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Given that active faults can slide either continuously by aseismic creep or episodically during earthquakes,
and that the same fault zone may evolve laterally from seismic to aseismic deformation, an important issue
is to know whether seismic to aseismic transition can be geologically controlled. This article presents exam-
ples of contrasted mechanical behaviour along active faults that cross cut limestone and marl units within the
sedimentary cover of the French Alps. By matching seismic events along strike-slip and normal faults with the
nature and structure of the rocks, it is demonstrated that the partition between seismic and aseismic sliding
at depth is geologically controlled: earthquakes nucleate in the strongest rocks, mainly limestones, whereas
marls accommodate at least part of the tectonic loading by aseismic creep. By looking at exhumed rocks de-
formed in the same context it is possible to identify the mechanism of creep, which is shown to be pressure
solution creep either as a permanent or post-seismic creep. As earthquakes slip are seen to propagate through
the whole upper crust, creep processes do not necessarily prevent an earthquake rupture from propagating
through creeping units. However, creep relaxes stress and consequently reduces the available elastic poten-
tial energy at the origin of earthquakes in such creeping zones. The key parameters of pressure solution creep
laws are presented and discussed. Using these laws, it is possible to infer why marl may creep more easily
than limestone or why highly fractured limestone may creep more easily than intact rock. This approach
also identifies other rocks that could creep by pressure solution in subduction zones and indicates how creep-
ing zones may act as barriers for earthquake rupture propagation. Finally, the criteria possibly revealing geo-
logical control of the transition between seismic and aseismic sliding at depth are discussed with respect to

subduction zones.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The mechanical behaviour of active fault zones involves a variety of
sliding modes, from continuous aseismic creep to sudden rupture during
earthquakes. Such contrasting behaviour may be observed in various con-
texts, such as subduction zones where seismic patches are surrounded by
aseismic deformation zones (Masson et al., 2005; Satyabala et al., 2012),
collision zones (Masson et al, 2005; Satyabala et al, 2012), and
strike-slip faults (Evans et al,, 2012; Nadeau et al,, 2004). Even in the
so-called “seismic zone”, afterslip creep may accommodate part of the
displacement (Freed, 2007). Consequently, aseismic creep, which occurs
either as a continuous process or as post-seismic afterslip deformation,
could significantly relax tectonic stresses and therefore reduce the occur-
rence of major earthquakes in these zones. A major issue is to understand
whether the transition between seismic and aseismic behaviours could
be controlled by the geological characteristics of the deformed rocks:
are some types of rocks more prone to seismic failure while others are
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more prone to aseismic creep? To answer such a question, it is necessary
to identify the grain-scale mechanisms of aseismic creep and then to in-
vestigate how such mechanisms may be sensitive to the nature, structure
or composition of the rocks. Finally, if such geological control does indeed
govern the transition between seismic and aseismic slips, how can the
key geological characteristics controlling the seismic to aseismic transi-
tions be recognized at depth?

To answer these questions, several examples are presented of
contrasted rock behaviours along active faults that cross cut layers
of limestones and marls within the sedimentary cover of the French
Alps. This area of moderate seismicity has been carefully monitored
over the past thirty years through a network of short-period seis-
mometers, providing accurate locations of small seismic events. In a
first step, the seismicity distribution along active strike-slip and nor-
mal faults (Vuache and Clansayes faults) was matched with the na-
ture, structure and composition of the rocks that can be seen on the
geological cross-section. These data indicate a lithological control of
the transition between seismic and aseismic slips at depth because
most earthquakes nucleate in the strong limestone units and only
few of them could be observed in the weak marl units. However, in
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most cases, it is not possible to observe directly the rocks at depth,
and therefore to identify the creep mechanisms. A second step there-
fore had to be introduced to provide additional constraints based on
the Cléry fault zone that formed in the same geological context as
the Vuache and Clansayes faults, and which was recently exhumed.

Stratigraphically analogous limestone and marl units, outcropping
at the surface near the same type of recent Alpine exhumed faults,
were studied in order to establish the mechanisms of the creep pro-
cesses associated with seismic and aseismic deformations: either as
permanent or post-seismic creep. Various mechanisms of creep in
crustal rocks could be at work: i) pressure solution creep (Rutter,
1976) involves coupling fluid-rock interactions with deformation;
ii) brittle creep (Chester et al., 2007; Heap et al., 2009) involves the
generation and slow propagation of microcracks that weaken the
rocks, iii) frictional processes such as low-friction deformation with
talc-bearing phyllonite for example (Smith et al, 2012), or the
presence of weak phyllosilicates such as saponite (Lockner et al.,
2011), or the effect of fault fabric as well-developed foliation
(Collettini et al., 2009). Frictional-viscous creep involves the coupling
between pressure solution and frictional sliding (Bos and Spiers,
2002; Bos et al., 2000). “Mixed mode” deformation, with fault creep
in a foliated phyllosilicate-rich fault zone and a seismic event initiat-
ing in more rigid competent lenses as dolomite or mafic blocks, has
been described for example by Collettini et al. (2011), Faulkner et
al. (2003).

The main result of the present work is that both long-term seis-
mological monitoring, with high-resolution locations of earthquake
foci at depth, and outcrop observations provide evidence that earth-
quakes rupture nucleate and propagate in the strongest rocks, mainly
limestone, whereas marl units accommodate tectonic loading, mainly
by aseismic pressure solution creep. This clearly reflects lithological
control of the seismic to aseismic transition. However, creeping in a
given type of rock does not necessarily prevent earthquake rupture
from propagating through it, either because the creeping process
does not completely relax the stress or as a result of dynamic process-
es of seismic interactions from neighbouring earthquakes. Moreover,
the so-called seismic zones may also show afterslip creep. For both
permanent and transient creep processes, the stress is relaxed,
which therefore lowers the probability of occurrence of a new earth-
quake in these zones. Finally, since the creep mechanism has been
identified in this work as pressure solution creep, the manner in
which this mechanism is sensitive to the nature, structure and com-
position of the rocks is discussed, together with ways of identifying
at depth rocks that are more prone to failure and those more prone
to creep. It is also shown that pressure solution needs specific condi-
tions to develop (presence of a fluid that may dissolve some minerals,
specific pressure and temperature conditions to favour the maximum
solubility of the mineral in solution). As a consequence, the whole
geological context, and not only the lithology, should be considered.

2. Seismicity distribution and geology: the Vuache fault
(Jura massif)

The first example is the Vuache fault, located in the Jura massif,
within the western part of the Alps (Gratier et al., 1989; Lemoine et
al., 1986). In this area, E-W Alpine contraction led to folds, thrusts
and strike-slip faults that can be seen both in geological cross-
sections and on maps (Fig. 1). The Jura massif is a typical foreland
fold-thrust belt within this part of the Alps, where deformation af-
fects a relatively thin sedimentary cover deformed above a basal
décollement in Triassic evaporites (Hindle and Burkhard, 1999). The
Jura belt was formed during the latest stage of the Alpine orogeny
between the Upper Miocene and Lower Pliocene ages. It developed
into a mountain range with arcuate folds-and-thrusts and strike-slip
movement (major N-S to NW-SE sinistral, and minor E-W dextral
strike-slip faults) that are linked with the Alpine arc formation

(Affolter and Gratier, 2004). Present-day active faults are indicative
of the continuity of tectonic loading with an active thrust fault
being observed at the front of the Jura: ML 5.1 (local magnitude)
2004, Roulans earthquake (Cara et al., 2007; Molliex et al., 2011),
close to Besangon and an active strike-slip fault in the rear part
where occurred the ML 5.2 1996 Epagny earthquake (Hoang-Trong
and Cara, 1998; Thouvenot et al., 1998), near Annecy. This latter
earthquake occurred on the Vuache fault, which is one of the main
NW-SE left-lateral strike-slip faults that currently offset the NE-SW
trending folds-and-thrusts at the rear part of the Jura.

2.1. Seismicity distribution

The so-called Epagny earthquake is the strongest event recorded in
southern-eastern France since 1962. The hypocentre was located in a
Mesozoic limestone formation at very shallow depths (1-3 km). The
focal mechanism indicates left-lateral strike-slip motion on a N136°-
E-striking plane dipping 70° to the NE. This earthquake was followed
by several hundred aftershocks, the locations of which were accurately
determined thanks to the rapid installation of a temporary 16-station
seismic network (Thouvenot et al., 1998). All aftershocks (magnitude
0.5 to 4) occurred along the southernmost segment of the Vuache
fault, defining a 5-km-long, 3.5-km-deep, 130°E-striking rupture zone
dipping 73° to the NE as the mean value (Fig. 2). However, some after-
shock alignments appeared to indicate a more complex structure with
some parts of the fault possibly being vertical. Fault-plane solutions
for the 60-recorded aftershocks were consistent with left-lateral slip
on a NW-SE striking plane. The intersection of the aftershock cluster
mean plane with the topographic surface is very near the inferred
extension of the Vuache fault marked on the geological map (Fig. 2).
Aftershocks selected here (174 events) were well recorded by the
temporary network, with more than 8 arrival times available, with
an azimuthal gap smaller than 180°, and with high location accuracy:
uncertainties are 160 m for epicentres, and 200 m for focal depths. Con-
versely, the main-shock position computed from permanent stations,
up to 150 km away, was not as accurate as that of the aftershocks. How-
ever, by comparing the location of some aftershocks obtained from the
local network with those obtained from the permanent network, it was
possible to evaluate the location of the main earthquake with a horizon-
tal uncertainty of less than 700 m.

2.2. Geological cross-sections

In order to compare the location of earthquakes at depth with the
lithological characteristics of the sedimentary cover, geological cross-
sections were constructed using both outcrops and drill hole data
(Fig. 3). The balanced cross-section technique (Dahlstrom, 1969)
was used to constrain the structures at depth as accurately as possi-
ble. This technique is based on the idea that a valid cross-section
must be restorable to its initial state. This is achieved by assuming
that the cross-sectional area is conserved during deformation above
a single detachment fault and that at least some layers (competent
layers) keep the same length over the entire deformation. In such
case, a simple relation relates the transferred surface area (excess
area above a reference layer) to the shortening (present length
minus the initial length of a reference competent folded layer) multi-
plied by the depth of the detachment below the reference layer
(Dahlstrom, 1969; Elliott, 1983; Hossack, 1979). The assumption of
cross-sectional area conservation is supported by the observation of
cylindrical folds perpendicular to the finite displacement with no
evidence of strain extension parallel to the fold axis (except some
fractures that account for no more than a few percent of deformation,
which is considered here to be negligible). The balance between the
excess area and the two other parameters (shortening and depth of
the detachment) is based on a good knowledge of both the fold
structure and the lithological section (Hossack, 1979; Ménard and



228 J.-P. Gratier et al. / Tectonophysics 600 (2013) 226-242

- Basement

/ Thrust
- Internal Alp Fm Fold

I:I Mesozoic
I:I Cenozoic

Fault

v

7 Avignon J

cross section (dotted line)

60 km

4° 00’

5° 30’

Fig. 1. Structural map of the western Alps (upper inset) showing the pattern of folds and faults and a general cross-section (Trias is in yellow, Tithonian in blue and Urgonian in
green). The horizontal arrows indicate the main shortening direction during Western Alps formation. The upper part of the internal Alp boundary (Pennic Front) now shows ex-
tensional movement. The three zones studied are indicated with references to key locations: (V) the Vuache strike-slip fault, in the northern part (Jura massif), (Cle) the Cléry
strike-slip fault in the central part (Vercors massif), and (Cla) the Clansayes normal faults in the western part in the Tricastin region, near the Rhone Valley Graben, and within
the Visan syncline, adapted from (Gratier et al., 1989; Thouvenot et al., 2009). The lower inset show a cross-section oriented East-west.

Thouvenot, 1987). The fold structures were drawn using data from
outcrops, 1/50,000 geological map (Fig. 4a) and several drill holes.
The lithological section was deduced from a neighbouring deep drill
hole, located in Musiéges, 8 km NW from the cross-section along
the fault and completed for the lower Jurassic and Triassic parts by
the Savoie-106 drill hole, 10 km west of Musiéges (Donze and Enay,
1972). The lithological section goes through the whole sedimentary
cover reaching the Triassic formations that form the detachment
level below the deformation of the sedimentary cover and above
the basement. Another drill hole (Humilly) located 18 km north of
the cross-section was also used in order to estimate possible lateral
variations (Affolter et al., 2008). The lithological section gives two
types of information: the depth of the detachment (in the Triassic
unit, Fig. 3a) below a reference layer (Urgonian limestone) and the
thickness and geological characteristics of each unit of the sedimenta-
ry cover. An important issue is the reliability of the extrapolation of
the Musieges drill hole to the studied area. Although lithological
variations are described at a regional scale from the Jura Platform do-
main to the Subalpine domain (Deville and Chauviére, 2000), lateral
variations are limited within the same domain. This can be seen

when comparing two drill holes (Musiéges and Humilly) 14 km away
that show only slight variations (Affolter et al., 2008): the difference
in thickness of the series from top-Urgonian to top-Trias is less than
5%. Consequently extrapolation of the lithology of Musiéges to the stud-
ied area could lead to uncertainty on the depth of the various units of
about 100 to 200 m. To obtain the best quantification of the change in
lithology, the rock structure is described by a unique parameter, the
mean thickness of the competent layers of limestone in a given unit
(Fig. 3), evaluated from field observations. Given that the whole sedi-
mentary cover is composed of a mixture of carbonate and phyllosilicate
sedimentary rocks ranging from pure limestone to marl and calcareous
mudstones, this unique parameter also characterizes the variations of
the calcium content of the rock, that can also be considered as a simple
indicator of the mean composition of the rock.

Two balanced cross-sections were constructed parallel to the active
fault along the topographic surface (see Fig. 4a), using the 1/50,000
scale geological map of Seyssel (Donze and Enay, 1972). The fold axes
are perpendicular to the finite displacement and no extension is seen
parallel to these axes. This is compatible with balanced cross-section re-
quirements. Outcrops in the cliff of the Mandallaz mountain (Fig. 4b)
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Fig. 2. The Vuache strike-slip fault: section through the aftershock zone, on the left a SW-NE section (with the velocity model), on the right a NW-SE section, black solid circle=main
shock, red solid circles = aftershocks of magnitude 1 and more, open red circles = aftershock of magnitude less than 1. The thick dashed line is the inferred extension of the rupture
area. Insets (map view) give the location of the cross-section (solid black line) relative to the geological trace of the fault at the surface (dotted line).

Adapted from Thouvenot et al. (1998).

and two other (small) drill holes located along the southernmost cross-
section provided additional constraints for the cross-sections (Fig. 4). A
simple fault-bend fold can be drawn north of the fault, the shape being
well constrained by the geological structures that can be seen on out-
crops in the cliff that cuts the Mandallaz Mountain (Fig. 4b-d). This
structure changes to a pop-up fold system south of the fault, with a
shape being well constrained by two thrust faults found in the two
drill holes located North and South of the pop-up fold (Fig. 4c).

2.3. Seismicity and geology

The active strike-slip fault separates two different structures. How-
ever, the earthquake location resolution was such that it was not possi-
ble to distinguish in which compartment (NE or SW) each event
occurred. It should first be noted that the main-event rupture zone
cuts through the whole sedimentary unit (Fig. 2). The locations of 25
earthquakes of magnitude equal or greater than 1.0 were projected on
the geological cross-sections and are displayed on (Fig. 4c-d). Note
that, with the exception of two events that occurred along the detach-
ment level and which may be linked to some heterogeneity along this
level, the main event and all the aftershocks are located in the massive
limestone formations on either side of the fault. Events with a magni-
tude of less than 1.0 do not follow this observation. This may be
explained by two reasons: (i) events of magnitude smaller than 1 are
less accurately located than the larger ones; (ii) the size of the rupture
area for an event of magnitude 0 to —1, which is typically in the
3-10 m range, is quite small and such events could have nucleated in
thin limestone layers located within thicker marl sequences.

3. Seismicity distribution and geology: the Clansayes fault system
(Tricastin region)

The Clansayes normal fault system is located in the middle of the
Tricastin region (Fig. 1), in the western part of a large syncline structure
(Visan syncline) that developed in successive steps from the Cretaceous
Pyrénéo-Provencal (90 My) phase, up to the Alpine Cenozoic deforma-
tion (Miocene, 10 My) (Flandrin, 1975; Gratier et al., 1989). The active
Clansayes normal faults are part of the normal fault system that devel-
oped later, towards the end of the Miocene (5 My), with sometimes a
relatively large offset (up to 400 m), associated with the Rhone Valley

graben development. This graben is part of the southern branch of the
European Cenozoic rift system that dislocated western Europe, from
the North Sea to the Mediterranean (Dezes et al., 2004).

3.1. Seismicity distribution

The Tricastin area has long been recognized as the site of earthquake
swarms that are characterized by long series of shocks of various mag-
nitudes with no outstanding principal events. The last earthquake
swarm struck the region in 2002-2003, with a maximum magnitude
of 1.7. The seismic activity was monitored for several months by
means of a 16-station mobile network and this showed that the earth-
quakes were clustered along a NNW-SSE-trending, at least 5 km-long,
shallow rupture zone, some foci being shallower than 200 m (Fig. 5,
Thouvenot et al., 2009). An intriguing observation is the variation in
focal mechanisms with depth. A composite focal solution built up
from the observation of all events is rather difficult to analyse because
of a number of first-motion polarities in wrong quadrants; however, a
normal-fault mechanism with a slight strike-slip component emerges
from it. Partitioning the whole set of earthquakes into three patches at
various depths makes things clearer: events shallower than 200 m
have almost pure strike-slip focal mechanisms, whereas deeper events
have almost pure normal-fault mechanisms (Fig. 5).

3.2. Geological cross-section

A geological cross-section was constructed using both the 1/50,000
scale geological map of Valreas area and two drill holes (Visan and
Pierrelatte), (Demarq and Bonnet, 1964; see Fig. 6a). The western end
of the E-W Visan syncline can be seen on the WNW-ESE cross-
section with the effect of the Pierrelatte normal fault. It should be
noted that the Clansayes faults on the cross-section are simply deduced
from the seismic activity and cannot be seen at the surface. The change
in lithological characteristics (Fig. 3) was established using the litholog-
ical section given in the Nyons geological map (Flandrin, 1975).

3.3. Seismicity and geology

When plotting the number of events recorded during the swarm
versus the lithology of the units (Fig. 6b), it is clear that most
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Fig. 3. Lithology of Epagny (Vuache Fault) and Clansayes areas: the mean thickness of
limestone layers is plotted for each unit versus depth. Indicative calcite content is also
given. The lithology of Epagny is drawn from the Musiéges drill hole located less than
10 km from the rupture area (Donze and Enay, 1972). The lithology of the Clansayes
area is drawn from the 1/50,000 scale geological map of Nyons (Flandrin, 1975).

earthquakes occurred in the Urgonian limestone located between 100
and 600 m depths. A few events are also associated with the Tithonian
limestone located between 700 m and 1200 m depths. Both limestone
formations represent thick sequences of marine carbonate deposits,
with low porosity (0.6%) and quite high strength of 140 MPa estimated
from uniaxial compression tests (Frayssines and Hantz, 2009), com-
pared to other sedimentary units of the same area. As for the Vuache
fault, but in a different tectonic context (normal fault instead of
strike-slip fault), the occurrence of earthquakes of various magnitudes
is observed to be fairly well correlated to the nature of the rocks:
earthquakes initiate in pure and compact limestone formations.

4. Creep mechanism: the exhumed Cléry fault (Vercors massif)
4.1. Geological context

Having identified a clear correlation between earthquakes and
rock composition (limestone to marl) at depths between 200 and
3000 m, the mechanism of creep in the weakest layers remains to
be identified. The same sedimentary sequences as in the Vuache and
Clansayes areas also outcrop in between: 130 km South-West and
80 km North-East respectively, near another recently exhumed
strike-slip fault, the so-called Cléry fault (Fig. 1). In this case, it is pos-
sible to observe what happened at depth in the same geological con-
text by looking at outcropping samples, which offers the opportunity
to identify the creep mechanism. The depth of the deformation of the
now outcropping part of the Cléry fault cannot have been deeper than
the thickness of the stratigraphic serie above the transition between
the Hauterivian marl and the Urgonian limestone, which is less than
1 km (Arnaud, 1975). The deformation occurred clearly near the
end of Alpine age (Gratier et al., 1989).

The Cléry fault is located in the Vercors massif, which is part of the
foreland fold-thrust belt of the western Alps. This massif probably
began to form during the Miocene, associated with a large basement
thrust of the Belledonne massif and above a detachment along the
Trias level (Fig. 1) (Arnaud et al., 1974; Gratier et al., 1989). The
main N-S fold and thrust system developed during this period and
is sometimes crosscut by NE-SW dextral strike-slip faults that end
up to the west against N-S syn-sedimentary normal faults. The
right-lateral strike-slip Cléry fault cuts through the entire Vercors
massif and represents the longest of these strike-slip faults. The
total offset along the Cléry fault and the parallel La Selle fault
(Fig. 1) was first estimated to be about 3-4 km based on measure-
ments of the offset of sedimentary units (Arnaud, 1981). This value
was confirmed later by measuring the difference in finite displacement
between two cross-sections parallel to the faults (one north, the other
south of the faults) that both end up against a N-S syn-sedimentary
normal fault to the west: an offset value of 3.5 km was found by this
method (Thibaut et al., 1996). It should be noted that the present day
deformation in this western part of the Alps is probably accommodated
mostly by strike-slip faults as attested by the active strike-slip fault in
the Belledonne basement massif (Thouvenot et al., 2003), which is in
the NE extension of the Cléry fault (Fig. 1).

A schematic geological map of the Cléry fault is given in Fig. 7
(Tourette, 2008), showing the location of the main fault, and a complex
network of secondary faults. An associated fault network that devel-
oped around the main fault over a width of 500 m shows the common
pattern proposed by Riedel (1929): conjugated R1 right-lateral and R2
left-lateral strike slip. The main displacement is located along the
fault, with a decimetre-thick gouge in the Urgonian limestone. The
limestone shows evidence of brittle faulting processes revealed by high-
ly polished surfaces that are indicative of localized slip. Conversely, in
the underlying marl unit (Fig. 7), a large shear zone of distributed defor-
mation is observed, with a N-S pervasive cleavage pattern developing
over a width of several hundred metres. This N-S cleavage is compatible
with a shear zone in the marl that would be parallel to the main Cléry
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Fig. 4. Balanced geological cross-sections parallel to the rupture trace, Epagny area: (a) geological map and location of the three drill holes (blue dots); (b) view of the Mandallaz
mountain showing in the cliff the shape of the thick Urgonian limestone folded layer; (c) section B B’ SW of the fault; (d) section A A’ NE of the fault. The restored cross-sections are
given below both sections. In the two sections, on the top is the present day (deformed) state: the main shock (black) and the aftershocks of magnitude equal or larger than 1 are
plotted with indication of their magnitude (from 1 to 5). All the events are located in limestone layers in one or other of the sections. Miocene sandstone is in pink, limestone in

white, marl in grey, the Trias décollement in yellow and the basement in purple.

fault in the limestone. These field observations point to the conclusion
that, in the Cléry fault zone, the tectonic loading was accommodated
by brittle deformation and fracturing in the strong limestone layers
and by creep mechanisms in the weaker marl. The deformation mecha-
nisms are identified and analysed in the following section.

4.2. Creep mechanism

The marl (Fig. 7) contains widespread spaced cleavages lying
mainly N-S, obliquely to the fault, as commonly observed in shear
zones (Fig. 8a, ¢, e). This shear zone is fairly wide: several hundred
metres are centred on the main fault as can be seen on the map and
on the cross-section (Fig. 7). Conversely the limestone exhibits vari-
ous types of behaviour.

- Patches of polished fault surface are seen everywhere along the
main fault (Fig. 8b), forming a network of segmented faults. Such
brittle structures probably reflect the seismic behaviour of the
fault by the presence of polished mirror-like striated surfaces
(De Paola et al., 2012; Fondriest et al., 2012).

- The gouge is very narrow and follows the main fault (Fig. 7).

- The same N-S spaced cleavage as in the marl may be seen in the
limestone, but the difference is that the width of the cleaved band
is much narrower: just a few decimetres at most (Fig. 8d, f).

The mechanism of aseismic deformation may be inferred from micro
chemical analysis of the samples. Evidence of pressure solution is re-
vealed using elemental distribution maps obtained at various scales
from X-ray fluorescence imaging of polished samples (centimetre
scale) to EDS-SEM analyses (millimetre scale and below) on thin sec-
tions. Chemical element distribution maps are displayed in Fig. 9, for
Ca, Al and Si; the brighter the colour the higher the chemical concentra-
tion. For both marl and limestone, the solution seams show both a Ca
depletion zone and an Al and Si concentration zone. This is how the
pressure solution creep process works (Gratier et al., 2013): starting
from a rock containing both soluble (carbonates) and insoluble
(phyllosilicates) minerals, the localized dissolution of a soluble mineral
(in this case calcite) and the passive concentration of insoluble minerals
(in this case phyllosilicates) lead to ductile deformation of the rocks
(Fig. 9), as shown below. The cleavages in both marl and limestone
are pressure solution cleavages (Fig. 9. However, as already said
above, pressure solution creep is widespread over a much wider zone



232 J.-P. Gratier et al. / Tectonophysics 600 (2013) 226-242

4°46

[ lQuaternary
[ ]Miocene sandstones

[___]Oligocene marls

I Eocene sand and clay

[ Turonian , sandy limestone
[ ] Cenomanian sandy limestone
] Vraconian sand

[ lUpper Aptian marls
[ Lower Aptian calcitic sandstone

[ Urgonian massive limestone

0 3km

Fig. 5. Clansayes normal faults: on the left, the location of earthquakes is indicated on a schematic geological map, with lighter grey shade for events shallower than 200 m depth.
Symbol size is proportional to the magnitude with a maximum value of 1.7. Solid triangles indicate the location of the seismological stations. On the right, a composite focal mech-
anism is given (top) with the variation in focal mechanism with depth (below).

Adapted from Thouvenot et al. (2009).
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Fig. 6. (a) NW-SE geological cross-section through the Tricastin region (location in Fig. 5) showing the location of the two main limestone layers (see Fig. 3), the two drill holes, and
the two sets of normal faults: Pierrelatte fault (deduced from drill hole) and Clansayes fault (deduced from earthquakes); (b) the inset on the left displays the number of events
versus depth (all events) and a partition between events that occurred before or after the 1st of February. In parallel, a schematic view of the lithology is given (see Fig. 3) showing
that almost all events are located in the limestone layers (white, 100-600 m).
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Fig. 7. Schematic geological map of the Cléry fault: limestone in yellow, marl with pervasive N-S cleavage in blue, deformed and cleaved limestone in orange. Fracture network
(dotted line) is seen in the damaged zone of the limestone layer. Three geological sections show the relationships between fault and stratigraphic structures. References to key lo-
cations are given for the thin sections and outcrops of Figs. 8c-e and 9 (#1) and for the thin sections and outcrops Figs. 8d-f and 9 (#2).

in the marl (hundred metres thick) than in limestone (decimetres
thick) (Fig. 7). It should be noted that if widespread dissolution process-
es can be seen in both cases, attested by the dissolution seams (Fig. 9,
labelled S), deposition veins are not so frequent even though it is possi-
ble to observe some (Fig. 9). Given this context, it is suggested that the
deformation could have occurred in an open system with fluid flow
through the fault zone washing away the soluble species. This is rather
common in active creeping zones, as shown for example in the San
Andreas Fault (Gratier et al., 2011; Mittempergher et al,, 2011).

In more detail, however, pressure solution creep deformation pat-
terns are rather different in marl and in limestone. In marls, permanent
creep seems to occur. A question arises on the possibility that pressure
solution creep may accommodate several kilometres of displacement.
The answer depends on the possible strain values that depend on the
width of the creeping zone and on the finite displacement. The order of
magnitude of the finite displacement on the Cléry fault alone is about
2 km. A maximum width of 200 m can be seen with an asymmetrical po-
sition on the outcrop (Fig. 7). Depending on whether the shear zone is
symmetrical or not, the minimum width may vary from 200 to 400 m.
Consequently the simple shear strain (y) may vary from 5 to 10 with
for example the values of the principal strain shortening (1,/l,, [; = finite
length, [, =initial length) lower than 0.2 (Ramsay, 1967). The strain
rate is even more difficult to evaluate. However if the displacement
occurred over a period of 1 My, the strain rate could have been as low
as107 13 s~

It must be noted that the angle between the solution cleavage and
the creeping shear zone is not compatible with a passive rotation of
the cleavage from 45° to for example 10° when y=>5 (Ramsay, 1967).
Angles between cleavage orientation and fault trend range between
20 and 45°. Consequently, one cannot consider that the cleavage is pas-
sively rotated during the creep process. More likely here the cleavage is
developed and (at least partially) destroyed at each deformation

increment as it is the case in incompetent layers for example in folding
process when cleavage in incompetent layers remains perpendicular to
the shortening all along the folding process (Ramsay, 1967). Such evo-
lution is attested by the observation of various networks of cleavage
that cross each other (Fig. 10, top). It is also the case in other creep
zones such as in the San Andreas creeping zone (Gratier et al., 2011).
Moreover, shortening perpendicular to solution cleavage cannot ac-
commodate the large shortening value that is required with a large
shear zone. The maximum value of shortening (l;/l,) associated with a
solution cleavage process in marls or slates for example is about 0.5
(Gratier et al.,, 2013). Consequently we propose another mechanism of
pressure solution creep, which is much more efficient: it is the mecha-
nism of pressure solution diffusion-accommodated grain-sliding pro-
cess. This mechanism has been proposed as superplasticity by Ashby
and Verrall (1973). In their model the diffusion is accommodated by dif-
fusion along dry grain boundary. Here one must consider that diffusion
occurs along a thin fluid phase trapped under stress at the boundary of
grains or domains. This mechanism can accommodate the very large
strain value (l1/l, up to 0.2 or 0.1) that is required in creeping shear
zones.

Conversely, the characteristics of pressure solution features in lime-
stone are different from those in marls: as seen above, large deformation
values may be accommodated in marls by grain (or domain) boundary
sliding accommodated by pressure solution diffusion that occurs in a
wide zone (several hundred metres), see Fig. 10, top. Conversely, in lime-
stone one can see only spaced pressure solution cleavage that occurs
within narrow creep zones (decimetre to metre in size), Fig. 10, bottom).
The total cumulative displacement cannot be more than some metres, so
earthquakes (or at least cataclastic deformation) must have to occur to
accommodate the 2 km of displacement. Moreover, evidence of fractur-
ing is seen all over this narrow creeping zones (see Fig. 10, bottom) and
attest of the crucial interaction between fracturing and pressure solution:
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Fig. 8. Structural deformation patterns of the Cléry fault: (a) 3D synoptic model, sketch of limestone and marl layers with associated specific features (en echelon folds at the tran-
sition between the two main layers); (b) polished fault surface in limestone; (c) and (e) pervasive pressure solution cleavage at various scales from outcrop to thin section, loc. #1
in Fig. 7); (d) and (f) localized pressure solution cleavage band at various scales from outcrop to thin section (loc. #2 in Fig. 7).

fracturing accelerates pressure solution by developing a shortcut of diffu-
sion, however, as fracture heals progressively this effect decreases with
time and disappears (Gratier, 2011). Consequently, the pressure solution
in limestone is episodic and accommodates only part of the total
displacement.

5. Discussion

The answer to the question “could the partitioning between seis-
mic and aseismic behaviours be controlled by the geological charac-
teristics of the deformed rocks?” is clearly yes from all the examples
studied, both from investigations at depth and from the study of the
outcrop. It is clear that limestones are more prone to fracture and
marls are more prone to creep along the same fault zone. In this spe-
cific example, which opposes the behaviour of limestone and marl,
the first question is thus why does marl creep more easily by pressure
solution than limestone since both contain the same soluble species,
such as calcite? Another observation is that limestone may creep

near active faults, and in this case the question must be “why does
highly fractured limestone creep more easily that intact limestone
rock”? Finally, it should also be pointed out that even though marl
creeps, it is possible that, from time to time, a seismic event will
pass through such rocks as was the case for the M5.3 Epagny earth-
quake that cut through the whole 3 km-thick sedimentary cover.

5.1. Why would earthquakes nucleate in limestone but not in marl?

The correlation of geological evidence with seismic relocation
shows that earthquakes tend to localize inside limestones rather
than marls in the areas of investigation of the present study. Several
explanations may be proposed to explain this observation and to ex-
tend it to other context. They involved the two factors controlling
strain: rheology and stress state.

A classical approach to the earthquake nucleation problem is the
study of the parameters a and b of the empirical rate-and-state fric-
tion law (Marone, 1998; Scholz, 1998). If the difference (a—b) is

Fig. 9. Pressure solution evidence: element distribution from Scanning Electron Microscopy (SEM) analyses at various scales and for various rocks: limestone (top) and marl
(below). Brighter colours indicate higher content, for Al, Si and Ca elements. Cleavage seams (S) and calcite veins (V) are also indicated on the maps. Dissolution of calcite explains
the low Ca content in the cleavage seams and is associated with passive concentration of insoluble species (Al and Si in phyllosilicates). The locations of the samples are given in
Fig. 7: #1 as marl and #2 as limestone. Bottom is a sketch of the pressure solution mass transfer: (i) the initial state on the left is a polymineralic rock (light grey) with a mixture of
soluble (white) and insoluble (black) minerals, (ii) the deformed state on the right shows the zone of passive concentration of insoluble species (pressure solution cleavage, S, dark grey)

and a zone of re-deposition of soluble mineral (vein, V, white).
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Fig. 10. Schematic observed evolution of pressure solution creep in marl and limestone: (top) evolution in marl: solution cleavage is developed and, at least partially, destroyed at
each deformation increment, the large permanent deformation is accommodated by pressure solution diffusion-accommodated grain-boundary sliding; (bottom) evolution in
limestone: solution cleavage developed locally associated with fracturing (black) and veins (white), accommodating only part of the deformation (post-seismic creep). On the

right: view in thin sections of the two types of deformed rocks.

negative (velocity-weakening behaviour), fault frictional strength
would decrease with increasing sliding velocity and a feedback loop
would favour the sudden release of accumulated elastic stress along
the fault. The fault would have a stick-slip behaviour. On the other
hand, a positive (a — b) coefficient (velocity strengthening behaviour)
indicates that fault frictional strength increases with sliding velocity.
If the fault accelerates, the higher friction would stabilize sliding
along the fault.

Verberne et al. (2010) have shown that limestone gouges
exhibit a transition between velocity-strengthening at low temperature
(25-50 °C) to velocity-weakening behaviour at higher temperature
(100-150 °C). Similarly, Ikari et al. (2011) undertook a series of sys-
tematic rate-and-state measurements. They confirmed the velocity-
strengthening behaviour of Indiana limestone powder but showed
that lithified limestone exhibits velocity weakening. This is consis-
tent with field observations of sharp localization of slip within intact
limestone (Fig. 9b), along the Cléry Fault, and the fact that the gouge
accumulated more diffuse shear (Fig. 9d). However, there is no doubt
from the Vuache and Clansayes faults that earthquake can initiate in
limestone at less than 3 km depth. Thouvenot et al. (2009) clearly
demonstrated that earthquakes can initiate in limestone at depth
aslow as 200 m. Rate-and-state experimental data are even less con-
clusive for shale. Lithified and powdered illite shale maintain a
velocity-strengthening behaviour (Ikari et al., 2011) but smectite has
a slip-weakening behaviour if the normal stress is below 40 MPa and
the sliding velocity is slower than 20 pum/s (Saffer and Marone, 2003).
The exact composition of the shale is therefore important in order to un-
derstand the frictional behaviour. The marl outcropping along the Cléry
faults are illite-rich (but they contain also smectite and kaolinite min-
erals) and are therefore expected to have a velocity-strengthening be-
haviour, with little propensity to seismic sliding.

However, the velocity dependence alone is not fully predictive:
the state of stress is also an important factor. Velocity-strengthening
area can experience a high degree of slip, as recently observed with

the Tohoku subduction earthquake of March 2011 where a large
coseismic slip exceeding 40 m was observed along the décollement
at the subduction toe (Ide et al., 2011). This has been proposed due
to conditional stability where the slip becomes unstable under high
dynamic loading (Lay et al., 2012; Scholz, 1998). Recent high velocity
friction experiments have shown that clays can experience substan-
tial weakening, especially by thermal pressurization (Wibberley and
Shimamoto, 2005). Velocity-strengthening material located within a
highly stressed environment can experience seismic activity. Hence, in
addition to the intrinsic velocity weakening or velocity-strengthening
behaviour, the energy accumulated within the system and possible
fluid-rock reactions have to be considered. We will now discuss how
variations in lithology also induce heterogeneity of the stress field.
Both elastic and viscoelastic properties affect the stress state. A classical
elastic model would predict that if alternating layers of marl and lime-
stone were subjected to the same horizontal shortening ¢, the resulting
stress 0, = Eg, would be higher in the stiffer limestone, which has a
higher Young's modulus E, than in the marl. Other models taking into
account erosion (MacGarr, 1988) would also predict variability in hori-
zontal stress depending on the Poisson's ratio of the medium. The rela-
tionship between stress state and viscoelastic properties has been
demonstrated by careful present-day stress measurements performed
in Eastern France in a sedimentary cover with alternating argillite and
limestone. Gunzburger and Cornet (2007) showed that the elastic the-
ory did not predict the actual stress field. They could fit the different
stress states in each lithology by invoking viscoelastic rheology. They
found that stress is much smaller in the limestone layer that it should
be according to experimental deformation. They concluded that lime-
stone must deform permanently by some slow viscous process that is
not reproduced in common experiments (that are most often much
faster than geological processes). They suggested that such a viscous
process could be a pressure solution creep that relaxes at least part of
the geological stress. In the next part, we will discuss what controls
the process of pressure solution.
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5.2. What are the key parameters of pressure solution creep laws?

In order to understand how rock composition controls pressure
solution creep kinetics, an understanding of the key parameters of
such creep mechanism is required. Pressure solution creep is a
stress-driven mass transfer process involving three kinds of parame-
ters (Gratier et al.,, 2013):

i) The driving force, which is the difference in chemical potential
of the solid between the dissolution zone and the deposition
zone, causing mass transfer through the fluid phase trapped
under stress (Paterson, 1973; Weyl, 1959).

ii) The kinetics of the process, implying three successive steps:
dissolution, transfer and deposition. As in all in-series process-
es, if the rate of a given step is much slower than the others,
then it controls the rate of the entire process and corresponds
to a specific creep law. This means that several pressure solu-
tion creep laws are possible (Bos and Spiers, 2002; Raj, 1982)
depending on the limiting step.

iii) The mass transfer mechanism, either diffusion or infiltration,
carries the soluble species from dissolution to deposition sites
and controls the length scale of the process (Lehner, 1995).

In most pressure solution processes in natural deformation, one
step of the in-series process is diffusion through a fluid phase,
which is trapped under compressive stress. In this case, the diffusion
flux (product of the diffusion and the thickness of the diffusive path-
way) along such a trapped fluid phase is always very slow compared
with a diffusion flux in a free fluid with large pores or open fractures
that may be part of the diffusive path (with a much wider diffusive
pathway). So when most of the diffusive transfer occurs through
trapped fluids, as in the case of deformed rocks with very low poros-
ity, the kinetics is controlled by the diffusion along the fluid phase
trapped under stress. There are some exceptions: pressure solution
of quartz is known to be dissolution-limited at a low temperature,
below 150 °C (Bjorkum et al., 1998) but is controlled by diffusion at
a higher temperature (Gratier et al., 2009). Specific impurity ele-
ments in solution that slow down interface reaction may render
pressure solution of calcite (Zhang et al., 2010) or quartz (Bjorkum
et al., 1998; Bjorlykke and Hoeg, 1997) limited by the reaction
kinetics.

Assuming that the kinetics is controlled by diffusion, a general rela-
tionship relates the axial strain rate of a cylinder of height d with the
axial stress and the other parameters as follows (Gratier et al., 2009):

& = dAd/dt = 8DwcV, (e3""VS/RT—1) /& (1)

where d is the distance of mass transfer along the thin fluid phase trapped
under stress (diameter of the cylinder), t is time (s), ¢ is the solubility of
the diffusing solid (mol- m™2), V; is the molar volume of the stressed
solid (m>- mol '), R is the gas constant (832 m>-Pa-mol~'-K~!), T
is the temperature (K), D is the diffusion constant along the stressed in-
terface (m?-s~!) and w is the thickness of the fluid interface (m) along
which diffusion occurs. 0, is the driving force: the difference between
axial normal stress on the dissolution surface and normal stress on the
precipitation surface (often corresponding to the fluid pressure around
the cylinder). The constant 3 in the exponential of Eq. (1) takes into ac-
count the fact that, in order to balance forces during a constant approach
of two planar surfaces, the normal stress at the centre of the contact be-
tween the surfaces is higher than the average stress across the contact
(Dewers and Ortoleva, 1990). The stress relation may also be expressed
as a power relation at high stress instead of the exponential relation:
0," with n=1.75 (Gratier et al., 2009). A linear relationship (n=1)
may be considered as a good approximation if the driving stress is low
enough (less than 30 MPa), (Rutter, 1976). In conclusion, pressure solu-
tion flow law includes various parameters: solubility of the minerals in

solution, diffusion flux along the dissolution contact and stress. The
creep rate is inversely proportional to the diffusion distance along the
fluid phase trapped under stress. From a more general point of view,
pressure solution mechanism is always associated with a slow strain
rate (less than 107 '°s~1) and a relatively low differential stress. It
competes in the upper crust with brittle creep and cataclastic frictional
(seismic) processes that need much higher differential stress values.
Both mechanisms are overridden by aseismic dislocation glide deforma-
tion processes at temperatures higher than 400-500 °C.

5.3. Why does marl creep more easily by pressure solution than
limestone?

Both marl and limestone contain a soluble species, carbonate min-
erals (mainly calcite). However, marl is a polymineralic mixture of
soluble (about 50% calcite) and insoluble minerals (about 50% clays
and phyllosilicates) and limestone is monomineralic, made up of al-
most 100% calcite. Some parameters of the creep law (Eq. (1)) are
the same for the two types of rocks. The imposed displacement rate
is the same. Other parameters such as solubility, molar volume, are
of course the same in limestone and marl since they relate to the
same soluble calcite mineral. The stress depends on the possibility
of deformation: if the rock creeps, this lowers the differential stress
level; if it does not, the stress is likely to increase, leading to rupture.
So, it is difficult to assess the stress level. However, from observations
made, marl creeps more easily than limestone, so the differential
stress level must be lower in marl than in limestone. The mass trans-
fer distance is not fundamentally different even if it is likely that marl
has a smaller grain size than limestone. There is, however, a differ-
ence that has been shown in several studies: monomineralic rocks,
composed of 100% soluble minerals are always more difficult to de-
form by pressure solution than polycrystalline rocks with a mixture
of soluble and insoluble minerals. This has been shown in the field
where veins made of 100% calcite or quartz act as rigid objects
when embedded in marl or shale formations (Gratier, 2011). This
has also been shown by experiment: (i) dissolution and diffusion
out of stressed wet contact occurs more easily at contacts between
different minerals than at contacts between the same minerals
(Hickman and Evans, 1991; van Noort et al., 2007); (ii) aggregates
with soluble species contents ranging from 45 to 75% dissolve faster
than aggregates with 100% soluble minerals (Zubtsov et al., 2004).
The reason for this is that, in the case where there is a mixture of
soluble and insoluble species, the soluble species diffuses relatively
easily at the contact between two different minerals; consequently
pressure solution creep for polymineralic rocks may be efficient
(Fig. 11a). Conversely, with monomineralic rocks, grain contacts are
between the same minerals (calcite, quartz...) and in this case there
is very often a possibility of healing that has been shown to slow
down drastically the diffusion flux (Fig. 11a). In this case, the pressure
solution creep rate for monomineralic rocks is much slower than for
polymineralic rock, with all other conditions being the same. This
does not mean that monomineralic rocks cannot creep: evidence of
pressure solution in limestone can be seen on the field (Andrews
and Railsback, 1997; Bauerle et al., 2000; Heald, 1955) and has been
demonstrated from in situ stress measurements (Gunzburger and
Cornet, 2007), but their viscosity is higher than for polymineralic
rocks, with all other conditions being the same.

5.4. Why does highly fractured limestone creep more easily by pressure
solution than intact limestone?

Our field observations show that pressure solution creep can de-
velop in limestone, through spaced pressure solution seams, along
very narrow bands parallel to the fault (Figs. 7 and 8). The reason
why the creeping process is so localized merits an explanation. As al-
ready discussed, with all parameters being the same in Eq. (1) for a
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Fig. 11. Creep mechanism: (a) sketch of the difference in mass transfer paths between polymineralic rock (diffusive paths along two different mineral grain boundaries) and
monomineralic rock (diffusive path along clouds of fluid inclusions linked to the healing of identical mineral grain boundaries); (b) mechanism of fracture-induced deformation
weakening: during indentation of halite by dissolution under stress, a dramatic change in displacement occurs when radial fracturing develops, the effect of the fracture being
to reduce the mean mass transfer distance along the trapped fluid under the indenter from d (indenter diameter) to d’ (mean spacing between fractures), adapted from Gratier
(2011); (c) variation in displacement rate after fracturing by dynamic loading that triggers the displacement rate (see b) and progressive strengthening due to fracture healing,
adapted from Gratier et al. (2013); (d) distance of diffusive mass transfer d versus depth for various minerals required to accommodate 20 mm/yr horizontal displacement rate
by pressure solution creep in vertical shear zones of 1 m width (dotted line, strain-rate of 3.3x10'° s~") or 3 m width (dashed lines, strain rate of 1.1x10'° s~!); (e) pressure
solution strain rate versus distance of diffusive mass transfer through the whole crust for various minerals, minimum and maximum values for quartz and calcite, maximum

value for feldspar, yellow line is the required strain rate for the creeping zone.
Panels (d) and (e) adapted from Gratier et al. (2011).

given limestone, there are only two parameters that can vary spatial-
ly. While stress levels may vary laterally, it is unlikely that this would
lead to such a localization process. Another parameter of a much
greater importance is the mass transfer distance (d in Eq. (1)). If a
damaged zone develops along the gouge, as seen in most fault
zones, fracturing drastically reduces the mass transfer distance. This
effect has been demonstrated by dynamic indenting experiments
(Gratier, 2011). The principle is to place a sample in contact with a
saturated solution and to press it with a small indenter loaded with
a constant dead weight over a long period (weeks or months).
Then, from time to time, a steel ball is dropped on the deadweight
to mimic the dynamic shaking felt during an earthquake. The strain
rate is measured permanently with three high-resolution displace-
ment sensors. For example, when working on halite minerals at
40 °C nothing happens in dry conditions, indenting occurs only in
the presence of the mineral solution reflecting the pressure solution
process. The drastic effect of the ball modifying the displacement
rate for halite can be seen in Fig. 11c: the displacement rate increases
instantaneously then slowly decreases with time (over a period of
several weeks of months). This can be explained by looking at the
sample after the experiment (Fig. 11b): radial fracturing is promoted
during dynamic loading. This fracturing induces diffusion short cuts
for the diffusive mass transfer along the thin fluid film trapped
under the indenter as the fractures are a thousand times wider than
the thickness of the fluid phase trapped under the indenter. The
mass transfer distance changes from the size of the indenter (d) to
the spacing between the fractures (d’), Fig. 11b. As diffusion is rate

limiting in this case, and as the displacement rate is thus inversely
proportional to the square of the mass transfer distance, it is clear
that reducing the mass transfer distance increases the displacement
rate. In nature both fracturing and cataclasis may reduce the distance
of mass transfer (Jefferies et al., 2006). It should be noted that, in the
laboratory, as in nature, the fractures are progressively sealed, so after
some time they stop activating diffusion. Consequently, the displace-
ment rate progressively decreases with time after a seismic slip in the
field (Freed, 2007) and after a shock in the lab (Fig. 11c). It is not pos-
sible to discuss such time-dependent variations on our geological ex-
amples. It will simply be considered here that seismic fracturing
accelerates pressure solution by reducing the mass transfer distance
and this explains the tight localization of the post-seismic creeping
zone in limestone.

5.5. Could other types of rock creep by pressure solution in subduction
zones?

In subduction zones the main minerals are most often quartz, feld-
spars, serpentines and phyllosilicates. We discuss here how to extend
the results obtained with carbonate/phyllosilicate mixture to quartz
and feldspar/phyllosilicate mixture. It is well known that several min-
erals are soluble under stress and can contribute to pressure solution
creep. In natural deformation, pressure solution is a major mechanism
of deformation of calcite and dolomites (Andrews and Railsback,
1997; Bathurst, 1971; Carrio-Schaffhauser et al., 1990), quartz (Heald,
1955; Wangen, 1998; Weibel and Keulen, 2008), feldspars (Gratier et
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al., 2011; Thomas et al., 1993), gypsum and halite (Bauerle et al., 2000)
and serpentine (Andreani et al., 2005). So every rock containing at least
one of these minerals can deform by pressure solution especially if, as
seen above, it also contains some phyllosilicate minerals or is highly
fractured. In subduction zones quartz, feldspars, serpentines are found
with often a minor amount of carbonates. The efficiency of pressure so-
lution deformation is strongly dependent on the solubility of the miner-
al in solution, which itself depends on the thermodynamic conditions.
For example, at 25 °C, the solubility in water of the main minerals in-
volved in pressure solution creep decreases from halite to gypsum, cal-
cite, feldspar and quartz. Conversely, at 300 °C, feldspar and quartz have
a much higher solubility than, for example, calcite or dolomite and are
therefore much more mobile under stress (Gratier et al, 2013). The
role of pressure solution has been demonstrated in the steady state
creep of the San Andreas Fault creeping section associated with some
microseismicity (Holdsworth et al., 2011; Schleicher et al., 2009). Sam-
ples were retrieved from the SAFOD drill hole and pressure solution
creep was revealed by microprobe analysis (Gratier et al., 2011;
Hadizadeh et al.,, 2012). The soluble species are quartz, feldspars and
calcite. The insoluble species are mostly phyllosilicates. A deformation
map of the three main minerals (calcite, feldspar and quartz) has been
proposed by Gratier et al. (2011) (Fig. 11d) assuming a near-constant
driving force at depth, as observed from measurements in the drill
hole (Zoback et al., 2010). An increase in stress with depth could lead
to a slightly different pattern (Gratier, 2011; Rutter, 1976). The same ef-
fect of the presence of clay mineral is seen for polymineralic rocks: a
mixture of quartz plus clay is always more likely to accommodate stress
by creeping compared to a massive vein of quartz (Niemeijer and
Spiers, 2005). Consequently, competent quartzites or sandstones are
more likely to be the site of earthquake initiation than other rocks like
schist (mixture of quartz and phyllosilicates).

The effect of the nature of rocks on the seismic-aseismic transition
has been proposed in other studies. For example, the Indian plate
slips aseismically beneath the wide plateaux fronting the Kohistan
Mountains along an aseismic viscous salt detachment (Satyabala et
al., 2012). Deformation partitioning between aseismic creeps along
the bedding-plane, inter-bed sediment detachment and seismic de-
formation located in the thrust ramps through the more rigid basalt
flows, have also been observed in the Columbia River (Wicks et al.,
2011).

5.6. How do creeping zones act as barriers to earthquake propagation?

In areas where some fault patches slip aseismically and other
patches slip seismically, some of the continuously creeping patches
may act as barriers to the propagation of neighbouring earthquakes
(Perfettini et al., 2010). The idea is that, since creep relaxes stress,
there is a smaller amount of shear stress to be released in earthquakes
in aseismically creeping areas (Collettini et al., 2011). However, as
said above, it all depends on the efficiency of the creeping process.
As pressure solution is a viscous process that strongly depends on
loading rate, the creeping process may relax the stress continuously;
in such a case, the steady-state creep process may be maintained.
Conversely, the stress may not necessarily be completely relaxed
and may continue to rise even in case of creep. This may be due to
an effect of the nature of the rock or the lack of fluids. However,
even for the same type of rocks it may also be just the effect of the
mass transfer distance (the mean distance between fractures or the
grain size, Gratier et al., 2011) (see Fig. 11e). In this case, the progres-
sive increase in stress value in a creeping segment will lead to rup-
ture. An example of this behaviour can be seen along the Hayward
fault in the San Francisco Bay Area. This fault exhibits significant
aseismic creep during the interseismic phase of the seismic cycle. A
strongly coupled asperity was identified by geodetic data, corre-
sponding to the mapped surface trace of the 1868 M6.9 Hayward
earthquake. The fault is embedded in gabbroic rock that is less likely

to creep than neighbouring rock formations. In this case, earthquakes
seem to initiate in the segment that is creeping at the lowest rate
(Evans et al., 2012). As stated by Collettini et al. (2011), when a crust-
al fault zone contains a mixing of weak creeping material and of rela-
tively strong non-creeping lenses, continuous creep concentrates
stress around and within the strong potentially unstable lenses
which may lead to earthquake nucleation. However, the problem is
even more complex since the dynamic propagation of a neighbouring
earthquake could also break the barrier even if the stress level is very
low. In this case, by looking at the aseismic sliding fraction that occurs
between earthquakes, and by taking into account distance, time and
sliding speed (Perfettini et al., 2010), it is possible to determine
whether an earthquake that begins in one locked area is likely to
stop when hitting an aseismic barrier, or whether it will be able to
cross that barrier and propagate the rupture on the other side.

5.7. Which criteria could be used to identify geological control on the
transition between seismic and aseismic slips at depth in subduction
zones?

There are several techniques available for distinguishing creeping
zones from non-creeping zones at depth. The first is geodetic
measurements. However, it is always difficult to distinguish elastic
loading from irreversible deformation. Long-term measurements are
needed with high spatial resolution. Even so, they could at least give
a general view of seismic versus aseismic behaviour. In subduction
zones, for example, such measurements have been taken to evaluate
the sliding part that is accommodated either by seismic or by aseismic
deformation. It has been shown that, in Peru, 50% of slip in the
seismic-aseismic transition range is actually aseismic (Chlieh et al.,
2011). In western Canada, according to Mazzotti et al. (2011),
long-term regional aseismic deformation may account for a signifi-
cant part of the deformation and, in some areas, may represent as
much as 90% of the total deformation budget. In eastern Japan,
aseismic zones are also well identified by geodetic measurements,
such as for example the Sanriku-Oki low-seismicity region that ac-
commodates aseismic convergence along the northern margin of
the 2011 Tohoku-Oki earthquake rupture (Ye et al., 2012).

The P- and S-wave velocities may also be investigated. For exam-
ple, a thin layer (some hundred metres thick) was found to have
low P-wave velocity (3-4 km/s) at the top of the plate boundary in
Japan and corresponds to aseismic material. When comparing the
distribution of relocated hypocentres with a tomographic image of
the Northeast Japan forearc it has been shown (Zhao et al., 2011)
that the rupture nucleation of the largest events in the Tohoku-oki
sequence, including the mainshock, was controlled by structural
heterogeneities in the megathrust zone. The 2011 Tohoku-oki earth-
quake and other major shocks initiate in the zones of high P-wave ve-
locity. Conversely, low velocity zones in the megathrust zone may
contain subducted sediments and fluids associated with slab dehy-
dration (Zhao et al., 2011) that are likely to slip aseismically. Ex-
tremely low P-wave velocities along the plate interface at depths of
around 10-20 km suggest that the layer may include fluid, clay min-
erals, and/or serpentine-chlorite (Mochizuki et al., 2005). Stripe-like
heterogeneities have been revealed by measurements of this type in
the subducting Pacific slab: relatively low-velocity zones correspond
to low-seismicity areas in this slab (Nakamura et al., 2008). A region
with a high Poisson's ratio may also correspond to a serpentinized
mantle wedge and appears to be coincident with the aseismic slip
zones, such as the slow-slip and afterslip events (Tahara et al,
2008). Finally and at another scale, one could point out the anoma-
lously low compressional (V,,) and shear (V) wave velocities and re-
sistivity within the two creeping zone in the SAFOD drill hole (Zoback
et al, 2010).

Another indicator of aseismic creep could be the occurrence of
microseismicity, which is often associated with permanent creep
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processes, for example along the San Andreas Fault (Nadeau et al.,
2004) or in the subduction zone of eastern Japan where repeating
slip patches of small asperities of 0.1 to 1 km in size are recorded,
these patches being surrounded by stable sliding areas along the
plate interface (Uchida et al.,, 2012). Systematic investigation of the
geometry of the creeping and non-creeping zones coupled with a bet-
ter understanding of the creep mechanism are therefore required in
order to predict the variation in strain-rate and stress with time and
better understand earthquake nucleation and propagation and relat-
ed aseismic phenomena along subduction zones.

To model the part accommodated by the creeping behaviour at
depth versus the seismic part, both the creep mechanism and the
geometry of the creeping zone at depth must be evaluated. The for-
mer was one of the aims of this study. The possible geometry of seis-
mic and aseismic zones in subduction zones is given in an imaginative
schematic view (Fig. 12) freely drawn from the example of the
Nankin area (Tobin et al., 2009). One can distinguish various sche-
matic behaviours:

- some rigid segment are not likely to creep by pressure solution:
monomineralic rock, large grain size, low porosity rocks (white in
Fig. 12). According to the preceding discussion, such rocks could be
low porosity massive sandstone, limestone, or volcanic rocks (with
likely high P-wave velocity).

- some weak segments are likely to creep by low friction process-
es or pressure solution creep and could accommodate the imposed
displacement rate with only minor earthquakes (microseismicity):
polymineralic rock with small grain size (black in Fig. 12). According
to the preceding discussion, such rocks could be fine-grained mixed
clay and siltstones, or mixed clay and carbonates (marls) or oceanic
sediments with mixing of clay and fine grained oceanic crust minerals
(with likely low P-wave velocity).

- finally, some segments are creeping but they could only accom-
modate part of the imposed rate of deformation, so these segments
are likely to show both earthquakes and postseismic creep processes.
According to the preceding discussion such rocks have intermediary
composition and structure between the two preceding types of rocks.

From a general point of view in this Fig. 12, the rocks with lighter
shades are less prone to creep while the ones with darker shades are
more prone to creep. In such a context, earthquakes are likely to ini-
tiate within the zones where creep is difficult and at the boundary be-
tween the creeping and non-creeping zones, their magnitude being
proportional to the slip deficit and locked area with possible dynamic
propagation through creep zones. The same heterogeneous distribu-
tion may be seen in a map view (Zhao et al., 2011), where the main
shocks initiate in high P-wave velocity zones, whereas the low veloc-
ity zones are more likely to creep. We briefly investigate above which
criteria could be used to identify such geometry. This geometry could
be investigated by elastic wave velocity measurements at depth.
These creeping rocks (fine grained mixed clay and siltstones, or
marls) are known to be less rigid than the material likely not to
creep (so to break) as low porosity massive limestone, sandstone or

10
km

volcanic rocks (Bourbie et al, 1987). Another specificity is that
pressure solution requires fluids and the presence of such fluid phases
could be evidenced at depth. To this end, a classical parameter
investigated is the V,,/V; ratio, which depends on the Poisson's coeffi-
cient of the rock. Accordingly, this parameter depends on the nature
of the minerals in the rock, but also on its microstructure and fluid
content: it increases with fluid content; and it decreases with the
existence (or development) of a flat crack network (Brantut et al.,
2012).

6. Conclusion

From the studied example of strike-slip and normal faults in the
western Alps, it is shown that the transition between seismic and
aseismic behaviours is controlled by the geological characteristics of
the deformed rocks: limestones are more prone to seismic failure
and marls are more prone to aseismic creep along the same fault
zone. The reason is that polymineralic marl rocks can creep faster
by pressure solution compared to monomineralic limestone. The
same concept also applies to other polymineral rocks (shale) that de-
form more easily by pressure solution creep than monomineralic rock
(low porosity sandstones). The solubility of the minerals in solution is
a key parameter of the pressure solution rate. It is also worth noting
that fractured massive limestone or sandstone are more prone to
creep than intact limestone or sandstone thanks to the diffusion
short-cut effect of the fracture network; however, this effect lasts
only for a limited period due to the progressive sealing of the frac-
tures (post-seismic effect).

Given that creep relaxes at least part of the stress that builds up as
aresult of the imposed tectonic loading, aseismic patches are likely to
act as barriers to earthquake propagation. However, examples are
shown of creeping zones that are traversed by earthquakes. This oc-
curs if the creeping process is not efficient enough to lower the stress
level or if dynamic ruptures can overpass the creeping zone barrier.
Identification of the creep mechanism is thus of crucial interest in
this case since it can be used to model the creeping segment and to
evaluate the time-dependent stress variations.

It is also important to evaluate the location of possible aseismic
zones at depth. This could be based on the measurement of physical
properties at depth, for example, with elastic wave velocity measure-
ments due to the specificity of the creeping zone: high fluid content
and relatively soft material due to the presence of phyllosilicate
minerals mixed with soluble minerals as quartz, calcite, feldspars,
serpentines....
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Fig. 12. Schematic view of the possible partition between seismic and aseismic deformations in subduction zones: white segments (with likely high P-Wave velocity) are
non-creeping, black segments (with low P-wave velocity) are creeping and accommodate the imposed rate of deformation, grey segments are creeping but accommodate only
part of the imposed rate of deformation: the lighter shades are less prone to creep while the darker shades are more prone to creep. Earthquakes (red) are likely to initiate within
the lightest zones and at the boundary between the lightest zones. Their magnitude (size of the red circles) is proportional to the slip deficit and locked area with possible dynamic
propagation through creep zones (light red). The sketch is freely drawn from the example of the Nankay area (Tobin et al., 2009). The same geologically controlled partition be-

tween seismic and aseismic deformations may be seen in map view (Zhao et al., 2011).
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