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[1] During an earthquake, the heat generated by fault friction may be large enough to
activate the devolatilization of minerals forming the fault rocks. In this paper, we model
the mechanical effects of calcite thermal decomposition on the slip behavior of a fault zone
during an earthquake. To do so, we introduce the coupled effects of calcite volume loss,
heat consumption, and CO2 production in the theoretical analysis of shear heating and
thermal pressurization of pore fluids. We consider a rapidly deforming shear band
consisting of a fluid-saturated carbonate rock. The equations that govern the evolution of
pore pressure and temperature inside the band and the mass of emitted CO2 are deduced
from the mass and energy balance of the multiphase-saturated medium and from the
kinetics of the chemical decomposition of calcite. Numerical simulation of seismic slip at
depths of 5 to 8 km show that decarbonation has two critical consequences on fault slip.
First, the endothermic reaction of calcite decomposition limits the coseismic temperature
increase to less than �800�C (corresponding to the initiation of the chemical reaction)
inside the shear band. Second, the rapid emission of CO2 by decarbonation significantly
increases the slip-weakening effect of thermal pressurization. The pore pressure reaches a
maximum and then decreases due to the reduction of solid volume, causing a
restrengthening of shear stress. Our theoretical study shows, on the example of
decarbonation, that the thermal decomposition of minerals is an important slip-weakening
process and that a large part of the frictional heat of earthquakes may go into endothermic
devolatilization reactions.

Citation: Sulem, J., and V. Famin (2009), Thermal decomposition of carbonates in fault zones: Slip-weakening and temperature-

limiting effects, J. Geophys. Res., 114, B03309, doi:10.1029/2008JB006004.

1. Introduction

[2] During the rupture of a fault, an earthquake occurs
because the frictional resistance to slip on the fault walls
decreases with increasing slip, causing an acceleration of
sliding [for a review, see Kanamori and Brodsky, 2004]. To
quantify the energy dissipated by an earthquake and assess
the hazard of future ruptures, it is critical to understand the
mechanics of slip weakening, i.e. how and how much fault
friction drops in due course of the rupture. However, our
knowledge of slip weakening is still limited, because it
results from a complex combination of dynamic, short-lived
processes, whose relative importance is difficult to assess
quantitatively. Consequently, estimating fault friction and
the energy balance of earthquakes is still a major issue in
seismology.
[3] Recent theoretical studies have emphasized the role of

thermal pore fluid pressurization as an important cause of

slip weakening, among other processes such as shear
melting, elastohydrodynamic pressurization or silica gel
lubrication [McKenzie and Brune, 1972; Lachenbruch,
1980; Melosh, 1996; Brodsky and Kanamori, 2001; Di Toro
et al., 2004]. The principle of slip weakening by thermal
pressurization is based on the fact that pore fluids trapped
inside the fault zone are put under pressure by shear heating,
thus inducing a reduction of the effective mean stress, and
of the shearing resistance of the fault plane [Lachenbruch,
1980; Mase and Smith, 1985; Andrews, 2002; Wibberley
and Shimamoto, 2005; Rempel and Rice, 2006; Rice, 2006;
Sulem et al., 2005, 2007]. Those studies rely on the assump-
tion that no fluid is produced nor consumed during seismic
slip. There is, however, growing evidence that temperature-
induced decomposition of minerals may be a significant
source of fluids in fault rocks [e.g., Han et al., 2007].
[4] In this paper, we investigate the impact of heat-

induced mineral destabilization on the frictional properties
of a shear zone during seismic slip. Our study focuses on
the kinetics of chemical decomposition of calcite (decar-
bonation) CaCO3 ! CaO + CO2 because carbonates are
present in every fault zones from the ductile-brittle transi-
tion (�15 km) to the subsurface, and because positive CO2

anomalies are observed in the vicinity of many active
crustal faults. To take calcite destabilization and CO2

degassing into account, we introduce the additional com-
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plexity of mineral volume loss and fluid production in the
thermal pressurization model.
[5] The equations that govern the evolution of pore

pressure and temperature inside the shear zone and the
mass of emitted CO2 are deduced from the mass and energy
balance of the multiphase-saturated medium and from the
kinetics of decarbonation. Our numerical simulations of
seismic slip at depths of 5 to 8 km show that decarbonation
has critical consequences on the slip-weakening behavior
and heat production of a fault in carbonate rocks, especially
for Mw > 5 earthquakes.

2. Previous Work on Thermal Pressurization,
Mineral Decomposition, and Porosity Variation

[6] Important theoretical advances have been recently
proposed in the study of thermal weakening of fault during
coseismic slip and one can find an extensive literature
review on the subject in the work of Rice [2006]. Temper-
ature increase in saturated porous rocks leads to thermal
pressurization of the pore fluid due to the discrepancy
between the thermal expansion coefficients of the pore fluid
and of the solid phase. This increase in the pore fluid
pressure induces a reduction of the effective mean stress,
and of the shearing resistance of the fault material [Sibson,
1973; Lachenbruch, 1980; Mase and Smith, 1985; Andrews,
2002; Wibberley and Shimamoto, 2005; Rice, 2006; Sulem
et al., 2005, 2007]. The presence of clay material in fault
zones also affects thermal pressurization as possible col-
lapse of the clay under thermal loading may activate fluid
pressurization [Sulem et al., 2004, 2007; Veveakis et al.,
2007]. The values of the undrained thermal pressurization
coefficient L, defined as the pore pressure increase due to a
unit temperature increase in undrained condition, is largely
dependent upon the nature of the material, the state of stress,
the range of temperature change and the induced damage. In
the literature we can find values that differ of two orders of
magnitude: In Campanella and Mitchell [1968], different
values are found from 0.01 MPa/�C for clay to 0.05 MPa/�C
for sandstone. Palciauskas and Domenico [1982] estimate a
value of 0.59 MPa/�C for Kayenta sandstone. On the basis of
Sultan [1997] experimental data on Boom clay, Vardoulakis
[2002] estimates this coefficient as 0.06 MPa/�C. For a
clayey fault gouge extracted at a depth of 760 m in Aigion
fault in the Gulf of Corinth (Greece), the value obtained by
Sulem et al. [2004] is 0.1 MPa/�C and for intact rock at great
depth, the value given by Lachenbruch [1980] is 1.5 MPa/�C.
For a mature fault at 7 km depth at normal stress of 196
MPa, ambient pore pressure of 70 MPa, and ambient
temperature of 210�C, Rice [2006] estimates this coefficient
as 0.92 MPa/�C in case of intact fault walls and 0.31 MPa/�C
in case of damage fault wall. On the basis of an experimen-
tal study on a sandstone, Ghabezloo and Sulem [2009] have
emphasized the importance of pressure-dependent com-
pressibility of rocks and pressure and temperature depen-
dent compressibility and thermal expansion of pore water
on thermal pressurization and have found values between
0.02 and 0.7 MPa/�C.
[7] If for simplicity one assumes that the pressurization

coefficient does not change with temperature and pore
pressure, an analytical solution can be obtained for the
evolution of the temperature and of the pore pressure in

an infinite long shear band under uniform shear for no heat
and fluid transfer [Sulem et al., 2005; Rice, 2006]. This
undrained adiabatic limit is applicable as soon as the slip
event is sufficiently rapid considering the low permeability
and thermal diffusivity of fault materials. This solution
shows that the pore pressure increases with the slip dis-
placement from its initial hydrostatic value Pf

0 toward its
geostatic limit sn (normal stress acting on the shear band),
which corresponds to full fluidization. The corresponding
temperature rise is simply obtained by dividing the pore
pressure rise sn � Pf

0 by the undrained pressurization
coefficient L. For example, if one considers a fault at
7 km depth with an initial hydrostatic pore pressure at
70 MPa, a geostatic stress at 180 MPa, an initial temperature
at 210�C and an undrained pressurization coefficient L
comprised between 0.1 and 1 MPa/�C, the temperature rise
obtained is between 110 and 1100�C. This temperature rise
must be seen as a lower bound because, as discussed by
Rice [2005], the adiabatic and undrained solution appears to
be unstable for localization so that the deformation actually
localizes in very narrow zones with thickness between few
millimeters and few tens of millimeters as observed in
mature fault zones. Another idealized situation is met if
one assumes that the strain localization zone is infinitely
small. This situation corresponds to the model of slip on a
plane for which an analytical solution has been proposed
by Rice [2006]. The solution of slip on a plane gives an
upper bound for the temperature field and the maximum

temperature rise is obtained as 1þ
ffiffiffiffiffiffiffi
ahy

ath

r� �
sn � P0

f

L

 !
where ahy is the hydraulic diffusivity and ath is the
thermal diffusivity of the medium.
[8] These simple analytical solutions show that the tem-

perature rise which occurs during a rapid slip event may
easily reach the temperature limit for the onset of mineral
decomposition. Dehydration reactions are potentially a
major source of fluid and consequently may enhance the
generation of pore pressure excess. This production of fluid
is in competition with the change of porosity induced by the
reduction of solid volume. Obviously the competing effects
of temperature rise (due to shear heating), thermal fluid
pressurization, mineral decomposition and porosity/perme-
ability increase induce strong nonlinearities in the problem
of pore pressure and temperature evolution of a rapidly
sheared fault zone. The kinetics of the chemical reaction of
mineral decomposition is also a major factor that competes
with heat and fluid diffusion processes. The endothermic
character of the chemical reaction plays also a role in the
energy balance of the system.
[9] Several experimental studies on dehydrating rocks have

shown that loss of strength and embrittlement may occur if
excess pore pressures are induced. This was first observed by
Raleigh and Paterson [1965] and Heard and Rubey [1966] in
experiments on serpentinite and gypsum, respectively. For
gypsum dehydration, more recent experimental and micro-
structural investigations of Olgaard et al. [1995] and Ko et al.
[1995] have shown that porosity and permeability change
appreciably during dehydration reaction. After an initial weak-
ening and embrittlement corresponding to a pulse of excess
pore pressure in the sample, subsequent strengthening is
caused by a decrease in pore pressure due to porosity increase
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and the higher strength of the bassanite produced by the
dehydration reaction. Decomposition of kaolinite during
high-velocity friction experiments was recently reported and
proved to affect pore fluid pressurization during a seismic
event [Brantut et al., 2008].
[10] There is evidence of CO2 release in several active

crustal faults. In the Corinth rift (Greece) for example,
chemical analyzes of water springs near the seismogenic
Heliki and Aegion faults revealed an anomalously high
content of dissolved CO2 compared with the regional values
[Pizzino et al., 2004]. The surface trace of the San Andreas
fault also displays a positive anomaly of CO2 fluxes [Lewicki
and Brantley, 2000], and this CO2 comes from a shallow
source, not from the mantle [Lewicki et al., 2003]. Moreover,
there is growing evidence that CO2 release coincides with
seismic slip in crustal faults, active and/or exhumed. Sato
and Takahashi [1997] also reported that the HCO3

� concen-
tration increased by 30 wt% in springs located near the
Nojima fault (Japan) immediately after the 1995 Kobe
earthquake. This carbon discharge, together with other
coseismic geochemical anomalies, decreased gradually to
normal values in the following ten months. A microinfrared
analysis of exhumed pseudotachylites (i.e. friction induced
melts produced by seismic slip) from the Nojima fault
revealed a carbon supersaturation in the melts, and the
quantity of CO2 released by friction melting during the
1995 Kobe earthquake was evaluated to 1.8 to 3.4 103 tons
[Famin et al., 2008]. We emphasize that the carbon had a
biogenic isotopic signature both in springs and in the fault
rocks, and did not correspond to carbon dioxide degassing
from the mantle [Ueda et al., 1999; Arai et al., 2001, 2003;
Lin et al., 2003]. The CO2 of the Nojima fault might thus be
attributed to the decomposition of biogenic carbonates. In
the Central Apennines, Italiano et al. [2008] also reported
enhanced fluxes of crustal CO2 (i.e. not mantellic) during
the 1997–1998 seismic crisis of major faults, and proposed
that coseismic decarbonation was responsible for the CO2

emission. Recent studies of the Chelungpu Fault (Taiwan)
responsible for the 1999 ChiChi earthquake also showed
that the fault core was depleted in carbon relative to the
damage zone, and the depletion was attributed to a decar-
bonation induced by frictional heat [Hirono et al., 2006,

2007]. In addition, recent high-velocity friction experiments
on Carrara marble have shown that thermal decomposition
of calcite due to frictional heating induces a pronounced
fault weakening [Han et al., 2007]. The production of
coseismic CO2 is therefore attested by various field and
experimental observations, thus making the thermal decom-
position of carbonates and the production of CO2 an
important additional mechanism to be investigated among
possible fault weakening processes.

3. Description of the Model and Governing
Equations

[11] In this chapter, we introduce the chemical coupling
of calcite volume loss and CO2 production in the mechan-
ical analysis of shear heating and fluid pressurization
phenomenon.
[12] We consider a rapidly deforming and infinitely long

shear band of thickness h consisting of fluid-saturated
carbonate rock. This shear band begins to undergo slip d
at a time t = 0 with an imposed overall slip rate V = dd/dt in
the x direction, as shown in Figure 1. For simplicity, it is
assumed that the porosity of the fault zone is saturated with
pure CO2, even though other fluids such as H2O may be
dominant before an earthquake. This assumption does not
yield significant error in the calculation because the com-
pressibility factors and viscosities of H2O and CO2 are
nearly equal within the pressure and temperature range
considered here. For these conditions of pressure and
temperature, carbon dioxide is in supercritical state.
[13] Inside such a shear band the pore pressure Pp(t, z) ,

the temperature T(t, z), and the velocity v(t, z) are assumed
to be functions only of time t and of the position z in the
direction normal to the band (Figure 1).

3.1. Mass Balance

[14] Conservation of fluid mass is expressed by

@mf

@t
¼ @md

@t
� @qf

@z
ð1Þ

where mf is the total fluid mass per unit volume of porous
medium (in the reference state), md is the mass of emitted

Figure 1. Model of a deforming shear band with heat and fluid fluxes.
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CO2 per unit volume and qf is the flux of fluid. The total
fluid mass per unit volume of porous medium is written as
mf = rf n, where n is the pore volume fraction (Lagrangian
porosity) and rf is the density of the fluid (here supercritical
CO2). The left hand side of equation (1) is obtained by
differentiating this product,

@mf

@t
¼ n

@rf
@t

þ rf
@n

@t
: ð2Þ

[15] The derivatives of the right hand side of equation (2)
are given by

drf ¼ rf bf dPp � rf lf dT ð3Þ

and

@n

@t
¼ nbn

@Pp

@t
þ hln

@T

@t
þ @nd

@t
ð4Þ

where Pp is pore pressure of the fluid; bf and lf are
compressibility and thermal expansion coefficient of the
pore fluid, respectively. bn is the pore volume compressi-
bility and ln is the thermal expansion coefficient of the pore
volume, which is equal to the thermal expansion coefficient
of the solid fraction for thermoporoelastic materials.
[16] In equation (4), @nd

@t is the rate of inelastic porosity
change. This term includes the effect of coseismic dilatancy
@np
@t , induced by fault surface irregularities and the effect of
the decomposition of the solid phase. As shown by Rice
[2006], the effect of dilatancy during shear (which is
expected to develop at the earliest stages of deformation)
can be formally included in the equations by reducing the
initial ambient pore pressure Pp0 by the suction

1

n bf þbnð ÞDnp

(Dnp is the total inelastic porosity change due to coseismic
dilatancy). In the following and in order to examine the sole
effect of mineral decomposition, the rate of inelastic poros-
ity change will be assumed to be only due to the decom-
position of the solid phase and expressed as

@nd
@t

¼ � 1

rs

@ms

@t
ð5Þ

where Pp is the density of the solid phase and ms is the mass
of the solid phase per unit volume of porous medium.
[17] Using equations (2)–(4), the first term of equation

(1) is thus evaluated as [see also Wong et al., 1997; Rice,
2006; Sulem et al., 2007]

@mf

@t
¼ nrf bn þ bf

� � @Pp

@t
� rf n lf � ln

� � @T
@t

þ rf
@nd
@t

ð6Þ

[18] Following the idea of Hirono et al. [2007], the rate of
emitted CO2 is expressed using the kinetics of the chemical
reaction of calcite thermal decomposition

CaCO3 ! CaOþ CO2 ð7Þ

[19] The relationship between the rate of emitted CO2 and
the temperature is expressed by the Arrhenius equation,

@md

@t
¼ crs 1� nð ÞA exp � Ea

RT

� �
ð8Þ

where c is the ratio between the molar mass MCO2 of CO2

(44 g/mol) and the molar mass MCaCO3 of calcite (100 g/
mol) if we assume that the total amount of calcite can be
decomposed; A is a constant (preexponential term of the
Arrhenius law); Ea is the activation energy of the reaction, R
is the gas constant (8.31447 J K�1 mol�1), T is the
temperature.
[20] In the following we will take the values corresponding

to CaCO3 mixed with silica: Ea = 319000 Jmol�1, A = 2.95�
1015s�1 [Dollimore et al., 1996]. Note that in more complex
models of calcite thermal decomposition, A depends on the
partial pressure of CO2 [L’vov, 2002, 2007; L’vov and
Ugolkov, 2004]. These models, however, have been built for
low partial pressures of CO2 (<0.1 MPa) and cannot be
applied to our case. We emphasize the need for more realistic
kinetic laws of calcite thermal decomposition in the pressure
range 10–100 MPa.
[21] The relationship between the change of solid mass

(per unit volume) and the rate of emitted CO2 is simply
given by

@ms

@t
¼ �MCaCO3

MCO2

@md

@t
¼ � 1

c
@md

@t
¼ �rs 1� nð ÞA exp � Ea

RT

� �
ð9Þ

[22] The flux term in equation (1) is evaluated assuming
Darcy’s law for fluid flow with viscosity hf through a
material with permeability kf,

qf ¼ �
rf
hf

kf
@Pp

@z
ð10Þ

[23] Substituting, and into gives the fluid mass conserva-
tion equation,

@p

@t
¼ L

@T

@t
þ 1

nrf bn þ bf

� � @

@z
rf

kf

hf

@Pp

@z

 !

þ
crs � rf

nrf bn þ bf

� � ð1� nÞA exp � Ea

RT

� �
; ð11Þ

where

L ¼ lf � ln

bf þ bn

ð12Þ

is the thermoelastic pressurization coefficient under un-
drained conditions [Rice, 2006]. This coefficient is pressure
and temperature dependent because the compressibility and
the thermal expansion coefficients of the fluid vary with
pressure and temperature, and also because the compressi-
bility of the pore space of the rock can change with the
effective stress [Ghabezloo and Sulem, 2009].
[24] We observe in equation (11) that, if, crs� rf = 0, then

the source term coming from thermal decomposition of
calcite vanishes. This corresponds to the case for which
the overpressure induced by the fluid mass production is
exactly compensated by the porosity increase induced by the
solid decomposition. With c = 0.44 and rs = 2700 kg/m3, the
corresponding fluid density would be 1188 kg/m3. For CO2,
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such a density corresponds to relatively low temperatures
(�100�C) and high pressures (�260 MPa). However, these
thermodynamical conditions are not met in the applications
considered in this study.

3.2. Energy Balance Equation

[25] The thermal decomposition of calcite is endothermic.
Therefore the equation of conservation of energy is
expressed as

rC
@T

@t
þ @qh

@z
� Yp �

DrH
0
T

�MCaCO3

@md

@t

� �
¼ 0 ð13Þ

where rC is the specific heat per unit volume of the fault
material in its reference state, qh is the heat flux, Yp is the
rate of mechanical energy dissipation due to inelastic
deformation, DrHT

0 is the enthalpy change of the reaction
(i.e. the energy consumed by the reaction), which for calcite
decomposition is equal to the activation energy Ea in the
isobaric mode [L’vov, 2002, 2007; L’vov and Ugolkov,
2004]. Note that in the lack of experimental data, we make
here the basic assumption that all the plastic work is
converted into heat. We could introduce here the Taylor-
Quinney coefficient b which represents the fraction of
plastic work converted into heat. For metals, this coefficient
takes values between 0.2 and 0.9 and the remainder
contributes to the stored energy of cold work due to the
creation of crystal defects. Rosakis et al. [2000] proposed a
general internal variable theory in order to explain, within a
thermodynamic framework, the validity of such a correction
to the heat source term. These authors pointed out that the
correction factor b is a function of state and can vary in a wide
range. In a recent paper, Brantut et al. [2008] have performed
high-velocity friction experiments on kaolinite-bearing
natural gouge samples and have estimated the amount of
energy involved in grain size reduction, in heat production
and also in dehydration and amorphization. These authors
have shown that most of the energy is either converted into
heat or radiated energy. Acoustic measurements could be
used for the evaluation of the radiated energy. In the
following, we postulate b = 1, however for large earthquakes,
the surface energy involved in grain size reduction and
microcracking might not be negligible in the energy budget.
[26] The heat flux is related to the temperature gradient

by Fourier’s law,

qh ¼ �kT
@T

@z
; ð14Þ

where kT is the thermal conductivity of the saturated
material. In equation (13) it is assumed that all heat flux is
due to heat conduction neglecting heat convection by the
moving hot fluid. This assumption is justified by the low
pore volume fraction and the low permeability of fault
gouges [Lee and Delaney, 1987]. As shown by these
authors, for permeability less than 10�16 m2 as typical for
crystalline rocks, the advective term is negligibly small.
However, this assumption should be relaxed in case of a
seismically induced high permeability in the wall rocks of
the fault. Inelastic porosity increase with increasing slip will
induce an increase of the permeability and consequently a
reduction of pore pressure in the shear heating zone and also
a cooling of the slipping zone because of the expulsion of
the hot fluids.

[27] If we neglect all dissipation in the fluid the rate of
mechanical energy dissipation is written as

Yp ¼ t
@v

@z
ð15Þ

Figure 2. Fault at 7-km depth. (a) Evolution of temperature
and pore pressure in the center of the shear band, (b) evolution
of the shear stress, and (c) evolution of the mass of emitted
CO2.
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where v is the local fault parallel velocity and t is the shear
stress. In equation (15) the work done by the normal stress
sn is considered negligible as compared to the one done by
t at the large shear considered.
[28] Substituting (14) and (15) into (13) gives the energy

conservation equation,

@T

@t
¼ 1

rC
@

@z
kT

@T

@z

� �� �
þ 1

rC
t
@v

@z
� 1

rC
DrH

0
T

�MCaCO3

@md

@t

� �
¼ 0

ð16Þ

3.3. Momentum Balance Equation

[29] The momentum balance equation is restricted in this
study to the one-dimensional formulation in the z direction
as the length scales in the direction parallel to the fault over
which the mechanical fields vary are much larger than in the
direction normal to it. The one-dimensional momentum
balance equation reads as

@t
@z

¼ r
@v

@t
ð17Þ

[30] As discussed by Rice [2006], the effect of even large
accelerations like several times the acceleration of the
gravity g is insignificant over the small length scales in
the z direction normal to the fault where the heat and fluid
diffusion processes are taking place during rapid slip and at
very high values of pressure and temperature gradients. For
example, assuming an acceleration of 10 g and a specific
mass of the material of 2500 kg/m3 would result in a
change of 2.5 � 10�2 MPa/m for t. The relevant length
scale in z direction is only few centimeters and thus the
variation for t can be neglected and mechanical equilibrium
can be assumed,

@t
@z

¼ 0 ð18Þ

[31] Consequently, as the shear stress is constant in
space, the Coulomb friction law cannot be assumed to be
met in all deforming regions unless the pore pressure is also
constant in space as it is the case in the undrained adiabatic
limit.
[32] It is thus assumed that the frictional resistance is

proportional to the mean effective stress inside the band,

t tð Þ ¼ f sn �
1

h

Z h=2

�h=2

Pp x; tð Þdx
 !

ð19Þ

where f is the friction coefficient of the fault material and h
is the width of the shear band.

3.4. Summary of the Governing Equations

[33] The above coupled production/diffusion equations
can be summarized as

@p

@t
¼ L

@T

@t
þ 1

n bn þ bf

� � @

@z

kf

hf

@Pp

@z

 !

þ
cr� rf

nrf bn þ bf

� � 1� nð ÞA exp � Ea

RT

� �

@T

@t
¼ 1

rC
@

@z
kT

@T

@z

� �
þ 1

rC
f sn �

1

h

Z h

0

Pp x; tð Þdx
� �

@v

@z
� 1� nð Þ

rC

	 DrH
0
T

MCaCo3

rs A exp � Ea

RT

� �
ð20Þ

3.5. Permeability Law

[34] The decomposition of carbonate can induce substan-
tial change in the porosity of the rock which affects the
permeability. It is known that there is no unique relationship
between porosity and permeability applicable to all porous
media and that the geological evolution process of the
pore space influence the permeability-porosity relationship
[Bernabé et al., 2003]. The empirical power law kf / na is
commonly used for geomaterials. The exponent a charac-
terizes the porosity sensitivity of permeability and can take
values ranging from 1 to 25 up to 25 [David et al., 1994].
The high values of a correspond in general to rocks with a
high porosity whereas for low porosity rocks law values of
a are obtained. The commonly used cubic Carman Kozeny
permeability law is assumed here to take into account the

Figure 3. Fault at 7-km depth: (a) Pore pressure and
temperature and (b) porosity fields after 5 s.
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effect of porosity change due to mineral decomposition on
the permeability of the rock,

kf ¼ kf 0
1� n0

1� n

� �2
n

n0

� �3

ð21Þ

where kf 0 is the reference permeability corresponding to the
reference porosity n0. We would like to emphasize the fact
that the assumed permeability law has a strong effect on the
numerical results and that there is a need for experimental
data on permeability changes resulting from the particular
process of carbonate decomposition. Moreover, as this
particular process during a large shear, it will also result in
some specific microtexture, which will probably affect it. In
addition, the stress concentration achieved at the rupture tip
during crack propagation might induce the formation and
opening of secondary cracks that could significantly
increase the permeability in the wall rocks [Di Toro et al.,
2005]. Once again, in absence of a better knowledge of
permeability evolution during seismic slip, a large range of
permeabilities has to be explored when considering the
effect of thermal pressurization and CO2 production.

3.6. Thermodynamical Properties of Supercritical CO2

[35] The above governing equations (20) involve the
thermodynamical properties of the pore fluid. The viscosity,
the density, the compressibility and the thermal expansion
of CO2 in supercritical state have been fitted using the data
published by the National Institute of Standards and Tech-
nology (http://webbook.nist.gov/chemistry/) and from the
state equation proposed by Saxena and Fei [1987] for very
high pressures and temperatures. Fitted curves are detailed
in Appendix A.

4. Numerical Examples

[36] In the following, the system of equation (20) is
solved numerically using an explicit 2nd order Runge-Kutta
finite difference scheme. The time step used in the Runge-
Kutta method for time integration is. The grid size for space
discretization is h/20 (h being the shear band thickness) and
the far field boundary conditions are written at z = 10 h.
Among the parameters which appear in the considered
problem, some have a major influence on the evolution of
the system: the initial sate of stress and initial temperature,
the thickness of the sheared zone, the initial permeability
of the medium, the friction coefficient.
[37] As pointed out by Rice [2006] and recent field

observations suggest that slip in individual events may then
be extremely localized, and may occur primarily within a
thin shear zone of few millimeters thick [Heermance et al.,
2003; Chester et al., 2004; Wibberley and Shimamoto,
2005]. Recent high-velocity friction experiments on natural
clayey gouge have also shown that shear occurs in a very
localized thin zone of few hundreds of microns [Boutareaud
et al., 2008] thick. Note that coseismic dilatancy of the
slipping zone thickness, induced by fault surface irregular-
ities, might influence the pressurization of the fluids. As
discussed by Vardoulakis [2002], Rempel and Rice [2006],
and Sulem et al. [2007] the actual thickness of the ‘‘ultra-

localized’’ zone of highly strained material is a key param-
eter in the analysis.
[38] In the following, we present a reference computation

corresponding to some typical values of the parameters, and
then the influence of some parameters is discussed and
illustrated.

4.1. Reference Computation

[39] The reference computation is performed for a fault at
7 km depth in a carbonate rock. The initial temperature, initial
pore pressure and total normal stress are assumed to be T0 =
210�C, Pp0 = 70 MPa, sn = 180MPa. The thermal expansion
coefficient of the pore volume is ln = 2.4� 10�5 (�C)�1. For
the pore volume compressibility, we account for the effect of
porosity change due to mineral decomposition and also for
the effect of effective stress change due to pore pressure rise.
The expression of the pore volume compressibility is
obtained from poroelasticity theory and is given by [Rice,
2006; Ghabezloo and Sulem, 2009]

bn ¼
1

n
bd � 1þ nð Þbsð Þ ð22Þ

where bs is the compressibility of the solid phase (1.25 �
10�5 MPa�1 for calcite) and bd is the drained compressi-
bility of the porous rock. We consider here the empirical
expression for the effective stress dependent drained
compressibility as proposed by Wibberley and Shimamoto
[2005] for the Median Tectonic line fault zone in Japan:

bd inMPa�1
� �

¼ 2:5� 10�4 exp �1:38� 10�2 sn � Pp

� �� �
;

sn � Pp

� �
in MPa

� �
ð23Þ

[40] The initial porosity of the rock is taken equal to 0.03.
The density of the porous rock is taken equal to r = 2.6 g/cm3,
the density of the solid phase (calcite) is rs = 2.7 g/cm3, and
the specific heat is rC = 2.7 MPa/(�C). The recent high-
velocity shear experiments on Carrara marble of Han et al.
[2007] have shown that the friction coefficient decreases
rapidly to values as low as 0.06 due to the thermal decom-
position of calcite induced by frictional heating. Here we take
f = 0.1.
[41] We assume that the initial permeability of the intact

medium is kf 0 = 10�19m2. We consider a shear band with a
thickness h = 10 mm and we assume that the slip velocity is
V = 1 m/s.
[42] The computed results are presented in Figure 2. The

evolution in time of the temperature and the pore pressure in
the center of the band is plotted in Figure 2a. Considering a
constant slip velocity of 1 m/s, this graph can also be seen
as the evolution of temperature and pore pressure with
accumulated slip. The corresponding shear stress is plotted
in Figure 2b. These results show the coupling effect of heat
which induces first a pore pressure increase. When the
decomposition of the carbonate rock begins at about
700�C, the temperature increase is drastically slowed due
to the energy consumed in the endothermic chemical
reaction. Two competing effects act on the evolution of
the pore pressure: on one hand the production of CO2

induces an additional fluid mass and thus a pressurization
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of the pore fluid, on the other hand the increase of porosity
due to the solid decomposition induces an increase of the
permeability of the medium which limits the pressurization.
The pore pressure in the center of the band exhibits a
maximum of about 191 MPa which exceeds the total normal
stress acting (180 MPa) on the band which means that the
material is locally in the tensile regime. As mentioned
above, through the friction law the shear stress is related
to the mean effective stress inside the band (Figure 2b).
Consequently, the shear stress decreases rapidly during
initial pressurization and then increases again. Thus the
mineral decomposition of the rock can be seen as a
mechanism of fault weakening in a first stage then fault
restrengthening in a second stage. The accumulated mass
per unit area of the fault plane of emitted CO2 is plotted on
Figure 2c. After a few seconds, the temperature reaches a
quasi constant state and the production rate is almost
constant. These results show that the mass of emitted CO2

after 5 s is about 0.09 g/cm2. This corresponds to an amount
of 900 t/km2. The pore pressure and temperature field
around the center of the band is shown in Figure 3a for t =
5 s and the porosity is plotted in Figure 3b. The computation
is stopped when the porosity reaches 25% inside the band
corresponding to a permeability of 10�16m2 as the simple
cubic Carman-Kozeny permeability law of would be mean-
ingless over larger ranges of porosity variation. Asmentioned
above (see section 3.2), for a medium with permeability
smaller than 10�16 m2, neglecting the advective terms in the
governing heat and fluid flux equations is an acceptable
assumption. Note that the computations are performed
here, assuming a constant exponent equal to 3 in the power
law relationship between the porosity and the permeability
(equation (21)). As shown by David et al. [1994], this
exponent is generally higher for high porosity rocks. The
plots in Figure 3 show that the pore pressure and temper-
ature increases are localized in the central zone of the band.
The porosity is affected only in zones where the temperature

Figure 4. Fault at 7-km depth. Effect of CO2 emission on
the evolution of (a) temperature and (b) pore pressure in the
center of the shear band.

Figure 5. Fault at 7-km depth. Effect of the shear band
thickness. Evolution of (a) temperature and (b) pore
pressure in the center of the shear band.
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exceeds 700�C which for the considered computation cor-
responds to a width of about 8 mm.
[43] The effect of mineral decomposition is also shown in

Figure 4 where the results of the above computation are

compared to the ones obtained without CO2 degassing. In
this latter case only thermal pressurization occurs. If no
mineral decomposition occurs, the pore pressure increase is
slower and for the considered parameters, full liquefaction

Figure 6. Fault at 7-km depth. Effect of the friction
coefficient. Evolution of (a) temperature, (b) pore pressure,
and (c) mass of emitted CO2 in the center of the shear band.

Figure 7. Fault at 7-km depth. Effect of the slip velocity.
Evolution of (a) temperature, (b) pore pressure, and (c) mass
of emitted CO2 in the center of the shear band.
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is not attained and consequently the temperature increase is
much stronger and melting of the rock can occur (the
melting temperature is about 1600�C for calcite).

4.2. Influence of Some Parameters

4.2.1. Effect of the Shear Band Thickness
[44] The effect of the shear band thickness is shown in

Figure 5 where the results of computations performed with
h = 1, 2, 5, 10 mm respectively are compared. These
computations are done keeping all the other parameters
unchanged.
[45] The widths used in the computation correspond to the

range of shear band thicknesses found in natural faults
[Wibberley and Shimamoto, 2005; Rice, 2006]. The 10 mm
thickness, a rather large value of slipping zone width, is
considered to take into account some possible asperity
induced dilation during slip. Our model predicts that a thinner

shear band yields a quicker and sharper pore pressure pulse
during slip, and a stronger temperature increase.
4.2.2. Effect of the Friction Coefficient
[46] The results of two computations corresponding re-

spectively to f = 0.1 and f = 0.5 are compared in Figure 6.
The pore pressure pulse is more pronounced for a higher
friction coefficient. The temperature increase is faster but
the maximum temperature is not much affected. The
corresponding mass of emitted CO2 is also increasing faster.
4.2.3. Effect of the Slip Velocity
[47] The effect of the slip velocity is shown in Figure 7

where the computed results obtained with velocities of 0.25,
0.5 and 1 m/s are compared. Note that on these graphs, the
pore pressure and the temperature in the center of the shear
band as well as the mass of emitted CO2 are plotted versus
the accumulated slip. It is obtained that for a slower slip rate
the pore pressure pulse and the temperature increase are
delayed but the evolution of the temperature is not affected
by the slip velocity and is only controlled by the accumu-
lated slip. This is due to the very small thermal diffusivity of
the material. The pore pressure increase is less important for
a lower value of the slip rate which reflects the effect of
fluid diffusion outside of the sheared zone.
4.2.4. Effect of the Initial Permeability
[48] The effect of initial permeability is shown in Figure 8.

Its effect is comparable to the effect of the thickness of the
shear band: a higher initial permeability (resp. a thinner
shear band) leads to a shorter pore pressure pulse and a
higher temperature.
4.2.5. Effect of the Initial State of Stress and Initial
Temperature
[49] The same computations have been performed for the

conditions of a fault at 5 km depth. In this case it is assumed
that initial temperature, initial pore pressure and total
normal stress are respectively T0 = 150�C, Pp0 = 50 MPa,
sn = 130 MPa. It is also assumed that the friction coefficient
is f = 0.1. The numerical results are shown in Figure 9. As
expected the pore pressure pulse is less pronounced and the
temperature increase is slower at lower depth.
[50] It is worth noticing that for all these computations, the

temperature reaches a quasi constant value between 700�C
and 800�C which corresponds to the initiation of the carbon-
ate decomposition and that the temperature increase is limited
due the endothermic character of the chemical reaction.

5. Concluding Discussion

[51] A first essential result of our model is that the endo-
thermic reaction of calcite decomposition limits the coseis-
mic temperature increase to less than�800�C (corresponding
to the initiation of the chemical reaction) within a carbonate
shear band under rapid slip. Depending on the slip velocity,
the temperature limitation induced by decarbonation begins 1
to 4 s after the rupture (Figure 7). According to empirical
relationships [Kanamori and Brodsky, 2004], slip durations
longer than 1 s occur for mostly earthquakes with Mw � 5.
This leads to the counterintuitive conclusion that large
earthquakes are more prone to develop temperature limita-
tion by endothermic reactions than smaller ones. Decarbon-
ation is only one of the possible thermal reactions of mineral
decomposition. Phyllosilicates are common secondary min-
erals in faults and their reaction of thermal dehydration is

Figure 8. Fault at 7-km depth. Effect of the initial
permeability. Evolution of (a) temperature and (b) pore
pressure in the center of the shear band.
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also endothermic. Therefore it is likely that the reaction-
induced temperature limitation obtained in our model may
apply qualitatively to most fault zones. In this case, mature
faults with a long history of slip and a large cumulated
displacement are likely more prone to reaction-induced
temperature limitation than recent faults, because of their
larger content in volatile-rich secondary minerals. This
would provide another explanation to the notorious absence
of positive heat flow anomaly on active crustal faults such
as San Andreas [Lachenbruch and Sass, 1980]: a large part
of the heat produced by friction would be consumed by
endothermic reactions. Another consequence of our model
is that friction melting is hampered by endothermic calcite
decomposition in carbonate fault rocks, and probably in
other faults containing a sufficiently high proportion of
volatile-rich secondary minerals. This is consistent with
the relative scarcity of pseudotachylytes in mature faults

such as the Punchbawl fault [Sibson, 1975; Chester et al.,
2004; Sibson and Toy, 2006; Di Toro et al., 2006], and their
occurrence in less evolved faults such as Nojima [Fujimoto
et al., 1999; Ohtani et al., 2000; Tanaka et al., 2001; Otsuki
et al., 2003].
[52] The second essential implication of our model is

that decarbonation is a source of CO2 that significantly
increases the slip-weakening effect of thermal pressuriza-
tion. The pore fluid pressure exhibits an initial phase of
increase due to thermal pressurization, then a sudden
acceleration of generated pore pressure when the solid
decomposition is activated. However, the increase of per-
meability limits the pore pressure that reaches a maximum
and then decreases. The numerical results reproduce this
pore pressure pulse and the initial fault weakening followed
by a restrengthening of the shear stress. Our model may be
particularly adapted to account for seismic slip in seismo-
genic normal faults of the Corinth rift (Greece) cutting
across mesozoic carbonates at 4–6 km depth [Flotté et al.,
2005]. In particular, the active faults of the Gulf of Corinth
have produced several earthquakes with Mw � 5 in the
past decades. The positive CO2 anomaly in springs nearby
these faults [Pizzino et al., 2004] might come from slip-
induced decarbonation.
[53] Thermal decomposition of rocks appears to be an

important physical process in the phenomenon of thermal
heating and pore fluid pressurization during seismic slip.
The combined effects of frictional heating, temperature rise,
endothermic mineral decomposition, pore pressure rise,
porosity and permeability increase result in highly coupled
and competing processes. Our model of thermal pressuri-
zation, taking into account these coupled processes, pro-
vides a more robust framework for estimating the dynamic
friction of faults and the energy balance of earthquakes.

Appendix A: Thermodynamical Properties of
Supercritical CO2

[54] In this appendix we detail the fitted curves for the
viscosity, the density, the compressibility and the thermal
expansion of CO2 in supercritical state. These curves have
been fitted using the data published by the National Institute
of Standards and Technology (http://webbook.nist.gov/
chemistry/) and from the state equation proposed by Saxena
and Fei [1987] for very high pressures and temperatures.

A1. Viscosity

[55] The viscosity hf of supercritical CO2 is expressed as a
function of the pressure p and the temperature T as follows
(Figure A1):

For 40MPa � p � 200 MPa and 200
C � T � 800
C

T in 
Cð Þ and p in MPa; hf in mPa:s

 �

a Tð Þ ¼ �2:3486� 10�9T3 þ 4:3520� 10�6T2

� 2:9962� 10�3T þ 0:95244

b Tð Þ ¼ 1:0572� 10� 10�9T4 � 2:0919� 10�6T3 þ 1:5178

� 10�3T � 0:44921T þ 70:828

hf T ; pð Þ ¼ a Tð Þpþ b Tð Þ ðA1Þ

Figure 9. Effect of the initial conditions. Evolution of
(a) temperature and (b) pore pressure in the center of the
shear band.
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A2. Density

[56] The density rf of supercritical CO2 is expressed as a
function of the pressure p and the temperature T as follows:

For 40MPa � p � 200 MPa and 200
C � T � 800
C

T in 
Cð Þ and p in MPa; rf ¼ in g=l

 �

a pð Þ ¼ 6:9255� 10�18p4 � 6:7014� 10�15p3

þ 2:1484� 10�12p2 � 2:8454� 10�10pþ 1:3732� 10�8

b pð Þ ¼ 6:4336� 10�16p4 � 7:0013� 10�12p3 þ 3:2851� 10�9p2

� 5:2198� 10�7pþ 2:8908� 10�5

c pð Þ ¼ �4:1459� 10�9p3 þ 2:1070� 10�6p2 � 3:6279

� 10�4pþ 2:3105� 10�2

d pð Þ ¼ �6:6973� 10�7p3 þ 4:0528� 10�4p2 � 8:5182

� 10�2pþ 7:9003

h pð Þ ¼ 1:2537� 10�4p3 � 4:8800� 10�2p2 þ 6:3843p

þ 9:6344� 102

rf T ; pð Þ ¼ a pð ÞT4 � b pð ÞT3 þ c pð ÞT2 � d pð ÞT þ h pð Þ ðA2Þ

A3. Compressibility

[57] The compressibility bf of CO2 is expressed as a
function of the pressure p and the temperature T as follows
(Figure A2):

For 40MPa � p � 200 MPa and 200
C � T � 800
C

T in 
Cð Þ and p in MPa;bf in MPa�1
� �

a1ðTÞ ¼ �1:6827� 10�13T4 þ 4:1050� 10�10T3 � 3:6942

� 10�7T2 þ 1:4524� 10�4T � 1:1643� 10�2

b1ðTÞ ¼ �9:6531� 10�13T4 þ 2:3536� 10�9T3 � 2:1175

� 10�6T2 þ 8:3288� 10�4T � 6:6064� 10�2

c1ðTÞ ¼ �2:1360� 10�12T4 þ 5:1711� 10�9T3 � 4:6144

� 10�6T2 þ 1:7978� 10�3T � 1:3717� 10�1

d1ðTÞ ¼ �2:1556� 10�12T4 þ 5:1688� 10�9T3 � 4:5615

� 10�6T2 þ 1:7545� 10�3T � 1:2436� 10�1

h1ðTÞ ¼ �8:2493� 10�13T4 þ 1:9708� 10�9T3 � 1:7358

� 10�6T2 þ 6:7092� 10�4T � 4:1694� 10�2

bf T ; pð Þ ¼ a1 Tð Þ p=100ð Þ4 � b1 Tð Þ p=100ð Þ3

þ c1 Tð Þ p=100ð Þ2�d1 Tð Þ p=100ð Þ þ h1 Tð Þ ðA3Þ

A4. Thermal Expansion

[58] The thermal expansion lf CO2 is expressed as a
function of the pressure p and the temperature T as follows
(Figure A3):

For 40MPa � p � 200 MPa and 200
C � T � 800
C

T in 
Cð Þ and p in MPa;lf in 
Cð Þ�1

 �
For 200
C � T < 600
C

a2 pð Þ ¼ 9:7187� 10�17p4 � 5:7849� 10�14p3 þ 1:2820

� 10�11p2 � 1:2596� 10�9pþ 4:6674� 10�8

b2 pð Þ ¼ 1:0018� 10�13p4 � 5:9430� 10�11p3 þ 1:3189

� 10�8p2 � 1:3155� 10�6pþ 5:1787� 10�5

c2 pð Þ ¼ 2:0925� 10�11p4 � 1:2706� 10�18p3 þ 2:9240

� 10�6p2 � 3:1192� 10�4pþ 1:4947� 10�2

lf T ; pð Þ ¼ a2 pð ÞT2 � b2 pð ÞT þ c2 pð Þ
For 600
C � T < 800
C

d2 pð Þ ¼ 5:1748� 10�9p� 1:6543� 10�6

h2ðpÞ ¼ �4:1957� 10�12p4 þ 2:1264� 10�9p3 � 3:742

� 10�7p2 þ 2:0819� 10�5pþ 0:00167

lf T ; pð Þ ¼ d2 pð ÞT þ h2 pð Þ ðA4Þ

Figure A1. Temperature- and pressure-dependent viscos-
ity of supercritical CO2.

Figure A2. Temperature- and pressure-dependent com-
pressibility of supercritical CO2.

Figure A3. Temperature- and pressure-dependent thermal
expansion coefficient of supercritical CO2.
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A5. High Temperatures

[59] For temperatures greater than 800�C, the density, the
compressibility and the thermal expansion of CO2 can be
obtained from the state equation given by Saxena and Fei
[1987] for p � 100 MPa:

Z ¼ 1� 0:5917
Tc

T

� �2
 !

þ 0:09122
Tcp

TPc

� 1:4164� 10�4 Tc

T

� �2

þ 2:8349� 10�16 ln
T

Tc

" #
p

Pc


 �2
Tc ¼ 304:14K; Pc ¼ 7:38MPa ðA5Þ

[60] Density:

rf ¼
Mp

RTZ T ; pð Þ ; M is the molar mass of CO2 44 g=molð Þ ðA6Þ

[61] Compressibility:

bf ¼ � p

Z

@

@p

Z

p

� �
ðA7Þ

[62] Thermal expansion:

lf ¼ � 1

TZ

@

@T
TZð Þ ðA8Þ
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strophic landslides, Géotechnique, 52(3), 157–171.

Veveakis, E., I. Vardoulakis, and G. Di Toro (2007), Thermoporomechanics
of creeping landslides: The 1963 Vaiont slide, northern Italy, J. Geophys.
Res., 112, F03026, doi:10.1029/2006JF000702.

Wibberley, C., and T. Shimamoto (2005), Earthquake slip weakening and
asperities explained by thermal pressurization, Nature, 426(4), 689–692.

Wong, T.-F., S.-C. Ko, and D. L. Olgaard (1997), Generation and main-
tenance of pore pressure excess in a dehydrating system: 2. Theoretical
analysis, J. Geophys. Res., 102(B1), 841–852.

�����������������������
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