs with constant hydraulic parameters to the analytical solution given in Equations 7-9.

2.2. Variable Hydraulic and Thermal Properties (Variable Case)

The effects of variable hydraulic and thermal properties are studied by solving the governing equations for TP in
their most general form (Equations 2 and 3). Like the constant parameters case, these equations are solved numer-
ically with an iterative, flux-conservative, finite-difference method. The variable hydraulic and thermal proper-
ties and their respective equations used in the model are summarized in Table 1. Three key differences distinguish
the variable case from the constant case: (a) transport-related properties (K, k, , and S) and the pressurization
factor A are functions of pore pressure and/or temperature (Table 1); (b) the thermal conductivity remains within
the spatial derivative in Equation 2 and is a function of pore pressure; and (c) the permeability, dynamic viscosity,
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v/2 and density of the pore fluid remain in the spatial derivative in Equation 3.
~ The latter two make Equations 2 and 3 non-linear and are solved numerically
~h=1 T with flux-conservative derivatives.
o _, < X
AxI n=2
L On=3 2.3. Model Setup

The model is run assuming that slip is localized along the fault plane at
x =0, where x increases in the direction normal to the fault plane (Figure 2).
All simulations start with uniform pore pressure p, = 25 MPa and temper-
ature T, = 75°C, corresponding to a seismogenic depth of 2.5 km (e.g.,
Scholz, 2002). We chose this depth so that pore pressure remains above the
critical point (NIST, 2022), thus preventing the phase transition of water
from liquid to a gas, as in previous experimental studies of TP (Acosta
et al., 2018; Badt et al., 2020; Yao et al., 2023). The model boundary at x = L allows heat and fluid-mass
flux across, while, due to the symmetry of the model, fluid and heat transport is zero across the fault plane
(x =0). The distance L is chosen to be large enough that the pore pressure and temperature remain unchanged
throughout the simulation at x = L (and thus the heat and fluid mass fluxes across this boundary are zero as
well). L is specified for each simulated fault rock type, where L equals to 1.5 mm, 2 and 5 mm for low, inter-

Figure 2. Model geometry: the fault plane is depicted by a heavy horizontal
line at x = 0, model nodes (indexed by n, from 1 to N) are evenly spaced
between 0 < x < L at Ax. The fault slips at a constant velocity v.

mediate and high permeability diabase, respectively, 12 mm for Westerly granite and 5 mm for Hanaore Fault
gouge. The grid spacing Ax is uniform in the model (and equal to 10~® m) and thus the number of grid nodes
is calculated as N = L/Ax. Heat production is introduced as a boundary condition at the fault plane, where the
heat production per unit fault area caused by friction at the ith timestep g, is estimated with:

i 1 i
qhzzﬂ(a_pl)vﬂ (11)
where the subscript denotes the node number (n = 1, Figure 2). We use an adaptive timestep Af' that satisfies the

numerical stability condition (Equation 12) based on the greatest calculated diffusivity (thermal x or hydraulic o)
in the grid-space from the previous timestep:

Ax?

Ati+l —
3 max{l(,’,, w),

12)

During each simulation, we compute the width of the pressurized zone 4, defined as the distance away from the
fault plane where the pore fluid pressure satisfies:

>0.75. (13)

SRS

The threshold of 0.75 is arbitrary, though the results (Figure 14) are qualitatively robust with respect to this arbitrary
value. The pressurized zone width is always smaller than the model domain length L. This metric is important when
considering the effects of TP on realistic fault zone structure. Because the hydraulic structure of localized faults
consists of a low permeability core surrounded by a fractured (and thus more permeable) damage zone (e.g., Faulkner
et al., 2010; Wibberley & Shimamoto, 2003), weakening by TP may be inhibited by the change in drainage regime
when the zone of over pressurized fluid (pressurized fluid above its ambient pressure) overlaps the damage zone.

2.4. Convergence of the Numerical Solution

Numerical errors for the constant TP case are quantified by comparing the analytical solution for temperature
(Equation 7) and pore pressure (Equation 8) to the numerical solution at the fault plane (x = 0). The errors vary with
time 7 and grid spacing Ax. The numerical errors in temperature and pore pressure (over time) are calculated as:

()
anl ~ n=l,num
Ti

anl < (14)

i -
(Punl Pn:l.num)

i s

Pant

Erry =

Err, =
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Figure 3. Calculated numerical errors for temperature (Err; in red) and pore pressure (Err,, in blue). (a) Numerical errors
versus time for a simulation with a grid spacing of Ax = 10~° m. (b) Mean numerical errors (averaged over time) for various
simulations with varying grid spacing and timestep sizes.

where the subscripts anl and num denote analytical solution and numerical solution, respectively. The errors at each
timestep i are normalized by the analytical temperature (for Err;) and pore pressure (for Err ) at the same timestep.

Figure 3a presents the numerical errors for temperature (Err;) and pore pressure (Errp) over time for a simulation
with a grid spacing of Ax = 107° m, as in all simulations conducted in this study. The maximum temperature
error of 12% (~4°C) and maximum pore pressure error of 2% (~0.5 MPa) are high but decrease significantly
with time, where Err; < 0.1% after 103 s and Err, < 0.1% after 10~ s. In general, the numerical errors are negli-
gible after the very early stages of fault slip (6 > 1 mm). Figure 3b presents results of the mean numerical errors
(averaged over the simulated time per simulation) in temperature and pore pressure for different grid spacing and
time step sizes. The mean numerical errors for a simulation with grid spacing of 10~° m are ~0.2% and 0.0001%
for the temperature and pore pressure, respectively. The timestep size has a second-ordered effect on the errors
as expected from the truncation error of the centered scheme. In general, the adaptive timestep size in all simula-
tions reported here are smaller than 3 X 1077 s. In addition, the numerical errors are also affected by the simulated
slip velocity, where the errors decrease with a decrease in modeled slip velocity (Supporting Information S1). The
largest numerical errors, specifically for temperature, in the beginning of the simulations are mainly due to the
large thermal gradients when the temperature increases significantly due to the high initial shear stress.

Opverall, the numerical errors are not expected to change the temperature prediction by the variable case model in
ameaningful way and are strongly affected by the large temperature gradients in the very early stages. At the early
stage in the simulations the difference between the constant and variable cases is of the same order as the numer-
ical error. It is only later in the simulation (simulated time >0.005 s) that the difference between the constant
case and the variable case become increasingly large, which corresponds to numerical error in the temperature
calculation Err; < 0.1%.

2.5. Material Properties

Parameter values for the studied rocks and for the pore fluid—water, are summarized in Table 1. Porosity is
the main parameter that controls other important poroelastic and thermal properties, such as the pore space
compressibility , and bulk thermal conductivity K (Table 1); it also deeply related to permeability k (e.g.,
Bernabé et al., 2003). The variations of permeability and porosity with effective stress are plotted in Figure 4
for the Frederick diabase (FD) from Badt et al. (2020), thermally-cracked Westerly granite (at 650°C) from
Nasseri et al. (2009) and for clay-rich gouge from the Hanaore fault from Noda and Shimamoto (2005). The FD
data include three sets of permeability values: low, intermediate, and high. Badt et al. (2020) varied the hydrau-
lic properties of their diabase specimens by applying different heat treatment protocols, which led to different

BADT ET AL.

8 of 22

d ‘8 “€T0T “9S€6691T

:sdny woiy papeoy

ASU22I SsuoWWo)) dAnea1)) a[qeorjdde oy Aq pauIaA0S a1e SA[ONIE V() oSN JO SA[NI 10§ AIRIQIT duI[uQ) AJ[IAN UO (SUONIPUOI-PUB-SULIA} W0 AAIM AIeIqijaur[uo//:sdiy) suonipuo)) pue sua [, 3y 23S [£70z/80/1€] uo A1eiqry auruQ Lo[iA ‘Areiqry Ajsioarun) umoig £q 85S9Z0LrEZ0T/6201 0 1/10p/w0d" K[IM"



V od |
AGU

ADVANCING EARTH

AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2023JB026558

’ T T T T 102 . T T T T
oy @ — (b)
1070 F e V. granite | 4
— == D high ~—
< —==FDint
é — -FDlow < 10'F
£1078 >
: z
1< 2 Soe—
S 8 0| ~\‘~.
S 4120 10 \\"—-—---_-_-_______
a 10 i
10-22 ! ' ’ ’ - 10'1 ' ' - ' '
0 10 20 30 40 50 0 10 20 30 40 50

Effective stress [MPa] Effective stress [MPa]

Figure 4. Permeability (a) and porosity (b) versus effective stress for Frederick diabase (FD, blue curves), Westerly granite
(red curve) and Hanaore fault gouge (black curve). For FD, the dashed line depicts low permeability, dash-dotted line depicts
intermediate permeability and solid line depicts high permeability.

amounts of microscopic thermal cracking (Fredrich & Wong, 1986). Porosity-effective stress data for the diabase
are available only for the intermediate permeability. We estimated the porosity-effective stress relationships for
the high and low permeability diabase by assuming that the samples follow the same permeability-porosity rela-
tionship as the intermediate permeability diabase.

The pressurization factor A controls fluid pressurization in the model (Rice, 2006). Equation 4 describes A as
derived by Rice (2006) and its components are summarized in Table 1. The pressurization factor is a function of both
pore pressure, through the dependence of the pore space compressibility §, and thermal expansivity a,, on porosity,
and temperature, through the fluid compressibility §, and thermal expansivity a, (Table 1). Figure 5 illustrates the
isobaric behavior of the pressurization factor, as calculated for intermediate permeability FD (Figures 5a and 5b),
Westerly granite and Hanaore fault gouge (Figure 5b). A is predominantly a function of temperature at these condi-
tions, where Figure Sa demonstrates that the effects of pressure are negligible relative to the effects of temperature.

The pressurization factor is greatest around 200°C, above which it decreases with temperature (Figure 5) for all
three rock types—Frederick diabase, Westerly granite and Hanaore fault gouge. The increase in A with temper-
ature (up to ~200°C) and then decrease with temperature is explained by examining the individual components
of A and their evolution at this temperature range (25-600°C) and fluid pressure range (25-71.25 MPa). Figure 6
depicts the evolution of the thermal expansivity, which makes up the numerator of A (Equation 4), and compress-
ibility, which makes up the denominator of A, with temperature. The thermal expansivity difference (a, — a,) is

— 10" , - ' ' - — 10" ' ' ' - -
o plo=0.3 © e G5 = diabase
© A plo=05 E pio= 1. = \\.. granite
% O ploc=0.95 s =—H. gouge
= | ‘:‘ 0l 1
5 10° = 10
© ©
S &
c c
RS S
g0t g0} ;
¢ | (b)
& 102 : : : : : & 102 : : : : '

0 100 200 300 400 500 600 0 100 200 300 400 500 600

Temperature [°C] Temperature [°C]

Figure 5. Isobaric variations of the pressurization factor with temperature for Frederick diabase (FD) (a) and for FD,
Westerly granite and Hanaore fault gouge (b). The calculations for the diabase were based on the porosity-effective stress
relation for the intermediate permeability diabase. The effects of pressure are negligible, where calculations for different pore
pressures (normalized by the normal stress, p/o) collapse onto one curve (a). This observation is robust and pertains to all the
lithologies considered here.
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Figure 6. Variations of thermal expansivity (@) and compressibility () with temperature showing the importance of

fluid properties as temperature increases. (a) Fluid expansivity (normalized by the numerator of A—solid lines) and
compressibility (normalized by the denominator of A—dashed lines). The expansivity for all three rock types collapse into
one curve (the black solid line) and is effectively controlled by the fluid expansivity a,. (b) Variations of fluid expansivity and
compressibility (normalized by their initial value, respectively) with temperature.

controlled entirely by the fluid expansivity a, as a/(a,— a,) ~ 1 over the specified temperature range (Figure 6a—
solid line). The sum of fluid and pore space compressibility (5, + ;) becomes increasingly controlled by fluid
compressibility f, as temperature increases (Figure 6a—dashed lines). Altogether this means that A becomes
increasingly controlled by the fluid properties at higher temperatures (>400°C). Considering the less porous
rocks, granite and diabase for which most of the porosity is made of cracks, fluid compressibility becomes increas-
ingly dominant at temperatures >200°C. Whereas for the more porous rock, the Hanaore fault gouge, with an
initial porosity of 17%, A is also controlled by the fluid properties at lower temperatures (<400°C). Figure 6b
depicts the evolution of fluid expansivity and compressibility with temperature. At low temperatures (<200°C)
fluid expansivity increases more rapidly than the compressibility, which results in an overall increase in A. When
the temperature exceeds roughly 200°C the fluid becomes increasingly compressible (even though fluid expansiv-
ity continues to increase with temperature), as it approaches the temperature where it transitions to supercritical
fluid, 374°C (NIST, 2022). This behavior explains the continuous decrease in A with temperature as 7 > 200°C.

3. Results

We present four sets of simulations. First, we present a comparison of the constant hydraulic and thermal param-
eters model (the constant case) with Rice's (2006) analytical solution. Second, we contrast results obtained with
the constant case and variable case models for intermediate permeability FD. Third, we explore the effects of
varying the initial permeability of the diabase in the variable case model. Fourth, we extend our results using
physical properties determined for Westerly granite and the Hanaore fault gouge. All simulations are run with
constant normal stress on the fault plane (o = 75 MPa), constant fault slip velocity (v = 1 m/s) and are stopped
when the total displacement reaches 0.05 m. Initial conditions for all simulations are the same, with an initial pore
pressure (p, = 25 MPa) and temperature (7;, = 75°C) homogenously distributed across the modeled fault zone.
The choice to stop these simulations after a fault slip distance of 0.05 m was made so that the majority of fluid
pressurization and frictional weakening is captured while also keeping the simulation computationally efficient.
The fault slip in the results section is normalized by the length scale L* (Equation 9). Because the diffusivities
evolve in the variable case during a course of a simulation we define the normalization lengths scale to be L,
which is Rice's (2006) L* with diffusivities and A set to their initial values:

=2 (PC)ZM (15)

Ao

0 F "
3.1. The Constant Case Versus the Analytical Solution

The results of the numerical model compare well with the analytical solution by Rice (2006) given in Equa-
tions 7 and 8. Figure 7 shows the comparison of the numerical model solved with constant hydraulic and thermal
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Figure 7. Temperature rise (a) and pore pressure (b) at the fault plane versus fault slip. Rice's (2006) analytical solution is
depicted by a solid line, numerical solution for the constant case is depicted by open circles.

properties with Rice's (2006) analytical solution. This analysis was done for the intermediate permeability FD
with a permeability of 2.86 x 107! m2. The length scale L* (Equation 9), defined by Rice (2006), is equal to
1.2275 x 10~* m. This parameter is used in the analytical model calculations presented in Figure 7. In the constant
case, the permeability, as do all other hydraulic and thermal properties, remains constant throughout the simula-
tion. The convergence of the numerical solution to the analytical solution is robust with respect to all other rock
types considered in this study. The mean numerical errors (over the simulation time) for temperature and pore
pressure are 0.3°C and 7.6 X 10~> MPa, respectively (Figure 7).

3.2. The Constant Versus Variable Cases

Figure 8 presents results from numerical simulations for the constant case (Figure 8, panels a, c, e, and g) and
the variable case (Figure 8, panels b, d, f, and h) for the intermediate permeability diabase. All of the physical,
hydraulic and thermal properties are initially identical for the two sets of simulations. The temperature rise
(AT =T — T, where T, = 75°C) distribution in the fault zone is presented in Figures 8a and 8b for the constant
and variable cases, respectively. The spatiotemporal distribution of temperature is similar between the two cases,
though AT by the end of the simulation (6/6,,
133°C, versus 125°C in the constant case. This result correlates with the slightly lower pore pressure (normalized

= 1) at the fault plane is slightly greater for the variable case,

by the normal stress, p/o) in the variable case, 0.979, versus the constant case, 0.981, by the end of the simulation.
The shear stress varies directly with the pore pressure through Equation 1, where lower shear stress corresponds
to higher pore pressure.

The difference between the constant and variable cases is most easily shown by the spatiotemporal distribution
of pore pressure (Figures 8c and 8d), hydraulic diffusivity (Figures 8e and 8f) and the pressurization factor
(Figures 8g and 8h). First, elevated pore pressures (p/c > 0.33) extend further away from the fault plane in the
variable case simulation; where high pore pressures (p/oc > 0.75) reach distances up to 1.1 mm, compared to
0.5 mm in the constant case simulation (Figures 8c and 8d). Second, hydraulic diffusivity (@) evolves consid-
erably in the fault zone during TP in the variable case (Figure 8f). For example, by the end of the simulation
@ = 4.2 X 10~ m?s at the fault plane, an increase by more than two orders of magnitude from its initial value
w, = 1.74 x 107 m?/s. Third, the pressurization factor (A) changes during the variable case simulation in the
fault zone where both temperature and pore pressure change, up to a distance of x/L; = 8 from the fault plane
(Figure 8h). A displays an initial increase near and at the fault plane, but this trend transitions to a continuous
decrease after the fault slips ~3 mm (6/5,,, = 0.06). This transition is attributed to the temperature rise in this zone;
where A decreases at T > 200°C (corresponding to AT > 125°C), as shown in Figure 5a. The maximum value of
A is a factor of ~1.4 greater than its initial value (A, = 0.886 MPa/°C). The peak value of A moves away from
the fault plane with time (Figure 8h inset) as the temperature increases with time (or slip) further away from the
fault plane.

The comparison between the constant and variable cases shows that the spatiotemporal distribution of two key
parameters that control TP, hydraulic diffusivity and fluid pressurization factor, can become significantly variable
in a fault zone where TP is active. The effects of variable parameters are further emphasized by the distribution
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Figure 8. Temperature rise (a—b), pore pressure (c—d), hydraulic diffusivity (e-f) and pressurization factor (g-h) profiles
for the two numerical models for the intermediate permeability diabase: constant case (left column) and variable case
(right column). Each profile represents a snapshot at a different fault displacement (or time), as labeled in panel (d). Total
displacement 6, = 50 mm for these simulations. The inset in panel (h) is a blowup of the region close to the fault plane.
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Figure 9. Shear

stress (a—c) and temperature rise (d—f) at the fault plane versus fault slip for Frederick diabase with different starting permeability (k): low

(ky ~ 10722 m?), intermediate (k, ~ 102! m?) and high (k, ~ 1072° m?). Solid lines and dotted lines represent variable and constant cases respectively.

of elevated pore pressure in the fault zone, in comparison to the constant case. While the shear stress and temper-
ature rise on the fault plane are comparable between the two cases for the intermediate permeability diabase, we
will show next that considering the variable case in TP calculations is crucial to the evolution of the hydraulic
and poroelastic parameters of the fault zone materials.

3.3. The Effect of Initial Permeability in the Variable Case TP

Permeability (k) is a key parameter that controls hydraulic diffusion, and subsequently fluid pressurization and
temperature rise in the fault zone (Equations 2 and 3). Porosity (¢) is closely related to permeability as an increase
in porosity leads to a non-linear increase in permeability (e.g., Wang, 2017). In this section, we present results for
the mechanical, thermal and hydraulic response of the fault plane for simulations using different initial permeabil-
ity based on the values shown for FD in Figure 4. Initial porosity is also varied, though the permeability differences
between the simulations in this section are greater than the porosity differences. TP simulations for FD of different
permeability and porosity are considered: (a) low permeability—with initial permeability k, = 2.43 X 107> m?
and initial porosity ¢, = 0.21%; (b) intermediate permeability, where k, = 2.86 x 107! m? and ¢, = 0.66%; and (c)
high permeability, where k, = 1.01 x 1072° m? and ¢, = 0.94%. For these simulations all parameters in the model
are identical except the permeability-effective stress and porosity-effective stress relations (Figure 4 and Table 1).

Figure 9 shows the results for shear stress, normalized by initial shear stress 7, = u(c — p,)), and temperature rise
(AT) evolution at the fault plane during TP. In general, the constant case shows similar, near complete, shear
stress drops (or simply, stress drops, A7/, = (z, — 7y;,,,)/7,) as in the variable case for all three starting permeabil-
ities. Closer examination of the results reveals that the constant case predicts a smaller stress drop, compared to
the variable case, for the low permeability diabase, and a greater stress drop in the intermediate and high perme-
ability diabase simulations (Figures 9a—9c). The difference in stress drop between the constant and variable cases
becomes clearer in the high permeability diabase simulation (Figure 9c). The difference between the constant and
variable cases is observed more easily in the temperature rise calculations (Figures 9d—9f). The low permeability
simulation shows that for 6/ L’g > 200 AT = 73°C in the variable case, compared to AT = 91°C in the constant
case (Figure 9d). In fact, AT in the variable case reaches its peak of 75°C at 5/ L;; ~ 60, after which it decreases
gradually with continued slip. This temperature transition is completely absent in the constant case and is a result
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Figure 10. Pressurization factor (a—c) and hydraulic diffusivity (d—f) at the fault plane versus fault slip, for the low (k, ~ 107> m?), intermediate (k, ~ 107! m?) and
high (k, ~ 1072° m?) permeability diabase. Solid lines and dotted lines represent variable and constant cases, respectively.

of heat diffusion overcoming the low heat production rate when shear stress drops by 94% from its initial value.
The intermediate and high permeability diabase simulations show that AT evolves differently between the vari-
able and constant cases. AT is greater in the variable case by 5/ L > 110 for the intermediate permeability and
by 6/L;; > 0.5 for the high permeability. The temperature evolution is directly related to the shear stress drops
(through Equation 2) and demonstrating that even small changes in shear stress can result in significant changes
in calculated fault zone temperature evolution. This effect is especially apparent at conditions where the variable
and constant case models diverge early on, as in the case for the high permeability diabase. Heat transport does
not differ significantly between these simulations as all heat transfer in the fault is conductive. Therefore, we can
tie the temperature rise directly to the mechanical heat production on the fault plane. The permeability of the
fault rocks can affect the heat transport when fluid advection is present, but since this model assumes that fluid
advection is negligible over the duration of slip (Equation 2) it is not considered in this study.

The pressurization factor A and the hydraulic diffusivity @ are parameters that encapsulate the two elementary
competing processes during TP, fluid pressurization and diffusion. Figure 10 compares how they evolve with
fault slip at the fault plane for the varying permeability diabase. A increases rapidly at the early stages of fault slip
(6/ Ly < 1) as temperature increases in the fault zone by shear heating (Figures 10a-10c). All three starting perme-
abilities show that with progressing fault slip A decreases, though at different rates that scale with the starting
permeability of fault zone. The low permeability diabase exhibits a peak A = 1.16 MPa/°C (compare to the initial
value of 0.89 MPa/°C). A decreases slightly with slip to a final value of 1.14 MPa/°C. This decrease is associated to
the decrease in temperature in the fault zone (Figure 9d) as the temperature never exceeds 150°C, below the critical
200°C value where A decreases due to an increase in the compressibility of the fluid (Figures 5 and 6). The interme-
diate and high permeability diabase simulations do demonstrate a decrease in A that is associated with crossing the
200°C limit (Figure 5). A reaches a maximum, in both simulations, at 1.24 MPa/°C, though by the end of the simu-
lation A equals to 1.2 and 0.63 MPa/°C for the intermediate and high permeability diabase, respectively. The high
permeability diabase fault zone exhibits a smaller stress drop than the intermediate diabase fault zone (Figures 9b
and 9c), which results in a higher temperature rise, and subsequently a greater reduction in A. The hydraulic
diffusivity increases continuously for all three permeabilities (Figures 10d—10f), increasing by a factor (from its
initial value ) of ~23, ~147, and ~56 for the low, intermediate and high permeability diabase, by 5/ L; = 230.
The calculated increase in @ for each of the three simulations is attributed, mainly, to the increase in permeability
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Figure 11. Variations of shear stress (a), temperature rise (b), pressurization factor (c) and hydraulic diffusivity (d) with fault
slip for Westerly granite, at the fault plane, for the variable (solid curves) and constant (dotted curves) cases.

with pore pressure. For instance, permeability in the intermediate diabase increases by a factor of ~180 from its
initial value, compared to factor increase of 64 and 110 for the low and high permeability diabase, respectively.
An increase in storage capacity (mainly due to an increase in porosity and fluid compressibility) coupled with the
decrease of dynamic fluid viscosity also control the evolution of hydraulic diffusivity, but to a lesser extent.

3.4. Westerly Granite

Westerly granite is now considered as the fault zone material for both the constant and variable cases of
TP. Westerly granite was chosen due to the abundance of granite in the Earth's crust, making it a standard test-
ing material in rock friction studies (e.g., Aubry et al., 2018; Barbery et al., 2021; Beeler et al., 1996; Blanpied
et al., 1987; Byerlee, 1967; Dieterich, 1978; Goldsby & Tullis, 2011; Kilgore et al., 1993; Stesky et al., 1974;
Tullis & Weeks, 1986). Permeability- and porosity-effective stress relations (Figure 4) were taken from Nasseri
et al. (2009), for thermally-cracked Westerly granite at 650°C. Pore space in the rock is predominantly comprised
of cracks (Nasseri et al., 2009). The granite fault zone simulations (variable and constant cases) initiate with a
permeability k, = 1.6 X 107! m? and porosity ¢, = 0.56%, a fault zone material with a higher permeability but
comparable porosity to that included in the diabase simulations. Table 1 summarizes the mechanical, hydraulic
and thermal properties for the Westerly granite simulations.

Figure 11 illustrates the evolution of shear stress, temperature, pressurization factor and hydraulic diffusivity
with fault slip, calculated at the fault plane. For the Westerly granite, simulation results for the variable case
show a greater stress drop (Figure 11a) and smaller temperature rise (Figure 11b) than the constant case. By the
end of the simulation (§/Lj ~ 4.6), the shear stress drops by 80% (from its initial value) in the variable case,
compared to 76% in the constant case. The temperature rise, by the end of the simulation, is thus more limited
in the variable case, reaching AT = 456°C compared to AT = 542°C in the constant case. Figure 11c shows that
the pressurization factor increases rapidly at the early stages of fault slip (6/L;; < 0.023), after which it decreases
with slip as the fault zone temperature exceeds 200°C (AT > 125°C). The early transient increase in A results
in a greater stress drop in the variable case, but later on a significant decrease in A with slip prevents further
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Figure 12. Hydraulic diffusivity (heavy solid line) and its components:
permeability (thin solid line), storage capacity (dashed line) and dynamic fluid
viscosity (dot-dashed line), versus fault slip. All parameters are normalized by
their initial value (subscript zero). Hydraulic diffusivity @ = k/Sy.

frictional weakening, leading to an overall smaller stress drop in the gran-
ite, in comparison to the high permeability diabase (Figure 9c). Hydraulic
diffusivity (@) shows a different evolution with fault slip (Figure 11d) for the
granite than the previous diabase simulations. As in the diabase simulations,
 increases rapidly at the early stages of slip, however, w then decreases
below its initial value (w, ~ 10~* m?s), equaling w = 8 x 107> m?s by
the end of the simulation. The reason for the decrease in  is explained by
looking at the evolution with slip of its components; permeability, storage
capacity and dynamic fluid viscosity (Figure 12). Figure 12 examines the
evolution of the hydraulic parameters at the fault plane, namely permeability,
storage capacity and dynamic fluid viscosity, with fault slip. The increase in
permeability and the decrease in viscosity, which contribute to an increase
in w, are counterbalanced by the significant increase of the storage capacity
(S). Permeability increases and fluid viscosity decreases in the fault zone as
pore pressure and temperature increase, respectively. The increase in stor-
age capacity S = ¢(f; + p,) is predominantly controlled by the increase in
fluid compressibility S, as the temperature in the fault zone increases above
200°C (Figure 6a). In general, the changes in the pressurization factor that
occur early in the slip history, coupled with the relatively small changes in
hydraulic diffusivity (compared to the high permeability diabase), result in
an increasing difference between the constant case and the variable case with
fault slip. Importantly, L; for the granite (~0.01 m) is much larger than that

for the diabase (~10~* m for the high permeability diabase). Therefore, the results for diabase (with 5/ L; > 200)
illustrate the difference between the constant and variable cases at larger displacements than the results for gran-

ite (with §/L* < 4.6). The difference between the two cases is expected to be far greater in the granite when

considering larger fault slip distances (due to the higher permeability of the granite), as both rock types represent

a low porosity, crack-based hydraulic medium. However, due to the computational limitations in our model and

the validity of the equations of state for water for the given temperature rise, we could not extend the simulation

for granite to these larger slip distances.

3.5. Hanaore Fault Gouge

The variable case is explored here for fault zone material (Figure 13). The inputs for the model are based on fault

core material from the active Hanaore fault in southwest Japan (Noda & Shimamoto, 2005). This fault zone is

made of clay-rich foliated fault gouge, for which experimental data for the variations of permeability and porosity

with effective pressure are available (Noda & Shimamoto, 2005). The permeability- and porosity-effective stress

relations that were determined by Noda and Shimamoto (2005) include the full pressure cycling sequence. The

data used to estimate the influence of effective stress on both permeability and porosity are taken from the post

pressure cycling data, where the permeability and the porosity each follow a single permeability-effective stress

and porosity-effective stress path. Pressure cycling is a common practice in experimental permeability and poros-

ity tests, where permeability usually decreases by ~2-3 orders of magnitude from before to after the first pressure

cycle (e.g., Wibberley & Shimamoto, 2003). During pressure cycling, the permeability and porosity are measured

during both portions of the experiment where effective stress is increasing and decreasing: the difference in

results is attributed to a specific stress history of the sample (Morrow et al., 1986). For the Hanaore gouge, the

decrease in porosity after the first pressure cycle is less than an order of magnitude (Noda & Shimamoto, 2005).

The gouge is more porous and permeable than the diabase and the granite considered before. The gouge's initial

permeability and porosity (after pressure cycling) are k, = 2.7 X 107! m? and ¢, = 17%, respectively, compared
to those of the highest permeability diabase with k, = 3.6 x 1072 m? and ¢, = 1.17%, respectively (Figure 4).

Figure 13 illustrates the variations of shear stress, temperature rise, pressurization factor and hydraulic diffu-

sivity, with fault slip, at the fault plane. The variable case predicts a slightly smaller stress drop (At/z,) than the

constant case, whereby the end of the simulation Az/z, = 85% in the variable case, compared to Az/zr, = 88%

in the constant case (Figure 13a). This difference correlates with a greater temperature rise in the variable case
(AT = 219°C) compared to the constant case (AT = 181°C), for §/L; = 21 (Figure 13b). The pressurization
factor in the variable case increases rapidly from an initial value of 1.14-1.5 MPa/°C over §/L; < 0.52, after
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Figure 13. Variations of shear stress (a), temperature rise (b), pressurization factor (c¢) and hydraulic diffusivity (d) with fault
slip, at the fault plane, for Hanaore fault gouge. The solid curves depict results for the variable case and the dotted curves for
the constant case.
which it decreases gradually to 0.75 MPa/°C by the end of the simulation (Figure 13c). Note that the initial pres-
surization factor is greater for the gouge (A, = 1.14 MPa/°C) in comparison to the less porous diabase and granite
(both have A, = 0.89 MPa/°C). The difference arises from the amount and type of pore space of the fault material.
The porosity of the gouge (>17%) is greater than for the granite and diabase (<2%) and is considered as intergran-
ular pores, in contrast to the fracture-type pore space in the diabase and granite. The pore space compressibility
Int. F. Diabase W. Granite Hanaore Gouge
0.04f - 0.04 ' 0.04f '
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— =—constant case
0.03¢ 0.037 0.03¢
Is}
< 0.02} 0.02} 0.02}
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Figure 14. Calculated pressurized zone width & (normalized by the total fault slip J,

0.01r

0 0.1 0.2

(Time [s])*°

tot

0.01¢

0 0.1 0.2

(Time [s])*°

= 50 mm) with the square root of time for the constant case and the variable

case for intermediate permeability Frederick diabase (left), Westerly Granite (center) and Hanaore fault gouge (right). The gray dash-dotted lines depict a linear trend,
showing that the variable case curves (solid lines) are nonlinear when plotted against the square root of time.
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P, (Table 1) is an important parameter in the model, where both A and the storage capacity § (and thus hydraulic
diffusivity) depend explicitly on f3,. The porosity ¢ and the topology and connectivity of the pores both effect
B, Porosity topology is encapsulated in the constant b in the drained compressibility of the medium (Table 1):

Ba = Bs(1 + bep), (16)

where f, is the compressibility of the solid grains. We assign b = 10 for fracture porosity and b = 3 for intergran-
ular pores (Renner et al., 2000). The pore space compressibility for an elastically-deforming fault zone is:

_ (Ba = Bs)(Ba + rPs)

- — Ps - 17
By e B (17)
Assuming r = 1 (Brantut & Mitchell, 2018; Rice, 2006), Equation 17 is reduced to:
B; = B;
- - B (18)
By 207, [}
Substituting Equation 16 in Equation 18 yields (after rearranging):
(1+ by —1
=pf|———— - 19
0o =P\ 3ot 150 (19)

We can compare the pore space compressibility of the crack-based granite and diabase to the more porous Hanaore fault
gouge by plugging in the solid compressibility 3, the initial porosity and the porosity topology constant b into Equa-
tion 19. For the crack-based porosity of Westerly granite and FD §, ~ 10~1°Pa~!, while for the intergranular-porosity
of the fault gouge f3,, ~ 107! Pa~!. Thus, the pores of the more porous gouge are less compressible than the cracks in
the diabase and granite, which in turn translates to a greater pressurization factor in the gouge. Furthermore, the less
compressible pore space of the gouge maintains higher values of A (than for the crack-based hydraulic medium of the
granite) even as the temperature in the fault zone exceeds 200°C when fault slip distances are §/L; > 1.

3.6. Pressurized Zone Width

The width of the pressurized zone 4 is a measure of the distance over which high excess pore pressure, or
over-pressurized pore fluid (above the background pore pressure p,,) builds up around the fault plane. We define it to
be the maximum distance from the fault plane where pore pressure is at least 75% of the normal stress (Equation 13).
Figure 14 depicts the calculated pressurized zone width versus the square root of time for the three rock types stud-
ied here; intermediate permeability diabase (Figure 14 left), Westerly granite (Figure 14 center) and Hanaore fault
gouge (Figure 14 right). The width increases gradually with time for both the constant case and the variable case.
is consistently greater for the variable case than for the constant case and displays non-linear behavior in these plots.
Greater h in the variable case simulations is the result of the increase in hydraulic diffusivity in the fault zone during
TP, which allows excess pore pressure to build further away from the fault plane, while in the constant case hydraulic
diffusivity remains in its initial state. This analysis shows that 4 « #, where y = 0.5 for the constant case and y ~ 0.7
for the variable case (Supporting Information S1). The higher power y in the variable case reflects the increase
in hydraulic diffusivity during TP. The apparent linear trend for the variable case granite simulation (Figure 14
center) for \/; > (.17 reflects the near constant hydraulic diffusivity calculated in the latter stages of this simulation
(Figure 11d). Because fluid pressurization is slower in the granite and gouge simulations, the calculated width
remains zero in the early stages of slip. This is an artifact due to how 4 is defined, pore pressure builds up around the
fault plane with the initiation of slip but does not reach 75% of the normal stress until some amount of slip.

4. Discussion
4.1. The Constant Versus Variable TP Model

Our analysis shows that shear stress evolution during TP is similar between the constant case and the variable
case. However, the constant case captures the temperature rise, as calculated in the variable case, relatively well in
specific simulations. The agreement between the two models represents a special case and not the general case. The
variable case predicts that both the pressurization factor and hydraulic diffusivity, which encapsulate two compet-
ing processes, undergo significant increases from their initial values in the low permeability and low porosity
diabase. The results from the variable case are similar to those in the constant case for the low permeability and low
porosity diabase because the effects of the increases in both the pressurization factor and hydraulic diffusivity offset
one another. In contrast, for the more porous and permeable fault gouge (Figure 13), and for the more permeable,
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Figure 15. Shear stress (a) and temperature rise (b) with fault slip for the variable case (solid curves) and constant cases
(dotted curves) with the same initial conditions (7, = 25°C and p,, = 25 MPa) and for the constant case with average
conditions from the range of temperature and pore pressure in the variable case (7= 300°C and p = 44 MPa). With average
conditions the constant case grossly overestimates the temperature rise. The shear stress drop is slightly underestimated for
both initial and average conditions.

low porosity (crack-based hydraulic medium) granite and high permeability diabase, the two models are signifi-
cantly different. This is because the pressurization factor starts to decrease (when the temperatures in the fault zone
exceed 200°C) while the hydraulic diffusivity increases continuously (in the gouge and diabase) or remains approx-
imately constant (in the granite). Consequently, the increase in the pressurization factor is not counter-balanced by
the increase in hydraulic diffusivity, as in the low and intermediate permeability diabase simulations (Figure 10).
Thus, we suggest that the constant case model may be used successfully for modeling TP in very low permeability
(<1072 m?) low porosity (<1%) fault zones. For fault rocks with higher porosity (>1%) or crack-dominated rocks
with high permeability (>1072° m?) and low porosity (<1%) the variable case model needs to be considered in
order to account for the multiple hydraulic and poroelastic feedbacks. The differences between the constant and
variable cases appear early on during fault slip, at slip distances of 6/ L < 1, and become increasingly larger with
fault slip. It is important to note that the constant and variable case models agree when starting from the same initial
conditions, which are consistent with the starting temperature and pore pressure. In contrast, if parameters for the
constant case are chosen to provide an estimate of average values along the pore pressure- and temperature-time
evolution paths (e.g., Rice, 2006), then the differences between the two models may become significant. In this case,
the constant case no longer provides a reasonable estimate of the temperature evolution. The constant case model
parameters that may represent temporal-average conditions are the pressurization factor (A) and the hydraulic (@)
and thermal (x) diffusivities (Equations 7-10). Figure 15 shows the shear stress and temperature evolution with
fault slip for Westerly granite. Three simulations results are plotted: (a) the variable case with values of A, @, and
that correspond to a starting temperature of 75°C and pore pressure of 25 MPa; (b) the constant case with the same
initial values of A, @, and « as (a); and (c) the constant case with A, w, and « that correspond to a temperature of
300°C and pore pressure of 44 MPa (Table 1), these are time-averaged values taken from the range of temperatures
and pore pressures calculated in the variable case. Incorporating the “time-averaged” parameters is designed to
compensate for the lack of evolution of these parameters in the constant case during TP (Brantut & Mitchell, 2018;
Rice, 2006). The fault slip is normalized by the same length L*, while for the time-averaged constant case it is

normalized by the average length scale L

* (Where all parameters, per Equation 9, are time-averaged values). Here,

the constant case with average conditions leads to much greater temperature rise than is predicted by the variable
case or the constant case with the same initial ambient conditions (Figure 15). If one chooses to estimate shear
stress and temperature at the fault plane with the constant case (or with Rice's (2006) analytical model), our results
indicate that the model inputs should be chosen based on the initial temperature and pore pressure.

4.2. Pressurization Zone Width

The width of the pressurized zone around the fault plane % (or the over-pressured zone width) is greater in the varia-
ble case than in the constant case. The variable case predicts a wider pressurized zone that grows beyond that of the
constant case (Figure 14), because the increase in hydraulic diffusivity during TP lead to & « # where y = 0.5 in the
constant case but y ~ 0.7 in the variable case. The faster growth of the pressurized zone around the fault plane for
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variable fault properties may have significant implications when considering a realistic fault zone structure where
a damage zone with higher permeability (e.g., Faulkner et al., 2010; Rice, 2006; Stathas & Stefanou, 2023) bounds
a localized fault core. Once the over-pressure zone reaches the hydraulic boundary between fault core and damage
zone, the fault may transition from undrained conditions to drained condition (Mase & Smith, 1987; Stathas &
Stefanou, 2023) faster than predicted by the constant case, when assuming a fault slipping at a constant rate.
Stathas and Stefanou (2023) showed that, when considering a thin deforming gouge layer, once the over-pressured
zoned reaches a hydraulic diffusive boundary, the fault can regain its frictional strength, even during coseismic
slip rates, and cause the localization to migrate spatially. Thus, a pressure- and temperature-dependent hydraulic
diffusivity can significantly change the frictional evolution of a TP-activated fault after the initial weakening stage.

4.3. Porosity Topology

The structure of fault rock porosity plays a significant role in the variable case TP model because it affects
the pore space compressibility f,, which is an important parameter in both the pressurization factor and in the
hydraulic diffusivity (Brantut & Mitchell, 2018). We adopt the parameterization of the porosity topology by
Renner et al. (2000) in the factor b (Equations 16-19). Crack-dominated hydraulic structure which has a low
porosity (<1%) but can have high permeability (>1072° m?) has a higher pore space compressibility than a more
porous gouge. This difference can lead to significant pressurization factor evolutions at higher temperatures
(>200°C), which in turn affect the temperature rise estimates in the fault zone.

5. Conclusions

TP in fault zones includes various feedbacks owing to the dependency of poroelastic and hydraulic parameters
on pore pressure and temperature. The analytical solution by Rice (2006), which assumes constant hydraulic and
thermal properties (the constant case) cannot account for the significant poromechanical response of the fault
zone during TP and the subsequent evolution of temperature, fluid properties and the pressurization factor. The
general numerical solution presented in our study uses properties that are temperature- and pressure-dependent
(the variable case).

Nonetheless, the constant case model captures the shear stress evolution for a localized fault with slip reasonably
well. For example, calculated stress drops in the variable case models are comparable to those calculated with
the constant case model if values of pressurization factor, hydraulic and thermal diffusivities are chosen to corre-
spond to the starting conditions of the fault zone in the constant case. In contrast, choosing these values based
on an average of each parameter's expected range over the course of TP duration may lead to significant errors,
particularly in the temperature rise estimates during TP. Understanding the temperature rise during earthquakes
is of great importance when interpreting the thermal evolution of natural fault zones. For instance, when thermal
history of relict slip surfaces is estimated with various proxies, like organic biomarker maturation (e.g., Savage
et al., 2014) and thermochronology (e.g., Ault et al., 2019).

The variable case model represents a more general model for TP, as it captures the full hydraulic-poroelastic
response of the fault zone rocks and fluids. The constant case represents a special case for low porosity (<1%)
and low permeability (<1072 m?) fault rocks. In low porosity, low permeability rocks, results of simulations
with the constant case are similar to those of the variable case model because the effects of evolution in the
parameters that control fluid pressurization and hydraulic diffusivity happen to offset one another. However, this
balanced offset does not occur in variable case models for more porous and permeable rocks or more permeable
(>1072 m?) crack-dominated fault rocks (with porosity <1%). The fault zone temperature in these rock types can
easily exceed 200°C, in which case the pressurization factor decreases and this change is not offset by changes in
other parameters, namely hydraulic diffusivity which can either remain nearly constant (as in the cracked granite
simulations) or increase continuously with temperature and pore pressure. Consequently, for more porous or
permeable fault rocks, the variable case provides a more accurate time-evolution of pore pressure and tempera-
ture in the fault zone during TP. The type of fault rock porosity, crack-dominated or intergranular pore-dominated
(parameterized by the factor » in Equation 19), has a significant effect on both the pressurization factor and the
hydraulic diffusivity, and should be considered when simulating TP, either numerically or experimentally.

The width of the zone of over-pressurized fluid 4 scales with time as & o 1°7. This increase from the typical diffu-
sional timescale scaling of %7 is due to the increase in hydraulic diffusivity with pore pressure and temperature
during frictional sliding with TP. The variable case predicts that a localized fault will transition from undrained to

BADT ET AL.

20 of 22

d ‘8 “€T0T “9S€6691T

:sdny woiy papeoy

ASU22I SsuoWWo)) dAnea1)) a[qeorjdde oy Aq pauIaA0S a1e SA[ONIE V() oSN JO SA[NI 10§ AIRIQIT duI[uQ) AJ[IAN UO (SUONIPUOI-PUB-SULIA} W0 AAIM AIeIqijaur[uo//:sdiy) suonipuo)) pue sua [, 3y 23S [£70z/80/1€] uo A1eiqry auruQ Lo[iA ‘Areiqry Ajsioarun) umoig £q 85S9Z0LrEZ0T/6201 0 1/10p/w0d" K[IM"



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Solid Earth

10.1029/2023JB026558

Acknowledgments

‘We would like to thank the anonymous
associate editor, Antoine B. Jacquey and
another anonymous reviewer for their
comments which improved this paper
considerably. We would also like to thank
E. Marc Parmentier for the early discus-
sions that helped lay the foundations

for this study. This study was supported
by the Southern California Earthquake
Center under Grant 18156. Matlab codes
for this study are available as a public
records at https://doi.org/10.26300/
zqvn-th24.

drained conditions sooner than expected from the constant case, when considering a hydraulically heterogeneous
fault zone, where a low permeability fault core is bounded by a more permeable damage zone. Subsequently, the
variable case TP would predict shorter-lived TP events than predicted by the constant case. This effect is espe-
cially important when considering TP at low temperatures (<200°C).
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1 Supplemental materials

1.1 Numerical errors for different slip rates

Figure 1 presents the calculated numerical error for temperature (Erry) over simulated time for three
different simulations of intermediate permeability Frederick diabase fault rock. Each simulation was
performed with a grid spacing of Ax = 107% m, a timestep size of At = 10~7 s but with different slip
rates: 1, 0.1 and 0.01 m/s. The maximum error occurs early in the simulations but their magnitude
decreases with slip rate: Err{*®* = 12.16 % for v = 1 m/s; Err{*** = 1.85 % for v = 0.1 m/s; and
Erri*®* =0.21 % for v = 0.01 m/s.
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22 Figure 1. Numerical error for temperature (Erry) over simulation time for different simulated slip rates, 1 m/s (black
23 curve), 0.1 m/s (red curve) and 0.01 m/s (blue curve).

24

25 1.2 Pressurized zone width scaling

26 Figure 2 depicts the pressurized zone width h (normalized by the total slip distance &;,; = 50 mm)

27  versus the time raised to the power of 0.7 for the variable case simulations. After the initial non-linearity
28  when each curve increases above h/8;,; = 0, the curves for all simulated rock types display a linear

29  trend for the scaling of h~t%7.
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31 Figure 2. Pressurization zone width (h) versus time raised to the power 0.7 depicting linear trends over the majority
32 of the simulated time.
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