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Laboratory friction slip experiments on rocks provide firm evidence that the static friction coefficient l
has values �0.7. This would imply large amounts of heat produced by seismically active faults, but no
heat flow anomaly is observed, and mineralogic evidence of frictional heating is virtually absent. This
stands for lower l values �0.2, as also required by the observed orientation of faults with respect to
the maximum compressive stress. We show that accounting for the thermal and mechanical energy bal-
ance of the system removes this inconsistence, implying a multi-stage strain release process. The first
stage consists of a small and slow aseismic slip at high friction on pre-existent stress concentrators within
the fault volume but angled with the main fault as Riedel cracks. This introduces a second stage domi-
nated by frictional temperature increase inducing local pressurization of pore fluids around the slip
patches, which is in turn followed by a third stage in which thermal diffusion extends the frictionally
heated zones making them coalesce into a connected pressurized region oriented as the fault plane.
Then, the system enters a state of equivalent low static friction in which it can undergo the fast elastic
radiation slip prescribed by dislocation earthquake models.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction

Geological, physical and seismological evidence concur in
establishing that frictional sliding of crustal masses is at the basis
of earthquake dynamics.

Hence, as a fundamental equation of the fault slip process it can
be taken the Tresca–Von Mises criterion (see e.g., Terzaghi et al.,
1996), which prescribes that failure occurs when the effective
stress reff is larger than the ‘‘rupture” stress rR

reff > rR ð1Þ
with

reff ¼ rS þ lðrN � pfluidÞ ð2Þ
where rS and rN are respectively the shear and normal stresses on
the slip plane, l is the (static) coefficient of friction and pfluid the
pore fluid pressure.

It should be emphasized that the slip failure process occurring in
nature is considerably more complex than in both the classic and
the most modern laboratory experiments (e.g., Sone and
Shimamoto, 2009). First of all, even if there are some recent
attempts to simulate gouge by using powdered materials (see Sec-
tion 2 of Niemeijer et al., 2012 and references therein), the slip in
laboratory experiments usually occurs on machined surfaces.
Moreover, the confining pressure is comparatively modest, since
the friction machines work at most at a few tens of MPa pressures,
which is one order of magnitude less than the lithostatic �102 MPa
level of crustal hypocentral depths. Furthermore, the velocity
attainable in laboratory experiments is limited to a few m/s (e.g.,
Sone and Shimamoto, 2009; Di Toro et al., 2010), which is also
one order of magnitude lower than fault slip velocities of real world
events (Ohnaka, 2013). In addition, the fault zone boundaries in the
laboratory configurations are necessarily planar, smooth and small,
at odds with nature (see, e.g., Niemeijer et al., 2012 for a review).

There are also other, even more fundamental, limitations inher-
ent to the ‘‘high velocity” friction laboratory experiments. First, the
role of fluids in real faults is likely to be crucial (Miller, 2013;
Mulargia and Bizzarri, 2014, 2015), but laboratory experiments
cannot realistically account for this due to inevitable technical lim-
itations. Second, experiments forcedly disregard the fracture pro-
cess, which is instead likely to play a crucial role in natural
faulting (see, e.g., Bizzarri, 2011). Third, it is difficult to reproduce
a realistic loading history, and the effect of this history on labora-
tory results has never been analyzed. In practice, there is no evi-
dence that the imposed load function is dynamically consistent
with, and that can be taken as representative of, the velocity
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evolution on natural faults. Finally, the linear consumption (due to
either wear and/or melting) in centimeter size laboratory samples
is unlikely to be equal to the nonlinear processes occurring in the
kilometer size Earth faults.

In conclusion, the results of laboratory experiments should to
be regarded as an interesting proxy to natural faulting, but each
single piece of evidence should be carefully scrutinized before
transferring it to the real world, since the laboratory conditions
are still quite far from hypocentral ones. It is therefore hardly sur-
prising that the laboratory slip physics applied to earthquake
occurrence may still lead to a number of paradoxes.

The present paper is devoted to analyze how accounting for slip
physics not only for what concerns the mechanical terms, and
under realistic crustal conditions, may remove such paradoxes.
At the end, we also propose a paradox free physical model of the
preparatory and coseismic phases which is in agreement with all
available observations.

2. The fault slip paradoxes

Let us now briefly review the fault paradoxes, the first one of
which concerns the fault geometric orientation with respect to
the stress field. Let us consider a general stress configuration in
the principal stress axis system, i.e. a stress tensor rij ¼ dijrI;II;III ,
where the stress eigenvalues in the diagonal follow the usual con-
vention rI > rII > rIII. Eq. (2) defines the planes in which the effec-
tive stress attains its maximum value and where Eq. (1) is satisfied.
The maximum of reff occurs when the maximum compressive
stress is at an angle h with the fault plane (Anderson, 1905)

h ¼ 1
2
arctan

1
l

� �
ð3Þ

i.e., the orientation of the most favoured slip plane depends on the
value of the coefficient of friction. In particular, at the friction coef-
ficient values measured in the laboratory, which are (e.g., Byerlee,
1990) l � 0:6–0.8, the maximum effective stress orientation is at
�30� degrees to the maximum compression axis. This is odds with
observation and leads to the fault orientation paradox. In fact, Eq. (3)
can be easily inverted and used to estimate the coefficient of friction
directly from the seismic focal mechanism. Experimentally, the
normal of the slip plane is found to be at an angle with the axis
of maximum compression (Zoback et al., 1987; Iio, 1997) consistent
with l � 0:2.

Closely related to the above, there is a second paradox, which is
tied to the surprisingly small thermal energy produced by earth-
quakes. In order to see this, let us introduce a seismic source
model, which we will simply take as a plane dislocation over a
bidimensional plane surface (Brune, 1968) of linear dimension r,
and area A proportional to r2. The energy balance equation – disre-
garding the gravitational term since its importance depends on the
individual fault mechanism and geometry – will include four terms
(see e.g. Kanamori and Heaton, 2000; Mulargia et al., 2004; Bizzarri
and Cocco, 2006):

DEE ¼ ER þ EF þ ET ð4Þ
where EE is the stored elastic energy, ER the elastically radiated
energy, EF is the fracture energy, and ET the thermal energy, i.e.
the energy which is dissipated into heat due to frictional sliding.

Taking as the basic event the average slip �s on a given patch, the
work done by this slip is

DW ¼ �r�sA ¼ DEE ð5Þ
where �r is the average stress during the slip. The radiated energy ER

can be directly estimated from the seismic scalar momentM0 ¼ G�sA
as (see e.g., Kanamori and Brodsky, 2004)
DWR ¼ DrM0=2G ¼ ER ð6Þ
where Dr is the stress drop and G is the rigidity of the medium sur-
rounding the seismic source. At the same time, the fracture energy
corresponds to the breaking of bonds required to create new sur-
faces (Griffith, 1920). This process releases elastic energy mostly
in terms of elastic waves, but – given the microscopic bond size –
occurs essentially at high frequency >1 kHz, and it is therefore not
comprised in the term ER. The latter concerns rather the emission
in the seismic band 610 Hz, and is related to the macroscopic
dislocation.

Estimates of fracture energy EF made using the elastic approxi-
mation alone, which mostly regard the fault as a whole depicted
as a single propagating mode III crack (Kostrov, 1966; Eshelby,
1969; Freund, 1998) must be regarded as speculative. It is prefer-
able to rely directly on experimental fracture energy data relative
to sliding experiments with realistic ‘‘fault gouge”, which show that
fracture energy is 3–4 orders of magnitude smaller than the total
energy (Yoshioka, 1986). As a consequence, sincewe are not consid-
ering the case of fresh faulting, fracture energy can be disregarded.

In light of the general energy balance equation, we have

DWT ¼ lrN�sA ¼ ET ð7Þ
Thus, by considering Eqs. (5)–(7)

�r ¼ Dr
2

þ lrN ð8Þ

and, assuming that slip is confined to a thin region, the rate of heat
per unit area _Q generated by fault slip (i.e. by frictional heating) can
be roughly calculated by using the equation for constant heat ux on
a plane in an infinite medium as

_Q ¼ lrNv ð9Þ
where v is the slip velocity. An alternative would be to consider the
detailed material structure, which is obviously not possible in a
general treatment. Hence, the temperature rise DT after a slip d at
constant velocity v can be approximated as (cf. Sibson, 1973)

DT ¼ lrN

k

ffiffiffiffiffiffiffiffiffi
Kdv
p

r
ð10Þ

where k is the thermal conductivity and K the thermal diffusivity.
Note that taking in Eq. (10) the friction coefficient l equal to its

static value, as we do, is consistent with (a) a slow slip velocity
v � v s, where v s is the shear wave velocity and (b) a disregardable
cohesion rR � 0. Based on laboratory evidence, reasonable values
of theparameters involvedareK ¼ 10�6 m2/s,k ¼ 1 J/(s m �C), yield-
ing temperature increases >1000 �C for velocities anddisplacements
typical of seismic events, since sliding is experimentally concen-
trated in a zone of 1 cm or less (Kanamori and Heaton, 2000). The
paradox lies in the fact that this should induce extensive melting,
but the presence ofmelting products like pseudotachylites is exper-
imentally very rare in real faults. Note also that, on the contrary,
pseudotachylites are quite copiously generated in all laboratory fric-
tion experiments (cf. Niemeijer et al., 2012, and references therein),
underlining the crucial differencebetween laboratory and real faults
that we have discussed above. Such a discrepancy is further con-
firmed by heat flowmeasurements along the San Andreas and other
faults, which yield a heat production at least five times smaller than
expected (Brune et al., 1969; Lachenbruch and Sass, 1980). This con-
stitutes the fault heat flow paradox, and calls for some mechanism
capable of substantially reducing friction.

In the literature, dynamical mechanisms have been proposed to
explain the scarcity of melting products, like thermal pressuriza-
tion of pore fluids, flash heating of micro-asperity contacts and
mechanical lubrication (see Sections 8.3, 8.4 and 8.6 of Bizzarri,
2014 and references cited therein). These processes predict a
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significant, often dramatic, decrease of the dynamic frictional resis-
tance, which causes a nearly complete stress drop and, intuitively,
a significant decrease in frictional heating (cf. Eq. (9)). However,
the same dynamic models of seismic rupture show that the reduc-
tion of the frictional resistance leads also to an increase in sliding
speed, which in turn raises the temperature (cf. again Eq. (9)). As
a net result, all the dynamical mechanisms invoked to solve the
heat flux paradox appear incapable to effectively avoid melting.

Finally, note that melting itself might reduce friction, but it
should occur much more extensively than it is observed in
exhumed faults (cf. Sibson, 1992; Magloughlin and Spray, 1992).
Moreover, it must be emphasized that all the above-mentioned
physical processes would not alter the static friction, which is –
on the contrary – the key element of the present study, and there-
fore are totally incapable of explaining the following third paradox.

The latter consist in the following: the change in seismicity
following major earthquakes near the San Andreas fault calls for
similarly small values of l, i.e. l ¼ 0:1 ’ 0:3 (Reasenberg and
Simpson, 1992), and stress inversion applied to near-surface geolog-
ical faults relative to microearthquakes in eastern Taiwan consis-
tently give l 6 0:2 (Reches, 1987, Fig. 6b). This evidence stands for
a third paradox, closely tied to the other two and possibly at their
very basis, which wemay simply call the friction coefficient paradox.

3. The multi stage earthquake process

Given the long time scale of geologic phenomena with respect
to earthquake occurrence, we may assume that the stress field
coincides with the regional tectonic stress field, i.e. that Eqs. (1)
and (2) relate to very similar stress matrices for all earthquake
recurrences on a given fault.

The initial slip at high friction constitutes the first stage of the
slow ignition model that we propose in the present paper. This will
occur on planes with orientation relative to l � 0:7, i.e., at �30� to
the maximum compression axis (see Eqs. (1) and (2)) comprised
within the pre-existent fault volume (see Fig. 1). Such ‘‘en echelon”
orientation with respect to the fault is compatible with Riedel
cracks (e.g., Tchalenko, 1970) and these initial fractures can possi-
bly be seen as coincident with them. In agreement with laboratory
observations, we assume that slip occurs slowly, with v 6 1 cm/s,
with a radiated elastic energy which is a fraction 6 10�2 of the
thermal energy (e.g. Lockner and Okubo, 1983), so that
DW ’ DWT . In other words, in this first stage – stage I – virtually
all the work done by the slip is transformed into heat according
to Eq. (9). The spatial and time scales of this first stage will be
inferred in the following.

This high friction slip determines a temperature increase of the
matter surrounding the slip plane equal to (cf. Mulargia et al.,
2004; Bizzarri and Cocco, 2006)

DWT ¼ DQ ¼ CAwq � Cr2wq ð11Þ
Fig. 1. The stress concentrator patches inside the fault volume optimally oriented
with slip at a high static friction of l � 0:7. This slip constitutes stage I.
where C is the specific heat per unit volume,w the width of the ther-
mal zone, i.e. of the volume surrounding the slip plane and q is the
density. The width w over which heat is propagated by thermal dif-
fusion is

wðtÞ ’ 2
ffiffiffiffiffi
Kt

p
ð12Þ

which means that after 10 s from the starting of the slip, the heated
front will have propagated in the surrounding volume at a width w
of the order of 1 cm.

The temperature increase in this thermal zone will almost
immediately induce fluid pressurization and, since permeability
in fault gouge is less than 10�18 m�2 – a virtually impermeable con-
dition (Morrow et al., 1981) – fluid pressure is easily raised from
hydrostatic to lithostatic (see Fig. 2). This slip rate required for such
an increase can be very slow, since temperature increases of the
order of 100�, sufficient to grant pore fluid pressurization at litho-
static level, are attained at velocities of just 0.1 cm/s and displace-
ments of 1 cm. Hence, time scale of the slip and of the
thermalization and pressure increase is of the order of 10–100 s,
while the related spatial scale is of the order of 1–10 cm.

Heat propagation makes the thermal zone grow larger, and –
simultaneously – also cool. The conduction time constant k is

k ¼ w=4K ð13Þ
rules the decay of temperature as a function of time t. For our values
k will be of the order of 30 s, which means that the temperature
decay will be (cf. Lachenbruch, 1980)

TðtÞ /
ffiffiffiffiffiffi
k
pt

r
ð14Þ

i.e., once reached the values that guarantee pore fluid pressurization
at the lithostatic level, the temperature – and therefore the pressure
– will remain high for several tens of seconds. This pressurization
constitutes stage II (see Fig. 3) and determines a local increase in
pore pressure by Dp, thus increasing the effective stress reff in
neighborhood of the slip patches and countering the decrease in
deviatoric stress due to slip. The process continues as long as reff

is sufficient to overcome cohesion according to Eq. (1). Experimen-
tal confirmations of this effect do exist for friction slip on fluid sat-
urated rocks (e.g., Ghabezloo and Sulem, 2009).

The pressurization of fluids around the slip patches radically
changes the balance of Eqs. (1) and (2) within the fault volume.
Fig. 2. The temperature increase required to raise the fluid pressure from
hydrostatic lithostatic versus depth (redrawn from Burnham et al., 1969).



Fig. 3. The pressurization due to the temperature increase produced by the high
friction slip. The temperature – and consequently the pressure – increase in the
region with width w around the slip patch (see Eq. 11). This constitutes stage II.

Fig. 5. The low friction elastically radiating slip which constitutes stage IV. During
this slip, the friction coefficient can be dynamically reduced to values smaller than
the initial 0.2. The rupture extends within the band up to distances from the patch
which depend on the correlation length of the stress and fault mechanical structure,
i.e., as long as the Tresca–Von Mises condition, Eqs. 1 and 2, is dynamically satisfied
(with the dynamic value of the friction coefficient l in Eq. 2).
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The size of the region interested by fluid pressurization increases
with time according to Eq. (12). In fact, according to Eq. (14), a tem-
perature increase of 500 �C attained at the slip plane will induce a
temperature increase of more than 100 �C after 200 s on a volume
of width �6 cm surrounding it. If fluids were not present, this
could activate dynamic weakening mechanisms. On the contrary,
in the real case fluids are indeed present, and this will determine
a coalescence of the pressurized regions near the en echelon planes
in the fault volume (see Fig. 4). This coalescence constitutes stage
III, which also involves centimeter size domains, just as the other
previous stages. Given the above parameter range, the time and
spatial scales of coalescence are of the order of 100–1000 s and
10–100 cm, and concern slips of the order of 1 cm. It is important
to remark that we do not rule out melting, but limit its occurrence
to local domains and modest amounts, since as soon as heat
reaches the fluids it pressurizes them, decreasing friction and thus
quenching any further melting.

Consider now the situation: the pre-existent fault volume rep-
resents a region of the crust optimally oriented with respect to
the regional stress with pore fluids at near lithostatic pressure. In
this volume, Eqs. (1) and (2) still apply but, if we keep the initial
value of fluid pressure p0 (which still acts outside the pressurized
volume), this will appear as a lower value lpress of the friction coef-
ficient l

lpress ¼ l0
rN � p0

rN � ppress
ð15Þ

where the ‘‘0” and the ‘‘press” subscripts refer respectively to the
non-pressurized state at the beginning of the process and to the
pressurized state of stage III. We must still call the latter coefficient
‘‘static” since at all stages up to III it relates to a state prior to the
seismically radiating fast slip, which is the only one conventionally
termed ‘‘dynamic”.
Fig. 4. Heat propagation to larger widths w around the individual slip patches (cf.
Eq. 12) leads the locally pressurized zones to coalesce into a connected pressurized
volume oriented as the pre-existent fault, which is now ready to slip with an
equivalent low friction coefficient (cf. Eq. 15). This constitutes stage III, preparing
the system for the low friction fast macroscopic dislocation of stage IV.
As soon as stage III is completed, Eqs. (1) and (2) are simultane-
ously satisfied and fast, low friction slip can start, releasing most
shear energy through seismic radiation, i.e. EE � ER. During this
slip, the friction coefficient can be dynamically reduced to even
smaller values than the initial one, thus releasing virtually all devi-
atoric stress. This constitutes stage IV, which coincides with the
standard dislocation dynamic model of earthquakes (see Fig. 5).
The main slip propagates along the strike according to the correla-
tion length of the stress and of the fault mechanical structure, i.e.,
as long as the Tresca–Von Mises condition, Eq. (1), is dynamically
satisfied. This is in agreement with previous dynamic models of
earthquake rupture, which describe the dynamic weakening of
the fault traction and the propagation of the rupture on the fault
even up to large distances from the nucleation patch. Note that slip
in stage IV starts at an angle �40� to maximum compression, com-
patible with l ’ lpress � 0:2 due to fluid thermal pressurization
(see Eq. (15)), and bends further towards 45� in response to the
dynamic decrease of l, but such bending cannot be a stable attrac-
tor since fault orientation remains compatible with l � 0:2. A
complete treatment of the latter would require to analyze in detail
the dynamics of stage IV, which is a highly nonlinear problem
beyond the scope of the present work.
4. Discussion and conclusions

The initial slip of stage I needs high stress levels to be initiated.
In fact, even if the cohesion energy rR in Eq. (1) is rR � 0 (cf. Hoek,
1990) and can therefore be disregarded, rewriting Eq. (2) in the
principal axes system, with the largest and smallest stress eigen-
values rI;rIII written as rI ¼ DrIII , with D P 1 gives

reff

rIII
¼ D½1� lð1� cos2hÞ� � l 1þ cos2h� 2pfluid

rIII

� �
� 1 ð16Þ

This equation summarizes the dependence of reff on applied stress,
fluid pressure and friction coefficient, as illustrated in Fig. 6. It is
immediate to see that at usual laboratory conditions, i.e., at static
friction values l � 0:7 and hydrostatic fluid pressure, reff is > 0 –
and the slip process can initiate – only when rI > 15rIII. Fluid pres-
sures higher than hydrostatic require lower deviatoric stresses, but
fluid pressures equal to 75% of the lithostatic still require rI > 6rIII

values, while even fluid pressures equal to 90% of the lithostatic
require rI > 3rIII values.

Given the in situ stress measurements and the low and constant
stress drop values (cf. Mulargia and Bizzarri, 2014, 2015 and refer-
ences therein), such high deviatoric stresses can only be realized
locally by the stress concentration of preexistent cracks. In other
words, the slip process can only start at stress concentrators which



Fig. 6. The Tresca–Von Mises static equation 16 rewritten to give the maximum effective stress reff , normalized to the smallest stress eigenvector rIII , as a function of the
ratio between the largest and the smallest stress eigenvalues D ¼ rI=rIII . Different fluid pressure values are considered ranging from hydrostatic to lithostatic. The maximum
effective stress value refers to the slip plane oriented according to Eq. 3, with l ¼ 0:7. The region with reff =rIII > 0 represents the domain in which the Tresca–Von Mises
condition, Eqs. 1 and 2, is satisfied.
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locally increase the deviatoric stress by � one order of magnitude,
allowing locally the high friction slip of stage I at l ¼ 0:7. It is the
latter slip that, in stage II, induces strong local temperature
increases which, in turn, pressurize the surrounding pore fluids.

This initial local slip will be very slow and ‘‘silent”, i.e. creep-
like (cf. the experimental findings of Guglielmi et al., 2015 and
those of Witze, 2015), since temperature increases of the order of
102 �C, sufficient to grant pore fluid pressurization, are attained
for velocities of 0.1 cm/s and displacements of 1 cm, which are well
below the limit for elastic radiation (see e.g., Rubin and Ampuero,
2005; Bizzarri and Spudich, 2008).

The heat front around each slip patch propagates, expanding the
locally pressurized regions up to the point that the ones coalesce.
This induces an equivalent static coefficient of friction l� 0:7 in
a volume oriented as the pre-existent fault, i.e. compatible with a
static coefficient of friction l � 0:2, as it is routinely observed. To
summarize, the fast slip radiating process starts only when the
three slow ignition stages of I – high friction slip, II – thermal pres-
surization, III – heat propagation and coalescence of the thermally
pressurized zones – have been completed, which requires times
of the order of 100–1000 s and spatial domains (i.e., slipping
patches) of 10–100 cm. The size of the radiating event is given by
the correlation length of the slipping patches. If this is small, and
slipping patches are sparse, the sequencemay abort before reaching
the coalescence stage III, no radiation will be observed, but just
localized creep. Otherwise, stage IV will occur, with a dynamic rup-
ture propagation. Both the prolific stage I–stage IV and the aborted
stage I–stage II sequences have been apparently observed under
fluid injection using fluid pressure values typical of oil industry at
an underground laboratory in southeastern France (Witze, 2015).
Note that each process will start the stage I–stage IV sequence from
the beginning, since the fast dynamic slip of stage IV will destroy
most signs of the previous ones. Geologic remnants of stages I–III
are likely to be observed only in aborted sequences.

It is interesting to emphasize that in the framework of the pre-
sent model, stage IV – which is responsible for seismic wave exci-
tation and seismic radiation, and which deals with an extended
fault model (rather than a single or coalescent cracks as in previous
stages) and coincides with the subject of dynamic models of fault-
ing – starts with a non vanishing sliding speed. In the model pro-
posed in the present paper, the nucleation process (i.e. the
preparatory stages leading to dynamic instability in a finite fault
zone) is accounted for in stages I–III.
The triggering of a fast radiating slip by fluid pressure waves
or by dynamic or static external stresses may act at all stages,
but it is only at stage I that it can be crucially effective, when
even very small stresses may trigger the process in a system
which is close to the critical state (cf. Mulargia and Bizzarri,
2014, 2015).

Our proposed physical model considers the total energy balance
of the system, rather than just the mechanical terms, as it usually
happens in the seismological approach. In this picture, the thermal
balance is found to play a key role together with fluid flow, which
acts as the basic trigger for the whole process, reaching the faults
through high permeability material discontinuities, i.e., joints and
fractures. Once at the boundary of the system, flow occurs slowly
through pores into the low permeability gouge and the process
starts according to Eq. (1), as is experimentally supported by the
permeability parameters measured in reservoir induced earth-
quakes (Talwani et al., 2007).

The first three stages of the process involve small spatial
domains of less than a meter size, but the dimension of the radiat-
ing event is given by the extent of the spatial domain in which
stages I–III occur, i.e. by the correlation length of the slipping
patches. However, the correlation length is ruled by the fine struc-
ture of the system at the slip patch size at sub-meter lengths,
which is practically knowable only in statistical sense. Hence, the
final dimension of the event is already set at the beginning of the
process, but it is unrealistic to measure it because it is not broad-
casted before the process ends the fast propagation of stage IV.
In other words, the system knows beforehand how big will the
earthquake be, but won’t tell it because the first three stages are
seismically asymptomatic and because they involve single volumes
which are many orders of magnitude (up to 10) smaller than those
which the earthquake will finally involve.

Hence, our first three stages cannot represent the slow initial
moment release of the cascade nucleation model (Ellsworth and
Beroza, 1995), which could rather coincide with the dynamic
decrease of the friction coefficient, thus splitting stage IV into fur-
ther substages. At odds with this model – in which an earthquake
occurs as the net result of the sequential chain triggering of multi-
ple small events – the staged ignition model we have developed
here is in the same perspective of pre-slip models (e.g., Okubo,
1989), in which failure starts aseismically with a slow sliding over
limited regions of the fault zone, and gradually expands to become
unstable when it reaches a critical size. In our model, this critical
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size is the correlation length sufficient to start fast slip with radia-
tion in the seismic band.
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