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ABSTRACT: The physical processes which occur during athquake exhibit several coup phenomena ¢
large variations of stress, pore pressure and texye take place in the slip zone. Thermo-porohaeical
couplings due to shear heating can be associatptiase transition such as vaporization of the [flard,

melting of fault gouge and to chemical effects sashdehydration of minerals or decarbonation ofitzl
Different competing effects may influence dynanlip and affect the weakening of the shear stresshik
paper, we show how thermal pressurization of thee flaid and thermal decomposition of minerals icel
by shear heating limit the co-seismic temperatigewhich may explain the lack of pronounced heiflaw,

and the lack of shallow frictional melting, alongjaor tectonic faults.

1 INTRODUCTION broad zone of damaged rock, but nevertheless sug-
gest that shear in individual earthquakes occur in

During the rupture of a fault, an earthquake occursery narrow localized zones of few millimeters thic

because the frictional resistance to slip on thdt fa or even less.

walls decreases with increasing slip, causing an a

celeration of sliding. To quantify the energy dissi  south

pated by an earthquake and assess the hazard of

ture 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 rup- -

ture.

The physical processes which occur during ar
earthquake exhibit many coupled phenomena &
large variations of stress, pore pressure and tempe
ture take place in the material. Thermo-poro-
mechanical couplings due to shear heating (Ric
2006) can be associated to phase transition such
vaporization of the pore fluid at shallow depth
(Sulem et al., 2007), melting of the rock at seis:
mogenic depth (Boullier et al., 2001, Otsuki et al.
2003), and to chemical effects such as dehydratio
of minerals (Brantut et al. 2008, 2010) or decompo
sition of carbonates (Sulem and Famin, 2009). Dif-
ferent competing effects may counter balance oneigure 1. (a) The clayey core retrieved from Aigitault
another depending on the kinetics of the variougGreece); (b and c) Striation of the slip plane.
physical processes.

For example, during the drilling of Aigion Fault
in the southern shore of the Gulf of Corinth, Gegec

2 MECHANISMS OF FAULT WEAKENING (Cornet et aI, 2004a,b), the fault was intercepi'ed
o depth 760m, dipping at an angle of about 60°. The
2.1 Shear localization in faults heart of the fault was found to be a 1m-thick band

Field observations of mature faults, i.e. faultatth Made of clay-rich material. Inside the clayey care,
have experienced a large slip, show a generallﬂ}'ear shearing surface with marked slip lines &-vi



ble on a plane that makes a 68° angle with regpect 2.3.1 Thermal weakening of the friction coefficient
the core axis (Sulem, 2007). This failure surfaes w Flash heating and shear weakening of frictional mi-
not induced by the coring and extraction proceds bicro-asperity contacts is a mechanism that has been
is indeed a slip plane as clear striation is olestiat  first proposed for dry metal friction and recerdaly-

the interface (Fig. 1). Such an image clearly showplied to rock friction by Rice, 2006, Beeler et al,
that the so-called failure plane is in reality anth 2008, Noda et al. 2009. From the microscopic point
band of rapidly deforming material whereas the suref view, the contact between two rough surfaces is
rounding rock is moving, at least in the first €ad  effective on micro-asperities with an area which is
the process, as a rigid body. As the fault slipemon much smaller than the nominal contact area. The
are very thin, thermal effects during rapid slipyma stresses supported by these asperities are much
be of primary importance. Fault zones exhibit comhigher than the macroscopic applied stresses $o tha
monly the presence of fluid interacting with theko the local rate of heat production and consequently
and thus coupled effects including shear heatinghe local temperature rise during sliding is |aagel

pore fluid pressurization, thermal mineral decompomaybe sufficient to activate thermal weakening of
sition, should be taken into account in the underthe contacts.

standing of fault weakening process. Other mechanisms are related to the lubrication of
the contact zone with the formation of silica g&s

Toro et al., 2004). This mechanism is only possible
at large slip in wet silica-rich fault zones. Tloerha-
When an earthquake occurs, elastic strain energy i®n of a molten layer along the sliding interfadso
converted into radiated energy, i.e. the energy radlubricates the contact zone and reduces the fnictio
ated by seismic waves, fracture energy, i.e. the emesistance. Field observations reveal the presehce
ergy associated with expanding the rupture area oveeins of pseudotachylytes (solidified friction-inédc

the fault zone and frictional energy, i.e. energy r melts) (e.g. Boullier et al., 2001, Otsuki et aD03,
quired to overcome fault friction. It is generadlg- Di Toro et al. 2005, 2006) However, onset of mac-
timated that more than 90% of the frictional wosk i roscopic melting can only occur deep in the fault
converted into heat (Cocco et al, 2006). zone at seismogeneic depth and pseudotachylytes are

Considering the extreme thinness of the slip zoneelatively rare. Whether this scarcity of melt prod
(<1-5mm) as mentioned above and assuming that thects is due to the fact that conditions for theebas
shear strength along a fault may be representerd bymacroscopic melting do not generally occur or ® th
Coulomb friction law with friction coefficients of fact that they are not preserved is still an open d
rocks relatively high (~ 0.6-0.85), one should ob-bate. As discussed below, other mechanisms such as
serve measurable heat outflow near major faults anthermal pore fluid pressurization and thermal de-
extensive melting along exhumed faults. Howevecomposition of minerals can limit the temperature
these effects are generally not found. The actualse and prevent melting to occur.
strength of San Andrea fault has been debated for
more than 35 years because heat flow measuremer$.2 Thermal pore fluid pressurization
did not show a narrow heat flow anomaly centeredFluid pressurisation under shear heating is a mecha
on the fault that would be expected from a conducnism of thermal softening. The principle of slip
tive model of generated heat (Lachenbruch and Sassgakening by thermal pressurization is based on the
1988, Scholz, 2006). Two main lines of explanationfact that pore fluids trapped inside the fault zane
as summarized by Rice et al. (2009), have been eput under pressure by shear heating, thus inducing
plored to explain this paradox. The first one asssim reduction of the effective mean stress, and of the
that mature faults are weak either because thé faudhearing resistance of the fault plane (Lachenbruch
core material is different from the host rock arm$ h 1980, Mase and Smith, 1985, Rice, 2006, Sulem et
a much lower friction coefficient due to the presen al., 2005, 2007, Ghabezloo and Sulem, 2009). This
of clay or talc or because the pore pressure iB hignechanism has also been suggested for weakening
and nearly lithostatic. The other alternative iatth in catastrophic landslides (Habib, 1967, 1975,
major faults are statically strong but dynamicallyAnderson, 1980, Voigt and Faust, 1982, Vardou-
weaken during seismic slip. What physical proces$akis, 2002, Veveakis et al., 2007). The preserice o
governs this dynamic weakening is still an operclay material in fault zones also affects thernrakp
guestion. surization as possible collapse of the clay under
thermal loading may activate fluid pressurization
(Sulem et al., 2004, 2005, 2007).

The values of the undrained thermal pressuriza-
As emphasized above, the slip zones are of extrent®n coefficient A, defined as the pore pressure in-
thinness and consequently it is expected that thlermcrease due to a unit temperature increase in
weakening mechanisms are of major importance. undrained condition, is largely dependent upon the

nature of the material, the state of stress, thga@f

2.2 The heat flow paradox

2.3 Dynamic weakening mechanisms



temperature change and the induced damage. In théion has been proposed by Rice (2006). The solu-
literature we can find values that differ of twalers tion of slip on a plane gives an upper bound fer th
of magnitude: In Campanella and Mitchell (1968),temperature field and the Ximum tem erature rise
different values are found from 0.01MPa/°C for clayis obtained a 1+ ay,/ r)fo —P° where
to 0.05MPa/°C for sandstone. Palciauskas and,, is the hydraulic diffusivity and,, is th thermal
Domenico (1982) estimate a value of 0. 59MPa/°OJ|fF usivity of the medium. For the above example,
for Kayenta sandstone. On the basis of Sultan (199Wwith a, =1to 10mni /¢« and a, =1mnt /s, and
experimental data on Boom clay, Vardoulakis (2002}aking for the undrained pressurization coefficiAnt
estimates this coefficient as 0.06MPa/°C. For aan average value of 0.5MPa/°C, the temperature rise
clayey fault gouge extracted at a depth of 760m imbtained is between 692 and 1440°C. These simple
Aigion fault in the Gulf of Corinth (Greece), the analytical solutions show that the temperature rise
value obtained by Sulem et al. (2004) is 0.1MPa/°Qvhich occurs during a rapid slip event may easily
and for intact rock at great depth, the value gibgn reach the temperature limit for the onset of mihera
Lachenbruch (1980) is 1.5MPa/°C. For a maturelecomposition. This will be discussed in the next
fault at mid-seismogenic depth (7km) at normalsection.
stress of 196MPa, ambient pore pressure of 70MPa,
and ambient temperature of 210°C, Rice (2006) e<2.3.3 Thermal decomposition of minerals
timates this coefficient as 0.92MPa/°C in casenef i Frictional heat released in a fault zone during-sei
tact fault walls and 0.31MPa/°C in case of damagenic slip may induce chemical reactions. Thermal de-
fault wall. On the basis of an experimental study o composition of minerals for large increase of tem-
a sandstone, Ghabezloo and Sulem (2009) have emperature is potentially a major source of fluiceese
phasized the importance of pressure-dependent conm the system which may enhance the generation of
pressibility of rocks and pressure and temperaturadditional pore pressure excess.
dependent compressibility of pore water on thermal Field evidences that such reactions may take
pressurization and have found values between 0.Qdace during an earthquake have been reported in
and 0.7MPa/°C. several recent studies. The Taiwan Chelungpu-fault
If for simplicity one assumes that the pressurizaDrilling Project (TCDP) undertaken in 2002 to in-
tion coefficient/A does not change with temperaturevestigate the faulting mechanism of the 1999 Taiwan
and pore pressure, an analytical solution can be olChi-Chi earthquake allowed to recover core samples
tained for the evolution of the temperature anthef inside the active fault-zones within the Chelungpu
pore pressure in an infinite long shear band unddault. The analysis of these cores showed that the
uniform shear for no heat and fluid transfer (Sulenfault core was depleted in carbon relative to the
et al., 2005, Rice, 2006). This undrained adiabatidamage zone, and the depletion was attributed to a
limit is applicable as soon as the slip event i§i-su decomposition of carbonates induced by frictional
ciently rapid considering the low permeability andheat (Hirono et al., 2006a; Hirono et al., 2007,
thermal diffusivity of fault materials. This solah  Famin et al. 2008). Hirono et al (2006b) have also
shows that the pore-pressure increases with the slmeasured a higher magnetic susceptibility and a
displacement from its initial hydrostatic valBe lower density inside the fault core than outsideisT
towards its geostatic limiv,, (normal stress acting high magnetic susceptibility which is degree to
on the shear band), which corresponds to full #uid which a material can be magnetised by an external
zation. The corresponding temperature rise is simplmagnetic field can be attributed to the decomposi-
obtained by dividing the pore pressure rige-P;  tion of siderite (FeCg) into magnetite (F£y) with
by the undrained pressurization coefficioht For degassing of C® Dehydration of hydrous clay min-
example, if one considers a fault at 7km depth witlerals during during seismic slip have also been re-
an initial hydrostatic pore pressure at 70MPa, @ ge ported by Hirono et al (2008). These authors have
static stress at 180MPa, an initial temperature atbserved that the fault core is relatively low sk
210°C and an undrained pressurization coefficienlinite and smectite contents as compared to the sur
comprised between 0.1 and 1MPa/°C, the temperaeunding zones. This is attributed to the dehydrati
ture rise obtained is between 110 and 1100°C. Thisf interlayer (adsorbed) water (above 200°C) armd th
temperature rise must be seen as a lower bound b#ehydroxylation (dehydration of structural watef) o
cause, as discussed by Rice (2006), the adiabatic akaolinite (above 550°C) and smectite (illitizatioh
undrained solution appears to be unstable for docabmectite above 400°C).
ization so that the deformation actually localizes Such reactions of decarbonation of calcite and
very narrow zones with thickness between few mil-dehydration of clay minerals have been reproduced
limeters and few tens of millimeters as observed iexperimentally during high velocity friction experi
mature fault zones. Another idealized situation igments (Han et al. 2007, Brantut et al. 2008).
met if one assumes that the strain localizatiorezon
is infinitely small. This situation correspondstte
model of slip on a plane for which an analytical so



2.3.4 CO, degassing during seismic slip cal reactions which are thermally activated linhie t

There is evidence of CQrelease in several active temperature increase which tends to stabilize to a

crustal faults. In addition to the relatively lowre  value slightly higher than the temperature of oméet

tent in inorganic carbon (mainly calcite) in factire  the reaction.

as mentioned above, other field evidences have been

reported. In the Corinth rift (Greece) for example,

chemical analyzes of water springs near the sei$ THERMO-HYDRO-MECHANICAL MODEL-

mogenic Heliki and Aegion faults revealed an an- ING OF RAPID SLIP IN CARBONATE ROCKS

omalously high content of dissolved ¢@ompared

with the regional values (Pizzino et al. 2004). The™

surface trace of the San Andreas fault also dispday We focus here on the kinetics of chemical decompo-

positive anomaly of C@ fluxes (Lewicki and sition of calcite (decarbonation) because carb@nate

Brantley, 2000), and this G@omes from a shallow are present in every fault zones from the ductile-

source, not from the mantle (Lewicki et al., 2003).brittle transition (~15 km) to the subsurface, ded

Moreover, there is growing evidence that £/@- cause, as mentioned above, there is evidence gf CO

lease coincides with seismic slip in crustal faudts  release in several active crustal faults.

tive and/or exhumed. Sato and Takahashi (1997) The rate of emitted C{Qs evaluated using the ki-

also reported that the HGQroncentration increased netics of the chemical reaction of calcite therohed

by 30 wt% in springs located near the Nojima faultcomposition:

(Japan) immediately after the 1995 Kobe earthquake

This carbon discharge, together with other cossmicacoi - Ca0+CQ (1)

geochemical_ anomalies, _decreased gradually t0 NOr- The reacted fractiony (0O<a<1 a=1ifthe en-

mal values in the following ten months. A micro- jre gupstance is reacted) is expressed by the Ar-

|n_fra_1red_analy5|s of exhumed pseudotaqhyll_tes ('-erhenius equation (L'vov 2002):

friction induced melts produced by seismic slip)

from the Nojima fault revealed a carbon supersaturada _ f (o) Aex (_ E, j @

tion in the melts, and the quantity of €@leased by ¢ ~ P RT

friction melting during the 1995 Kobe earthquake

was evaluated to 1.8 to 3.4°%fns (Famin et al. where f(a)is a kinetic function determined by the

2008). These authors emphasize that the carbon h&Rction mechanismé is a constant (pre-exponential

a biogenic isotopic signature both in springs and iterm of the Arrhenius law), is the activation en-

the fault rocks, and did not correspond to carbien dergy of the reaction,R is the gas constant

oxide degassing from the mantle (Ueda et al., 19998.31447JK-1mol-1). In the following we will take

Arai et al., 2001; Arai et al., 2003; Lin et algaB). the values corresponding to CaCO3 mixed with sil-

The CQ of the Nojima fault might thus be attributed ica:  E, =319000Jmét A= 2.98 10 % (Dolli-

to the decomposition of biogenic carbonates. In th&ore et al., 1996). For thermal decomposition of

Central Apennines, Italiano et al., (2008) also recalcite the kinetic function given by Criado et al.

ported enhanced fluxes of crustal £Q.e. not (1995)isf(a)=(1-a)".

mantellic) during the 1997-1998 seismic crisis of

r_najor faults, and_proposed that C(_)se_ismic decanong_z Position of the problem

tion was responsible for the G@mission.
This production of fluid which enhances the in-Considering that the length scales in the direction

crease of pore fluid pressure is in competitiorhwit parallel to the fault over which the thermo-poro-

the change of porosity related to the reduction ofmechanical fields vary are much larger than in the

solid volume induced by the mineral decompositiondirection normal to it, we analyse here a 1D prob-

Obviously the competing effects of temperature riséem. We consider a rapidly deforming and infinitely

(due to shear heating), thermal fluid pressuriratio long shear band of thicknessconsisting of fluid-

mineral decomposition and porosity/permeability in-Saturated material. This shear band begins to un-

crease induce strong non-linearities in the problerlergo slipd at a timet =0 with an imposed overall

of pore pressure and temperature evolution of a raglip-rateV in the x-direction, as shown in figure 1.

idly sheared fault zone. The kinetics of the cheainic Inside such a shear-band the pore pres®jrethe

reaction of mineral decomposition is also a majotemperaturél , and the velocity are assumed to be

factor that competes with heat and fluid diffusionfunctions only of timet and of the positiom in the

processes. The endothermic character of the chenflirection normal to the band (Fig. 2).

cal reaction plays also a major role in the endéajy For the pore pressure and temperature range con-

ance of the system as a large part of the frictiongsidered here for which the decarbonatation of GO

heat is consumed into the mineral decompositiomctive T > 700°C andP, > 70MPa), water and car-

(Hamada et al. 2009). As shown by Sulem andon dioxide are in supercritical state. They arg-mi

Famin (2009) and Brantut et al (2010), these chemiible and their compressibility, viscosity, densityd

1 Kinetics of thermal decomposition of calcite




thermal expansion coefficient are nearly equal.sThu A=A

for simplicity, it is assumed that the porous space - N\ = f+ﬁn is the undrained thermo-elastic pres-
saturated with a unique fluid, with the thermody- n ot
namic properties of water. surization  coefficient (Rice, 2006), where

0
——i(ﬁj is the pore fluid thermal expan-
P

A =
T On Poor To o f jor oT !
T

Vslip . . . 1 an .
al la, 24 gzt fana sion coefficient andA_ ==|=—| is the thermal
n
pT 1 i uz,t « n\oT P
a 1 0 P,@) T@t) ; A inh i
= [ e expansion coefficient of the pore volume, which is
o ' equal to the thermal expansion coefficient of the
o’ solid fraction for thermo-poro-elastic materials;

Figure 2. Model of a deforming shear-band with teat fluid - Ma iS the mass per unit volume of the fluid released
fluxes in the system by mineral decomposition; Using the
kinetic function for the considered chemical reawcti
(equation (2)) the rate of the released fluid @y
given by:

The governing equations are derived from the con-

servation and transport equations (Vardoulakis andaﬂ:(mo— m)_
Sulem, 1995). The reader can refer to Sulem andot ot
Famin (2009) and Sulem et al. (2009) for the detail
of the derivations.

3.3 Governing equations

oa

(4)

where my, = Xoc.cq (1~ Ny)is the total mass of cal-

cite that can be decomposead (s the initial poros-
3.3.1 Fluid mass conservation ity, andy is the ratio between the molar madso,
The production/diffusion equation for the pore pres of CO, (44g/mol) and the molar mabcacoz0f cal-
sure is obtained from the mass balance equatiahs agite (100g/mol)).
is expressed as the sum of four terms: the diffusio 5, _ _ _ _
term, the thermal pressurization term, the term cor- — = is the rate of inelastic porosity change; this
responding to the fluid released in the systemhiey t _ L .
chemical reaction and the term corresponding to thé€rm includes the effect of co-seismic dilataney, i

the decomposition of the solid phase. If we neglect
o, __ 109 0T 10m _10n, o the co-seismic dilatancy and assume that inelastic
ot o B 0z ot p B ot B ot porosity change is only due to the change of solid

mass, we can relate it to the mass of releasett flui

In the above equation,

- p, is the density of the saturating fluid; on, __ 1 OMyeg 1 0my,_.0m
- [ is the (elastic) volumetric pore fluid storage co- 9% Poaco O Poaco Ot ot )
efficient: 5= n(,Bf +,8n)wheren is the pore volume with &= 1 Mccg 1 Mo
. . , 1(0dp, ) . Peaco, Mg PcacoM co
fraction (Lagrangian porosity)3; =_f(6_|°pll Where feacos (1SD. fead) aNd Meacos (eSP. Moad)

are the density and the molar mass of Ca@ésp.

the pore fluid compressibility ang, =1{:—SJ is Ca0).
n
N

P 3.3.2 Energy conservation

the pore volume compressibility; _ Let Er be the rate of frictional heat produced during
- g; is the fluid mass flux and is evaluated assuminglip andEc the rate of heat used in the endothermic

Darcy’s law for fluid flow with viscosityy, through thérmal decomposition. The equation of conserva-
tion of energy is expressed as
pf al:)p .

a material with permeability; : q, =——k, —; oT 0
A A (6)
t 0z
where pC is the specific heat per unit volume of the

fault material in its reference state apds the heat
flux. It is assumed that all the plastic work ineo



verted into heat and thus, q@' On the other for t_ht_'—) vglouty field corresponding to homogeneous
9z straining:

hand, the rate of heat used in the chemical reactio  ;
can be expressed from the enthalpy change of the r¥‘Vm (10)
action and the rate of reacted fraction as

E. :A,Hfd—nt]“. The heat flux is related to the

17 ot 4 NUMERICAL EXAMPLES
temperature gradient by Fourier’s lay, = _krE 4.1 Thermal pressurization in faults at shallow
depth

wherekr is the thermal conductivity of the saturated . o
material. In equation (6) it is assumed that akthe The first example presented here refers to Aigion
flux is due to heat conduction neglecting heat confult (Cornet et al, 2004a,b). The experimentarcha

vection by the moving hot fluid. This assumption jsacterization program performed on fault zone cores
justified by the low pore volume fraction and tbevl extracted from Aigion fault at a depth of 760m has

. shown that the Aigion fault gouge is a clay-rock
permeability of fault gouges (Lee and Delaney,miytyre (Sulem et al., 2004). The mineral composi-

1987). However, this assumption should be relaxegon of the clayey gouge exhibits a large content o
in case of a seismically-induced high permeabifity quartz (74%), some hydrous minerals (chlorite, 2-

the wall rocks of the fault. 3% and illite 8-12%) and also a small content ef al
bite (8-13%) and hematite (2-3%). Although the clay

3.3.3 Momentum balance fraction is relatively small, it has a significanflu-

The 1D-momentum balance equation reads as ence on the thermo-mechanical properties of the ma-

or v terial. The clayey core of the fault has a very low

—=p— (7)  fluid permeability of about I&m?* and exhibits con-

0z ° ot tractant volumetric behavior when heated. This be-

As discussed by Rice (2006), the effect of eve avior is typical of _nprmally consolidated clays
large accelerations like several times the accabera Hueckel and Pellegrini, 1991, Sultan et al. 2002.)

of the gravity g is insignificant over the smalhggh The sensitive parameter for the description of the
gravity g Is Insig thermo-poro-mechanical coupling is the thermal
scales in the z-direction normal to the fault wher

b ) Sressurization coefficient of the material. It was
the heat and fluid diffusion process are taking@la found that at a nominal effective stress correspond

during rapid slip and very high values of pressurgng to 760m deep conditions, this coefficient isutb
and temperature gradients. For example, assumir@i1MPa/°C (Sulem et al. 2007).

an acceleration of 10g and a specific mass of fte m  Assuming that the density of the overburden is
terial of 2500kg/m would result in a change of 2500 kg/m, we estimate a total vertical stress of

2.5x10°MPa/m fort. The relevant length scale in z- about 19MPa for a depth of 760m. The hydrostatic
direction is only few cm and thus the variation for initial pore pressure is 7.6MPa and the temperature

can be neglected and mechanical equilibrium can chorded from thermal logs at 760_m Is 28°C.
assumed: In order to demonstrate the importance of the

shear band thickness, two computations assuming a
ar -0 ) thickness of 1mm and 0.5mm respectively have been
0z performed. A constant slip velocity of 1m/s is im-

Consequently, as the shear stress is constant E)ﬁ)sed. The friction coefficient of the gouge matieri
space, the Coulomb friction law cannot be assumel§ t@ken equal 16=0.5 (Sulem et al. 2004). In the
to be met in all deforming regions unless the pordirst one, the liquefaction limitR, =0, , i.e. full
pressure is also constant in space as it is theinas fluidization of the gouge), is reached after 0.b8s
the frictional resistance is proportional to theame oached in the centre of the sheared is 142°Chen t
effective stress inside the band: second case for which the shear band thickness

1 ch2 which is twice smaller (h=0.5mm), the computed re-
r(t) = f(an_ﬁj-h/z PP(‘(’t)d‘(j ®)  sults show that the temperature increase is much
higher and that vaporization of the pore fluid ascu
wheref is the friction coefficient of the gouge ahd  (Fig. 3p) before liquefaction. This state is reathe

is the width of the shear-band. From the equation q_1 45 for which in the centre of the bamg17MPa
momentum balance we obtain a linear distributiorhnci T=356°C. Note that fluid vaporization is possi-



ble only if it is assumed that the soil is not yuhtu-

rated.

where s is the compressibility of the solid phase
(1.25x 10° MP4& for calcite) andg; is the drained

We observe that at shallow depth, the pore flui¢compressibility of the porous rock. We considerher

pressurization limits the temperature increasehab t

no mineral decomposition occurs.

160 —

liquefaction limit

®
g 80 Aigion fault; 760m depth |- 12
;i f=0.5; h=1mm; k=10m?
£ , L
S 1 (e— T
40—/ Pp —8
0 \ \ \ 4
0 0.04 0.08 0.12 0.16
time (s)
400 — 20
vaporizatiop
300 — 16
2200 Aigion fault; 760m depth 12
‘é& f=0.5; h=0.5mm;k=102%m?2
£ , -
[ !

0

I I I 4

0.4 0.8 1.2 1.6
time (s)

(edN) @inssaud aiod

(ed) ainssaid aiod

@

(b)

the empirical expression for the effective stress d
pendent drained compressibility as proposed by
Wibberley and Shimamoto (2005) for the Median
Tectonic line fault zone in Japan:

B, =2.5<10" ex{- 1.38 16(c, -P,))
(12)
with B, in MPa' and(o, -P,) in MPa

The initial porosity of the rock is taken equalt©3.
The density of the porous rock is taken equal to

0 =2.6g/cni, the density of the solid phase (calcite)
is p,=271g/cmi, and the specific heat is
pC=2.7MPa/(°C. We assume a slip velocity of

1m/s. In the computations we account for the
changes of the physical properties of the satugatin
fluid (here water) (Wagner and Pruss, 2002).

The decomposition of carbonate can induce sub-
stantial change in the porosity of the rock whith a
fects the permeability. It is known that there & n
unique relationship between porosity and permeabil-
ity applicable to all porous media and that the-geo
logical evolution process of the pore space inftgen
the permeability-porosity relationship. The emgtic

power lawk, 00 n” is commonly used for geomate-

rials. The exponert characterizes the porosity sen-
sitivity of permeability and can take values ramgin
from 1 to 25 (David et al., 1994). The high valoés

a correspond in general to rocks with a high poyosit

whereas for low porosity rocks law valuescoofare

obtained. The commonly used cubic Carman Kozeny
permeability law is assumed here to take into ac-
count the effect of porosity change due to mineral

decomposition on the permeability of the rock:
4.2 Fault in carbonate rocks at mid-seismogenic

1-n, V( n ’
kf = ka —no _
depth (1—nj (rbj
We consider here a fault at 7km depth in a cart®onag,erek, is the reference permeability corresponding
rock with an initial hydrostatic pore pressure aly the reference porosity. The assumed permeabil-
70MPa, a geostatlc stress at 180MPa, an initiat temty law has a Strong effect on the numerical result
perature at 210°C. The thermal expansion coefficierand there is a need for experimental data on perme-
is A =2.4x10° ¢ C)*. For the pore volume com- ability changes resulting from the particular pxe

e . of carbonate decomposition. According to Milsch et
pressibility, we account for the effect of effeetiv al. (2003), the fluid transport occurs as a locatpr

s_tress change due to pore pressure rse. The EXPres on the grain scale and therefore it is expected
sion of the pore volume compressibility is obtainegy ¢ inside the slip zone, where intense grain com-
from poro-elasticity theory and is given by Riceminytion and production of very fine particles ogcu
(2006) as: the reaction induces strong changes of permeability
1 The recent high velocity shear experiments on
 ==(8,-(1+n)B,) (11)  Carrara marble of Han et al. (2007) have shown that
n the friction coefficient decreases rapidly to valaes

Figure 3. Aigion fault; Temperature and pore puess/s time
at the center of the band; slip velocity=1m/s (&g& band
thickness=1mm, liquefaction occurs at t=0.13s ;Sbgar band
thickness=0.5mm, vaporization of the pore fluidreached at
1.4s.

(13)



low as 0.06 due to the thermal decomposition of calcrease of porosity due to the solid decompositmn i
cite induced by frictional heating. Here, we takeduces an increase of the permeability of the medium
f =0.1. which limits the pressurization. The pore pressare i
We assume that the initial permeability of the in-the centre of the band exhibits a maximum of about
tact medium isk,, =10"*m?. The shear band thick- 145MPa which does not exceed the total normal
_ stress acting (180MPa) on the band which means
ness is taken equal to Smm. that full liquefaction is not reached. As mentioned
above, through the friction law the shear stregg-s
lated to the mean effective stress inside the band

800 — — 160 .
@ (figure 4b). Consequently, the shear stress deeseas
LTI i rapidly during initial pressurization and then in-
| 140 creases again. Thus, the mineral decomposition of
) - the rock can be seen as a mechanism of fault weak-
© 600 3 ening in a first stage then fault re-strengthenimg
=~ —120 ©
o a second stage.
E | 7 km depth | & 9
g f=0.1; k=10"*m? e 800 @ ~0.02
5 h=5mm 100 =
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Figure 4. Fault at 7km depth: (a) Evolution of perature and E 200 |- T r
pore pressure in the centre of the shear bandev@)tion of porosity
the shear stress. [~ 0.04
The computed results are presented in figure 4. J |
The evolution in time of the temperature and the 200 I I I : 0.02

pore pressure in the centre of the band is platted 0 04 08 12 16 2

. . . . time (s)
figure 4a. Considering the constant slip velocity o Figure 5. Fault at 7km depth: (a) Evolution of tmass of

m/s, this graph can also be seen as the evolufion gmitted CO2, (b) evolution of the porosity in thentre of the
temperature and pore pressure with accumulateghnd.

slip. The corresponding shear stress is plottedyin f
ure 4b. These results show the coupling effect of The accumulated mass per unit area of the fault
heat which induces first a pore pressure increaselane of emitted C@is plotted in figure 5a. After
When the decomposition of the carbonate rock besne second, the temperature reaches a quasi constar
gins at about 700 °C, the temperature increase iate and the production rate is almost constant.
drastically slowed due to the energy consumedean thThese results show that the mass of emitted &O
endothermic chemical reaction. ter 2s is about 0.018g/cm2. The corresponding rate
Two competing effects act on the evolution of theof emitted CQ is about 180t/s per Knof fault zone.
pore pressure: on one hand the production of COThe corresponding solid mass change is shown
induces an additional fluid mass and thus a pressurthrough the evolution of the porosity in the cemife
zation of the pore fluid; on the other hand the inthe shear band (Fig. 5b).



Temperature (C) batic conditions. The phenomenon of adiabatic shear
200 400 600 800 banding is well known in metal plasticity for metal

16 ! ! | cutting and impact problems (e.g. Wright, 2002).
The extreme thinness of the sheared zone revealed
i 7 km depth by field observations of mature faults suggest that
12 f=0.1; h=5mm; k=101 is the result of a plastic instability in the forof

shear localization as shown by Rice (2005) because
uniform undrained adiabatic shearing of a layer is

P ek

distance to the centre of the band (mm)
[ee]
|

after 2s of slip actually unstable.
porosity
----- T 160 — (@)
| \\ -
S B 140 —
. ‘\\“\ R
\ s
0 T ‘ T I T I —t | \9__; 120 — ///” _____________
0.02 0.04 0.06 0.08 0.1 2 ] /" 7km depth
porosity g / f=0.1; h=5mm; k. =108m?
Figure 6. Fault at 7km depth: temperature and giyrdields o 190 | / ' Ko
after 2s slip. g ] I/
i 80 I/ with CO2 emission
The temperature field around the centre of the N without CO2 emission
band is shown in figure 6 fdr=2s, with the corre- ]
sponding value of the porosity. These plots show g ‘ ‘ ‘ ‘ |
that the temperature increase is localized in #re c 0 04 08 12 16 2
tral zone of the band. The porosity is affected amly time (s)
zones where the temperature exceeds 700°C which *2%° ] (b) .
for the considered computation corresponds to a 8
7 km depth g

width of about 4mm. -
The effect of mineral decomposition is also 109071 f=0.1; h=bmm;k, =10%5m? -
shown in figure 7 where the results of the above; | -
computation are compared to the ones obtaineg soo - e
without CGQ emission. In this latter case only ther- = i -
mal pressurization occurs. If no mineral decomposic
tion occurs, the pore pressure increase is slongr a § 6%
for the considered parameters, the maximum pore .
pressure is about 120MPa and consequently the tem-
perature increase is much stronger and meltingeof t
rock can possibly occur (the melting temperature is

with CO2 emission
————— without CO2 emission

400 —

about 1600°C for calcite). 200 ‘ I i I l
0 0.4 0.8 1.2 16 2
_ time (s) o
5 CONCLUSION Figure 7. Fault at 7km depth: Effect of CO2 emigsam the

evolution of temperature (a) and pore pressurén(t)e centre

. of the shear band.
In the last thirty years, the study of earthquake

m_ec;hanisms has emphasized the major role of rock Erictional weakening mechanisms allow to ex-
friction. Earthquakes appear to be the result oica f  |ain the acceleration of sliding during nucleatifn
tional instability and occur by sudden slippagenglo an earthquake and also the lack of pronounced heat
a pre-existing fault. Therefore, the understanding ogytflow, and lack of at least shallow frictional itne
the nature of the friction on faults during theeimt ing, along major tectonic faults.

seismic periods and during earthquakes is essential Shear heating can lead to fluid vaporization at
to assess the hazards of seismic rupture. . shallow depth and mineral decomposition at mid-
_ The presence of fluids greatly affects the fric-seismogenic depth. Indeed, thermal decomposition
tional resistance of a fault. Pore fluid pressuttt®  of minerals appears to be an important physical
under shear heating is a mechanism of thermal sofyocess in the phenomenon of thermal heating and
tening. When thermal softening prevails againshore fluid pressurization during seismic slip. The
strain or strain rate hardening, dynamic plast@lo  combined effects of frictional heating, temperature

ization in the form of adiabatic shear banding isjse, endothermic mineral decomposition, pore pres-
known to occur at high strain rates under quas-adi
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