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ABSTRACT

The Monte Perdido thrust fault (southern Pyrenees) consists of a 6-m-thick interval of intensely deformed clay-
bearing rocks. The fault zone is affected by a pervasive pressure solution seam and numerous shear surfaces. Cal-
cite extensional-shear veins are present along the shear surfaces. The angular relationships between the two
structures indicate that shear surfaces developed at a high angle (70°) to the local principal maximum stress axis
o1. Two main stages of deformation are present. The first stage corresponds to the development of calcite shear
veins by a combination of shear surface reactivation and extensional mode | rupture. The second stage of defor-
mation corresponds to chlorite precipitation along the previously reactivated shear surfaces. The pore fluid factor
) computed for the two deformation episodes indicates high fluid pressures during the Monte Perdido thrust
activity. During the first stage of deformation, the reactivation of the shear surface was facilitated by a suprahy-
drostatic fluid pressure with a pore fluid factor A equal to 0.89. For the second stage, the fluid pressure remained
still high (with a L value ranging between 0.77 and 0.84) even with the presence of weak chlorite along the
shear surfaces. Furthermore, evidence of hydrostatic fluid pressure during calcite cement precipitation supports
that incremental shear surface reactivations are correlated with cyclic fluid pressure fluctuations consistent with a
fault-valve model.
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INTRODUCTION

In fold-and-thrust belts, shortening is mainly associated
with the development of thrust faults. Along such a struc-
ture, the displacement can be accommodated by the for-
mation of calcite-quartz shear veins. Numerous studies
reveal that these shear veins were formed at a high angle
to the greatest principal compressive stress and thus pose a
mechanical paradox (i.e., Hubbert & Rubey 1959; Sibson
1985; Fagereng et al. 2010; Barker & Cox 2011; Lacroix
et al. 2011; Buatier et al. 2012). Although experiments
predict that slip at an angle higher than 30° to o, is not
realistic with standard friction coefficient values (Byerlee
1978), slip on faults severely misoriented with respect to
o) can occur (e.g., Sibson 1985; Collettini ez al. 2009a;
Leclere et al. 2012). To explain the faulting of such faults,
different mechanisms lowering the frictional properties of
fault zones have been proposed (Collettini ez al. 2009a).

Hubbert & Rubey (1959) proposed that the presence of
elevated fluid pressure along the fault zone can allow the
reactivation of severely misoriented fault by reducing the
normal stress acting on the fault plane. The presence of
over-pressurized fluid along the fault zone has been
recently revealed by iz sitw measurements along decolle-
ment of active offshore accretionary prisms (i.e., Davis
et al. 1983; Dahlen ez al. 1984; Dahlen 1990; Moore &
Vrolijk 1992). The presence of fluid can also lead to fluid—
rock interactions and can trigger the formation of hydrous
clay minerals that may facilitate the slip along the fault by
lowering slip surface friction. Studies pertaining to faults
unfavorably oriented with respect to the remote applied
stress have indicated slip weakening in fault cores. Most of
these studies concern low-angle normal faults (e.g., Collet-
tini ez al. 2009a) or strike-slip faults (e.g., Numelin ez al.
2007), but very few studies investigate thrust faults (Sibson
et al. 1988 and Fagereng et al. (2010) as the only studies).
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Fig. 1. (A) Structural map of the Pyrenees. (B) Cross-section of the axial zone and South Pyrenean zone (Jaca thrust-sheet-top basin) modified from Meresse
(2010) (location: line in A). (C) Schmitd diagram (lower hemisphere) with a plot of cleavage plane poles, shear surfaces, and striations (arrows indicate the
sense of displacement of the upper block). All measured structures indicate thrusting toward the S-SW and a near-vertical c4.

This article examines the weakening processes of an unfavor-
ably oriented thrust fault in the southern Pyrenees. Struc-
tural analyses of the fault were combined with petrographical
and scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) observations to determine the
mechanisms of shear surface reactivation. The contribution
of fluid pressure was evaluated using failure mode diagrams
in pore fluid factor — differential stress space (Cox 2010).

GEOLOGICAL SETTING

The South Pyrenean Triassic to Oligocene sedimentary
basin is affected by southward thrust faults rooted in the
Paleozoic basement of the axial zone (Séguret 1972;
Fig. 1A). This Eocene to Oligocene fold-and-thrust belt
accommodated more than 70% of the total Pyrenean
shortening (Teixell 1996). The study focuses on the
Monte Perdido thrust fault, the northernmost thrust fault
of the South Pyrenean fold-and-thrust belt (Fig. 1B). The
horizontal displacement accommodated along the Monte
Perdido thrust fault is estimated at 6 km (Séguret 1972).
Thrusting of the Monte Perdido sheet occurred during
the deposition of the upper part of the Lutetian to
Priabonian (47-37 Ma) Hecho Group turbidites (Teixell
1996; Remacha er al. 2003). A regional pressure-solution
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cleavage affected the Monte Perdido thrust unit and is
linked to its emplacement (Séguret 1972; Labaume et al.
1985; Teixell 1996; Oliva-Urcia et al. 2009). The north-
ern part of the Monte Perdido thrust unit was then folded
and uplifted by the emplacement of the underlying Gavarnie
basement thrust unit during the Priabonian—Rupelian
(37-28 Ma) (Séguret 1972; Teixell 1996). The portion of
the thrust fault studied here is located at the front of the
Monte Perdido thrust unit (Fig. 1B). Consequently, the
rotation effect linked to the uplift of the northern axial
zone in this fault is negligible. A reactivation of the
Monte Perdido thrust fault occurred during activity on
the underlying Gavarnie thrust fault (Lacroix ez al. 2012).

CHARACTERISTICS OF THE MONTE PERDIDO
THRUST FAULT

In the studied outcrop, the hanging wall is made up of the
Alveolina limestone of the Monte Perdido thrust unit, and
the footwall comprises the Hecho Group turbidities of the
Gavarnie thrust unit. The fault zone, a 6-m-thick deformed
zone, consists of the alternation of several shear surfaces
and intensely deformed clay-bearing rocks (Fig. 2A). Per-
vasive solution cleavages and shear surfaces define C-S-like
structures compatible with a south—south-westward dis-
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Fig. 2. Structures and microstructures observed in the Monte Perdido thrust fault with a top-to-the-south verging. (A) Outcrop of the Monte Perdido thrust

fault. Calcite shear veins are present along shear surfaces and define C-S patterns with cleavage surfaces. The highly deformed layer corresponds to a high-
strain zone where chlorite is abundant. Note that calcite shear veins and highly deformed layers are parallel. (B) 1. Example of a calcite shear vein composed of
a combination of incremental shear surface reactivations and extensional vein openings. 2. Optical microscope image of a calcite shear vein. Note the presence
of a cleavage seam at a low angle (20°) to the shear surfaces. Extensional veins crosscut the cleavage at 90°. (C) Optical, scanning electron microscopy (SEM),
and TEM observations in a highly foliated zone. 1. Optical view of a high-strain zone. Chlorite precipitated along the reactivated shear surface. Note that shear
surfaces with chlorite are parallel to the previous calcite shear vein. 2. SEM image of the high-strain zone with chlorite precipitation along C shear surfaces. 3.
Detailed SEM view. Chlorite cement is made up of lamellae comprised between 1 pm and 200 nm in thickness. They are oriented parallel to the shear surfaces,
which attests to a crystallization coeval to the shear reactivation. 4. TEM image of chlorite with (001) plane oriented parallel to the shear surface. The 1.4-nm
regular spacing between the alternating white and black layers corresponds to the TOTO chlorite (001) layer stacking sequence. The arrows represent the pref-
erential shear displacement along these surfaces with low frictional coefficient and a low intrinsic cohesion. (S: cleavage, C: shear surfaces, chl: chlorite, qtz:

quartz).

placement. The angle between the cleavage planes and the
shear planes is 20° (Fig 1C). Numerous calcite shear veins
are present along the shear surfaces and feature surface lin-
eations with an orientation of NO30E. Subvertical exten-
sional veins and subhorizontal pressure solution cleavage as
observed along the Monte Perdido thrust fault and in host
sediments suggest a near-vertical maximal principal stress
axis o) (Fig. 1C). The steeply dipping orientation of the
o) axis is in agreement with previous authors showing a
subvertical o; axis within thrust fault (Byrne & Fisher
1990; Magee & Zoback 1993; Fagereng 2012). In this
study, the angle between gently dipping shear surfaces and
steeply dipping o, axis is approximately 70° (Fig. 1C).
Locally, highly deformed layers that are darker than other
parts of the fault zone correspond to fault reactivation
affecting the core zone (Fig. 2A).

According to petrographic, SEM, and TEM observations
and to geochemical and thermometric analyses, the Monte
Perdido thrust fault underwent two successive deformation
episodes. The first stage of deformation is associated with
formation of calcite shear veins at temperatures of about
210°C (Lacroix et al. 2011; Fig. 2B). The second stage of
deformation involved chlorite precipitation along the shear
surfaces at temperatures of 240°C during fault reactivation
(Fig. 2C; Lacroix et al. 2012).

First stage of deformation

In the fault zone, the first stage of deformation is accom-
modated mainly with incremental slip along shear surfaces
and is associated with development of calcite shear veins
(Fig. 2A). Similar shear veins, also referred as slickenfibre
or bedding parallel veins, have been well documented by
Labaume ez al. (1991), Davison (1995), Lee & Wiltschko
(2000), Séjourné et al. 2005; and Fagereng ez al. (2010).
Macroscopically, shear veins correspond to centimeter-
thick tabular bodies with metric to decametric lateral
extent (Fig. 2A). Microscopically, they consist of layered
veins opened by a combination of incremental shear sur-
face reactivation and extension vein opening (1 and 2 in
Fig. 2B). Each
sheets bounded by two thin inclusion trails and formed

layer corresponds to millimeter-thick
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by the lateral succession of numerous millimetric rhomb-
shaped tensional veinlets. The inclusion trails correspond
to shear surfaces, while the rhomb-shaped veinlets corre-
spond to mode I extensional fractures normal to the
cleavage surfaces (1 and 2 in Fig. 2B). Shear surfaces are
not sealed by calcite and are assumed to be cohesionless
(2 in Fig. 2B). Extension veins subperpendicularly inter-
sect the cleavage (2 in Fig. 2B). When elongated, the
calcite fibers are perpendicular to the vein walls and,
consequently, are parallel to the cleavage (1 in Fig. 2B).
The spatial relationship existing between veins and cleav-
age seams shows that calcite pressure solution is the
major deformation process. Oxygen stable isotope and
fluid inclusion analyses demonstrated that calcite veins
were formed at a temperature of 210°C (Lacroix et al.
2011). Assuming a geothermal paleogradient of 30°
C km™!, this temperature corresponds to a burial depth
of about 6 km.

Second stage of deformation: chlorite precipitation along
shear surfaces

Chlorite is abundant in the highest deformed zones of the
Monte Perdido thrust fault where it precipitated along the
reactivated C shear surfaces as well as along the inclusion
trails within shear veins, to form an interconnected net-
work (1 and 2 in Fig. 2C). The petrographic observations
indicate a lack of mode I extension fracture associated with
this deformation episode. Consequently, this second stage
of deformation is assumed to be strictly frictional and com-
pletely accommodated by shearing. As for the first stage of
deformation, C shear surfaces have a low angle to the
cleavage (20°) (1 and 2 in Fig. 2C). Chlorite precipitates
as platelets comprised between 1 um and 200 nm in thick-
ness (3 in Fig. 2C). They are oriented parallel to shear
surfaces, indicating a crystallization coeval to shear reactiva-
tion (3 in Fig. 2C). Except for rigid objects such as old
calcite veins within which mode I extension fractures are
locally observed, this deformation stage is mainly character-
ized by shear surface reactivation. The presence of
authigenic chlorite suggests dissolution recrystallization
processes (e.g., Buatier et al. 2012). Transmission electron
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microscopy images (4 in Fig. 2C) and microprobe analyses
confirm the presence of newly formed Fe-chlorite-bearing
veins composed of crystals of about 100 nm in thick-
ness with a 1.4 nm regular stacking sequence and with
the following structural formula: (Sizg6Al114010(Al} 67-
Fe, 31Mg) 71)(OH)g). Chlorite crystals display intracrystal-
line deformation along the (001) plane that could be
interpreted as numerous stacking faults in the lattice (4 in
Fig. 2C). The P-T conditions during chlorite precipitation
are similar to those from stage 1 and are estimated at 240°
C and 6.5 km burial depth (Lacroix et al. 2012).

REACTIVATION OF THE MONTE PERDIDO
THRUST FAULT DURING THE TWO STAGES
OF DEFORMATION

According to the results presented above, the Monte
Perdido thrust activity is associated with two major defor-
mation events involving the reactivation of the same
unfavorably oriented shear surfaces. Following the Mohr—
Coulomb failure and assuming a negligible cohesion, the
reactivation of the Monte Perdido thrust fault depends
on the coefficient of static friction along the reactivated
shear surfaces and the pore fluid pressure along the fault
zone.

Role of pg on fault reactivation

The formation of low-angle calcite shear veins involves
simultaneous shear reactivation and extension fracturing
under the same stress field between two neighboring shear
surfaces (inclusion trails). During the first stage of defor-
mation, the fluid pressure required to create the shear veins
has to be high enough to simultaneously (i) allow the for-
mation of extension veins (63" = — Ty where Ty is the ten-
sile strength of the rock and o3’ =03 — Py and (i)
reactivate the cohesionless shear surfaces having a coeffi-
cient of static friction of 0.6 and oriented at 70° to the
maximum stress 6, (Fig. 3A).

The second stage of deformation is characterized by
chlorite precipitation along the same misoriented shear
surfaces (Fig. 2C). As suggested by the SEM and TEM
observations, the (001) chlorite layers are plane-parallel to
the shear surfaces (3 and 4 in Fig. 2C). This crys-
tallographic orientation of chlorite crystals provides a
preferential sliding surface with low frictional coefficient
and a low intrinsic cohesion (Moore & Lockner 2008;
Collettini er al. 2009b). Recent frictional experiments
provide static wet conditions with chlorite friction values
varying from 0.26 to 0.4 (Morrow et al. 2000; Brown
et al. 2003; Moore & Lockner 2004; Numelin et al
2007; Collettini 2011; Ikari ez al. 2011; Behnsen &
Faulkner 2012). For this stage of deformation, because of
its low frictional strength, the presence of chlorite could
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Fig. 3. (A) Mohr diagram (shear stresst versus effective normal stress o)
illustrating conditions of shear vein formation. The conditions for simulta-
neous shear surface reactivation and extensional fracturing are met when
the least principal stress (o3') is negative (due to high fluid pressure) and at
70° to the cohesionless fault rock. (B) Mohr diagram illustrating conditions
of shear surface reactivation during the second stage of deformation involv-
ing chlorite minerals. The lower frictional coefficient of about 0.3 of chlorite
minerals allows previous shear surfaces to be reactivated at lower fluid
pressure.

have acted as a low-friction mineral favouring stable fault
sliding (Moore & Lockner 2004; Behnsen & Faulkner
2012).

Fluid pressure required for the Monte Perdido thrust fault
reactivation

The pore fluid factors A = Py/p,gz required to reactivate
the Monte Perdido thrust fault during the two deforma-
tion stages were computed using a pore fluid factor—differ-
ential stress failure mode diagram proposed by Cox
(2010). For an undeformed rock, the failure mode diagram
was adopted using the rock density p, fixed at
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Fig. 4. Pore fluid factor-differential stress diagram showing the pore fluid factor required to reactivate the Monte Perdido thrust fault. The tricolored line rep-

resents the failure envelope for an optimal fault with a frictional coefficient

of 0.6 and a cohesion of 20 MPa. The shear failure envelope is shown in blue;

the extension mode failure is in red; the failure envelope for hybrid extensional-shear mode failure is shown in green. The bold black lines give the pore fluid
factor required to reactivate cohesionless shear surfaces oriented at 70° to the maximum stress for a given differential stress and a given pore fluid factor. In
this case, the reactivation of shear surfaces during the first stage of deformation is associated with the calcite shear vein development and required a pore

fluid factor of approximately 0.9 and a differential stress of about 28 MPa.

For the second stage, considering a similar burial depth as proposed by Lacroix

et al. (2012) and, consequently, assuming a similar differential stress, the computed pore fluid factor varies between 0.77 and 0.84 for a friction coefficient
comprised between 0.26 and 0.4 (gray domain). 0: angle to principal stress; To: tensile strength; Z: depth.

2700 kg m~> (consistent with the bulk mineralogy), the
tensile strength 7, fixed at 10 MPa (consistent with marl
and limestone, Karatasios et al. 2009), and the cohesive
strength C assumed to be 20 MPa (using the relationship
C = 2T, Cox 2010; Bons et al. 2012). The coefficient of
static friction of the shear surfaces is fixed, respectively, to
0.6 and 0.3 for the first and second stages of deformation.
The reactivated shear surfaces are considered cohesionless.
The failure mode diagram was computed with an angle of
reactivation of 70° and for a depth of 6 km (Lacroix et al.
2011; Fig. 4).

The failure mode diagram shows the brittle failure and
reactivation envelopes as a function of the pore fluid fac-
tor (A) and the differential stresses (Fig. 4). The tricolor
line corresponds to the failure envelope (for an optimal
fault with a frictional coefficient of 0.6 and a cohesion
of 20 MPa) separating an upper domain where a new,
favorably oriented fault will be formed rather than a
reactivated one, from a lower domain where the Monte
Perdido thrust fault can be reactivated. The red and
green domains, respectively, correspond to extension and

© 2012 Blackwell Publishing Ltd, Geofluids, 13, 56-65

extensional-shear hybrid mode failure domains. The blue
line corresponds to the shear domains for optimally
oriented failure with a coefficient of static friction of 0.6
and a cohesion of 20 MPa. The oblique bold black
lines indicate the various pore fluid factors and differen-
tial stress required to reactivate the incohesive Monte
Perdido thrust fault for different values of static fric-
ton .

During the first deformation stage, the fault reactivation
probably occurred in relatively undeformed sediments. As
discussed above, this stage of deformation should simulta-
neously satisfy the reactivation of shear surfaces by sliding
and the opening of mode I veins. With p equal to 0.60,
the failure mode diagram predicts that both conditions are
satisfied for a differential stress of 28 MPa and a pore fluid
factor A of 0.89 (Fig. 4). Although very low, the calculated
differential stress could be realistic as similar low values
have been estimated in other thrust faults (e.g., Holl &
Anastasio 1995; Ferrill 1998; Lacombe 2001; Fagereng
et al. 2010). At a 6-km depth, such a pore fluid fac-
tor implies a total pore fluid pressure of 145 MPa to
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incrementally form calcite shear veins and to reactivate the
Monte Perdido thrust fault.

As demonstrated by Lacroix et al. (2011), the second
stage of deformation occurred at similar burial depths than
the first stage of deformation. Consequently, a similar dif-
ferential stress of 28 MPa can be considered here. For the
second stage of deformation, the presence of chlorite
(weak mineral) along shear planes has lowered the fric-
tional strength of the fault and favored stable fault sliding
(Moore & Lockner 2004; Behnsen & Faulkner 2012).
This reduction in frictional strength of the fault implies
that the fault could be reactivated with lower fluid pressure
than for previous deformation (Fig. 3B). Assuming that
during this stage, shear surface slip is dominated by fric-
tional processes rather than pressure-dissolution creep,
with a low frictional coefficient of chlorite ranging
between 0.26 and 0.4 and a differential stress fixed at
28 MPa, the failure mode diagram predicts an even higher
fluid pressure within the suprahydrostatic domain (Fig. 4).
More precisely, the pore fluid factor, A, has a range
between 0.77 and 0.84 (Fig. 4). Considering a 6-km
depth, the total fluid pressure required to reactivate the
Monte Perdido thrust fault must have been between 125
and 136 MPa.

CONTRIBUTION OF WEAKENING PROCESSES
IN THE REACTIVATION OF THE MONTE
PERDIDO THRUST FAULT

This study suggests that during the first stage of deforma-
tion, the formation of calcite shear veins required suprahy-
drostatic fluid pressure characterized by a pore fluid factor
close to 0.9. At 6-km depth, corresponding to the depth
of the Monte Perdido thrust activity (Lacroix et al. 2011),
the pore fluid pressure excess above hydrostatic equilibrium
required to reactivate the severely misoriented thrust fault
should be about 81 MPa. Such a value is largely above cal-
culated pore fluid pressure excess responsible for the main
carthquake and aftershocks in normal seismic faults in the
source region of L’Aquila (Terakawa ez al. 2010). In the
case of overthrust faults, high fluid pressure was described
as an important parameter lowering the frictional proper-
ties of fault zone (Hubbert & Rubey 1959). Furthermore,
the pore fluid factor calculated in this study is consistent
with actual pore fluid factors measured iz situ along
decollements of active offshore accretionary prisms (i.e.,
Davis et al. 1983; Dahlen et al. 1984; Dahlen 1990;
Moore & Vrolijk 1992). Based on stable isotope composi-
tions and petrography, Lacroix et al. (2011) evidence that
deformation inside the Monte Perdido thrust fault is domi-
nated by calcite-diffusive mass transfer of calcite from pres-
sure solution cleavage to shear veins in a relatively closed
hydrological system. Such a closed system could create a
local permeable barrier facilitating heterogeneous distribu-

tion of fluid overpressure and resulting in localized failure
of small fault zone patches (Collettini 2002; Mittemper-
gher et al. 2011).

During the second stage of deformation, the Monte Per-
dido thrust fault reactivation was associated with the pre-
cipitation of a weak mineral such as chlorite along
reactivated shear surfaces that could favors fault creeping.
Similar observations have been described in the Zuccale
low-angle normal fault in which talc occurred during pro-
grade transformation of dolomite (i.e., Collettini ez al
2009a). Moore & Rymer (2007) and Holdsworth e al.
(2011) proposed that the development of interconnected
networks of low-friction clay-bearing surfaces could explain
the creeping deformation observed in the San Andreas
fault. All these authors suggest that the presence of clay
minerals along shear surfaces and with preferential orienta-
tion facilitates fault sliding by lowering the internal fault
zone frictional coefficient. Although clays are supposed to
act as weak minerals able to reduce the pore fluid contribu-
tion, the results obtained in this study suggest that fluid
pressures still remain high during the second deformation
stage even with the formation of a weak mineral such as
chlorite. The difference in fluid pressure calculated for the
Monte Perdido reactivation between the first and second
deformation stages ranges between 9 and 20 MPa depend-
ing on the frictional coefficient (Figs 4 and 5).

THRUST FAULT ACTIVITY CYCLE VERSUS
FLUID PRESSURE CYCLE

The pore fluid factors calculated in this study clearly show
that suprahydrostatic fluid pressure is necessary to reacti-
vate shear surfaces and to form extensional-shear veins
(Fig. 4). However, on the basis of a fluid inclusions study,
Lacroix et al. (2011, 2012) demonstrate that fluid pressure
conditions recorded during calcite, quartz, and chlorite
precipitations for both deformation stages are purely
hydrostatic. This difference in fluid pressure during mineral
precipitation and fracture formation suggests that fracture
cementation in extensional-shear veins, oriented with a
large angle to the principal stress, follows a cyclic fluid
pressure between hydrostatic and suprahydrostatic values
(Fig. 5). Such fluid pressure cycle has already been pro-
posed by numerous authors (e.g., McCaig 1988; Sibson
et al. 1988; Boullier & Robert 1992; Robert et al. 1995;
Wilkinson & Johnston 1996; Parry 1998; among other)
and is the basis of the so-called ‘fault-valve model’ pro-
posed by Sibson ez al. (1988). However, very few studies
have attempted to quantify this effect (i.e., Wilkinson &
Johnston 1996 as the only study). Under such fluid pres-
sure fluctuations, fracture formation leads to a decrease in
fluid pressure toward hydrostatic values (steps 1 and 3 in
Fig. 5). Fluid pressure is known to be an important param-
cter controlling the mineral solubility (e.g., Renard ez al.
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Fig. 5. Graph (not to scale) showing the
relation between the fluid pressure cycle
(from hydrostatic [Pf,] to suprahydrostatic
[Pf]), fracture episodes, and pressure solution
processes. Fracture occurs when a high fluid
pressure is reached (pore fluid factor of 0.89)
and triggers a fluid pressure gradient (1 and
2). Then, calcite pressure solution is activated
to seal the fracture (3). Once sealing is
accomplished (4), pore pressure increases
until  the next fracture episode (5).

Precipitation of chlorite along shear surfaces
during deformation.

2000; Gratier et al. 2009). Consequently, such a fluid
pressure decrease could be responsible for calcite precipita-
tion along fractures (Sharp 1965; Caciagli & Manning
2003). Considering a low-permeability fault zone, fractu-
rating could be responsible for a local fluid pressure gradi-
ent between the fracture and surrounding rocks (patches)
and could change the chemical potential driving pressure
solution (Gratier ez al. 2009). This gradient triggers pres-
sure solution in surrounding host rocks where calcite is
dissolved along the cleavage and precipitates within frac-
tures (2 and 4 in Fig. 5). Once the fracture is sealed by
calcite precipitation, the local fluid pressure increases until
the critical value of 145 MPa is attained (A = 0.9) (Fig. 5)
and a new fracture occurs. During the second stage of
deformation, although weaker minerals with a preferential
crystallographic orientation such as chlorite are present
along misoriented shear surfaces, the reactivation of these
later requires a pore fluid factor A of about 0.79 consider-
ing a friction coefficient of 0.3 (steps 5 in Fig. 5). The lack
of extensive mode I fractures development during this
stage compared with the first stage of deformation indi-
cates that the reactivation of shear surfaces did not exceed
the hydrofracture criterion as during previous deformation.

Although the absence of seismic textures such as catacla-
site and/or fault gouge in the Monte Perdido thrust fault
argues for an aseismic slip activity (Gratier & Gamond
1990; Lacroix et al. 2011), the present study suggests that
at least the first stage of deformation could be related to
seismicity. As demonstrated in the previous section, the
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formation of calcite shear veins is mainly controlled by
repeated growth and deformation cycles controlled by peri-
odicity of pore fluid pressure (Fig. 5). Becker et al. (2011)
propose that episodic opening of veinlets forming crack-
seal veins could represent microseismic events. Neverthe-
less, such seismic activity could be associated with a very
low seismic magnitude with negative values (Fagereng
2011). Such seismic behavior is, for example, well demon-
strated in the creeping section of the San Andreas fault
(e.g., Gratier et al. 2011; Mittempergher ez al. 2011).

CONCLUSIONS

Two different weakening mechanisms occurred along mis-
oriented shear surfaces during the activity of the Monte
Perdido thrust fault. During the first stage, shear surfaces
were reactivated in rocks with a standard friction (with the
friction coefficient varying of 0.6, Byerlee 1978) to form
calcite shear veins. This mechanism follows cyclic fluid
pressure fluctuations with calcite precipitating at a hydro-
static fluid pressure, whereas suprahydrostatic fluid pres-
sure, with A = 0.89, is expected to reach the combination
of shear reactivation and extension vein opening. In such a
system, the low permeability of the fault zone facilitates
the increase in fluid pressure responsible for the shear sur-
face reactivation. This process, in which calcite shear veins
formed, could be associated with microseismicity.

During the late reactivation episodes, despite the pres-
ence of weak chlorite with (001) crystallographic planes
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parallel to shear surfaces, fluid pressure still remains high
to reactivate the Monte Perdido thrust fault. The differ-
ences in total fluid pressure necessary to reactivate shear
surfaces between both deformation stages are estimated to
range between 9 and 20 MPa.
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