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ABSTRACT

In the northern Iberian Peninsula, the Pyrenean-Cantabrian orogenic belt extends E-W for ca. 1000 km between
the Atlantic Ocean and Mediterranean Sea. This orogen developed from the collision between Iberia and Eurasia,
mainly in Cenozoic times. Lower-middle Permian sediments crop out in small, elongated basins traditionally
considered independent from each other due to misinterpretations on incomplete lithostratigraphic data and
scarce radiometric ages. Here, we integrate detailed stratigraphic, sedimentary, tectonic, paleosol and magmatic
data from well-dated lithostratigraphic units. Our data reveal a similar geodynamic evolution across the
Pyrenean-Cantabrian Ranges at the end of the Variscan cycle.

Lower-middle Permian basins started their development under an extensional regime related to the end of the
Variscan Belt collapse, which stars in late Carboniferous times in the Variscan hinterland. This orogenic collapse
transitioned to Pangea breakup at the middle Permian times in the study region. Sedimentation occurred as three
main tectono-sedimentary extensional phases. A first phase (Asselian-Sakmarian), which may have even started
at the end of the Carboniferous (Gzhelian) in some sections, is mainly represented by alluvial sedimentation
associated with calc-alkaline magmatism. A second stage (late Artinskian—early Kungurian), represented by al-
luvial, lacustrine and palustrine sediments with intercalations of calc-alkaline volcanic beds, shows a clear up-
ward aridification trend probably related to the late Paleozoic icehouse-greenhouse transition. The third and
final stage (Wordian-Capitanian) comprised of alluvial deposits with intercalations of alkaline and mafic beds,
rarely deposited in the Cantabrian Mountains, and underwent significant pre- and Early Mesozoic erosion in
some segments of the Pyrenees. This third stage can be related to a transition towards the Pangea Supercontinent
breakup, not generalized until the Early/Middle Triassic at this latitude because the extensional process stopped
about 10 Myr (Pyrenees) to 30 Myr (Cantabrian Mountains).
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When compared to other well-dated basins near the paleoequator, the tectono-sedimentary and climate
evolution of lower-middle Permian basins in Western and Central Europe shows common features. Specifically,
we identify coeval periods with magmatic activity, extensional tectonics, high subsidence rates and thick sedi-
mentary record, as well as prolonged periods without sedimentation. This comparison also identifies some
evolutionary differences between Permian basins that could be related to distinct locations in the hinterland or
foreland of the Variscan orogen. Our data provide a better understanding of the major crustal re-equilibration
and reorganization that took place near the equator in Western-Central Europe during the post-Variscan period.

1. Introduction

The Pyrenean-Cantabrian orogenic belt extends E-W about 1000 km
in the northern Iberian Peninsula from the Mediterranean Sea to the
Atlantic Ocean (Fig. 1a). The orogen was the result of Iberia-Eurasia
collision (Alpine Pyrenean orogeny) and mainly developed in Ceno-
zoic times (Munoz, 2019 and references therein). This orogenic belt is
subdivided into two mountain ranges: i) the Pyrenees to the east,

forming the isthmus between Iberia and the rest of Europe, and ii) the
Cantabrian Mountains to the west, extending along the northern Iberia
coastline (Pulgar et al., 1996, 1999; Gallastegui et al., 2002; Barnolas
and Pujalte, 2004; Pedreira et al., 2007; Martin-Gonzalez and Heredia,
2011a, 2011b; Martin-Gonzalez et al., 2012; Barnolas et al., 2019)
(Fig. 1a). The Pyrenean-Cantabrian belt is the outcome of progressive
Alpine inversion and deformation of previous Permian-Mesozoic basins
in the eastern Cantabrian Mountains (Vasco-Cantabrica Region, Fig. 1a)

Fig. 1. a) Structural sketch showing the tectono-stratigraphic regions of the Alpine Pyrenean-Cantabrian Orogen in the north of the Iberian Peninsula (modified from
Martin-Gonzalez and Heredia, 2011a) and geographical subdivisions (based on Munoz, 2002). b) Zones of the Variscan Orogen in Iberia and the Ibero-Armorica Arc

(Modified from Garcia-Sansegundo et al., 2011).
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and Pyrenees (Capote et al., 2002; Barnolas and Pujalte, 2004; Pedreira
et al., 2007). This was accompanied by reactivation of Variscan base-
ment structures in the western part of the Cantabrian Mountains (Mar-
tin-Gonzalez et al., 2021 and references therein) (Astur-Galaica Region,
Fig. 1a, b), where the Variscan belt shows a prominent shape and the
Mesozoic sediments are scarce or barely recorded (Martin-Gonzalez and
Heredia, 2011a, 2011b). After the end of the Variscan cycle, Permian-
Mesozoic basins produced by three extensional phases characterized
the pre-orogenic stage of the Alpine cycle. These extensional phases
have been dated as early Permian, middle Permian-Late Triassic and
Late Jurassic-Early Cretaceous, with a thermal subsidence period
developed between the last two phases (Teixell, 1998; Munoz, 2002;
Capote et al., 2002; Fernandez-Viejo et al., 2011; Carballo et al., 2015;
Martin-Chivelet et al., 2019; Lopez-Gomez et al., 2019a, 2019b). Sub-
sequent Cenozoic compressive deformation, associated with the Alpine
orogeny, partially overprinted the original extensional structure of the
Permian-Mesozoic basins (Vergés and Burbank, 1996; Sinclair et al.,
2005; Jolivet et al., 2007; Vacherat et al., 2014).

The sedimentary record that filled these initial Permian troughs
included volcanic and volcaniclastic products. This volcanic activity,
mostly of calc-alkaline affinity with mixed mantle and crustal sources,
played an important role in the evolution of those first basins (e.g., Bixel,
1984; Lago et al., 2004a, 2004b, 2019; Galé, 2005; Maino et al., 2012;
Pereira et al., 2014). Owing to the development of large Mesozoic basins
and subsequent Alpine deformation, the Permian basin outcrops are
very fragmented. Because of this, local studies conducted over the past
decades led to the definition of numerous lithostratigraphic units across
the Pyrenean-Cantabrian ranges. This has made it difficult to establish
correlations and histories of the Late Paleozoic-lower Mesozoic sedi-
mentary record as a whole. Studies focused on latest Carboniferous-early
Permian rocks, or the transition from the Variscan cycle (Cambrian-
early Permian) to the Alpine cycle (early Permian-early Neogene), have
encountered even more difficulties, as those sedimentation stages were
still linked to small isolated continental basins, and precise ages of the
units are scarce. Hence, there is no clear understanding of the lateral
connections of tectono-sedimentary evolution during the first sedi-
mentation stages of the Alpine cycle in the Pyrenean-Cantabrian
orogenic belt. Consequently, these basins have been considered to
develop independently, with different tectonic controls and sedimentary
refill in each structural region (Fig. 1a). As a whole, the early Alpine
sedimentation of the Cantabrian basins has been considered indepen-
dently from the rest of the Pyrenean basins (see Lopez-Gomez et al.,
2002, 2019a, 2019b and references therein). Such sedimentary evolu-
tion has also been considered independently from that of neighboring
basins of the same age in Western and Central Europe, complicating
broad paleogeographic reconstructions.

In contrast, the Cantabrian-Pyrenean orogen has been considered as
a whole over the past 20 years (e.g., Gallastegui et al., 2002; Munoz,
2002; Barnolas and Pujalte, 2004; Barnolas et al., 2019; Lopez-Gomez
et al., 2019b; Munoz, 2019). New dating efforts have attempted to
simplify the Mesozoic and Cenozoic stratigraphy in the different struc-
tural zones of the Pyrenean Ranges (Verges and Garcia Senz, 2001;
Gretter et al., 2015, 2019; Carballo et al., 2015; Munoz, 2002; Lopez-
Goémez et al., 2002, 2019b; Martin-Chivelet et al., 2002, 2019). How-
ever, the identification of events at the scale of tectonostratigraphic
units across the Permian and Triassic basins in these ranges has been
lacking to date.

The present study presents an updated stratigraphy with new age
data obtained from paleontological and radiometric analyses, along
with a detailed study of sedimentology, tectonics, paleosols and syn-
tectonic magmatism. Our aim is to examine the transition between the
Variscan and Alpine cycles (latest Carboniferous to early-middle
Permian), as the Variscan orogenic collapsed and transitioned into the
Pangea rift system. We apply a multi-disciplinary approach to: a) char-
acterize igneous and sedimentary rocks and the basins that host them, b)
establish if the transition between orogenic cycles involved the same
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tectonosedimentary pulses in the Cantabrian Ranges and the Pyrenees,
c) assess if these pulses can be recognized in other contemporary basins
of Western and Central Europe, d) characterize the onset, progression
and ending of the Variscan orogenic collapse, leading into Pangea rift-
ing, e) propose a new geodynamic and palaeogeograpic scenario that
provides a better understanding of the latest Carboniferous-Permian
basins in the context of the equatorial Variscan fold belt.

2. Geological and geodynamic setting

The cartographic continuity of the Pyrenees and Cantabrian Moun-
tains in the northern Iberian Peninsula suggests these mountain ranges
are part of a continuous Alpine orogen which trends ESE-WNW to E-W
along >800 km (Choukroune et al., 1990; Pulgar et al., 1996; Teixell,
1998, Teixell et al., 2018; Munoz, 2002; Gallastegui et al., 2002; Bar-
nolas and Pujalte, 2004; Martin-Gonzélez and Heredia, 2011a) (Fig. 2).

The Pyrenees show a double asymmetric vergence (Choukroune
et al., 1990; Choukroune, 1992; Munoz, 1992; Teixell, 1998). The South
Pyrenean Zone shows thin-skinned tectonics, characterized by a south-
directed fold and thrust belt, whose basal detachment used the Upper
Triassic evaporites (Figs. 1a, 2). The Northern Pyrenean Zone is nar-
rower and features thick-skinned tectonics characterized by north-
directed Alpine thrusts, which deform the Paleozoic Variscan base-
ment. Many of these thrusts are the result of reactivation of normal
Mesozoic faults (Munoz, 1992; Teixell, 1998). Between both zones, the
Pyrenean Axial Zone contains Alpine south-directed thrusts, which
jointly deform the Mesozoic-Cenozoic cover and Carboniferous and
earlier rocks, previously deformed by the Variscan orogeny. In the
Central Pyrenees, the southern part of the Axial Zone constitutes an
antiformal-stack constructed by Alpine thrusts (Déramond et al., 1985;
Williams and Fischer, 1984). Associated with the Alpine Pyrenean
orogeny, two continental Cenozoic foreland basins develop: the Ebro
Basin in the south and the Aquitaine Basin in the north, located in the
orogen periphery (Choukroune et al., 1990; Munoz, 1992) (Fig. 1a).

The Cantabrian Mountains trend E-O. They constitute the western
extension of the Pyrenees and show a mainly south-vergent Alpine
structure. The Cantabrian Mountains can be correlated with the South
Pyrenean Zone (Fig. 1a), while the Ebro foreland basin continues to the
west into the Duero Basin (Alonso et al., 1996). Further, the structures of
the North Pyrenean Zone continue offshore into the Landes Plateau and
the Cantabrian Platform of the Bay of Biscay (Fig. 1a) (Camara, 1997;
Gallastegui et al., 2002). The Cantabrian Mountains have been classified
into two tectono-stratigraphic regions: the Vasco-Cantabrica Region
(VCR) to the east and the Astur-Galaica Region (AGR) to the west
(Martin-Gonzalez and Heredia, 2011a and references therein) (Fig. 1a).
According these authors, the Vasco Cantabrica Region is characterized
by a thick and complete succession of Mesozoic sediments (Triassic to
Cretaceous) deposited in a complex subsident extensional basin (the
Basque-Cantabrian Basin). These Mesozoic sediments unconformably
cover a Paleozoic Variscan basement that only crops out in the western
and eastern borders of the VCR (Cabuerniga Promontory and Basque
Massifs, respectively). The Astur Galaica Region is characterized by its
lack or scarcity of Mesozoic sedimentary rocks, which unconformably
rest on a large outcrop of the Variscan basement (Iberian Massif). Only
in the eastern part, a fairly complete but no continuous sedimentary
sequence of Mesozoic sediments appears (the Asturian Basin). There-
fore, the Alpine deformation in the AGR mainly affects the basement of
the Iberian Massif, which consists of Paleozoic rocks with Variscan
compressive deformation (Late Devonian-earliest Permian) (Fig. 1b)
represented by thrusts, folds and dextral strike-slip faults developed in
late Variscan times.

In the Pyrenean-Cantabrian Ranges, the formation of extensional
lower Permian basins during a stage of orogenic collapse (Lopez-Gomez
et al., 2021) represents the end of the Variscan orogeny and the begin-
ning of the Alpine cycle (Martinez-Garcia, 1981).

In the Cantabrian Mountains, lower Permian extensional basins are
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Fig. 2. Geological sketch showing the locations of the main Permian basins and faults in the present position of the Alpine Pyrenean-Cantabrian Orogen. Permian
basins (numbers in white circles): 1) Sotres, 2) La Hermida-Carmona, 3) la Justa-Aramil, 4) Villaviciosa 5) Pena Labra, 6) Villabona, 7) Pena Sagra, 8) Rueda, 9)
Somport-Anayet, 10) Estac-Baro, and 11) Castellar de N’Hug. Main faults (letters in White squares): VF- Ventaniella Fault, CF- Cabuerniga Fault, CEF- Celis Fault, GF-
Golobar Fault, LF- Liebana Fault, PF- La Pena Fault, NPF- North Pyrenean Fault, SPF- South Pyrenean front, GT- Gavarnie thrust, and CBT- Cantabrian basal thrust.
Arrows indicate the direction of extension during Permian times. Faults or fault segments active during the Permian are shown in red. Sections: a) La Camocha
(borehole), b) Acebal-Siero, c) Sotres-Tresviso, d) Carmona, e) Pena Sagra, f) Rueda, g) Maya, h) Aragén-Bearn, i) Castejon-Laspaiiles, j) Gotarta, k) Malpas-Erill
Castell, 1) Bard-Estac, and m) Castellar de N’"Hug. Numbers in red circles indicate the location of the studied magmatisms.

elongated, narrow and isolated, although some of these appear close to
each other and may be interconnected (Lopez-Gomez et al., 2019a).
These basins, unlike in the Pyrenees, contain only lower Permian
(Cisuralian) rocks that unconformably rest over Carboniferous sedi-
ments deposited in the most external zone of the Variscan orogen, the
Cantabrian Zone (Fig. 1a, b). The general structure of this zone is an arc-
shaped thrust and fold belt (Julivert, 1971; Julivert and Marcos, 1973;
Pérez-Estatin et al., 1988), named Asturian Arc or Ibero-Armorican Arc
(Fig. 1b). In the westernmost sectors of the Cantabrian Zone, the
Kasimovian-Gzhelian (late Carboniferous) sedimentary record is conti-
nental and mainly post-tectonic. However, in the eastern part, corre-
sponding to the outermost sectors of the Variscan foreland, the
sedimentary record of this same age is syntectonic and still of marine
origin (Rodriguez-Ferndndez and Heredia, 1987; Merino-Tomé et al.,
2009, 2017). At the Carboniferous-Permian boundary (late Gzhelian-
earliest Asselian), Variscan deformation changes from thin- to thick-
skinned (Rodriguez-Fernandez and Heredia, 1987; Lopez-Gomez et al.,
2019a) giving rise to NW-SE strike-slip faults, such as the Ventaniella
Fault (Fig. 2), which was one of the main structures of the Late Variscan
deformation (Arthaud and Matte, 1975). The post-Variscan Permian
basins of the Cantabrian Mountains have the same trend to the Variscan
and Late Variscan structures, they are elongated, narrow and isolated,
although some of these appear close to each other and may be inter-
connected (Lopez-Gomez et al., 2019a). In the Pyrenees, sedimentary
and volcanic Permian rocks encompass middle Permian ages and are
mainly located around the Paleozoic outcrops of the Basque Massifs
(east of VCR) and the Pyrenean Axial Zone (Figs. 1b, 2, 3). In the
southern sectors of the Axial Zone, pre-Permian Paleozoic rocks show
deformation developed under very low grade to non-metamorphic
conditions, so these sectors can be considered part of the Variscan
foreland (Garcia-Sansegundo et al., 2011). The Permian basins are
elongated and narrow, have a NNE-SSW trend similar to Variscan
structures (Fig. 1b), and are separated by areas up to 32-38 km long,
constituted by other Paleozoic rocks (Valero-Garcés and Gisbert, 2004).
In some cases, the lower-middle Permian sedimentary record of the
Pyrenees rests paraconformably on the so-called Gray Unit, a conti-
nental succession of Kasimovian-early Asselian age, which rests un-
conformably over older Paleozoic rocks that were deformed during the
Variscan orogeny (Lloret et al., 2018). The Gray Unit is similar to post-
tectonic continental Variscan sediments, upper Kasimovian-lower
Gzhelian in age (Colmenero et al., 2002), that crop out in the western-
most sectors of the Variscan Cantabrian Zone and in the West Asturian-
Leonese Zone (Fig. 1b).

After the Permian, the pre-orogenic stage of the Alpine Cycle

continued with a generalized extension during the Early (Pyrenees) to
Middle Triassic times (Cantabrian Mountains). Sedimentation was
dominated by siliciclastic continental units and related to the opening of
the Bay of Biscay, the local result of the Pangea breakup (Lopez-Gomez
et al., 2019a, 2021). During the Late Jurassic-Early Cretaceous, a new
rifting phase pulse took place, characterized by a thick accumulation
(over 10,000 m) of continental and marine deposits (Garcia-Mondejar,
1989). Between the two rifting stages, a thermal subsidence period,
dominated by marine carbonates, developed in the northern margin of
Iberia (Boillot et al., 1979; Garcia-Espina, 1997; Teixell, 1998; Munoz,
2002; Capote et al., 2002; Fernandez-Viejo et al., 2011; Carballo et al.,
2015; Martin-Chivelet et al., 2019; Lopez-Gomez et al., 2019a, 2019b,
among others). The second rifting phase is also known as a hyper-
extensional event (Tugend et al., 2014; Camara, 2017) which reac-
tivated the previous structures and individualized the Iberian and the
European plates (e.g. Ziegler, 1993). Subsequently, a thermal subsi-
dence phase, mainly developed in Upper Cretaceous times and with
predominant marine carbonate sedimentation, preceded a compres-
sional event generated during the Alpine orogeny, which ended with the
pre-orogenic stage of the Alpine cycle.

The Alpine orogeny formed the Pyrenean-Cantabrian orogenic belt
as the result of oblique convergence and collision of the Iberian and
Eurasian plates from the Late Cretaceous in the Pyrenees until the late
Neogene (Dewey et al., 1989; Srivastava et al., 1990; Jabaloy et al.,
2002; Anderweg, 2002; Martin-Gonzalez and Heredia, 2011a, 2011b).
In the central Cantabrian Mountains, Alpine compression began in the
late Eocene and already in the early Oligocene in the western end of
these mountains, where the deformation continued until the late
Miocene. These ages indicate a westward migration of the deformation,
due to the oblique collision (Martin-Gonzalez et al., 2014; Martin-
Gonzalez and Heredia, 2011b and references therein). Some of the
Variscan and late-Variscan faults and many of the Permian and Mesozoic
normal faults of the Pyrenean-Cantabrian Mountains were reactivated
during Alpine compression (Martin-Gonzalez et al., 2021 and references
therein). In many cases, fault reactivation masked the original exten-
sional structure of the Permian-Mesozoic basin (Vergés and Burbank,
1996; Sinclair et al., 2005; Jolivet et al., 2007; Vacherat et al., 2014;
Fillon et al., 2016).

In the southern part of the Pyrenean Axial Zone, Alpine thrusts
reactivated some Permian faults and, on other occasions, the Permian
faults were folded or tilted by the verticalization of the southern limb of
the Axial Zone antiform (Munoz, 2002, 2019). This is the case of the
Somport-Anayet Basin, located in the western Pyrenean Axial Zone
(Fig. 3a-d). In the western Cantabrian Mountains, Alpine compression
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Fig. 3. a) Geological map of the Somport-Anayet basin of the eastern Axial Zone of the Pyrenees showing the Permian outcrops of the TU, LRU and URU lithos-
tratigraphic units (9 in Fig. 2), compiled and based on 1:50,000 scale geological maps of Spain and France (Ternet et al., 2004; Teixell and Garcia-Sansegundo, 1994;
Teixell et al., 1994; Rios et al., 1987). b) Geological cross-section through the western part of the Somport-Anayet basin, where the N-100 E faults that limit the basin
to the north are observed. c¢) Geological cross-section through the central part of the Somport-Anayet where the basin is wider and the limit at its southern edge is
marked by N-75E trending faults. d) Photograph showing the Permian sequence on the Gavarnie Alpine thrust frontal ramp; note the tilting of layers and the

Permian fault.

was less intense than in the Pyrenees (Alonso et al., 1996; Pulgar et al.,
1999). Hence, Permian faults are often only partially inverted, preser-
ving their original geometry (Garcia-Espina, 1997; Lopez-Gomez et al.,
2019a, 2021).

3. Methods

This work is based on the study of 12 detailed stratigraphic sections
obtained from representative zones of the Pyrenean-Cantabrian
orogenic belt. We also examined a borehole core in the westernmost
study area (La Camocha Mine), where outcrops are poor and scarce or
difficult to access. Detailed field work including sampling, mapping,
cross sections, stratigraphy, facies and facies association differentiation
was conducted to establish the roles of the main faults and main tectono-
sedimentary pulses in the different zones of the study area. Geometries
and kinematics of Permian structures were defined by addressing the
displacement of Variscan and Permian markers such as bedding folds
and fault traces.

Facies and facies associations were differentiated to obtain the main
architectural elements and define the depositional systems and their

development patterns. Codes of facies follow those defined in Miall’s
(1996, 2014). Mineralogical and paleosol data were those described
recently by our team (Lopez-Gomez et al., 2019a; Lloret et al., 2021) and
used to better characterize depositional systems and climate evolution.
To establish affinities of the associated volcanism and their relationships
with the tectono-sedimentary pulses, mineral assemblages and rock
textures were examined in the studied sections, mostly from our recent
work (Heredia et al., 2019; Lopez-Gomez et al., 2019a, 2021; Lloret
et al., 2021; Martin-Gonzalez et al., 2021). To constrain unit ages, we
used published radiometric data by other authors (Valverde-Vaquero
et al., 1999; Pereira et al., 2014; Rodriguez-Méndez et al., 2014). Ages
based on palynological assemblages, ichnological and paleobotanical
data were obtained mostly from our recent work (Mujal et al., 2016b;
Lopez-Gomez et al., 2019a, 2021; Juncal et al., 2019; Lloret et al., 2021).

4. Infill of post-Variscan basins
The stacking pattern of the Permian sedimentary units in the

Pyrenean-Cantabrian orogenic belt has been examined in separate
geographic areas (Fig. 4). The stratigraphy of the western area, i.e. the
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Fig. 4. Permian lithostratigraphic units of the Pyrenean - Cantabrian Ranges:
Ab- Acebal Fm; So- Sotres Fm; P1- Permian 1; P2- Permian 2; P3- Permian 3;
GU- Gray Unit; TU- Transition Unit; LRU- Lower Red Unit; URU- Upper Red
Unit; SCM- Stephanian Cantabrian Mountains; ICC 2020/03- International
Chronostratigraphical Chart 2020/03. See text for definitions, descriptions and
ages of these units.

Cantabrian Mountains, has been traditionally subdivided into numerous
stratigraphic units depending on the study area (Table 1) (e.g., Martinez-
Garcia, 1991a; Gand et al., 1997), and traditionally separated from the
rest of the Pyrenees by the Pamplona Fault (e.g., Martinez-Garcia, 2004;
Valero-Garcés and Gisbert, 2004) (Fig. 1a). Based on new radiometric
and paleontological ages and sedimentary evidence, this nomenclature
of numerous stratigraphic units was recently re-defined and simplified
by Lopez-Gomez et al. (2019a) into two subunits which are not
continuous stratigraphically: the Acebal Formation and the Sotres For-
mation, from older to younger. The Acebal Formation rests uncon-
formably on the San Tirso Formation, of late Carboniferous-early
Permian age. Due to the poor quality of outcrops, the Basque area (VCR,
Fig. 1a), has been very little described. The Permian sedimentary record
in this area was subdivided for the first time in the Maya section, Cinco
Villas Massif (Fig. 2 h) by Muller (1969) into three units: P1, P2 and P3,
from older to younger. The stratigraphy of the eastern zone, i.e. the
Pyrenees s.s., was established by Gisbert (1983) as three units separated
by unconformities: Transition Unit (TU), Lower Red Unit (LRU) and
Upper Red Unit (URU), from older to younger, resting unconformably on
the Gray Unit (GU) of latest Carboniferous age. Gisbert (1983) corre-
lated units P1, P2 and P3 defined by Muller (1969) with GU-TU, LRU and
URU, respectively (Fig. 4). This subdivision synthesizes the local
nomenclature of this area described by previous authors (e.g., Mirouse,
1959; Mey et al., 1968; Nagtegaal, 1969).

4.1. Stratigraphic units

In the Cantabrian Mountains, the lower Permian succession of the
Acebal Formation developed unconformably on the San Tirso Formation
(Velando et al., 1975; Wagner and Martinez-Garcia, 1982), which filled
a late-Variscan through during the upper Gzhelian-basal Asselian
(Lopez-Gomez et al., 2019b). The San Tirso Formation crops out only in
a small basin in the La Justa-Aramil Alpine syncline (Fig. 2) and is
composed of sandstones, conglomerates and lutites. However, in most of
the Cantabrian Mountains, the Permian rests unconformably over the
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Paleozoic Variscan basement (Martinez-Garcia, 1981).

The Acebal Formation reaches a thickness of 310 m and consists of
green volcanic and volcaniclastic rocks, red to green medium-coarse
sandstones, and lutites (Lopez-Gomez et al., 2019a). The Sotres For-
mation, which can attain a thickness of 320 m, has been subdivided into
Lower, Middle and Upper subunits (Lopez-Gomez et al., 2019a). This
formation rests unconformably on the Acebal Formation or the Variscan
basement. It consists of fine-medium sandstones, mudstones and silt-
stones in the Lower Subunit, limestone in the Middle Subunit affected by
a well-developed karst surface at the top, and marls, limestones, mud-
stones and evaporites in the Upper Subunit (Lopez-Gomez et al., 2021).
The mineralogical composition of the Sotres Formation includes illite as
the dominant clay mineral, along with quartz and hematite (up to 5%)
and may contain up to 20% calcite. In the Middle and Upper subunits of
this formation, the clay mineral association also contains chlorite and
traces of smectite randomly interstratified with illite (Lopez-Gomez
et al., 2021).

The lower stratigraphic unit in the Basque Massif area was defined by
Muller (1969) as P1 Unit. It is composed of a 15 m thick alternation of
carbonate breccias and limolite beds in its lower part, and fine sandstone
and siltstone with reddish colorations and carbonate nodules forming
lenticular beds of “calcareous sandstones”. The upper part of the P1
consists of reddish siltstones with shale pebble conglomerates. The
middle unit, P2, which rests unconformable on unit P1, is about 100 m-
thick and represented by a 5-15 m thick bed succession of conglomer-
ates, sandstones and siltstones in its lower part, followed by an alter-
nation of reddish sandstones and siltstones (Muller, 1969; Gisbert,
1983). The upper unit, P3, which rests unconformably on P2 (Mirouse,
1966) may be up to 1200 m thick but with a significant lateral decrease.
It is composed of conglomerates of carbonate clasts, sandstones and
massive lutites with intercalated volcanic beds (Mirouse, 1966; Gisbert,
1983).

The Permian succession of the Pyrenees rest unconformably on the
GU or on the Paleozoic basement (Gisbert, 1983; Valero-Garcés and
Gisbert, 2004). The GU includes andesites and ignimbrites and con-
glomerates and/or breccias at the base, and sandstones, mudstones and
siltstones at the top (Gretter et al., 2015; Lloret et al., 2018). This unit, of
Kasimovian-Gzhelian (late Carboniferous) age (Pereira et al., 2014;
Lloret and Juncal, 2018; Juncal et al., 2019), rests unconformably on the
Variscan basement with an angular unconformity. The TU, which rep-
resents the first Permian unit in this area, consists of alternating dacites,
ignimbrites and tuffs, interbedded with fining-upwards sequences of
conglomerates, sandstones and siltstones that may contain interbedded
coal beds (Lloret et al., 2018) of Asselian age. The LRU is represented by
conglomerates, sandstones and siltstones with well-developed paleosols
and locally intercalated limestones and volcaniclastic beds. The URU
shows a similar lithology to the LRU, although siltstones and mudstones
are more abundant, and conglomerate and limestone beds are less
frequent. Both units are separated by an unconformity (Gisbert, 1983)
that may appear more attenuated to the east (Gretter et al., 2015).
Mudstones and siltstones of the LRU and URU also contain illite as the
main clay mineral in addition to chlorite, which is less abundant and
reaches slightly higher concentrations in the upper part of the LRU.
Quartz, calcite, feldspar and hematite complete the mineralogical as-
sociation of the clastic sediments (Mujal et al., 2016b; Lloret et al.,
2018). The sedimentary evolution of these units is compa-
rable to that of other more local sections within the
study area, since there isaclear correlationbetweenall
of them, as shown in Table 1.

4.2. Age constraints from radiometric dating and paleontology

The ages for the latest Carboniferous-lower Permian units of the
Cantabrian Mountains-Pyrenees are provided in Fig. 4. In the Cantabrian
Mountains, the late Carboniferous succession is resting unconformably
on the West Asturian-Leonese Zone and western Cantabrian Zone. The
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Table 1
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Lithostratigraphic units defined in the study area and correlations between them. The units in red have palaeontological or
radiometric ages available, and are the ones used in this work (see also Fig. 4). Abbreviations of the units: Cv: Caravias; Ca:
Cabranes; So: Sotres; St: San Tirso; Sa: Pena Sagra; Cu: Cuesta; Pa: Paraes; Ar: Arroyo; Ab: Acebal; P1: Permian 1; P2: Permian 2;
P3: Permian 3; Gu: Gray Unit; LRS: TU: Transition Unit: LRU: Lower Red Unit; URU: Upper Red Unit; Pera: Peranera; Malp:
Malpas; Erill-: Erill-Castell; Agui: Aguir6; SCM: Stephanian Cantabrian Mountains. References: 1: Martinez-Garcia et al., 1998;
2: Martinez-Garcia, 1981; 3: Martinez-Garcia, 1991a; 4: Martinez-Garcia, 1991b; 5: Manjon et al., 1992; 6: Gand et al., 1997; 7:
Robles et al., 2004; 8: Martinez-Garcia, 2004; 9: Lopez-Gomez et al., 2019a; 10: Muller, 1969; 11: Valero-Garcés and Gisbert,
2004; 12: Mey et al., 1968; 13: Nagtegaal, 1969; 14: Gisbert, 1981; 15: Lloret, 2019; 16: Gretter et al., 2015.

age of this succession is late Kasimovian-early Gzhelian (304.2 + 1.1 Ma
and 302.13 £ 0.23 Ma) based on radiometric data of volcanic ash-fall
intercalations (Merino-Tomé et al., 2017). The San Tirso Formation is
latest Carboniferous—earliest Permian in age (late Gzhelian-earliest
Asselian) (Wagner and Martinez-Garcia, 1982; Lopez-Goémez et al.,
2019a and references therein) based on a paleoflora association. In the
Pyrenees, the GU was recently dated by Pereira et al. (2014) as
Kasimovian-early Gzhelian (304 + 2 Ma and 300 + 1 Ma) based on
U—PDb dating of zircons from andesites and ignimbrites, and by Juncal
et al. (2019) as Gzhelian based on palynological associations. However,
according to the ages of similar microflora associations from neigh-
boring European basins, these last authors do not discard a Gzhelian-
earliest Asselian age for the GU.

Based on these ages, the GU of the Pyrenees can be correlated with
the late Carboniferous succession of the West Asturian-Leonese Zone and
western Cantabrian Zone, while the San Tirso Formation of the Canta-
brian Mountains, which rests unconformably on this Carboniferous
succession, does not have a clear equivalent in the Pyrenees, although it
could be assigned to the upper part of the GU.

Until recently, the lack of precise ages for the Permian units of the
Pyrenean Ranges has been a considerable challenge to establish detailed
correlation among them. New age data for the Cantabrian Mountains
have allowed us to update the stratigraphy of the sedimentary succes-
sion in this area (Lopez-Gomez et al., 2019a). In the Pyrenees, radio-
metric ages (Pereira et al., 2014), pollen assemblages (Lloret, 2019) and
ichnoassemblages (Mujal et al., 2016a, 2016b, 2018) have also allowed
for more precise age constraints. Although there are still ages to be

determined in the Permian sedimentary record of the Basque area, some
authors have proposed correlations with better known neighboring
areas (e.g., Gisbert, 1983; Lopez-Gomez et al., 2002, 2019b).

The age of the Acebal Formation (ca. 297-292 Ma, Asselian-early
Sakmarian) in the Cantabrian Mountains has been inferred from those
of related magmatic rocks determined by U—Pb analysis near the vil-
lages of Infiesto-Siero (Valverde-Vaquero et al., 1999), 3.5 km eastwards
of the Acebal section (Fig. 2). Based on palynological data, the Sotres
Formation is late Artinskian-early Kungurian (Juncal et al., 2016;
Lopez-Gomez et al., 2019a).

For the TU in the Pyrenees, ignimbrite rocks in the Erill Castell
section have been dated as Asselian (U—Pb zircon age 297 + 3 Ma;
Pereira et al., 2014). According to the macroflora (Dalloni, 1930), the
lowermost part of this unit could be extended to the latemost Stephanian
C (Gretter et al., 2015). The age of the LRU is Artinskian (290 + 1 Ma
and 286 + 2 Ma) according to U—PDb radiometric data obtained in the
Castellar de N’Hug section (Pereira et al., 2014). Macroflora and plant
remains from the so-called “Flora of Gotarta” (Broutin and Gisbert,
1985), together with ichnoassemblages (Mujal et al., 2016a) and a
palynological analysis (Juncal personal com., in Lloret, 2019) also
support this age. The age of the URU is based on less precise criteria and
therefore spans a wider range. Data from tetrapod footprints (Robles and
Llompart, 1987; Mujal et al., 2016b, 2018) indicate a Guadalupian
(possible Wordian) age. However, as discussed later, the results of recent
magmatism (U—Pb zircon datings) studies could extend this age to the
Capitanian.

The Basque area of the Pyrenean Ranges has no direct age
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determinations in its lower Permian sedimentary succession. As dis-
cussed below, the correspondence between P3 and URU may be sup-
ported by indirect radiometric data.

Based on these ages, the P1/TU and P2/LRU units of the Pyrenees
can be correlated respectively with the Acebal and Sotres formations of
the Cantabrian Mountains, while the P3/URU units have no equivalent
in the Cantabrian Mountains (Fig. 4).

5. Sedimentary evolution

Twelve representative lithostratigraphic sections across the study
area were described to examine the sedimentary evolution of the
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different sectors (Fig. 2). Field observations were complemented with
data from one borehole in the westernmost area because of difficult
access to the lower Permian rocks or access is difficult (Fig. 5).

5.1. Depositional environments

After defining 24 (1 to 24) facies in the field, these were grouped into
15 facies associations (Fig. 6). Depositional environments in the
different stratigraphic units were defined based on vertical stackings of
these facies associations in the studied sections (Fig. 5). These associa-
tions show three main depositional environments (Fig. 6): A- fluvial, B-
lacustrine and palustrine and C- volcaniclastic.

Fig. 5. Twelve examined sections (b - m) and the La Camocha borehole (a). See locations in Fig. 2. Sections show lithological units with their facies associations and
main depositional systems. See data of facies and facies associations in Fig. 6 and their description and interpretation in the text.
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Fig. 5. (continued).

A- Fluvial depositional environment: represented by facies associations
F1 to F7 (Fig. 6). Three main subenvironments were identified: high-
strength and viscous (local) deposits (F1), channel fill (F2 - F5), and
overbank (F6 — F7). Facies association F1 (Fig. 7 a) is composed of
coarse-grained massive poorly-sorted deposits. The sheet-like charac-
teristic of this association indicates deposits from unconfined or
confined high-density currents (De Haas et al., 2016). Facies associa-
tions F2 to F5 feature fining-upward sequences less than 5 m thick. They
show gravel and sandstone bars, and bedforms with 2D—3D cross-
stratification (F2 and F3 facies associations, Fig. 7 b and c, respec-
tively) reflecting braided fluvial systems in single- or multi-storey sheet
sandstones, similar to those described by Colombi et al. (2017) for the
Upper Triassic Ischigualasto Formation of NW Argentina. Deposits
related to abandoned channels are shown in the upper part of some
sequences of facies associations F4, where incipient soils may develop on
massive mud deposits, similar to those described by Gulliford et al.
(2017) for the Permian-Triassic Beaufort Group, South Africa. Sheets

characterized by lateral accretion surfaces constitute the main body of
facies association F5 (Fig. 7 d). The upper part of this association is
represented by abandoned channel deposits, whereby thin fine-sand
beds with ripples and desiccation-cracks may develop at the top of the
sequence. This facies association represents channel-fill in meandering
fluvial systems, similar to examples described in the late Cretaceous
Mancos Formation, south-central Utah, USA (Wu et al., 2016) and the
lower Permian Clear Fork Formation, north-central Texas, USA (Simon
and Gibling, 2017). Overbank deposits are represented by facies asso-
ciations F6 and F7 and constitute the dominant subenvironment of the
fluvial depositional system. They mostly show massive or fine-laminated
siltstones interbedded with thin beds of medium to fine-grain sandstones
(Fig. 7 e) featuring small-scale cross-lamination, ripples, bioturbation,
plant remains, paleosols and desiccation cracks (Fig. 7 e, f). These are
interpreted as distal crevasse-splay deposits on floodplains. Facies as-
sociation F7 can also show coal beds up to a few meters thick deposited
in swamps. These facies associations commonly show vertical
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alternation with sandy single- and multi-storey sheets, represented by
facies associations F3 and F4, in a similar succession to examples
described by Burns et al. (2017) in the Cretaceous Nelsen Formation.
B- Lacustrine and palustrine depositional environments: represented by
facies associations L1 to L3 and P1 (Fig. 6). Facies association L1 is
composed almost entirely of massive siltstones with flat laminations and
fine-grained massive-crude laminated sandstone at the top. This suc-
cession constitutes a coarsening upwards sequence that may be up to 10
m thick (Fig. 7 h). Massive and laminated siltstones indicate settling of
suspending sediment in a lacustrine environment, while the modest
thickness of the association points to a marginal setting in a shallow-lake
environment (Liesa et al., 2000). Facies associations L2 and L3 are
related to carbonate lacustrine sequences (Fig. 7 i and 1, respectively).
Both show shallowing and coarsening-upwards sequences, up to 2.5 m
thick, with the carbonate term at the top that may contain karstification
surfaces mainly in facies association L3 (Fig. 7 k). The carbonate de-
posits may show oncoids and microbial lamination that could appear as
dome structures developed in shallow semi-permanent or ephemeral
lakes (L2), similar to examples described for recent rift basins in Africa
(e.g., Frostick and Reid, 1986; Williams et al., 1986) or Permian conti-
nental basins in the Southern Alps, Italy (Berra et al., 2019). Occasion-
ally, these lakes may develop in deeper environments and contain dark
laminated micrite limestones, ostracods and gastropods (L3). Ostracods
and gastropod micrite beds are common in relatively deep low-energy
lakes (Murphy and Wilkinson, 1980; Platt and Wright, 1991) and
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Fig. 6. Facies (1 to 24) and facies associations (F1 to
V4). Facies.- 1: Oligomictic clast-supported conglom-
erates or breccias, weakly grading and poorly rounded
clasts up to 20 cm; 2: Clast-supported bedded gravel.
Trough and planar cross-beds; 3: Sand, fine to very
coarse, and pebbly with trough and planar cross-beds;
4: Fine to medium sand with planar cross-beds; 5: Fine
to coarse sand with cross-beds (possible epsilon
crossbedding); 6: Fine to medium sand (dm-thick
beds) with small-scale cross-stratification, parallel
lamination and ripples alternating with massive mud-
silt deposits with roots (paleosols); 7: Massive mud-
silt with desiccation cracks, plant remains and roots
(paleosols), and/or bioturbation; 8: Alternating me-
dium to fine sands and silts with fine lamination and
ripples; 9: Massive muds and thin beds of fine sand,
dolomite or evaporites deformed by soils, and car-
bonate nodules; 10: White limestones or fine-grain
calcarenite with small-scale planar cross-lamination;
11: Sandy limestone beds with oncoids and small
ripples; 12: Carbonate microbial lamination that may
occur as domes; 13: White massive carbonate beds
with possible karstic surfaces; 14: Poorly rhythmic
laminated muddy beds with ostracods, gastropods and
algae; 15: Laminated dark limestones constituting cm-
thick beds; 16: cm-thick well-stratified limestone with
small-scale cross-beds and shell fragments; 17:
Mottled silts intercalated with laminated limestones
that may show domal structure; 18: Alternating fine
wavy beds of mottled marls, muds, limestones and
evaporites with possible bioturbation by roots, and
coated (pedogenic) grains; 19: cm-thick wavy levels of
alternating green marls with high organic matter
contents and limestones disrupted by roots; 20:
Graded pyroclastic lapilli-breccia deposits; 21:
Reworking of volcaniclastic material with soft struc-
tures; 22: Medium-thick structureless volcanic
massive beds of volcanic rocks; 23: Volcanic lava with
intercalated muds of fine sands; 24: Rhythmic lami-
nation of silt and fine sand with plant remains and
intercalations of thin beds of coal.

these may be assigned to the “permanent lake microfacies” described by
Abels et al. (2004). Facies association P1 consists of mm-cm thick
alternating beds of massive or slightly undulated white limestone, red
mudstone and marl which are locally disrupted by roots (see also Valero-
Garcés and Gisbert, 1992). In the upper part, this association shows an
alternation of mm-thick beds of clayey limestone containing small cur-
rent and wave ripples, root mats, intercalated marl, and evaporite lenses
(Fig. 7 j). Clayey limestone may show coated (pedogenic) grains,
oncoids and carbonate microbial lamination. This succession may be 4
m thick; it records a palustrine deposition with changes in the water
table and modifications to the primary facies through pedogenic or
diagenetic processes (e.g., Alonso-Zarza and Wright, 2010; Alonso-Zarza
et al., 2012).

C- Volcaniclastic depositional environments: represented by facies as-
sociations V1 to V4 (Fig. 6). Facies association V1 consists of graded
pyroclastic lapilli-breccia deposits that may show horizontal lamination
and low angle cross-beds (Fig. 7 m).

Tuff reworking may occur between eruptive periods, appearing
within small fluvial channel-fills (Smith, 1987). As a result of the fluvial
transport of these deposits, stacking of cm-thick beds of micro-breccias
or structureless massive beds may appear, representing epiclastic
flows (V2). Pyroclastic flows may also produce turbulent flows of vol-
canic debris giving rise to unsorted massive matrix-supported breccias
(V4) (Fig. 7 n), likely the result of primary, syn-eruptive volcanic
deposition (e.g., Arguden and Rodolfo, 1990; Breitkreuz et al., 2001).
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Fig. 7. Field photographs of the facies associations. See Fig. 6 for their description and interpretation. Scales: e- notebook (in the centre of the image): 20 cm; i-

hammer: 32 cm; k- backpack: 42 cm.

Sub-aerial effusive lava and tuff deposits may be interbedded with
massive mud-silt deposits with paleosols and fine to medium cm-thick
sand beds (V3). Although macroscopic features of lava and tuff de-
posits normally include massive beds, occasionally cm-thick normal
graded tuff layers appear, as in the examples described by Stolhofen and
Stanistreet (1994) for the Permo-Carboniferous Saar-Nahe, SW
Germany.

5.2. Paleopedology

Few studies have examined paleosols of lower and middle Permian
deposits in the Cantabrian Mountains and Pyrenees (e.g., Gascon-Cuello
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and Gisbert, 1987; Lloret, 2019; Lopez-Gomez et al., 2019a, 2021; Lloret
et al., 2021). Along with sedimentary data and the isotopic record of
5'80 and 8'3C, based on these studies of paleosols, we can infer the
climate evolution trend in the units analyzed here.

In the Cantabrian Mountains, four pedotypes showing a clear vertical
distribution have been identified in the Sotres Formation (Lopez-Gomez
et al., 2019a, 2021). Three of them were observed in alluvial facies as-
sociations F6 and F7 of the lower part of this unit, and one at the top of
the alluvial-lacustrine-palustrine facies association P1. Isotopic records
of 5180 and 5'3C on calcareous pedotypes, typical of the lower portion of
the unit (Lopez-Gomez et al., 2021), indicate arid and semi-arid condi-
tions with high seasonality, related to monsoon climate conditions. The
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Fig. 7. (continued).

presence of calcretes in facies association P1 of the upper part of the
Sotres Formation (Fig. 8A) suggests greater climatic stability. The
sedimentary environments of these latter soils in the Sotres Fm in the
Cantabrian Mountains represent the transition from exposed surfaces to
shallow water bodies (Lopez-Gomez et al., 2021).

In the Pyrenees, Lloret et al. (2021) detailed the course of pedogenic

evolution in alluvial facies associations F6 and F7 of the LRU and URU
units. Paleosols related to arid- and sub-arid conditions (Aridisol, Entisol
and Inceptisol) were described in the fluvial and lacustrine environ-
ments of the LRU (Fig. 8B). These environments developed under a
pronounced topography and monsoon climate. The paleosols of the URU
show reduced maturity and a greater presence of water than those of the

Fig. 8. Examples of paleosols in the studied units. A) Palustrine carbonate at the initial stage of carbonate accumulation in the upper part of the Sotres Formation
(Carmona section), Cantabrian sector. Note the higher carbonate content (C) at the top of the profile replacing the silty/sandy material (s) and the intercalated roots
(r). B) Carbonated roots in a silty bed of overflood deposits in the LRU, eastern Pyrenees (Bar6-Estac section).
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LRU. The inferred climate of these paleosols indicates less arid condi-
tions than those inferred for the LRU.

5.3. Sedimentary evolution of the units

The vertical and lateral evolution of depositional systems in the
studied units is shown in Fig. 9. This figure was prepared by separating
the complete sedimentary record of the studied units from periods
without sedimentation and/or erosion, as shown in Figs. 4 and 5. Having
differentiated the units in time and space, the depositional systems can
be seen in their lateral distribution in Fig. 9.

We identify three sedimentary stages, although the youngest is not
shown in the Cantabrian Mountains and only appears in some areas of
the Pyrenees. The first phase, characterized by alluvial and volcani-
clastic deposits, is represented by the Ab, P1 and TU units, of Asselian-
Sakmarian age. These units were deposited in small basins related to
the still existing lower Permian paleorelief in both the Cantabrian
Mountains and Pyrenean areas. The alluvial sedimentary record was
mostly related to superimposed and/or isolated channelized conglom-
erate and sandstone sheets. These were associated with proximal-distal
low-sinuosity fluvial systems interbedded with overbank deposits where
some paleosols developed. In the Pyrenees area, lacustrine deposits,
mostly dominated by carbonate and sometimes related to coal beds,
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appear in the middle and upper parts of the units. Thick breccia deposits
related to proximal deposits also accumulated in the westernmost part of
this area.

A second stage of sedimentation, of late Artinskian-early Kungurian
age, and still conditioned by local paleoreliefs, mainly comprises alluvial
and lacustrine deposits, and is represented by the Sotres, P2 and LRU
units (Figs. 4, 9), which were deposited after a period without sedi-
mentation and/or erosion (Lopez-Gomez et al., 2019b). In the Pyrenees,
this sedimentary record shows intercalations of volcaniclastic deposits
in its middle part, and lacustrine deposits in its upper portion. The
lacustrine deposits were mainly carbonate in the Cantabrian Mountains
and siliciclastic rocks in the Pyrenees. The top of the carbonate lacus-
trine deposits in the Sotres Formation of the Cantabrian Mountains is
represented by a karstic complex extending laterally over more than
100 km, indicating a long-exposed surface (Lopez-Gomez et al., 2021).
The alluvial deposits are related to superimposed isolated channelized
sandstone sheets. They are associated with proximal-distal fluvial sys-
tems of low and high sinuosity, interbedded with overbank deposits
where paleosols developed. In both the Cantabrian Mountains and
Pyrenees, the sedimentary record reveals a clear vertical succession from
alluvial to lacustrine. In the Pyrenean region, however, intercalated
volcaniclastics were very common at this stage, while in the Cantabrian
Mountains, palustrine environments widely developed in the uppermost

Fig. 9. Temporal and spatial reconstruction of vertical and lateral development of the studied units and their depositional systems in the Pyrenean-Cantabrian
orogenic belt. The interval lacking sedimentation and/or erosion is also shown. See Fig. 2 for the geographical location of the sections, and Fig. 5 for details on

the sections.
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part of the succession.

Due to a lack of sedimentation in the Cantabrian Mountains (Lopez-
Gomez et al., 2019a) along with substantial erosion and/or a non-
deposition period during the middle-upper Permian and Early Triassic
in the Pyrenees (Lloret et al., 2020), the third sedimentary stage, of
Roadian-Capitanian (middle Permian) age, is only recorded in few sec-
tions of the western and eastern Pyrenees, and is represented by the P3
and URU units (Fig. 9). This sedimentary record mostly reflects high-
and low sinuosity fluvial systems with abundant overbank deposits
where paleosols developed. Volcaniclastic rocks are also very common,
especially in the Maya area of the western Pyrenees (section G in Fig. 5).

6. Magmatism

The Permian magmatism of the Cantabrian Mountains and Pyrenees
includes volcanic and plutonic rocks that crop out across the entire
mountain chain (Figs. 2, 10). Most plutonic rocks are well preserved,
and usually intrude as small stocks (i.e. Pena Prieta area, Fig. 2; Gal-
lastegui et al., 1990), and are more frequent to the west of the orogen. In
contrast, volcanic rocks are usually not well-preserved due to weath-
ering, hydrothermal alteration or very low-grade metamorphism. The
Permian magmatism in the Pyrenees has been extensively described in
the regional literature (see review in Lopez-Gomez et al., 2019b and
references therein). Many studies have focused on stratigraphic position
and petrology, but absolute ages are scarce. Recent radiometric efforts
have provided new constraints on the age of this magmatism (Denele
et al., 2012; Pereira et al., 2014; Fig. 10).

Based on a compilation of age and petrological data (Fig. 10), the
Permian magmatic rocks can be grouped into three consecutive
magmatic episodes. The first and second episodes share a calc-alkaline
geochemical signature, whereas the geochemistry of the third episode
is alkaline, suggesting that the change to a extensional regime led to melt
generation at higher mantle depths (Bixel, 1988; Broutin et al., 1994;
Lago et al., 2004a; Galé, 2005). This geodynamic transition is con-
strained at the scale of western Paleo-Europe (Cortesogno et al., 1998;
Bonin, 1990; Deroin and Bonin, 2003).

Preceding these three episodes, the oldest magmatic rocks are
exposed in both the western (AGR in Fig. 1, and section b in Fig. 5) and
eastern (El Cadi basin, Fig. 2, Gisbert, 1981) parts of the orogen and are
of upper Pennsylvanian (Carboniferous) age (Valverde-Vaquero et al.,
1999; Fernandez-Sudrez et al., 2000; Pereira et al., 2014). They have
been classically included as part of the Permian magmatism and related
to those of Asselian-Sakmarian age (Fig. 10). Their affinities are
shoshonitic to calc-alkaline and are related to melting of the lower crust
with variable involvement of mantle melts (Fernandez-Suarez et al.,
2000; Pereira et al., 2014).

During the first episode (Asselian-Sakmarian), lithospheric melts
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intruded the Paleozoic basement as stocks in the western part of the
chain, namely: the Salas-Belmonte stock (18 km west of the city of
Oviedo), and the Pena Prieta stock (Fig. 2). These plutonic intrusions
comprise calc-alkaline rocks ranging from gabbros to leucogranites
(Gallastegui et al., 1990; Suarez et al., 1993, 1999). In the Axial Zone of
the Pyrenees, several intrusions belong to this episode, including the
Bossost and Lys-Caillaouas granitoids (Lopez-Sanchez et al., 2019) and
the Maladeta and Saint Laurent-La Jonquera granites (Evans et al., 1998;
Denele et al., 2014). Coeval volcanic and volcaniclastic rocks occur
interbedded in the Asselian-Sakmarian series in several Permian basins
throughout the entire chain (Fig. 10). Excellent examples of these vol-
canics can be found, from west to east, in the basins La Justa-Aramil,
Villaviciosa, Pena Labra, Acebal-Siero, Castejon-Laspatiles, Erill Cas-
tell-Malpas and Estac-Bar6 (Figs. 2, 10). In all these basins, Permian
sediments are interspaced by lava flows with compositions ranging from
pyroxene- or amphibole-bearing andesites to rhyolites and volcani-
clastic rocks deposited from ashfall, pyroclastic surges and ignimbrites
(Pereira et al., 2014; Lloret et al., 2018; Lopez-Gomez et al., 2019a).
These volcanics also have a calc-alkaline affinity linked to mixed sources
including crustal and lithospheric mantle components (Innocent et al.,
1994; Lago et al., 2004a; Pereira et al., 2014). The shared calc-alkaline
geochemical affinity, together with available ages for this first episode,
suggest a petrogenetic link between plutonic and volcanic rocks as
proposed by Lago et al. (2004a) and Pereira et al. (2014).

The second and third episodes occur only in the central and eastern
parts of the Pyrenees. This younger magmatism has not been described
in the Cantabrian Mountains (Fig. 10). The second episode is repre-
sented by volcanic rocks and some subvolcanic dykes of calc-alkaline
affinity, and took place during the Kungurian (Lago et al., 2004a). In
the central part, this episode is exposed in the Somport-Anayet basin as
the Midi d’Ossau Permian volcano (Fig. 3a). The base of this volcanic
structure and its associated ring dyke is made up of peraluminous dacites
and rhyolites (Bixel, 1988; Briqueu and Innocent, 1993; Innocent et al.,
1994). The rest of the volcanic structure and summit of the Midi d’Ossau
peak consist of andesites that evolved from basaltic andesites to felsic
andesites with time (Bixel, 1988; Briqueu and Innocent, 1993). These
felsic andesites also occur at the base of the Anayet volcanic massif
(Bixel, 1988; Galé, 2005; Lago et al., 2004a). In the eastern part, the
second episode is represented by ignimbrites of the Castellar de N'"Hug
(Pereira et al., 2014) (Figs. 5 m, and 10). With regard to the hypo-
volcanic rocks of this episode, several dykes of calc-alkaline lamp-
rophyre (spessartites) have been described intruding the Panticosa
pluton (Gil-Imaz et al., 2012) and the Maladeta Plutonic Complex
(Arranz, 1997), although their age remains unknown. A similar spes-
sartite dyke in the Lys-Caillaouas massif, French Pyrenees, has been
dated consistently as Kungurian (Majoor, 1988) (Fig. 10).

The third episode (Wordian-Capitanian?) is only found in the central

Fig. 10. Compilation of age and geochemical
data for the Permian magmatism in the Pyr-
enean—-Cantabrian orogen belt. 1: Salas-Belmonte
Stock, 2: Acebal-Siero section, 3: Infiesto Plutonic
Complex, 4: Pena Prieta Stock, 5: Pena Labra
Basin; 6: Cinco Villas Massif, 7: Somport-Anayet
Basin, 8: Panticosa Pluton, 9: Lys-Caillouas
Massif, 10: Castejon-Laspadles Basin, 11: Erill
Castell-Malpas Basin, 12: Estac-Bar6 Basin, 13:
Cadi Basin, and 14: Castellar de N’Hug Basin.
Radiometric dating: 1, 3, 4 (U—Pb in zircon and
titanite by Valverde-Vaquero et al., 1999); 6
(U—Pb in zircon by Denele et al., 2012); 7 (U—Pb
in zircon by Briqueu and Innocent, 1993; Rodri-
guez-Méndez et al., 2014); 8 (K—Ar in amphibole
megacrysts by Debon and Zimmermann, 1993); 9
(K—Ar in biotite and whole-rock by Majoor,
1988); 11-14 (U—Pb in zircon by Pereira et al.,
2014). Magmatic outcrops located in Fig. 2.
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part of the Pyrenees, in the Cinco Villas-Maya Massif and Somport-
Anayet-Canal Roya basin (Figs. 5 g, h and 10). This magmatism has a
transitional to alkaline affinity and is again exposed as both plutonic and
volcanic lithologies. Plutonic rocks correspond to the Aya pluton in the
Cinco Villas Massif (Fig. 10). They range between gabbros and leucog-
ranites and were emplaced during the Wordian (Denele et al., 2012).
Most rocks of this episode are volcanic and show less evolved compo-
sitions (trachyandesites, basalts) than the previous episodes. This
feature has been related to extensional tectonics, thinning of the crust,
and consequent melting of the deeper asthenospheric mantle at lower
melting rates than previous magmatisms (Lago et al., 2004a; Galé,
2005). The volcanic rocks of the Cinco Villas Massif are interbedded
within Permian sediments, below the unconformity with the basal
conglomerates of the Early Triassic units. These volcanics comprise al-
kali basalts with phenocrysts of olivine and Ti-rich augite (Gale, 2005),
and share geochemical features with the gabbros of the Aya (Cinco Villas
Massif) pluton. This led Denele et al. (2012) to suggest that the Aya
pluton represents the deep expression of this volcanic episode. The
volcanic rocks of the Somport-Anayet basin can be divided into two
subunits: alkaline trachyandesites with chromiferous diopside and
edenite-pargasitic amphibole (Debon et al., 1996) and alkaline basalts
with olivine and Ti-rich augite, similar to those of the Cinco Villas Massif
(Gale, 2005; Lago et al., 2004a). These rocks have not been dated yet,
however the emplacement of a compositionally similar dyke of diabase
intruding the Paleozoic basement in the nearby Sallent area has been
dated at 259.2 & 3 Ma, (U—Pb zircon dating by Rodriguez-Méndez et al.,
2014). Finally, amphibole megacrysts carried by alkaline lamprophyres
in the Panticosa pluton, 5 km east of Anayet, were dated via K—Ar
geochronology by Debon and Zimmermann (1993), providing an age
consistent with Wordian-Capitanian crystallization (Fig. 10).

The late Carboniferous magmatism (ca. 310-300 Ma, U—Pb zircon
dating by Fernandez-Suarez et al., 2000 and Pereira et al., 2014) is
related to initial phases of lithospheric delamination (initial orogenic
collapse) in the Variscan hinterland (Gutiérrez-Alonso et al., 2011 and
references therein). In contrast, the lower Permian calc-alkaline mag-
matism is related to the final collapse of the Variscan orogen (Ziegler
and Stampfli, 2001; McCann et al., 2006; Lopez-Gomez et al., 2019a).
The middle Permian alkaline magmatism, restricted to the western
Pyrenees, represents the transition to a rifting stage. Progressive crustal
thinning favoured mantle upwelling and melting at greater depth,
leading to the characteristic alkaline signature (Bixel, 1988; Lago et al.,
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2004a; Galé, 2005).
7. Tectono-sedimentary evolution of the Permian basins
7.1. Tectonic structure of the basins

Based on the data presented in this work and those published pre-
viously, we propose an updated, comprehensive tectono-sedimentary
evolution for the Permian basins. This evolution is related to the end
of the Variscan orogenic collapse (Lopez-Gomez et al., 2019a, 2021)
produced at the beginning of the Alpine cycle.

The Variscan orogen collapse started in late Carboniferous times
(late Moscovian) when the Variscan orogeny was still active, and ended
in early-middle Permian times (Fernandez-Sudrez et al., 2000; Ziegler
and Stampfli, 2001; Lopez-Sanchez et al., 2015; McCann et al., 2006;
Martinez Catalan et al., 2014; Lopez-Gomez et al., 2019a; Dias da Silva
et al., 2021). This Permian post-Variscan extensional period extended
across the early Permian in the Cantabrian Mountains and reached the
middle Permian in the Pyrenees, marking the beginning of the Alpine
cycle. This orogenic collapse was moderate and not generalized in the
Cantabrian and Pyrenean zones, since these zones were located in the
foreland and the transition between the hinterland and foreland of the
Variscan orogeny, respectively, where the Variscan crustal thickening
was more limited (Pérez-Estatin et al., 1991) (Figs. 1b, 11). Further,
extensional collapse gave rise to a horizontal rough cleavage in the
Cantabrian Zone, close to some of the large Variscan faults (e.g., Ledn
and Liébana faults, Fig. 2) (Pérez-Estatin et al., 1991). This cleavage
crosscut the Variscan structures and is compatible with extensional
reactivation of associated faults.

Related to this first extensional post-Variscan phase, narrow isolated
basins were generated in the Cantabrian range and Pyrenees (Figs. 2,
11). In the Cantabrian Mountains, these basins were controlled by the
reactivation of the inherited Variscan and Late Variscan structures,
remained active throughout the Cisuralian (L.opez-Gomez et al., 2019a,
2019b) and are filled up to 300 m of sediments (Fig. 5, sections a-g). As
the orientation of the main Variscan faults was usually oblique to the
lower Permian extensional structures, reactivation of these faults during
the Permian was limited. During this stage, the lower Permian basins of
eastern AGR of the Cantabrian Mountains, developed on the arcuate
Variscan Cantabrian Zone (Figs. 1b, 2), were strongly controlled by: i) E-
W Variscan thrusts (e.g., Sotres Basin) (Fig. 2, number 1; Fig. 12b), ii)

Fig. 11. a) Sketch showing the location of the studied
region and the main sutures of Pangea during the
early Permian. Legend in the figure is valid for both 1a
and 1b. ESZ-Elbe Shear Zone, NASZ- North Armorican
Shear Zone, VEZF-Ventaniella Fault Zone, BCFZ-
Badajoz-Cordoba Fault Zone, SCBZ-Southern Banks
Fault Zone, ASZ-Atlas Shear Zone. b) The Variscan
belt structure and its relationship with the narrow
elongated Permian basins. Lower Permian structures
and basins are related to the Variscan foreland- hin-
terland limit (see text for details). Lower Permian
location of the equator based on Scotese and Lang-
ford, (1995).
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Fig. 12. a) Geological map and cross section of the lower Permian Carmona Basin. Faults reactivated during Permian times appear in red. These faults controlled
sedimentation of the Permian deposits and limited the half-grabens. The main structure is the Celis Fault which was a Late Variscan strike-slip fault reactivated during
Permian times as a normal fault. The Cabuerniga Fault, which controlled the La Hermida basin, is also observed. The current limits of the sedimentary units were
overturned during Alpine compression, which tilted the Permian basin to the north. b) Geological map and cross section of the lower Permian Sotres basin. The faults
reactivated during the Permian are indicated in red. These faults controlled Permian deposits and limited the half-graben in the south, while in the north the limit is a
fault overturned during the Alpine compression (Cabuerniga fault). ¢) Photograph showing the Permian La Hermida-Carmona basin. The southern fault is shown,
which controlled the sedimentation and northern limit reactivated by the Cabuerniga Alpine fault. At the bottom of the photograph, the Spa can be seen using
thermal water (65 °C) from the Permian normal fault. See Fig. 2 for locations of the faults. Cl: Carboniferous limestones; Pss: Permian siltstones and sandstones; Tss

Triassic sandstones and siltstones; Tsp: Thermal spa.

NE-SW Variscan thrusts (e.g., La Justa-Aramil and Villaviciosa basins)
(Fig. 2, numbers 3, 4) and iii) NW-SE Late Variscan strike-slip faults (e.
g., Celis, Pena Labra, Villabona and Pena Sagra basins) (Fig. 2, numbers
2, 5, 6, and 7; Fig. 12a). In the Pyrenees, Permian basins typically
trended E-W to NE-SW (Fig. 2), following the Variscan structures of the
northern branch of the Ibero-Armorican Arc (Figs. 1b, 11). These basins
were elongated, narrow and deep, so that, several hundreds of meters of
sediment (up to 700 m) were accumulated in their depocenters (Fig. 5,
sections h-m).

To better understand the tectono-sedimentary evolution of the ba-
sins, we conducted a detailed study of three well-preserved Permian
basins in the Cantabrian Mountains and Pyrenees. These basins are, from
W to E: Sotres, Carmona and Somport-Anayet (Fig. 2, numbers 1, 2, 9)
and are related to sections ¢, d and h (Fig. 5). The Sotres Basin extends
over an area 10 km long and 2-3 km wide and is now bounded by the
Alpine reverse Cabuerniga Fault at its northern border, while the
southern border is bounded by the originally normal fault that resulted
from a reactivated Variscan thrust. It is here where the thickest section is
found, represented by the Sotres Formation (Fig. 12a). To the west, this
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normal fault is offset southwards, due to the presence of a transfer fault
that reactivated a NE-SW Variscan thrust.

The Carmona Basin (Fig. 12b) was related to the reactivation of a
NW-SE Late Variscan fault (Celis Fault in Fig. 2, number 2). The
maximum size of the Carmona basin and related sub-basins (the Bejes
and La Hermida basins) cannot be calculated accurately due to its partial
erosion and coverage by Triassic deposits, but we can estimate the basin
was 30 km long and 3-4 km wide during the deposition of the Sotres
Formation.

Outcrops of the Permian Somport-Anayet basin are among the best
preserved in the Pyrenean area and also in all the Pyrenean-Cantabrian
belt (Fig. 2 number 9, and Fig. 3), allowing more detailed description
here. This NW-SE trending basin extends more than 29 km (Mirouse,
1959) and bears the Midi d’Ossau volcanic complex in its NE part
(Figs. 3, 10). At its northern boundary, it is limited by N-100 E direction
normal faults, while at its southern border the Permian rocks are un-
conformably covered by Upper Cretaceous limestones representing the
southern limit of the Pyrenean Axial Zone (Fig. 1a). In the easternmost
sector of the basin, its southern limit is marked by N-120 E trending
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normal faults, reactivated during the Alpine compression. Along the
southern part of the Somport-Anayet Basin, both the Permian sediments
and the faults that controlled this sedimentation were strongly tilted
towards the south, due to fold propagation in the Alpine Gavarnie thrust
frontal ramp (Fig. 3c, d). Permian sedimentation in the central part of
the Somport-Anayet Basin occurred in relation to WSW-ENE faults, some
of which arose from reactivation of Variscan thrusts. The different
reactivation ages of these faults prevented the preservation of a com-
plete sedimentary succession of the TU, LRU and URU units in the
studied sections.

In the southeastern Pyrenean Axial Zone, normal faults have been
described reactivating main Variscan thrusts. These extensional faults
trend E-W, gently dipping to the North following late-Variscan extension
in a N-S to NE-SW direction (Casas et al., 2007). These faults are cut by
the Granodiorite of Andorra, dated via U—Pb geochronology as 305 + 3
Ma (Romer and Soler, 1995), so they are also older than the Permian
units examined here. This is because in the Pyrenees, the post-Variscan
basins contain both late Carboniferous and Permian sediments. How-
ever, it is possible that later movements of these faults or this system,
located further south, were those controlling Permian sedimentation in
the basins located to the south of the Pyrenean Axial Zone. Saura and
Teixell (2006) made a detailed description of Stephano-Permian exten-
sional faults (later inverted during Alpine compression) associated with
small basins in the Malpas-Erill Castell and Baré-Estac basins.

7.2. Permian tectono-sedimentary phases

Based on the detailed descriptions of the lithostratigraphic units and
their ages, tectonics and magmatism (Figs. 9, 10), three post-Variscan
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tectono-sedimentary phases (Fig. 13, phases I - III) can be invoked to
explain the early-middle Permian sedimentary record of the Pyrenean-
Cantabrian orogenic belt. These phases, which are related to exten-
sional reactivation of Variscan thrusts and Late Variscan strike-slip
faults, conditioned the appearance or absence of the Permian units
and associated magmatism.

In both the Cantabrian Mountains and Pyrenees, lower Permian
sedimentation started during the final extensional collapse of the
Variscan orogen’s foreland (Asselian-Sakmarian in age) and is repre-
sented by the Acebal and TU lithostratigraphic units (Fig. 13). In both
zones, sedimentation was represented by mid- to distal fluvial deposits
with intercalated calc-alkaline volcanic beds. However, in the Canta-
brian Mountains, these volcanic intercalations represent a much higher
proportion of the sequence than in the Pyrenees. Due to the diachronism
of the early Permian extensional event in the eastern Astur-Galaica
Region of the Cantabrian Mountains, this first phase of sedimentation
is not recorded. Sedimentation during the second Permian extensional
tectonic phase (late Artinskian-early Kungurian) is mostly represented
by fluvial and lacustrine deposits. In the Pyrenees (LRU), lacustrine
deposits and calc-alkaline volcanic beds are intercalated in the fluvial
record, while in the Cantabrian Mountains, the lacustrine and its over-
lying palustrine deposits of the Sotres Formation represent the upper
part of a general shallowing sedimentary tendency. Evolution of the
sedimentary facies and 5'%0 and §'3C analyses of the studied pedotypes,
both in the Cantabrian Mountains and Pyrenees, point to a clear aridi-
fication tendency within a monsoon regime for this second tectono-
sedimentary phase, which fits in well with the general turnover to a
progressive greenhouse phase at the end of the Late Paleozoic Ice Age
(LPIA) (Montanez and Poulsen, 2013). The third Permian extensional

Fig. 13. Sketch of the general distribution of early-middle Permian basins in the Cantabrian Mountains and Pyrenees, showing the three post Variscan extensional
tectonic phases of evolution. SCM- Stephanian Cantabrian Mountains. Units: ST- San Tirso, Ab- Acebal, So- Sotres, P1- Permian 1, P2- Permian 2, P3- Permian 3, GU-
Gray Unit, TU- Transition Unit, LRU- Lower Red Unit, URU- Upper Red Unit. *Including the surrounding outcrops: Anayet, Sallent de Gallego, Oza and Canal Roya,

**Footprints from La Mole d’Amunt (Mujal et al., 2016a), ***Footprints from Noves-La Trava (Mujal et al., 2016b). Radiometric data (U—Pb ages) from: Rodriguez-
Méndez et al., 2014 (alkaline and mafic); Valverde-Vaquero et al., 1999 and Pereira et al., 2014 (calc-alkaline and felsic). See text for details.
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tectonic phase (Wordian-Capitanian) is mostly represented by fluvial
deposits with isolated intercalations of lacustrine and alkaline-mafic
volcanic beds in both the eastern Cantabrian Mountains (P3 Unit) and
western Pyrenees (URU) (Fig. 13).

8. Discussion. Geodynamic evolution of the Variscan-Alpine
transition

8.1. Late-Variscan and early Alpine stages

To the end of the Variscan orogeny (early Gzhelian) the Ibero-
Armorican Arc was already very closed in the Cantabrian Zone due to
emplacement towards the south of the Picos de Europa Unit (Merino-
Tomé et al., 2009) (Fig. 11) and the characteristic thin-skinned defor-
mation of this external zone does not continue in this area. In this
context a new stage of thick-skinned deformation started, leading to
large dextral strike-slip faults that accommodated the last Variscan
shortening (Rodriguez-Fernandez and Heredia, 1987). These faults
crossed all the Cantabrian Zone with a NW-SE trend and affected all
Variscan structures. This episode is know as Late Variscan deformation
(Arthaud and Matte, 1975, 1977) and develops in a short time interval,
between the early Gzhelian age of the last Variscan thrusts and their syn-
tectonic sediments, and the early Permian, age of the first syn-
extensional pre-orogenic sediments of the Alpine cycle. Related to the
Late Varican faults, the sedimentation of the San Tirso Formation occurs
in late Gzhelian-early Permian times (Lopez-Gomez et al., 2019a, 2021).

In the geologic literature addressing the beginning of the Alpine
cycle in the Pyrenean-Cantabrian orogen, tectono-sedimentary evolu-
tion is approached considering the Permian and Triassic records
together, and it is common to refer to the Permian-Triassic rifting phase
(Hartevelt, 1970; Wagner and Martinez-Garcia, 1982; Lepvrier and
Martinez-Garcia, 1990; Garcia-Espina, 1997; Ziegler and Stampfli, 2001;
Saura and Teixell, 2006; Gretter et al., 2015; Rodriguez-Méndez et al.,
2016; Lloret et al., 2018 and references therein). Based on the virtual
absence of lateral continuity of the Permian basins, the scarce age data
available for the units described and, therefore, the limited differentia-
tion of the tectonic phases, many authors (e.g., Gretter et al., 2015;
Rodriguez-Méndez et al., 2016; Lloret et al., 2018, among others) have
suggested that the extension during the beginning of the middle Permian
occurred under a dextral transtensional regime related to the first stages
of the Pangea break-up, as a global model for the late Variscan and
Permian episodes. As a result, some early-middle Permian faults could
have occurred as large strike-slip faults related to pull-apart basins.
However, there is not definitive evidence of the presence of this type of
fault in this tectonic extensional context. They may consist of linked
discontinuous traces inferred under Mesozoic sediments, as stated by
Saura and Teixell (2006) who, after restoring structural sections,
confirmed that Permian sub-basins initially formed as grabens or half-
grabens.

Recently, Heredia et al. (2019) and Lopez-Gomez et al. (2019a)
proposed a different evolution model for the Permian and Triassic ba-
sins, which are separated by a stratigraphic gap of more than 30 Myr in
the Cantabrian Mountains (middle Permian to late Middle Triassic), and
somewhat less in the Pyrenees (late Permian-Early Triassic). These au-
thors linked the Permian extensional regime to the end of the collapse of
the Variscan orogen. Accordingly, after the Variscan orogeny in early
Permian times (Cisuralian), the foreland of the Pyrenean-Cantabrian
orogen was affected by a slight and not generalized collapse that pro-
duced elongated, narrow isolated extensional basins and an associated
calk-alkaline to alkaline magmatism (Bixel, 1987; Debon et al., 1996;
Gallastegui et al., 1990, 2004). For many authors (Fernandez-Sudrez
et al., 2000; Ziegler and Stampfli, 2001; Lopez-Sanchez et al., 2015;
McCann et al., 2006; Martinez Catalan et al., 2014; Lopez-Gomez et al.,
2019a; Dias da Silva et al., 2021), the collapse started in the thickened
hinterland of the Variscan orogen (Central Iberian Zone, Fig. 1b) in the
late Moscovian (ca. 310 Ma), when closure of the Ibero-Armorican Arc
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started in the Cantabrian Zone with the emplacement of the Bodén-
Ponga Unit towards the east (Rodriguez-Fernandez and Heredia, 1987,
1988; Heredia, 1998; Gutiérrez-Alonso et al., 2011). This episode has
related igneous rocks and is represented by some large normal faults,
such as the Allende fault (Marcos, 1973), Vivero fault (Lopez-Sanchez
et al., 2015) or the Chandoiro fault (Farias and Marcos, 2019). The
collapse reached the slate belt of the Variscan hinterland (West Asturian-
Leonese Zone) and the internal part of the Variscan foreland (Cantabrian
Zone) in Kasimovian-Gzhelian times (ca. 305-300 Ma), where large
extensional continental basins were filled with thick sedimentary con-
tinental successions (up to thousands of meters thick). These basins were
slightly deformed by the Variscan orogeny and recorded some igneous
activity (Merino-Tomé et al., 2017), which also affected the strongly
deformed pre-Kasimovian basement (Fernandez-Suarez et al., 2000).
This extensional collapse is contemporaneous with the development of
the last contractional structures in the outermost parts of the Variscan
orogen: the emplacement of the Picos de Europa Unit towards the south
(Merino-Tomé et al., 2009) and the subsequent late Variscan NO-SE
strike-slip faults (Rodriguez-Fernandez and Heredia, 1987) causing the
main and final closure of the Ibero-Armorican Arc, respectively.

The tectono-sedimentary context for the post-Variscan Permian ba-
sins of the Pyrenees and Cantabrian Mountains is similar. In both cases,
small elongated basins (few kilometers in scale) were limited by normal
faults that formed small grabens or semi-grabens without connection.
These basins were generated at the end of the Variscan orogenic
collapse, which affected all the Variscan orogenic belt in the early
Permian. In the foreland and in the foreland-hinterland boundary of the
Variscan orogen, sedimentary and igneous rocks are present (Sudrez-
Rodriguez, 1988; Gallastegui et al., 1990, 2004; Valverde-Vaquero,
1992), but large outcrops of igneous rocks are only preserved in lower
Permian basins (ca. 295-285 Ma) (Fernandez-Suarez et al., 2000;
Gutiérrez-Alonso et al., 2011; Lopez-Gomez et al., 2021).

Pereira et al. (2014) relate the late Carboniferous-early Permian calc-
alkaline magmatism with a subduction-related cycle (Cimmerian cycle),
product of the subduction of the Paleotethys (Fig. 11) beneath the
Varican belt. This scenario is difficult to reconcile with the data pre-
sented here, because this magmatism is distributed throughout the NW
Iberian Massif with a similar age and it would be located, in many cases,
very far from the possible subduction zone. This far location would
imply a flat-slab subduction as it happened in the Andes (Ramos and
Folguera, 2009 and references therein) or in the Rocky Mountains
(Blakey and Ranney, 2018 and references therein), in which this sub-
duction type would produce arc migration (magmatic arcs with different
ages) and a compressive deformation that would propagate across the
continent beyond the successive magmatic arcs (Garcia-Sansegundo
et al., 2014). Neither of these processes are recorded in this segment of
the Variscan orogen. Moreover, Bea et al. (2021) concluded that the
overall chemical and isotopic compositions of most Central Iberian Zone
granitoids of the Variscan belt (Fig. 1) with late Carboniferous-early
Permian age, are different from subduction-related granite rocks.
These authors argued that mantle-derived mafic-intermediate rocks in
this area, which should best preserve information on the type of melt
generation processes, do not preserve arc-related signatures either.

Also, a crustal delamination that led to the formation of juvenile
melts during the closure of the Ibero Armorican Arc has been invoked,
especially to explain the magmatism developed in the Variscan foreland
(Gutiérrez-Alonso et al., 2004, 2011, 2015). In our opinion and also that
of other authors (Burg et al., 1994; Ziegler and Stampfli, 2001), in the
areas affected by the late Carboniferous-early Permian orogenic
collapse, an asthenospheric uplift induced thermal thinning of the
mantle-lithosphere and a magmatic inflation of the remnant lithosphere.
In both last cases, the extensional reactivation of large and deep Varis-
can and Late Variscan faults during the orogenic collapse allowed the
emplacement of igneous rocks in upper crustal levels and at the surface
(Gallastegui et al., 1990).

The formation of small, isolated basins cannot be related to the
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generalized extension that occurred at a later stage, during the Triassic,
associated with large regional structures. Most of the Permian basins
respond mainly to a N-S extension (in the current position of the Iberian
Peninsula) that could already be related to the beginning of the stress
field generalized during the Triassic extension (Triassic rifting) (Fig. 11).
This Permian extensional collapse finished during the end Kungurian
(end of early Permian) in the Cantabrian Mountains or even Wordian-
Capitanian (middle Permian) in the Pyrenees, and is characterized by
a transition from calc-alkaline to alkaline magmatism. This transition
can mark a continuous event of extension in the Pangea continental
crust, leading initially to crustal melts with calc-alkaline signatures, and
evolving to the upper lithospheric mantle partial melting that produced
alkaline magmas.

This final middle Permian phase of Variscan orogen collapse, also
marks the transition to Triassic rifting (Lopez-Gomez et al., 2019a)
(Fig. 13), but this extensional process stopped, at least for about 10 Myr
in the Pyrenees and 30 Myr in the Cantabrian Mountains. Then again, in
Early (Pyrenees) -Middle Triassic (Cantabrian Mountains) times, the
extensional process was reactivated as the result of the beginning of the
breakup of Pangea (Lloret et al., 2020) which at this latitude was rep-
resented by the opening of the Bay of Biscay. The Bay of Biscay is an
eastern branch of the North Atlantic rift that remained active until Early
Cretaceous, allowing the separation of the Iberian subplate from the
Euroasian plate, although this rifting process also stopped during Early
and Middle Jurassic (Boillot et al., 1979). The Triassic rifting started
earlier in the Pyrenees because during this time the rift axis must have
been close to these ranges, while the present Cantabrian Mountains were
located near to the southern edge of this rift, where the extensional
process (rift propagation) came later.

Some minor differences can be observed in the tectono-sedimentary
characteristics of the early Permian collapse between the Cantabrian
Mountains and the Pyrenees: 1) In the Pyrenees, the Permian and Ste-
phanian basins coincide and the lower Permian deposits sometimes rest
on the Stephanian deposits in apparent conformity (e.g., Gretter et al.,
2015; Lloret et al., 2018). This implies that here, the beginning of the
sedimentary record of the Permian extensional basins could be the
continuation of the Stephanian basins, while these deposits differ in the
Cantabrian Mountains, where they are separated by an angular uncon-
formity. 2) The sedimentary fill in the Permian basins of the Pyrenees is
about one thousand meters thick, while in the Cantabrian Mountains
only a few hundred meters of sediment fill the basins. This could be
because in the Pyrenees, the Permian basins are located near the hin-
terland of the Variscan orogen (Figs. 1b, 11, 13), where the crust was
thicker and therefore the post-orogenic extensional collapse was more
relevant. Erosion could also be invoked, related a post-Permian gener-
alized uplift in the Cantabrian Mountains, but the tectonic context in
Permian times is always extensional and not generalized, so elevated
areas subject to erosion predominate over the sedimentary basins. 3) In
the Cantabrian Mountains, the extensional faults that controlled the
Permian basins were generally related to reactivations of Variscan faults
(thrusts and Late-Variscan strike-slip faults), while in the Pyrenees,
reactivation of Variscan structures is not as common. This is probably
because in the Pyrenees the Variscan faults are older (pre-Stephanian)
and do not usually present a favorable orientation, so they are more
difficult to reactivate. By contrast, in the Astur-Galaica Region (Variscan
Cantabrian Zone), especially in its easternmost part, the Variscan
structures are brittle and younger (Stephanian-Permian) in age (Fig. 11)
and can be reactivated more easily. 4) The general characteristics of the
sedimentary record and its age are similar both in the Cantabrian
Mountains and Pyrenees, although some differences are remarkable.
The first is that with the exception of the easternmost area, most
Permian sedimentation in the Cantabrian Mountains is recorded in only
two units, the Acebal and Sotres formations, while in the Pyrenees it is
represented by three formations (TU, LRU and URU) (Fig. 13). In most of
the Cantabrian Mountains, sedimentation was interrupted during the
Kungurian, and reinitiated again in the Middle Triassic, after a long gap
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of 30 Myr (Lopez-Gomez et al., 2019a). This interruption was associated
with exposure and intense karstification processes affecting most of the
Cantabrian area. In the Pyrenees, a new extensional phase developed
during the middle Permian, which was affected by intense erosion prior
to the beginning of the Early Triassic (Olenekian) sedimentation (Lloret
et al., 2020).

8.2. Late-Variscan and early Alpine Western-Central Europe scenario

After the mid to late Carboniferous, oblique convergence between
south Laurussia and north Gondwana gave rise to the large European
and Mediterranean segment of the Variscan orogeny. The two compo-
nents of the system started moving apart again through dextral trans-
pressional megashear, involving Europe, North America and the
Mediterranean area at the same time (e.g., Arthaud and Matte, 1977;
Matte, 1986; Bard, 1997) (Fig. 11a). However, the general NW-SE latest
Carboniferous shortening trend continued during the early Permian
(Stampfli and Borel, 2002; Muttoni et al., 2009; Martinez-Catalan, 2011;
Aubele et al., 2012; Cassinis and Doubinger, 1992; Cassinis et al., 2012;
Bachtadse et al., 2018; Elter et al., 2020), although large areas of the
hinterland of the arcuate Variscan orogen were already collapsing since
the late Carboniferous (late Moscovian). During this orogenic collapse a
large number of igneous rocks were distributed throughout the Variscan
belt, appearing as volcanic intercalations in the late Carboniferous-
Permian basins. As a result, the late Carboniferous paleogeography of
Western Europe features large epicontinental seas that range from fully
marine to brackish-paralic or evaporitic (Izart and the 343 IGCP working
group, 1998, Izart et al., 2003) and developed near to the prograding
Variscan orogenic front in the Bashkirian to Gzhelian ages (Agueda
et al., 1991; Merino-Tomé et al., 2009; Voldman et al., 2020). In con-
tinental areas deformed and thickened by Variscan orogeny, collapse-
related basins filled by sediments, mostly alluvial and lacustrine, char-
acterized the Variscan hinterland of Central-Western Europe during the
Kasimovian-Gzhelian (up to 6 km thick) and the foreland during the
early Permian (up to 2 km thick) (McCann et al., 2006) when the
Variscan orogeny had already finished. Extensional collapse migrated
from the Variscan hinterland while intramontane basins decreased in
size, developing small basins on the distal foreland in Permian times
(Fig. 11b). Compared to the late Carboniferous basins, the Permian
basins increased in number but the thickness of sedimentary fill
decreased, suggesting smoothing of the Variscan chain relief (Vai,
2003).

During the early Permian, most Western and Central European basins
were located at the equator or in near-equator areas (Scotese and
Langford, 1995). As a result of gradual lower Permian fragmentation,
there was extensive rift-related tectonism and associated extensional
magmatic activity. Despite differences in both timing and location, the
similarity in terms of basin infill (sedimentary and magmatic) between
these basins is remarkable (McCann et al., 2006) and general compari-
sons between basins can be made through precise (radiometric) dating.

The onset of post-Variscan sedimentation was conditioned by the
presence of regionally uplifted areas. Wrench-related lithospheric
deformation, magmatic inflation of the lithosphere and thermal erosion
of the lithospheric mantle could be the joint triggers for the uplift
(McCann et al., 2006), which was accompanied by periods of significant
magmatic activity. As a result of this paleorelief, the first post-Variscan
sediments were deposited in some basins, mostly alluvial in origin,
continuously from the latest Carboniferous (Kasimovian-Gzhelian).
Other basins started sedimentation during the Asselian or even later
(Fig. 14). All these basins, however, experienced significant magmatic
activity. Melt generation was probably related to the partial melting of
the uppermost asthenosphere and lithospheric thermal boundary layer
(Ziegler, 1990), the most voluminous concentrations occurring in the
North German Basin (Benek et al., 1996) dated at ca. 297-302 Ma
(Breitkreuz and Kennedy, 1999). The latest Carboniferous to earliest
Permian period coincided with an intense negative deviation of the
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atmospheric CO, concentration curve (Montanez et al., 2016), wit-
nessing a late and intense cold episode of the Late Paleozoic Ice Age.

During the Artinskian, the tectonic activity of Western and Central
European basins experienced a period of change. Sedimentation
decreased during the early Artinskian, and a period of general tectonic
quiescence in most of these basins resulted in hiatuses in sedimentation
(Fig. 14). The late Artinskian-Kungurian period was one of renewed
reactivation in most basins, inducing the accumulation of considerable
sediment thicknesses. This period, combined with a general decrease in
glacial frequency, aerial extent of vegetation (Montanez and Poulsen,
2013) and a consolidated trend towards semiarid and arid conditions in
the European basins, may have coincided with the end of the Late
Paleozoic Ice Age (Tabor and Montanez, 2004; DiMichele et al., 2008).

Some Western European basins occupying the foreland of the
Variscan orogenic belt (e.g., Cantabrian Mountains basins) underwent
prolonged exposure again at the end of the Kungurian (Fig. 14). How-
ever, this period of time featured different tectono-sedimentary sce-
narios, as basins located adjacent to, or to the north of the Variscan
deformation front experienced subsidence related to thrust loading of
the crust and a more continuous form of sedimentation (McCann et al.,
2006). In most basins, the Wordian-Capitanian (end Guadalupian) rep-
resented the end of this sedimentation phase.

During the early-middle Permian, similar extensional post-Variscan
tectono-sedimentary pulses were recorded across the Pyrenean-
Cantabrian orogen. These pulses were related to the geodynamic
response of the asthenosphere and lithosphere to the crustal instability
that was to follow the Variscan orogeny. The Western and Central
Europe basins formed within the Variscan hinterland experienced
broadly the same pulses. Differences between the sedimentary and
volcano-sedimentary infill and associated magmatic activity were
probably linked to the relative position of the basins in the Variscan
orogenic belt, with different thickening and melting levels in the crust.

9. Conclusions

The Post-Variscan evolution of the Pyrenean-Cantabrian orogenic
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Fig. 14. Schematic comparison of the post-
Variscan extensional tectonic phases recorded in
the study area and representative coeval basins in
Western and Central Europe. Arrows indicate
common stages of prolonged hiatuses without
sedimentation or reduced subsidence and accu-
mulation of sediments. Units- Ab: Acebal; So:
Sotres; P3: Permian 3; TU: Transition Unit; LRU:
Lower Red Unit; URU: Upper Red Unit; Lu:
Lucenay; GA: Autunian Gray; RA: Red Autunian;
Uselas; Pr: St. Prirat; Tu: Tuileres; Lo: Loiras; Vi:
Viola; Ra: Rebajac; Sa - Oc: Salagou (Fm) - Octon
(Mb); LL: La Lieude (Fm); Sa — Me: Salagou (Fm) -
Merifons (Mb); Lp: Les Pellegrins; Tr: Transy; Bf:
Bron; Ls: Les Salettes; Br: Calc. du Bau Rouge; Sm:
St. Mandrier; Fa: Fabregas; GP: Guarda Pisano;
PC: Punta Lu Caparoni; RS: Rio Su Luda; Ps:
Pedru Siligu; Cs: Casa Satta Ignimbrite; Pf: Porto
Ferro; CV: Cala del Vino; Ma: Manebach; Go:
Goldlauter; Ob: Oberode; Ro: Rotterode; Ta:
Tacenbach; Ei: Eisenach; RO: Rosice-Oslavany
(Fm); Po: Podochov (Fm); VB: Veverska-Bityska
(Fm); and Le: Letovice (Fm). (Citton et al., 2019;
Ducassou et al., 2019; Evans et al., 2014; Gaggero
et al., 2017; Liitzner et al., 2020; Michel et al.,
2015)

belt is related to a lower Permian extensional regime, associated with
the final collapse of the Variscan orogen, which triggered the beginning
of the Alpine cycle. For the first time, a multi-disciplinary study of the
stratigraphy, sedimentology, paleosols, tectonics and volcanism of well-
dated lower-middle Permian units confirms the similar post-Variscan
geodynamic evolution across the entire Pyrenean-Cantabrian belt.

The collapse of the Variscan orogen started in the hinterland in late
Carboniferous times (late Moscovian), when the Variscan orogeny was
still active in the external foreland, and reaching the all foreland in
Permian times, when the Variscan orogeny had already ended. The
orogenic collapse finished in the Cantabrian Mountains in early Permian
times and in the middle Permian in the Pyrenees.

The extensional processes related to the Variscan orogen collapse
were not generalized, and gave rise to larger intramontane basins in the
hinterland-foreland boundary during the late Carboniferous (Kasi-
movian-Gzhelian) than in the foreland, where smaller, thinner, elon-
gated isolated basins developed during the early and middle Permian.

The extensional reactivation of large and deep Variscan and Late
Variscan faults during the orogenic collapse allowed the emplacement of
late- and post-Variscan igneous rocks in upper crustal levels or on the
surface. These late Carboniferous-middle Permian igneous rocks can be
related to an asthenospheric uplift and crustal thinning related to this
collapse, which was higher in the thickened hinterland of the Variscan
orogen, where the igneous rocks of this age were more abundant.

The first phase (Asselian-Sakmarian) comprises alluvial sediments
and calc-alkaline volcanic rocks. The second phase (late Artinskian-early
Kungurian) is represented by alluvial, lacustrine and palustrine sedi-
ments with intercalations of calc-alkaline volcanic beds, with a clear
aridification tendency. The third phase (Wordian-Capitanian) was not
deposited in the Cantabrian Mountains, and caused significant erosion
in the Pyrenees. It consists of alluvial deposits with intercalations of
alkaline and mafic beds. This last Permian extensional phase marks the
transition to a rifting stage, which doesn’t begin until Early-Middle
Triassic times, indicating a pause in the extensional process of at least
10 Myr in the Pyrenees and for about 30 Myr in the Cantabrian Moun-
tains. The Triassic rifting was related to the opening of the Bay of Biscay,
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an eastern branch of the North Atlantic rifting, which represents the
Pangea break-up at these paleolatitudes.

Based on the evolution of near-equator post-Variscan or early Alpine
pre-orogenic basins in Europe, we infer similarities between the geo-
dynamic and climate evolution of the Pyrenean-Cantabrian basins and
those formed within Western and Central Europe during the early-
middle Permian. Common features include prolonged hiatuses in sedi-
mentation, magmatic activity, related extensional faulting and stages of
increased subsidence and accumulation of the sedimentary record, as
well as a progressive climate aridification. Our comparison also high-
lights evolutionary differences between basins likely controlled by their
location within the Variscan orogenic belt.
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