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Abstract Large-scale faults in the continental crust are significant features that control the evolution of
sedimentary basins and intraplate mountain chains. Deciphering their evolution is a significant task because
faults slip and reactivate in a variety of geological settings. In this work, clay gouges of two major
orogen-scale, long-lived faults in northern Iberia, the Rio Grio and Vallés-Penedés Faults, were investigated
by X-ray diffraction and K-Ar isotopic analysis. Illite polytype determinations of 44 subfractions (from

<0.1 to 10 um) allowed us to discriminate between authigenic/synkinematic illite crystals formed during
faulting and detrital illite crystals inherited from the host rock. K-Ar dating provided a detailed set of ages
corresponding to key stages of the thermotectonic evolution of the Iberian Plate: (a) the Permian to Late
Triassic extensional/transtensional activity associated to the emplacement of Late Variscan magmatic bodies
and hydrothermal mineralizations, (b) the opening of the Central Atlantic Rift during Late Triassic-Early
Jurassic times, (c) the Late Jurassic-Early Cretaceous rifting that led to the development of Mesozoic
extensional/transtensional basins in northern Iberia, (d) the final stage of the anticlockwise rotation of the
Iberian Plate with respect to Eurasia and the accommodation of the first Pyrenean compressional pulses in
Campanian time, and (e) the positive inversion of Mesozoic extensional basins due to far-field stresses
associated with the Alpine orogeny during the Paleogene. The results highlight that thermotectonic
conditions characterized by high-geothermal gradients strongly favor fault movement and neoformation of
clay minerals in fault gouges, regardless of the prevailing tectonic regime.

1. Introduction

Fault zones are natural archives of crustal tectonic histories and of the prevailing physical and chemical con-
ditions at the time of brittle deformation (Viola et al., 2016). This is because, once formed, faults may be
extremely sensitive to variations of the stress field and environmental conditions and are prone to slip and
reactivate in a variety of geological settings even in regions affected by weak far-field stresses. In addition,
multiple reactivated faults do not necessarily conform to theoretical length-displacement relationships
(Schultz et al., 2006). Multiple reactivations and long slip histories may lead to extremely complex fault archi-
tectures, the unraveling of which remains challenging in the absence of solid time constraints. Hence, the
study of fault zones by K-Ar isotopic dating of authigenic/synkinematic illite coupled with X-ray diffraction
of clay gouges may offer a unique possibility to decipher protracted brittle deformation, the details of which
could otherwise remain hidden in the rock record.

One major tectonic system formed by long-lived orogen-scale faults is the so-called “Late Variscan fracturing
system” of the Iberian Plate, inherited from the Carboniferous Variscan orogeny. The Late Variscan struc-
tural configuration conditioned the architecture of Mesozoic and Cenozoic basins and evolution of the plate
during both periods (Arthaud & Matte, 1977; Alvaro et al., 1979; Ziegler, 1982; Kronberg, 1991; Gomes et al.,
2007; Figure 1a). This makes the Iberian Plate an interesting area where to test techniques aimed at studying
crustal-to-lithospheric-scale faults.

The details of the complex kinematic history of many large faults of the Iberian Plate during the Mesozoic
remain still poorly understood because, once formed, faults have been overprinted by either Mesozoic
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Figure 1. (a) Crustal- and lithospheric-scale faults in the Iberian Peninsula (most of them having a Late Variscan origin). Boxes indicate the studied faults. (b)
Geological sketch map of the central segment of the Valles-Penedes Fault with sampling sites (after Marcén et al., 2018, modified). (c) Geological sketch map of

the Rio Grio Fault with sampling sites.

extensional tectonics or positive inversion during the Cenozoic (Eocene to Miocene, depending on their
location within the Iberian Plate, e.g., Casas Sainz, 1993; Cortés et al., 1999; Salas et al., 2001; De Vicente
et al., 2009). Further complexity was added by the negative inversion during the Oligocene and Miocene
linked to the evolution of the eastern margin of Iberia and the opening of the Valencia Trough (Fontboté

et al., 1990; Vegas, 1992).

Faults of the “Late Variscan fracturing system,” characterized by a dominant strike-slip component, formed
by switching of the o, and o3 principal stress axes with variable contributions of escape tectonics after the
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main stage of crustal thickening (Picha, 2002; Tapponnier et al., 1986; Tapponnier & Molnar, 1976). Locally,
normal faults formed as a result of extensional collapse (and switching between o, and o; stress axes) of some
sectors of the Variscan orogen (see, e.g., Malavieille, 1993; Doblas et al., 1994; Roman-Berdiel et al., 1995;
Llana-Finez & Marcos, 2001; Marques et al., 2002). Traditionally, the Permian (and also the Late
Carboniferous, e.g., Cantarelli et al., 2013) is considered the main stage of Variscan post-orogenic extensional
faulting, also associated with volcanism of mantle origin (Lago et al., 2004a, 2004b). However, hydrothermal
mineralizations connected to this event in the Iberian Plate point to a more complex and longer evolution
suggesting multiple deformation stages. These stages are related to the opening of the Central Atlantic dur-
ing Middle to Late Triassic (Pocovi et al., 1990) or even Middle Jurassic times (Palencia-Ortas et al., 2006, and
references therein).

The details of the transition from an extensional to a compressional regime in the Iberian Plate during the
Late Mesozoic and Cenozoic are still poorly constrained. No known sedimentary record directly attests to
the transition from rift tectonics (believed to be dominant from the Permian to the Triassic, Jurassic, and
Early Cretaceous) to clear compressional tectonics (starting during the Late Cretaceous, e.g., Martinez-
Pefia & Casas-Sainz, 2003, and references therein). The Early to Late Cretaceous corresponds to plate reor-
ganization and volcanism at the global scale (Matthews et al., 2012; Scotese et al., 1988; Seton et al., 2012).
Both phenomena are matched by important, regional-scale events in the western Tethys, such as the well-
constrained remagnetization event of the basins of the High Atlas (African Plate, e.g., Torres-Lopez et al.,
2014; Moussaid et al., 2015) and of the Iberian Chain (Iberian Plate, e.g., Judrez et al., 1994, 1996, 1998;
Villalain et al., 2003; Soto, Villalain, & Casas-Sainz, 2008).

Additionally, the timing of some of the post-Permian events affecting the Iberian Plate is also controversial
because of the discrepancies between the chronological constraints provided by ocean floor magnetic anoma-
lies (Rosenbaum et al., 2002) on the one hand and by paleomagnetic data (Gong et al., 2008; Neres et al., 2012)
on the other. While paleomagnetic data point to a counterclockwise rotation of the plate during Aptian times
(e.g., Gong et al., 2009), models based on magnetic anomalies of the ocean floor (Srivastava et al., 2000) indi-
cate instead a more gradual and longer process (see Seton et al., 2012, and references therein).

Auvailable fission-track data on zircon and apatite and U-Th/He ages on apatite for the Iberian Plate record
the last period of cooling during the Alpine compression. Moreover, they suggest slow cooling throughout
the Jurassic and thermal stability during the Late Cretaceous for the Iberian Chain and Catalan Coastal
Range (De Bruijne & Andriessen, 2002; Del Rio et al., 2009; Juez-Larré & Andriessen, 2006).

In this work we aim at providing absolute time constraints for the thermotectonic events responsible for the
structuring and evolution of the Iberian Plate in post-Variscan times, especially during the Mesozoic. For this
purpose, we have dated fault gouges from two crustal-scale fault zones of the northern Iberian Plate: the Rio
Grio Fault in the Iberian Chain and the Valles-Penedes Fault in the Catalan Coastal Range (Figure 1). The
new K-Ar dates derived from authigenic and synkinematic illite separated from structurally well-constrained
gouge samples allow us to propose an evolutionary model of these important faults, wherein we can identify
and constrain in time a series of slip events that would otherwise remain hidden in the faults'
structural record.

These faults are long-lived deformation zones active since the Paleozoic. Their polyphase tectonic activity
played a major role in the location, development, and control of the architecture of Mesozoic and
Cenozoic sedimentary basins. Our results are crucial to the further development of existing tectonic recon-
structions based upon their detailed study, involving structural, magnetic, and multiscalar structural analysis
(Marcén et al., 2018).

2. Geological Setting: The Vallés-Penedes and Rio Grio Faults

The Valles-Penedes and Rio Grio Faults are excellent examples of crustal-scale faults that steered the geo-
metric and kinematic evolution of the Catalan Coastal and Iberian Ranges, respectively (Figures 1b and
1c). These two mountain chains, together with the Central System (De Vicente et al., 2007; De Vicente &
Mufioz-Martin, 2013), are the areas where deformation localized in the inner part of the Iberian Plate in
response to far-field stresses transferred from the plate margins.
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The Catalan Coastal Range is a thick-skinned belt that strikes predominantly NE-SW and is controlled by
large-scale thrusts such as the Vallés-Penedés Fault (Marcén et al., 2018, and references therein). Cenozoic
extensional tectonics responsible for the opening of the Valéncia Trough reactivated the NE-SW striking
fault system as normal faults, both in the Catalan Coastal Range and in the Eastern Iberian Range
(Antolin-Tomas et al., 2007; Roca et al., 1999).

The Vallés-Penedes Fault has an outcropping length of more than 100 km onshore, and it propagates in the
marine platform of the Valéncia Trough with the same NE-SW direction. It hosts a prominent gouge fault
core up to 500 m thick (Santanach & Julia, 1984). As in the Iberian Chain, subsequent negative and positive
inversions of the precursor Late Variscan, crustal-scale discontinuities controlled the evolution of the
Catalan Coastal Range during the Mesozoic and Cenozoic. Although deformational or synsedimentary
records of this Late Variscan period are not preserved, the emplacement of fault-parallel, early-Triassic mag-
matic bodies of subcrustal origin (Institut Cartografic de Catalunya, 2006a, 2006b) and mineralizations along
the range (Canals & Ayora, 1988; Canals & Cardellach, 1997) were probably favored by these crustal discon-
tinuities. The distribution of Triassic depocenters (Sopena et al., 1983) along the Valles-Penedes Fault and
the different thickness of the Mesozoic series in each fault block (Institut Cartografic de Catalunya, 2005;
Marin et al., 2008; Roca, 1994) indicate that subsidence during Mesozoic time was controlled by the activity
of this fault. The subsequent Paleogene N-NNW/S-SSE shortening produced positive inversion of the
Mesozoic structures and uplift of the Catalan Coastal Range (Anadén et al., 1979; Fontboté, 1954; Llopis
Llado, 1947; Roca et al., 1999). The Vallés-Penedés Fault contains kinematic indicators (e.g., asymmetric
foliation, slickensides, SC structures, and anisotropy of magnetic susceptibility data; see Marcén et al.,
2018) indicative of sinistral and reverse slips under a transpressive regime during the Paleogene. Finally,
negative tectonic inversion during the Oligocene-Miocene affected the easternmost part of the fault zone,
which was reactivated in an extensional fashion, leading to discrete normal faults. These more localized
faults cut through the earlier fault cores, defined by fault gouge, and the damage zones (Marcén et al.,
2018). In addition to the main fault plane bounding the Neogene extensional basin, which accommodated
a dip-slip normal displacement of several thousands of meters, minor discrete fault planes also occur.
These can be several meters long and accommodate centimetric displacements as evidenced by deflected
structural markers.

The Iberian Chain strikes predominantly NW-SE (Figures 1a and 1c) and is characterized by widespread
occurrences of Paleozoic rocks, bounded by steeply dipping faults (Cortés-Gracia & Casas Sainz, 1996;
De Vicente et al., 2009). The most prominent thrust systems of the chain reflect a thin-skinned style, with
the major thrusts detaching on low-strength Upper Triassic shales and evaporites. Thrusts generally trend
NW-SE but become E-W, at both the northwestern and southeastern terminations of the chain (Casas-
Sainz et al., 2017; Guimera, 1984). They are N-S in the Altomira Range. A thick-skinned structural style, with
basement-involving thrusts accommodating horizontal displacements of up to 25 km and vertical displace-
ments of up to 4 km (Casas Sainz, 1993), also dominates in several segments of the Iberian Chain
(De Vicente, 2018; Liesa et al., 2018).

The Rio Grio Fault is the northernmost outcropping large-scale fault of the Iberian Chain and defines the
shape of its northern (Aragonian) Branch (Figure 1a). It crops out for more than 100 km along strike with
a general NNW-SSE trend bordering the most important intracontinental rift basin in Western Europe
(Cameros Basin). Its trace partly coincides with one of the most important Variscan thrusts of the
Iberian Chain, the Nigiiella-Monforte Thrust (Calvin-Ballester & Casas, 2014), which accommodated kilo-
meter-scale, top-to-the-NE displacement. The Late and post-Variscan evolution of the Rio Grio Fault is
documented by mineralizations that are hosted along its trace within Paleozoic and Triassic rocks
(Pocovi et al., 1990) as well as Permian volcanites (Lago et al., 2004a). Moreover, tectonic slivers formed
by Triassic rocks that can be interpreted as strike-slip duplexes are found in the fault zone. Cataclasite and
gouge are found in a heterogeneous, up to 200 m thick deformation zone that also contains large blocks of
relatively less-deformed pre-Variscan, Permian, and Triassic rocks containing a subvertical foliation bear-
ing both horizontal and dip-slip lineation. Its complex deformation history includes dextral and reverse
slips associated with late transpressive movement during Cenozoic compression (Marcén & Romén
Berdiel, 2015). Quaternary reactivation has been also documented (Casas-Sainz et al., 2018, and references
therein) and controls the morphology of the area, characterized by longitudinal valleys parallel to
the fault.
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3. Methods

The analytical procedures for separating, characterizing, and dating the samples are described in detail in
Viola et al. (2018) and represent the current routine workflow at the recently established laboratory for clay
characterization and K-Ar dating at the Geological Survey of Norway, Trondheim. Particle sizes of <0.1,
0.1-0.4, 0.4-2, 2-6, and 6-10 pm were generated using sedimentation with Stokes law and a combination
of continuous flow and fixed angle rotor centrifuges. Ar was extracted from clay aliquots packed in Mo foil
in a stainless steel ultrahigh vacuum line using a Pond Engineering furnace at 1400 °C. The evolved sample
gas was purified in a first stage using a titanium sublimation pump, and in a second stage with one SAES
GP50 getter at room temperature and one SAES GP50 getter at 350 °C. Sample gas was spiked with approxi-
mately 2*10~ " moles of pure 38 Ar (Schumacher, 1975) and analyzed in an IsotopX NGX multicollector noble
gas mass spectrometer fitted with five faraday cups for 600 integrations of 1 s each. Nominal argon beam
intensities were determined by using a degree 2 polynomial regression to the time the sample was let into
the mass spectrometer, with an in-house Python program. Beam intensities for *Ar and *°Ar were corrected
for mass discrimination relative to “°Ar by a power law (e.g., Renne et al., 2009), using the weighted mean
“OAr/*°Ar ratios of 299.781 + 0.014 measured from atmospheric argon in an online air pipette. Radiogenic
“OAr* concentrations and their uncertainties were calculated using the equations outlined in Hatas and
Wojtowicz (2014) using the atmospheric argon composition of Lee et al. (2006). Within this analytical batch,
four aliquots of GA-1550 biotite (98.5 + 0.5 Ma; McDougall & Wellman, 2011) were analyzed and yielded a
weighted mean age of 98.53 + 0.36 Ma. Potassium concentrations were determined by fusing an aliquot of
approximately 50 mg in lithium tetraborate at ~1000 °C to form a glass, which was then dissolved in
HNO; with a rhodium internal standard at 5 ppm prior to analysis with a Perkin Elmer Optima 4300 DV
ICP-OES. K-Ar dates were calculated using the “°K abundance and decay constants of Steiger and
Jager (1977).

X-ray diffraction analyses were performed on a Scintag X1 X-ray system (CuKa radiation) at 40 kV and 45
mA. Randomly oriented whole-rock powders were run in the 2-70° 26 interval with a step size of 0.05° 26
and a counting time of 3 s per step. Oriented air-dried and ethylene-glycol solvated samples of the <2 um
grain size fraction were scanned from 1° to 48° 26 and from 1° to 30° 20 respectively with a step size of
0.05° 26 and a count time of 4 s per step. The presence of expandable clays was determined for samples trea-
ted with ethylene-glycol at 25 °C for 24 hr. The illite content in mixed layers illite-smectite (I-S) was deter-
mined according to Moore and Reynolds (1997) using the delta two-theta method after decomposing the
composite peaks between 9-10° 26 and 16-17° 26. The I-S ordering type (Reichweite parameter, R;
Jagodzinski, 1949) was determined by the position of the 1001-S001 reflection between 5° and 8.5° 20
(Moore & Reynolds, 1997). Integrated peak areas of clay minerals and polytype 2M; and 1Mg4 reflections were
transformed into mineral concentration by using mineral intensity factors as a calibration constant (for a
review, see Moore & Reynolds, 1997). Standard patterns for illite 1Mg, 1M, and 2M; polytypes were repre-
sented by the pure illites PDU, RM30, and SG4 (Eberl et al., 1987), respectively.

4. Results

4.1. Fault Zone Architectures and Sample Description

The sampled areas correspond to the core of the two studied faults. In each of them, samples were taken at
three different sites sampling representative structural domains/fault facies. In the following we characterize
each of the two faults, providing a detailed description of their architecture where sampled.

4.1.1. Vallés-Penedés Fault

The Vallés-Penedes Fault is a NE-SW striking basement fault dipping to the SE and accommodating a nor-
mal displacement of up to 4 km during the Neogene extension (Roca et al., 1999). The fault zone exhibits a
banded heterogenous and anastomosing internal structure with pervasive slaty cleavage that coarsely
mimics the strike of the fault trace, changing from WNW-ESE in the westernmost part of the Els Blaus out-
crop (Site 1; Figure 1b) to ENE-WSW in the Ribes Blaves outcrop (Site 2) and to NE-SW in the La Pobla de
Claramunt sector (Site 3).

The three sampled sites along the Valles-Penedes Fault are representative of different structural settings
within the core of the fault zone (Figure 1b). Site 1 (Els Blaus) is located at the intersection zone between
a NW-SE lineament (perpendicular to the main trend of the mountain range) and the NE-SW trending
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Vallés-Penedés Fault. This area coincides with the maximum width of the fault zone (several hundreds of
meters), which mostly consists of blocks of Cambrian-Ordovician rocks and to a lesser extent of Triassic
rocks, embedded within a scaly fault gouge of grayish color, mostly derived from the Paleozoic host rocks
(LA73 and FV11, Figure 2a). Foliation planes are generally E-W and dip subvertically, oblique to the trace
of the main fault. Quartz rods and fragments with striated surfaces derived from the host rock are frequently
observed within the fault gouge. Slickensides and SC structures indicate complex reverse and strike-slip kine-
matics consistent with an overall transpressional regime for the fault zone. Strong partitioning of a reverse
and strike-slip component on different surfaces within the fault zone is suggested by the study of magnetic
fabrics (Marcén et al., 2018). Negative tectonic inversion during the Oligocene-Miocene extension affected
the easternmost part of the fault zone. At Site 2 (Ribes Blaves), several hundred meters of fault gouge are
found with strong similarities to Site 1. A subvertical, E-W foliation is present, oblique to the trace of the
main fault, and kinematic indicators constrain sinistral displacement (LA74, Figure 2b). Finally, at the wes-
ternmost site (Site 3; La Pobla de Claramunt) the gouge of the fault core (sample LA76) indicates reactivation
during thrusting along a fault surface with a WNW-ESE strike that juxtaposes Triassic and Paleozoic rocks in
the hanging wall against Paleogene rocks in the footwall. The fault zone is here much thinner than at the
other sampled sites (less than 50 m), probably because it is cut by the more recent thrusting. A subhorizontal
foliation, parallel to the thrust plane, is dominant in the fault rocks (Figure 2c). More detailed outcrop
descriptions can be found in Marcén et al. (2018).

4.1.2. Rio Grio Fault

In the case of the Rio Grio Fault, the sampled fault core at the Los Abuelos site (Site 4, Figure 2d; Figure 1c for
location) is characterized by a NE-dipping, NW-SE striking, gently anastomosed fault array where displace-
ment and deformation are distributed and partitioned into several fault strands. The core of each of these
fault strands is defined by black and red clay-rich gouges formed at the expenses of Ordovician (LA77 and
RG90) and Triassic (LA78) host rocks, respectively, and frequently mixed in the same fault gouge sample
(Figure 2e). These fault cores are flanked by brecciated volumes containing metric to decametric blocks of
quartzite. Fault rocks are generally foliated, with foliation planes dipping vertically to subvertically.
Moderately plunging folds in the slivers of Paleozoic and Triassic rocks entrained along the fault are likely
the expression of the transpressional deformation accommodated by the fault during the Cenozoic. The
Santa Cruz de Grio site (Site 5) also displays an anastomosed fault zone architecture similar to that of the
Los Abuelos site. Kinematic indicators (mainly SC structures and vertical asymmetrically arranged folia-
tions) are compatible with a dextral strike-slip movement of the fault. The fault core sampled there is derived
from Ordovician black shales and Triassic red beds, and well documents by means of SC fabrics the overall
dextral kinematics (LA82, Figure 2f). Finally, the fault core at the northernmost site (Nigtiella, Site 6) dis-
plays a subvertical south-dipping foliation developed in red and white gouge derived from Triassic host rocks
(LAS83, Figure 2g). In this case, the fault rocks are unconformably overlain by horizontal, Pliocene to
Quaternary piedmont deposits. The thin, clayey core of the fault is surrounded by a fine-grained breccia that
separates the Triassic dolostones in the southern block of the fault from Triassic red beds in its
northern block.

4.2. X-ray Diffraction Analysis

The results of X-ray semiquantitative analysis of the clay gouges for the Valles-Penedes and Rio Grio Faults
are shown in Figures 3 and 4 and Tables 1 and 2.

4.2.1. Vallés-Penedeés Fault

Subfractions from the Vallés-Penedés Fault are derived from gouges (LA73, LA74, LA76, and FV11) formed
at the expense of Ordovician rocks. The whole-rock composition of the former gouges is characterized by
chlorite as the major constituent of the coarse fractions (2-6 and 6-10 um) with contents ranging from
27% to 66% (Figure 3, Table 1). K-bearing minerals in these grain size fractions are illite/muscovite-2M; with
contents between 15% and 33% and K-feldspar not exceeding 4%. Na-plagioclase and kaolinite <3% occur in
the coarse fractions whereas calcite is only sporadically found in sample LA76. Large variations of quartz
content in the studied samples (from 1% to 53%) are related to the strong fragmentation of the highly hetero-
geneous quartz rods and fragments that are present in the rock fault matrix (Figure 2a).

The general and progressive decrease of chlorite, quartz, and illite/muscovite-2M; contents in the finer grain
size fractions (<0.1, 0.1-0.4, and 0.4-2 um; see Figure 3) is compensated by the neoformation of illite-1My4
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Figure 2. Outcrop photos of the Vallés-Penedes (a—c) and Rio Grio (d-g) Faults. (a) Valles-Penedés Fault (Els Blaus, Site 1; see Figure 1b for location) with a thick-
foliated gouge containing centimeter- to meter-scale quartz rods and fragments. (b) Thin section of the Paleozoic rocks in the Rives Blaves outcrop (Site 2) showing
sinistral SC structures. (c) Valles-Penedes Fault in the La Pobla de Claramunt (Site 3) showing the juxtaposition of Paleozoic rocks above Paleogene rocks. (d)
Architecture of the Rio Grio Fault at Los Abuelos (Site 4), close to Tobed village (see Figure 1c for location). (e) Close-up of the Rio Grio fault core with sampling
location. (f) Thin section microphotograph of the Rio Grio Fault core at Santa Cruz de Grio (Site 5) showing dextral SC structures. (g) Fault architecture at
Nigiiella (Site 6; see Figure 1c for location) showing red and white gouges derived from Triassic host rocks unconformably overlain by Pliocene to Quaternary
conglomerates.
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Figure 3. X-ray semiquantitative analysis of clay gouges for the Valles-Penedes Fault. Samples LA73 and FV11 are from the Els Blaus outcrop (Site 1); LA74 is from
the Rives Blaves outcrop (Site 2), and LA76 from the La Pobla de Claramunt sector (Site 3; see Figure 1b for location).

and smectite. Illite-1My and smectite are the dominant clay minerals in the <0.1 um fractions forming at
least 50% of the whole-rock mineralogical assemblage (Figure 3, Table 1).

4.2.2. Rio Grio Fault

X-ray diffraction analyses for gouges derived from brittle deformation of Triassic (LA78 and LA83) and
Ordovician (LA77, LA82, and RG90) rocks from the Rio Grio Fault are shown in Figure 4 and Table 2.
The mineralogical assemblage of LA78 and LA83 gouges in the 2-6 and 6-10 um grain size fractions is
mainly defined by quartz, illite/muscovite-2M;, and kaolinite, whose contents vary between 85% and 95%
of the overall composition. Low K-feldspar (<3%), hematite (<3%), and chlorite (<6%) contents have also
been documented in the coarse fractions. Mixed layers I-S occur only in sample LA83 with contents lower
than 3%.

Quartz and kaolinite become progressively less abundant in the finer fractions (<0.1, 0.1-0.4, and 0.4-2 pm)
where a general increase of illite-1My4 and long range ordered (R3) mixed layers I-S is instead observed from
7% to 62% and from 7% to 26%, respectively. Illite-1My and illite/muscovite-2M; are the dominant clay
minerals in the <0.1 um fraction constituting at least 69% of the whole-rock mineralogical assemblage. No
other K-bearing minerals were observed in this fraction.

Undeformed rocks were collected 0.8-3 km far away from the fault in the Lower Triassic pelitic red beds of
the Iberian Basin to compare and contrast the levels of thermal maturity due to sedimentary burial and fault-
ing. X-ray diffraction patterns for randomly oriented whole-rock powders display a mineralogical assem-
blage characterized by phyllosilicate minerals with contents between 71% and 78% and subordinate
amounts of quartz (10-18%), hematite (9%), and dolomite (<6%; Table 3). Traces of gypsum have been locally
observed. In the oriented patterns of the <2 um grain size fraction, illite is the major clay mineral with con-
tents between 76% and 91% followed by mixed layers I-S (6-20%) and kaolinite (3-6%). Mixed layers I-S are
long range ordered structures (R3) with an illite content of 87% indicating thermal maturity consistent with
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Figure 4. X-ray semiquantitative analysis of clay gouges for the Rio Grio Fault. Samples LA77, LA78, and RG90 are from the Los Abuelos outcrops (Site 4), LA82 is
from Santa Cruz de Grio (Site 5), and LA83 from the Nigiiella outcrops (Site 6; see Figure 1c for site location).

late diagenetic conditions and shallow burial depths (Aldega et al., 2007). The occurrence of low expandable
mixed layers I-S with similar stacking order and illite layers in the fault rocks subfractions suggests that
brittle deformation occurred at depths (and temperature) similar to those recorded by the undeformed rocks.

LA77, LA82, and RG90 gouges formed by brittle deformation at the expense of Ordovician rocks are mainly
characterized by quartz and illite/muscovite-2M; with contents >90% in the coarse subfractions, by variable
amounts of kaolinite (up to 46%) and by subordinate contents of K-feldspar (<6%) and hematite (2%). In the
finer fractions, illite-1M4 and illite/muscovite-2M; are the dominant clay minerals followed by low amounts
of mixed layers I-S, smectite, and kaolinite (Figure 4).

4.3. K-Ar Geochronology

4.3.1. Vallés-Penedés Fault

Five clay size fractions were analyzed with K-Ar geochronology for each of the four samples dated in this
study (Table 4 and Figure 5a). Almost invariably there is a direct grain size-age correlation, wherein the coar-
ser the dated grain size fraction, the older the age (Figure 5a). For sample LA73, the <0.1 um fraction yields a
date of 104.5 + 1.3 Ma, the 0.1-0.4 um fraction a date of 164.4 + 2.0 Ma, the 0.4-2 pum fraction a date of 216.3
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Table 1
Whole-Rock Composition of Various Grain Size Fractions for Gouges of the Vallés-Penedés Fault

Whole-rock composition (wt%)

Sample ID Qtz Ab Kfs Cal 1-2M; I-1Mg4 Sm Chl Kin
LA73_6-10 2 — 2 — 27 — — 66 3
LA73_2-6 1 — 2 — 33 — — 61 3
LA73_0.4-2 — — 3 — 25 19 — 50 3
LA73_0.1-04 — — 1 — 25 37 2 35 —
LA73_<0.1 — — 1 — 13 58 6 22 —
LA74_6-10 34 1 2 — 16 — — 46 1
LA74_2-6 29 2 2 = 18 - = 48 1
LA74_0.4-2 6 — 3 — 31 12 2 44 2
LA74_0.1-0.4 1 — 2 — 39 19 3 34 2
LA74_<0.1 = = 1 = 20 63 7 8 1
LA76_6-10 14 2 2 1 26 = 5 50

LA76_2-6 11 2 3 1 29 — 7 47 —
LA76_0.4-2 3 1 3 — 27 10 20 36 —
LA76_0.1-0.4 — — 1 — 19 10 35 35 —
FV11_6-10 53 — 3 — 15 — — 27 2
FV11_2-6 38 — 4 — 22 — — 33 3
FV11_0.4-2 8 — 4 — 30 6 — 49 3
FV11_0.1-0.4 — — — — 40 19 3 36 2
FV11_<0.1 — — — — 32 44 6 17 1

Note. Ab = albite; Cal = calcite; Chl = chlorite; I-1Mq4 = illite-1Mg; I-2M; = illite-2M; Kfs = K-feldspar; KIn = kaolinite; Qtz =
quartz; Sm = smectite.

Table 2
Whole-Rock Composition of Various Grain Size Fractions for Gouges of the Rio Grio Fault

Whole-rock composition (wt%)

Sample ID Qtz Kfs Hem I-2M; I-1My4 I-S Sm Chl Kin
LA77_6-10 60 1 — 31 — — — — 8
LA77_2-6 52 1 — 38 — — — = 9
LA77_0.4-2 19 1 — 53 15 — — — 12
LA77_0.1-0.4 = = 41 41 3 9 — 6
LA77_<0.1 — — — 20 59 7 7 — 7
LA78_6-10 43 2 3 24 = = = = 28
LA78 2-6 32 2 3 32 — — — — 31
LA78_0.4-2 20 2 1 26 10 — 3 — 38
LA78_0.1-0.4 1 1 27 39 7 6 — 17
LA78_<0.1 1 1 — 19 62 10 4 — 3
LA82_6-10 28 4 2 66 — — — — —
LA82_2-6 16 4 2 78 — — — — —
LA82 0.4-2 — 6 2 50 42 — — — —
LA82_0.1-0.4 — 1 1 37 61 — — — —
LA82_<0.1 — — 1 25 74 — — — —
LA83_6-10 68 3 3 19 — tr — 6 1
LAS83_2-6 68 3 3 16 — 3 — 6 1
LA83_0.4-2 28 4 2 32 7 14 — 9 4
LA83_0.1-0.4 4 2 2 42 24 20 — 2 4
LA83_<0.1 2 1 — 34 35 26 — 1 1
RG90_6-10 29 2 tr 22 = = = 1 46
RG90_2-6 35 2 tr 20 — — — 1 42
RG90_0.4-2 3 2 4 25 17 9 — 5 35
RG90_0.1-0.4 — 1 4 36 36 13 — 1 9
RG90_<0.1 = 1 = 30 54 13 — — 2

Note. Chl = chlorite; Hem = hematite; I-1Mq = illite-1My; I-2M; = illite-2M;; I-S = mixed layers illite-smectite; Kfs = K-feld-
spar; Kln = kaolinite; tr = traces (<1%); Qtz = quartz; Sm = smectite.
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Table 3
Whole-Rock Composition and X-ray Diffraction Analysis of the <2 um Grain Size Fraction for the Undeformed Triassic Rocks Exposed in the Iberian Basin

Whole-rock composition (wt%) <2 pm grain size fraction (wt%)

Sample %l
ID Age Qtz Cal Dol Phy Gy Hem 1 I-S C-S Kin R in I-S
GT1 Triassic 18 — — 73 tr 9 91 6 — 3 3 87
GT3 Triassic 14 — 6 71 tr 9 86 8 — 6 3 87
GT4 Triassic 10 — 3 78 — 9 76 20 — 4 3 87
GT5 Triassic 1 1 1 87 1 9 47 3 41 9 3 87

Note. %1 in I-S = illite content in mixed layers illite-smectite; Cal = calcite; C-S = mixed layers chlorite-smectite; Dol = dolomite; Gy = gypsum; Hem = hematite; I
= illite; I-S = mixed layers illite-smectite; Phy = phyllosilicates; Qtz = quartz; R = I-S stacking order; tr = stands for traces (<1%).

Table 4

K-Ar Data for the Vallés-Penedés Fault

+ 2.6 Ma, the 2-6 um fraction a date of 274.5 + 2.6 Ma, and, finally, the 6-10 pm split a date of 283.8 + 3.7 Ma.
Sample LA74 yielded K-Ar dates of 195.5 + 2.7 Ma, 250.5 + 3.1 Ma, 292.5 + 3.7 Ma, 318.5 + 4.5 Ma, and 314.3
+ 4.7 Ma for the <0.1, 0.1-0.4, 0.4-2, 2-6, and 6-10 um splits, respectively. Sample LA76 yielded identical
dates to LA74 within error, with 197.9 + 4.1 Ma, 254.1 + 3.4 Ma, 295.5 + 3.8 Ma, 317.2 + 4.2 Ma, and
318.1 + 4.4 Ma for the <0.1, 0.1-0.4, 0.4-2, 2-6, and 6-10 um fractions, respectively.

Sample FV11 has a statistically identical K-Ar date for the finest <0.1 um fraction to LA73 (102.2 + 4.1 Ma),
whereas for all other fractions it yielded remarkably younger dates than the other three samples (145.4 + 1.9
Ma, 178.6 + 2.3 Ma, 177.5 + 2.6 Ma, and 191.5 + 2.9 Ma, for the 0.1-0.4, 0.4-2, 2-6, and 6-10 um splits.

The effects of potential host rock contamination, especially in relatively low-temperature fault rocks formed
at the expense of sedimentary rocks and containing significant amounts of illite derived from the sedimen-
tary history of the faulted lithology, are generally assessed with the Illite Age Analysis (IAA) approach (e.g.,
Hunziker et al., 1986; Peaver, 1999). The IAA discriminates between the mostly detrital 2M; polytype
(which in turn might represent a mixture of authigenic high-temperature illite and cataclastic, synkinematic
muscovite) and a truly authigenic phase 1My formed during brittle faulting. To estimate the age and uncer-
tainty of authigenic/synkinematic illite-1My4 and detrital illite-2M;, we normalized to 100% the proportion of
illite-2M; and illite-1My determined by X-ray diffraction analysis plotting the data as apparent K-Ar date
versus percent of detrital illite, and linearly extrapolated to 0% and 100% illite-2M; (Figure 6a) by ordinary
least square regression. Although more sophisticated regression methods exist which account for the

Sample ID  Grain size fraction (um) K (wt %) Error (%) Mass rad. “OAr (mg) Rad. 4OAr (mol/g) Error (%) Rad. 4Opr (%) Age (Ma) Error (Ma)

LA73 <0.1 5.696 L2 3.114 1.062E-09 0.32 81.552 104.5 1.3
0.1-0.4 5.787 1.2 3.856 1.727E-09 0.31 90.501 164.4 2.0

0.4-2 5.799 1.2 4.166 2.311E-09 0.31 95.492 216.3 2.6

2-6 5.087 1.2 4.132 2.615E-09 0.31 98.569 274.5 3.5

6-10 4.737 1.3 3.032 2.525E-09 0.32 98.668 283.8 3.7

LA74 <0.1 5.565 1.3 4.774 1.993E-09 0.30 89.198 195.5 217
0.1-0.4 5.749 1.2 4.212 2.678E-09 0.31 94.418 250.5 3.1

0.4-2 5.236 112 3.492 2.883E-09 0.31 96.939 292.5 3.7

2-6 3.465 1.4 4.830 2.093E-09 0.30 98.355 318.5 4.5

6-10 2.730 1.5 2.874 1.625E-09 0.33 98.540 314.3 4.7

LA76 <0.1 3.531 2.1 5.346 1.280E-09 0.30 83.305 197.9 4.1
0.1-0.4 4.383 1.3 3.386 2.074E-09 0.32 92.695 254.1 3.4

0.4-2 4.807 1.3 5.130 2.679E-09 0.30 96.420 295.5 3.8

2-6 4.312 1.3 3.280 2.593E-09 0.32 98.010 317.2 4.2

6-10 3.680 1.3 2.802 2.220E-09 0.33 98.090 318.1 4.4

FV11 <0.1 5.027 117 3.672 9.167E-10 0.32 75.707 102.2 1.3
0.1-0.4 5.008 1.2 4.374 1.314E-09 0.31 85.490 145.4 1.9

0.4-2 4.475 1.3 4.150 1.457E-09 0.31 90.068 178.6 2.3

2-6 3.135 1.4 3.356 1.014E-09 0.32 90.920 177.5 2.6

6-10 2.420 1.5 5.176 8.475E-10 0.30 91.057 191.5 2.9
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Figure 5. K-Ar age versus grain size spectra for the Vallés-Penedes (a) and Rio Grio (b) Faults.

uncertainties on the individual data points (e.g., York et al., 2004), these assume a Gaussian distribution of
the uncertainty envelopes in both x and y coordinates which are likely not valid for the quantified X-ray dif-
fraction mineralogy proportions. By means of this ordinary least square regression, the age of the last slip
event recorded by LA73 is at 80 + 15 Ma, by LA74 at 157 + 18 Ma, by LA76 at 169 + 42 Ma, and, finally,
by FV11 at 47 + 18 Ma. Differences between the extrapolated results for the 100% authigenic/synkinematic
illite-1M4 and the K-Ar date of the finest <0.1 um fractions confirm that even the finest separates yield
mixed K-Ar dates that have to be considered as maximum ages of faulting. The IAA age of the illite-2M;
polytype recorded by LA73 is at 284 + 10 Ma, by LA74 at 318 + 9 Ma, by LA76 at 320 + 11 Ma, and, finally,
by FV11 at 190 + 7 Ma. The illite-2M; polytype cannot be considered a detrital contamination from the host
rocks because the IAA ages are younger than the depositional age of the host rock (Ordovician), and there-
fore they may record the first (oldest) slip event.

4.3.2. Rio Grio Fault

For the Rio Grio Fault it was also possible to date five fractions for each of the studied samples thus generat-
ing a significant database. Results are shown in Table 5 and illustrated in Figure 5b.

As for the Vallés-Penedés Fault, there is a clear direct grain size-age correlation, with ages becoming progres-
sively younger with decreasing grain size (Figure 5b). For sample LA77, the <0.1 pm fraction yields a K-Ar
date of 112.6 + 1.3 Ma, the 0.1-0.4 um fraction a date of 156.0 + 1.8 Ma, the 0.4-2 um fraction a date of 205.7
+ 2.4 Ma, the 2-6 um fraction a date of 263.6 + 3.3 Ma, and, finally, the 6-10 um split a date of 269.4 + 3.5 Ma.

K-Ar age (Ma)

0 20 40 60 80 100
2M1/2M1+1Md 2M1/2M1+1Md

Figure 6. Illite age analysis for the clay gouges of the Valles-Penedes (a) and Rio Grio (b) Faults. To estimate the ages of the authigenic illite-1My end-member,
which correspond to the last faulting event recorded by the illite, we plotted K-Ar ages versus percentage of illite-2M; (normalized to 100%) and linearly
extrapolate to 0% illite-2M;. K-Ar ages extrapolated to 100% illite-2M; correspond to the age of the oldest faulting event or represent a detrital component from

the host rock (see text).
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Table 5

K-Ar Data for the Rio Grio Fault

Sample ID  Grain size fraction (pm)

K (wt %) Error (%) Massrad. 4OAr (mg) Rad. 4OAr (mol/g) Error (%) Rad. 4OAr (%) Age (Ma) Error (Ma)

LA77

LA78

LAS82

LAS83

RG90

<0.1
0.1-0.4
0.4-2
2-6
6-10
<0.1
0.1-0.4
0.4-2
2-6
6-10
<0.1
0.1-0.4
0.4-2
2-6
6-10
<0.1
0.1-0.4
0.4-2
2-6
6-10
<0.1
0.1-0.4
0.4-2
2-6
6-10

6.640 1.1 7.126 1.338E-09 0.30 88.681 112.6 1.3
6.437 1.1 7.964 1.819E-09 0.30 92.482 156.0 1.8
6.448 1.2 4.820 2.436E-09 0.30 96.352 205.7 2.4
5.179 117 4.128 2.549E-09 0.31 98.299 263.6 33
4.520 1.3 8.530 2.277E-09 0.30 98.331 269.4 3.5
6.082 1.2 3.520 9.817E-10 0.32 88.896 90.8 1.1
5.993 1.2 4.114 1.775E-09 0.31 92.573 163.2 2.0
5.170 L2 4.308 2.200E-09 0.31 96.551 230.2 249
4.870 1.3 3.696 2.445E-09 0.31 98.017 268.5 3.5
4.149 1.3 2.468 3.148E-09 0.33 98.113 391.8 5.3
7.215 1.1 2.516 1.404E-09 0.34 95.071 108.9 1.3
7.157 1.1 5.234 1.642E-09 0.30 96.563 127.7 1L
7.133 1.1 2.748 2.121E-09 0.33 97.777 163.8 1.9
6.275 1.2 4.008 2.567E-09 0.31 98.883 221157 207/
5.828 1.2 5.020 2.461E-09 0.30 98.414 228.5 2.8
6.315 1.2 3.568 1.561E-09 0.31 90.887 137.3 1.6
6.207 1.2 4.500 1.875E-09 0.31 95.033 166.3 2.0
5.887 12 5.384 2.158E-09 0.30 97.100 199.9 24
4.417 1.3 5.978 1.912E-09 0.30 98.757 233.8 3.1
4.557 1.3 5.746 2.007E-09 0.30 98.598 237.7 3.1
5.820 12 4.380 1.910E-09 0.31 79.356 180.0 282
5.760 12 4.930 2.166E-09 0.30 86.711 204.8 2.5
5.385 1.2 5.940 2.293E-09 0.30 91.677 230.2 2.9
3.570 1.4 7.412 1.653E-09 0.30 90.802 249.1 3.5
3.916 1.3 3.680 1.786E-09 0.31 91.265 245.6 33

Sample LA78 yielded K-Ar dates 0of 90.8 + 1.1 Ma, 163.2 + 2.0 Ma, 230.2 + 2.9 Ma, 268.5 + 3.5 Ma, and 391.8 +
5.3 Ma for the <0.1, 0.1-0.4, 0.4-2, 2-6, and 6-10 pum splits, respectively. Sample LA82 yielded K-Ar dates of
108.9 + 1.3 Ma, 127.7 + 1.5 Ma, 163.8 + 1.9 Ma, 221.7 + 2.7 Ma, and 228.5 + 2.8 Ma for the <0.1, 0.1-0.4, 0.4—
2, 2-6, and 6-10 um fractions, respectively. The finest fraction of LA83 yielded a date of 137.3 + 1.6 Ma,
whereas dates of 166.3 + 2.0 Ma, 199.9 + 2.4 Ma, 233.8 + 3.1 Ma, and 237.7 + 3.1 Ma were obtained from
the 0.1-0.4, 0.4-2, 2-6, and 6-10 um splits, respectively. Finally, sample RG90 yielded K-Ar dates of 180.0
+ 2.2 Ma, 204.8 + 2.5 Ma, 230.2 + 2.9 Ma, 249.1 + 3.5 Ma, and 245.6 + 3.3 Ma from the finest to the
coarsest fractions.

The TAA regression analyses yield 100% authigenic/synkinematic illite-1M, ages of 55 + 10 Ma for LA77, 55
+ 23 Ma for LA78, 72 + 6 Ma for LA82, 42 + 3 Ma for LA83, and, finally, 158 + 15 Ma for RG90 (Figure 6b).

The age of the regressed illite-2M; polytype recorded by LA77 is at 262 + 5 Ma, by LA78 at 280 + 18 Ma, by
LA82 at 226 + 4 Ma, by LA83 at 236 + 1 Ma, and, finally, by RG90 at 251 + 8 Ma (Figure 6b). The illite-2M;
polytype represents a detrital contamination from the host rocks for samples LA78 and LA83 and an authi-
genic/synkinematic phase for samples LA77, LA82, and RG90 as IAA ages are older and younger than the
depositional age of the host rock, respectively.

5. Discussion

5.1. Multiple Fault Reactivation Episodes Since Post-Variscan Time and Implications for the
Iberian Plate Evolution

There is a growing consensus that the K-Ar dates of the <0.1 um (or finer) illite fraction from a fault gouge
most closely match the timing of the last episode of deformation recorded by the fault rock through the
growth of synkinematic and authigenic illite (e.g., Boles et al., 2018; Rahl et al., 2011; Solum et al., 2005;
Viola et al., 2016).

The polytype of the newly formed illite reflects mostly the thermal boundary conditions, with 1My being
representative of lower-temperature and 2M; of higher-temperature conditions (e.g., Torgersen et al.,
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2014). The age of the coarsest fractions can instead be interpreted as an inherited contribution to the fault
rock from the host rock, or alternatively and under certain conditions, it may also record an earlier
deformation or thermal event (Scheiber & Viola, 2018; Torgersen et al., 2014; Viola et al., 2013, 2016,
2018). The coarsest fractions are thus in general predominantly characterized by mica or illite-2M; derived
from a previous cooling history of the rock or from an earlier faulting or fluid flow/alteration episode. The
ages of the intermediate size fractions are more difficult to interpret as they represent mixing between
these two end-members.

The plots of age versus grain size (Peaver, 1999) of Figures 5a and 5b are characterized by the presence of
some (sub)plateaus (i.e., where the ages of at least two fractions are the same or very similar within error)
at either the lower and higher ends of the mixing lines defining the spectra. This is an intermediate situation
toward a flat age spectrum wherein all grain size fractions yield the same age (e.g., Torgersen et al., 2015; see
also Viola et al., 2016). However, this is a rare scenario for illite from brittle fault rocks, and when illite syn-
kinematic authigenesis can be documented, it argues for a very significant authigenesis during faulting such
that illite of the same age can grow in all of the separated and dated grain size fractions, up to 10 um. In multi-
grain size fraction analysis of brittle fault rocks, the K-Ar date of the finest fraction is thus considered to be
the closest to the age of the last recorded faulting episode, when synkinematic illite growth is instead limited
to the finest fraction. Even for the latter, however, the date of the finest fraction might still be “mixed,” that
is, it still partially reflects the isotopic contribution of K-bearing phases that are not synkinematic but are
simply reworked from the host into the fault rock during cataclastic deformation.

The IAA approach can be of significant help in discriminating the net contribution to the final age of the frac-
tion of authigenic/synkinematic illite and of that derived from the earlier rock history (which can also be that
of an earlier faulting episode). All samples analyzed in this study permitted calculating the IAA, allowing us
to extrapolate “ideal” fully authigenic/synkinematic illite-1M4 and illite-2M; ages. In the following, we ana-
lyze the IAA results and propose interpretative scenarios capable of assigning our results to geologically
meaningful tectonic events.

The illite-2M; IAA ages in the plots of Figures 6a and 6b indicate two main events of illite/muscovite forma-
tion during the Carboniferous and Permian for the Vallés-Penedés Fault and during the Late Permian and
Late Triassic for the Rio Grio Fault. Only the illite-2M; IAA age from sample FV11 indicates an Early
Jurassic crystallization event. The illite/muscovite-2M; of the coarse fractions cannot be considered as a det-
rital contribution to the fault rock from the host rock as their K-Ar dates are younger than the depositional
age of the host rock themselves. Therefore, the illite populations in the coarse grain size fractions for both
faults crystallized authigenically/synkinematically during episodes of regional deformation or fluid flow.

Following the Variscan orogeny, an important period of magmatism related to the subduction of oceanic
crust took place in the Catalan Costal Range (Solé et al., 1998). The intrusion of large plutonic bodies and
related hypabyssal dykes caused contact metamorphism up to pyroxene-hornfels facies conditions at the
end of Carboniferous or during the Permian (Solé et al., 1998). The Valles-Penedés Fault likely played a role
at that time, possibly accommodating isostatic instabilities induced by the emplacement of the magmatic
bodies (Figure 7). Evidence of extensional tectonic activity might be recorded by the 2M;-IAA age of the
coarse fractions that indicate a short time deformation interval (320 + 11-318 + 9 Ma, Figure 7). After this
tectonic episode associated with Late Variscan magmatism, a second reactivation took place during the
Permian as indicated by the 2M;-IAA age of 284 + 10 Ma (Figures 6a and 7) that coincides with the main
stage of Variscan post-orogenic extensional faulting (Lago et al., 2004a, b) and the onset of cooling of the
Catalan Coastal batholith dated by biotite K-Ar ages to 284 + 4 Ma (Solé et al., 1998). Illite/muscovite-2M;
TAA ages from the Rio Grio Fault (262 + 5, 251 + 8, and 226 + 4 Ma) allow us to propose a longer
post-orogenic Variscan evolution for the Iberian Plate than previously assumed. Extensional deformation
would extend through Late Triassic times, suggesting a continuity between Permian tectonics/magmatism,
where strike-slip faulting played a relevant role (Cantarelli et al., 2013) and Triassic extension/magmatism
(Figures 6b and 7; Pocovi et al., 1990).

Evidence of Early Jurassic extensional tectonic activity of the Valles-Penedes Fault might be recorded by the
190 + 7 Ma 2M;-IAA age (Figure 7), which can be linked to the broader Latest Triassic-Early Jurassic ther-
motectonic event related to the opening of the Central Atlantic Rift. This event has been constrained by geo-
logical evidence in the Catalan Coastal Range, where mafic intrusions, volcanic rocks, and widespread
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Figure 7. Polyphase activity of the Vallés-Penedés and Rio Grio Faults as constrained by the interpretation of our new K-Ar dates and their comparison with pre-
vious K-Ar and low-temperature thermochronological data. (1) Post-orogenic extensional faulting associated with Late Variscan magmatism; (2) opening of the
Central Atlantic Rift; (3) extensional/transtensional faulting that led to the development of Mesozoic Basins in northern Iberia; (4) final stage of Iberian Plate
rotation and accommodation of compressional pulses; (5) positive inversion of Mesozoic extensional basins in response to far-field stresses of the Alpine orogeny.
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hydrothermal activity occurred at that time and by 200-203 + 4 Ma K-Ar ages from authigenic illites in the
Iberian Chain, which, taken together, are indicative of significant extensional tectonics and volcanism
(Marfil et al., 1996).

Other thermochronological studies throughout the Iberian Peninsula support the obtained illite/muscovite-
2M; IAA age. Montigny et al. (1983), for example, studied ophiolites and lavas associated with Triassic
sediments in the Pyrenees obtaining K-Ar ages of 195 + 8 and 197 + 7 Ma, and 210 + 6 and 215 + 7 Ma
respectively. “°Ar/*°Ar dating and paleomagnetic data of tholeiitic basalts and volcanic dykes from Iberia
and other sectors of the Central Atlantic magmatic province indicate that magmatism associated with the
opening of the Central Atlantic Rift was most intense at about 200 Ma (Sebai et al., 1991).

The authigenic/synkinematic 1Mg4-IAA ages in the plots of Figures 6a and 6b indicate that illite-1M4 formed
during three younger thermotectonic events that can be interpreted as the result of multiple fault reactiva-
tion episodes since the Middle-Late Jurassic for both the Valles-Penedes and Rio Grio Faults (Figure 7).
These ages and their interpretation are supported by the known Mesozoic-Cenozoic evolution of local intra-
plate basins of the Iberian Plate, which are excellent markers of the large-scale tectonic events of that time in
the Iberian Plate (e.g., Bally, 1982; Figure 8a).

The oldest event of formation of illite-1My, spanning from Bajocian to earliest Kimmeridgian (169-157 Ma;
Figures 6a, 6b, and 7), coincides with the beginning of a major phase of rifting in northern Iberia, related to
the opening of the western Tethys and the Central Atlantic Ocean, which caused left-lateral movement of the
Iberian Plate relative to Eurasia (Jammes et al., 2010; Salas et al., 2001). Transtensional deformation progres-
sively affected the Iberian Plate, developing distinct extensional systems. Associated crustal thinning dimin-
ished from the Pyrenean-Basque-Cantabrian domains to the Central Iberian extensional system (Tugend
et al., 2015). In this context, this episode of faulting led to the initial development of Mesozoic extensional/-
transtensional basins (e.g., Cameros Basin) which host more than 5-km thick sedimentary sequences
(Figure 8a). The timing of this faulting event is consistent with the neoformation of hairy illites in
Permian-Triassic red sandstones of the Iberian Chain as a consequence of significant extensional tectonics
and fluid circulation that yielded similar K-Ar ages 153.8 + 3.4 and 168.8 + 3.8 Ma (Marfil et al., 1996).

A second episode of nucleation of illite-1M, occurred in the Campanian (80-72 Ma; Figures 6a and 6b) and
can be explained within the framework of the rotation of the Iberian Plate. The opening of the North Atlantic
during Aptian-Cenomanian times caused 35° anticlockwise rotation of the Iberian Plate with respect to
Eurasia (Ziegler et al., 2001). Rotation slowed down during the Latest Cretaceous as a result of the ensuing
collision within the context of the Alpine orogeny. The Campanian age suggests fault reactivation in both the
Iberian Chain and Catalan Coastal Range as a response to the final stage of plate rotation and the accommo-
dation of the first Pyrenean compressional pulses. The Late Cretaceous tectonics of the Vallés-Penedés Fault
is difficult to recognize in the field due to the lack of good outcrops of Cretaceous deposits. The fault zone
roughly delimits a southern zone where Mesozoic (Triassic, Jurassic, and, to a lesser extent, Lower
Cretaceous) rocks overlie the Paleozoic sediments and igneous rocks, from a northern domain where only
Paleozoic low-grade metasediments and Late Variscan granitoids are exposed (Marin et al., 2008; Roca,
1994). The Rio Grio Fault neither shows evidence of activity during this period of time, because most sedi-
ments of Late Cretaceous age crop out south and west of the studied area. Only some indirect constraints,
such as particular fracture patterns (Maestro, 1999) and thickness changes of Cretaceous rocks (Soria de
Miguel, 1997), can account for fault activity at that time.

The last documented episode of crystallization of illite-1M4 occurred in the Eocene (approximately 47 Ma for
the Vallés-Penedés Fault and between 42 and 55 Ma for the Rio Grio Fault) and can be interpreted as due
to the far-field stresses of the Alpine orogeny. Intraplate compressional stresses inverted Mesozoic exten-
sional basins in the Iberian Plate during the Paleogene, leading to the development of the Pyrenees, the
Iberian Chain, the Spanish Central System, and the Catalan Coastal Range (Casas-Sainz & Faccenna,
2001; Fernandez-Lozano et al., 2011; Guimera & Alvaro, 1990). The Rio Grio Fault played a major role dur-
ing that time, with important transpression documented by the present-day geometry of the Cameros Basin,
where Cenozoic compressional structures strike E-W to NW-SE and the footwall of the main thrust consists of
up to 4 km thick Eocene molasse of the Ebro Basin (Mufoz-Jiménez & Casas-Sainz, 1997). Furthermore, the
reactivation of the Rio Grio Fault during the Eocene is supported by a 40 + 5 Ma K-Ar illite date (Mantilla
Figueroa et al., 2002) and by apatite (U-Th)/He and fission-track data indicating that the main part of the
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Figure 8. (a) Sedimentary basins and structures in northern Iberia. Rio Grio Fault, Vallés-Penedés Fault, Iberian, Catalan, Basque-Cantabrian, and Pyrenean
Basins. (b) Interpretation of the Cameros Basin within the frame of northern Iberia and main structures active during basin formation (probably the Rio Grio Fault).

Cameros Basin was exhumed at 40 Ma (Del Rio et al., 2009). The crystallization of illite-1Mg4 in the clay gouge
of the Vallés-Penedes Fault at about 47 Ma is coeval to the exhumation of a few Variscan granitoids in the
Catalan Coastal Range that provided a time interval of 40-48 Ma based on low-temperature
thermochronological data (Juez-Larré & Andriessen, 2006). According to these data, there is no clear
evidence for diachronous exhumation between the eastern and central parts of the Iberian Peninsula.

5.2. Evidence of Mesozoic Strike-Slip Faulting in Iberia and Switch From Transtensional to
Transpressional Regime

The Rio Grio Fault can be directly related to the evolution of the Cameros Basin because the multiple move-
ments of the fault fit well temporally important stages of the basin evolution, such as, for example, the
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Jurassic-Early Cretaceous rifting, the final stage of the anticlockwise rotation of the Iberian Plate, and the
accommodation of compressional pulses that led to the positive inversion of the basin (Figure 7). Sinistral
movements along the Rio Grio Fault during the Late Cretaceous could represent the response of the plate
interior to the anticlockwise rotation of Iberia, within an overall change of the faulting regime from transten-
sion to transpression, as documented in other basins of the northern plate margin (Figure 8a).

Cleavage and low-grade metamorphism in the Cameros Basin have been documented by chloritoid forma-
tion, remagnetization (Casas et al., 2009; Garcia-Lasanta et al., 2017; Villalain et al., 2003), thermal maturity
of organic matter (Omodeo-Salé et al., 2017), fluid inclusions (Mata et al., 2001), mineralogy (Gonzalez-
Acebron et al., 2011; Mata et al., 2001), and fission-track data (Del Rio, 2009; Rat et al., 2019). The absolute
dating of the thermal metamorphic peak by “°Ar/**Ar dating of illite (Goldberg et al., 1988) and K-Ar ana-
lysis of illite (Casquet et al., 1992) indicates an age ranging between 86 and 108 Ma. The Albian-Coniacian
thermal event, evidenced by a plethora of organic and inorganic thermal and thermochronological indica-
tors, has not been recorded by K-Ar dating of fault gouge indicating that metamorphism postdates the main
extensional/transtensional activity of the Rio Grio Fault.

The abnormally high-thermal gradient found in the Cameros Basin is thus consistent with a pull-apart basin
geometry with master faults that would be striking NW-SE, the Rio Grio Fault being the northeastern and
the Ventaniella-Demanda Fault (Colchen, 1974; Lepvrier & Martinez-Garcia, 1990; Marcos, 1979) the south-
western (Figure 8b). The scarcity of seismic data prevents us from unequivocally establishing the continuity
between the Ventaniella and Demanda fault systems under the Cenozoic fill of the Ebro basin. Nevertheless,
their similar strike and the alignment of their mapped traces after restoring the Cenozoic convergent move-
ment between the Southern Pyrenees and the Cameros-Demanda Massif, point to their initial physical
continuity, such that they can be assigned to a single fault system. Sinistral movement along the
Ventaniella-Demanda and Rio Grio Faults would form a tensional jog, thus providing the possibility of
strong subsidence and crustal thinning. Transtension could also steer the geometry of normal faults at the
northern basin border, the most active during the basinal stage (Casas et al., 2009; Villalain et al., 2003).
Within this tectonic frame, the early inversion interpreted from the sedimentary geometry of the basin filling
or foliation development (Soto, Casas-Sainz, et al., 2008) can be explained by a switch from transtension to
transpression following a small change of the movement vector of Iberia with respect to Eurasia, always
keeping a generalized sinistral displacement approximately parallel to the North Pyrenean transform (as
defined by Choukroune et al., 1973).

5.3. Implications for Long-Term Fault Activity and Reactivation

The first K-Ar dating of illite-bearing gouges in northern Iberia permits the following important
considerations:

1. The episodes of faulting of the studied long-lived faults are not easy to constrain and are more complicated
than previously thought and described in the literature (Casas-Sainz & Gil-imaz, 1998; Villalain et al.,
2003). Syn-tectonic sedimentation, biostratigraphy of continental deposits, hydrothermal mineraliza-
tions, and kinematic indicators may partly assist when unraveling the long-term evolution of fault zones
but may be insufficient for unraveling multiple reactivations and long slip histories. K-Ar dating of fault
gouges and illite polytype determinations proved to be a valuable tool for unraveling extremely complex
fault architectures and single out the key thermotectonic stages of intraplate brittle deformation. These
new absolute age constraints need to be considered for further tectonic and geodynamic reconstructions.

2. K-Ar dating of fault gouges is sensitive to P-T conditions at which brittle deformation occurs. The fault
rocks of the Rio Grio and Vallés-Penedés Faults did not yield K-Ar dates younger than the Eocene, even
though Alpine deformation is documented until the Late Miocene for some areas of the Iberian Chain
and the Middle Miocene for the Catalan Coastal Range. Sedimentological, structural, and low-tempera-
ture thermochronological studies for the latter range showed that rocks exposed nowadays were
deformed at a maximum depth of 3.6 km during the Paleogene compression at a temperature of 110 °C,
and they were at depths of about 2 km and temperatures lower than 60 °C prior to the Miocene extension
(Anadon et al., 1979; Cantarero et al., 2014; Juez-Larré & Andriessen, 2006). This may suggest that Late
Oligocene-Miocene deformation in both chains occurred under shallower and/or cooler P-T conditions
than those prevailing during Mesozoic and Eocene times and/or the absence of physicochemical condi-
tions favorable to illite authigenic growth during brittle deformation.
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3. Reactivation of fault zones does not necessarily correspond to the timing of the highest temperature ther-
mal event. K-Ar dating of gouges from the Rio Grio Fault does not record the Albian-Coniacian thermal
peak in the Cameros Basin, indicating that metamorphism postdates the main extensional/transtensional
activity of the Rio Grio Fault. This stresses the need of a truly multidisciplinary study when aiming at
unraveling the details of complex and long lasting intraplate faulting.

6. Conclusions

K-Ar dating of illite from clay gouges of crustal-scale faults of NE Iberia sheds new light onto the polyphase
tectonic activity of the Rio Grio and Vallés-Penedés Faults, two major structures that played a significant role
in the development and subsequent shaping of Mesozoic and Cenozoic sedimentary basins of the Iberian
Plate. Illite/muscovite-2M; K-Ar ages indicated that faulting was coeval to Late Variscan hydrothermal
mineralizations and magmatism and suggest a longer Variscan post-orogenic evolution for the Iberian
Plate than thought earlier, extending the period of extensional tectonics until the Late Triassic, as, for exam-
ple, the prolonged, discontinuous magmatic activity found by former authors seem to indicate.

Authigenic/synkinematic illite-1M4 dates indicate multiple fault reactivations in response to the known key
stages of the thermotectonic evolution of the Iberian Plate. Faults were reactivated during the Late Jurassic-
Early Cretaceous rifting that led to the development of Mesozoic extensional/transtensional basin in north-
ern Iberia, in Campanian time as a consequence of final stage of plate rotation, and during the compressional
pulses associated with the Alpine orogeny (Paleogene). The results obtained from these two well-constrained
examples of the Iberian Plate confirm that crustal-scale faults can indeed be reactivated under a variety of
tectonic contexts and that thermotectonic conditions characterized by high-geothermal gradients strongly
favor fault movement and neoformation of clay minerals in fault gouges, regardless of the prevailing tectonic
regime (compressional, extensional, or strike-slip).
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