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A B S T R A C T

Synkinematic phyllosilicates in fault zones can be used to deduce the deformation mechanisms and the
conditions of fault activity, as their chemical composition, crystal structure and texture can record the different
stages of deformation and fluid-rock interactions. The Pic de Port Vieux, a second-order thrust related to the
major Gavarnie thrust in the southern central part of the Pyrenees Axial Zone, juxtaposes Triassic pelites of the
hanging wall and Cretaceous limestones of the footwall. In order to investigate the mineralogical and
geochemical changes and constrain the deformation conditions of thrusting, characterization of phyllosilicates
was performed along a transect in the fault hanging wall pelites.

The Triassic pelites are mainly composed of quartz, calcite, phyllosilicates (chlorite and K-white mica)
and± hematite. The core fault zone thickness is estimated to be about one meter of intensively foliated green
pelites, whereas the damage zone is composed of several meters of red pelites. XRD data demonstrated that the
difference in color is related to hematite which is only present in the damage zone. Phyllosilicates of the damage
zone are mainly inherited/diagenetic K-white mica and chlorite. In the core zone, newly formed chlorite is
abundant and preferentially located in veins. It is enriched in Fe compared to the chlorite of the red pelites. The
well-defined foliation in the core zone is overlaid by preferentially oriented muscovite grains which have
homogeneous compositions, with less Na and relatively more Fe than mica from the red pelites. Newly formed
chlorite and muscovite in the core zone are synkinematic to the fault activity. They are both related to
deformation processes and fluid rock interactions. Kübler index measurements and chlorite thermometry show
that synkinematic phyllosilicates have registered a temperature of 270°C ± 23°C for the damage zone and
285°C ± 28°C for the core zone which are corresponding to lower-anchizone/epizone grade conditions.
Numerical modelling with the geochemical modelling program PhreeqC was performed to determine the
favorable conditions for the mineralogical change between red and green pelites. It suggests that the main
critical parameter favoring hematite dissolution and chlorite precipitation in the core zone, is the redox
conditions. According to the model, the chemical changes in the core zone occurred due to interactions with
highly reductive fluids. In addition, the hematite dissolution maybe the source of iron for newly formed
phyllosilicates in the core zone that are more iron rich compared to those from the red pelites.

1. Introduction

Phyllosilicates are major constituents of fault zones in a broad range
of geological contexts and particularly in sedimentary environments
(Blatt et al., 1980). During the evolution of sedimentary basins,
phyllosilicates record changes in their composition, crystal structure
and texture in response to burial diagenesis, tectonic activity, and
interactions with fluids. Consequently they are used to decipher the
basin evolution history, deformation mechanisms, P-T conditions and
the timing of various geologic events (Jiang, 2012). For example, illite/

muscovite has been commonly used to quantify diagenetic and low-
grade metamorphic conditions (Frey, 1987; Kisch et al., 2004; Kübler,
1964, 1967, 1968; Kübler and Jaboyedoff, 2000; Warr and Cox, 2016;
Warr and Ferreiro Mählmann, 2015). Temperature estimation from
chlorite composition as well is a very often used method; recently the
thermodynamic modelling approach has been proposed and developed
by Bourdelle et al. (2013), Inoue et al. (2009), Lanari et al. (2012,
2014c) and Vidal et al. (2005, 2006, 2016) among others.

In fault zones, phyllosilicates may form contemporaneously with
fault activity as deformation and fluid/rock interactions promote the
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growth of synkinematic phyllosilicates during faulting episodes (Duvall
et al., 2011). There are several formation mechanisms for those
minerals in fault zones: (1) direct precipitation from fluids in veins or
(2) alteration from less stable minerals or (3) recrystallization of
detrital clay minerals as a result of shearing, comminution, pressure
solutions and dissolution/recrystallization processes. Newly formed
phyllosilicates in fault zone can be a good proxy for the estimation of
variable parameters related to deformation. For example, they can
provide the ages of different fault episodes based on their isotopic
composition (Bui et al., 2017; Clauer, 2013; Lanari et al., 2014a;
Rolland et al., 2009; Sanchez et al., 2011; Torgersen et al., 2015).
Moreover, they are a useful tool for characterizing fluid-rock interac-
tions that occurred in the fault zone (e.g. Lacroix et al., 2011). All this
information can assist in reconstruction of the basin history and
improve understanding of the fault behavior (Buatier et al., 2012;
Faulkner et al., 2010; Niwa et al., 2005; Pei et al., 2015).

Following the evolution of tectonic activities is one of the challen-
ging topics in particular in sedimentary basins due to multiple
exhumations, uplifting, multistage of activation, mixing sediments of
different ages and variable fluid influxes of different origins. The
Pyrenees orogen is one of the best areas to study thrust faults and
deformation/sedimentation relationships because it has well exposed
deformation structures and exceptionally well preserved syntectonic
sedimentary rocks (Teixell, 1996). The focus of the present study is the
Pic de Port Vieux thrust (PPVT) fault located in the southern central
part of the Axial Zone of the Pyrenees. The fault is a suitable candidate
for the present study as it is a complex thrust with multistage
deformation and fluid circulations at low-grade metamorphic condi-
tions (Grant, 1992). Six deformation stages have been identified by
Banks et al. (1991), Grant (1989) and McCaig et al. (2000). Previous
studies on the PPVT focused mainly on synkinematic veins and
suggested that deformation PT conditions are about 250–300°C and
1.5–2 kbar (Grant, 1992) corresponding to a burial depth of 5–7.5 km.
They demonstrated that fluids have been buffered by host rock
composition and would originate from buried Triassic sediments
(McCaig et al., 2000). Trincal et al. (2015) thoroughly characterized
oscillatory zoning chlorite from veins, but the behavior and the
mechanisms of deformation of phyllosilicates in the PPVT core zone
have never been studied. Therefore, the focus of the present study is
phyllosilicates from the fault zone to determine the deformation
conditions and geochemical changes attributed to thrust activity. For
that purpose a transect along the fault hanging wall was investigated to
(1) characterize the phyllosilicates, comparing their mineralogy, tex-
ture and chemical composition as a function of distance from the fault
contact; (2) define their origin and mechanisms of their formation in
the fault zone; (3) estimate the deformation conditions from their
crystallinity and chemical compositions; (4) understand the key-para-
meters that control the mineralogical changes in the fault zone.

2. Geological setting and sample location

The Pyrenees orogen is a doubly-vergent orogenic wedge formed by
the convergence of the Iberian and European plates during the Late
Cretaceous to early Miocene periods (Choukroune et al., 1990; Roest
and Srivastava, 1991). Three main structural zones constitute this
orogeny (Fig. 1A). First, the North-Pyrenean zone corresponds to a
Mesozoic extensional basin system inverted and transported northward
by the Pyrenean compression. Secondly, the Axial Zone (the core zone
of the range) corresponds to the inner part of the south-vergent thrust
belt. It exposes the most deeply exhumed rocks, a series of pre-
Cambrian through Carboniferous basement thrust sheets initially
stacked during Variscan orogenesis (Masini et al., 2014; Muñoz,
1992; Zwart, 1986). Thirdly, the South Pyrenean fold and thrust belt
comprises a deformed Mesozoic succession detached on Triassic
evaporites and overlain by syn-deformational Tertiary sediments
(Metcalf et al., 2009; Teixell et al., 2016).

The PPVT fault is located in the south-western part of the Pyrenean
Axial Zone. The fault is a second-order thrust related to the major thrust
in the area, which is the Gavarnie thrust. The latter involves a minimum
southward displacement of 11.5 km of Upper Paleozoic strata on
Variscan to Lower Paleozoic basement covered with Permo-Triassic
and Upper Cretaceous strata (Grant, 1989). Stratigraphic correlation
suggests a Priabonian-Rupelian age for Gavarnie thrust activity (Teixell,
1996) and a Priabonian age (36.5 ± 1.4 Ma) based on 40Ar/39Ar
radiometric dating (Rahl et al., 2011). The PPVT emplacement, which
folded and deformed the overlying Gavarnie thrust, is thought to occur
later (Fig. 1B, C and D). However, it is not excluded that both thrusts
are related to the same global tectonic event and should have a similar
age. The PPVT occurs in the footwall of the Gavarnie thrust, with a
minimum southward displacement of 0.85 km (Grant, 1990). The PPVT
footwall has a 10 m thick layer of Upper Cretaceous dolomitic lime-
stones progressively transformed into mylonitic limestones near the
fault contact. The hanging wall consists of lower Triassic red pelites and
sandstones that turned to be intensely foliated green pelites close to the
fault contact. The hanging wall of PPVT is the focus of the present study
as no phyllosilicate is present in the fault footwall. The damage zone of
the hanging wall features numerous fractures affecting several meters
thick of red pelites, whereas the core zone is composed of a 0.6 m thick
layer of intensely foliated green pelites. Therefore, a vertical transect
along the hanging wall was investigated to characterize the miner-
alogical and geochemical changes induced by deformation and fluids
that are attributed to the fault activity. The GPS coordinates for the
transect location are 42°43′40.52″ N and 0° 9′44.67″ E. Eight samples
were collected along the transect in the Triassic pelites, covering the
green core zone and the red damage zone (Fig. 2A and B).

3. Analytical methods

3.1. Bulk composition and phyllosilicates mineralogy

The samples were analyzed at the Université de Bourgogne Franche-
Comté by using a Bruker D8 Advance diffractometer system, Cu-Kα
radiation equipped with a fast LynxEye linear detector. Samples were
hand ground to< 50 μm and the< 16 μm fraction obtained by
sedimentation was submitted to ultra-centrifugation in order to extract
the< 2 μm fractions. For the bulk powder samples, the X-ray diffracto-
grams were acquired between 5 and 70°2θ at a step size of 0.02, a
number of steps 3450, a time/step 1 s at 40 kV and 40 mA. While for
the< 2 μm fractions, oriented specimens preparation were analyzed in
air dried conditions between 5 and 30°2θ at a step size of 0.01, a
number of steps 2228 and time/step 0.5 s. No expandable or inter-
stratified minerals were found confirmed by ethylene-glycol saturation
and after heating at 550°C.

3.2. Petrographic and geochemical characterizations

3.2.1. Scanning electron microscope (SEM)
The analyses by SEM were performed at the FEMTO-ST Institute

(Université de Bourgogne Franche-Comté). Microstructures and mineral
assemblages were analyzed with a JEOL JSM5600 (SEM) equipped with
Secondary Electron (SEI), backscatter electron (BSE) and Energy
Dispersive X-ray Spectroscopy (EDX) detectors.

3.2.2. Electron probe micro-analyzer (EPMA)
Quantitative chemical analyses of chlorite and K-white mica were

performed using an electron probe micro-analyzer (EPMA) JEOL 8200
at the Institute of Geological Sciences (University of Bern). Total
number of 169 spot analyses for chlorite and 50 analyses for mica
from both the damage and core fault zones were performed. The
following natural and synthetic standards have been used: orthoclase
(SiO2, K2O), anorthite (Al2O3, CaO) albite (Na2O), almandine (FeO),
forsterite (MgO), tephroite (MnO) and ilmenite (TiO2). The analyses
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were performed at 15 keV accelerating voltage, 10 nA specimen current
and 40 s dwell time (including 2 × 10 s of background measurement).
Quantitative X-ray maps were carried out to check the variation of
chemistry in each mineral phase and the relationships with the
microstructures. The maps were acquired using the wavelength dis-
persive spectrometers (WDS) at 15 KeV accelerating voltage, 10 nA
specimen current, dwell time of 200 ms and 1 μm spot size. The X-ray
maps were classified and standardized into maps of oxide weight
percentage concentrations using the program XMapTools 2.3.1
(Lanari et al., 2014b).

3.3. Deformations conditions

3.3.1. Kübler index (KI)
The Kübler Index (KI) was measured on muscovite (001) at 10 Å for

five samples in oriented preparations of the< 2 μm fraction to
determine the metamorphic grade conditions. Interlaboratory varia-
tions have been reduced by following the recommendations of Kisch
(1991) and using the widely applied standardized Crystallinity Index
Scale (CIS) procedure recommendations for measurements. The cali-

bration of the crystallinity results to CIS scale was achieved by
measuring the crystallinity of the four standards proposed by Warr
and Rice (1994). A regression analysis allows a correction to be made
by using the equation: KI (CIS) = 1.52 ∗ KI (my lab) − 0.0121. The
evaluation of metamorphic conditions boundaries was performed by
using the boundaries of the anchizone originally defined by Kübler
(1967) at IC values of 0.25°2θ and 0.42°2θ. In order to be compatible
with the original Anchizone boundaries of Kübler (1967), the CIS values
were calibrated to the traditional Kübler-Kisch scale by using the
equation: Kübler Index(CIS) = 1.1523 ∗ Kübler Index(Basel lab) + 0.036
which is presented in the Fig. 1 of Warr and Ferreiro Mählmann (2015).

3.3.2. Chlorite thermometer
Temperatures of chlorite crystallization in the current study were

estimated through multi-equilibrium thermodynamic calculations using
the method and solid solution models of Vidal et al. (2006, 2005) by the
program CHLMICAEQUI (Lanari, 2012; Lanari et al., 2012). This method is
based on thermodynamic calculations of equilibrium conditions for
chlorite whose composition is expressed as the activities of end-member
components of known thermodynamic properties (Berman, 1991; Vidal

Fig. 1. (A) Structural map of the Pyrenees with the location of the study area (modified from Teixell et al. (2000). (B), (C) Photograph and sketch respectively showing the Pic de Port
Vieux culmination, modified from Grant (1989). (D) Stratigraphic log for the Pic de Port Vieux outcrop, modified from Grant (1990) and Trincal et al. (2015).
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et al., 2001). In addition, the calculation of XFe3+ which is equal to
(Fe3+/ΣFe)chl was approximated by the numerical method of Vidal
et al. (2005, 2006). This method is based on the achievement of
convergence of four reactions (chlorite + quartz and internal chlorite
equilibria). 89 spot analyses of newly formed chlorite were performed
on the damage zone and 80 spot analyses on the core zones and used for
chlorite thermometry.

3.4. Fluid/rock interaction modelling

In order to understand the chemical reactions that occurred
between fluids and rocks in the PPVT, modelling of fluid/rock interac-
tions was performed. The version 2.15 of PhreeqC software (Parkhurst,
1995; Parkhurst and Appelo, 1999) was used for speciation of the
solution and mineral saturation index calculations with respect to the
solution. Mineral dissolution (under-saturation) is characterized by a

Fig. 2. The Pic de Port Vieux outcrop, (A) Photograph showing the hanging wall and footwall of Pic de Port Vieux thrust. (B) Transect along the hanging wall with the sample locations.

Fig. 3. X-ray diffraction patterns for randomly oriented preparations of bulk powder for five representative samples along the transect in the hanging wall of the Pic de Port Vieux.
Chl = chlorite, Mus = muscovite, Hm= hematite and Qz = Quartz. The 104 reflection of hematite and the 060 reflections of phyllosilicates are highlighted by a dashed rectangle in the
figure.
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negative saturation index and its precipitation (supersaturation) is
characterized by a positive saturation index. Equilibrium batch reac-
tions were performed to determine the stable rock composition at the
chosen conditions and to compare it with the observed composition
(EPMA analyses).

4. Results

The hanging wall is composed of Triassic pelites and sandstones at
the outcrop scale and has been divided into two zones based on their
lithology (Fig. 2). The core fault zone is intensely foliated, contains
numerous mineralized veins and is characterized by a green color
observed up to one meter perpendicular to the main thrust. The second
zone is the damage zone that is composed of several meters of red
pelites. In addition, secondary normal faults are observed in this
damage zone marked by green color (a few centimeters in width)
inside the red pelites.

4.1. Mineralogy

XRD results of the bulk powder samples from the damage and core
zones revealed similar mineralogical compositions with mainly K-white
mica, quartz, chlorite, calcite, minor rutile and apatite (Fig. 3). The only
difference is the absence of hematite in the core fault zone as indicated
by the disappearance of hematite reflections peaks, the most intense
peak for hematite (104) at 2.70 Å is highlighted in Fig. 3. Reflections at
1.50 Å and 1.55 Å are corresponding to phyllosilicates 060 reflections,
they confirm the presence of di-octahedral phase (di-white mica) and
tri-octahedral phase (chlorite) respectively. XRD patterns of< 2 μm for
five representative samples along the pelitic transect are presented in
Fig. 4. The K-white mica is characterized by reflections at 10.02 Å,
5.00 Å and 3.33 Å corresponding to 001, 002, and 003 basal reflections
respectively. Reflections at 14.16 Å, 7.08 Å, 4.73 Å and 3.54 Å are
corresponding to 001, 002, 003 and 004 reflections of chlorite. The 002
and 004 reflections of chlorite are more intense compared to 001 and
003 reflections suggesting the presence of a Fe-rich chlorite (Brown and
Brindley, 1980; Moore and Reynolds, 1997). The intensity of K-white
mica and chlorite peaks increases gradually toward the fault contact
(Fig. 4) indicating a phyllosilicate enrichment toward the core fault
zone.

4.2. Petrographic observations

In order to compare the textural and microstructural features of the
core and damage zones, two representative samples (PPV12-05 from
the core zone and PPV12-07 from the damage zone) were investigated
in details. At the rock chip and thin section scales (Fig. 5), there are
several textural and mineralogical differences between these two
samples:

• The change of pelite color from red to green toward the fault
contact; SEM images, EDS analyses beside XRD results confirmed
that the color change is related to hematite that is presents only in
the damage zone.

• The presence of more mineralized veins and veinlets within the
pelitic matrix of the core zone compared to the damage zone
(Fig. 5A and B). Those veins are composed mainly of quartz
+ chlorite ± calcite, they are folded and crosscut each other
suggesting several stages of deformation. Moreover there is a strong
foliation and a well-defined cleavage marked by the preferential
orientation of K-white mica in the core zone compared to the
randomly-oriented texture in the damage zone (Fig. 5C and D).

• The matrix of the damage zone sample contains more quartz grains
with random orientation and larger grain size (Fig. 5E). While in the
matrix of the core zone sample, quartz grains become less abundant
and display elongated shape and smaller grain size formed by
pressure solution mechanisms. The decrease in quartz content in
the fault core zone is balanced by K-white mica enrichment
(Fig. 5F).

SEM-BSE images with higher magnification for samples PPV12-
07(damage zone) and PPV12-05 (core zone) are illustrated in Fig. 6. In
the damage zone, chlorite is mainly located in the matrix as elongated
large grains (50 μm) suggesting a detrital origin (Fig. 6A) and also
appears as stacks with mica (Fig. 6C). Moreover, chlorite also occurs
locally inside rare veins (Fig. 6E). K-white mica is present in the matrix
of the damage zone sample as large elongated grains (probably of
detrital origin) (Fig. 6A) and as randomly-oriented coarse stacks with
chlorite (diagenetic). Their grain size ranges from 30 to 80 μm and only
few smaller grains can be observed in this matrix.

Conversely, in the core zone sample, newly formed chlorite is

Fig. 4. X-ray diffraction patterns for oriented preparations< 2 μm fractions (untreated, air dried conditions), for five representative samples along transect in the hanging wall of the Pic
de Port Vieux. Chl = chlorite, Mus = muscovite, Qz = Quartz and Rt = rutile.
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abundant and preferentially located in veins (Fig. 6F) The chlorite/mica
stacks are folded, kinked and display smaller grain size (Fig. 6D)
compared to the large stacks in the damage zones (Fig. 6C). The well-
defined cleavage in the core zone sample is underlined by preferentially
oriented K-white mica with a smaller grain size (< 5 μm) compared to
larger mica from the damage zone. Mica grains that have step like
shaped boundaries with quartz grains in the core zone suggest that a
significant recrystallization process occurred along this strongly de-
formed zone (Fig. 6B).

4.3. Chemical composition variation of phyllosilicates

4.3.1. Chlorite
EPMA analyses were performed on newly formed chlorite from both

the damage zone (sample PPV12-07) and the core zone (sample PPV12-
05). Structural formulas were calculated on a 14 oxygen basis and some
representative analyses are listed in Table 1, then plotted in (Fe
+ Mg) − Si − Al(total) ternary diagram and in Fe/(Fe + Mg) vs. Si
diagram (Fig. 7A). Newly formed chlorite from both the damage and
the core zone is situated between clinochlore-daphnite, sudoite and

amesite end-members. Si values vary from 2.68 to 2.87 apfu, Altotal

from 2.61 to 2.87 apfu, Fe from 1.59 to 2.23 apfu and Mg from 2.08 to
2.80 apfu. (Si2.78 Al1.22)O10 (Al1.52 Mg2.57 Fe1.73) (OH)8 is an average
structural formula for newly formed chlorite from the damage zone
(based on 89 analyses) while the average structural formula for chlorite
from the core zone is (Si2.77 Al1.23)O10 (Al1.53 Mg2.33 Fe1.97) (OH)8
(based on 80 analyses). The only difference observed between chlorite
from the damage and core zones is that, close to the fault contact (the
green pelite zone) newly formed chlorite has relatively more Fe (1.80 to
2.23 apfu) compared to newly formed chlorite from the damage zone
which has an Fe content that varies from 1.59 to 1.85 apfu.

4.3.2. K-white mica
EPMA analyses were achieved on K-white micas from both the

damage zone (sample PPV12-07) and the core zone (sample PPV12-05)
and are presented in Table 2. In the damage zone, analyses for both
large mica (10 analyses) and small mica (10 analyses) were performed.
The structural formulas have been calculated on the basis of 11
oxygens. The results are then plotted in a M+ − 4Si − R2+ ternary
diagram (Meunier and Velde, 1989) and in a Na/(Na + K) vs. Si

Fig. 5. Photographs illustrating the differences in textural and microstructural features between samples PPV12-07 and PPV12-05. (A), (B) Rock chip scans showing the difference in color
and the presence of more veins in the PPV12-05 sample. (C), (D) Optical microscope pictures in cross-polarized light. The quartz grains in the matrix of sample PPV12-07 have a random
orientation and large grain size. Toward the fault contact those grains became smaller and more elongate following the shearing direction indicated by dashed lines in the picture (D).
There is enrichment in muscovite (characterized by bright 2nd order colors) in the matrix of the PPV12-05 sample. The change in the quantity and grain size of quartz are shown in SEM-
BSE images in (E) and (F) images. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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diagram (Fig. 7B). Mica compositions from both samples are located
close to muscovite end member with a small trend toward celadonite.
As Si content varies between 3.11 and 3.30 apfu, it suggests that
muscovite is the dominant end member; so hereafter muscovite will
be used to describe K-white mica within the present paper. Altotal

content varies between 2.50 and 2.72 apfu, K from 0.80 to 0.93 apfu
and Na from 0.02 to 0.14 apfu. There is a small Tschermak substitution
with Mg values between 0.10 and 0.20 apfu and Fe between 0.06 and
0.16 apfu. Muscovite from the core zone displays homogenous compo-
sition with an average structural formula of (Si3.18 Al0.82) O10 (Al1.79
Mg0.12 Fe0.13 Ti0.01) (OH)2 K0.91 Na0.03. Conversely, muscovite from the
damage zone displays higher dispersion in composition, due to Na-K
substitution in interlayer space and also divalent cation substitutions in
the octahedral sheet. The large and small muscovite grains in the
damage zone have different composition; large grains have lower Si, Fe,
Mg contents and a higher Na/(Na + K) ratio in the interlayer space,
whereas small grains have higher Si, Fe, Mg contents and a lower Na/

(Na + K) ratio in the interlayer space as illustrated in a Na/(Na + K)
vs. Fe plot (Fig. 7B). Large muscovite grains have the following average
structural formula, (Si3.14 Al0.86) O10 (Al1.86 Mg0.08 Fe0.07 Ti0.01) (OH)2
K0.84 Na0.10. The small muscovite grains structural formula is (Si3.26
Al0.74)O10 (Al1.74 Mg0.16 Fe0.13) (OH)2 K0.91 Na0.03 similar to the
average composition of mica from the core zone.

SEM-BSE images and compositional maps of muscovite Na2O wt%
are presented in Fig. 8 for samples PPV12-07(damage zone) and PPV2-
05(core zone) respectively. The random coarse muscovite aggregates
are shown in SEM-BSE image beside the large chlorite in the matrix of
the damage zone (Fig. 8A); in the core zone muscovite grains are
smaller and follow the foliation direction in the matrix. In addition,
smaller grains of chlorite are located in the veins (Fig. 8B). The most
important compositional variation of muscovite is derived from the
maps of Na2O (in wt%, see Fig. 8C and D). The maps show that larger
grains have higher Na2O (1%–2%) than the smaller grains
(0.1%–0.5%). In addition, Na is higher in muscovite from the damage

Fig. 6. Backscattered electron images (BSE) for samples PPV12-07(damage zone) and PPV12-05 (core zone). Qz refer to quartz, Chl = chlorite, Mus = muscovite, Hm= hematite,
Ca = calcite and Rt = rutile. (A) and (B) images of the matrix of the damage zone and the core zone. Recrystallized muscovite in the matrix of the core zone presented in image (B)
characterized by the step like shaped on the boundary with quartz grains. The chlorite-muscovite stacks are presented in images (C) and (D), in the core zone those stacks are folded,
broken and have smaller grain size (highlighted by black dashed lines in the image (D)). (E) and (F) images showing part of vein with newly formed chlorite.
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zone compared to those from the core zone. Moreover, the composi-
tional maps demonstrate that Na2O is higher in the core of the grains
compared to the rims of the grains which suggests alteration from
detrital mica/illite with paragonitic substitution into muscovite. An-

other possibility is alteration from detrital feldspar into muscovite
during diagenesis and fault deformation.

Table 1
Calculated chlorite structural formula of some representative analyses from the damage zone and core zone of the Pic de Port Vieux respectively. Calculated temperature using chlorite
thermometry for each analysis is presented in the table.

Damage zone Tetrahedral layer Octahedral layer

Sample PPV12-07 Si Al(IV) Al(VI) Mg Fe Ti Mn ∑Octa K Na Ca T °C

1 2.81 1.19 1.50 2.54 1.77 0.00 0.00 5.82 0.02 0.00 0.00 246
2 2.78 1.22 1.49 2.64 1.73 0.00 0.00 5.86 0.00 0.00 0.00 276
3 2.81 1.19 1.44 2.68 1.73 0.00 0.00 5.86 0.00 0.01 0.01 262
4 2.78 1.22 1.46 2.70 1.69 0.00 0.01 5.86 0.00 0.01 0.01 277
5 2.80 1.20 1.49 2.63 1.71 0.00 0.00 5.84 0.00 0.01 0.00 258
6 2.74 1.26 1.47 2.60 1.80 0.00 0.01 5.88 0.01 0.00 0.01 307
7 2.87 1.13 1.51 2.68 1.59 0.00 0.00 5.79 0.01 0.00 0.01 218
8 2.85 1.15 1.52 2.64 1.63 0.00 0.00 5.79 0.02 0.01 0.01 227
9 2.81 1.19 1.42 2.80 1.64 0.00 0.00 5.87 0.00 0.00 0.00 264
10 2.76 1.24 1.52 2.56 1.75 0.00 0.00 5.84 0.01 0.00 0.00 279
11 2.73 1.27 1.50 2.52 1.84 0.00 0.00 5.87 0.01 0.00 0.01 316
12 2.75 1.25 1.54 2.48 1.81 0.00 0.00 5.83 0.01 0.00 0.01 282
13 2.83 1.17 1.54 2.58 1.67 0.00 0.00 5.80 0.00 0.00 0.01 234
14 2.74 1.26 1.59 2.51 1.72 0.00 0.00 5.83 0.00 0.00 0.00 291
15 2.78 1.22 1.50 2.66 1.68 0.00 0.00 5.85 0.00 0.01 0.01 273
16 2.71 1.29 1.50 2.55 1.83 0.00 0.00 5.88 0.00 0.00 0.01 268
17 2.78 1.22 1.53 2.55 1.75 0.00 0.00 5.83 0.01 0.00 0.00 259
18 2.78 1.22 1.58 2.47 1.76 0.00 0.00 5.82 0.00 0.00 0.00 303
19 2.73 1.27 1.54 2.54 1.76 0.00 0.00 5.85 0.00 0.00 0.00 273
20 2.77 1.23 1.51 2.60 1.72 0.00 0.00 5.84 0.00 0.01 0.00 317
21 2.72 1.28 1.55 2.55 1.75 0.00 0.00 5.86 0.00 0.00 0.00 231
22 2.83 1.17 1.57 2.49 1.72 0.00 0.00 5.79 0.00 0.00 0.01 250
23 2.79 1.21 1.60 2.40 1.78 0.00 0.00 5.79 0.00 0.00 0.01 242
24 2.81 1.19 1.59 2.40 1.80 0.00 0.00 5.79 0.01 0.00 0.01 289
25 2.74 1.26 1.56 2.50 1.76 0.00 0.01 5.83 0.01 0.01 0.00 257
26 2.79 1.21 1.52 2.54 1.77 0.00 0.00 5.84 0.00 0.00 0.00 238
27 2.83 1.17 1.49 2.67 1.67 0.00 0.00 5.83 0.00 0.00 0.00 251
28 2.81 1.19 1.50 2.59 1.74 0.00 0.00 5.83 0.00 0.01 0.00 268
29 2.75 1.25 1.54 2.54 1.76 0.00 0.01 5.83 0.01 0.01 0.00 279
30 2.78 1.22 1.50 2.62 1.68 0.00 0.02 5.82 0.00 0.00 0.00 310

Core zone Tetrahedral layer Octahedral layer
Sample PPV12-05 Si Al(IV) Al(VI) Mg Fe Ti Mn ∑Octa K Na Ca T °C
1 2.68 1.32 1.54 2.29 2.03 0.00 0.00 5.87 0.00 0.01 0.01 288
2 2.74 1.26 1.58 2.24 1.99 0.00 0.01 5.82 0.00 0.00 0.01 338
3 2.74 1.26 1.56 2.29 1.99 0.00 0.00 5.84 0.00 0.00 0.01 289
4 2.70 1.30 1.55 2.28 2.02 0.00 0.00 5.86 0.00 0.00 0.01 277
5 2.74 1.26 1.54 2.32 1.97 0.00 0.01 5.83 0.00 0.00 0.01 261
6 2.75 1.25 1.59 2.23 1.98 0.00 0.00 5.80 0.01 0.01 0.01 252
7 2.78 1.22 1.55 2.32 1.93 0.00 0.00 5.81 0.01 0.00 0.01 225
8 2.79 1.21 1.56 2.30 1.95 0.00 0.00 5.81 0.02 0.00 0.01 236
9 2.84 1.16 1.55 2.36 1.88 0.00 0.00 5.79 0.01 0.00 0.00 272
10 2.81 1.19 1.57 2.29 1.92 0.00 0.00 5.78 0.01 0.01 0.01 268
11 2.76 1.24 1.58 2.31 1.93 0.00 0.00 5.82 0.00 0.00 0.00 261
12 2.77 1.23 1.54 2.43 1.84 0.00 0.00 5.82 0.00 0.00 0.01 235
13 2.78 1.22 1.55 2.36 1.90 0.00 0.00 5.82 0.00 0.00 0.01 250
14 2.83 1.17 1.53 2.46 1.81 0.00 0.00 5.81 0.00 0.00 0.01 244
15 2.79 1.21 1.58 2.33 1.90 0.00 0.00 5.81 0.01 0.00 0.00 264
16 2.80 1.20 1.59 2.29 1.91 0.00 0.00 5.79 0.01 0.01 0.01 268
17 2.77 1.23 1.58 2.38 1.86 0.00 0.00 5.82 0.01 0.00 0.00 284
18 2.77 1.23 1.55 2.38 1.89 0.00 0.00 5.82 0.01 0.00 0.01 289
19 2.76 1.24 1.49 2.39 1.98 0.00 0.00 5.86 0.01 0.00 0.00 262
20 2.75 1.25 1.48 2.33 2.04 0.00 0.01 5.86 0.00 0.01 0.01 273
21 2.79 1.21 1.50 2.31 2.04 0.00 0.00 5.84 0.00 0.00 0.01 292
22 2.77 1.23 1.48 2.34 2.03 0.00 0.00 5.85 0.00 0.01 0.01 290
23 2.75 1.25 1.45 2.38 2.04 0.00 0.01 5.88 0.01 0.00 0.01 317
24 2.76 1.24 1.45 2.38 2.04 0.00 0.01 5.88 0.01 0.00 0.01 283
25 2.72 1.28 1.49 2.35 2.04 0.00 0.00 5.88 0.00 0.00 0.01 263
26 2.75 1.25 1.51 2.32 2.01 0.00 0.00 5.85 0.00 0.01 0.01 254
27 2.79 1.21 1.47 2.31 2.07 0.00 0.00 5.86 0.00 0.00 0.01 276
28 2.79 1.21 1.51 2.28 2.03 0.00 0.00 5.83 0.00 0.00 0.01 276
29 2.76 1.24 1.51 2.30 2.03 0.00 0.00 5.85 0.00 0.00 0.01 255
30 2.77 1.23 1.42 2.28 2.17 0.00 0.00 5.88 0.01 0.00 0.01 273
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4.4. Deformation conditions

The Kübler index was measured on five samples along the hanging
wall transect. The KI values of muscovite (001) range from 0.20° 2θ to
0.26° 2θ (Kübler-Kisch scale) see Supplementary Table 1. These values
are corresponding to lower -anchizone/epizone grade conditions.

The average temperature estimated by chlorite thermometry
(through multi-equilibrium thermodynamic calculations) is presented
in (Table 3). The temperature in the damage zone ranges between
218°C to 317°C with an average value of 270°C ± 23°C. The core zone
temperature is between 225°C and 359°C with an average value
285°C ± 28°C. The redox conditions can be evaluated by assessing
the variation of XFe3+. In red pelites XFe3+ values are between 11%
and 44% with an average value of 25% and standard deviation
of± 7%. In green pelites the values are relatively lower, they range
from 3 to 34% with an average value of 16% and standard deviation
of± 7%. This indicates less Fe3+ is stored in chlorite of the green
pelite. Such as variation can be linked to changes in P-T conditions or in
the oxidation state (Lanari et al., 2014c; Trincal et al., 2015; Vidal et al.,
2006).

4.5. Fluid/rock interactions modelling

4.5.1. Conditions
In the PPVT, the Triassic red pelites transformed into green pelites

in the core fault zone due to dissolution of hematite in the core zone. In
order to better understand their mineralogical changes, a simulation of
the fluid/rock interactions was performed.

The Triassic red pelites compositions was used as an initial

composition and the relative proportion of each mineral is presented
in Table 4 (data are from Trincal, 2014). The chemical compositions of
detrital chlorite and muscovite from the red pelites matrix are based on
the EPMA analyses of the present study. The newly formed chlorite that
is present in a few veins in the red pelites is excluded during this
simulation.

As it is not possible to analyze the pore fluids in the Triassic pelites,
a first simulation was performed to simulate their composition. The
initial pore fluid was assumed to be at equilibrium with the red pelites
minerals before thrusting at 270°C (burial diagenetic conditions). The
pore fluid composition (Table 5) was obtained by simulating interac-
tions between the red pelites and low charge fluid (rain water data from
Apello and Postma, 2005). The equilibrium was reached by dissolving
very small quantities of the detrital minerals. Then the mineralogical
changes were simulated by batch reactions between the pore fluids
(previously calculated) and the initial red pelites composition at 285°C
(temperature which was estimated by chlorite thermometry in the
green pelites). To test the impact of redox condition change, a series of
calculations were performed at various redox conditions (from reduc-
tion potential (Eh) = 0.420 V to Eh =−0.841 V). The precipitation
possibility was tested for iron oxi/hydroxides (hematite, goethite, and
magnetite), iron sulfur and sulfates (pyrite, gypsum and anhydrite),
phyllosilicates (muscovite, celadonite, illite, annite, paragonite, pyr-
ophyllite and phlogopite), chlorite solid-solutions (amesite, chamosite,
clinochlore and daphnite) and other initial minerals (such as, calcite
and quartz).

4.5.2. Modelling results
The calculated composition of the resulting interstitial fluids in

Fig. 7. Ternary and di-diagrams for chemical analyses of chlorite and micas from the core zone (sample PPV12-05) and the damage zone (sample PPV12-07). (A) Fe + Mg-Si-Al(total)

ternary diagrams and Fe/(Fe + Mg) vs. Si plot for chlorite. (B) M + -4Si-R2+ ternary diagrams (Meunier and Velde, 1989) and Na/(Na + K) vs. Fe plot for muscovite.
M+ = Na+ + K+ + 2Ca2+, 4Si = (Si/4) and R2+ = (Mg + Fe + Mn) and Di-Tri is (dioctahedral-trioctahedral substitutions). Chlorite and muscovite initial and average compositions
obtained by modelling at high reductive conditions are highlighted with the star icon.
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equilibrium with the red pelite mineralogy is given in Table 5. The
mineralogical transformations of red pelite minerals at various redox
conditions were calculated and illustrated in Fig. 9A. According to the
model, the same calcite content is predicted when modifying the redox
conditions. Furthermore, muscovite seems to be slightly under-satu-
rated whatever the redox conditions. At oxidative to low reductive
conditions quartz content increases compared to the initial pelite
composition. However at moderate to high reducing conditions, quartz
content does not change. The observed change during the simulation
concerns iron bearing minerals as illustrated in Fig. 9B. The increase in
the reducing conditions promotes an increase in hematite dissolution

and this dissolution is complete at Eh < 0.410 V. Magnetite is the iron-
rich mineral predicted for precipitation in the system when going to
higher reducing conditions. However at Eh =−0.819 V magnetite is
progressively replaced by chlorite which is the only iron bearing phase
predicted to precipitate in extreme reducing conditions
(Eh = −0.819 V).

The chlorite and muscovite compositions as a combination of
different end members are displayed in Fig. 10. During the simulation,
the noticeable change is the variation in proportion of the different end
members at high reducing conditions. In Fig. 10A, chamosite, daphnite,
clinochlore and amesite correspond to the four end-members of chlorite

Table 2
Calculated muscovite structural formula from the damage zone and core zone of the Pic de Port Vieux respectively.

Damage zone Tetrahedral layer Octahedral layer Interlayer

Sample PPV12-07 Si Al(IV) Al(VI) Mg Fe Ti Mn ∑Octa K Na Ca ∑ Interlayer

Large muscovite
1 3.21 0.79 1.81 0.10 0.12 0.00 0.00 2.04 0.85 0.07 0.00 0.92
2 3.14 0.86 1.86 0.08 0.07 0.01 0.00 2.03 0.84 0.10 0.00 0.94
3 3.22 0.78 1.78 0.12 0.13 0.01 0.00 2.04 0.80 0.12 0.00 0.92
4 3.18 0.82 1.82 0.10 0.11 0.01 0.00 2.04 0.84 0.10 0.00 0.94
5 3.16 0.84 1.86 0.08 0.08 0.01 0.00 2.03 0.81 0.14 0.00 0.95
6 3.15 0.85 1.85 0.09 0.06 0.02 0.00 2.03 0.88 0.09 0.00 0.97
7 3.16 0.84 1.86 0.09 0.07 0.02 0.00 2.04 0.88 0.07 0.00 0.95
8 3.12 0.88 1.84 0.09 0.07 0.02 0.00 2.03 0.90 0.09 0.00 0.99
9 3.14 0.86 1.86 0.09 0.07 0.02 0.00 2.03 0.86 0.11 0.00 0.97
10 3.24 0.76 1.73 0.14 0.12 0.02 0.00 2.01 0.89 0.10 0.00 0.99

Small muscovite
11 3.19 0.81 1.79 0.12 0.14 0.00 0.00 2.04 0.92 0.03 0.00 0.95
12 3.23 0.77 1.74 0.13 0.16 0.01 0.00 2.04 0.93 0.02 0.00 0.96
13 3.29 0.71 1.71 0.20 0.13 0.00 0.00 2.04 0.92 0.01 0.00 0.93
14 3.30 0.70 1.77 0.13 0.13 0.00 0.00 2.03 0.84 0.04 0.00 0.88
15 3.26 0.74 1.74 0.16 0.14 0.00 0.00 2.04 0.91 0.03 0.00 0.93
16 3.16 0.84 1.81 0.11 0.10 0.01 0.01 2.03 0.90 0.06 0.00 0.96
17 3.26 0.74 1.73 0.17 0.13 0.00 0.00 2.03 0.93 0.02 0.00 0.95
18 3.20 0.80 1.78 0.12 0.12 0.01 0.00 2.04 0.90 0.04 0.00 0.94
19 3.18 0.82 1.86 0.10 0.08 0.01 0.00 2.04 0.82 0.06 0.00 0.88
20 3.28 0.72 1.77 0.14 0.13 0.00 0.00 2.04 0.84 0.04 0.00 0.89

Core zone Tetrahedral layer Octahedral layer Interlayer
Sample PPV12-05 Si Al(IV) Al(VI) Mg Fe Ti Mn ∑Octa K Na Ca ∑ Interlayer
1 3.19 0.81 1.78 0.13 0.13 0.01 0.00 2.05 0.90 0.03 0.00 0.93
2 3.22 0.78 1.76 0.13 0.15 0.01 0.00 2.04 0.92 0.03 0.00 0.95
3 3.18 0.82 1.80 0.10 0.12 0.01 0.00 2.04 0.91 0.03 0.00 0.94
4 3.19 0.81 1.79 0.11 0.13 0.00 0.00 2.04 0.92 0.03 0.00 0.94
5 3.23 0.77 1.75 0.16 0.15 0.01 0.00 2.06 0.88 0.02 0.00 0.90
6 3.19 0.81 1.81 0.12 0.11 0.01 0.00 2.04 0.91 0.03 0.00 0.94
7 3.15 0.85 1.82 0.10 0.13 0.01 0.00 2.05 0.90 0.03 0.00 0.93
8 3.19 0.81 1.77 0.13 0.15 0.01 0.00 2.06 0.90 0.03 0.00 0.93
9 3.13 0.87 1.83 0.11 0.11 0.02 0.00 2.07 0.92 0.02 0.00 0.94
10 3.16 0.84 1.80 0.11 0.14 0.01 0.00 2.05 0.91 0.03 0.00 0.95
11 3.14 0.86 1.82 0.12 0.12 0.01 0.00 2.07 0.89 0.04 0.00 0.93
12 3.13 0.87 1.84 0.10 0.11 0.02 0.00 2.07 0.89 0.04 0.00 0.93
13 3.11 0.89 1.82 0.11 0.13 0.01 0.00 2.07 0.92 0.02 0.00 0.94
14 3.14 0.86 1.82 0.11 0.12 0.01 0.00 2.06 0.91 0.03 0.00 0.93
15 3.17 0.83 1.79 0.12 0.13 0.01 0.01 2.06 0.90 0.03 0.00 0.93
16 3.17 0.83 1.79 0.13 0.13 0.00 0.00 2.05 0.92 0.03 0.00 0.95
17 3.15 0.85 1.78 0.14 0.14 0.00 0.00 2.06 0.91 0.02 0.00 0.93
18 3.20 0.80 1.81 0.12 0.12 0.01 0.00 2.06 0.87 0.02 0.00 0.90
19 3.22 0.78 1.79 0.12 0.13 0.02 0.00 2.05 0.90 0.03 0.00 0.94
20 3.20 0.80 1.78 0.11 0.13 0.01 0.00 2.04 0.91 0.03 0.00 0.94
21 3.19 0.81 1.80 0.11 0.11 0.01 0.00 2.03 0.93 0.03 0.00 0.96
22 3.20 0.80 1.78 0.13 0.11 0.01 0.00 2.03 0.92 0.03 0.00 0.95
23 3.21 0.79 1.76 0.14 0.14 0.01 0.01 2.05 0.89 0.04 0.00 0.93
24 3.19 0.81 1.81 0.10 0.13 0.01 0.00 2.04 0.92 0.02 0.00 0.94
25 3.23 0.77 1.76 0.14 0.14 0.01 0.00 2.05 0.89 0.05 0.00 0.93
26 3.15 0.85 1.80 0.12 0.13 0.02 0.00 2.07 0.93 0.02 0.00 0.95
27 3.19 0.81 1.76 0.14 0.15 0.01 0.00 2.06 0.91 0.02 0.00 0.93
28 3.18 0.82 1.79 0.11 0.13 0.01 0.00 2.05 0.93 0.02 0.00 0.95
29 3.17 0.83 1.80 0.11 0.13 0.01 0.00 2.05 0.92 0.03 0.00 0.95
30 3.19 0.81 1.80 0.11 0.11 0.01 0.00 2.03 0.90 0.04 0.00 0.94
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that were used to calculate the composition of chlorite. When increas-
ing the reducing conditions a decrease in the proportion of amesite
(Mg-rich end member) and an increase in the proportion of daphnite
and chamosite (Fe-rich end members) is observed. The composition of
chlorite formed after total hematite dissolution (without magnetite) at
Eh < −0.830 V, has the following structural formula (Si2.85 Al1.15)
O10 (Al1.14 Mg2.41 Fe2.44) (OH)8.

Illite, celadonite, annite, paragonite and muscovite are the end
members used for mica composition simulation. The average muscovite
composition is slightly modified when increasing the reducing condi-
tions with the presence of iron instead of magnesium (Fig. 10B), which
is simulated by annite component precipitation. The muscovite average
structural formula calculated from modelling results at Eh < −0.830
V is (Si3.00Al1.00) O10 (Al1.81 Fe0.28) (OH)2 K0.90 Na0.10.

Fig. 8. (A) and (B) SEM-BSE images for the damage zone sample PPV12-07 and the core zone sample PPV12-05 respectively. (C) and (D) Quantitative maps showing Na2O wt% in
muscovite for the samples PPV12-07 and PPV12-05 respectively.

Table 3
Illustrating number of analyses of chlorite that have been used in temperature estimation
using chlorite thermometry, the average estimated temperature, XFe3+ = (Fe3+/ΣFe)chl
and the standard deviation for both damage and core zone samples respectively.

Samples No. of
analyses

T °C Vidal St.dev. XFe3+ (%) St.dev.

PPV12-07(damage
zone)

89 270 23 25 7

PPV12-05(core zone) 80 285 28 16 7

Table 4
The initial red pelites composition (data are from Trincal, 2014) which was used as
input data for the modelling. The quantity of each phase is presented as a number of
moles.

Sample PPV12-07

Phase Moles in initial assemblage

Calcite 9.69
Quartz 56.4
Rutile 1.00
Hematite 2.32
Total mica 10.8

Mica end-members
Muscovite 6.58
Annite 0.25
Illite 2.24
Celadonite 0.76
Paragonite 1.01

Total chlorite 1.46
Chlorite end-members

Amesite 0.53
Clinochlore 0.39
Daphnite 0.54

Table 5
The composition of the pore fluids that result from
equilibrium between low charge fluid and the red pelite
mineralogy.

Initial fluid composition

Molality

Al 6.07E-04
C 3.18E-05
Ca 3.28E-05
Cl 1.30E-05
Fe 1.00E-12
K 3.20E-05
Mg 6.71E-11
Na 1.62E-03
S 2.90E-05
Si 7.36E-03
Ti 2.26E-10
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5. Discussion

5.1. Mineralogical and textural changes attributed to fault activity

In the present study, the variations in texture, mineralogy and
chemistry between the damage zone and core fault zone deepen our
understanding of the impact of deformation and fluid circulation on
phyllosilicates.

The core zone of the PPVT is clearly different from the damage zone;
it is characterized by a change in pelite color from red to green toward
the fault contact, attributed to the dissolution of hematite. The
parameters and conditions of that process will be discussed in the
following. The second remarkable difference is the presence of numer-
ous veins and veinlets of quartz + chlorite ± calcite in the core fault
zone which can be observed even at the chip rock scale. These veins are
associated with the fractures and micro-fractures opening and attrib-
uted to fluid circulation coeval to the fault movement (Grant, 1990).
Pelites from the core zone have been affected by several stages of
deformation and fluid circulation as shown by the distribution of
several vein generations that crosscut each other, as well their folded
and deformed shape.

Quartz dissolution by pressure solution was observed in the matrix
of the core zone and is characterized by smaller grain size and
elongation of the grains compared to quartz present in the damage
zone. Furthermore, the core zone shows a well-developed foliation,
enrichment in phyllosilicates and a pervasive cleavage with preferential
orientation of muscovite that facilitated the circulation of the fluids.
The results of the present study indicate that deformation and fluid
circulation in the fault zone are connected and are related to the same
tectonic event. These observations suggest aseismic behavior of the
PPVT fault with a pressure solution creep mechanism that involves

coupling deformation and recrystallizations in the presence of fluids
(e.g. Hadizadeh et al., 2012; Richard et al., 2014). Moreover, this
deformation mechanism is consistent with the results from the footwall
obtained by Trincal et al., (2016); who suggested that mylonitisation
that occurred in core zone of the limestone is related to both
mechanical grain size reduction processes and interaction with fluids.

Similarly, Gratier et al. (2013) and Janssen et al. (2016) demon-
strated the same mechanism through the dissolution of soluble minerals
(feldspars, quartz and calcite) and passive concentration of phyllosili-
cates in the presence of fluids in active faults from the Western Alps and
the San Andreas. In addition, they suggested that fracturing can
accelerate pressure solution by developing diffusion shortcut (e.g.
Gratier et al., 2011; Lockner et al., 2011). In the present study, the
same diffusion process was observed and appears clearly in the
fractures within the red pelites and is indicated by the development
of green zones around the veins.

5.2. Origin and deformation conditions of phyllosilicates in the PPVT

Many recent studies have focused on phyllosilicates in fault zones
(e.g. Alpine Fault, Warr and Cox, 2001; Moab Fault, Solum et al., 2005;
Carbonera Fault, Solum and van der Pluijm, 2009; San Andreas Fault,
Wenk et al., 2010; Bogd fault, Buatier et al., 2012; Chelungpu fault,
Janssen et al., 2016; JFAST fault, Kameda et al., 2015) to study their
origin and the deformation conditions. They demonstrated that phyllo-
silicates in fault zone can be formed by various mechanisms; the passive
concentration of clays by pressure solution and dissolution–recrystalli-
zation mechanisms (e.g. Buatier et al., 2012; Lacroix et al., 2011), the
precipitation of synkinematic clays as a result of fluid rock interactions
(e.g. Haines and van der Pluijm, 2008; Wibberley et al., 2008;
Wibberley and McCaig, 2000) or mechanical incorporation (e.g.
(Egholm et al., 2008; Fisher and Knipe, 2001; Loveless et al., 2011).
Phyllosilicates that were observed in the PPVT are chlorite and
muscovite. Based on their texture and chemistry, we can discuss their
origin in the fault zone.

5.2.1. Chlorite
In the damage zone, chlorite is observed mainly in the matrix and in

a few veins, while in the core zone, chlorite is abundant in the
numerous veins and veinlets. The presence of chlorite in veins suggests
that it is mainly formed by direct precipitation from fluids, whereas the
large chlorite grains located in the matrix are probably inherited and a
result of diagenetic reactions. The chlorite/muscovite stacks that are
present in the damage zone indicate that chlorite formed through mica-
chloritization. Those stacks have been commonly described in sedi-
ments that have undergone diagenesis and low-grade metamorphism
(Jiang and Peacor, 1994; Milodowski and Zalasiewicz, 1991; Randive
et al., 2015). They are formed by alteration of detrital biotite into
chlorite through a layer-by-layer transformation and then muscovite
progressively fills the chlorite cleavages (Bartier et al., 1998; Li et al.,
1994). The association of titanium oxide to chlorite in the fault zone
matrix confirmed that the alteration of biotite might have occurred in
the PPVT (Eggleton and Banfield, 1985; Parry and Downey, 1982; Ren,
2012; Veblen and Ferry, 1983). In the core fault zone those stacks have
been subjected to size reduction and a folding, reflecting more impact
by shearing mechanisms compared to the damage zone.

The proportion of inherited chlorite in the matrix decreases toward
the fault contact and its grain size decreases, while newly formed
chlorite is more abundant in the core zone compared to the damage
zone. The only observed difference is that, in the core fault zone
chlorite is more Fe-rich and has a homogenous composition compared
to chlorite from the damage zone. All these features suggest that newly
formed chlorite is synkinematic to the fault activity and probably
precipitated from iron rich fluids in the core zone.

Fig. 9. The simulation results at different redox condition. The first column in the left
represents the input data and the others column are corresponding to the minerals
quantities obtained by the model at different reducing conditions. (A) Showing the
simulation for all the minerals and (B) is zooming for iron rich minerals.
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5.2.2. Muscovite
Muscovite is present in the matrix of both damage and core fault

zones in three form: randomly oriented coarse aggregates (1), elongated
large grains (2), and as smaller grains with sharp grain boundaries (3).
All of them have a composition close to muscovite end-member. The
large grains of muscovite are mainly observed in the damage zone and
probably have a detrital origin. Na2O content is higher in the core of
those grains compared to the rims suggesting either transformation or
alteration of detrital mica (with high paragonite content) or from
detrital feldspars and the excess Na moved away with the fluids.

Muscovite that has a smaller grain size with well-defined grain
boundaries displays homogenous composition and contains less Na in
the interlayer space. Close to the fault contact this muscovite contains
relatively more Fe and less Na compared to muscovite from the damage
zone. The step like shape grain boundary of those grains with quartz
indicates dissolution/recrystallization mechanism though the recrystal-
lization/growth of muscovite and the dissolution of quartz.

Based on these results, the newly formed phyllosilicates in the fault
core zone are considered as synkinematic and related to deformation
processes/fluid circulations coeval with the activity of the PPVT. This is
in agreement with previous studies of Cavailhes et al. (2013) and
Leclère et al. (2012) among others who found a correlation between
fluid-flow and abundance of newly formed phyllosilicates.

5.2.3. Deformation conditions of PPVT activity
As mentioned above, muscovite and chlorite are synkinematic to the

fault activity, hence they are a good thermometer for obtaining the
deformation conditions of the PPVT. According to (KI) values that range
between 0.20 and 0.26°2θ, the PPVT has experienced deformation
under lower-anchizone/epizone grade conditions (sub-greenschist to
greenschist facies), where the anchizone grade boundaries are defined

at 0.25 to 0.42°2θ (Kübler, 1967).
Thermodynamic calculations from synkinematic chlorite chemistry

suggest that fault deformation occurred under average temperatures of
270°C in the damage zone and 285°C in the fault core zone. Those
results are consistent with previous estimates deduced from fluid
inclusions in quartz veins of the same outcrop that suggested a
temperature range of 250°C–300°C (Banks et al., 1991; Grant, 1990;
McCaig et al., 2000). This temperature is also in agreement with a
stable isotope study on quartz and chlorite from the same geological
area with a mean temperature value of 320 ± 30°C (Lacroix and
Vennemann, 2015).

5.3. Key-parameters that control mineralogical changes in the fault zone

Based on the petrographic observation and geochemistry data, there
are several parameters that appear to control the mineralogical changes
in the PPVT fault zone. The pressure solution and recrystallization
processes play a major role in deformation in the core zone. Moreover,
the existence of numerous veins in the core zone corroborates the
strong influence of fluid circulations.

However, the parameters that control the hematite dissolution/Fe-
rich phyllosilicates formation and induce the color change in the core
zone were not clearly identified. Increasing the temperature does not
allow dissolution of hematite in the core zone and the chlorite
formation temperatures from both the green pelites and red pelites
are similar within analytical uncertainty. However, it well known that
to mobilize Fe, interaction with reducing fluids is required (Busigny and
Dauphas, 2007). In addition, the decrease of XFe3+ in newly formed
chlorite from the core zone (green pelites) of the PPVT shows a change
in the oxidation state of Fe.

Based on the results of numerical modelling of the present study, the

Fig. 10. The quantities of the different end members expected by modelling for chlorite and mica are shown in (A) and (C) respectively. The first column in the left is corresponding to the
input composition. (B) and (D) are presenting the cation contents in chlorite and mica at Eh =−0.830:−0.841 respectively.
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dissolution of hematite is due to interaction with reducing fluids.
Hematite dissolution was described in the Entrada Sandstone (United
States) and was explained by the interaction with reducing brine
involving an iron reduction (Wigley et al., 2012 and 2013). Further-
more, the modelling results indicate that hematite dissolution can be a
source of iron for the newly formed phyllosilicates in the core zone. The
chemical composition of chlorite and muscovite obtained by the
modelling at high reductive conditions is in agreement with the
composition calculated by EPMA analyses regarding iron content
(Fig. 7). However Na content in muscovite calculated by the model is
a bit different; this can be explained by the modelling limitation due to
lack of mica end members in the database or by the variation in the
initial white mica composition in the red pelites which arises from their
different detrital origin and subsequent diagenesis.

6. Conclusion

The characterization of phyllosilicates (chlorite and muscovite) in
the PPVT fault helps to better understand their origin, deduce the
deformation conditions and the chemical evolution during deformation
in the fault zone. The majority of chlorite and muscovite grains are
inherited and affected by burial diagenesis in the red pelite damage
zone, while in the green pelite core zone, they are mainly newly formed
and are synkinematic to the fault activity. Chlorite preferentially
formed in veins through direct precipitation from fluids, while musco-
vite formed through recrystallization of inherited minerals. Newly
formed chlorite and muscovite in the green pelites have more Fe
compare to those from the red pelites.

Based on the crystallinity and chemical composition of those
synkinematic phyllosilicates, the deformation in the PPVT occurred
under lower-anchizone/epizone conditions (sub-greenschist to greens-
chist facies) with an average temperature of 270°C and 285°C in the
damage zone and core zone respectively. The strong foliation and
enrichment of phyllosilicates in the core zone as well as the numerous
generations of deformed veins reveal the strong impact of deformation
and fluid circulation.

The change in the pelites color from red to green toward the fault
contact is related to hematite dissolution and the enrichment of newly
formed chlorite in the core zone. Modelling of fluid-sediment interac-
tions shows that the redox condition is the main parameter that controls
the chemical changes in the core fault zone. It suggests that highly
reductive fluids may have dissolved hematite by bleaching the red
pelites in the core fault zone and precipitated Fe-rich chlorite, thus
inducing the green color in the core zone. Moreover, it demonstrates
that those mineralogical changes in the core zone occurred at extreme
reducing conditions. The results suggest that deformation and fluid
circulation in the PPV thrust zone are connected processes and are
related to different stages of fault activation.

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.clay.2017.05.008.
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