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ABSTRACT

Structural inheritance is a key factor controlling the tectonic evolution of the central Catalan Coastal Ranges. Up
to two periods of tectonic inversion (one positive during the Paleogene and the other negative during the
Neogene) affected a previously well-developed Mesozoic extensional basin system and characterized the Ceno-
zoic evolution of the area. In this scenario, tectonic fault inversion is often observed along the Montmell-Valles
Fault System. Fault reactivation shows differences along strike from NE to SW and appears decoupled from
surface to depth due to its kinked-planar geometry and the change of fault dip from >60° to 30° in depth. The
ability of the Mesozoic faults to be reactivated appears also influenced by changes in the mechanical properties of
the inherited fault zone. Whereas the deeper and less dipping panels of the major faults are reactivated in the
entire zone (contractional during the Paleogene and extensional during the late Oligocene-Neogene), the upper
and highly dipping parts of the faults only show local reactivations. The observations indicate that fault dip, the
indirect role of hosting lithologies (granites and siliciclastic metasediments versus carbonate rocks) on fault
rocks, the indirect role of mineral precipitation and cementation product of fluid circulation, and the direct role
of the mechanical properties of the resulting fault rocks (gouge versus cemented breccias) significantly control
the fault reactivation. Upper crust low angle fault segments are easily reactivated during contractional defor-
mation but not during the extensional one. Conversely, the segments with a high-angle dip are more easily
reactivated during the extensional deformation but not during the contractional one. In the study area, this
resulted in the formation of footwall short-cuts developed during the Paleogene compression and extensional
short-cuts occurred during the Neogene extension. On the other hand, reactivation is effective in areas where
granites and siliciclastic metasediments characterize the host-rock, and non-cohesive fault gouge forms the pre-
existent fault core. Instead, fault reactivation appears restricted or even prevented where the host-rock includes
thick carbonate successions, and the pre-existent damage zone is formed by highly cemented and cohesive
breccias.

1. Introduction

Butler et al., 2006; Butler, 2017; Torabi et al., 2019; Fossen, 2020;
Lescoutre and Manatschal, 2020).

Structural inheritance is widely accepted as a major structural con-
trol during the development of rift basins and orogenic belts. Pre-
existing faults and basement heterogeneities constitute weakness
zones that influence the location, the reactivation, and the amplification
of later structures (i.e., during basin development or mountain building)
(Jackson, 1980; Cooper et al., 1989; Buchanan and Buchanan, 1995;

Tectonic inversion is observed in many basins and orogenic belts
worldwide [i.e., the North Sea (Hansen et al., 2021; Scisciani et al.,
2022), the Pyrenees (Buatier et al., 2012; Mencos et al., 2015), the Atlas
(Teixell et al., 2003; Vergés et al., 2017) or the Andes (Perez et al., 2016;
Ortiz et al., 2021)]. It is widely accepted that the geometry of the fault
exerts a major control on its potential reactivation (Bond and McClay,
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1995; Ferrer et al., 2016; Roma et al., 2018). Other factors such as the
relative orientation of the fault attitude to regional stresses (Amilibia
et al., 2005; Bonini et al., 2012; Zwaan et al., 2022), fluid overpressures
(Sibson, 2003; Peacock et al., 2016) or the mechanical strength of the
inherited fault core (Wang et al., 1980; Wintsch et al., 1995; Bailey et al.,
2005; Fossen, 2020) can also control fault reactivation. Among all these
factors this work focuses on the impact of mineralizations and cemen-
tations on the mechanical properties of fault zones, a subject that is still
poorly understood.

It is known that the type and characteristics of fault rocks control
fault displacement-propagation ratios (Ferrill and Morris, 2008; Ferrill
et al., 2011; Fossen, 2020). Likewise, the capacity of a fault to be reac-
tivated is highly controlled by changes in the mechanical properties of
the inherited fault zone, which essentially control the ability of the fault
to be reactivated due to weakening or strengthening of fault rocks (Wang
et al., 1980; Wintsch et al., 1995; Hausegger et al., 2010; Alder et al.,
2016). The precipitation of cements and minerals within fault zones has
frequently been described as a mechanism of increasing fault rock
strength shifting the failure envelope to higher values (Wintsch et al.,
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1995).

The structure of fault zones has been the subject of research over the
past decades. The role of cement precipitation in fault zones is an
increasingly important factor recognized as modifying fluid flow con-
duits, strengthening faults, and providing evidence of fault history
(Laubach et al., 2014). However, the extent of cement precipitation
within a fault zone to control fault reactivation is still uncertain. Fluid
flow through permeable or impermeable faults depends on its internal
structure (e.g., fault rocks and/or precipitation of minerals) as well as on
fault architecture and how the faults are arranged in three dimensions
(Aydin et al., 1998; Agosta and Aydin, 2006). Most of the crustal-scale
faults are organized into segments (Micklethwaite and Cox, 2004) and
the growth, propagation, and interaction of these segments lead to the
final architecture of the fault. The flow of fluids depends therefore on the
connection status between fault segments in every stage of growth and
the activity of the fault (Micklethwaite and Cox, 2004). The growth of a
fault and the organization of segments in three dimensions are strongly
controlled by horizontal discontinuities present in the stratigraphic re-
cord (Underwood et al., 2003; Soliva et al., 2005a, 2005b, 2006;
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Fig. 1. A) Schematic geological map of NE Iberia showing the three major structural units bounding the Ebro Basin: the Pyrenees to the North, the Iberian Range to
the SW, and the Catalan Coastal Ranges (CCR) to the SE. The trace of the Montmell-Valles Fault System (MVFS) is highlighted with a thick blue line. The limits of the
southern, central and northern domains of the CCR are indicated in orange (names and dashed-lines). Black squares indicate the location of Figs. 2, 5 and 6. The map
in geographical coordinates. B) Detail of the central Catalan Coastal Ranges highlighting the three sectors of the Montmell-Valles Fault System indicated in the text.
The location of the structural sections and seismic profile shown in Fig. 3 is also indicated. BF: Barcelona Fault; BP: Barcelona Plain; VP: Valles Basin; PB: Penedes
Basin; GH: Garraf High; GMH: Gaia-Montmell High; MH: Montseny High; CMH: Collserola-Montnegre High; PeB: Perell6 Basin; MAZ: Marmellar Accommodation
Zone. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Micarelli and Benedicto, 2008). Often, fault segments are confined to
specific layers of a given rheology and their interaction with neigh-
boring segments depends on the ability of each segment to cross the
bounding discontinuities of the layer (Naccio et al., 2005).

The presence of inherited faults is a key factor controlling the tec-
tonic evolution of the Catalan Coastal Ranges (CCR) since Mesozoic time
(Fontboté, 1954; Robles, 1982; Guimera et al., 1995; Roca et al., 1999;
Salas et al., 2001; Baqués et al., 2012; Marin et al., 2021). Some studies
based on changes in regional stratigraphic thicknesses illustrate the
control played by pre-Cenozoic structures (e.g., Esteban and Robles,
1976; Anadén et al., 1985; Guimera and Alvaro, 1990; Salas and Casas,
1993; Gomez and Guimera, 1999; Salas et al., 2001). Conversely, other
studies based on geochemical investigations of fault rocks (i.e., fluid
circulation and neoformation of minerals) disclose numerous reac-
tivations since the Mesozoic (e.g., Baqués et al., 2014; Cantarero et al.,
2014a) or even older (Marcén et al., 2018; Aldega et al., 2019).

During the last 25 years, several studies related to the influence of
faulting processes on the distribution of diagenetic events during the
evolution of the Catalan Coastal Ranges have been carried out. The main
purposes of these studies have been a) characterizing from the petro-
logical and geochemical point of view the minerals that fill the different
fracture generations; b) determining the composition of the fluids that
circulated through the different fractures; and c) establishing the pale-
ohydrological regime for each of the main tectonic phases and deter-
mine the specific role of the fractures in each case. These studies have
been mainly performed in four different areas (Figs. 1 and 2): 1) the
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Valles half-graben (northern sector in Fig. 1B) where faults principally
affect Paleozoic crystalline rocks (Bartrina et al., 1992; Cantarero et al.,
2014a, 2014b, 2018), 2) the Penedes half-graben (central and southern
sectors in Fig. 1B) where faults affect Mesozoic calcareous rocks and
Miocene sandstone and evaporitic deposits (Calvet et al., 1996; Travé
etal., 1998, 2009, 2021; Baqués et al., 2010, 2012, 2014; Moragas et al.,
2013), 3) the Llobregat Transition Zone between the Valles and Penedes
half-grabens (Llobregat River, Fig. 2) in both Miocene rocks (Calvet
et al., 2000, 2001; Travé and Calvet, 2001; Parcerisa, 2002; Parcerisa
etal., 2005; Cantarero et al., 2014b) and basement granitoids (Serra and
Enrique, 1989; Cardellach et al., 2002; Enrique and Solé, 2004), and 4)
the Barcelona Plain, where the faults affect Paleozoic crystalline rocks
and Triassic carbonate rocks (Santanach et al., 2011; Cantarero et al.,
2014c) and the Miocene and Oligocene deposits (Gomez-Gras et al.,
2000, 2001; Parcerisa, 2002; Cantarero et al., 2010, 2020).

In this paper, we integrate all these local works to provide a regional
model and to unravel how diagenetic processes in the fault zone could
have controlled reactivations experienced by the Montmell-Valles Fault
System in NE Spain (Figs. 1 and 2). In this regard, we present the
characteristics of the fault zone during each of the main tectonic phases
taking place in the area since Mesozoic times and their control on
reactivation. The study provides a new regional basin model showing
that fault reactivation is highly constrained by the lithology of the host-
rock and the types of mineral precipitation within the fault zone, the
lateral changes of which can be related with different degrees of tectonic
inversion.
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Fig. 2. Simplified geological map of the central Catalan Coastal Ranges highlighting the major Cenozoic faults and the sectors of the Montmell-Valles Fault System
indicated in the text. Star symbols indicate the location of fluid flow analysis in fault planes performed by (1) Travé et al., 1998, (2) Belaid et al., 2008, (3) Baqués
et al., 2010, (4) Baqués et al., 2012, (5) Baqués et al., 2014, (6) Cantarero et al., 2014a, (7) Marcén et al. (2018), (8) Travé and Calvet (2001), (9) and Cantarero et al.
(2014c). The location of the structural sections and the seismic profile shown in Fig. 3 is also indicated. VB: Valles Basin; PB: Penedes Basin; BPB: Baix Penedés Basin;
ECB: El Camp Basin; MAZ: Marmellar Accommodation Zone (Marin et al., 2021); Ma-1: Martorell-1 borehole; SS-1: San Sadurni-1 borehole. Paleogene alluvial and
fan-delta systems: SLM: Sant Lloren¢ del Munt alluvial fan and fan delta; Mr: Montserrat fan delta; SMM: Sant Miquel del Montclar alluvial fan.
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2. Geological setting
2.1. Tectonic framework

The Catalan Coastal Ranges (CCR) is a NE-SW-oriented structural
unit in NE Iberia that extends parallel to the coastline for >250 km and
has a basin-and-range configuration (Fig. 1). Nowadays, the CCR
constitute the onshore part of the continental margin that separates the
stretched crust of the Valencia Trough from the Iberian Plate (Roca and
Guimera, 1992; Danobeitia et al., 1992; Vidal et al., 1995; Granado
et al., 2016). This margin bounds the NW Mediterranean basin that
resulted from the back-arc extension and rifting linked to the rollback of
the Calabrian-Tethys subduction zone (Roca, 1994; Granado et al.,
2016).

The current structure of the CCR is mainly controlled by the motion
of 50 to 150 km-long ENE- to NE-trending faults involving the basement
and displaying a right-stepping en-echelon outline. These major faults
dip southeastwards and show normal, reverse, and/or restricted left-
lateral strike-slip motion (Ashauer and Teichmiiller, 1935; Llopis-
Llado, 1947; Anadon et al., 1985; Guimera, 2004). They are detached on
the base of the upper crust (Sabat et al., 1997), and have associated fault
propagation, fault bend and detachment folds developed in different
Mesozoic to Cenozoic ages.

This structural configuration is the result of a complex evolution that
comprises three main tectonic stages. The first stage, extensional, in-
cludes two rifting episodes that took place during the Permian-Early
Triassic and the Late Jurassic-early Albian time spans. The older one
was related to the early opening of the Neotethys, and the younger one
resulted from the opening of the North Central Atlantic and the Bay of
Biscay and the later uncoupling of the Iberian Plate from the Eurasian
Plate (Srivastava et al., 1990; Salas and Casas, 1993; Salas et al., 2001;
Sibuet et al., 2004; Gong et al., 2008). The second stage was contrac-
tional and spans from the Santonian to middle late Oligocene. It is
related to the northward drift of Africa and the convergence and colli-
sion of the recently uncoupled Iberian and Eurasian plates (Srivastava
et al., 1990; Rosenbaum et al., 2002; Angrand and Mouthereau, 2020;
Romagny et al., 2020) that led to the formation of the Pyrenees (Munoz,
1992; Vergés et al., 2002; Munoz, 2017; Garcia-Senz et al., 2019), the
Iberian Chain (Guimera, 1984; Guimera et al., 1995; Nebot and
Guimera, 2016; Guimera, 2018), and, in the present-day location of the
CCR, the Catalan Intraplate Chain (CIC) (Anadon et al., 1985; Guimera
and Alvaro, 1990; Salas et al., 2001; Lopez-Blanco, 2002). In the latter,
the analysis of the preserved synorogenic Paleogene sequences denotes
that the contractional deformation and uplift of the chain started in the
Paleocene?-early Eocene at its NE end and progressed towards the SW
up to the middle late Oligocene (Guimera and Santanach, 1978;
Guimera, 1984; Anadon et al., 1985; Anadon, 1986; Barbera et al., 2001;
Jones et al., 2004; Garcés et al., 2020). The third stage began in the latest
Oligocene and has been active at least up the late Miocene (Bartrina
etal., 1992; Roca et al., 1999). It is a new extensional phase linked to the
subduction of the Tethyan Maghrebian Ocean beneath the Iberian Plate
which induced back-arc processes and stretching in the eastern Iberian
Plate from the rollback of the subducting plate (Horvath and Berck-
hemer, 1982; Fontboté et al., 1990; Roca and Guimera, 1992; Roca,
1994; Carminati et al., 1998; Roca et al., 2004; Van Hinsbergen et al.,
2014, 2020). This late Oligocene-Neogene extensional phase generated
the present relief of the CCR from the extensional motion of crustal-scale
SE-dipping extensional faults that compartmentalized the preexistent
CIC into a series of NNW-tilted blocks (half-grabens and horsts) (Bartrina
etal., 1992; Roca and Guimera, 1992; Roca, 1994; Roca et al., 1999) and
induced the isostatic uplift of their footwall blocks (Juez-Larré, 2003;
Gaspar-Escribano et al., 2004).

In this polyphase tectonic scenario, it is widely accepted that fault
reactivation became a major factor of control in the structural evolution
of the CCR, at least, since Paleogene times. This control is clearly
manifested in the extensional reactivation of Paleogene thrusts occurred
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during the Neogene extension (Fontboté, 1954; Anadon et al., 1979,
1985; Roca, 2001; Lopez-Blanco, 2002; Gaspar-Escribano et al., 2004;
Baqués et al., 2012; Marin et al., 2021); but also, by the recently
observed inversion of some Late Jurassic-middle Albian rift-related
extensional faults during the Paleogene compression (Salas et al.,
2001; Baqués et al., 2012; Marin et al., 2021).

2.2. Stratigraphic framework

The CCR are made up by rocks that can be assembled into four
different groups: 1) the Variscan basement made of pre-Cambrian and
Paleozoic rocks, 2) the Triassic, Jurassic, and Cretaceous cover that
unconformably overlies the Variscan basement and overprints mainly
the southern half of the CCR, 3) the unconformably overlying Paleogene
sediments of the Ebro Foreland Basin, and 4) the Miocene to Quaternary
deposits filling and or onlapping the horsts and half-grabens.

The Variscan basement is formed by plutonic rocks (granites and
granodiorites; Vaquer, 1973; Gil Ibarguchi and Julivert, 1988; Enrique,
1990; Enrique and Solé, 2004) intruding a thick metasedimentary suc-
cession composed of: 1) thick and predominant Pre-Cambrian and
Cambrian-Ordovician fine-grained sandstones, limestones, acid tuffites,
diabases and calcsilicate rocks; 2) Silurian black shales or slates with
interbedded thin quartzite beds and sulfide layers; and locally pre-
served: 3) Upper Silurian to Devonian massive nodular limestones,
nodular marlstones and varicoloured marlstones and shales; and 4)
Carboniferous black cherts with phosphate nodules, carbonate/shale
horizons and an overlying thick terrigenous sediments (Culm turbidite
facies) (Duran and Julivert, 1990; Santanach et al., 2011).

The Mesozoic cover is integrated by Triassic, Jurassic, and Creta-
ceous syn-rift and/or post-rift sequences (Anadon et al., 1979, 1985;
Salas et al., 2001). The Triassic is constituted by limestones, dolomites
and locally siliciclastic and evaporitic rocks, ascribed to Buntsandstein,
Muschelkalk and Keuper facies (Virgili, 1958; Calvet and Marzo, 1994;
Arnal et al., 2002; Galan-Abellan et al., 2013; Escudero-Mozo et al.,
2017; Orti et al.,, 2017; Mercedes-Martin and Buatois, 2020). The
Jurassic and Cretaceous succession is only preserved in the southern half
of the CCR (Miramar-Gaia, Montmell and Garraf domains). It includes
post-rift Lower-Middle Jurassic dolomitic breccias and dolostones,
Upper Jurassic-Lower Cretaceous syn-rift limestones, dolostones and
shale (Esteban and Julia, 1973; Salas, 1987; Salas et al., 2001; Albrich
et al., 2006; Salas et al., 2020), and upper Albian to Cenomanian post-
rift sandstones, mudstones, and carbonates (Anadon et al., 1979; Ro-
bles, 1982; Salas, 1987; Salas et al., 2001).

The Paleogene sediments of the Ebro Foreland Basin infill uncon-
formably overlies the Mesozoic or even the Variscan basement. They
consist of syn-contractional Paleocene to lower Oligocene marine and
continental sediments (Ferrer, 1971; Anadon, 1978; Colombo, 1986;
Garcés et al., 2020) that include large alluvial and fan delta systems at
the toe of the CIC (SLM, Mr., SMM of Fig. 2). Inside the CIC, syn-
contractional Upper Oligocene sediments are also locally present at
the Barcelona Plain and northern edge of the Valles-Penedes Basin. They
consist of alluvial fan conglomerates, sandstones and muddy lacustrine
sediments deposited in piggy-back or small pull-apart basins (Anadon
et al., 1985; Roca et al., 1999; Parcerisa, 2002).

The CCR half-grabens formed during the late Oligocene-Neogene
extension are filled by lower Miocene to Quaternary successions. In
the central CCR, three depositional complexes have been identified in
the Valles-Penedes and Baix Penedes basins infill (Agusti et al., 1985;
Cabrera and Calvet, 1996; Cabrera et al., 2004). The Aquitanian-upper
Burdigalian Lower Continental Complexes made of thick alluvial fan
red beds; the Transitional-Marine Complexes (late Burdigalian-early
Langhian in age) encompassing coastal sabkha facies, carbonate cor-
algal platforms and siliciclastic alluvial fan-fan delta and bay facies; and
the uppermost Langhian-Tortonian Upper Continental Complexes
constituted by alluvial-fluvial and fluvial-deltaic red bed (Agusti et al.,
1985; Cabrera et al., 2004). Over these syn-rift successions, there is a
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deeply entrenched Messinian erosive surface, which also affected the
older pre-Neogene rocks. This unconformity, in the incised valleys, is
overlain by alluvial-fluvial (Gallart, 1981) and/or marine lower Plio-
cene to Quaternary units (Almera, 1894; Martinell, 1988; Corregidor
et al., 1997).

3. Discussion
3.1. Mesozoic structure of the central Catalan Coastal Ranges

The structure of the CCR includes a set of Upper Jurassic-Lower
Cretaceous extensional basins (Montmell-Garraf and Perell6 basins,
Figs. 1 and 2) the limits of which influenced on the location of major
compressional structures during the Paleogene orogenic phase (Esteban
and Robles, 1976; Anadoén et al., 1979; Roca and Guimera, 1992; Salas
and Casas, 1993; Salas et al., 2001). These extensional basins essentially
developed in the central and southern part of the CCR (e.g., Montmell-
Garraf and Perell6 basins, Fig. 1) while the northern part of the CCR
remained as a structural high with no significant deposition during
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Upper Jurassic to Lower Cretaceous times at this area (Anadon et al.,
1979).

The Cenozoic structure of the central CCR is mainly controlled by the
major ENE-trending Barcelona, Vallés-Penedés and Montmell basement
faults (Fig. 1). These faults dip to the SE and experienced Paleogene
contractional and Neogene extensional motions (Bartrina et al., 1992;
Roca and Guimera, 1992; Lépez-Blanco et al., 2000; Gaspar-Escribano
et al., 2004; Marcén et al., 2018).

In the central part of the CCR, the northwestern boundary of the
preserved Upper Jurassic-Lower Cretaceous successions filling the
Montmell-Garraf Basin coincides with the trace of the Valles-Penedes
and Montmell faults (Fig. 2). These two faults include several branched
segments and display a right-stepping en-echelon arrangement with a <
2 km trace separation (Figs. 1 and 2). Accordingly, they are treated as
segments of the same fault system (here named Montmell-Valles Fault
System -MVFS-), the relay of which corresponds to the Marmellar Ac-
commodation Zone described by Marin et al. (2021) (Fig. 2). The
Mesozoic movement of this fault system is supported by the thickness
variations of Upper Jurassic-Lower Cretaceous successions observed
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the Montmell-Garraf Basin (Fig. 4A) are relatively uncertain due to the
uplift and erosion of this sector of the CCR during the Paleogene
contractional deformation. Nevertheless, they can be addressed from
provenance analysis in the Paleogene terrigenous sediments of the SE
margin of the Ebro Basin whose catchment areas were in the present-day
CCR (Lopez-Blanco et al., 2000). Thus, the composition of the clasts
within the Sant Lloren¢ del Munt alluvial fan (SLM in the upper right

along its fault trace. Whereas in its footwall the Upper Jurassic-Lower
Cretaceous is absent all along its fault trace, SW of the Llobregat River
the hangingwall includes up to 1.2 km thick successions of this age
(Fig. 3ii and 4A). The NW limit of the Upper Jurassic-Lower Cretaceous
basin would therefore be assumed to correspond to the Penedes and
Montmell segments of the MVFS (Fig. 4A).

Towards the NE, in the Llobregat River and Valles area, the limits of
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corner of Fig. 2) denotes that, in the Valles sector, the outcropping rocks
in the eroded area were made by Triassic and Paleozoic rocks without or
with a local and minor amount of Jurassic to Cretaceous rocks.
Considering the lack of regional evidence of pre-Paleocene uplift and
erosion of Jurassic and Cretaceous rocks, this would suggest that NE of
the Llobregat River Jurassic and/or Cretaceous deposits were very thin
or not present.

In contrast, syntectonic Paleogene detritical sediments in the
Montserrat fan delta and the Sant Miquel del Montclar alluvial fan (Mr
and SMM in Fig. 2) include frequent to predominant clasts deriving from
the dismantling of Jurassic and mainly Lower Cretaceous successions
(Lopez-Blanco et al., 2000; Marin et al., 2021). This would indicate that
SW from the Llobregat River, the catchment areas located SE of the
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MVEFS and therefore the entire present-day CCR were made by Creta-
ceous rocks. Although, the current NE limit of the Jurassic and Creta-
ceous rocks preserved underneath the Neogene Valles-Penedes basin
infill is located approximately 10 km SW of the Llobregat River as sus-
tained by the absence of rocks of this age in the Martorell-1 borehole and
its presence in the San Sadurni-1 borehole (Lanaja, 1987; Bartrina et al.,
1992) (Fig. 2 and stratigraphic sections in Fig. 4A), during the Upper
Jurassic-Lower Cretaceous, the NE limit of the Montmell-Garraf Basin
would be located close to present-day Llobregat River. The lack of Upper
Jurassic-Lower Cretaceous successions NE of the Llobregat River de-
notes that during the Mesozoic the Valles segment of the MVFS was
inactive or had a minor displacement north of the Llobregat River
(Figs. 4A and 5).
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The geometry of the Mesozoic active segments of the MVFS is poorly
constrained with the available data. Only in some segments of the
Montmell Fault where there is no Cenozoic reactivation, we can attest
that, at surface, its plane was steeply dipping (>50°) towards the SSE
(Fig. 3). At depth, the horizontal geometry of the highly reflective lower
crust across the entire CCR (Sabat et al., 1997; Vidal et al., 1998), which
was formed at the end of the Variscan Orogeny (Bois, 1992), denotes
that Mesozoic faults became nearly horizontal or slightly dipping to-
wards the SE.

The Mesozoic structure of the central CCR appears also controlled by
the parallel SE-dipping Barcelona Fault. This major Cenozoic fault,
located offshore close to the present-day coastline (Fig. 1), has also been
postulated as inherited from the Mesozoic and would correspond to the
ancient NW limit of another Late Jurassic-Early Cretaceous extensional
basin with >2 km thick infill (Roca and Guimera, 1992; Roca et al.,
1999; Gaspar-Escribano et al., 2004). The Mesozoic active Barcelona
Fault and Montmell-Valles Fault System display a right-stepped en-ech-
elon configuration (Fig. 4A) and generated a WSW-dipping relay ramp in
their overlapping area. This ramp, located at the present-day position of
the Llobregat River, defined the NE limit of the Montmell-Garraf Basin,
and was characterized by a thickness increase towards the WSW of the
Upper Jurassic-Lower Cretaceous successions from 0 m to near 2 km.

NW-SE
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3.2. Mesogoic structural inheritance in the central Catalan Coastal
Ranges

The development of Paleogene basement involving ENE-trending
folds and thrusts only in the footwall of the Montmell-Valles Fault Sys-
tem (Figs. 2 and 3) indicates the partial positive inversion of the pre-
existent Mesozoic MVFS during the Paleogene compressional phase
(Gaspar-Escribano et al., 2004; Marin et al., 2021). Precisely, it evi-
dences the thrust reactivation of the slightly dipping lower panel of the
faults but not of the steep upper panels (Fig. 3). Here, the formation of
footwall shortcuts indicates a practically not existent or negligible
reactivation of the pre-existing fault planes as reverse faults. Due to their
oblique orientation to the regional shortening direction (i.e., N-S
shortening vs. NE-trending faults; Guimera, 1984, 2004), these steep
upper fault panels show instead reactivation as left-lateral strike-slip
faults (Anadon et al., 1985). Nevertheless, such transpressional reac-
tivation is not general. It has been observed in the Valles area of the
MVFS (Julia and Santanach, 1984, 1998) but not in the southwestern
part of this fault system. Here, at surface, the Mesozoic Montmell Fault
does not show any kind of Paleogene contractional reactivation but the
development of buttressing structures (minor folds, thrusts and back-
thrusts) in their hangingwall (Figs. 4B and 6B).

In relation to the areal distribution of the interpreted footwall
shortcuts, the presence of this kind of structures in the Valles segment of
the MVFS suggests that the Mesozoic fault bounding the Upper Jurassic-
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Lower Cretaceous Montmell-Garraf Basin extended further to NE than
the defined basin infill limits, at least up the present-day location of the
La Garriga town (Fig. 5).

Later during the late Oligocene-Miocene extensional stage, the
inherited MVFS was also reactivated. The low-dipping lower fault panels
moved again in an extensional sense (Gaspar-Escribano et al., 2004)
whereas the steep upper ones show a broad partial reactivation, in this
case as extensional faults. The reactivation of the steep upper panels is
restricted to the northern and central sectors of the MVFS (Valles and
Penedes areas) where the outcropping Valles-Penedes Fault follows the
trace of the Mesozoic fault at the regional scale. However, the Neogene
fault does not always reactivate the preexistent Mesozoic fault core but
developed close in their hangingwall (Fig. 5) as extensional shortcuts of
the preexistent thrusts (Fontboté, 1954; Anadon et al., 1985; Roca and
Guimera, 1992). In contrast, the steep upper panels of the southern
sector of the MVFS (Montmell area), once again, remained inactive
during the Neogene extension. Here, the extensional reactivation of the
low-angle lower fault panel resulted in the formation of an extensional
shortcut represented by the Baix Penedes Fault (Marin et al., 2021)
(Fig. 3ii and 4C).

Summarizing, the MVFS shows reactivation during the Cenozoic,
first under contraction during the Paleogene (Juez-Larré and Andries-
sen, 2006; Marin et al., 2021) (Fig. 4B), and later under extension during
the late Oligocene-Neogene (Fontboté, 1954; Anadon et al., 1985; Roca
and Guimera, 1992; Lopez-Blanco et al., 2000) (Fig. 4C). Nevertheless,
such reactivation is not complete. The upper steep panels of the
inherited Late Jurassic-Early Cretaceous faults only reactivated partially
in the northeastern sectors of the MVFS but not in its southwestern ones.

Table 1
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3.3. Differences in the fault zone deformation of the steep upper fault
panels along the Montmell-Valles Fault System

Up to three sectors with different Mesozoic and Cenozoic fault zone
deformation are distinguished along the steep upper fault panels of
MVFS: 1) a northern sector that corresponds to the Valles area (Fig. 2)
and extends from the Llobregat Relay Ramp to the ENE fault system edge
located SE of the Montseny High (see location in Fig. 1); 2) a central
sector extending along the Penedés area SW from the Llobregat Relay
Ramp to the Marmellar Accommodation Zone (Figs. 1, 2 and 5); and 3) a
southern sector that corresponds to the Montmell area and includes the
Montmell and Baix Penedes faults (Figs. 2 and 5).

3.3.1. Northern sector (Valles area)

This sector of the MVFS developed over a host-rock or protolith
mostly formed by granitoids and metasedimentary siliciclastic rocks of
the Variscan basement and, at superficial levels, by thin Triassic car-
bonate and siliciclastic rocks and thicker Cenozoic syn-kinematic silici-
clastic sediments (sector A in Fig. 5). The geometric, deformational, and
petrological characteristics of the northern sector of the MVFS are
summarized in the Table 1.

This sector includes three different fault zones linked to the three
stages of the MVFS evolution: a) a first subvertical fault zone restricted
to the footwall of the Paleogene Pre-littoral Thrust; b) a second fault
zone slightly dipping to the SE that follows this Paleogene thrust; and c)
a third fault zone linked to the late Oligocene-Neogene extension of the
Valles-Penedes Fault. The first one is formed by a vertical to very steep
SSE-dipping fault zone with a width ranging from some hundreds of
meters to a kilometer (Anadon et al., 1985; Julia and Santanach, 1984,

Characteristics of the northern sector (Valles area) of the Montmell-Valles Fault System. Compiled from Anadon et al. (1985), Julia and Santanach (1984, 1998),

Camps and Morera (2014) and Cantarero et al. (2014a).
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1998). From outcrop observations, this fault zone includes a decametric
to hectometric thick fault core formed by blue clay gouges and cata-
clasites embedding metric to even decametric blocks of Paleozoic
phyllites, wackes, granitoids and quartz veins as well as of Lower
Triassic red sandstones (Julia and Santanach, 1998; Camps and Morera,
2014). The vein quartz blocks often are rod-shaped and ellipsoidal with
a nearly vertical long axis and are encircled by near-horizontal striae
(Anadon et al., 1985). These rods, together with the other rocks present
in the fault core define a sub-vertical banding that resulted from textural
variations generated by different degrees of crushing (Julia and Santa-
nach, 1984). At a minor observation scale, the fault gouges (composed of
iron-rich chlorite, illite and quartz) show a sub-horizontal to shallow
south-dipping or nearly vertical E-trending foliation (Julia and Santa-
nach, 1998; Camps and Morera, 2014). Around the fault core, the fault
damage zone is constituted by Paleozoic rocks (mainly phyllites and
wackes) cut by metric to decametric faults that, rather parallel to the
fault core, mainly developed in the finest grained lithologies. These
minor faults include a core also made up by fault gouges but with a much
thinner thickness (usually <20 cm). Both in the damage zone and the
fault core no evidence of induced syn-kinematic cement precipitation
during their development has been described.

About the age of this fault zone, Arthaud and Matte (1975) proposed
a late Hercynian age based on speculative regional criteria about west-
ern Europe-scale evolution. Anadon et al. (1985) interpreted it as
developed during the Paleogene contractional stage. However, the
present-day available data only indicates that it postdates the Early
Triassic (age of some embedded blocks) and was active during the
Paleogene compressional phase when formed the observed contrac-
tional structures. This time span could be reduced if we consider that
this fault zone is restricted to the footwall of the Pre-littoral Thrust and,
therefore, surely it is truncated by this last fault (Fig. 6A); a thrust that
has been dated as early Eocene -Lutetian- (Lopez-Blanco et al., 2000). In
this restricted Early Triassic to early Eocene space of time, the pre-
dominant contractional deformation attests that this fault zone was
active during the early stages of the regional Paleogene contractional
deformation. But the presence of a sub-horizontal foliation, which de-
notes a horizontal extension, points out that this fault zone probably
formed previously during the Mesozoic extension.

Regarding to the fault zones associated with the emplacement of the
Paleogene thrust sheets, these consist of a metric (occasionally deci-
metric) to decametric thick zone observed along the outcropping Pre-
littoral and Collbaté thrusts (see thrust location in Fig. 2). Their fault
core is centimetric to decametric thick and is mainly formed by foliated
clay gouges with abundant shear bands that denote a thrust transport
direction towards the north and, locally, towards the northwest. Around
this fault core, the damage zone consists of a system of amalgamated
thrusts and deformation bands that define different scale duplexes. The
deformation features of these minor faults and deformation bands
depend on the host lithology. When developed in metamorphic Paleo-
zoic rocks (phyllites and wackes), deformation mainly consists of foli-
ated fault gouges without cement precipitation. Instead, if they
developed in or close to Triassic carbonate rocks, their core is formed by
a 1 to 3-m-thick fault core constituted by breccias and cataclasites
cemented by low-temperature calcite cement and vertical non-cemented
stylolites (Cantarero et al., 2014a).

Finally, the fault zone linked to the late Oligocene-Neogene exten-
sion is placed along the Valles-Penedes Fault. It is characterized at sur-
face, by narrow fault cores (<5 m thick, usually <2 m) and decametric to
even kilometric surrounding damage zones. The fault cores are made up
of mud-to-clast-supported non-cemented breccias with a broad shallow
SSE foliation, and, towards the ENE, also by cataclasites cemented by
chlorite and associated calcite and laumontite minerals (Cantarero et al.,
2014a). In the footwall, formed by Paleozoic rocks, the damage zone is
<100 m-wide (Cantarero et al., 2014a) and consists of ENE-trending
extensional faults with fractures that significantly increases their pres-
ence as approaching to the fault core. In the hangingwall, at surface,
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only Miocene deposits filling the Valles-Penedes crop out. These syn-
extensional deposits close to the fault are deformed in a hectometric
to kilometric wide syncline cut by conjugated extensional planar faults
with a) a <5 m displacement, b) a foliation parallel to bedding planes
faults; and c) a bisector of minor angle that is always perpendicular to
the bedding regardless its dip attitude (Fig. 6). So, they are affected by a
fold with a bed-parallel stretching. In this scenario, the increase of both
the bedding dip and faulting related bedding parallel stretching as
approaching to the main fault suggest that this deformation records the
development of an extensional propagation fold at the top of the moving
Valles-Penedes Fault.

3.3.2. Central sector (Penedes area)

The geometric, deformational, and petrological characteristics of the
central sector of the MVFS are summarized in the Table 2. In this sector,
the MVFS developed over a host-rock or protolith mostly formed, at
depth, by metasedimentary siliciclastic Variscan basement. At shallower
levels, instead, the host-rock is formed by a thin Triassic to Lower
Jurassic succession with carbonate, siliciclastic and evaporite rocks
overlain by a thicker Cenozoic syn-kinematic siliciclastic cover (sector B
in Fig. 5). The presence of relatively thick pre-kinematic Middle to
Upper Triassic evaporite and mudstone layers resulted in the formation
of drape and fault-propagation folds above the MVFS (Marin et al.,
2021). These folds absorbed part or all the motion of the underlying
basement faults, delayed their upwards propagation and, therefore,
prevented or hampered the observation and recognition at surface of the
fault zones related to the motion of the MVFS. Additionally, post-rift
Pliocene and Quaternary sediments frequently cover Mesozoic and
late Oligocene-Neogene extensional faults (Gallart, 1981), which makes
difficult the study of this area.

Despite these limitations, the fault zones related to the emplacement
of the Paleogene short-cuts (thrusts) are still easily recognizable at
surface in this central sector. Moreover, few key aspects that charac-
terize these extensional fault zones in limited areas where faults crop
out. This is the case of the Guardiola de Font-Rubi outcrop, where the
Valleés-Penedes Fault crops out affecting Lower Cretaceous limestones.
The fault zone developed during its Mesozoic motion is characterized by
1) a metric to, occasionally, decametric fault core made by calcite
cemented breccias with abundant tension veins; and 2) a damage zone
including minor NNW-trending extensional faults filled by calcite
(Baqués et al., 2012). All these deformed rocks are also cut by minor
ENE-trending reverse and strike-slip faults filled by calcite cements and
randomly oriented stylolites (i.e., stylobreccia) (Amigo, 1984; Baqués
et al., 2012). These contractional fractures have been related to the
Paleogene contractional stage (Amigo, 1984; Baqués et al., 2012) and
could suggest a reactivation of the previous Mesozoic extensional fault.

The clearest Paleogene fault zones in the central zone of the MVFS
are the ones developed at the Paleogene short-cuts/thrusts. These crop
out along the Els Brucs Thrust trace (Fig. 2) and consist of narrow fault
zones with similar features to the ones described in the thrusts in the
Northern sector (see Section 3.3.1).

The fault damage zone developed during the late Oligocene-Neogene
extension has only been characterized in the southern half of the central
sector of the MVFS, area where thick Mesozoic carbonates constitutes
the protolith and the Valles-Penedes Fault splits into two parallel faults:
Foix and Les Torres faults (Amigo, 1984) (Fig. 2). In both cases, the core
of the Neogene fault is metric to exceptionally decametric wide and is
mainly formed by calcite-cemented fault breccias that are affected by
calcite-filled tension fractures (Baqués et al., 2012). The damage zone
consists of nearly vertical calcite-cemented tension fractures and high-
angle extensional faults (Amigo, 1984; Baqués et al., 2012) whose
density increases to the fault core.

3.3.3. Southern sector (Montmell area)
The geometric, deformational, and petrological characteristics of the
southern sector of the MVFS are summarized in the Table 3. Here, the
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Table 2
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Characteristics of the central sector (Penedes area) of the Montmell-Valles Fault System. Compiled from Amigo (1984) and Baqués et al. (2012).

FAULT ZONE CHARACTERISTICS OF THE ACTIVE FAULTS

Fault geometry

Reactivation of
pre-existing fault

Fault core

Fault damage zone

compression

Gaia-El Camp thrusts):
~30° SE-dipping NW-
directed short-cut thrusts.

lower low angle (~30°)
fault panel.

vertical non-cemented stylolites when
developed in Triassic carbonate rocks
Foliated clay gouges with abundant shear
bands and without cement precipitation when
formed in metamorphic Paleozoic rocks.

Ju::st:ic_ SE-dipping fault with two Upper fault panels: Ubper fault panels:
Earl planar panels: one dipping Not observed Metric to, occasionally, decametric thick. . Mmr NNW—t':endin. extensional faults filled
Cretaceyous around 60° and a lower : Calcite cemented breccias with abundant by calcite 9
extension dipping less than 30°. tension veins. Y
¥ﬁx;?)r_med short-cut thrusts (Els Brucs Upper fault panels:
New formed short-cut 1 to 3-m-thick constituted by cemented * Not studied/observed
Paleogene thrusts (Els Brucs and Reactivation of the (calcite) breccias and cataclasites and New formed short-cut thrusts:

e Metric (occasionally decimetric) to
decametric thick zone.

e Amalgamated thrusts and deformation bands
that define different scale duplexes.

Vallés-Penedes, fault
Les Torres and Foix
faults:

Reactivation of the

Upper fault panels (Vallés-Penedés Fault):

Late SE-dioping extensional lower panel of the Metric to exceptionally decametric wide fault Upper fault panels (Vallés-Penedés Fault):

Oligocene- pping Mesozoic fault as well ic to except Y - lowl | o Nearly vertical calcite-cemented tension
fault with two planar core mainly formed by calcite-cemented fault : .

Neogene . as of some segments of . Lo fractures and high-angle extensional faults

tensi panels: an upper steep the Paleogene short-cut breccias that are affected by calcite-filled whose density increases to the fault core
@ with a dip of about 60° 9 tension fractures. Y :

. thrusts.
and a lower one that dips
less than 30°.
Table 3

Characteristics of the southern sector (Montmell area) of the Montmell-Valles Fault System. Compiled from Belaid et al. (2008), Baqués et al. (2010, 2012, 2014) and
Marin et al. (2021).

Reactivation of

FAULT ZONE CHARACTERISTICS OF THE ACTIVE FAULTS

compression

Thrust):
~30° SE-dipping NW-
directed short-cut thrusts.

low angle (~30°) fault
panel.

Fault geometry s
pre-existing fault Fault core Fault damage zone

Late Kinked SE-dipping fault Upper fault panels:
Jurassic- ne ~dipping tau pper fault panels: Upper fault panels:

Early with an upper panel of Not observed Narrow fault core made up of carbonate * Hangingwall: small-scale calcite-cemented
RS around 60° and a lower : breccias cut by tension fractures and extensional féults

A panel of around 30°. extensional faults. :
extension
New formed short-cut Contractional

Paleogene thrusts (Gaia-El Camp reactivation of the lower

Fault zones cannot be characterized by surface observations.

New formed extensional
short-cut faults (Baix
Penedés Fault):

steep with a dip of about
60° and a lower one that
dips less than 30°.

Late SE-diopi tensional
Oligocene- ~cipping extensiona Extensional reactivation
fault with two planar
Neogene panels: an upper one of the lower low angle
extension ; (~30°) fault panel.

Upper fault panels (Montmell Fault):
Carbonate fault-core-related breccias and
cataclasites that are cut by second-order
extensional faults.

Cohesive fault core due to the presence of
different generations of calcite cement, which
strengthen and heal breccias and cracks.

Upper fault panels (Montmell Fault):
* Nearly vertical calcite-cemented tension
fractures and high-angle extensional faults

upper panels of the faults of the MVFS developed over a host-rock or
protolith similar to the one in the central sector but with a thicker post-
Triassic carbonate succession (sector C in Fig. 5). Also, it is a sector in
which there is relatively thick pre-kinematic Middle to Upper Triassic
evaporite and mudstone layers in the host-rock resulting in the forma-
tion of drape and fault-propagation folds above the MVFS (Marin et al.,
2021).

Compared to the other two sectors, the reactivation of the upper
panels of the Mesozoic faults of the MVFS is practically non-existent. As
shown in the Marmellar section in Fig. 6, the only outcropping Mesozoic
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fault (the Montmell Fault) did not move during both Paleogene
compressional and late Oligocene-Neogene extensional stages.

At the studied outcrops, this Mesozoic fault has a narrow fault core
made up of carbonate breccias cut by tension fractures and extensional
faults, and a damage zone that, in its hangingwall, is characterized by
small-scale calcite-cemented extensional faults that have been rotated/
folded during the Paleogene contractional deformation (i.e., Riera del
Marmellar outcrop, Baqués et al., 2012) (Fig. 6B). This last contractional
deformation did not reactivate the Mesozoic fault but generated in its
hangingwall buttressing structures that include folds, thrusts and small-
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scale backthrusts with a core constituted by centimetric to decametric-
thick cohesive cataclasites (Fig. 6B).

Therefore, the development of major Paleogene contractional stage-
related fault zones in this sector appears restricted to the formation of
the shortcuts at the footwall of the Mesozoic faults. The features of fault
zones, however, cannot be characterized by surface geology. As shown
in Fig. 2, the major Paleogene structure does not crop at surface as this
and its related fault zones are buried beneath the decoupled Triassic
cover that, covering the entire area, absorbed the basement fault mo-
tions forming drape and propagation folds (Fig. 3ii).

Finally, as concern to the late Oligocene-Neogene extension, the only
major related fault zone present in this sector is the one linked to the
formation of the Baix Penedes Fault. It is a > 300-m-wide fault zone
formed by carbonate fault-core-related breccias and cataclasites that are
cut by second-order extensional faults (Baqués et al., 2010, 2014). As the
rest of the faults developed over a thick carbonate protolith in this and
the central sectors of the MVFS, it is a relatively cohesive fault zone due
to the presence of different generations of calcite cement, which
strengthen and heal breccias and cracks (Belaid et al., 2008; Baqués
et al., 2014).

3.4. Controls on the Montmell-Valles Fault extensional reactivation
during the Neogene

The Montmell-Valles Fault System shows similar kinked-planar ge-
ometry all along its trace. From a geometry point of view, the most
significant difference is the change of its SE dip from >60° in the shal-
lower parts (present-day limit of the Neogene basin) to 30° at depth. The
deepest and less dipping part of the fault would most likely correspond
to the continuation of the Paleogene thrust at depth (the Pre-littoral
Thrust in the northern sector and the Gaia-El Camp Thrust in the cen-
tral and southern sectors; Fig. 3) (Marin et al., 2021). The basal
detachment of the VMFS would correspond to the top of the reflective
crust located in the central CCR between 13 and 16 km depth (Fernandez
and Banda, 1990; Sabat et al., 1997; Roca et al., 2004). Considering the
described geometry and the fact that the orientation of the stress field
across the region has been defined as constant during the Neogene
extension (Bartrina et al., 1992; Herraiz et al., 2000), differences in
Neogene reactivation cannot only be explained by variations in the local
stress due to changes in the fault plane orientation and dip. Hence, the
inherited rheology of the pre-existent Mesozoic and Paleogene fault
rocks, and the effect of mineralizations and cementations within the
fault zone due to fluid circulation during previous tectonic phases
should be considered as a factor to explain the different reactivation.

Extensional reactivation of the Montmell-Valles Fault System during
the Neogene principally took place in areas where the host-rock was
essentially siliciclastic, and the pre-existent fault core developed a non-
cohesive gouge. In these cases, pre-existent fault rocks appear weaker
than the host-rock and, therefore, the fault core can be easily reac-
tivated. On the other hand, fault reactivation appears restricted or even
absent in sectors where the host-rock included thick carbonate succes-
sions and pre-existent fault rocks consisted in well-cemented cohesive
carbonate breccias. Precipitation of calcite cements and other minerals
along fault zones is described as a mechanism that enlarge fracture-wall
adherence increasing fault rock strength and shifting the failure enve-
lope to higher values (Li et al., 2003; Ferrill and Morris, 2008; Hausegger
et al., 2010; Ferrill et al., 2011; Hooker et al., 2012). In our case this
would imply that fault breccias developed along the Montmell-Valles
Fault System were already cemented and without fluids when Neogene
reactivation initiated. In those cases, pre-existent fault rocks would be
welded to the host-rock by this cementation showing homogeneous rock
strength and, consequently, the pre-existent fault plane did not play as
an inherited weakness. These facts agree with other investigations car-
ried out along the Valles-Penedes Fault (e.g., Travé et al., 1998; Belaid
et al., 2008) and other Neogene faults in the CCR (Cantarero et al.,
2014b, 2018), which basically show that precipitation and
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crystallization of carbonates seal fault planes either blocking their
reactivation or decreasing the capacity of sliding of the fault during
deformation.

The change of fault rock mechanical properties due to mineraliza-
tions and/or cementations (e.g., calcite precipitation) within the
observed fault zones along the three sectors of the Valles-Penedes Fault
would explain such differences in the Neogene reactivation. Although
the three sectors present siliciclastic rocks from the Variscan basement
and the Triassic, only part of the central sector and the southern one
present a well-developed Mesozoic carbonate cover that would have
enhanced the development of a cohesive fault breccia (Fig. 6). Regard-
less the presence of relatively thin Triassic carbonate host-rock and the
precipitation of calcite in the fault zone in the northern sector of the
Valles-Penedes Fault during the Mesozoic (Cantarero et al., 2014a)
(Fig. 5), rock strength did not increase in this sector and reactivation
occurred smoothly. Reactivation in the northern sector might be also
supported by the presence of a silicate-rich fault gouge, which would
have reduced fault strength and the coefficient of friction (Wang et al.,
1980; Wintsch et al., 1995; Alder et al., 2016) (Fig. 5) facilitating fault
slip at the end of the Paleogene compression.

The Neogene reactivation in the southern sector of the Montmell-
Valles Fault System must consider fluid/host-rock interactions when
such reactivation began (late Oligocene-early Miocene). With this re-
gard, considering the current hydrologic system, fault gouges probably
acted as fluid flow paths and, consequently, were already zones of
weakness. Additionally, published petrological and geochemical anal-
ysis in fault breccias (i.e., Baqués et al., 2012) show that, at the end of
the Paleogene compression, these areas corresponded to systems with
very low or non-existent permeability and, therefore, areas with very
low fluid pressure and higher strength.

The Montmell Fault damage zone has been characterized by
conductive rocks (Marin et al., 2021), that suggest the presence of fluids.
This fact appears opposite to the idea of the restricted reactivation
observed of the southern sector during the Neogene extension due to
fault sealing. However, the conductive body is 2 km deep, a depth at
which Variscan rocks are present in both fault-walls. Therefore, it seems
more likely to be associated with the presence of fault gouges in which
hydrothermal activity is present like in the northern sector of the fault.
In the northern sector, fluid circulation can be considered either syn-
chronic to or post fault movement.

The rheology of fault rocks backed the reactivation of the Mesozoic
fault in areas where primarily the Variscan basement was involved in the
deformation. Conversely, this reactivation appears difficult or restricted
in areas where a relatively thick carbonate-rich Mesozoic cover is pre-
sent. The three sectors of the Montmell-Vallés Fault System followed
different degrees of reactivation linked to these restrictions and a dif-
ferential growth and evolution of the fault zones. In the northern sector,
the upper panels of the fault essentially involved basement rocks at the
onset of the extension and a weak fault gouge developed. In the northern
part of central sector, the shallower part of the fault includes well-
cemented and cohesive fault breccia that appears insufficient (possibly
too short or too thin) and to compensate for the weakness of the un-
derlying fault gouge. Instead in the southern sector, the portion of the
fault with well-developed and cemented breccias appears longer, and
possibly wider, which seems capable of restraining or even completely
blocking the reactivation of the underlying weak fault gouge.

4. Conclusions

The synthesis from previous works and the analysis of the structural
styles and the fluid-rock interactions present along the trace of the
Mesozoic-inherited Montmell-Valles Fault System allows discerning
between different degrees of reactivation of this major fault during the
Cenozoic. The Montmell-Valles Fault System can be divided into three
main sectors (northern, central, and southern) considering their
response during the main tectonic stages affecting the area since the
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Mesozoic (Late Jurassic to Early Cretaceous extension, Late Cretaceous
to late Oligocene compression, and Latest Oligocene(?)/early late
Miocene extension).

A period of positive tectonic inversion and contractional reactivation
related to the Paleogene compressional phase is attested by the presence
of highly deformed areas (thin-skinned thrusting and footwall shortcut
development) along the footwall of the Montmell-Valles Fault System.
However, reactivation of the Montmell-Valles Fault System appears
decoupled. Whereas the lower part of the fault does reactivate in
(almost) all its length, the reactivation of the upper part is restricted to
areas with thick carbonate protoliths where faulting resulted in the
formation of well calcite-cemented fault rocks (breccias) due to fluid
circulation during the Mesozoic extensional phase (i.e., central, and
southern sectors). The development of well-cemented fault rocks would
have increased fault strength and the coefficient of friction limiting such
reactivations and, hence, triggering the propagation of the deformation
to the fault footwall resulting in shortcut formation. The Gaia-El Camp,
Els Brucs, and Pre-littoral thrusts correspond to major footwall shortcuts
that uplifted the footwall of the Montmell-Valles Fault over the Ebro
Basin during the compression. The positive tectonic inversion of the
Montmell-Garraf Basin produced the exhumation and erosion of part of
the Mesozoic cover, the current NE limit of which lies around 10 km SW
of the Llobregat River.

The negative inversion of the Montmell-Valles Fault System during
the early to late Miocene extension appears also governed by inherited
fault zone anisotropies when the extension began. Reactivation decou-
pling between the upper and lower parts of the fault also occurred.
Whereas, the deeper part was reactivated along all the Montmell-Valles
Fault trace, the high dipping and shallower part experienced different
degrees of reactivation. The likelihood of the fault to be reactivated
appears highly controlled by 1) the lithology of the host-rock that
characterizes fault rock types and locations, 2) the formation of fault
rocks in presence of fluids (cementation) during the main fault activity,
and 3) the change of the mechanical properties of fault rocks which in
turn governs the ability of the fault to be reactivated.

Reactivation was very effective in areas where the host-rock was
composed by granitoids and siliciclastic metasediments (i.e., Variscan
basement), and the pre-existent fault core was an impermeable and non-
cohesive gouge (i.e., northern sector). Yet, fault reactivation was
restricted, or even prevented, in areas where the host-rock and the pre-
existing fault core included respectively thick carbonate successions and
highly cemented and cohesive breccias. Taking into consideration that
the central and the southern sectors present similar host-rocks (both
constitute the NW limit of an extensional basin filled-up with relatively
thick carbonate successions during the Mesozoic), the causes of the
different reactivations remain uncertain. These differences seem rather
related to the size (height and width) of the cemented breccias in the
inherited fault zone, which would increase towards the SW preventing
(or limiting) fault reactivation in the southern sector and shifting the
extension towards the SE along the Baix Penedes Fault.
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