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[1] We study the influence of metamorphic dehydration reactions on the stability of slip in
a one-dimensional, spring-slider model. The equations that govern the evolution of the
velocity of sliding block and of pore pressure and temperature inside the slip zone are
deduced from the mass and energy balance of the multiphases saturated medium and from
the kinetics of the dehydration reaction. Such reactions induce two competing effects:

a direct increase in pore pressure because they release fluid and a limit in temperature
increase because part of the frictional heat is absorbed in the endothermic reactions.

The effect of the chemical reaction on the stability of stationary slip is studied.
Dehydration reactions increase the critical stiffness at which the system becomes unstable.
Depending on the sign of the perturbations, it is shown that dehydration reactions

can either (1) trigger a catastrophic increase of pore pressure at quasi-constant temperature
leading to vanishing effective stress or (2) trigger an arrest of the fault. Numerical
simulations demonstrate the crucial role of initial pore pressure and temperature in the
slip zone prior to the onset of the chemical reaction on the subsequent evolution of the
system. For highly pressurized fault zones, in which the creep motion of the fault is stable
in absence of dehydration reactions, the onset of the reaction can trigger transient slip
events induced by chemical pressurization. The magnitude of such events appears to be
proportional to the reaction progress. We conclude that metamorphic dehydration reactions

strongly modify the nucleation of unstable slip and are a possible origin for slow slip

events in subduction zones.

Citation: Brantut, N., J. Sulem, and A. Schubnel (2011), Effect of dehydration reactions on earthquake nucleation: Stable
sliding, slow transients, and unstable slip, J. Geophys. Res., 116, B05304, do0i:10.1029/2010JB007876.

1. Introduction

[2] Earthquake nucleation and slip instability occur
because the frictional resistance to slip on the fault walls
decreases with slip (and/or slip rate), causing an acceleration
of sliding. The shear resistance 7 is classically expressed as
proportional to the Terzaghi effective stress: 7 = flo, — p),
where o, is the normal stress acting on the fault, p is the pore
pressure and fis the friction coefficient. A decreasing evo-
lution of 7 with increasing displacement can be induced by a
change of either of these three factors. In the last 30 years
there have been extensive studies to understand the depen-
dency of friction coefficient with slip, slip rate, surface state
and temperature [Dietrich, 1978, 1979; Marone et al., 1990;
Chester, 1994; Marone, 1998], leading to the formulation
of the rate-and-state friction laws [Ruina, 1983]. The nor-
mal stress can also change during slip due to wavy fault
surfaces and geometrical incompatibilies. Finally, the pore
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pressure can also evolve because of (1) dilatancy or com-
paction [Marone et al., 1990], (2) fluid diffusion outside the
shear zone, (3) shear heating and induced pore fluid pressur-
ization, and (4) thermal decomposition reactions of unstable
minerals inside the shear zone. The three first effects have
already been widely studied, either separately [Garagash and
Rudnicki, 2003a, 2003b; Suzuki and Yamashita, 2006, 2007]
or combined with rate-and-state friction laws [Segall and
Rice, 2006]. In particular, Segall and Rice [2006] have
shown that shear heating and induced pore fluid pressuriza-
tion becomes significant only when the slip rate is already
high (~ cm/s), and thus the onset of earthquake nucleation
cannot be attributed solely to this effect. The role of dehy-
dration reactions has not been yet considered for the nucle-
ation of unstable slip.

[3] Recent data on fault rocks mineralogy [e.g., Sulem
et al., 2004; Solum et al., 2006; Hirono et al., 2008] have
revealed the presence of a significant amount of clays and
hydrous phyllosilicates along major subsurface fault zones.
These types of minerals are thermally unstable and can release
adsorbed and/or structural water while turning into a denser
reaction product. At relatively low pressure (below giga-
pascal), such reactions induce a total volume increase; that
is, the total molar volume of the reaction products (including
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Figure 1. Model of a deforming shear band with heat and
fluid fluxes.

water) is higher than the molar volume of the reactant. Con-
sequently, dehydration or dehydroxylation reactions can
increase the pore pressure. The subsequent reduction of the
effective mean stress can induce a macroscopic rupture, which
has been observed experimentally [Raleigh and Paterson,
1965; Heard and Rubey, 1966; Murrell and Ismail, 1976;
Olgaard et al., 1995; Milsch and Scholz, 2005]. In addition,
the endothermic character of such chemical reactions play also
a major role in the energy balance of the system, as a part
of the frictional heat is consumed by the reaction. Their effect
on long-runout landslides has been recently studied by Goren
et al. [2010]. This process has already been shown to influence
faults mechanical behavior during seismic slip [Sulem and
Famin, 2009; Brantut et al., 2010; Veveakis et al., 2010]. In
this work we investigate their effect on the stability of sta-
tionary fault motion.

[4] The aim of this study is to explore coupled processes
of shear heating, chemical reactions and pore fluid pres-
surization. Thus, we do not account for other processes
mentioned above, such as changes in friction coefficient and
total normal stress. The questions addressed are (1) whether
mineral decomposition reactions can influence the creep
motion of a fault and (2) whether they can destabilize the
fault motion into accelerating slip. Following the approach
of Garagash and Rudnicki [2003a], we first derive the
governing equations for a one-dimensional model of a fault
zone that undergoes a remote, slow loading. We then dis-
cuss a set of representative parameters and their corre-
sponding geological setting. A linear perturbation analysis is
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performed to investigate the stability regimes. Finally, we
present some numerical examples using an Arrhenius law
for the reaction kinetic. We show that dehydration reactions
can either accelerate or decelerate the fault motion, de-
pending on initial state and parameter values. Interestingly,
dehydration reactions are shown to destabilize a fault
motion that would otherwise be stable, leading to transient
accelerated slip events.

2. Model Description

[5] Figure 1 shows the geometry of the problem and the
far field loading conditions. A crustal block of thickness 2L
contains a shear band of thickness % with 2 < L. Consid-
ering that the length scales in the direction parallel to the
fault over which the thermoporomechanical fields vary are
much larger than in the direction normal to it, we analyze
here a 1D problem. The pore pressure p(z, ), the tempera-
ture 7(¢, y), and the velocity v(¢, y) are assumed to be
functions of time ¢ only and of the position y in the direction
normal to the band.

2.1.

[6] Because we neglect inertial effects, the shear stress T
and the total normal stress o, are uniform throughout
the layer. The material inside the shear band (lyl < h/2)
undergoes inelastic loading whereas the material inside the
crustal block (4/2 < Iyl < h/2 + L) behaves elastically. Thus
the shear stress in the crustal block is given by the elastic

relation
T=G<DL_Dh>, (1)
L

where G is the shear modulus, Dy is the slip displacement at
vy =h/2 + L, and Dy, is the slip displacement at y = A/2.

[7] Inside the shear band, it is assumed that the frictional
resistance is proportional to the mean effective stress inside
the band:

Stress Equilibrium

7 =f(on = (P)); )

where f'is the friction coefficient of the material and (p) is
the mean pore pressure inside the shear band. Because
equilibrium requires uniform shear stress, expressions (1)
and (2) must be equal:

G(DL - Dh) — f(on— (o). 3)

The slip velocity v, at the shear band boundary is thus given
by

L d(p)

Vh =W +f6 a 4)

where vy is boundary condition for the slip rate at y = 4/2 + L.
2.2. Mass Balance Equation

[8] Conservation of fluid mass is expressed by

Omy _ Ima _ Igp (s)

o o oy’
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where my is the total fluid mass per unit volume of porous
medium (in the reference state), my is the mass per unit
volume of the fluid released in the system by mineral
decomposition, and gy is the fluid flux. The total fluid mass
per unit volume of porous medium is written as mg = pgn,
where 7 is the pore volume fraction (Lagrangian porosity)
and pr is the density of the saturating fluid. The left hand side
of equation (5) is obtained by differentiating this product:

Oms Opr on
o o TP ©)

The derivatives of the right-hand side of equation (6) are
given by

apf _ oT

i Ptﬂf — P 5 (7)
8n - 8T a}’ld
o ﬂ“ A "o T o (8)

Where Be = (l/pf)(épf/ap)f is the pore fluid compresmbﬂﬁy,

Ar = (=1/pg)(Ops/OT),, is the pore fluid thermal expansion
coefficient, 5, = (1/n)(On/dp)r is the pore volume com-
pressibility, and A, = (1/n)(0n/0T), is the pore volume ther-
mal expansion coefficient. The latter parameter is equal to
the thermal expansion coefficient of the solid fraction for
thermoporoelastic materials. In equation (8), Ony/0¢ is the rate
of inelastic porosity change. This term includes the effect of
coseismic dilatancy induced by fault surface irregularities
and the solid volume change of the mineral decomposition
reaction.

[s] Using equations (7) and (8), the left-hand side of
equation (5) is thus evaluated as [see also Rice, 2006; Sulem
et al., 2007]

Omg 0, or

_ _p _ 8}’ld
W*”Pf(ﬂn‘i‘ﬂf) T npe(Ar — An) 5~ 5

+fat

©)

Using this relation, equation (5) can be rewritten as

Jqz oT

e nps(Ba + ﬁf) — —npr(Ar —

O Oma

)EJF ot ot
(10)

The flux term in equation (10) is evaluated assuming
Darcy’s law for fluid flow with viscosity 7 through a
material of permeability k¢

dp

o (11)

gr = **k

Substituting this relation into (10) yields the equation that
governs the pore fluid production and diffusion:

O 1D (o 06\ O 1 m 1o
ot pfﬁ 6)/ e oy o peg* 0t g* oo’
where

At — An

= 13

5f+ﬂn ( )
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is the thermoelastic pressurization coefficient under undrained
conditions [Rice, 2006] and 5* = n(B3, + Oy is the storage
capacity of the rock. This coefficient is pressure and temper-
ature dependent because the compressibility and the thermal
expansion coefficients of the fluid vary with pressure and
temperature, and also because the compressibility of the pore
space of the rock can change with effective stress [Ghabezloo
and Sulem, 2009].

[10] In the following, we shall neglect the effect of
dilatancy induced by fault surface irregularities, and only
consider the effect of the decomposition of the solid phase
on porosity changes. For example, in a fault zone through
a serpentinite rock, dehydration of serpentine induces a
water release. If the serpentine mineral is lizardite we
obtain

5 Mg3Si205 (OH)4—> Mg3Si4010(OH)2
(14)
+6 Mg,SiO4 + 9 H,0.

The rate of water release is evaluated using the kinetic of
the chemical reaction. Assuming a first-order reaction
mechanism, the mass mgy of released water per unit volume
is expressed as

(’)md

= K(T)(mo — mq),

(15)
where x(7) is the kinetic parameter and mg is the total
mass of water that can be released per unit of rock volume.
The value of mg is calculated considering the stoechio-
metry of the reaction and the mass fraction of dehydrating
mineral in the bulk rock. For instance, if we consider the
dehydration of pure lizardite (equation (14)), we get mgy =
(9/5) * prizarditeMu,0/Miizardite> Where piizaraice 1S the density
of lizardite, Mj; arqie 1S the molar mass of lizardite and
M0 is the molar mass of water. The dependency of #(7)
on temperature can be expressed by an Arrhenius law in
the form

E,
K(T) = Aexp(—ﬁ) (16)
where 4 is a constant (preexponential term of the
Arrhenius law), E, is the activation energy of the reaction
and R is the gas constant (8.314 J °K™' mol™"). Thus the
mass mgy of released water per unit volume is expressed as

omy E,
o = (mg — mq)A exp (— ﬁ)

The rate of inelastic porosity change due to the reaction is
expressed as

(17)

oo O, (18)
where £ corresponds to the ratio of the volume of voids over
the volume of fluid formed by the reaction. The pore vol-
ume created during the reaction can be plastically com-
pacted at high effective stress, thus the evolution of n4 can
be affected by compaction. Considering only the volume
change of the reaction gives an upper bound of the porosity
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change. A reduced ¢ value could be used to simulate
additional compaction.

2.3. Energy Balance

[11] Let Ef be the rate of frictional heat produced during
slip and E( the rate of heat used in the endothermic thermal
decomposition. The equation of energy conservation is
expressed as

aT 8qh
= Ee 4 Eo— 2
pc@t F+ Ec 8_)/,

(19)
where pC is the specific heat per unit volume of the fault
material in its reference state and ¢y, is the heat flux. The
fraction of plastic work converted into heat is represented by
the Taylor-Quinney coefficient. For metals this coefficient
takes values between 0.2 and 0.9 and the remainder con-
tributes to the stored energy of cold work due to the creation
of crystal defects [Rosakis et al., 2000]. In rocks, energy can
be taken up by the creation of new mineral surfaces when
grain size is reduced during deformation. During rapid
earthquake slip (slip rate of the order of 1 m s '), dramatic
changes in grain size are expected [Chester et al., 2005;
Brantut et al., 2008] and the surface energy may correspond
to a significant energy sink. Here we neglect this energy
sink by considering that the fault rock within the shear zone
has a steady state microstructure. Such an assumption is
appropriate since we are only dealing with long-term, slow
slip and the early stages of earthquake nucleation. All the
plastic work is thus converted into heat, which leads to Ey =
T(0v/0y) inside the band (lyl < /4/2) and Er = 0 in the elastic
deforming block.

[12] As the reaction progresses, energy is absorbed due to
the enthalpy change of the system. The rate of heat used in
the chemical reaction can be expressed from the enthalpy
change of the reaction and the rate of reacted fraction:

8md
Ec = AHr —2,
C T ot

(20)
where A H7 is the enthalpy change per unit mass of the
dehydrating mineral. Equation (19) is rewritten as follows:

8qh _ oT 8md

(1)
The heat flux is related to the temperature gradient by
Fourier’s law:

oT
= —for—
gh T ay7

(22)
where kr is the thermal conductivity of the saturated mate-
rial. In equation (19) 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 vol-
ume fraction and the low permeability of fault gouges [Lee
and Delaney, 1987]. However, this assumption should be
relaxed in case of a high permeability in the wall rocks of
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the fault. Substituting (22) into (19) gives the temperature
evolution equation

oT  0Ov Oomg 0O oT

2.4. Averaged Fields Inside the Shear Band

[13] Considering the extreme thinness of the shear band as
observed in faults zones (from few millimeters to few cen-
timeters [cf. Rice, 2006, and references therein]), it is rele-
vant to consider mean values for the pore pressure and
temperature fields inside the slip zone. Let (p) and (7) be
the mean pore pressure and temperature inside the shear
band. The mean pore pressure is calculated as

/2
= [, o (4)

and similar formulas hold for the spatial average of any
quantity such as temperature and mass of fluid. Since we
assume that the shear band thickness ~ does not evolve in
time, the time derivative of mean pore pressure is

(25)

dip)(t) 1 (" p(y,1)
dt ﬁ/_ P.

/2 ot

Equations (10) and (21) can thus be averaged over the shear
band thickness to obtain the pore pressure and temperature
gradients at the shear band boundaries:

| _hom [ e (de) AT oy dma)

dy h/z_zpfkf {pfﬂ (dt A dt )+(£ 1) di }v (26)
or|  _ 1 T[h .d(T) h d(mq)
Wl e [EpCT_TVh_EA'HT dt } (27)

At this point, a useful simplification can be made by con-
sidering the averaged quantities (p) and (7) as boundary
conditions at y = A/2. This assumption holds when the shear
band thickness is very small compared to heat and fluid
diffusion lengths, which is the case at the long time scales
investigated here. In order to simplify the notations, in the
following we reset the origin of y axis at 4/2, applying

y—y—~h/2.
The average rate of released fluid inside the shear band can
be expressed from the kinetic law (17) as a function of the

mean temperature (7)(?),

d(m > Ea
7= (i)~ mapexp s )

(28)

2.5. Dimensionless Formulation

[14] The number of parameters introduced in the gov-
erning equations can be reduced by choosing appropriate
dimensional quantities to scale the variables. We define
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Reaction rate

Temperature

Figure 2. Linearization of the Arrhenius law (dashed line)
around 7. The threshold temperature T is the intersect of
the slope with the 7 axis.

characteristic time ¢*, length y*, pore pressure p*, temper-
ature 7%, fluid mass m*, and slip velocity v* as follows:

£ =pClfkr, ¥ =L p =on T =%

(29)
% *
v =v, andm = my.
The dimensionless time 7, length 3, pore pressure T,
temperature 6, velocity u, and mass of released fluid p

are

i=ii*, y=y/L, w=plp", 9=T)T",
(30)

U= vh/v*, and p = mg/mg.

Equations (4), (12), (23), (17), and boundary conditions
(26) and (27) can then be rewritten as

u=1+ A9/(m), (31)

O = €0y + 0,0 + POy, (32)
00 = 0,0 + Tou, (33)
B = (1 — ,u)moAt*e_Ri_ﬂ*e, (34)
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a0
S|, =B - @600 - Ton), 06)

where 0, denotes the derivative with respect to the dimen-
sionless time 7, and 0,, denotes the second derivative with
respect to the dimensionless length y. In the following and
throughout the rest of the text we note ¢ = 7 and y = 7. The
remote boundary conditions are 7(y = 1) = 7, = p/p* and
0y =1)=0,=T,/T*.

[15] In the normalized equations, six dimensionless
parameters are introduced:

1—¢1 AHr 1 O O
P=my—=x—, T=m —, A=f—=—,
pfﬂ* On pC an/A G v, L (37)
B*fVLL A 7Oéhy - h
o pC’ T ag L’

where ag, = kt/(pC) is the heat diffusivity; an, = kef/(17:3*) is
the fluid diffusivity; and (1) P relates the rate of reacted
fraction with the pore pressure change and combines the
effect of porosity changes due to the reaction and to possible
compaction mechanisms, (2) 7 relates the rate of reacted
fraction with the temperature change and is negative for
endothermal reactions, (3) A relates the pore pressure
change with the velocity change of the sliding block, (4) B
relates the dimensionless frictional work with the tempera-
ture change (shear heating effect), (5) € compares the effi-
ciency of fluid diffusion to heat diffusion, and (6) ¢ is the
normalized thickness of the shear zone.

[16] The case of no reaction corresponds to P =7 = 0.
The asymptotic case of A — 0 corresponds to an infinitely
stiff loading medium, which ensures a stable slip on the fault
[e.g., Scholz, 2002]. The case of € = 0 corresponds to the
undrained limit. A truly adiabatic limit cannot be realisti-
cally simulated by our set of equations because we chose the
heat diffusion time as the characteristic time scale. However,
setting a large e can simulate a rock mass that is well
thermally insulated.

2.6. Reaction Kinetic

[17] The Arrhenius law used in the constitutive equations
is highly nonlinear with temperature. In order to get simple
insights on the stability of the system this law can be line-
arized around the temperature of equilibrium of the reaction
Teq. Theoretical studies [Sulem and Famin, 2009; Brantut
et al., 2010] have shown that temperature is efficiently
buffered around the equilibrium temperature of the reaction
during a slip event. Thus, temperature is not expected to
increase far from 7., when the reaction occurs. From the
linearization we can define a threshold temperature T,
below which no reaction occurs, and above which the
reaction starts with a kinetic linearly dependent on temper-
ature. In addition, we assume that the reaction rate is not
limited by the amount of dehydrating mineral, i.e., u < 1.
These assumptions correspond to the beginning of the
reaction, when there is still a large amount of minerals to
dehydrate, and when the temperature has just reached
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Table 1. Typical Parameter Values for a Fault at 7 km Depth

Physical Parameter Symbol Typical Value Unit
Forcing velocity vL 107° ms
Size of the crustal block L 10* m
Elastic stiffness of the crustal block G 30 10° Pa
Friction coefficient f 0.5
Fluid density Pt 10° kg m >
Storage capacity g* 107° Pa’
Fluid diffusivity Chy 10°t 107 m?s™
Thermal pressurization factor A 0.510° Pa C°!
Void creation vs fluid release ratio 13 0.8
Specific heat capacity pC 2.7 10° Pa C°!
Heat diffusivity Qup 1076 m?s!
Enthalpy of the reaction AHY =500 kI kg
Normal stress On 200 10° Pa
Mass of released fluid mg 10 kg m >
Width of the slipping zone h 107" to 1073 m

the equilibrium temperature. The linearization process is
represented graphically on Figure 2.

[18] For convenience, in the following and throughout the
text we shift the temperature values, applying 6 «— 6 — 6.,
where 6, = T./T*. The onset of the reaction thus corresponds
to = 0. We can express the reaction rate as

it0<0

0
6’“”{5"9 if0>0° (38)

3. Representative Parameters

[19] The set of parameters introduced in the constitutive
equations needs to be constrained by laboratory and field
data. On the basis of field and experimental data from the
literature [Wibberley, 2002; Wibberley and Shimamoto,
2003; Noda and Shimamoto, 2005; Mizoguchi, 2005] and
representative parameters used by Garagash and Rudnicki
[2003a], Rice [2006], Segall and Rice [2006], and Sulem
and Famin [2009] we consider the values reported on
Table 1. The type of fault considered in the following is
situated at the midseismogenic depth of 7 km, correspond-
ing to a normal stress of 200 MPa and an initial pore
pressure of 70 MPa. An other deeper setting will be intro-
duced and investigated in section 5. The initial and remote
temperature is 210 °C. The friction coefficient is of the order
of 0.5, considering that clay minerals are present within the
fault rock. The typical value of the thermal pressurization
parameter A is taken equal to 0.5 [Rice, 2006; Rempel and
Rice, 2006; Sulem and Famin, 2009; Brantut et al., 2010].
The heat diffusivity does not strongly depend on the rock
type, and is set to 10® m* s~'. Water diffusivity may vary
from 10 *m”s ' to 10 > m? s ' depending on the rock type
and its porosity and pore connectivity. Such values corre-
spond to permeabilities ranging from 1072° m? to 1077 m?.

[20] The shear zone thickness may range from a few
centimeters down to a few millimeters in a case of an
extremely localized shear zone. At seismic slip rates, it
can be even thinner but we restrain our study to a slowly
deforming region.

[21] The loading distance L is not easily constrained
because the geometry of the fault is oversimplified. How-
ever, Segall and Rice [2006] suggest an order of 10 km. The
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elastic shear modulus of the surrounding rock mass is set at
30 GPa. The remote loading velocity can be chosen as an
average for plate motion velocity, i.e., few centimeters per
year. This yields v, ~ 107 m s .

[22] The parameters linked to the chemistry of the rock
depend of the particular reaction considered and the amount
of dehydrating minerals. Investigating a general behavior,
we choose typical values. Concerning the enthalpy of
dehydration reactions, data can be found in the work of
Hamada et al. [2009, and references therein] and is of the
order of A\Hy~ —0.5 kJ kg_l.

[23] The mass of released water per unit of rock volume is
calculated from the stoechiometry of the reaction and the
amount of dehydrating mineral within the total rock mass.
Typically, a pure serpentinite can release up to 15 wt% of
water, which yields mo = 400 kg m . A fault rock con-
taining 20 wt% of kaolinite can release up to 2.4 wt% of
water, i.e., mg = 65 kg m ° [Brantut et al., 2008]. These two
examples can be seen as upper bounds for m, so we use an
average value of my = 100 kg m>.

[24] The ratio of inelastic porosity increase over fluid
volume production ¢ is less than one; that is, the total vol-
ume change is positive. It is estimated from the molar vo-
lumes of the reaction products compared to that of the
starting mineral. For example, the reaction from lizardite
to forsterite, talc and water (equation (14)) creates around
26 % porosity, and up to 38 % of pore fluid volume at
70 MPa pore pressure and confining pressure, and 450°C
[Robie et al., 1979]. This yields ¢ =~ 0.7. For kaolinite dehy-
droxylation, there are no data on the molar volume of the
reaction product (metakaolinite). However, similar estimates
performed on various dehydration reactions of antigorite,
chrysotile, talc and various hydrous phyllosiilicates yield
values of ¢ ranging from 0.7 to 0.9. Thus we use an average
of £ =10.8.

[25] The least constrained parameter is certainly the
kinetic parameter c*. It corresponds to the slope of the
kinetic rate as a function of temperature. Using the kinetic
parameters reported on Table 2, we perform a Taylor
expansion of the Arrhenius law around 7.4 = 500°C for
kaolinite decomposition reaction. Using parameter values
from Saikia et al. [2002], we find an e>(6pansion in the form
of A exp(~E,/RT) ~4.8 10° + 1.9 10°° (T - Teg)- It yields
T, = 475°C. Similarly, for lizardite decomposition around
Teq = 500°C we use kinetic data from Llana-Funez et al.
[2007] to get an expansion of the form 4.7 x 107> + 3.2 x
10°¢ (T - Teq). The temperature of initiation is then 7, =
485°C. The slope values need to be normalized by the ref-
erence time scale L*/ay, and temperature scale o,/A to
obtain the nondimensional c* value. Using values from
kaolinite decompostion we obtain ¢* ~ 7.6 x 10'° and for
lizardite ¢* ~ 12.7 x 10'°. These very large values imply that
the dehydration reaction proceeds rapidly compared to dif-
fusion and frictional heating processes. It will thus be the
dominant phenomenon as soon as it starts.

[26] The threshold temperature 7, depends strongly on the
mineral of interest. We consider here a fault containing
hydrous phyllosilicates. Kaolinite has been found in
Chelung-Pu fault gouge (Taiwan) and along an exhumated
section of the Median Tectonic Line (Japan) [Hirono et al.,
2008; Brantut et al., 2008]. Its dehydration temperature is
around 500°, i.e., 300°C above the ambient temperature.
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Table 2. Examples of Kinetic Parameters Used in the Calculations®

BRANTUT ET AL.: STABILITY OF A DEHYDRATING FAULT ROCK

B05304

Mineral A6 E, (kI mol™") Toq (°C) T, (°C) c*
Kaolinite 9.57 10 196.8 500 475 7.6 10'°
Lizardite 3.14 10" 328 500 485 12.2 10"

*Kaolinite dehydroxylation data are from Saikia et al. [2002], and lizardite dehydration data are from Llana-Fiinez et al. [2007].

Serpentine minerals such as lizardite has been found in
subsurface faults such as San Andreas [Solum et al., 2006]
and is also a major constituent of subducting oceanic slabs.
Lizardite dehydration temperature is also around 500°. This
yields a remote normalized temperature of 6,, = —0.675. We
will use these values in the following calculations. From
these dimensional parameters, we calculate the typical
values of the nondimensional parameters, summarized on
Table 3.

4. Linear Stability Analysis

[27] A stability analysis is performed to investigate
whether the evolution in time of the pore pressure and
temperature inside the shear zone remains bounded or not.
The chemical reaction is active only for positive values of
the normalized temperature a, so that unstable paths grow-
ing toward negative 6§ stop the reaction and the governing
equations degenerate to the ones with no chemical effect
(compare equation (38)). Thus a linear stability analysis
gives us insights on the evolution of the temperature and
pore pressure inside the shear zone when dehydration
reactions are triggered. In particular we are interested in
searching the conditions for which the reaction can desta-
bilize the system.

4.1. Stability Condition

[28] The mathematical formulation is simplified by
assuming linear diffusion profiles outside the shear zone.
We investigate the behavior of the average temperature (6)
and pressure (7) inside the shear zone. Following the
approach of Rudnicki and Chen [1988] and Segall and Rice
[1995], the pore pressure and temperature gradients are
approximated by finite differences as

or (7)) — 7o
oo =~ (39)
00 0) — 0
o=t (40)

where lyy (I, respectively) is the normalized characteristic
length of fluid (heat, respectively) diffusion. From these
definitions, we get /y, = 1 and 4, = ahyt*/L = /€ because
the characteristic time scale #* is equal to the characteristic
time of heat diffusion.

[29] By replacing the expression of u (equation (31)) into
equalities (35) and (36), we obtain

1

awﬁrﬂ—ﬁﬁ%;2+@f+fﬁ@

(41)

00) =5 [-vet - ) L2
+(T"+ P —D)><¢9>—<9>(5 . @))%, (42)
where
D=1 7%0 — (m)). (43)

The above linear system of equations can be studied ana-
lytically. Linear stability analysis is classically performed
around the stationary solution (fixed point of the mathe-
matical system (41) and (42)) to investigate whether the
fixed point is an attractor for the solution (i.e., the solution
converges toward the stationary state) or a repulsor (i.e.,
the solution diverges) or a saddle point (i.e., attractor in
one direction and repulsor in an other). As described in
section 2.6, the amount of dehydrating minerals is assumed
to be large enough so that the reaction kinetic is not limited
by the finite quantity of reactant. Thus, the stationary
solutions of equations (41) and (42) correspond to the initial
trend at the onset of the reaction and cannot be extrapolated
to infinitely long time scales. As we will show in section 5,
using a finite amount of reactant does not dramatically
change the conditions for instability, but rather modifies the
long-term evolution of the perturbations.

[30] The stationary solution and the perturbation analysis
are reported in detail in Appendix A. The steady state
solution (7, 0) is expressed as

 Tofe(1 = T*6) + 0, P*5 + P*BS
- Je(1 — T*8) + P*B6 ’

(44)

o

Vel + B(1 - 7.))
V(I =T*8) + P*B5’

0y =

Table 3. Typical Nondimensional Parameter Values for a Fault at
7 km Depth

Nondimensional Parameter Symbol Typical Value
Chemical pressurization parameter P* 10° to 10'°
Chemical heat sink parameter T* -10° to —10'°
Pore pressure—slip rate coupling A 3x107*

parameter
Shear heating parameter B 1
Fluid to heat diffusivity ratio € 10
Normalized slipping zone width 6 10°°
Normalized far field temperature [ —0.675
Normalized far field pore pressure oo 0.3

7 of 16



B05304 BRANTUT ET AL.:

G/L

Y(hpC/(2fA))
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Y(h(1-8)/(2fA Hp "))

\
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Figure 3. Schematic representation of the stability condition.
Gray curve, stable case no reaction; black curve, unstable case
no reaction; red dotted curve, unstable case with reaction.

The evolution in time of a small perturbation ((7), (6))
around the stationary solution is given by

( gg) =c1e'e; + cree,, (46)

where ¢, are arbitrary constants and s, and e, are the
eigenvalues and eigenvectors of the matrix, respectively:

ol =7 Pt - (47)
S D\ DS pr g _py 7 1)

The explicit form of s, » and e, » is given by equations (A6)
and (A7). The stability of the system is controlled by the
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sign of the eigenvalues. If at least one eigenvalue has a
positive real part, the system is unstable. As shown in
Appendix A, the stability condition is

1+B+./e

D>0 and (1-D)P +7T" < ;

(48)
Condition (48) highlights the role of dehydration reactions
on the stability of a fault, and thus on its seismic behavior.
In the following we will investigate the physical meaning of

condition (48) with reference to given geophysical situa-
tions.

4.2. Stability Fields
4.2.1. Without Reaction

[31] If we neglect the contribution of the chemical kinetic
parameters P* and 7 *, we can retrieve from equation (48)
the solution derived by Garagash and Rudnicki [2003a].
The sign of parameter D fully determines the stability of the
system. The expression of the dimensionless parameter D

(equation (43)) can be rewritten using dimensional quanti-
ties as

L T

D= G i arny

(49)

where 7 is the current shear stress applied on the fault
(equation (2)). From equation (49) we recognize the char-
acteristic weakening distance for undrained, adiabatic slip
hpC/(2f A) [e.g., Rice, 2006]. Thus, the ratio 7/(hpC/(2f A))
is the slope of the strength-slip curve of the fault, while G/L
is the elastic stiffness of the crustal block. Negative D values
correspond to G/L < 7/(hpC/(2f A)), which means that
the fault strength decreases more rapidly than the crustal
block unloads (Figure 3, gray and black curves). This
unstable behavior is identical to the well known frictional
instability for slip weakening interfaces [e.g., Scholz, 2002].

The weakening mechanism is here triggered by thermal pore
fluid pressurization.

t/h = 1.3 10* MPa/m (unstable)

p/c

n

025 '(f,o' -

-o01t

0%

040 045 050

Figure 4. Eigenvectors and growth rates in a stable case (in gray for A =3 x 10”) and an unstable case
(in black for A =3 x 10~*) in the case of no reaction, i.e., P* = 7* = 0. Other parameter values are
reported on Table 3. The shaded area corresponds to perturbations that lead to slip acceleration.
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Figure 5. Linear stability diagram for the no reaction case (gray) and when dehydration occurs, P* =
—T* =10’ (black). For both cases, .A = 310", The solid line corresponds to the unstable eigendirection,
and the dotted lines are stable eigendirections. The occurrence of the reaction induces either a rapid lig-
uefaction (i.e., vanishing effective stress) or an arrest of the fault.

[32] Using the parameter values listed in Table 1, the block
stiffness G/L is approximately 3 MPa m™' and the ratio
T/(hpC/(2f A)) is = 0.2 x 7/h. The stability is thus ensured
when 7/h S 5 x G/L = 15 MPa m ', i.e., within highly
pressurized fault zones. Similar critical shear stress value is
obtained within the framework of rate-and-state friction
laws, where the weakening mechanism arises from the
intrinsic changes in friction coefficient [e.g., Ruina, 1983].

[33] A stable case (D > 0) and an unstable case (D < 0) are
displayed in Figure 4 in the (7, 8) (or equivalently, the (p, T)
plane). As expected from equations (44) and (45), the sta-
tionary solution is the same in both cases. If D > 0, both
eigenvalues are negative and any small perturbation from
the stationary solution vanishes in time. For D < 0, the
stationary solution is unstable and is a saddle point. The
eigenvector direction corresponding to the eigenvalue with
negative real part acts as a separatrix in the (m, 0) plane,
distinguishing between two regimes. If the small perturba-
tion is a decrease in pressure or temperature, the instability
grows toward lower pore pressure and temperature, thus
stopping the fault motion. If the small perturbation is an
increase in pore pressure or temperature, the instability
grows toward high temperature and pore pressure, leading
to an acceleration of the slip (shaded area on Figure 4).
Interestingly, the slope of the unstable eigendirection is
rather high, which means that the instability is mainly
thermal for the set of parameters used.

4.2.2. Effect of the Reaction

[34] The role of the reaction is investigated using nonzero
values of parameters P* and 7*. The stability condition
(equation (48)) is then more restrictive compared to the
case without reaction, as the second inequality (1 — D) P* +
T* < (1 + B+ \/e)/6 must also be verified. The stability
condition can be rewritten as

T 1+B+ﬁ}. (50)

D >max{ 0;1 +— —
{ P 5P

We have seen previously how the condition D > 0 could be
interpreted as the ratio between the unloading stiffness of
the medium and the weakening of the fault. Inequality 50
describes how the weakening behavior of the fault is
affected by the occurrence of the dehydration reaction.
Considering the parameter values listed in Table 3, the latter
term (1 + B + \/€)/(§ P*) can be neglected compared to 1.
The stability condition becomes thus

&
T

D~ maxg 051+ — p.
P

For the case P* < —7*, the pressurization induced by the
release of water (chemical pressurization) is lower than the
depressurization induced by the endothermic character of
the reaction. The stability condition is thus unchanged and
remains D > 0. However, as we will show later, the evo-
lution of the pore pressure and temperature in the unstable
regime is dramatically different. Note that the condition (51)
indicates that the dehydration process can never turn an
unstable situation into a stable one.

[35] If P* > —T* i.e., when the pore pressure increase
due to the reaction is not fully compensated by the endo-
thermic effect, the fault is unstable even when D > 0, in the
range 1 + 7*/P* 2 D > 0.

[36] In terms of dimensional quantities, inequality (51)
can rewritten as

(s1)

T

h(1 = &)/ (]| pi8")

>
~

(52)

~lQ

which can be understood as the comparison between the
unloading stiffness G/L and the slip weakening of the fault
TI(h(1 — &IQ2f|AH7|ps5*)) (Figure 3, red dotted curve).
The quantity A(1 — &)/(2f|AH7|pgB*) is recognized as the
equivalent slip weakening distance linked to the dehydration
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process, for undrained, adiabatic chemical pressurization
[Brantut et al., 2010, equation (23)].

[37] Interestingly, the approximate stability condition
given by inequality (52) does not depend on the particular
value of the kinetic parameter (dimensionless parameter c*)
that is loosely constrained by experimental data. The con-
trolling factors are the enthalpy change of the reaction and
the fluid mass release, that are well known for any particular
dehydration reaction.

[38] Using the parameter values listed in Table 1, stability
is ensured when 7/ < 0.3 x G/L =~ 1 MPam . This critical
value is significantly lower than the value of 15 MPa m '
determined in the absence of reaction (see previous section).
Dehydration reactions are thus a destabilizing factor.

[39] The evolution of pore pressure and temperature in the
fault zone at the onset of instability can be estimated
graphically in the (7, ) plane. Let us first consider the case
D <0, i.e., unstable. Figure 5 represents the eigendirections
for the case P* = —7 * = () (no reaction) and for the case P* =
—T* = 10° (with reaction). The stationary solution is very
close to 8 =0, i.e., T = T, and the pore pressure is slightly
above the far field state. The relative evolution of pore
pressure and temperature is significantly different from the
case without reaction. The eigendirections tend to be per-
pendicular to each other, the unstable direction being almost
parallel to the pore pressure axis. The instability evolves at
almost constant temperature, very close to the dehydration
temperature T,. For a positive perturbation in pore pressure,
the shear zone evolves toward vanishing effective normal
stress while the temperature remains almost constant. For a
negative perturbation in pore pressure, the unstable mode
evolves toward the arrest of the fault. In nature, small per-
turbations of either signs are statistically encountered. Thus
both situations can equally occur.

[40] In subsurface faults, the ambient temperature can be
initially lower than the dehydration temperature. Shear
heating can potentially trigger the onset of the dehydration
reaction during the slip instability. In the following, we
discuss how the subsequent evolution of the fault motion is
controlled by the initial pore pressure. The stationary
solution without the reaction is simply expressed as
(equations (44) and (45))

(53)

T = Teo,

0o = 0 + B(1 — 7). (54)
If the initial pore pressure is greater than 7, the instability
grows toward higher temperatures. Consequently, when the
temperature reaches the threshold temperature of the reac-
tion T, the new stationary state is given by equations (44)
and (45). Considering that 7* ¢ > 1, my can be expressed as

 —meT /P46, +B
B—eT" /P

o

(55)

Using the parameter values listed in Table 1, the lower
bound of the ratio —7 */P* is of the order of 10 2. It cor-
responds to a reaction that induces a large chemical pres-
surization (either because of high amount of released fluid
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and/or low solid volume change). The stationary pore pres-
sure tends to

. 9@
T*iggﬂoﬂo =m. =1+ B (56)
This limit value depends only on the boundary temperature
0., and on the shear heating parameter 3. On the other hand,
for high values of —7*/P*, the endothermic effect is
dominant and the stationary pore pressure tends to m, (i.c.,
identical to the no reaction case).

[41] If m. <., the sense of evolution of the perturbation is
unchanged and the slip acceleration continues. If 7, > 7., and
—T*/P* sufficiently small, the current state for the pore
pressure at the onset of the reaction is lower than the new
steady state pore pressure (with reaction), and the instability
turns toward a slip arrest. This result is rather counterintui-
tive: although the chemical pressurization effect is large, the
pore pressure actually decreases because the pressurization
due to shear heating is stopped by the reaction. Conversely,
for high values of —7 */P* (high endothermic effect), the slip
acceleration continues. This point is illustrated in Figure 6.

[42] In highly pressurized fault zones, the initial shear
stress is low and the fault motion is stable in absence of
reaction (D > 0, Figure 7, light gray lines). As expected
from inequality 51, the system is also stable when P* =
—T* =10’ (Figure 7, dark gray lines). When P* = —67* =
6 10°, the system becomes highly unstable as both eigen-
values are positive. Note again the almost horizontal slopes
in the pore pressure-temperature plot, which features an
almost isothermal evolution of the instability.

[43] With dimensional quantities, the ratio —7 */P* is
written

*
-7

P* C

AHA pe8
1 — 5'

(57)

The key control parameter is &, i.e., the ratio of the voids
volume created by the reaction over the fluid volume
released. Parameter ¢ is strongly dependent on compaction
processes during dehydration. Considering the high effec-
tive stress at depth, it is very likely that the pore space is
partly compacted during the dehydration process. For
porous rocks above a given effective pressure threshold, the
solid matrix cannot sustain the stress and collapses, which is
accompanied by a porosity decrease [e.g., Wong et al., 1997,
and references therein]. Recent experimental data on ser-
pentinite deformed during dehydration [Llana-Funez et al.,
2007; Rutter et al., 2009] also depict this type of behavior.
In such cases, the value of £ can be close to zero; that is, all
the porosity created by the mineral dehydration can be
simultaneously compacted. Then, the effect of the reaction
on pore pressure is increased, and the system tends to be
more unstable.

5. Numerical Examples

[44] In the previous section we have theoretically inves-
tigated the effect of dehydration reactions on the stability of
a fault using representative values of the parameters. As
mentioned earlier, the perturbation analysis focuses on the
early times of the considered reaction as we have considered
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Figure 6. Schematic diagram showing how the sense of instability can be changed at the onset of the
reaction. Here we have 7, > 7. The instability is initially supposed to lead to a slip acceleration (when
no reaction occurs), but when the system reaches the threshold temperature 7, the instability changes sign
and leads to an arrest of the fault motion.

a linear form for the kinetic law (u < 1). This approach corresponding to conditions at midseismogenic depth (see
allowed us to investigate the instability regimes. We can Table 3). In the case of no reaction, if the initial pressure pg is
relax these assumptions and develop a numerical solution less than the far field (steady state) pressure p.., the instability
for the pore pressure and temperature inside the band tends to stop the fault motion (Figure 8, gray curve). Con-
(equations (35) and (36)), using expressions 39 and 40 for versely, if po > p., then the instability is an acceleration of the
the pore pressure and temperature gradients at the boundary  fault motion (Figure 8, solid black curve). In all cases, the
of the shear band, and the Arrhenius law (equation (34)) for  pore pressure does not vary far from its initial value, whereas
the reaction progress. the temperature change is very significant. This thermal

[45] Firstthe case D <0 is investigated. The parameters are  runaway is consistent with the analytical results detailed in
set as follows: A =3 1074, Po =70 MPa and T,, = 210°C, the previous section.

T/(o./A)
0.1 [

005 Stable nodes

\:/ /—Unstable node
0o : S —=> plo,
025 0.3(1 035 040
. A
005} !
i P*=—T*=10°
_oal | P*=—6T=6 10°

Figure 7. Linear stability diagram for the no reaction case (light gray) and various values of kinetic para-
meters. For all cases, A =310, i.e., a normally stable situation. The solid lines correspond to unstable
eigendirections, and the dotted lines are stable eigendirections. If no reaction occurs or if P* = —7*, the
system is stable. If P* is significantly higher than 7 *, both eigendirections become unstable. Note that in
the latter case, the evolution of the system is almost isothermal.
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Figure 8. Slip velocity, pore pressure, and temperature
evolution for various initial conditions in the case D < 0.
The dehydration of lizardite is implemented by using the
Arrhenius law (equation (28)), and the parameters reported
in Table 2. Slip acceleration is stopped during the reaction;
that is, the higher value of P, the longer it stops. The higher
value P = 0.5 corresponds to a large compaction, i.e.,
assuming & = 0.

[46] This situation can change when the reaction is acti-
vated. Here we considered lizardite dehydration at 485°C,
using the kinetic parameters reported in Table 2. In this case,
the steady state pore pressure is higher than p., (see for
instance equation (A4)). The fault acceleration is stopped
when the reaction occurs, and starts again when the reaction
is completed (Figure 8, dotted black curve). The duration of
the stabilization of the slip is controlled by the parameter P,
i.e., the amount of dehydrating mineral (parameter m,) and
the change in pore volume &.

[47] The case D > 0 can also be investigated. It would
correspond to a combination of a high stiffness G/L, a rel-
atively large slipping zone width ~ and/or a low thermal
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pressurization factor A. The parameter values used to model
such a situation are the same as those presented in Table 1,
except that G=750 x 10’ Pa, L=10>m, 4=10""m, and A =
0.3 x 10° MPa/°C. Note that such values remain in a plau-
sible range for natural fault rocks. One important parameter
is the ratio G/L, which is however loosely constrained con-
sidering the oversimplification of the fault geometry. An
extension of our model to two or three dimensions could help
to obtain a more realistic configuration and thus estimate a
realistic range for the unloading stiffness of the crustal block.

[48] When no reaction occurs, the system is stable.
However, the dehydration reaction induces a transient
instability that ends when the reaction is finished (Figure 9).
It consists in an acceleration of the fault motion up to
8 meters per year, 2 orders of magnitude above the remote
loading rate. In this case, the pore pressure increase is only
due to the chemical effect: the system undergoes a chemical
pressurization. The pore pressure peak will thus be high for
large values of P, for instance if £ is low (e.g., if compaction
occurs).

[49] The case D > 0 can be further studied in the setting of
a deep fault embedded in serpentinite, e.g., within a sub-
duction zone. The parameter values used in this situation are
summarized in Table 4. The depth is 35 km, which corre-
sponds to a lithostatic pressure of the order of 1 GPa. In the
case of a highly pressurized medium, we assume an ambient
pore pressure of 920 MPa. The ambient initial temperature
is set at 500°C to simulate a cold geothermal gradient (i.e.,
15 °C km ). The inital mass of water that can be released
by the dehydration of serpentine per unit volume is my =
400 kg m™3 (see section 3). Here again, we use G = 50 x
10° Pa, L =10’ m, A= 10" m, and A = 0.3 x 10° Pa °C to
model astable fault motion in absence of reaction.

[s0] Recalling the expression of the slip velocity, obtained
by combining equations (31) and (35)

y :%(1 +?(ﬁ(% C )+ (00— 0) +5(T+7>)atu)),

(58)

an estimate of the change of velocity Au at the onset of the
reaction is given by

Au = g (T +P)oyu. (59)

In the example shown in Figure 10, we show that when the
reaction starts, the slip velocity suddenly increases up to 3.6
m year ', and then decreases rapidly to the initial value. The
crisis lasts ~4 days. This increase is mainly controlled by the
value of the dimensionless parameter P. From the estimate
of the velocity, it is possible to obtain the total slip Ad
associated with the onset of the reaction:

Ad = g(T +P)A, (60)

where Ap is the increment of reaction progress during the
transient. The slip history is thus entirely dictated by the
reaction progress. The larger amount of dehydrating mineral,
the larger the slip is. The magnitude M of the slip event for a
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slip event. The moment rate is controlled by the reaction
kinetic.

6. Conclusions

[51] A one-dimensional spring-slider block model has
been used to analyze the instabilities emerging from thermal
pressurization and mineral dehydrations within a shear zone.
The stability condition has been derived analytically, and
represented in terms of critical stiffness of the fault zone.
Instabilities arise from two distinct origins: (1) from the
thermal pressurization process itself, associated with a crit-
ical stiffness equal to 7/(hpC/2f A), and (2) from the
dehydration reactions associated with a critical stiffness
equal to T/(h(1 — €2/ | A py3*).

[52] The instabilities originated from thermal pressuriza-
tion (type 1) can lead either to an arrest or to an unbounded
acceleration of the fault motion, depending on the sign of
the perturbation. Such instabilities are themselves modified
by the occurrence of the reaction. In the analytical approach,
assuming an infinite amount of dehydrating mineral, the
instability develops toward vanishing effective normal
stress while the temperature remains close to the dehydra-
tion temperature. The numerical tests performed with a
finite amount of dehydrating mineral demonstrate that this
effect is actually limited in time, and stops when the reac-
tion is completed. The numerical tests showed that the
linearization of the Arrhenius law is a good approximation,
as the temperature never rises much higher than the equi-
librium temperature.

[53] For sufficiently small shear stress values, of the order
of a few MPa, instabilities linked to thermal pressurization
are excluded. However, instabilities can still arise from the
dehydration reactions (type 2), as the corresponding critical
stiffness is higher. Numerical simulations show that such
instabilities tend to lead to a transient acceleration of the
fault motion. The acceleration stops when the reaction is
finished. The maximum slip rate is of the order of a few
meters per year during the transient. The magnitude of such
events is dictated by the amount of dehydrating mineral, and
the moment rate is dictated by the reaction kinetic. The
transients slow slip events could correspond to slow and

Table 4. Parameters Used for the Calculation of a Slip on a
Serpentine-Bearing Fault at 35 km Depth

evolution in the case D > 0 (stable without reaction). The
dehydration reaction induces a transient increase in pore
pressure, temperature, and slip velocity. The slip accelera-
tion is fast at the onset of the reaction and then decelerates.
The total duration of the slip event is a few days.

given fault surface S is thus
M = G(Ad)S x Ap. (61)

The scaling given by equation (61) implies that the finite
amount of dehydrating mineral dictates the size of the slow

Physical Parameter Symbol Value Unit
Size of the crustal block L 10° m
Elastic stiffness of the crustal block G 50 10° Pa
Normal stress On 10° Pa
Mass of released fluid mg 400 kgm>
Width of the slipping zone h 107! m
Far field pore pressure Poo 92010° Pa
Far field temperature T, 500 °C
Heat diffusivity Qg 107® m?s™!
Fluid diffusivity Qhy 1076 m?s’!
Thermal pressurization factor A 0.3 10° Pa C°!
Enthalpy of the reaction |AHy]| 500 kI kg
Void creation vs fluid release ratio 13 0.8
Fluid to heat diffusivity ratio € 1
Normalized slipping zone width 6 5107
Chemical pressurization parameter P 0.032
Chemical heat sink parameter T —-0.022
Shear heating parameter B 0.056
Elastic coupling parameter A 0.01
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Figure 10. Fault at 35 km depth: Slip velocity, pore pres-
sure, and temperature evolution in the case D > 0 (stable
without reaction) and for parameters detailed in Table 4.
The onset of dehydration is marked by a transient increase
of temperature and slip velocity. This transient event lasts
~2 days. The fault motion remains otherwise stable.

silent slip events detected in several subduction zones.
Recent studies [Melbourne and Webb, 2003; Rogers and
Dragert, 2003] have shown that slow earthquakes, slip
transients, and low-frequency earthquakes are generally
associated with nonvolcanic tremor activity in subduction
zones. On the other hand, Burlini et al. [2009] have recently
shown that the tremor signals recorded in the field could
be qualitatively compared to the acoustic signals recorded
in the laboratory during serpentinite dehydration. These
observations, when combined with our study, suggest that
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nonvolcanic tremors, if indeed linked to dehydration reac-
tions occurring within the subducting slab, could be accom-
panied by slip transients. In fact, both seem to result from the
same single phenomenon: dehydration reactions in the sub-
ducting oceanic crust.

[54] In our model, the stability of fault motion is ensured
when the shear stress acting on the fault is extremely low
(a few MPa) (see equation (52)). In similar one dimensional
fault zone models that use the empirical rate-and-state fric-
tion law as a constitutive equation for the evolution of fric-
tion at the interface, the stability condition is written as [e.g.,
Ruina, 1983]

G/L > (o0 — p)(b - a)/d., (62)
where a, b and d,. are constitutive parameters of the inter-
face. Using typical values of (b — a) = 0.005, d. = 10 > m
[e.g., Segall and Rice, 1995], and G/L = 3 MPa m !, the
stability condition is (o, — p) < 6 MPa. Such a value is of the
same order of magnitude as the one found in our model.
Thus, the instability expected within the rate-and-state frame-
work arises at similar conditions as the instability deter-
mined in a dehydrating fault zone. However, a comprehensive
analysis incorporating both fluid pressurization, dehydration
and rate-and-state friction should be performed in order to
compare the various effects in a single framework.

[s5s] Throughout this study, the calculations and numerical
simulations always showed a strong thermal effect of the
dehydration reaction. The dynamic change in pore pressure
due to shear heating explains partly the almost isothermal
behavior of the shear zone, but the most important cause is
the fact that dehydration reactions are endothermic. This is
consistent with previous studies of rapid fault slip including
endothermic chemical reactions [Sulem and Famin, 2009;
Brantut et al., 2010, 2011], that emphasized this strong
thermal effect even at slip velocities as high as 1 m s '. The
initial amount of hydrous mineral is a key parameter. After
an earthquake, this amount can be strongly depleted and the
thermal effect can be lost over the seismic cycle. However,
if the rupture passes through another part of the fault zone,
even a few centimeters far from the previous slip zone, the
amount of minerals to dehydrate is intact. Moreover, the
almost ubiquitous presence of clay minerals along major
fault zones [Sulem et al., 2004; Solum et al., 2006; Hirono
et al., 2008] may suggest interseismic fluid circulations and
alteration of gouge zones to form a significant amount of
unstable, hydrous minerals.

[s6] The reaction kinetic was described by a simple first-
order reaction rate and an Arrhenius law to account for its
temperature dependency. A more detailed investigation
would also include the pore pressure dependency of the
reaction rate. Qualitatively, an increase in pore pressure
should induce a decrease of the reaction rate. Such a negative
feedback could hamper the growth of instabilities. In the lack
of quantitative experimental data on the effect of pore pres-
sure on the kinetic law of dehydration reactions, this effect
was not considered in our analysis. Nevertheless, it is likely
that the pore pressure variations have a second-order effect
on reaction kinetics, compared to the major temperature
dependency dictated by the Arrhenius law. Indeed, variations
in pore pressure may affect the equilibrium conditions of the
reactions, and merely offset the dehydration temperatures.
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Thorough experimental work would be needed to quantify
this effect so that it can be implemented in our model.

[57] In this study we only investigated nucleation by shear
heating and pore fluid pressurization. A more complete
description would include rate and state dependency of the
friction coefficient, dilatancy or compaction. Segall and
Rice [2006] have shown that thermal pressurization plays
a role only at a late phase of nucleation. Metamorphic
dehydration reactions may have important effects even at
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1
\/z<1 - T*6> +P Bs

b = (Ve(b + B~ 7). (A5)

[61] Assuming that the system is at steady state, we study
the evolution in time of a small perturbation X = ((7), (9)).
This perturbation verifies X = GX. The eigenvalues of
matrix G are

2D ) 1

early times, if the ambient temperature is already close to the
equilibrium temperature of these reactions. The exact
interplay of metamorphism and earthquake nucleation is
thus still an open question.

[s8] We have analyzed the case of endothermic dehydra-
tion reactions with positive total volume change. However,
one should bear in mind that at greater depth, several
endothermic reactions with negative volume change, such as
eclogitization and/or olivine to spinel transitions, take place.
Although these reactions involve no or little fluid phase, the
stability analysis of a medium undergoing such transitions
could be an interesting future perspective, which might once
again highlight the importance of metamorphism in earth-
quake nucleation.

Appendix A: Explicit Expressions
of the Perturbation

[s9] In this section we present a linearized stability anal-
ysis of the system formed by equations (41) and (42). Such a
system can be written in matrix form as follows:

9x = Gx +c, (A1)
where x = ({(),(6)),
/B * * 1
G%(ﬁ(liv)s *P o : ]> "
and
cfé‘D((l*D)\/E%+9w+B). (A3)

[60] The stationary solutions of the system, i.e., Xy = (7,
) veritying Gxo + ¢ = 0, is

1
\/2(1 - 7*5) +P"Bs

Ty =

x (Wm\/z(1 77*5> +9m7>*5+7>*35), (Ad)

62

S1p = = 7m+(1 —p)p* +T*i\/(1+8+*/€+(1 D)P*+T*)2+4D<\/E (P*BT*\@é)],

(A6)

respectively, and the corresponding eigenvectors are

) * * 1
=(—————|a-Dp T ———s1,D|,1
= (Jr=myes 0P+ -5 sun)1).

(A7)
respectively. The solution is thus
X = cle”‘el + cze‘”’ez, (Ag)

where ¢ , are arbitrary constants. The perturbation will thus
grow exponentially in time if at least one of the eigenvalues
81 1s positive, i.e., Re(s; ) > 0.

[62] If D <0, then s, is always positive while s remains
negative, independently from the values of P* and 7 *. The
system is unstable and corresponds to a saddle point (see
example in Figure 4). All the perturbations lying on the left
of the separatrix follow the unstable direction toward
decreasing temperature and pressure. Conversely, those
lying on the right of the separatrix follow the unstable
eigendirection toward increasing temperature and pressure.

[63] If D > 0, positive eigenvalues can be found when

1+ B+ /e

1-D)yP +7T" > ;

(A9)

Notation

u normalized slip velocity.
7w normalized pore pressure.
0 normalized temperature.
mg total mass of releasable water per unit of rock mass.
¢ ratio of the volume of voids created over the volume of
fluid released per unit of reaction progress.
‘P nondimensional pore pressure increase per unit of reac-
tion progress (chemical pressurization effect).
T nondimensional temperature change per unit of reaction
progress (endothermic effect of the reaction).
P* chemical pressurization effect including the temperature
dependency of the reaction kinetic.
T* endothermic effect including the temperature depen-
dency of the reaction kinetic.
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A nondimensional coupling between pore pressure rate
and slip velocity.
B nondimensional frictional heating source.
e ratio of hydraulic diffusivity over heat diffusivity.
6 dimensionless thickness of the localized shear zone.
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