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[1] During earthquakes, frictional heating on the fault plane induces a temperature rise
and thus a pore pressure rise, which is known as thermal pressurization (TP). Coseismic
mineral dehydrations may occur because of this temperature increase and are included
within the TP framework. Dehydrations are modeled as a source term for pore pressure
because of the total volume change and as a sink term for temperature because they
are endothermic. The reaction occurs within the slipping zone when a threshold
temperature Ts is reached. Dehydration reaction kinetic is modeled using a first‐order
reaction rate. Using energy and fluid mass conservation, we derive analytically the
equations of evolution of pore pressure, temperature, and reaction extent in the undrained,
adiabatic case using a constant reaction rate. We investigate the values of the kinetic
rate constant required to produce a significant effect, which are much higher than
laboratory data reported in the literature on clay, serpentine, and phyllosilicate
dehydration. We show, however, that such high values can be reached if the temperature
dependency of the rate constant is taken into account. Next, we include fluid and heat
transport and use an Arrhenius law to calculate the rate constant as a function of
temperature. The subsequent set of differential equations is then solved numerically. The
main effect of dehydration reactions is an increase of pore pressure and a stabilization
of the temperature during slip. We explore a wide range of parameters in order to
determine in which cases dehydration can be considered as a nonnegligible process. For
high‐permeability rocks (>10−18 m2) and when the amount of water that can be released is
of the order of 10%, dehydration is an important mechanism as it delays the onset of
melting, which would normally occur even within the TP framework. If the onset
temperature is low compared to the initial temperature T0 (Ts − T0 ] 150°C), overpressure
can occur. If the reactions are highly endothermic and if their kinetic is fast enough,
frictional melting would not occur unless the dehydration reactions are completed within
the slipping zone.

Citation: Brantut, N., A. Schubnel, J. Corvisier, and J. Sarout (2010), Thermochemical pressurization of faults during coseismic
slip, J. Geophys. Res., 115, B05314, doi:10.1029/2009JB006533.

1. Introduction

[2] Althoughmost of our knowledge of earthquakes energy
budget comes from the part of the energy that is radiated
during an earthquake and can then be observed on seismo-
grams, it is certain that an important part is also dissipated
along the fault plane: for example converted into heat within
the fault zone or into surface energy within the process and
damage zones. However, the fact that field observations of
local melting of fault rocks, i.e., pseudotachylytes, are scarce,
along with the absence of clear temperature anomaly on
the San Andreas Fault led Sibson [1973] and Lachenbruch
[1980] to argue that the presence of fluids within the fault

rocks may prevent an important temperature rise: as the faults
heats up due to frictional work, the pore pressure builds up
and decreases the fault strength, which in turn reduces the
frictional heating. This idea was first suggested by Goguel
[1969], and exhaustive theoretical works have been pub-
lished on the topic in the past two decades [e.g., Lachenbruch,
1980; Mase and Smith, 1985; Andrews, 2002; Rice, 2006;
Rempel and Rice, 2006; Sulem et al., 2007]. In particular, the
relationship between frictional melting and thermal pressur-
ization has already been studied by Rempel and Rice [2006].
[3] On the other hand, many experimental studies have

highlighted various phenomena that are likely to occur during
earthquakes. For instance, laboratory data on natural fault
gouges suggest that thermal pressurization could indeed play
an effective role during real earthquakes [Wibberley and
Shimamoto, 2003; Noda and Shimamoto, 2005; Wibberley
and Shimamoto, 2005]. So could local melting [Tsutsumi
and Shimamoto, 1997; Hirose and Shimamoto, 2005; Di
Toro et al., 2006] and silica gel formation in quartz rocks
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[Goldsby and Tullis, 2002], which have been produced in the
laboratory. Recently, coseismic mineral decompositions such
as dehydration of serpentinite or kaolinite [Hirose and
Bystricky, 2007; Brantut et al., 2008] and decarbonation of
calcite and siderite [Han et al., 2007b, 2007a] have also been
demonstrated experimentally. Most importantly, field evi-
dences that such reactions may take place coseismically have
already been presented in the Chelung‐Pu drill cores by
Hirono et al. [2008];Hamada et al. [2009], and in the Nojima
fault core where evidence of carbonate degassing were
observed by Famin et al. [2008].
[4] If they occur during an earthquake, dehydration re-

actions are likely to influence the mechanical behavior of
fault during slip in many geological settings since most
shallow to intermediate depth fault gouges are rich in clay
minerals such as illite, smectite, montmorillonite, kaolinite
(e.g., in the San Andreas or Aegion faults [Solum et al.,
2006; Sulem et al., 2004]) which can dehydrate at tem-
peratures that can well be attained during thermal pressuri-
zation (e.g., using the values suggested by Rempel and Rice
[2006]). In consequence and contrary to local melting, both
phenomena (thermal pressurization of pore fluid and dehy-
dration reactions) are likely not to be exclusive, as suggested
in a recent publication [Brantut et al., 2008]. In fact, a recent
study by Sulem and Famin [2009] has already shown the
influence of coseismic decarbonation of limestone on the
thermomechanical properties of faults.
[5] Following these recent observations, we present here a

new formulation of thermal pressurization in which we
implemented a chemical coupling in order to take into
account mineral reactions such as dehydrations. This cou-
pling takes place after the onset of dehydration, within the
thermal pressurization framework, and we calculate the
subsequent pore pressure and temperature evolutions within
a thin, water‐saturated slipping zone. First, we present our
new formulation of the thermal pressurization equations
which includes the dehydration source terms in the por-
oelastic coupling as (1) a water mass transfer from the solid
phase to the fluid phase and (2) a modified energy balance
equation because mineral dehydrations are generally endo-
thermic reactions and may thus represent an important

energy sink (as noted by Sulem and Famin [2009]). Second,
we solve this set of coupled equations analytically in the
adiabatic, undrained case with a constant reaction kinetic.
Using the results of these calculations performed at constant
rate, we discuss the effect a different rate would have, as
well as the effect of its dependency on temperature. Finally,
we solve numerically the system of equations and explore
the model behavior for different sets of parameters: (1) we
test the parameters linked to the reaction itself such as the
kinetic of the reaction, its activation energy, the enthalpy
variation due to the reaction and the equilibrium temperature
at which the reaction takes place, and (2) the parameters
linked to the fault rock properties such as the slipping zone
thickness, the fault rock permeability and the depth at which
the slip occurs. In each of these cases, the effects of the
chemical reaction on temperature and pressure are investi-
gated in comparison to what would be observed in the
regular thermal pressurization framework (i.e., with no
dehydration).

2. Description of the Model

2.1. Thermal Pressurization With Dehydration

[6] Thermal pressurization (TP) can be modeled by cou-
pling heat diffusion equations and poroelasticity equations
[Lachenbruch, 1980; Mase and Smith, 1985; Andrews,
2002; Rice, 2006; Rempel and Rice, 2006]. Here we
derive the TP equations including a chemical coupling as
source terms in the mass and energy conservation equations.
The fault main slipping zone is considered as a porous,
elastic, fluid saturated medium; fluid and heat transfers
occur perpendicularly to the fault (coordinate y) only. For
the sake of simplicity, variations of the parameters along the
fault are not taken into account, so the problem is fully one‐
dimensional. Figure 1 is a sketch representing the physical
setting of the problem. In order to develop the model in its
most general form, we do not focus here on any particular
dehydration reaction. It is only assumed here that the reac-
tions are temperature dependent; that is, they start at a
threshold temperature Ts independent of the stress or pore
pressure applied in the medium. This assumption appears to
be reasonable since we focus on the shallow part of the crust
(<15 km), where the lithostatic pressure and the pore pres-
sure are of the order of several hundreds megapascals: in
this range of pressure, the phase transition of most of the
hydrous minerals (clays and phyllosilicates) is almost not
pressure dependent. This starting temperature is not neces-
sarily the equilibrium temperature: the heating rate is very
high and there might be a temperature overstep. In the
simplest case, dehydration reactions can be thought of as

Mineral 1 ! Mineral 2þ �H2O; ð1Þ

where n is the number of moles of water that are released
during the reaction.
[7] To keep the spirit of making elementary estimates, the

assumption is made that the reaction occurs within the
slipping zone only. Such an hypothesis is reasonable since
(1) TP always produces higher temperatures inside the
slipping zone and (2) there might be a mechanical activation
of the mineral reaction by grain crushing [Makó et al., 2001;
Horváth et al., 2003] during shearing, which could facilitate

Figure 1. Sketch of the fault zone model. The slipping
zone thickness is h. Diffusion of heat and fluid occurs per-
pendicular to the fault direction. Hydrous minerals are pres-
ent within the slipping zone and may dehydrate at elevated
temperature.
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the dehydration. The enthalpy variation of the reaction is
denoted by DrH. To keep a general form for the calcula-
tions, it is convenient to define c as the mass fraction of
water that can be released per unit of total rock mass:

� ¼ wm
�MH2O

Mm
; ð2Þ

whereMm andMH2O are the molar weight of the dehydrating
mineral and of the fluid, respectively, and wm is the mass
fraction of the dehydrating mineral in the rock. The total
energy change per unit volume of the slipping layer DH can
then be expressed as

�H ¼ �
�

�MH2O
�rH ; ð3Þ

where r is the bulk density of the rock. Assuming that all the
frictional work is converted into heat, the energy equation in
the slipping zone is given by

�c
@T

@t
¼ � _� � @qth

@y
þ�H

@�

@t
; ð4Þ

where t denotes the shear stress applied on the fault, _� the
shearing rate, qth the heat flux, x the extent of reaction, c the
specific heat capacity per unit of rock mass. The heat flux
can be expressed using Fourier’s law: qth = −K∂T/∂y for
pure conduction, where K is the thermal conductivity. The
shearing rate in a layer of thickness h for a slip rate V is _� =
V/h. The shear stress is calculated as the frictional resistance
of the layer, proportional to the average effective stress in
the slipping zone: t = m (sn − p), where m is the friction
coefficient, sn the normal stress applied on the fault and p
the average pore pressure whithin the layer. Thus the heat
equation becomes

@T

@t
¼ � 	n � pð Þ V

h�c
þ 
th

@2T

@y2
þ�H

�c

@�

@t
; ð5Þ

where ath = K/rc the thermal diffusivity, which is assumed
to be spatially constant, and independent from both pressure
and temperature. DH can be negative if the reaction is
endothermic or positive if the reaction is exothermic. It is
possible to define the theoretical temperature change due to
the reaction by

�T d ¼ �H

�c
; ð6Þ

which corresponds to the contribution of the chemical
reaction to the temperature evolution. Most dehydration
reactions being endothermic, the sign ofDTd is negative and
the temperature will decrease as the reaction progresses. The
relative importance of friction versus dehydration will be
discussed later.
[8] The mass conservation equation for the fluid in the

slipping zone is

@m

@t
þ @qf

@y
¼ @md

@t
; ð7Þ

where m is the fluid mass per unit volume, qf is the fluid flux
and md is the fluid mass per unit volume coming from

dehydration. The fluid mass increment dm can be written as
[Rice, 2006]

dm ¼ �f�
* dp� �dT þ dnirr

�*

 !
; ð8Þ

where n is the porosity, rf the fluid density, nirr the irre-
versible (inelastic) deformation of pores. L and b* are
defined as follows:

� ¼ �f � �n

�f þ �n
; ð9Þ

�* ¼ n �f þ �nð Þ; ð10Þ

where bn is the pore compressibility, ln the pore thermal
expansivity, bf the fluid compressibility and lf the fluid
thermal expansivity. The source term due to dehydration in
equation (7) is simply

dmd ¼ ��d�: ð11Þ

The reaction is also associated with a volume change,
considered here as an irreversible variation of porosityDnirr.
The increment of porosity can thus simply be expressed as a
function of x:

dnirr ¼ �nirrd�: ð12Þ

[9] The fluid flux qf can be expressed by Darcy’s law:

qf ¼ ��f
k


f

@p

@y
; ð13Þ

where k is the permeability and hf is the fluid viscosity.
Substituting Darcy’s law and equations (8), (11), and (12)
into mass conservation equation (7) yields

@p

@t
¼ �

@T

@t
þ 1

�f�*
@

@y
�f

k


f

@p

@y

� �
þ �

�f
���nirr

� �
1

�*
@�

@t
:

ð14Þ

Aside from the thermal effect, such an expression is similar to
the equation of Wong et al. [1997] for dehydrating systems.
Except for the additional terms [(r/rf) c −Dnirr] (1/b*) (∂x/∂t)
and (DH/rc)(∂x/∂t), the calculations lead to the standard
equations of thermal pressurization [e.g., Rice, 2006]. These
additional terms depend on (1) the dehydration kinetic (∂x/∂t),
(2) the amount of water that can be released c, and (3) the
solid volume change Dnirr. The pore pressure variation
induced by the reaction can be expressed as follows:

�pd ¼ �
�

�f
��nirr

� �
1

�*
: ð15Þ

This expression is general and does not depend on the
dehydration mechanism. The water that is released can be
either bonded, adsorbed or interlayered (in the case of clays
such as illite‐smectite). The density of the fluid rf has to be
calculated as a function of pressure and temperature because
the fluid can become supercritical during thermal pressuri-
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zation. Thermal pressurization of typical fault materials at
depth (e.g., using the parameters summarized in Table 2)
induces a relatively high temperature increase, up to several
hundreds of degrees, whereas the fluid pressure is bounded by
the normal stress applied on the fault, which is of the order of
100 MPa at 4 km depth. In such a case, the density of water is
relatively low, thus promoting a positive value of Dpd. For
instance, a thermodynamic calculation performed with the
software GE0TAB [Berman, 1991, 2007] for the dehydration
of pure chrysotile at a pore pressure of 200 MPa and a tem-
perature of 600°C yields a net increase of volume of about
+24.7%.

2.2. Representative Parameters

[10] The set of the thermoporomechanical parameters
used in TP calculations is not fully investigated here. As our
approach consists in giving a broad view of the coupling
phenomena, we do not focus on a particular fault zone, but
rather choose a representative set of parameters in order to
observe the variety of processes triggered by the newly
introduced couplings. Based on field and experimental data in
the literature [Wibberley, 2002; Wibberley and Shimamoto,
2003; Noda and Shimamoto, 2005; Mizoguchi, 2005] and
on the parameter set used byRice [2006] andRempel and Rice
[2006], we choose the values that are presented in Tables 1
and 2. Such values correspond to a typical clay bearing,
low porosity, low permeability ultracataclasite, as can be
observed in exhumed faults such as theMedian Tectonic Line
(SW Japan) [Wibberley, 2002; Wibberley and Shimamoto,
2003; Brantut et al., 2008] or the Hanaore Fault (SW
Japan) [Noda and Shimamoto, 2005]. The slipping zone
thickness is set to 1 mm, the porosity to 5% and the perme-
ability to 10−20 m2, corresponding to typical values for natural
fault gouges [Wibberley and Shimamoto, 2003; Noda and

Shimamoto, 2005; Sulem et al., 2007]. The pore compress-
ibility and the thermal expansion coefficient correspond to
average values for a highly damaged rock [Rice, 2006]. For
simplicity, the dependency of the fault rock physical para-
meters (mainly porosity and permeability) with effective
pressure is not taken into account. The depth is set at about
7 km, which leads to a average normal lithostatic stress of
about 196 MPa and an average hydrostatic fluid pressure of
70 MPa. The initial temperature is 210°C, corresponding to a
geotherm of 30° km−1. The frictional coefficient is set at an
average value of 0.4 [Noda and Shimamoto, 2005], following
laboratory data on the Median Tectonic Line (MTL) fault
gouge [Brantut et al., 2008] and the Nojima fault gouge
[Mizoguchi, 2005]. According to recent studies [Han et al.,
2007b, 2007a; Brantut et al., 2008; Mizoguchi et al., 2009],
it would be reasonable to let the friction coefficient itself
evolve with displacement and/or temperature; however, there
is still no consensus in the literature regarding the rheology to
be used for describing its evolution, and such considerations
are beyond the scope of this study.
[11] The water properties are either set at their initial

values at depth (for the analytical solution developed later
on), or calculated as functions of p and T using GEOTAB and
the IAPWS‐IF97 (International Association for the Properties
of Water and Steam, Industrial Formulation 1997) data sets.
[12] In addition to this set of thermoporomechanical para-

meters, our model introduces new parameters linked to the
chemistry and mineralogy of the rock. Because these para-
meters are either poorly constrained or strongly dependent on
the particular mineral, a basic set of parameters is chosen to
match a typical clay or phyllosilicate (such as kaolinite), and
the dependency of the solution on these parameters will be
extensively investigated. The water content c can be calcu-
lated knowing the mineralogy and the particular dehydration
reaction involved (equation (2)). The solid volume change
Dnirr also depends on each specific chemical reaction. In
general, the total volume change is positive, and we never
deal with negative pore pressure changes. This parameter can
be ignored by assuming that a nonnegligible value of Dnirr

can be taken into account by setting a lower value ofc. This is
an approximation because the porosity also influences the
storage capacity and thus the transport properties of the rock,
but the model presented here neglects these changes. This
hypothesis will be discussed later. The temperature Ts at
which dehydration starts is set at 500°C: this can be viewed as
an average for most clays and hydrous phyllosilicates. De-
pending on themineral, this temperature can vary from 300°C
(smectite) to 800°C (chlorite). As stated in section 2.1, these
values should not correspond to the real thermodynamic
equilibrium, but rather to a temperature overstep at which the
reaction becomes significant. This will be fully discussed in
section 4. The enthalpy variation DrH is well constrained by
laboratory data and most of the values can be precisely calcu-
lated with the thermodynamic calculation software GEOTAB
[Berman, 1991, 2007]. A value of ∼1000 kJ mol−1 corre-
sponds roughly to an upper bound for most of dehydration
reactions. Representative values are reported in Table 3. The
value for DrH will be set in the range 10–1000 kJ mol−1. As
shown in equation (3), the stochiometry of the reaction is
also involved to calculateDH as a function of c. An average
of n ≈ 2 is taken, thus implying DH ≈ c × 109 to c × 1011.

Table 1. Data Used for the Adiabatic, Undrained Model

Parameter Symbol Value Units

Friction coefficient m 0.4
Specific heat capacity per unit

volume
rc 2.7 MPa °C−1

Thermal expansion of poresa ln 0.02 × 10−3 °C−1

Compressibility of pores bn 2.49 × 10−9 Pa−1

Thermal expansion of water lf 1.21 × 10−3 °C−1

Compressibility of watera bf 0.88 × 10−9 Pa−1

Density of water rf 800 kg m−3

Slip velocity V 1 m.s−1

Normal stress sn 196 MPa
Initial pore pressure p0 70 MPa
Initial temperature T0 210 °C
Slipping zone thickness h 1 mm
Porosity n 0.05
Equilibrium temperature Ts 500 °C
Enthalpy of reaction DrH 100 kJ mol−1

Mass fraction of water c 0.01
Characteristic time of thermal

pressurization
ttp 0.0192 s

Onset time of dehydration ts 1.19 × ttp s
Characteristic time of energy‐

controlled kinetic
te 0.063 × ttp s

Virtual temperature change DTd −35.7 °C
Virtual pressure change D pd 208 MPa

aThe constant values of thermal expansion and compressibility of pores
and water come from Rice [2006].
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Note, however, that this value could be precisely calculated
when considering a particular chemical reaction.

3. Analytical Solution for the Adiabatic,
Undrained Case With Constant Kinetic Parameters

[13] In order to give an insight on the thermal, chemical
and mechanical couplings described above, we first consider
the case where heat and fluid transports are negligible. The
case of TP without chemical couplings has been com-
pletely solved by Lachenbruch [1980] (among many oth-
ers), leading to the following equations for pressure and
temperature:

T tð Þ ¼ T0 þ
	n � p0

�
1� e�t=ttp
� �

; ð16Þ

p tð Þ ¼ 	n � 	n � p0ð Þe�t=ttp ; ð17Þ

where ttp = rch/(LmV) is the characteristic thermo-
pressurization weakening time. In this situation, there is
no dependency on the spatial coordinate y, so strictly T = T
and p = p. In our case, this description remains valid until the
temperature reaches Ts and the reaction starts. This corre-
sponds to a time ts and a pore pressure ps = p0 + L(Ts − T0).

3.1. Energetically Constrained Reaction Rate

[14] At this point, the reaction starts and a governing law
is needed for the reaction rate. As a first approximation, we
may consider that starting from ts, all the frictional energy is
absorbed by the reaction rather than converted into heat. In
other words, the energy produced by the action of shear
stress is dissipated into latent heat of reaction and does not

directly increase the temperature. For simplicity, a shifted
timescale t* = t − ts is used in the following.
[15] In such a case, recalling that adiabatic conditions are

assumed, the reaction progress can be written as

@�

@t*
¼ ��V 	n � pð Þ

�ch�T d
: ð18Þ

The differential system for p and T then becomes

@T

@t*
¼ 0; ð19Þ

@p

@t*
¼ �pd ��V 	n � pð Þ

�ch�T d

� �
; ð20Þ

which can be directly solved to give

T t*
� �

¼ Ts; ð21Þ

p t*
� �

¼ 	n � psð Þe�t*=te ; ð22Þ

� t*
� �

¼ 	n � ps
�pd

1� e�t*=te
� �

; ð23Þ

where te = −ttpLDTd/Dpd corresponds to the characteristic
time of the reaction progress for an energetically constrained
kinetic.
[16] The comparison of this characteristic time te to the

characteristic time of TP tp gives a straightforward insight of
the importance of the dehydration phenomenon compared
to TP. Using the parameters summarized in Table 1, we
get te/tr ∼ 10−2, which means that the reaction progresses
much faster than TP and is thus a nonnegligible process.
[17] The gray dashed curves on Figure 2 display the

evolution of pore pressure, temperature and reaction extent
as a function of time. The calculated value of te is of the
order of 10−4 s, which corresponds to a nearly instantaneous
reaction.
[18] In this situation, the temperature remains constant

during the whole reaction. The pore pressure tends asymp-
totically to sn as the dehydration progresses. The reaction is
not complete and x is bounded by xmax = (sn − ps)/Dpd.
[19] For a higher ∣DTd∣ and/or a lower Dpd, the charac-

teristic time te would be higher but not bymore than one order

Table 3. Examples of Mineral Dehydration Reactions

Mineral Reaction DrH (kJ mol−1)

Kaolinite→ quartz + kyanite + 2 water 74a

Five chrysotile → talc + 6 forsterite +
9 water

415a

Antigorite → 4 talc + 18 forsterite +
27 water

1181a

Kaolinite → metakaolinite + 2 water ≈1000b

aThe value of enthalpy variation is calculated using GEOTAB [Berman,
1991, 2007], at T = 600°C and P = 200 MPa, in a water‐saturated medium.

bThis value is taken from L’vov and Ugolkov [2005], in standard con-
ditions of P and T.

Table 2. Data Used in the Numerical Calculations

Parameter Symbol Value Units

Friction coefficient m 0.4
Specific heat capacity per unit

volume
r c 2.7 MPa °C−1

Thermal diffusivity ath 1 mm2 s−1

Thermal expansion of poresa ln 0.02 × 10−3 °C−1

Compressibility of poresa bn 2.49 × 10−9 Pa−1

Thermal expansion of waterb lf °C−1

Compressibility of waterb bf Pa−1

Density of waterb rf kg m−3

Viscosity of waterc hf Pa s
Slip velocity V 1 m s−1

Normal stress sn 196 MPa
Initial pore pressure p0 70 MPa
Initial temperature T0 210 °C
Slipping zone thickness h 1 mm
Porosity n 0.05
Permeability k 10−20 m2

Equilibrium temperature Ts 500 °C
Rate constant at Ts �s 10−4 s−1

Enthalpy of reaction DrH 100 kJ mol−1

Activation energy Ea 300 kJ mol−1

aPores compressibility values bn and pores thermal expansion values ln
come from Rice [2006].

bThermodynamic properties of water are calculated with GE0TAB
software.

cWater viscosity is calculated with a polynomial fit of IAPWS‐IF97 data.
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of magnitude. Such reaction rates at the onset of dehydration
are probably too fast and more realistic kinetic parameters
have to be investigated.

3.2. Solution Using a First‐Order Kinetic

[20] Alternatively, we can assume a first‐order kinetic to
describe the reaction progress:

@�

@t
¼ 1� �ð Þ�; ð24Þ

where � is the rate constant of the reaction, expressed in s−1.
The system of equations (5) and (14) can then be solved
analytically.
[21] Before going into details, one can notice that in the

case when 1/�� ttp, the dehydration reaction occurs much
slower than the TP process, which implies that it can be
neglected at the timescale of a rapid slip event. In the case
when 1/� ] ttp both phenomena have to be considered.
[22] The evolution of the reaction progress as a function

of time t* can be directly calculated:

� t*
� �

¼ 1� e�t*=tr ; thus
@�

@t
t*
� �

¼ �e�t*=tr ; ð25Þ

where tr = 1/� is the characteristic time of the reaction
progress. The evolutions of pore pressure and temperature
can then be written

@T

@t
¼ V� 	n � pð Þ

�ch
þ�T d�e�t*=tr ; ð26Þ

@p

@t
¼ �

@T

@t
þ�pd�e�t*=tr : ð27Þ

This system of equations can be solved to give

T � Ts ¼
	n � ps

�
þ�T d þ�pd=�

tr=ttp � 1

� �
1� e�t*=ttp
� �

þ �T d þ�Td þ�pd=�

ttp=tr � 1

� �
1� e�t*=tr
� �

; ð28Þ

	n � p ¼ 	n � psð Þe�t*=ttp þ ��Td þ�pd

tr=ttp � 1
e�t*=ttp � e�t*=tr
� �

:

ð29Þ

In both equations (28) and (29), the chemical term (with its
characteristic time tr) appears linked to the porothermomechanical
term (with its characteristic time ttp). When the mineral
dehydration occurs, both terms act in opposite ways.
[23] Representative examples are plotted on Figure 2,

which displays the evolution of pore pressure, temperature
and reaction extent as functions of time. The black lines
correspond to three different values of tr, ranging from 10−3 ttp
to 10ttp. The parameter values used for these simulations are
presented on Table 1.
[24] Equations (28) and (29) point out the relative

importance of the two characteristic times ttp and tr. If
ttp � tr, dehydration can be neglected and the equations
can be simplified to give the same system as equations (16)
and (17). This is shown by the dotted black curve on
Figure 2 which corresponds to tr = 103ttp: it does not show
any quantitative difference with the reference case (no
dehydration).
[25] For faster reaction rates, i.e., when tr = 10 ttp (black

dashed curve on Figure 2), the dehydration reaction induces
a progressive increase of the pore pressure along with a
stabilization of the temperature slightly above Ts. The pore
pressure increases beyond the normal stress sn, showing that
coseismic shear‐induced dehydrations can produce transient

Figure 2. Adiabatic, undrained limit with constant kinetic
parameters. (a) Evolution of the pore pressure normalized
to sn − p0. (b) Evolution of the temperature normalized to
(sn − p0)/L. (c) Reaction extent. The starting temperature
is 450°C. The gray curve displays the behavior without
dehydration reaction. The gray dashed line corresponds to
the case of an energetically constrained reaction rate. The
black lines correspond to three different rate constants �.
A fast reaction rate produces a sudden, high overpressure
and a drop of temperature. A very slow reaction rate does
not change the behavior. An intermediate reaction rate pro-
duces a progressive increase of pore pressure, while temper-
ature slightly decreases after a small overstep.
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overpressures within the slipping zone. In this case, the
branch of the curve above sn is calculated with no frictional
heating.
[26] In the case when tr � ttp, dehydration is the dominant

mechanism and the system can be rewritten simply as

T � Ts � �T d 1� e�t*=tr
� ��

; ð30Þ

p� ps � ��Td þ�pd
� �

1� e�t*=tr
� �

: ð31Þ

In this situation, the maximum pore pressure rise is Dpd +
LDTd, and does not involve sn. The pore pressure can thus
increase beyond the normal stress. The full black curve on
Figure 2a, calculated with tr = 10−1ttp, highlights this pro-
cess. It implies that the fault could experience tensile stress:
in such situations, various phenomena can occur (hydro-
fracturing, fluidization), which are beyond the scope of this
study.
[27] As explained previously,DTd < 0. From equation (30),

the temperature T decreases rapidly down to Ts + DTd,
which can be observed on Figure 2b. At this point, the
enthalpy change of the reaction needs to be taken into
account: if ∣DH∣ is large, ∣DTd∣ is also large and the tem-
perature would drop down below the thermodynamic
equilibrium temperature of the reaction; that is, the reaction
absorbs more energy than that available in the system,
which is unrealistic. This highlights the importance of
taking into account the energy sink when calculating the
kinetic of the reaction in such situations.

3.3. Outcomes and Limitations of the Model

[28] With these calculations on a simplified model, the
different behaviors of the system can already be distin-
guished: (1) when the reaction rate is slow compared to the
characteristic time of TP, the dehydration phenomenon can
be neglected; and (2) when the reaction occurs over the
same timescale as TP, dehydration is not negligible. In the
latter case, two situations are possible. If the kinetic constant
and/or the enthalpy change are relatively small, the dehy-
dration reaction triggers an additional pore pressure increase
that can exceed the normal stress applied on the fault, and
concurrently the temperature will slightly decrease below
the starting temperature. If the kinetic constant and/or the
enthalpy change is large, then the reaction rate is controlled
by the amount of energy available in the system rather than
by its intrinsic kinetic. In such a case, the temperature is
bounded by the starting temperature and a transient equi-
librium is met between the energy released mechanically
and the energy dissipated by the mineral reaction once the
reaction has started and until it is completed.
[29] By combining these different cases, the reaction rate

can be rewritten as

@�

@t
¼ min 1� �ð Þ�;� 1

�H

�V 	n � p tð Þð Þ
h

� 	
: ð32Þ

A high value of enthalpy variation DH would promote an
energy‐controlled kinetic, slowing down the dehydration
process. The thickness of the slipping zone h plays a key

role because it controls the temperature rise and thus the
characteristic time of TP. In consequence, a change in h in-
fluences the growth of the pore pressure due to dehydration:
a thick slipping zone implies a larger effect of the dehy-
dration source term, whereas a thin slipping zone tends to
decrease the relative importance of dehydration compared to
TP.
[30] An essential point is that the different behaviors are

fundamentally dependent on the reaction kinetic, in partic-
ular the value of the kinetic constant �.

4. Toward a Realistic Reaction Kinetic

[31] In all the calculations so far we have only used
constant values for � during the dehydration process. It is,
however, well known that the value of the reaction constant
changes with temperature, following an Arrhenius law of the
form

� T
� �

¼ �s exp
Ea

R

1

Ts
� 1

T

� �� �
; ð33Þ

where Ea is an activation energy, �s is the rate constant at
the starting temperature and R the gas constant. The average
temperature T within the slipping zone may exceed tem-
porarily the starting temperature because the reaction is not
instantaneous and the frictional source term [m(sn − p)V}]/
hrc can be larger than the chemical sink term (DH/rc) (∂x/∂t).
The reaction kinetic will accelerate when T overshoots the
starting temperature Ts. Arrhenius law is valid only at or near
equilibrium; a more complete description would include the
temperature dependency within Ea, which corresponds to the
distance to equilibrium. In fact Ea increases when the tem-
perature exceeds equilibrium, thus increasing exponentially
the rate constant �. As we include only one dependency on
temperature in ourmodel, it gives a lower bound estimation of
the dehydration kinetic. The validity of our model depends
on the maximum overshoot Tmax − Ts, and a large difference
Tmax − Ts indicates that the reaction would have progressed
faster than predicted.
[32] It is important to discuss and choose carefully the

values of Ea and �s that will be used in the calculations.
Laboratory data can be used to constrain these values, despite
the fact that they were obtained close to equilibrium or for
relatively slow heating rates, which is obviously not the case
in fault zones during rapid slip. In the case of dehydration
reaction of powdered lizardite at zero effective pressure, the
rate constant at 550°C is of the order of 10−4 s−1, and the
activation energy is approximatively 429 kJ mol−1 [Llana‐
Fúnez et al., 2007]. For kaolinite dehydration, the early
work byKissinger [1956] yielded �(T = 500°C) ≈ 2.05 × 10−4

to 4.42 × 10−1 s−1 and Ea ≈ 100 − 167 kJ mol−1, depending on
the mineral quality and the heating rate. A more recent work
on kaolinite by Bellotto et al. [1995] gives �(T = 500°C) ≈
8.8 × 10−5 s−1 and Ea ≈ 160 kJ mol−1. For talc dehydration
[Bose and Ganguly, 1994], we determined �(T = 800°C) ≈
1.5 × 10−4 s−1, using Ea ≈ 372 kJ mol−1. These authors also
show that the reaction rate increases with decreasing grain
size (down to 1 mm). In their study, Bose and Ganguly [1994]
also indicate that the dehydration mechanism of hydrous
phyllosilicates would follow a heterogeneous nucleation and
growth mechanism, with a narrow activation energy range of
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325–400 kJ mol−1. In addition, numerous studies have
investigated dehydration reactions kinetics of kaolinite [e.g.,
Yeskis et al., 1985; Klevtsov et al., 1988; Castelein et al.,
2001; Horváth et al., 2003], serpentinite [e.g., Cattaneo et
al., 2003; Candela et al., 2007], and montmorillonite [e.g.,
Huang et al., 1994; Bray et al., 1998; Bray and Redfern,
1999]. These studies do not systematically present precise
kinetic parameters that can directly be used in the model,
mainly because the first‐order rate law we chose does not
always hold. However, all these experimental data highlight
the fact that when heating rates are high, the reactions sig-
nificantly start at higher temperatures and at faster kinetic. In
particular, Huang et al. [1994] show that montmorillonite
dehydration is of the order of minutes, and can be even faster
for the release of the interlayer water [Bray and Redfern,
1999]. Likewise, Candela et al. [2007] report that the com-
plete phase transition from chrysotile to forsterite can be
achieved within 1–10 min when the samples are heated sev-
eral hundreds of degrees above the equilibrium temperature.
[33] In order to have an insight of the potential relevance

of dehydration effects in the framework of rapid slip events
on a fault, we can compare the characteristic time of
dehydration to the characteristic duration of an earthquake.
From the Arrhenius law (equation (33)), we can calculate
the temperature at which the kinetic constant � becomes of
the order of 1 s−1. This temperature is plotted on Figure 3 as
a function of Ea and Ts, for a constant value of �s = 10−4 s−1.
Figure 3 highlights that dehydration reactions may last ∼1 s
at a temperature of ∼900°C for kaolinite, ∼1100°C for talc
and ∼670°C for lizardite.
[34] In the following, the rate constant � will thus be

calculated with equation (33), using an average �s = 10−4 s−1

and Ea = 300 kJ mol−1. These values have to be considered
as global averages for most of the dehydration reactions of
clays and serpentine. The starting temperature Ts now can
be viewed as the real equilibrium temperature, because the

temperature overstep will be directly handled by the Ar-
rhenius law.

5. The General Case: Effects of Fluid and Heat
Diffusion

[35] The adiabatic, undrained approximation described
previously is an end‐member, valid for small displacements
and/or a relatively thick slipping zone [Rempel and Rice,
2006] only. In order to get a more realistic view of the sys-
tem, it is important to take into account heat and fluid diffu-
sion. This case can be solved numerically using the general
equations (5) and (14) which are recalled here:

@T

@t
¼ � 	n � pð Þ V

h�c
þ 
th

@2T

@y2
þ�H

�c

@�

@t
;

@p

@t
¼ �

@T

@t
þ 1

�f�*
@

@y
�f

k


f

@p

@y

� �
þ �

�f
���nirr

� �
1

�*
@�

@t
:

The reaction rate still needs to be calculated using the mini-
mum between the kinetic constant �(T ) and the energetically
constrained rate. In order to take into account heat diffusion,
equation (32) needs to be modified as follows:

@�

@t
¼ min 1� �ð Þ� T tð Þ

� �
;



� 1

�H

�V 	n � p tð Þð Þ
h

þ 
th�c
@2T

@y2

� �	
:

ð34Þ

The last term corresponds in fact to −(1/DTd)(∂T/∂t), which
means that all the thermal energy is driving the dehydration
reaction.

5.1. Modeling Strategy

[36] Calculations are performed numerically using a one
dimensional implicit finite difference scheme, with constant
time steps and variable space steps (see Appendix A for
details on the numerical discretization). Only one half‐space
is modeled, and a zero flux condition is set at both edges
of the grid. The grid size is large enough to prevent border
effects. This method allows to take into account the depen-
dencies of some parameters on pressure and temperature. In
particular, water properties are calculated using the IAPWS‐
IF97 data set and the GE0TAB software [Berman, 1991,
2007]. The values of all the parameters are summarized in
Table 2.

5.2. Numerical Results

[37] Figure 4 shows two representative behaviors of the
pore pressure, the temperature and the reaction extent within
the slipping zone for two different starting temperatures Ts.
The reference TP curve (gray line) is plotted for comparison.
In the case when Ts = 500°C (dotted line), which corre-
sponds to the dehydroxylation temperature of kaolinite, the
reaction induces a slight increase in pore pressure and slows
down the temperature increase. These two features are very
similar to the adiabatic, undrained case. However, the kinetic
of dehydration is different. Here, the rate constant �s when the
reaction starts is set at 0.0001 s−1, but � is now also tem-
perature dependent. The kinetic is thus faster, which induces
nonnegligible effects due to the dehydration reaction.

Figure 3. Temperature at which �(T) = 1 s−1, for �s =
10−4 s−1, as a function of the activation energy Ea and start-
ing temperature Ts. The calculation uses the Arrhenius law
(equation (33)). Data on kaolinite, lizardite and talc come
from Bellotto et al. [1995], Llana‐Fúnez et al. [2007], and
Bose and Ganguly [1994]. The melting temperature of the
bulk rock is set at 1200°C.
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[38] Because the Arrhenius law forbids the temperature to
be much higher than the equilibrium temperature while the
reaction is occurring, the reaction progresses at an almost
constant temperature, slightly higher than Ts (∼180°C over-
step). As the equilibrium temperature is exceeded, the reac-
tion rate increases and the system cools down because the
reaction is endothermic. Figure 4c shows that the reaction rate
is relatively low at the beginning of the dehydration and then
increases at around 0.2 s, which corresponds to the time when
the temperature increase is large enough to induce a large
increase of �(t). From then on, the slip continues at a constant
temperature and a transient equilibrium is met between

energy production through frictional heating and energy
dissipation through mineral dehydration.
[39] If the equilibrium temperature is lower (Ts = 320°C,

which is approximately the dehydration temperature of
smectite), the pore pressure increases abruptly at the onset of
dehydration and can increase beyond the applied normal
stress sn. This is possible because of the temperature over-
step, which can be viewed as additional stored energy. This
energy is absorbed by the reaction even if the frictional energy
falls to zero. Subsequently, the pore pressure decreases
slightly below sn but remains high while the dehydration
reaction progresses. The average temperature remains very
close to Ts. The reaction extent is fast at the beginning. During
the transient overpressure, it almost stops and then reincreases
when the pore pressure decreases below the normal stress
again. This corresponds to a shift from the first order kinetic to
the energy‐controlled kinetic, which slows down the progress
of the reaction. This is clearly linked to the way the reaction
kinetic is calculated: it is bounded by the amount of energy
available in the system and is low when friction m(sn − p) is
low.
[40] Figure 5 displays the same plots for a fault zone with

a much higher permeability k = 10−18 m2. The reference TP
curve (gray line) is plotted for comparison. Its shape is not
monotonic due to the evolution of thermodynamic proper-
ties of water at high temperatures. Above 1200°C, melting is
supposed to start and the curves are not plotted after this point
(denoted by a star). For a low amount of water (c = 0.01), the
dehydration reaction is almost instantaneous and triggers a
pore pressure peak within the slipping zone. The average pore
pressure then drops as the fluid diffuses outside the slipping
zone. However, there is no significant effect on the average
temperature.
[41] When the amount of water is 10 times greater (c = 0.1,

solid line), the dehydration reaction also triggers a pore
pressure pulse but the pore pressure is maintained at a high
level while the reaction progresses. This can only be observed
because the dehydration source term is of the same order of
magnitude as the fluid diffusion term in equation (14). This
important observation corresponds to the end‐member case
of pure chemical pressurization of the fault by mineral
dehydration. It shows that fault rocks of higher permeabilities
can be chemically pressurized. This could be of particular
importance in damaged fault rocks where thermal pressuri-
zation alone is not effective. The pore pressure evolution
plotted on Figure 5 can also be seen as the frictional shear
stress on the fault. Therefore, we can infer that the shear
stress increases immediately after the dehydration reaction is
completed. This is an important observation as it points out
that the completion of a given mineral dehydration could act
as a frictional barrier. Concurrently, the temperature does not
increase until the reaction is finished. Once the reaction is
consumed, the average pore pressure starts decreasing and the
average temperature increases again up to the melting point.
Note that the slip distance required to reach the onset of
melting is several times larger than the one required in the
case of TP only.

5.3. Parametric Study of the Influence of Dehydration
Reactions

[42] Here, we describe the relative importance of each
parameter linked to the mineral reaction (starting tem-

Figure 4. Numerical simulations including pore fluid and
heat transport for permeability k = 10−20 m2. (a) Average
pore pressure evolution within the slipping zone. (b) Aver-
age temperature evolution within the slipping zone. (c) Evo-
lution of the reaction extent. The reference thermal
pressurization curve is plotted in gray. The dashed curve
corresponds to parameters values summarized in Table 2.
The full black curve corresponds to the case of Ts = 320°C.
In both cases, the temperature increase is stopped while the
reaction is progressing. When the reaction is finished, it
starts increasing again. In the case of a low dehydration
temperature (full line), the pore pressure increases over the
normal stress, and the reaction tends to progress faster.
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perature Ts, enthalpy variation DH, rate constant �s and
activation energy Ea) as regards to the global thermo-
hydrochemomechanical behavior of the slipping zone. All
the simulations are performed with parameter values
referenced on Table 2, except explicitly stated otherwise.
[43] Figure 6 presents the effect of the equilibirum tem-

perature Ts, varying from 300°C to 800°C, and the total

amount of water per unit volume c on the temperature
reached at one meter of slip (i.e., 1 s), the maximum pore
pressure increase reached during slip Dpmax normalized to
sn − p0 and the extent of the reaction at one meter of slip
(i.e., 1 s), respectively. Figure 6c shows that when both c
and Ts are low, the reaction is completed before the slip
reaches 1 m. This corresponds to the regime denoted by
“complete dehydration”. As seen in section 5.2, the earlier
the reaction is finished, the higher the temperature can be
at 1 m slip. For higher values of c or Ts, the reaction still
progresses after 1 m slip and as a consequence, the final
temperature is close to that of the mineral reaction starting
temperature, with an average 100–150°C overstep. If Ts is
low and c is high, overpressures can occur, which is
consistent with the observation made on Figure 4. This is
due to the fact that the pore pressure is low at the onset of
dehydration. Consequently, the frictional energy is high
and the reaction kinetic is not bounded by the amount of
energy available in the system, but is rather controlled by
the first‐order kinetic, which allows the pore pressure to
exceed the normal stress.
[44] Similarly, Figure 7 presents the dependency on the

enthalpy variation of the mineral reaction. As c is involved
in the calculation of DH, the ratio ∣DH/c∣ is used to avoid
correlations between the two parameters investigated here.
In the range ∣DH/c∣ = 109 to 1011 J m−3 (corresponding to
DrH from 10 to 1000 kJ mol−1), the behavior of the system
is constant. Complete reactions are observed for low water
contents (Figure 7c), for which larger temperatures are at-
tained at 1 m of slip. No overpressure is observed. However,
a similar plot for calculations performed at a lower Ts would
show that overpressures can only occur at relatively low
∣DH/c∣ (of the order of 1010 kJ mol−1). This is consistent
with the fact that a reaction with a large enthalpy variation
promotes an energy‐controlled kinetic and thus cannot induce
overpressures.
[45] Figure 8 presents the effect of the rate constant �s, for

a wide range of values from 10−15 to 100 s−1. When �s >
10−2 s−1 and c < 0.01, dehydration reactions tend to be
completed before the slip reaches 1 m. When �s < 10−6 s−1,
Figure 8c shows that the reaction does not significantly
progress: the effect of dehydration would thus be negligible.
However, Figure 8a shows that the temperature at 1 m slip
can be more than 400°C higher than the starting temperature
whereas the reaction is not fully completed. This is physi-
cally unrealistic because such a temperature overstep would
normally strongly accelerate the reaction by increasing the
activation energy Ea. For the sake of simplicity we do not
take into account such a dependency here and the calcula-
tions can thus be viewed as lower estimates.
[46] Finally, the value of activation energy Ea is investi-

gated on Figure 9. If Ea is below 102 kJ mol−1, the reaction
kinetic is weakly dependent on temperature, which dramati-
cally slows down the dehydration process: after 1 m slip, the
extent of reaction is still less than 20% and the temperature
overstep can be more than 300°C. Again, this situation is
unrealistic and highlights a limit of our model which neglects
the dependency of Ea on T. If the activation energy is larger
than a few hundreds kilojoules per mole, which seems to be
closer to experimental data, the temperature can be kept close
to Ts while dehydration reactions are progressing and the pore
pressure increase becomes significant.

Figure 5. Numerical simulations including pore fluid and
heat transport for permeability k = 10−18 m2. (a) Average
pore pressure evolution within the slipping zone. (b) Aver-
age temperature evolution within the slipping zone. (c) Evo-
lution of the reaction extent. The reference thermal
pressurization curve is plotted in gray. Except for permeabil-
ity, the parameter values are given in Table 2. The dashed
curve corresponds to c = 0.10 (large water amount), and the
full curve corresponds to c = 0.01 (low water amount). The
curve for c = 0.01 displays a large pore pressure peak when
dehydration occurs, and it drops almost immediately when
the reaction is finished. In this case, the reaction is very fast,
and no visible effect can be seen on temperature. For a large
amount of water (c = 0.1), the pore pressure increases and is
kept at a high value while the reaction is progressing. At the
same time, the average temperature is kept close to Ts. When
the reaction is finished, the temperature increases again, and
the pore pressure decreases.
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5.4. Influence of Depth and Width of the Slipping Zone

[47] Parameters such as permeability k, slipping zone
thickness h and the depth z at which the slip occurs, could
also change the behavior of the system. The effect of per-
meability has already been discussed previously (Figure 5).
[48] Figure 10 shows the effects of a change in the slipping

zone thickness h, ranging from 10−4 to 10−2 m, on the pore
pressure, the temperature and the reaction extent. An ultrathin
slipping zone promotes a faster dehydration since it increases
the frictional energy (first term on the right‐hand side of
equation (5)) and decreases the total mass of water that is
released per unit of fault area. The effect of dehydration is
nonnegligible since there is a large temperature difference
compared to regular TP (∼150°C) even after dehydration is
completed. However, Figure 10a displays only a slight
increase in pore pressure during the reaction. If h is large, i.e.,
around 1 cm, the effect of dehydration is negligible because

the temperature does not increase significantly over the
starting temperature Ts.
[49] Finally, we investigate the dependency of the system

on the depth at which the slip occurs. Figure 11 presents
the temperature reached at one meter of slip (i.e., 1 s), the
maximum pore pressure increase reached during slip Dpmax

normalized to sn − p0 and the extent of the reaction at one
meter of slip (i.e., 1 s), as a function of depth and c. A
variation in depth corresponds to a change in the initial
temperature T0, pore pressure p0 and normal stress sn. At a
large depth, the initial temperature is closer to Ts, which en-
hances the possibility of overpressures (as seen on Figure 4).
Indeed, Figure 11b shows that overpressures can occur when
the depth is lower than 10 km and when the amount of water
that can be released is higher than 1%. Figure 11a shows that
a large depth also tends to increase the occurrence of melting
(i.e., average temperature higher than 1200°C). This is con-

Figure 6. Dependency of (a) T at 1 s of slip, (b) maximum relative pore pressure increase (pmax − p0)/
(sn − p0), and (c) x at 1 s of slip on the total amount of water c and the starting temperature Ts. Over-
pressures can develop at low Ts and high c. When the reaction is not finished, the temperature is strongly
controlled by Ts, which is a boundary for the temperature during the dehydration process.

Figure 7. Dependency of (a) T at 1 s of slip, (b) maximum relative pore pressure increase (pmax − p0)/
(sn − p0), and (c) x at 1 s of slip on the total amount of water c and the enthalpy change per unit of
slipping zone volume ∣DH/c∣. The enthalpy of the reaction DH does not play an important role in the
temperature and pressure evolution.
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sistent with theoretical results from Rempel and Rice [2006]
and Rice [2006] which show that the temperature increase
during thermal pressurization is directly proportional to sn −
p0. In addition, we show here that dehydration reactions occur
very rapidly and are completed in less than 1 s at depths larger
than 8 km and do not prevent the fault from melting, but just
delay the time of its onset (as seen on Figure 5b). The overall
behavior of the system seems to be controlled by the depth at
which the slip occurs. In these simulations the starting tem-
perature Ts is kept constant at 500°C; however, it is very
likely that hydrous minerals occurring at small depth would
not necessarily be the same as those occurring at large depth;
that is, the starting temperature of each dehydration reaction
would be changing with depth. Thus if Ts > 500°C, Figure 11
should be shifted toward the smaller depths, whereas if Ts <

500°C, Figures 11a–11c should be shifted toward the larger
depths. Variations of properties and minerals along the fault
will be fully discussed in section 6.

6. Discussion

6.1. Implications of the Model

[50] Our analytical and numerical results have important
implications. First, coseismic mineral dehydrations are
shown to be an effective pressurization process when the
fault rock contains a significant amount of water within the
solid phase (c ^ 0.5%). In a previous study, Brantut et al.
[2008] calculated some values of parameter c for several
known fault zones, showing that its value was mostly above
1% and up to 10% (in fault gouges from the SAFOD cores).

Figure 8. Dependency of (a) T at 1 s of slip, (b) maximum relative pore pressure increase (pmax − p0)/
(sn − p0), and (c) x at 1 s of slip on the total amount of water c and the kinetics at the onset of dehydration
�s. If the rate constant at equilibrium is very low (from 10−15 to 10−6 s−1), the effect of dehydration
becomes negligible, and the temperature can be much higher than the equilibrium temperature during
the reaction. A large constant rate constant promotes small temperature oversteps compared to Ts and a
high pore pressure increase.

Figure 9. Dependency of (a) T at 1 s of slip, (b) maximum relative pore pressure increase (pmax − p0)/
(sn − p0), and (c) x at 1 s of slip on the total amount of water c and the activation energy Ea. Other para-
meters are set at the values presented on Table 2. The activation energy strongly influences the system. At
a low Ea, the temperature overstep can be very large (more than 350°C), and the reaction is very slow (x is
less than 20%), thus promoting negligible pore pressure pulses.
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While the dehydration reaction progresses, the temperature
remains close to the mineral reaction equilibrium tempera-
ture, or close to the starting temperature if an overstep is
needed for the reaction to begin. This is due to both the
thermoporoelastic coupling (factor L) and the latent heat of
the mineral reaction (factor DH). Coseismic mineral dehy-
drations are thus a possible mechanism that may prevent or
at least delay melting during rapid shear events on the fault.
It is, however, important to note that dehydration reactions
can be neglected if TP is very effective, i.e., if the temper-
ature does not largely exceeds the dehydration temperature
Ts or if the reaction kinetic is very slow (�s < 10−6 s−1).
Another consequence of our results is that when a fault rock

contains several mineral species that can dehydrate (or if one
mineral can dehydrate successively at several temperature
stages), then the temperature is likely to evolve by steps
within the slipping zone, each of these steps corresponding
to a particular dehydration reaction. In all cases, melting can
occur only after all the hydrous minerals have been dehy-
drated, or only if the reaction rate is too small.
[51] When the equilibrium temperature of the mineral

dehydration is low when compared to the initial temperature
T0 (Ts − T0 ] 150°C), the pore pressure can build up beyond
the normal stress, which can never occur within the classical
thermopressurization framework. In such cases, the fault
would be frictionless, and the fault rock can experience
a transient tension, likely to trigger hydrofracturing and
damage in the fault walls. In particular, such low dehydra-
tion temperatures may correspond to clay minerals prevalent
in shallow fault gouges such as smectites, illite, montmo-
rillonite [Mizoguchi, 2005; Solum et al., 2006], which are
known to contain a large amount of water. In addition, grain
crushing and comminution usually occurring during coseismic
slip may also lower the equilibrium temperatures at which
mineral dehydrations take place [Makó et al., 2001; Horváth
et al., 2003]. It is also important to note that if an earthquake
propagates within a zone where hydrous minerals are close
to their dehydration temperature then, for the reason stated
above, overpresssures are more likely to occur.
[52] For fault rocks with higher permeability for which

classical TP would be inefficient, our results highlight that a
pure chemical pressurization of the fault may happen and the
pore fluid can be transiently pressurized because of mineral
dehydration only. Note, however, that if the dehydration
kinetic is too slow (e.g., � ∼ 10−10 s−1), the simulations lead to
melting before the onset of dehydration, because the tem-
perature overstep is not high enough to make the reaction
significantly progress. Once the reaction is completed, the
pore pressure drops due to fluid diffusion, which also corre-
sponds to an increase in frictional shear stress. Mineral
dehydration completeness corresponds to a nonmonotonic
evolution of frictional shear stress with increasing slip and
the generation of frictional barriers. Since it is likely that if
the slip rate also evolves as a function of frictional stress, such
an increase in friction may induce a decrease of the slip
velocity or even stop the slip event.
[53] Our numerical results also demonstrate that the

thickness of the slipping zone plays an important role, as it
changes the heating rate and the maximum temperature the
system can reach due to TP. In the case of a thin slipping
zone h < 0.1 mm, mineral dehydrations are very rapid but the
pore pressure and temperature are not much altered. How-
ever, our model is limited in the sense that it allows dehy-
dration within the slipping zone only. A more complete
description would allow for the mineral dehydrations to take
place anywhere within the fault zone, depending on the
temperature reached at each location across the fault. Such a
model could be an effective way to describe the relationship
between the thickness evolution of the dehydration zone and
the total amount of displacement. It is likely that melting
would be even rarer in this situation because dehydration will
progress outside the slipping zone and diffusion of pore
pressure and temperature will lower the overall temperature
of the system.

Figure 10. Numerical simulations including pore fluid and
heat transport for various slipping zone width h = 0.1–1–
10 mm. (a) Average pore pressure evolution within the slip-
ping zone. (b) Average temperature evolution within the
slipping zone. (c) Evolution of the reaction extent. The ref-
erence thermal pressurization curve is plotted in gray. The
other parameters values are summarized in Table 2.
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[54] Judging from Figure 11, the depth at which the slip
occurs strongly controls the mechanical behavior of the
system, in particular the possibility of overpressures and
melting. Complete mineral dehydrations seem to prevail at
depth along with overpressures and fluidization. Each depth
might correspond to a given set of hydrous minerals: at
shallow depths, clays such as smectite, illite or montmoril-
lonite are likely to play an important role. For deeper faults,
hydrous phyllosilicates such as chlorite, talc or serpentinite
may become important. This emphasizes the importance of
the mineral composition of the fault rocks. This is consistent
with observations made on samples from the Chelung‐Pu
drill cores that display strong changes in clay amounts
between the bulk rock and the fault gouges [Hirono et al.,
2008]. Such observations may help building thermometers
for natural faults gouges but experimental and theoretical
work is still much needed to constrain the precise tempera-
tures reached along a fault during an earthquake.

6.2. Limitations of the Model

[55] Except for the dehydration kinetic, the equations
developed here do not depend on any particular dehydration
mechanism. Only slight modifications would be needed to
take into account the release of interlayered water. Our model
could also be applied to fault rocks undergoing coseismic
decarbonation. The theoretical framework is indeed very
close to that developed by Sulem and Famin [2009]. Seismic
decarbonation has been observed on fault zones after real
earthquakes [e.g., Famin et al., 2008]. Although in such
a case the properties of the fluid (compressibility, thermal
expansion and density) are very different, there is still a
mechanical effect due to carbonate degassing.
[56] There were problems in finding a relevant, precise

parameter set for this model. On one hand, for a particular
chemical reaction, the equilibrium temperature and the
enthalpy variation are precisely given by experimental ther-
modynamical studies. On the other hand, however, the kinetic

parameters for our study are hard to constrain because there is
a clear lack of data available for extremely fast heating rates
(of the order of several hundreds of degrees per second). Our
investigation on the parameters �s and Ea highlights that the
reaction needs to be fast and strongly temperature‐dependent
to produce a significant effect on the overall pressure and
temperature of the system. This might be due to the fact
that the activation energy is a constant in our description. A
more complete description would actually include the Gibbs
free energy variation DG. This would enhance the overall
dependency of the reaction kinetic on temperature and thus
limit the temperature overstep during the reaction. However,
such detailed calculations are beyond the scope of this study
which aims at giving elementary estimates based on a restricted
number of parameters.
[57] The permeability and storage capacity values used in

the calculations come from static measurements at a given
effective pressure and temperature [e.g., Wibberley and
Shimamoto, 2003]. Strain is known to have great influence
on those rock properties: it is thus very likely that they can
be different during a very rapid slip event compared to their
static measurement in the laboratory. However, it is difficult
to estimate intuitively whether the laboratory values used
in this study are a lower or an upper bound of the in situ
values.
[58] The simulations were performed at a constant slip

velocity V = 1 m s−1. It is important to mention that the
results are not only slip dependent, i.e., Vt, but also slip rate
dependent. For instance, heat loss by diffusion will be
reduced for faster slip rates and the temperature will tend to
be higher after equal slip amounts. A simple way to investi-
gate this effect is to recognize that the slip velocity V appears
in the strain rate _� = V/h. Thus a variation in V produces the
inverse effect of a variation in h. However, this mathematical
point of view is too simplistic since the slip rate is highly
variable during an earthquake. Such variations were not
investigated here.

Figure 11. Dependency of (a) T at 1 s of slip, (b) maximum relative pore pressure increase (pmax − p0)/
(sn − p0), and (c) x at 1 s of slip on the total amount of water c and depth. Other parameters are set at the
values presented in Table 2. The melting temperature is set at 1200°C. A variation in depth corresponds to
a change in initial conditions (normal stress, pore pressure, and temperature). A large depth (>8 km)
promotes large temperature increases (including melting). With c 0.01, overpressures can occur, but
melting will not occur, at least while dehydration is not finished.
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[59] Finally, the approximation of no solid volume change
during the reaction needs to be discussed. At low pressures
(a couple of hundreds of MPa), mineral dehydration reac-
tions are always accompanied with an increase of the total
volume (i.e., the solid volume reduction is small compared
to the volume taken by the fluid phase), so that the sign of
the pore pressure variation generated by the reaction Dpirr is
always positive. Here, we assumed that the solid volume
change induced by the reaction was either negligible, or
could be simply modeled by a lower amount of water c
contained in the solid phases. This is an important simpli-
fication, because the negative solid volume change due to the
reaction induces an increase in porosity, which in turn induces
an increase in the storage capacity b* (equation (10)). Note
that the storage capacity b* will never increase by more than
an order of magnitude due to such an increase of porosity (a
maximum variation of ∼10%). In addition, if the permeability
is not modified, an increase in storage capacity also results in
a decrease in fluid diffusivity, implying a stronger pressuri-
zation effect. In the opposite way, an increase in porosity also
tends to induce an increase in permeability by generating new
connecting pathways for the fluid. Such phenomena are dif-
ficult to take into account, which is the reason why we chose
not to tackle these problems.
[60] Even with these elementary simplifications, the num-

ber of independent parameters still remains very high. The
most important ones are unfortunately also those that are the
less constrained by experimental and field data, such as the
thickness of the slipping zone and the reaction kinetics. All
the parameters are also not constant along a fault, and the
behavior of the system will be different from one place to
another. It is thus of primary importance to collect more data
on natural fault zones to constrain the mechanical behavior of
natural faults during coseismic slip.

7. Conclusions

[61] In summary, our work introduces a thermo-
hydrochemical coupling to the formulation of thermal pres-
surization of faults. This coupling consists in the coseismic
triggering of mineral dehydration reactions, which have been
observed both experimentally during high velocity friction
experiments [Hirose and Bystricky, 2007; Brantut et al.,
2008] and in the field [Hirono et al., 2008; Famin et al.,
2008; Hamada et al., 2009]. When the dehydration temper-
ature is low enough and the dehydration kinetic fast enough,
which is the case for most hydrous clays and phyllosilicates,
this phenomenon cannot be neglected andwill result in amore
complex behavior of the fault zone in term of pore pressure
and temperature evolution during slip. Indeed, we show
that the fault rock may undergo transient overpressures. An
important point of our study is that the temperature rise in the
slipping zone is stopped while the dehydration reaction pro-
gresses. This highlights the fact that in our case, an equilib-
rium is met during slip between energy release by frictional
heating and energy dissipation by mineral reaction. Our
results also suggest that melting can be delayed when
hydrous minerals are present within the fault rock, and that
the coseismic mechanical behavior of a fault can be strongly
influenced by its mineralogy. Our description could be
improved by adding precise kinetic parameters and by taking

into account the dependency of some parameters (such as for
example porosity, permeability reaction activation energy) on
pore pressure, stress and temperature. This last point high-
lights the current lack of complete experimental data sets on
natural fault rocks.

Appendix A: Modeling Strategy

[62] The discretization of our numerical model is based on
constant time steps denoted Dt and variable space steps
denoted Dyi. The subscript i denotes the index of the space
step and the superscript n denotes the time step. The index
of the last grid within the slipping zone is called isz. Because
of the symmetry of the problem, only one half‐space is
modeled. In all simulations, half of the slipping zone is
divided into 10 space steps and the matrix is divided into
decreasing space steps as the distance to the center increases.
The boundary condition at the edge is zero heat and fluid flux
and the total size of the grid is large enough to avoid any
boundary effect. The numerical scheme inside the slipping
zone can be written as follows:

Tnþ1
i � Tn

i

�t
¼ T nþ1

th þ�H

�c
Xnþ1

þ �V

�ch
	n �

1

h=2

Xisz
i¼1

�yip
nþ1
i

 !
; ðA1Þ

pnþ1
i � pni
�t

¼ T nþ1
hy þ �n T

nþ1
i � Tn

i

�t
þ�pdXnþ1; ðA2Þ

where T th and T hy correspond to heat and fluid transport
terms, respectively, and X corresponds to the dehydration
term. Outside the slipping zone, the last term of equation (A1)
is zero. The heat transport term is calculated implicitly with
temperature, using constant diffusivity:

T nþ1
th ¼ 
th 2

Tnþ1
iþ1 � Tnþ1

i
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�
� 2
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�yi �yi þ�yi�1ð Þ

�
: ðA3Þ

The fluid transport term is implicit with respect to pressure,
but includes diffusivity coefficients that are calculated
explicitly, i.e., from the previous time step:

T nþ1
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�nf i�
*n
i

2
dniþ1 pnþ1
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i
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�
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where di
n is the hydraulic conductivity at the edge of grid i,

calculated from the conductivity (Khy)i
n inside the grid

(Figure A1):
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Khy

� �n
i�1

Khy

� �n
i
�yi�1 þ�yið Þ

Khy

� �n
i�1

�yi þ Khy

� �n
i
�yi�1

; ðA5Þ

where
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The dehydration term X is calculated at the end of each
time step, depending on the process that drives the reac-
tion kinetic (following equation (32)). The corresponding
pressure and temperature changes are taken into account
after this calculation. At the end of a time step, if the
average temperature T is higher than Ts, then xn+1 is cal-
culated as follows:

�nþ1 � �n

�t
¼ min � T

n� �
1� �nþ1
� �

;
T
n � Ts

�H= �cð Þ

� 	
; ðA7Þ

where the rate constant � is explicit with respect to tem-
perature. The first case corresponds to a first‐order reaction
kinetic. In the second case, the reaction progress is calcu-
lated using energy balance, leading automatically to Tn = Ts
at the end of the time step.
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