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Abstract The chemical and isotopic compositions of clay
minerals such as illite and chlorite are commonly used to
quantify diagenetic and low-grade metamorphic condi-
tions, an approach that is also used in the present study of
the Monte Perdido thrust fault from the South Pyrenean
fold-and-thrust belt. The Monte Perdido thrust fault is a
shallow thrust juxtaposing upper Cretaceous—Paleocene
platform carbonates and Lower Eocene marls and turbi-
dites from the Jaca basin. The core zone of the fault, about
6 m thick, consists of intensely deformed clay-bearing
rocks bounded by major shear surfaces. Illite and chlorite
are the main hydrous minerals in the fault zone. Illite is
oriented along cleavage planes while chlorite formed along
shear veins (<50 pm in thickness). Authigenic chlorite
provides essential information about the origin of fluids
and their temperature. '%0 and 6D values of newly formed
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chlorite support equilibration with sedimentary interstitial
water, directly derived from the local hanging wall and
footwall during deformation. Given the absence of large-
scale fluid flow, the mineralization observed in the thrust
faults records the P-T conditions of thrust activity. Tem-
peratures of chlorite formation of about 240°C are obtained
via two independent methods: chlorite compositional
thermometers and oxygen isotope fractionation between
cogenetic chlorite and quartz. Burial depth conditions of
7 km are determined for the Monte Perdido thrust reacti-
vation, coupling calculated temperature and fluid inclusion
isochores. The present study demonstrates that both isoto-
pic and thermodynamic methods applied to clay minerals
formed in thrust fault are useful to help constrain diage-
netic and low-grade metamorphic conditions.

Keywords Clay minerals - Thrust fault - Thermometer -
Stable isotope - Veins - P-T conditions

Introduction

With 18% of the worldwide hydrocarbon production, fold-
and-thrust belts compose favorable sites of hydrocarbon
generation, migration, and accumulation. Undiscovered oil
and gas fields may still be expected in fold-and-thrust belts
(Roure and Sassi 1995; Macgregor 1996; Alavi 2004),
hence the interest in understanding the evolution of the
foreland basin up to the development of a fold-and-thrust
belt. To constrain the evolution of fold-and-thrust belts, it
is essential to quantify the pressure and temperature (P-T)
conditions of diagenesis and low-grade metamorphism.
The chemical and isotopic compositions of minerals and
their included fluids formed along fractures and fault
planes can record the P-T conditions and/or the geothermal
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gradients of such deformation in foreland basins (e.g., Rye
and Bradbury 1988; Wiltschko et al. 2009; Parry and
Blamey 2010). Clay minerals such as illite and chlorite
have also been commonly used to quantify diagenetic and
low-grade metamorphic conditions. In sedimentary rocks,
the transition from smectite to illite and the measurement
of illite crystallinity (IC) are among the most widely used
methods to evaluate burial conditions (e.g., Kiibler 1964;
Frey 1987; Merriman et al. 1995; Lee and Lee 2001;
Schwartz et al. 2009). Others have developed thermome-
ters based on the chemical compositions of chlorite
(Cathelineau and Nieva 1985; Cathelineau 1988; Hillier
and Velde 1991; Vidal et al. 2005 and 2006 and Inoue et al.
2009). For example, Cathelineau and Nieva (1985) and
Cathelineau (1988) propose an empirical calibration based
on the correlation between the tetrahedral aluminum
occupancy (Al'") and/or the octahedral vacancy as a
function of temperatures deduced from fluid inclusions in
fossil geothermal systems. Complementary studies dem-
onstrated the effect of bulk-rock compositions on the
chemical composition of chlorite (Hillier and Velde 1991,
De Caritat et al. 1993; Zane et al. 1998, among others).
More recently, Vidal et al. (2005, 2006) and Inoue et al.
(2009) proposed a thermodynamic approach for calculating
equilibrium conditions on the basis of chlorite composi-
tions. Their methods take into account the variations of the
mineralogy and the influence of physicochemical parame-
ters such as fluid composition and redox conditions. Those
geothermometers appear to be applicable to chlorite
formed under diagenetic or low-grade metamorphic con-
ditions during thrust fault activity. However, clay minerals
can only be used as a proxy to estimate thrust fault P-T
conditions if it can be clearly established that their for-
mation is indeed related to the deformation. It is, therefore,
important to trace the origin and behavior of clay minerals.
During diagenesis and/or low-grade metamorphism, clay
minerals can contribute to a slaty cleavage developed by
passive rotation of detrital phyllosilicates or by mineral-
ogical reactions and in situ neo-formation (Lee et al. 1986;
Kreutzberger and Peacor 1988; Li et al. 1994; Ho et al.
2001; and Day-Stirrat et al. 2008).

The present study focuses on the northern part of the
South Pyrenean fold-and-thrust belt (Figs. 1, 2), where
stratigraphic, structural, and temperature conditions are
relatively well-constrained (e.g., Séguret 1972; Mutti et al.
1988; Holl and Anastasio 1995; and Remacha and Fer-
nandez 2003). Lacroix et al. (2011) demonstrated that the
Monte Perdido thrust fault was formed during two stages.
The first stage, related to the Monte Perdido thrust faulting,
was associated to the formation of calcite-quartz shear
veins. The second deformation stage corresponds to a fault
reactivation involving newly formed clay minerals, chlorite
in particular. However, the P-T conditions during this
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second stage remain largely unknown. This paper focuses
on the clay mineral assemblages from this fault formed
during deformation and to evaluate their compositions as a
low-grade geothermometers. The first part of the paper
describes the behavior of clay minerals during deformation.
The second part focuses on both the chemical and isotopic
composition of chlorite in order to estimate their formation
temperatures. The results are then used to derive the P-T
conditions of thrusting and the geothermal gradient that
affected the basin during deformation.

Geological setting
General background and study area

The Pyrenees correspond to a doubly vergent orogenic
prism formed during the convergence between Iberia and
Europe from the late Cretaceous to the early Miocene (e.g.,
Choukroune et al. 1990; Munoz 1992; Teixell 1998; and
Beaumont et al. 2000).

From the north to the south, three main structural zones
constitute the Pyrenean orogen (Fig. 1a). The North Pyre-
nean zone corresponds to a Mesozoic extensional basin
system inverted and transported northward during the
Pyrenean compression. To the south, the axial zone is
defined by imbrications of south-verging thrust units in the
Paleozoic basement (Fig. 1b). Southward, the thrust faults
pass to a décollement in Triassic evaporites, at the base of
the Mesozoic and Tertiary cover forming the South Pyre-
nean zone. Shortening caused by the Pyrenean deformation
has been estimated to be about 165 km in the central
Pyrenees (Beaumont et al. 2000) and 80 km in the western
Pyrenees (Teixell 1998), about 70% of which was accu-
mulated in the south-vergent thrust system.

The study area is located at the northern edge of the Jaca
basin, which corresponds to the western part of the South
Pyrenean zone (Fig. 1a). Above the Triassic décollement
level, the stratigraphy of the Jaca Basin is given by
Cenomanian to Santonian platform limestones followed by
the upper Cretaceous—Paleogene syn-orogenic succession
with, from bottom to top, Campanian to earliest Eocene
platform carbonates, the Ypresian-Lutetian siliciclastic
turbidites of the Hecho Group, and Bartonian to lower
Oligocene coastal and continental deposits (e.g., Teixell
1996) (Fig. 1b). At the northern edge of the Jaca basin,
Triassic evaporites are absent, and the Cretaceous lime-
stones rest directly on the Paleozoic basement of the axial
zone.

The present study focuses on the well-exposed Monte
Perdido thrust fault, located in the north-eastern part of the
Jaca Basin (Fig. 1b). It separates the Monte Perdido thrust
unit from the underlying Gavarnie thrust unit (Fig. 1c). The
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Monte Perdido thrust activity is dated to the latest Lutetian
to earliest Priabonian (47-37 Ma) (Teixell 1996). The
northern part of the Monte Perdido thrust unit was folded
and uplifted by the emplacement of the underlying
Gavarnie basement thrust unit during the late Eocene-early
Oligocene (Séguret, 1972; Teixell, 1996). Both units are
characterized by a regional pressure-solution cleavage
(Séguret 1972; Labaume et al. 1985; Teixell 1996; Oliva-
Urcia et al. 2009) formed during their emplacement.

Outcrop description and sample location

One outcrop of the Monte Perdido sole thrust (Figs. 1c, 2)
was studied in detail. The hanging wall is made up of the
Alveolina limestone of the Monte Perdido thrust unit, and
the footwall comprises the Hecho group turbidites (alter-
nating sandstone and pelite layers) of the Gavarnie thrust
unit (Fig. 2a).

The fault zone, about 6 m thick, consists of an interval
of intensely deformed clay-bearing rocks bounded by
major shear surfaces (Fig. 2a). The deformed sediment is
markedly darker than the protolith. The presence of

Hanging wallf&7% 7
Paleocene Limestofie,

s
I

nghlydeformed zone

Fig. 2 Field photographs illustrating the studied section of the Monte
Perdido thrust fault. a General view of the fault zone and the host
sediments. b Detailed view of the highly deformed layer from the
fault zone
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decimetric, deformed sandstone lenses supports a devel-
opment of the fault zone in the footwall turbidites.
Deformation was accommodated by closely spaced cleav-
age associated with cm- to dm-spaced shear surface net-
works in a S—-C (C')-type structure. Calcite-quartz shear
veins along the shear planes are abundant (Fig. 2b).
Locally, the fault zone is strongly deformed, with more
intense cleavage, folded and boudinaged veins adjacent to
the fault (Fig. 2b). Additional details on the different types
of structures in the fault zone are given in Lacroix et al.
(2011). The cleavage orientation, the asymmetry of S—C
structures, and steps along shear vein striation indicate a
south-southwestward displacement (N315°E). The cleav-
age and shear veins are frequently deformed by centimetric
folds with an axis oblique to the transport direction.

Although deformation principally occurs in the core
zone, it also affects the hanging and footwall. In the
hanging wall Alveolina limestone, the deformation is
marked by stylolites and extension calcite veins. The
footwall turbidites are deformed by cm- to dm-scale
asymmetric, south-vergent folds with north-dipping axial
plane cleavage. Extension veins are also present and
crosscut the cleavage. The main orientation of cleavage
outside the fault zone around N315°E is similar to that
measured inside the fault zone. All kinematic markers thus
indicate a tectonic transport toward the S-SW, sub-per-
pendicular to the regional N120 structural trend (Séguret
1972).

Detailed structural analysis focused on 20 samples along
a vertical transect through the fault zone (Fig. 3). In this
strongly deformed zone, calcite veins and dark foliated
layers were sampled. Hanging wall Alveolina limestone
and footwall Hecho group turbidites up to about 10-30
meters away from the deformation zone were also
collected.

Methods
Microscopy

All samples were examined with a petrographic micro-
scope on standard polished thin sections. Microstructures
and mineral species were identified with a JEOL JSM5600
scanning electron microscope coupled with a FONDIS
energy dispersive analyzer (EDS) at the University of
Franche Comté (Besancon). Images were obtained with
backscattered electrons at 20 kV.

X-Ray diffraction

The bulk-rock and clay mineralogy of samples from host
rock and foliated layers was analyzed with a SCINTAG
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Fig. 3 Schematic diagram of the structural organization in the
studied fault zone (modified from Lacroix et al. 2011). The sample
locations are labeled as ToXX. Note: the presence of deformation
structures such as shear surfaces, cleavage, stylolites, and veins

XRD 2000 diffractometer at the Geological Institute of
Neuchatel, Switzerland, following the procedures outlined
by Kiibler (1987) and Adatte et al. (1996). The XRD dif-
fractometer was operated at 45 kV and 40 mA and
equipped with a Cu tube.

The bulk-rock mineralogy of 15 samples was analyzed
by X-ray diffraction obtained between 5° 20 and 60° 20
with a step size of 0.03° 20 and a goniometer speed of
0.5°/min, 45 kV/18 mA.

Clay mineral fractions from 15 samples were extracted
from powdered chips that were mixed with de-ionized
water (pH 7-8) and agitated. The carbonate fraction was
removed with the addition of HCI 10% (1.25 N) at room
temperature until all the carbonate was dissolved. The
samples were disaggregated using an ultrasound for 3 min.
The insoluble residues were washed and centrifuged until a
neutral suspension was obtained (pH 7-8). Separation of
different grain size fractions (<2 pm and 2-16 pm) was
obtained by the timed settling method based on Stokes law.
The selected fractions were then deposited onto a glass
plate and air-dried at room temperature. XRD analyses of
oriented clay samples were made after air drying at room
temperature and after saturation of the samples with eth-
ylene glycol. The intensities of selected XRD peaks char-
acterizing each clay mineral in the size fraction (e.g.,
chlorite, mica) were measured for a semi-quantitative
analysis of the proportion of clay minerals present in the
size fractions <2 pm and 2-16 pm.

Chlorite analysis

The chemical composition (Si, Fe, Mg, Al, Ti, K, Ca, and
Na) of selected chlorites from the highly deformed core
zone of the fault was analyzed using a CAMECA model
SX100 electron microprobe at the University of Montpel-
lier equipped with five X-ray spectrometers on 2 carbon-
coated thin sections. The microprobe was operated using
20 kV of excitation potential, 10 nA of current intensity,
and a beam diameter of 3 um. The standards used were
Wollastonite (Si, Ca), Fe,O5 (Fe), Forsterite (Mg), Al,O3
(Al), TiO, (Ti), Orthoclase (K), and Albite (Na).

Temperatures were estimated using the composition of
chlorites and following the method of Vidal et al. (2005,
2006) and of Inoue et al. (2009). Vidal et al. (2006) pro-
posed a thermodynamic model for Fe-Mg partitioning in
aluminious trioctahedral chlorites (Si < 3 p.f.u.). Four end-
members were chosen:

e clinochlore (MgsAl)[SizAlO0](OH)g,

e daphnite (Fes>"Al)[SizAlO,(](OH)s,

e amesite (Mgs Al)[Si,Al,0,0](OH)g and (Fe,”t Al)
[Si;Al;040](OH)g

e sudoite (Mg,Al3[])[SizAlO;o](OH)g.

The choice of these components allows for a description
of the Fe-Mg, Tschermak, and dioctahedral-trioctahedral
substitutions occurring in trioctahedral chlorites. Using
these end-members, four reactions (two independent) can
be written for chlorite-quartz-water assemblages:
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2(MgsAl)[Si3Al0;0](OH)g+3(Mg,Als ) [Si3 AlO, o] (OH),
= 4(Mg,Al,)[SizAL010] (OH)g+7[Si0,] + 4H,0
(1)
4(MgsAl)[Si3AlO o] (OH)g+5 (Fe3 ™ AlL) [Sia AL 1] (OH) g
= 4(Fe3" Al) [Si3Al010] (OH)g+5(Mg,Al)
x [SizAl,O1o](OH), (2)

16 (Fe2* Al)[Si3Al040)(OH)g+15(Mg,Als)[Si3AlO ;0] (OH)g
=20 (F63+A12) [SIZAIZOIO] <OH)8 +6(Mg5A]) [SI3A1010]
x (OH)g+35[Si0,] + 20H,0 (3)

4(Fe3" Al)[Si3AlO 1) (OH)+6(Mg,Al3)[SizAlO;o] (OH)g
= 5(Fe3" AL) [Si»Al,010] (OH) +3(Mg,Al) [Si2 Al O]
x (OH)g+14[Si0,] + 8H,O. (4)

The temperatures of equilibrium (Eq. 1)-(Eq. 4) depend on
the activity and, therefore, the proportions of the
clinochlore, daphnite, sudoite, and amesite end-members
in chlorite. These temperatures can be calculated using the
condition of thermodynamic equilibrium:

0= ZvAG]" —RTIK, (5)
J

where v; is the stoichiometric reaction coefficient, 4,G"" is
the apparent Gibbs free energy of formation (Berman
1988), and K is the equilibrium constant, which can be
written as:

K= Ij—,[(aideal V)Y (6)

where agjqe, 1S the ideal part of the activity and ym is the
activity coefficient.

As is the case for other phyllosilicates, substitution of
APPT for Fe** also occurs in chlorite. Fe>" can influence
the number of vacancies in the chlorite structure, and the
presence of Fe>™ may affect the activity of the chlorite end-
members. A simultaneous estimation of Fe>" in chlorite
and equilibrium temperature for the Chl-Qtz-H20 assem-
blage can be done at given pressure of 1 kbar with a
temperature difference of 20°C and ap,o using a temper-
ature scatter of 20°C and a criterion based on the conver-
gence of equilibria (Eq. 1)-(Eq. 4) (Vidal et al. 2005).

Inoue et al. (2009) substituted the end-member compo-
nent of chlorite solid solution from clinochlore adopted by
Vidal et al. (2001) for Al-free chlorite with a serpentine
composition, so that the chosen end-member components
of the solid solution are more suitable for describing the
wide range of elemental substitutions in low-temperature
chlorites. Indeed, it is known that low-T chlorites have
higher Si contents and octahedral vacancies and lower
Fe 4+ Mg contents for a similar Al,O; content compared to
higher-grade metamorphic chlorites (e.g., Hillier and Velde

@ Springer

1991). Using the calibrated thermodynamic properties,
they estimated the formation temperatures of chlo-
rite + quartz assemblage that is expressed by the reactions:
Mg4SisO19(OH)g+ 3Mg,Al3[Si3AlO;o|(OH),

= 3Mg,Al;Si,Al,019(OH)g+ 7Si0; + 4H,O

1

(7)

t: T(°C) = —27
4t T(C) = (000293 =5.03 x 10 73004 x 1053) 272
(8)
where
x=logK =3log aic‘izgl —3log s —logaiied 9)

Here, random mixing of cations and vacancies in the six
octahedral sites of chlorite solid solution is assumed. In
both models, it is also assumed ap,o = 1. The assumption
of ag,0 =1 is reasonable in diagenetic to low-grade
metamorphic and hydrothermal environments related to the
chlorite formation (Inoue et al. 2009). However, we should
keep in mind that if @y, < 1, the temperature of chlorite
formation will be overestimated.

Stable isotope analysis

The oxygen isotope composition ('°0, '80) of the clay
fractions (<2 pum), chlorite veins, and quartz veins were
measured on 6 selected samples at the University of Lau-
sanne, using a method similar to that described by Sharp
(1990) and Rumble and Hoering (1994) and described in
more detail in Kasemann et al. (2001). Clay fractions
(<2 um) were extracted using Stokes law and particle
settling in water, on samples from host sediments (Tol7
and To34) and from the fault zone (To06 and Tol9).
Quartz from Toll (equivalent to To06 and Tol9) was
extracted by crushing and hand-picking under a binocular
microscope. Because of the very small size of the chlorite
veins in the studied samples, extraction of chlorite was
possible in only two samples (Toll and To21) equivalent
to To06 and Tol9. In these samples, chlorite is generally
associated with calcite veins. Thin slices of the rocks were
cut normal to the cleavage and shear planes before chlorite
was extracted. The chlorite fraction was then removed by
applying several cycles of disaggregation by ultrasound in
water and calcite dissolution by HCI. Once the calcite was
dissolved, additional disaggregation was applied to sam-
ples by traditional crushing. Chlorite crystals were then
picked under a binocular microscope.

Prior to oxygen extraction, all samples were dried in an
oven for 12 h at 150°C. Between 0.5 to 2 mg of sample
was loaded onto a small Pt sample holder and pumped out
to a vacuum of about 10~® mbar. After pre-fluorination of
the sample chamber overnight, the samples were heated
with a CO,-laser in 50 mbars of pure F,. Excess F, is
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separated from the O, by conversion to Cl, using KCI held
at 150°C. The extracted O, is collected on a molecular
sieve and subsequently expanded into the inlet of a Finn-
igan MAT 253 isotope ratio mass spectrometer. Oxygen
isotope compositions are given with the standard J-nota-
tion, expressed relative to VSMOW in permil (%o).
Replicate oxygen isotope analyses of the standard used
(NBS-28 quartz; or LS-1 Qtz) has an average precision of
+0.1%0 for 8'®0. The accuracy of §'®0 values is better
than 0.2%o, compared to accepted d'*0 values for NBS-28
of 9.64%o.

Measurements of the hydrogen isotope compositions of
minerals were made using high-temperature (1,450°C)
reduction methods with He-carrier gas and a TC-EA linked
to a Delta Plus XL mass spectrometer from Thermo-Finni-
gan on 2—4 mg sized samples according to a method adapted
after Sharp et al. (2001). The results are given in the standard
o-notation, expressed relative to VSMOW in permil (%o).
The precision of the in-house kaolinite and G1 biotite stan-
dards for hydrogen isotope analyses was better than 3=2%o for
the method used; all values were normalized using a value of
—125%o for the kaolinite standard and —65%o for NBS-30.

Results
Petrography and microstructures
Host rocks

Host sediments are composed of Alveolina limestone in the
hanging wall and turbidites from the Hecho group in the
footwall. The Alveolina limestone is a wackstone comprising
bioclasts and disseminated detrital quartz and calcite grains
supported by a micritic calcite matrix (Fig. 4a). Disseminated
pyrite crystals are also present. XRD analyses on bulk-rock
powders indicate dominant proportions of calcite and quartz,
whereas illite and chlorite are present in smaller amounts.
Feldspars are absent except for sample Tol8 (Table 1).

The Hecho group turbidites are composed of alternate
sandstone (Fig. 4b) and centimeter- to decimeter-thick pelite
layers (Fig. 4c). A detailed petrographic description of the
Hecho group sandstones is given in Caja et al. (2009).
In sandstones, the major phase is detrital quartz (Fig. 4b).
Detrital grains are cemented by well-crystallized sparitic
calcite. Detrital chlorite and illite occur in the clay fraction but
in small amounts. Pelites also contain detrital quartz and clay
minerals (chlorite and illite) cemented by calcite. SEM
observations (Fig. 4d, e) indicate that clay minerals are
abundant in the matrix. Along styloliths, illite-chlorite
aggregates of about 40 um are locally present and could be
mechanically reoriented (Fig. 4e). Detrital quartz grains and
calcite cements have local dissolution marks on their

boundaries, as shown in Fig. 4d. XRD analyses on pelitic bulk
rocks indicate a dominance of calcite and quartz with lesser
illite and chlorite, whereas feldspars are absent (Table 1).

Fault zone

The core of the fault zone is characterized by the presence
of a pervasive cleavage, mineralized veins and folding
developed during three main stages of deformation (Lac-
roix et al. 2011). The first stage structures comprise a
pervasive cleavage affecting the clay-rich sediment and
calcite shear veins referred to as shear veins 1 (Sy1). These
structures are often affected by a second stage of defor-
mation with two types of veins referred to as extension
veins 2 (Ey2) and shear veins 2 (Sy2) and folding. A late
stage of deformation is marked by extension veins 3 (Ey3),
which correspond to networks of irregular fractures filled
with blocky to elongated calcite crystals. The Ey3 veins
result from the dilatancy of pre-existing weakness struc-
tures such as cleavage, vein boundaries and shear surfaces.
They were probably formed under high fluid pressure
during the late exhumation of the massif. Figure 5a pre-
sents the different structures observed in the highly
deformed fault zone. The Sy1 veins correspond to blocky
calcite-quartz shear veins. They are folded and crosscut by
the Ey2 and Sy2 veins (Fig. 5a, b) (detailed descriptions
are available in Lacroix et al. 2011). The Ey2 veins are
extension (boudinage) veins opened across Sy 1 and filled
by elongated calcite and quartz in similar proportions
(Fig. 5a and B). The interdigitation of both minerals indi-
cates that they precipitated contemporaneously (Durney
and Ramsay 1973; Kirschner et al. 1995). The Sy2 veins
occur in the deformed sediment and correspond to micro-
shear veins filled with phyllosilicates (Fig. 5b—d). In
Fig. 5c, microstructure observed on thin sections reveals
that the Sy2 veins are developed along shear surfaces (C
and C’) of the S—C pattern. Locally, chlorite can surround
calcite ribbons parallel to the vein wall. Each calcite ribbon
is formed by a lateral succession of rhomb-shaped veinlets
(Fig. 5d) corresponding to incremental pull-apart openings
following a crack-seal mechanism along an extensional
relay zone. Obliquity between the shear planes and the
cleavage gives the sense of shear (top to the south).
Figure 5b shows that a new axial plane cleavage is formed
in the hinge of isoclinal folds affecting Sy1 veins.

Clay mineralogy
XRD analysis
XRD analyses have been made on the clay fractions (<2

and 2-16 pum) of the footwall and hanging wall as well as
of the highly deformed fault zone (Fig. 6 and Table 2).
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Fig. 4 Optical (a, b, ¢) and backscattered scanning electron micro-
graphs (d and e) of thin sections. a Limestone from hanging wall
(sample Tol7). b Sandstone from the Hecho group turbidites (sample
To31). ¢ Pelitic layer from the Hecho group turbidites (sample To31).
d and e Pelite from Hecho group turbidite presenting detrital illite/

An illite-chlorite assemblage is present in both the
hanging wall (limestone) and the footwall (pelite + sand-
stone). XRD also confirms that an illite-chlorite assem-
blage is present in all samples from the fault rocks. Illite is
dominant in the hanging wall limestone, whereas footwall
pelite and sandstones contain chlorite and illite in similar
proportions. The absence of expanded layer clays (i.e.
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chlorite stacks in the matrix. Note that, small detrital stacks are
reoriented along pressure-solution surfaces (sample To31). Cc,
calcite; gtz, quartz; PSS, pressure-solution surfaces; py, pyrite; ill,
illite; and chl, chlorite

smectite) in the <2 pm fraction has been confirmed by
XRD analyses of glycolated clay fractions.
Semi-quantitative proportions of chlorite related to illite
have been determined using the ratio 002 p10rite/(002¢h10rite+
0021;e) (C/(I+C) ratio) peak intensity (Table 2). The
ratio for the <2 pm and 2-16 pm fraction is similar
within limestone, ranging from 0.29 to 0.39. In pelite and
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Table 1 Bulk-rock mineralogy determined by XRD
Samples Lithology Bulk rock
Calcite Quartz Illite Chlorite Feldspath
Tol7 Limestone Hanging wall o * - -
ToO1 Limestone Hanging wall oAk * - -
To02 Deformed limestone Fault zone HkE w% - -
Tol8 Deformed limestone Fault zone ke w% - - *
Tol9 Deformed marl Fault zone HkE otk * wk
To24 Deformed marl Fault zone HkE wkE * Hk
To05 Deformed marl Fault zone HoAk wokE * ok
Toll Deformed marl Fault zone HkE wokk * Hk
To20 Deformed marl Fault zone HokdE Hokok ok ok
To23 Deformed marl Fault zone * wkkok *okk ok
To21 Deformed marl Fault zone oAk wkkk * ok
To22 Deformed marl Fault zone HkE ok HE ok
To30 Pelite Footwall ok Hkdk ok w3k
To31 Sandstone Footwall Hk otk * *
To34 Pelite Footwall HkE otk ok Hk

*#%% yery abundant, *** abundant, ** present, * rare, —trace

Fig. 5 Microstructures observed in the Monte Perdido thrust fault by
optical and backscattered electron microscopy. a Schematic diagram
from thin section showing all microstructures observed. b Late
deformation affecting calcite shear veins (Sy1) (sample Toll). This
deformation is characterized by the development of folds, Ey2
boudinage veins in Syl calcite shear veins and Sy2 chlorite micro-

shear veins in the matrix. ¢ Relationship between cleavage and micro-
shear surfaces defining a S—C(C’)-type structure (sample To2l).
d Detail of late Sy2 chlorite shear veins with presence of calcite in
extensional relay zone (sample Toll). Cc, calcite; gtz, quartz; chl,
chlorite; ill, illite; C, shear surfaces; and S, cleavage
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Table 2 XRD data from clay fractions (2-16 pm and <2 pm fractions) obtained after ethylene—glycol salvation

Samples Lithology 2-16 pm <2 pm
chl/(chl+ill) chl/(chl-+ill) [llite crystallinity

Tol7 Limestone Hanging wall 0.28 0.29 0.20
To01 Limestone Hanging wall - 0.39 0.27
To02 Deformed limestone Fault zone 0.58 0.19 0.23
Tol8 Deformed limestone Fault zone 0.73 0.68 0.18
Tol9 Deformed marl Fault zone 0.78 0.67 0.32
To24 Deformed marl Fault zone 0.74 0.65 0.23
To05 Deformed marl Fault zone 0.70 0.67 0.25
Toll Deformed marl Fault zone 0.69 0.67 0.35
To20 Deformed marl Fault zone 0.62 0.57 0.32
To23 Deformed marl Fault zone 0.67 0.66 0.19
To2l Deformed marl Fault zone 0.67 0.59 0.20
To22 Deformed marl Fault zone 0.62 0.61 0.16
To30 Pelite Footwall 0.59 0.59 0.17
To31 Sandstone Footwall 0.48 0.54 0.27
To34 Pelite Footwall 0.62 0.58 0.26

The ratio chl/(chl+ill) has been determined from the ratio (002)cpiorite/((002)chiorite +(002)inie) peak intensity

sandstone, the C/(I + C) ratios range from 0.48 to 0.62, for
both <2 and 2-16 um fractions. In the highly deformed
fault zone samples, the C/(I + C) ratio has a range from
0.59 to 0.67 and from 0.62 to 0.78 for <2 and 2-16 pm
clay fractions, respectively (Table 2). These values are
higher than the calculated ratio from the host rock

@ Springer

indicating a larger abundance of chlorite in the deformation
zone. The C/(I+C) ratio is also higher in the 2-16 pm
fraction compared to the <2 pm. Furthermore, the XRD
data on the oriented clay fraction from the deformed and
highly deformed zone show a relatively high 002.,,/001 .,
ratio compared to host sediments (Fig. 6). These data can
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Fig. 7 Backscattered scanning
electron microscopy images
illustrating the presence of illite
along cleavage and the chlorite
micro-shear veins development
(sample Tol9). a Details of
illite cleavage and corroded
detrital quartz grains suggesting
a local pressure solution of
quartz. b General view of
chlorite Sy2 veins (sample
To19). Shear surfaces are
connected to extensional relay
zone (ERZ) in which calcite (cc)
precipitated. ¢ Sy2 veins
defining shear bands. The
relationship between illite
cleavage (S) and shear bands

suggests a south-southwest
kinematic. d Details of Sy?2
veins where chlorite crystals are
elongated parallel to shear
surfaces. Cc calcite, gz quartz,
chl chlorite, illite illite, ERZ
extensional relay zone

be attributed to a higher iron content in the newly formed
chlorite (Moore and Reynolds 1997 and Solum and Van
der Pluijm 2009).

The illite crystallinity index (IC) has also been deter-
mined on the <2 um fractions using the XRD patterns.
Values range from 0.17 to 0.27 (Table 2) for the host rocks.
The IC index ranges from 0.16 to 0.35 in the deformed
sediments (Table 2). Samples Toll, Tol9, and To20,
which present the highest IC values, correspond to the
more intensely deformed zone where folds, Ey2 and Sy2
veins, and newly formed cleavage in fold hinges are
present.

SEM observations

Deformed marls from the fault core observed at higher
magnification by SEM show very small oriented illite
crystals (<2 pm) defining the foliation (Fig. 7a). Detailed
SEM observations of highly deformed fault zone samples
indicate that the Sy2 shear veins are filled with chlorite,
whereas the clay-rich matrix has lower contrast demon-
strating higher abundance of illite (Fig. 7b). Figure 7c, d
indicate chlorite lamellae filling Sy2 veins, which are about
5-10 pm in diameter. This observation is consistent with
XRD data indicating higher abundance of chlorite in the
2-16 pm fraction compared to the <2 pm fraction.

SEM images show that calcite rhomb-shaped veinlets
are locally observed along extensional relay zone among
chlorites (Fig. 7b). Chlorites occur as lamellae oriented

parallel to the shear surfaces (Fig. 7c, d). This demon-
strates that chlorite cement precipitated coevally with the
shear displacement.

Microprobe analysis

The chemical composition of syntectonic chlorites was
determined from microprobe analyses on chlorite from Sy2
bearing veins (samples Toll and To21). The results pre-
sented in Table 3 and Fig. 8 show that chlorites from the
two studied samples have very similar compositions. They
are iron-rich chlorite (between 2.26 and 2.63 a.p.f.u).
Slightly higher Mg content is observed in sample To21.
The ternary plot presented in Fig. 8 indicates that the
studied chlorite compositions can be defined in terms of the
end-members determined by Vidal et al. (2005, 2006), as
well as those defined by Inoue et al. (2009).

The temperatures of chlorite formation were determined
using the thermodynamic thermometer from Vidal et al.
(2005, 2006), and from Inoue et al. (2009) (Table 3).

Stable isotope compositions

6'®0 and 6D values (Table 4 and Fig. 9) of <2 pm frac-
tions were measured on one sample from the hanging wall
Alveolina limestones (sample To17), two samples from the
fault zone (samples To19 and To06) and one sample from
the footwall pelite (sample To34). In the hanging wall and
footwall, the 5'%0 values of the <2 pm fraction vary

@ Springer
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Fig. 8 FeMg-Si-Al ternary plot presenting the newly formed chlorite
compositional data from analyzed Sy2 veins (samples Toll and
To21). Chlorite end-member composition of Vidal et al. (2001) and
Inoue et al. (2009) have also been reported. Sud sudoite, Fe-Am, Fe-
amesite; Mg-Am, Mg-amesite; Daph, daphnite; Clin, clinochlore

Table 4 5'®0 and 6D values of clay fractions (<2 pm), hand-picked
chlorite crystals, and quartz from Ey2 veins

Sample Rock Mineral Sampling ~ §'%0 oD
site (%o) (%0)
Tol7 Limestone Clay Hanging 21.7 —65
fractions wall
To06 Deformed Clay Fault 19.3 =72
marls fractions
Tol9 Deformed Clay Fault 19.2 —68
marls fractions
To34 Pelite Clay Footwall 17.9 —88
fractions
To2l Deformed Chlorite Fault 17.5 —66
marls
Toll Deformed Chlorite Fault 17 -
marls
Toll Deformed Quartz Fault 25.5
marls
Toll Deformed Quartz Fault 25.1
marls

@ Springer

Fig. 9 6'%0 and oD values of <2 um clay fractions (white circles)
and hand-picked chlorite crystals (white diamonds) according to their
relative structural position

between 17.9 and 21.7%o, with the higher values for sample
from the Alveolina limestone and the lower values for the
pelitic host rocks (Table 4 and Fig. 9). In the fault zone,
the 0'®0 values of <2 pm fraction are intermediate (about
19.3%o). In the host sediments, 6D values are between —88
and —65%0 with higher values for samples from the
Alveolina limestone and lower values for pelites, respec-
tively. The two samples from the fault zone have similar
0D values of about —70%o, intermediate between the val-
ues measured on clays from the two non-deformed rocks.

Hand-picked chlorite crystals from Sy2 veins from
sample To21 and Toll have 4'0 values between 17 and
17.5%o. The 6D value for the latter mineral was measured
in sample To21 and is —66%o (Table 4 and Fig. 9).

The 6'0 values of quartz cements from Ey2 veins
(sample To21) are 25.1 and 25.5%o (Table 4).

Discussion

Behavior and origin of phyllosilicates
during deformation

The presence of illite and chlorite and the absence of
expandable clays such as smectite in clay fractions from
the host sediments (hanging wall limestone and footwall
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turbidites) suggest that the sediment has experienced a high
grade of diagenesis.

Chlorite-mica aggregates of various sizes are present in
the pelite and sandstone host rocks. These observations are
consistent with the study of Bauluz Lazaro et al. (2008),
who described similar clay assemblages in the Hecho
group turbidites located further south in the Jaca basin.
According to these authors, the chlorite-illite aggregates
are interpreted to have a detrital origin derived from the
low-grade metamorphic basement rocks (Hercynian base-
ment) outcropping in the foreland margin during the Hecho
group sedimentation (Mansurbeg et al. 2009). The large
detrital chlorite-mica aggregates (>10 pm) in the matrix of
host sediments can either be accumulated along pressure-
solution surfaces as an “insoluble residue” or be bedding-
parallel. This suggests that the slaty cleavage in host sed-
iments is mainly established in the passive form, where
detrital illite-chlorite stacks are reoriented mechanically, a
process that has been assisted by removal of calcite along
pressure-solution surfaces (Kreutzberger and Peacor 1988;
Li et al. 1994; and Ho et al. 2001).

The intensely deformed fault zone is characterized by a
pervasive cleavage with preferential orientation of phyl-
losilicates. The mechanisms of cleavage formation can be
either mechanical reorientation of pre-existing grains or
recrystallization depending on the diagenetic or metamor-
phic grade (Lee et al. 1986; Kreutzberger and Peacor 1988;
and Ho et al. 2001). Lacroix et al. (2011) have also shown
that calcite and quartz dissolution occurs along cleavage
planes. The chemical transfer process is favored by the
abundance of illite and the small size of quartz and calcite
grains exposed to dissolution in the deformed sediment,
both features being known to increase the rate of pressure
solution (e.g., Bos et al. 2000; Renard et al. 2000; Solum
and Van der Pluijm 2009).

The intensely deformed sediments have a higher pro-
portion of chlorite in <2 pm as well as in 2-16 pm clay
fractions compared to the host sediments (Alveolina
limestone from hanging wall and Hecho group turbidites
from footwall). This is confirmed by the presence of newly
formed chlorite with a high iron content along Sy2 micro-
veins.

Origin of fluids

In a previous study of the Monte Perdido thrust fault,
Lacroix et al. (2011) evidence that calcite from Sy 1veins
(related to the first stage of deformation) is in equilibrium
with calcite from deformed and host sediments. The 6'C
values from fault zone and calcite veins are compatible
with precipitation from fluids directly derived from
or buffered by the rocks of the adjacent hanging and
footwall.

The 6'%0 and D values of <2 pm clay fractions from
the deformed zone are intermediate to those measured on
clays from the two non-deformed rocks (hanging wall
Alveolina limestone and footwall turbidites). The clear
evidence of newly formed phyllosilicates, with for example
the precipitation of chlorite along Sy2 veins, supports a
partial dissolution and recrystallisation of clay minerals
during deformation. The intermediate isotopic composition
for clays in the fault zone rocks compared to their host
sediments indicates a closed-system fluid circulation where
the fluid isotopic composition was buffered by the host
rocks. In such a closed system, the fluids could have
remained essentially static, with solutes being transported
by diffusion, or fluid transfer occurring over limited dis-
tances only from both the hanging wall and footwall
toward the fault zone.

oD values of clay minerals can provide direct informa-
tion about those of the fluid. Such estimates are valid only
if the chlorite or clay cements from the Sy2 veins have not
re-equilibrated after precipitation. According to the studies
of closure temperatures for hydrogen diffusion in chlorite
of Graham et al. (1987), closure temperatures ranging from
270°C up to more than 500°C with cooling rate varying
from 1 to 4°C/Ma can be estimated for 100 um thick
chlorite. In the present case, the Monte Perdido thrust fault
reached a maximum temperature of 240°C (see below).
The fault activity was dated from —47 to —37 Ma (Mutti
et al. 1988) and consequently was exhumed at a cooling
rate higher than 5°C/Ma. With such a cooling rate,
hydrogen isotope exchange with a hydrous fluid or other
minerals is not expected. As oxygen isotope exchange at
any given temperature is generally slower compared to
hydrogen (e.g., Sharp 2009), the preservation of oxygen
isotope compositions of the minerals can also be expected.
For the Monte Perdido P-T and cooling rate conditions, the
oxygen and hydrogen isotope composition of newly formed
chlorite in the Sy2 veins may hence be used to determine
those of the fluid. Chlorite in the Sy2 veins has 6D values
between —88 and —65%0 and 6'°0 values between 17.9
and 21.7%o (Fig. 10). These values are typical of those for
minerals in sedimentary rocks that generally range from 8
to 25%o for oxygen and from —100 to —30%o for hydrogen
(Longstaffe 1987; Longstaffe et al. 2003; Sharp 2009).
Using the oxygen isotope fractionations determined by
Cole and Ripley (1998), the mineralizing fluid from which
chlorite precipitated have §'*0 values of between 14.4 and
16.3%o (1 in Fig. 10), within the range typical for formation
water compositions (Longstaffe 1987; Sharp 2009). For
hydrogen, the chlorite—water calibration of Graham et al.
(1987) was chosen. The 0D values of the fluid are hence
calculated to be —36 to —26%o (2 in Fig. 10). These results
also suggest that the chlorite and clay fractions were
formed from formation water. Although slightly higher in

@ Springer
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Fig. 10 Plot of oD vs. 5'80 values of clay fractions (black stars) and
hand-picked chlorite crystals (white star) samples from the hanging
wall, footwall, and fault zone. Sedimentary rock compositions are
from Sharp (1999). Dashed arrow shows an example of the original
fluid composition trapped in the pores and re-equilibrated with
sediments during burial diagenesis. Fluid composition was calculated
from pure chlorite composition. 1 and 2 are, respectively, the O and H
isotope fractionation between pure chlorite and water using the Cole
and Ripley (1998) and Graham et al. (1987) fractionation curves

18O-content, this fluid composition is consistent with that
determined by Lacroix et al. (2011). The different burial
depths between Sy1 and Sy2 veins formation, with Sy2
veins formed at deeper conditions (see below), can explain
the difference observed in oxygen isotope composition.
The formation water corresponds to fluid present in the
pore space of the sediment and, as suggested in the Fig. 10,
may have been derived from mixed meteoric-seawater
sources, but was likely continually re-equilibrated with
sediments during burial diagenesis (e.g., Longstaffe 1987).

Conditions of deformation—temperature calculation

The “Illite crystallinity” (IC) is often used to determine the
temperature of clay mineral formation and hence help
constrain the degree of diagenesis and low-grade meta-
morphism (Lee et al. 1986; Essene and Peacor 1995; Ji and
Browne 2000; and Kiibler and Jaboyedoff 2000). However,
because IC may also be influenced by the origin of detrital
illite, this parameter cannot be used for the Monte Perdido
thrust fault. Therefore, other approaches were used: com-
positional chlorite geothermometry and stable isotope
thermometry.

In order to describe the numerous substitutions of
chlorite mentioned above, appropriate end-member com-
ponents have to be selected. The composition of the newly
formed chlorite along Sy2 micro-veins can be expressed as
the activities of end-member components described either
by Vidal et al. (2006) or by Inoue et al. (2009) (Fig. 8). The
choice of their components represents the Fe-Mg, Tscher-
mak, and dioctahedral-trioctahedral substitutions occurring
in trioctahedral chlorites. These two geothermometers were
thus used to calculate temperatures of formation. Signifi-
cant amounts of Fe>" can influence the number of vacan-
cies in the chlorite structure, and hence, Fe* should be
taken into consideration when estimating the temperature
of formation. Inoue et al. (2009) demonstrated that
neglecting the presence of ferric iron in chlorite causes a
serious error for the estimation of the formation tempera-
tures of chlorites in rocks of diagenetic-hydrothermal ori-
gin. To use the model developed by Inoue et al. (2009), the
Fe?T/(Fe**+Fe?") was taken to be equal to 0.2 and 0.1,
values generally applicable to diagenetic chlorites. Tem-
peratures calculated by the model developed by Inoue et al.
(2009) range from 195 to 280°C. Temperatures are slightly
higher for lower Fe* proportions, with a mean value at
230 and 245°C for Fe’*/(Fe’*+Fe*) =02 and 0.1,
respectively (Table 3, Fig. 11a). Temperatures calculated

Fig. 11 Plots of estimated
temperatures for the formation
of chlorite in Sy2 veins.

a Comparison of estimated
temperature using the
thermodynamic model of Inoue
et al. (2009) with Fe>*/
Fe’t+Fe?™ = 0.2 and 0.1.

b Comparison of estimated
temperatures calculated using
models of Vidal et al. (2005)
and Inoue et al. (2009)
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by the model developed by Vidal et al. (2005, 2006) range
from 205 to 280°C, with a mean value at 240°C (Table 3,
Fig. 11b). A simultaneous estimation of X(Fe*") in chlo-
rite has been done using a criteria based on the conver-
gence of equilibria. These minimal values of X(Fe*™) are
required to obtain convergence of Eq. 1-Eq. 4. Higher
Fe* values are possible without loosing this convergence.
Values obtained are specified in Table 3 and are between
0.05 and 0.23. Figure 11b shows the very good correlation
between temperatures derived from Inoue’s thermometer,
using X(Fe”) content estimated with Vidal et al. (2006)
thermodynamic data, and temperatures estimated with the
Vidal et al. (2006) thermometer.

The second approach consists of a temperature esti-
mate based on stable isotope compositions of a pair of
minerals and assuming that: (1) both minerals were
formed together, (2) fractionation factors are available for
both minerals, and (3) they did not re-equilibrate with
each other or with other phases during cooling after first
formation.

Microstructural analyses indicate that quartz in the Ey2
veins is coeval with chlorite from the Sy2 veins. Assuming
that these minerals were formed in isotopic equilibrium
with the same fluid, it is possible to use the available
fractionation factors and determine their temperature of
formation.

A number of calibrations for oxygen isotope fraction-
ation factors have been published for chlorite-H,O (i.e.,
Wenner and Taylor 1971; Savin and Lee 1988; Zheng
1993; Buatier et al. 1995 and Cole and Ripley 1998) and
quartz-H,O (Shiro and Sakai 1972; Bottinga and Javoy
1975; Matsuhisa et al. 1979; Zhang et al. 1989; Zheng
1993; and Sharp and Kirschner 1994). These calibrations
have been determined using four approaches: laboratory
equilibrium experiments, statistical mechanical calcula-
tions, empirical estimates based on the isotopic composi-
tions of natural samples, and calculations based on
empirical bond-type models. Because of slow exchange
rates and possible isotopic disequilibrium during experi-
mental conditions, there are no experimental calibrations of
chlorite-water fractionation factors at low temperatures (i.e.
<350°C). Moreover, the calibration curves are likely to
apply chlorite of restricted chemical composition only. In
this study, the calibration by Cole and Ripley (1998) was
chosen for chlorite-water. The latter was determined for
Fe-Mg chlorite with a similar composition to those studied
here and was calibrated over a similar temperature range
(from 150 to 350°C) as that of interest to the present study.

For quartz, Zhang et al. (1989) have determined
experimentally the oxygen isotope fractionation between
quartz and water. Subsequent work by Zheng (1993), based
on empirical bond-type models, has confirmed the validity
of this experimental calibration. Given the good agreement

between both approaches, the fractionation factor from
Zhang et al. (1989) was hence used in conjunction with the
chlorite-water fractionation to determine temperatures of
Ey2 vein formation:
o 6 3
10001n oty e = —2.693 IT% +9.648 IT% —2.969 - %
—-271

(with 1000 In ~ 680y, — 6" O

The 6'%0 values of quartz and chlorite give a Agiz—cni of
between 7.8 and 8.3%o. Equation 10 predicts a temperature
of cogenetic quartz and chlorite formation of 234-265°C.

The different approaches based on the chemical and
isotopic composition of chlorite provide a similar temper-
ature range. The slightly higher temperatures determined
with the isotopic approach may be attributed to slight
compositional differences of chlorite and the effects of this
on the oxygen isotope fractionation factor (Cole and
Ripley, 1998). However, the temperature estimates do
overlap within their analytical errors, attesting that these
methods constitute good alternatives to determine tem-
perature in this diagenetic context.

Conditions of deformation—pressure and burial
estimates

From micro-thermometric data on fluid inclusions, Lacroix

et al. (2011) determined two isochores related to the precipi-
tation of the Sy 1 shear veins and Ey,2 extension veins (Fig. 12).
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Fig. 12 Temperature—pressure diagram illustrating the conditions of
Sv1 and Ey2 veins as inferred from fluid inclusions (modified from
Lacroix et al. 2011). Gray line: isochore for primary fluid inclusions
in Sy1 veins. Black line: isochore for primary inclusions in Ey2 veins.
The temperature of 240°C was calculated from thermodynamic
models of Vidal et al. (2001, 2005) and Inoue et al. (2009). This new
data confirms the geothermal gradient deduced in Lacroix et al.
(2011) on Sy1 veins (plotted in gray for comparison)
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They constrained a pressure of ~ 570 bars related to the first
stage of deformation (Sy1 veins formation) using a tem-
perature of about 210°C calculated with oxygen isotopic
composition of cogenetic calcite and quartz minerals. These
P-T conditions are in agreement with a hydrostatic geo-
thermal gradient of 34°C/km.

In order to constrain the P-T conditions during the
second stage of deformation, the isochores for Ey?2
extension veins determined from fluid inclusions in quartz
by Lacroix et al. (2011) are combined with new temper-
atures calculated from chlorite thermometry and stable
isotope compositions (Fig. 12). A mean value of 240°C is
used to constrain the related pressure condition of for-
mation by projecting the plot of the calculated tempera-
ture interval on the appropriate isochore. Thus, a fluid
pressure of about 700 bars is estimated for Sy2 and Ey?2
vein formation. Such a P-T domain is very close to the
hydrostatic geothermal gradient of about 34°C/km deter-
mined by Lacroix et al. (2011) using calcite and quartz
precipitated during the first stage of deformation. In the
study of the Pineta thrust fault, located a few kilometers
northward from our study area, Rye and Bradbury (1988)
determined a similar geothermal gradient of about 32°C/
km. Moreover, this geothermal gradient of 32°C/km is
close to the modern geothermal gradient of 30°C/km that
affects the Pyrenean axial zone (Zeyen and Fernandez
1994).

The P-T conditions determined here assume a hydro-
static fluid pressure even if previous studies (Hubbert and
Rubey 1959; Sibson 1985) indicate that thrust faults are
expected to move under near lithostatic fluid pressure.
Values close to lithostatic fluid pressure recorded in min-
eralization is unrealistic during the Monte Perdido thrust
activity since it would imply a geothermal gradient of up to
100°C/km and an overburden sediment thickness of only
~2 km. Mutti et al. (1988) and Remacha and Fernandez
(2003) estimated that the overburden sediment thickness
was up to 5,000 m during the Monte Perdido thrusting.
Moreover, the hypothesis of a hydrostatic fluid pressure
during mineral precipitation is coherent with the model
proposed by Wiltschko et al. (2009), where thrust fault
movement requires near lithostatic fluid pressure, and
mineral precipitation could record lower hydrostatic fluid
pressure.

The present study thus supports a reactivation of the
Monte Perdido thrust fault at a burial depth of about 7 km
involving newly formed chlorite in Sy2 veins. This fault
reactivation is probably associated to the emplacement of
the underlying Gavarnie thrust unit (Priabonian—early
Oligocene), at deeper burial conditions than the initial
emplacement of the Monte Perdido thrust unit (Meresse
2010).

@ Springer

Conclusions

The present study demonstrates that the behavior and
transformation of clay minerals is of major importance and
can provide essential information about the temperature
and burial conditions during the fault activity.

1. In the hanging wall and footwall, cleavage develop-
ment was mainly driven by pressure solution and
mechanical reorientation of chlorite-mica aggregates.

2. The fault zone is characterized by a pervasive cleavage
with a preferential orientation of small illite particles
and the presence of newly formed iron-rich chlorite
crystals along Sy2 micro-veins.

3. The wide range of IC measured in the fault zone is
attributed to heterogeneous origins of illite grains along
the Monte Perdido thrust fault. Therefore, IC data cannot
be used to establish the conditions of deformation.

4. Authigenic clay minerals in the fault zone precipitated
from formation water directly derived from the local
hanging wall and footwall rocks, or fluids that were
buffered by these rocks. Under these conditions, the
mineralization observed in the thrust faults recorded
the P-T conditions of thrust activity.

5. Compositional chlorite geothermometry and stable
isotope thermometry are found to give a similar range
of temperature conditions, validating the use of both
thermometers for studies of this type. Given the chlorite
compositions, the Vidal et al. (2001, 2005) and Inoue
et al. (2009) equations give similar temperature range
with a mean value of 240°C. The O-isotope fraction-
ation between cogenetic chlorite (Sy?2 veins) and quartz
(Ey2 veins) gives temperatures of 234-265°C.

6. A burial of about 7 km is necessary to obtain
temperatures estimated from Sy?2 veins formed during
the Monte Perdido thrust fault reactivation. These
temperature—burial conditions are consistent with a
geothermal gradient of about 34°C/km.

Finally, the Monte Perdido thrust fault was formed
during two stages. The first stage was related to the Monte
Perdido thrust unit emplacement associated to the forma-
tion of Syl calcite-quartz shear veins at a temperature of
about 210°C. The second stage consists of a reactivation of
the thrust fault at higher temperature and pressure. During
this stage, the behavior and transformation of clay minerals
are of major importance. We demonstrate that clay min-
erals can be valuable low-grade geothermometers.
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