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Summary

The research in this PhD thesis deals with the stratigraphic record of the Central-
Eastern Southern Pyrenean continental basins of the Late Carboniferous — Early-Middle
Triassic age. These basins were located in the Western peri-Tethyan domain. The
Pyrenean and other basins located in the current Western Europe were supposed to
develop under the same tectono-sedimentary regime and shape, and with a similar
paleoenvironmental scenario. This work proposes a multidisciplinary study to unravel the
complex tectonic and depositional record in this area, provide some hints on its
chronostratigraphy and reconstruct the paleoenvironments that characterized the

continental successions in this crucial time-frame.

The Upper Carboniferous-Lower Triassic sedimentary record in the Central-
Eastern Southern Pyrenees is organized in five formal stratigraphic units, some of them
bounded by angular unconformities. Due to the complex geological setting, several
approaches have been used together. The adopted method was selected in order to obtain
the most detailed information and reconstruct the original conditions of these basins and
their later refill. The main approach followed was based on the stratigraphy and the
sedimentology studies. On this basis, other approaches, such as palynology,
paleopedology, isotopic analyses and clay mineralogy from claystone, were attempted in
both the Erill Castell-Estac Basin and the neighbouring basins (Castejon-Laspatles,
Gramos and Castellar-Camprodon). Detailed field made it possible to define facies, facies
associations and the architectural elements of the deposits. Detailed syn-sedimentary
faulting was also measured with the scope to constrain the relationship between the
sedimentation and the tectonics. When the stratigraphic units were clearly characterized
and their vertical and lateral relations were well established, a detailed sampling was

performed for the other approaches used. The stratigraphic units were then joined in



sedimentary cycles (SC) bounded by angular unconformities. The sedimentary record of
each SC shows significant changes in the paleoenvironmental conditions. The first
sedimentary cycle (Late Carboniferous-Early Permian) is characterized by isolated sub-
basins and it is strongly linked with intense volcanic activity. In the upper part of this
cycle, fluvial and lacustrine sediments were deposited in a transtensive tectonic context,
and again during a strong volcanic outpouring. In the second sedimentary cycle (Middle
Permian), the sub-basins started to merge due to the continuation of transtensive tectonic
context. The main deposits in this cycle represent playa-lake and fluvial environments
with negligible volcanic influence. Finally, after a long-lasting stratigraphic gap, the third
sedimentary cycle (Early-Middle Triassic) is represented by meandering fluvial systems

with isolated lacustrine environments and no volcanic influence.

The age of the units was constrained thanks to their newly discovered
palynological content. These fossils represent an important biostratigraphic tool for
correlation across the SW European basins. The age obtained by one sporomorph
association found in the basal Grey Unit (SC1) was Gzhelian (Upper Carboniferous). The
spores and pollen contained in the Transition Unit (SC1) indicate an Asselian age (Early
Permian). The second sedimentary cycle is represented by the Lower Red Unit (LRU),
which was assigned to an Artinskian age, based on palynological data. Finally, the Lower
Triassic deposits contained pollen and spores too, and the age ascribed was upper-middle

Anisian.

The pedogenic activity during the development of the Central-Eastern Pyrenean
basins also revealed important information. Even though paleopedology is poorly used,
it served to achieve paleoclimatic and paleoenvironmental indicators. The study of
paleosoils enabled me to understand the relationship between tectonics, vegetation,
climate and the paleotopography of the Permian-Triassic basins. The presence of

Andisols, Alfisols, Aridisols and Entisols during the deposition of the Lower Red Unit,



in the middle Cisuralian, indicates wet and dry climatic conditions (even monsoonal) due
to the presence of humid and dry paleosols. During the late Cisuralian-early Guadalupian,
represented by the Upper Red Unit deposition, the climate inferred was more monsoonal
to because of the presence of Entisols, Alfisols and Andisols. During the Anisian,
represented by the Buntsandstein facies deposition, Ultisols and Entisols were the most
representative paleosols, leading to infer more arid climatic conditions. The pedogenic
carbonate content made it possible to analyze the isotopic signature of 8'3C and 8'%0.
This carbonate was in balance with the atmosphere when it precipitated, and so its values
are indicative of atmospheric changes. The results obtained show different isotopic
signatures for each of the pedotypes studied, indicating variability in the pedogenesis and
corroborating the pedogenic and sedimentary diagnosis in the field. Moreover, the
isotopic values indicate a general trend, as the most positive values were in the deepest
horizons. On the whole, the overall isotopic composition of Permian and Triassic
paleosols in the Central-Eastern Southern Pyrenees fit well with the paleoenvironmental
reconstructions provided by sedimentary facies. Furthermore, the isotopic compositions
show significant differences between the isotopic composition of the Permian and
Triassic carbonates. The findings obtained in this study fit with the global 3'*C curve for

those times.

Clay mineralogy from several claystone layers in the studied stratigraphic units
was another tool used in this research to obtain possibly valuable information on the
variations in mineralogical associated with different climate conditions. It was observed
that the basal units (GU and TU) contain halloysite mineral which, together with high
percentages of other minerals like felspars (5-10%), is linked to strong volcanic activity
under humid conditions. Quartz is present (15-40%) in all the units, indicating the intense

erosion of the Palacozoic basement during all the basin’s development. The Permian units



(Transition, Lower Red and Upper Red) contain calcite (5-15%), which was probably
related to pedogenic processes linked with semi-humid environments. The Lower Triassic
claystones indicate an increase in quartz, probably related to another important tectonic
event and renewed erosion of the Palaeozoic basement, linked to a more widespread
extensional tectonic phase. In this latter unit, the absence of calcite confirms the more

arid conditions.

All the results and observations contained within this PhD thesis improve the
knowledge of the Central-Eastern Southern Pyrenees basin (which is composed of several
smaller basins) and its geological history during the pristine phases of Pangea break-up.
This initially started during the development of intermontane continental basins in the
inner areas of the Hercynian belt and latter evolved as a sedimentary response to different
tectonics regimes. The fossil content, particularly microfloras, may provide valuable
chronostratigraphic information to correlate and compare the SW European basins’
sedimentary record. An understanding of the paleogeographical location of these basins
and the time which they were interconnected could shed more light to understand plate
movements during the Late Carboniferous to Middle Triassic, a crucial time-interval
represented by the break-up of Pangea supercontinent. The field evidences, provided by
facies analysis and tectonic analysis, matches well with the isotopic content of paleosoils
and the analysis of clay minerals analysis in order to reach a more accurate

paleoenvironmental reconstruction for the studied time-interval.



- Introduction -

1. Introduction

1.1 Preface

This PhD thesis has been realized in the Earth Science and Environmental
Department of the University of Pavia and, in part (5 months) in the Igeo (CSIC-UCM,
Madrid, Spain) and the Stratigraphy Department of the Complutense University (Madrid,
Spain). It was supervised by Dr. Ausonio Ronchi from the University of Pavia, Dr. José¢
Loépez Goémez from the Igeo (CSIC-UCM, Madrid, Spain) and Dr. Raul de la Horra Del
Barco (University Complutense of Madrid, Spain). The author of this thesis received a
PhD student grant from the University of Pavia and logistic and financial support from
the CGL2014-52699-P project of the Ministerio de Economia y Competitividad (Spanish
government). The fieldwork (more than 3 months) was carried out in the Central-Eastern
Spanish Pyrenees in different periods during the PhD. Moreover, some of the results of
this PhD thesis have been presented in two international congresses and other two

national congresses.
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1.2 General introduction

The Paleozoic-Mesozoic transition is one of the most studied geological events,
as several factors made this timespan crucial for the life in the seas and emerging lands,
and the paleoclimate and paleogeography implications for the entire world, such as the
configuration of Pangea. The severest mass extinction in Earth history occurred precisely
at the very end of the Permian (e.g., Erwin, 1994; Benton and Twitchett, 2003; Benton
and Newell, 2014; Fig.1.2.1) and it was preceded by another major biotic crisis, at the
end of the Guadalupian (Isozaki and Aljinovi¢, 2009; Isozaki et al., 2011; Jost et al.,
2014). About 90% of the marine genera became extinct (Erwin, 1994; Yin et al., 2007),
with special severity in ammonoids (98%) and marine invertebrates (91%). The terrestrial
biota was not exempt from extinction, as a 75% drop in biodiversity and a 62.9% loss in
terrestrial families have been identified (Fig. 1.2.1; Benton, 1995; Benton and Newell,

2014). Plants and insects were also affected: for example, the Glossopteris flora of
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Figure 1.2.1. Environmental changes and biodiversity variations from the latest Permian to Middle Triassic.
Arrows indicated on the conodont and ophiuroid range bars show increasing data into the Middle Triassic. The
‘Erosion’ column indicates hypothesised erosion of soil and bedrock from land to sea, after Algeo et al. (2011).
Stratigraphic dates, carbon isotope fluctuations, Siberian Traps large igneous province (STLIP) eruption, anoxia
ranges, trace fossil data, and reef, reef builder, chert and coal gap data are given in full detail in Chen and Benton
(2012). Abbreviations: Ae., Aegean; Bith., Bithynian, Di., Dienerian, Gr., Griesbachian, Illy., lllyrian; Sm., Smithian;
and Vol., volcanism. From Benton and Newell (2014).
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Gondwana totally disappeared (Retallack, 1995), although vascular plants tended to be

less affected by climatic and environmental changes (Cascales-Mifiana and Cleal, 2014).

The Siberian Traps volcanic eruption is one of the most accepted explanations of
the Permian-Triassic mass extinction (Wignall, 2001; Benton and Twitchett, 2003; Knoll
et al., 2007; Retallack, 2013). Huge eruptions generated an increase in CO2, SO, and
thermogenic methane, resulting in various atmospheric and climatic changes (Wignall,
2001; Algeo et al., 2011; Benton and Newell, 2014; Fig. 1.2.2). The consequences of
these gas increases were soil erosion produced by acid rain, global warming and an
accelerated continental weathering. These factors not only affected the biosphere as the
rocks deposited in this timespan also left several indicators. One piece of evidence linked
to the biota crisis is the absence of coal over the Early Triassic (Veevers et al., 1994;
Retallack et al., 1996), although the depositional systems which are sensitive to climatic

conditions were affected (Arche and Lopez-Gomez, 2005; Smith and Botha, 2005). The
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Figure 1.2.2. Model of likely environmental consequences of the Siberian Traps eruptions, showing the flows
of consequences of global warming and acid rain. Causal links are indicated by solid arrows, and possible second-
order controls on the negative carbonate C-isotope excursion at the EPME are indicated by dashed lines.
Modified from Algeo et al. (2011), and based on an earlier version by Wignall (2001). From Benton and Newell (2014).
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fluvial style through the P-T change substantially in several locations (e.g., Iberian
Ranges, Urals, Karoo, China, India), from sandy-dominated meandering systems in the
Late Permian to braided fluvial systems in the Early Triassic (Benton and Newell, 2014
and references therein). The Early to Middle Permian lacustrine deposits generally
disappeared almost totally when the Triassic began. Another depositional feature of the
PT boundary influenced by the climatic was the appearance of widespread aeolian facies
in the late Early Triassic (e.g., Iberian Ranges, East Pyrenees, South Urals and Central

Europe (Bourquin et al., 2007; 2011; Borruel-Abadia et al., 2015).

During the Late Carboniferous-Early Permian timespan the South-Western
paleoeuropean paleogeographic domain (Fig. 1.2.3) was affected by the late- to post-
Variscan tectonic phases and the subsequent chain collapse and dismemberment (Matte,
1986; Zwart, 1986; Echtler and Malavieille, 1990). Later on, the regional context was
constrained by the global plate re-organization during the Early to Late Permian till the
Triassic rifting (Puigdefabregas and Souquet, 1986; Van Wees et al., 1998; Muttoni et
al., 2009) characterized by a dextral mega-shear zone. The result was the birth of several
small and large intramontane continental basins located in the current Western European
area, in, for example, Sardinia, the Southern Alps, the Iberian Ranges, Southern and
Central France and the Pyrenees (Fig. 1.2.4). These basins present similar
sedimentological, stratigraphic, tectonic and paleontological features, which have given
rise to tentative correlations (Cassinis et al., 2000; Roscher and Schneider, 2005; Virgili
et al., 2006; Bourquin et al., 2011; Cassinis et al., 2012; Gretter et al., 2015; Lloret et al.,
2018; Juncal et al., 2018; Fig. 1.2.4). However, the basin-fill of these dispersed basins
often changes from on to the other (Gretter et al., 2015; Mujal et al., 2017b; Lloret et al.,
2018) because of the intrinsic complexity of active tectonic basins, and this hinders and

complicates any stratigraphic correlations. Furthermore, as in the Pyrenees, the
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subsequent Alpine orogeny deformed the original configuration, thereby generating more

structural complication.
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Figure 1.2.3. Palaeogeodynamic scheme by the Late Carboniferous-Early Permian times, redrawn after Domeier et al. (2012), and Matte
(2001). a) Geometry of the Variscan belt (brown field). The dashed yellow line traces the dextral mega-shear zone affecting the Variscan chain during
the time interval studied. The Early-Permian configuration of the stable transform-trench— ridge junction has also been highlighted by the blue star
(Cassinis et al., 2012). b) Detail of the Southwestern European sector. The main strike—slip structures (Faure et al., 2009; De Vicente et al., 2009) are
sketched in the little marginal box: Cé: Cévennes Fault; NPF: North Pyrenean Fault; PNF: Permian Nuoro Fault; SH: Sillon—Houiller Fault. OMSZ:
Ossa—Morena Zone. Major basins and localities: Ar.B.: Aragonese Branch, Au: Autun Basin; Bal: Balearic Islands, C: Calabria; Cas.B.: Castilian
Branch; CCR: Catalan Coastal Ranges; CM: Central Massif; IR: Iberian Ranges; K: Kabilies,; Lv: Lodéve Basin; NS: North Sardinia; PY: Pyrenees;
SS: South Sardinia; To: Toulon—Cuers. From Gretter et al. (2015).
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1.3. Aims of the project

The general aim of this thesis is to shed more light on some of the less studied
Central-Eastern Spanish Pyrenean basins (which belong to the South-Western
paleoeuropean domain), particularly the Erill Castell-Estac Basin. Even though some
authors have studied single Pyrenean post-Variscan basins in detail, only a few conducted
any of the multidisciplinary research involving the neighboring basins in a larger sector
that permits regional correlation and more global inferences on a wider scale. In this
thesis, tectono-stratigraphic, sedimentologic, paleopedologic and paleontologic insights
have been used to understand the evolution of various Central-Eastern Pyrenean basins
from the incipient Carboniferous post-Variscan phases to their final development in the

Early-Middle Triassic in the Southern Pyrenean context.

The main approach of this thesis is stratigraphic and sedimentological: while the
stratigraphic context was studied for all the basins, the sedimentology was studied in
detail in the Erill Castell-Estac basin because it had been poorly described in this respect
and the absance inside this trough of one of the stratigraphic unit (which is known in
every other Pyrenean basin) made it the least completely understood and subject ripe for
research. The aim of my sedimentary study was to understand how the deposits are

organized and evaluate the paleoenvironmental conditions present during the deposition.

The Upper Carboniferous-Lower Triassic continental deposits in the Central-
Eastern Southern Pyrenees were formally organized for 40 years into different units
(Gisbert, 1981). A renewed and detailed sedimentological description of the single
stratigraphic units and their vertical and lateral relationships has been presented in this
research in order to distinguish the depositional facies and sedimentary styles of the
considered basins in question over time, in the light of modern methodologies and

concepts. Complex syn-depositional tectonic activity occurred during the deposition of
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the sediments. Understanding the interplay between tectonics and stratigraphy made it
possible to depict a tectono-stratigraphic model evolution. This approaches was used for
the first time for the Erill Castell-Estac Basin, which actually represents a very good
example for to unravelling the history of a basin. Once the basic stratigraphic
relationships and paleoenvironments had been recognized, different approaches were
been applied to the other Upper Carboniferous-Lower Triassic basins in the Central and
Eastern Pyrenees. From this viewpoint, the analysis of paleosols and the study of clay
mineralogy in the four studied basins can be considered as significant tools to provide
key information at a wider scale about paleoclimatic conditions and regional correlations.
Moreover, since the Permian and Triassic red beds proved difficult to distinguish in many
cases due to the similarity of their facies, the characterization of the formal units’
paleosols and clay mineralogy content provided features that allowed them to be

distinguished unequivocally.

Another important objective of this research was to understand the pedogenic
features of the paleosols located in the sedimentary record. This information was used in
an attempted to constrain both paleoenvironmental and paleoclimatic conditions.
Furthermore, isotopic analysis makes it possible to corroborate field diagnosis and

provide the first isotopic analysis for the Late Variscan basins in the Pyrenees.

Finally, the paleontological content in the continental deposits also provides
funamental information makes it possible to constrain the ages of the stratigraphic units
more exactly. Accodingly, a total number of 67 samples were collecte for pollen analysis
in the four basins. The samples were processed in collaboration with palynological
experts from Vigo University (Spain) and several palynological associations were
identified. This constitutes a significant contribution to the chronostratigraphy of the
studied Pyrenean Permo-Carboniferous successions and widens the knowledge of the

Western Paleotethys floristic associations.
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1.4 Study area and geographic setting

The Pyrenees are a 430 km-long mountain range in the North of the Iberian
Peninsula (Fig. 1.4.1). The studied sector is located on the Central-Eastern Southern side
of the Pyrenees, encompassing about 170 km in the W-E direction. The Spanish Pyrenees
are divided in two main geological zones, the axial one bearing the oldest rocks (early-
middle Palaeozoic) and the southern part where the Mesozoic-Cenozoic cover occurs.
The post-Variscan rocks represent the youngest geological record belonging to the axial
zone. This is characterized by intense folding and thrusting generated by both the
Variscan and the Alpine orogeny. The four studied basins (Castejon-Laspatles, Erill
Castell-Estac, Gramods and Camprodon-Castellar) present an elongate morphology

following the E-W Pyrenees direction.

The main one basin studied is the Erill Castell-Estac, which is located in the
Central Southern Pyrenees (squared in Fig. 1.4.1.). The total length of this basin is about
50 km and the highest topographical point is Tossal de Tuiro with 1766 meters of
elevation. The Gramoés and Camprodén-Castellar basins are located to the East, in the
Eastern Catalan Pyrenees respectively. The fourth basin is the Castejon-Laspatiles which

lies westward (Central Southern Pyrenees), in the Aragon region.
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Figure 1.4.1.
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tectonic interpretation of the Axial
Zone (b). Modified from Saura and
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The four basins and the stratigraphic sections (from West to East) carried out in

this thesis are summarized in the Table 1.4.1, along with information about the

approaches used in each section.




- Chapter 1 -

1.5 Geological setting

The Late Palacozoic sedimentary sequences of the Central-Eastern Southern
Pyrenees filled basins whose development was primarily framed by late- to post-Variscan
orogenic evolution. The Basins’ inception began in the Late Carboniferous and their
structuration continued throughout the Permian, within a transtensional regime that
become more and more extensional, affecting the entire Variscan belt (e.g., Van Den
Driessche and Brun, 1989; Echtler and Malavieille, 1990; Burg et al., 1994; Gaggero et
al., 2007, 2017; Casini and Oggiano, 2008). More specifically, the overall geodynamic
setting was a dextral megashear, with transtensional kinematics, which followed the
compressional phases of the Variscan orogeny building (Casas et al., 1989; Muiioz,
1992). The transtenstentional-extentional Permian regime was then followed by a

widespread Triassic extension.
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Figure 1.4.2. Geological setting. Geological sketch of the Iberian Peninsula showing the location of Pyrenees
(right side of figure) and the Upper Carboniferous-Lower Permian basins (in red) attached to the southern border of
the Axial Zone of the Pyrenees (left side of the figure). NPf: North Pyrenean fault; SPZ: South Pyrenean Zone; NPTh:
North Pyrenean frontal thrust; SPTh: South Pyrenean frontal thrust. 1: Anayet Basin; 2: Aragon-Bearn Basin; 3:
Castejon-Laspaiiles Basin, 4: Erill Castell-Estac Basin; 5: Gramos Basin; 6. Castellar-Camprodon Basin. From Lloret
etal (2018).

The evolution of the sedimentary record in relation to syn-depositional tectonics
in the Pyrenean Late Carboniferous-Early Triassic basins (Fig. 1.4.1) has never been
described in detail until now. Previous studies of the Erill Castell-Estac and Gramds

basins have focused mainly on sedimentological, structural and palacontological analysis

10
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(e.g., Mey et al., 1968; Nagtegaal, 1969; Gisbert, 1981, 1983; Besly and Collinson, 1991;
Saura and Teixell, 2006; Fortuny et al., 2010, 2011; Voigt and Haubold, 2015; Mujal et
al., 2016a,b, 2017a,b, 2018). From this perspective, our contribution aims to re-appraise
the filling history in the Erill Castell-Estac Basin, a continental trough in the Centra-

Eastern Southern Pyrenees.

These basins are strongly deformed nowadays due to the Alpine orogeny.
Tentative reconstructions and retro-deformations have been carried out by Saura and

Teixell (2006). Their study focused on the tectonics of the Erill Castell-Estac and Gramas

basins and provided the first evidence of a half-graben morphology for such basins. Due
to the difficulty of the tectonic setting, the authors did not discuss the original distance
between the Northern Pyrenean Permian basins in France and the Southern Spanish
basins. However it was clearly demonstrated (Saura, 2004; Saura and Teixell, 2006) that
each basins had its own distinctive evolution, even though they existed under the same

regime.

Our purpose is to highlight the significance of the different tectono-stratigraphic
phases that occurred in an well developed and typical post-orogenic continental basin
involved in the beginning of the Pangea break-up by combining different topics. In order
to elucidate the relationship between tectonics and sedimentation, ten key stratigraphic
profiles were measured at metre-detail, a detailed facies analysis was performed and
tectonic data were integrated into a tectono-stratigraphic model. All these data allow us
to define the sedimentary depositional evolution of the Erill Castell-Estac Basin through
different tectonic phases and compare our results to the classic rifting model (Schlische

and Olsen, 1990; Carroll and Bohacs, 1999).

11
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1.6 Thesis outline

This thesis is organized as an ongoing PhD project. First of all, a detailed tectono-
stratigraphic and sedimentological study of a Late Carboniferous-Lower Triassic basin
was the main subject of this research. Using this detailed stratigraphic data, the study zone
was enlarged to take in another three basins by applying other geological tools to
constrain the paleoclimatic, paleoenvironmental and general evolution of the Central-

Eastern Southern Pyrenean basins.

Chapter 2 provides a geological framework of the Late Paleozoic-Early
Mesozoic continental successions in the Central-Eastern Southern Pyrenees, as well as
introducing key aspects of the tools used in this multidisciplinary thesis and proviing an

explanation for their usefulness.

Chapter 3 explains the materials and methodologies used for each approach
applied in this study. It also details the criteria followed for sampling in the field, as well

as the instrumental methodologies and technical details applied out in this thesis.

Chapter 4 presents the results obtained with the chronostratigraphic information
provided by the palynology study. This study was carried out in collaboration of the PhD
student Manuel Juncal under the supervision of Prof. Bienvenido Diez (Universidad de
Vigo, Spain). The chapter is based on the paper published under the title: (1) “First
palynological data of upper Carboniferous in the Oriental Pyrenees (Argestues, Lleida,
Spain)” by Lloret, J. and Juncal, M. 2018. Geogaceta 64, 91-94; and another recently
published paper entitiled “New Upper Carboniferous palynofloras from Southern
Pyrenees (NE Spain): Implications for palynological zonation of Western Europe” by
Juncal, M., Lloret, J., Diez, J.B., Lopez-Gémez, J., Ronchi, A., De la Horra, R.,

Barrenechea, J.F., Arche, A. (2018). Palacogeography, Palaeoclimatology,

Palacoecology 516, 307-321. https://doi.org/10.1016/j.palae0.2018.12.010. The

12
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preliminary results of these works were presented as oral communications at the 2nd
International Congress on the Permian and Triassic, Casablanca, Morocco, in April, 2018
and at the LXIV Scientific Session from the Geological Society of Spain. Avila, on June

1 2018.

Chapter 5 is based on the sedimentological study of Erill Castell-Estac Basin.
This chapter is derived from a published paper entitled: “Syn-tectonic sedimentary
evolution of the continental Late Palaeozoic-Early Mesozoic Erill Castell-Estac Basin
and its significance in the development of the Central Pyrenees Basin” by Lloret, J.,
Ronchi, A., Lopez-Gomez, J., Gretter, N., De la Horra, R., Barrenechea, J.F., Arche, A.
(2018). Sedimentary Geology 374, 134-157.

https://doi.org/10.1016/j.sedge0.2018.07.014.

The results and discussion of this chapter were also presented as oral
communication at the 33rd International Meeting of Sedimentology (International
Association of Sedimentology), Toulouse, France, October 2017. The preliminary results
were previously presented as a poster communication in the 88th National Congress of

the Italian Geological Society, Naples, Italy, September 2016.

Chapter 6 focuses on the paleosols study of the Permian and Triassic continental
successions in the Central-Eastern Pyrenees which was performed in four basins. It is
based on a paper in preparation, which aims to show the pedogenic evolution and its
relationship with the paleoclimate. The preliminary results were presented as a poster
shown at the 2nd International Congress on the Permian and Triassic, Casablanca,

Morocco, April 2018.

Chapter 7 is based on the isotopic analysis of pedogenic carbonate of the Permian
and Triassic paleosols. This part of the thesis provides the first isotopic analyses carried

out in the Permian and Triassic of the Central-Eastern Southern Pyrenees zone. Part of

13
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this chapter is included in the paper in preparation referring to the paleosols study

mentioned the preceing chapter.

Chapter 8 contains a geochemical analysis of the clay mineralogy carried out in
the Central-Eastern Pyrenees. This part of the thesis provides a mineralogical
characterization of the different stratigraphic units and the paleoclimatic implications
deduced. Part of this chapter is included in the paper in preparation referring to the

paleosols study mentioned in the precedent chapter.

Chapter 9 consists of the syn-sedimentary tectonic study carried out in the Erill
Castell-Estac Basin. This part of the thesis was included in the paper entitled: “Syn-
tectonic sedimentary evolution of the continental late Palacozoic-early Mesozoic Erill
Castell-Estac Basin and its significance in the development of the central Pyrenees Basin”
by Lloret, J., Ronchi, A., Lopez-Gomez, J., Gretter, N., De la Horra, R., Barrenechea,
JF., Arche, A. (2018). Sedimentary Geology 374, 134-157.

https://doi.org/10.1016/j.sedge0.2018.07.014.

Chapter 10 is a general discussion on the various data presented in the preceding
chapters. It is focuses on the paleoenvironmental reconstruction, the paleoclimatic

evolution and regional evolution of the Central-Eastern Pyrenean basins.

Chapter 11 presents the general conclusions of the thesis and proposals for future

research in the Pyrenees.

Appendix A: this contains the detailed stratigraphic columns undertaken in this

PhD project and the position of the samples.

Appendix B: this contains the results and analytical data obtained from the

isotopic study of paleosols.

Appendix C: this contains the tables with the results and analytical data obtained

from de clay mineralogy study.

14
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2. Framework

2.1 Late- to post Variscan geological context in the SW Europe

The geodynamic history of the Variscan orogeny involved a complex assembly of
different microplates. The Variscan belt resulted from the Palacozoic large-scale
collisional event of the Northern part of the Gondwana supercontinent and the Southern
margin of the Laurussia supercontinent (e.g., Scotese and Langford, 1995; Franke, 2000;
Matte, 2001; Stampfli and Borel, 2002; Simancas et al., 2005; Johnston and Gutiérrez-
Alonso, 2010; Stampfli et al., 2011; Pereira et al., 2014; Fig. 2.1.1). In this scenario, a
transpressional-to-transtensional tectonic regime characterized the late to post-Variscan
evolution, which contributed to the development of several strike-slip basins (e.g.,
Arthaud and Matte, 1977; Matte, 1986; Ménard and Molnar, 1988; Van Den Driessche
and Brun, 1989; Echtler and Malavieille, 1990; Rey, 1993; Burg et al., 1994; Scotese,
2003). These continental basins were filled by clastic products (e.g., Glennie, 1990; Arche
and Lopez-Gomez, 1996; Maynard et al., 1997; Lopez-Goémez et al., 2002; McCann et
al., 2006). An extensive intraplate magmatism (e.g., Cortesogno et al., 1998; Neumann et

al., 2004) with different episodes guided the emplacement of thick volcanic and sub-
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Figure 2.1.1. Paleotectonic map of the Variscan belt during the Carboniferous-Permian transition in the Western
Paleotethys Ocean, from Edel et al. (2018).
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volcanic bodies, filling the Permian-Carboniferous continental basins of the Pyrenees, the
Southern Alps, Southern France and Sardinia (e.g., Cortesogno et al., 1998; Lago et al.,
2004; Bourquin et al., 2011; Cassinis et al., 2012; Pereira et al., 2014; Gaggero et al.,

2017).

The SW European basins stratigraphy has been studied by many authors (Gandin
et al., 1982; Broutin, et al., 1992; Henk, 1992, 1993; Cassinis et al., 1995; Arche and
Lopez-Gomez, 1996; Cortesogno et al., 1998; Lopez-Gomez et al., 2002; Schneider et
al., 2006; Bourquin et al., 2007, 2011). Generally the stratigraphic record of the different
basins places in this area contains continental deposits. The main characteristic of these
basins are the unconformities between the formal stratigraphic formations. The beginning
of these basins in most places is still uncertain, as well as the development of many of the
lithostratigraphic formations. In the Early Permian the sedimentary record was
unconnected between basins, and so, correlations between these basins remain still
uncertain. For example, in the Nurra sector (Sardinia) and in the Provence (SE France)
good correlations between formations and paleontological content have been identified
(Cassinis et al., 2003), however, in Spain correlations between Central Iberian Ranges,
Cantabrian Mountains and the Pyrenees Chain seems uncertainly nowadays. The tectonic
context in the Iberian plate during the Permian was different for each zone (Lopez-Gomez

et al., 2002), so detailed correlations between formations have not been done up to now.

The Lower-Middle Triassic deposits are better fitted than the Permian ones in SW
Europe correlations, as the tectonic extensive regime was quite more the same for all the
regions. The extensive dynamic generated more connectivity between sectors, allowing
more feasible lithostratigraphic correlations between different sectors. In addition, the
Triassic chronostratigraphy is better known, so the age of the units are well constrained.
Nevertheless, the continental sedimentation during the Permian-Triassic transition is not

recorded in the W Palaeothehys (Bourquin et al., 2011; Ronchi et al., 2018).
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The small and isolated basins of the Southern Pyrenees basin (Fig. 2.1.2) during
the Late Carboniferous-Early Permian have been interpreted as graben or half-graben
continental troughs (Gisbert, 1981, 1983; Bixel and Lucas, 1983; Marti, 1986; Soriano et
al., 1996), associated with displacement along strike-slip faults (Speksnijder, 1985; Saura
and Teixell, 2006). The Southern basin-bordering normal faults were active during the
Late Carboniferous-Early Permian and acted as thrusts during the Cenozoic Alpine

compression (e.g., Hartevelt, 1970; Sibuet et al., 2004; Saura and Teixell, 2006).

=

Figure 2.1.2. Paleogeographic situation of the Pyrenean basins during the lower Permian, modified from Blackey (2012).
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2.2 Stratigraphy of the Upper Carboniferous — Lower Triassic

continental deposits

The stratigraphic architecture of continental basins covers a wide and long-term
time-span and typology in the general sedimentary record, generally controlled by plate
tectonics and mantle dynamics (e.g., Allen and Allen, 2005). They also show a wide range
of sedimentary possinilities. For instance, continental rift basins, such as those along the
North-America Atlantic margins as well as the Cretaceous Congo basin or the Palaeozoic
basins of Western China, share a common stratigraphic architecture characterized by
initial period of fluvial sedimentation with the volume of sediments exceeding the basin
capacity followed by lacustrine deposits spreading over a larger basin (e.g., Lefournier,

1980; Lambiase, 1990; Schlische and Olsen, 1990; Schlische, 1991; Harris et al., 2004).

The case of the stratigraphic subdivision of the Late Palacozoic succession in the
Pyrenees has been a matter of discussion over decades (e.g., Dalloni, 1930; Roger, 1965;
Nagetgaal, 1969; Gisbert, 1981, 1983; Van Wees et al., 1998; Lopez-Gomez et al., 2002;
Vargas et al., 2009; Cantarelli et al., 2013; Gretter et al., 2015; Mujal et al., 2016b, 2017a,
b, 2018). The first descriptions were mainly focused in the paleontological content (e.g.,
Dalloni, 1930). This latter work show the first age estimation for these deposits, an age
that was referenced to the French basins terminology. Dalloni identified “Stephanian”
deposits in Adrall-Pla de San Tirs, Autunian deposits in Gerri de la Sal and Triassic
deposits in Guils. Ashauer (1934) identified for the first time the angular unconformities
between Triassic, Permian and “Stephanian” deposits and provide detailed data about
their stratigraphic features. After decades of scientific lacking, May (1968) and Nagtegaal
(1969) which provided the first modern descriptions of the Upper Carboniferous-Lower
Triassic basins in the Central-Eastern Southern Pyrenees. They separated the stratigraphic

record in five lithostratigraphic units: Aguird, Erill Castell, Malpas, Peranera and
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“Bunter” Formations). The naming of “Bunter” Fm. of the continental Triassic deposits
indicates that they correlate these deposits with the German Triassic basins. In fact, the
carbonate and evaporitic formations in the Southern Pyrenees are called Muschelkalk and

Keuper Fm.

The current division used in the Central-Eastern Southern Pyrenees drives from
other Gisbert’s (1981) PhD thesis. This work represented a new vision of the
sedimentology in the Southern Pyrenean basin based on detailed tectonic and stratigraphy
studies that allowed to organize the sedimentary record using the concept of “tecto-
sedimentary units” defined by Garrido-Megias (1973). This concept tries to group the
deposits with similar paleoclimatic, volcanic and tectonic features. Therefore, from the
80’s the classic “Formation” term is only used to correlate the old terminology with the
one defined by Gisbert. The Late Carboniferous-Middle Triassic basins in the Central-
Eastern Southern Pyrenees are divided into five “tecto-sedimentary units” (Fig. 2.2.1):
Grey, Transition, Lower Red, Upper Red Units and Buntsandstein facies (Fig. 2.2.1). In
some Western basins the Upper Red Unit (e.g., Erill Castell-Estac Basin, Castejon-

Laspatles Basin) does not crop out. The significance of this fact will be discussed later.

The Grey Unit (GU), mostly made up of volcanic and volcaniclastic rocks (Erill
Castell Fm. of Mey et al., 1968; Nagtegaal, 1969), presents basal polygenic slope breccias
(i.e., Aguiré Fm. of Mey et al., 1968; Nagtegaal, 1969) and fluvial-lacustrine deposits
with coal-bearing plant fossils at the topmost (lower part of Malpas Fm. of May et al.,
1968; Nagtegaal, 1969). It rests unconformably over the basement and is ascribed to a
Stephanian B-C age on the grounds of its flora (Broutin and Gisbert, 1985; Talens and
Wagner, 1995; Mujal et al., 2018). Recent radiometric age data have assigned a late
Kasimovian-early Gzhelian age to this unit (307.4+1.4 Ma and 302.6+2.6 Ma in Pereira
et al., 2014).
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Figure 2.2.1. Chrono-lithostratigraphic scheme of post-Variscan formations in the Erill Castell and Gramés basins, based
on Gisbert (1981), Mey et al. (1968) and Nagtegaal (1969), modified from Gretter et al. (2015). Bixel (1984) volcanic compositions,
in asterisks: I Calc-alkaline andesites, 1l Calc-alkaline ultra-potassic andesites, Il Alkaline rhyolites, 1V Calc-alkaline andesites
and V Alkaline basalts. Red points are the radiometric ages of intrusive rocks, and the yellow points are the radiometric age of
volcanic rocks, both from Pereira et al. (2014). From Lloret et al. (2018).

The Transition Unit (TU) (“Permien alternant” by Broutin et al., 1994)
corresponds to the upper part of the Malpas Fm. of Mey et al. (1968) and Nagtegaal
(1969). It is mostly characterized by a detrital succession of volcanic and volcaniclastic
sequences, microconglomerates, sandstones and siltstones with interbedded coal levels.

The TU rests conformably over the underlying GU (e.g., Gisbert, 1981; Gretter et al.,
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2015; Mujal et al., 2018). Its age attribution is early-middle Autunian (Broutin and
Gisbert, 1985); this is also supported by the Asselian ages for the Erill Castell ignimbrites

(296.1 +£4.0 Ma in Pereira et al., 2014).

The Lower Red Unit (LRU) (i.e., the Peranera Formation of Roger, (1965); Mey
et al., 1968; Nagtegaal, 1969), was described as alluvial fan sediments and meandering
river flood-plain deposits (Gascon-Cuello and Gisbert, 1987) with volcaniclastic
intercalations. The inferred age ranges from “late Autunian” to “post Autunian” (i.e.,
Sakmarian to lower Artinskian; Pellenard et al., 2017). An early Cisuralian age is inferred
from its flora and plant remains (Dalloni, 1930; Roger, 1965; see also the “Flora of
Gotarta” of Broutin and Gisbert, 1985), and by its tetrapod ichnoassociations that indicate
an Artinskian (Mujal et al., 2016a,b, 2018). Recent radiometric age data, obtained from
ignimbrites in the Castellar de n’Hug area, point to an Artinskian age (281.5+2.3 Ma and

283.4+1.9 Ma; Pereira et al., 2014).

The Upper Red Unit (URU) (i.e., the Peranera Formation of Roger, (1965); Mey
et al., 1968; Nagtegaal, 1969) does not appear in Erill Castell-Estac Basin. It was
described as red fluvial and lacustrine deposits composed of conglomerates, sandstone
and siltstones (Gisbert, 1983; Gretter et al., 2015). This unit is organized in two fining
upwards megasequences with interbedded volcanic bodies. The age of this unit is
constrained as middle Permian by Mujal et al. (2016a) and as “Thiiringien” based on a

palynomorph assemblage (Broutin et al., 1988).

The fluvial Buntsandstein facies (Bunter Formation of Mey et al., 1968) represents
the fifth and last unit of the continental Permian-Triassic sedimentary record at the Erill
Castell-Estac Basin. It begins with coarse-grained oligomictic quartz-rich conglomerates
and channel sand-sheets associated with braided fluvial systems (Anadon and Marzo,

1977; Gretter et al., 2015; Mujal et al., 2017a). The basal coarse levels are followed by
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sandstones and shales related to meandering fluvial systems in a general fining upward
sequence. The Buntsandstein can be observed unconformably overlying all preceding
units, as well as the Palaeozoic basement. The upper part of this unit is represented by
dark red siltsones and claystones levels that are below the carbonates in Muschelkalk
facies. Initially, the palynomorph assemblages studied at the top of the coarse basal fluvial
Buntsandstein deposits was interpreted as Thuringian age (e.g., Broutin et al., 1988:
Calvet et al., 1993; Diez, 2000; Diez et al., 2005). Nowadays, this attribution has been
recently changed to the late Olenekian on the basis of various new types of spores and

pollens (Mujal et al., 2016b).
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2.3 Southern Pyrenean basin configuration

The origin of the Late Palacozoic-Lower Mesozoic basins in the Pyrenees has
been a matter of discussion for some authors. Their mechanisms of formation are still not
absolutely clear due to the geological difficulty of the zone. Since the 1970s, when the
new modern geology started, several ideas and models have been proposed to explain the

origin of these basins (Fig. 2.3.1), and this sections reviews the most important ones.

The first formal proposition was made by Soula et al. (1979) for the French
Pyrenean Permian-Triassic basins. They used sand-box modelling to predict the
occurrence of faulting under the specific conditions of Permian and Triassic Pyrenean

basins. Their results led them to propose that this development occurred due to simple
a) Soula et al., 1979. French basins d) Gisbert (1981, 1986). Eastern Pyrenees

\ ¥

Faults controlling
the basin geometry

e) Saura and Teixell (2006). Nogueres Zone

L Stephanian-Permian N
Triassic ;

Gramos basin

Volcanic basins
f) Marti and Mitjavila (1988). Catalonian Pyrenees

\/)/—’L /\/‘ 74

passive caldera active caldera

Figure 2.3.1. Different models proposed for the Permian-Triassic basins in the Pyrenees (modified from
Soula, et al., 1979; Bixel and Lucas, 1983; Speksnijder, 1985; Gisbert, 1981, Marti and Mitjavila, 1988, Saura and
Teixell, 2006).
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shear activity along previous Variscan faults (Fig. 2.6.1). The conjugated-fault planes
were subvertical, N 030° E and N 070° E striking. The opening of the basins took place
by block rotation related to general sinistral shearing. Gretter et al. (2015) also
hypothesized block rotation in the Easternmost Catalan basins, but with a dextral
direction. These authors compared the results with San Andreas and Jacinto faults

movements in the West of North America.

The next important work to elucidated basin origin evolution in this area was Bixel
and Lucas (1983) which was based on Bixel’s magmatic works (1983, 1984, 1987) in the
French and Spanish Pyrenees. These works basically defined five volcanic events during
the Late Carboniferous and Early Permian that were related to tectonic activity. The first
event (1) is situated in the “Stephanian™ deposits (Grey Unit) and contains two levels.
The first is composed of acid levels of dacitic-rhyolitic levels, sometimes with an
ignimbrite shape, while the second one is composed of basic rocks (andesitic) with a
calco-alkaline composition. The second event (2) pertains to the “grey Autunian” deposits
(TU). This is composed of calco-alkaline dacites. The third event (3) correspond to the
“red Autunian” (LRU) and is composed of potassic peraluminic rhyolites. The fourth
event (4) is placed between the “red Autunian” (LRU) and the “Saxonian” deposits
(URU) and is composed of calco-alkaline volcanic rocks with alkaline affinity. Finally,
the fifth event (5) is set in the upper part of the Upper Red Unit, below the basal Triassic
conglomerate. The composition of these volcanic bodies is alkaline and represented by
olivinitic basalts. On this basis, Bixel and Lucas (1983) proposed an E-W and N-S
orientation half-grabens related to the transcurrent shear, with a strong volcanic influence.
The basins were controlled by normal faults during the Stephanian under dextral shear
and NE-SW-striking extensional faults. This system operated under an overall sinistral

wrench regime (Fig. 2.3.1).
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The Dutch geologist Speksnijder (1985) proposed a simple shear mechanism
along E-W-striking for the La Seu sector (Central Catalan Pyrenees, current Gramos
Basin). As a result, dextral faults generated a E-W oriented strike-slip grabens, with
alternant stages of transtension and transpression that represented the internal basinal
unconformities (Fig. 2.3.1). This work presents six major basin infill sequences that
overlie each other unconformably, triggered by tectonic pulses. The author observed

depocenters migration toward the East in space and time towards East.

Gisbert (1981, 1986) is the reference author for the stratigraphy of the Central.-
Eastern Southern Pyrenees. In these works the sedimentary is reorganized into
depositional stratigraphic units separated by unconformities. Using different criteria from
Speksnijder (1985), Gisbert split the Erill Castell Fm. and Malpas Fm. and reorganized
them into the Grey and Transition Units. The so-called formations were originally divided

according to lithostratigraphic criteria.

Saura and Teixell (2006) studied the faulting of some of the most representative
Permian and Triassic basins in the Southern Pyrenees. Their palinspastic reconstructions
they provided the first modern interpretation of the genesis of such basins. The main
conclusion was that the shape was probably a half-graben morphology, while the current
main thrusts (Erta and Orri thrust) were the border transtensive faults of the Erill Castell,

Estac and Gramos basins.

Marti and Mitjavila (1988) focued their study on the volcanic role in the initial
basin formation. Their study of the ignimbrites and the volcanic rocks indicates a highly
explosive character with hydromagmatic mechanisms. On this basis, they proposde a
volcanic passive caldera as the initial step of the formation of the Southern Pyrenean

basins.
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3. Materials and methodology

Several techniques have been used in this thesis to achieve the objectives of this
project. Broadly speaking, the methodologies followed can be divided into fieldwork and
laboratory/deskwork. There follows a etailed explanation of the workflow involved in

each approach. The division of this chapter follows the organization of the thesis chapters.

3.1 Field work

Since the very start of the thesis, fieldwork has provided the main resource of data.
There were many field trips during these three years of research. The firsts were
prospective in nature, and they resulted in good outcrops where logging was the first step.
The geological cartography followed for the first approach was that of the Instituto
Geologico y Minero de Espafia (IGME) and of the Institut Cartografic i Geologic de
Catalunya (ICGC). The maps consulted were Campo (slide 212) and Pont de Suert (slide
213) of IGME with a 1:50.000 scale. The maps consulted from the ICGC was el Pont de
Suert (slide 213 2-2, 64-20 with a 1:25.000 scale. Their geological resolution is not
precise because the Permian and Lower Triassic units are usually grouped together (Fig.
3.1.1), and so a precise identification of the stratigraphic units was a key aspect of the

fieldwork.

One important difficulty in the studied zone is the fragile deformation of the
stratigraphic record due to the Alpine orogeny. Some research articles provide tectonic
maps that have proved helped in the geological interpretation in the field (Hartevelt, 1970;
Gisbert, 1981; Speksnijder, 1985; Soriano, 1996; Saura, 2004; Saura and Texiell, 2006).
Stratigraphic repetitions abound, giving rise to significant confusion and complex

tectonic frames. This made the site selection for the stratigraphic logs have been one of
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the critical aspects of the field work. Thirteen detailed stratigraphic sections have been
studied over four basins (Annex 1). From West to East (Figs. 1.4.2, 5.1.1, Appendix I
figures; Tab. 1.4.1): Suils-Villarrué (Castejon-Laspaules Basin); Igiierri, Gotarta, Malpas,
Castellars, Sas, La Mola d’ Amunt, Collada de Pui Cavaller, Roca de les Creus, Bar6 and
Estac (Erill Castell-Estac Basin); Rio Pallarols (Gramoés Basin) and Castellar de N’Hug

(Castellar-Camprodon Basin).

- P \

Figure 3.1.1. Geological map from ICGC (www.icgc.cat) of the Erill Castell-Estac Basin. Note the PThc
non-divided cartography for the Permian and Triassic rocks.
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3.2 Sedimentology

This study is mainly based on sedimentary facies analysis, physical stratigraphy
and architecture analysis of fluvial, lacustrine and volcaniclastic strata. New, detailed
field mapping (Fig. 5.1.1) was performed taking into consideration previous tectonic
studies (Soriano et al., 1996; Saura and Teixell, 2006). Ten detailed stratigraphic sections
have been studied in the Erill Castell-Estac Basin (Fig. 5.1.1b), recording a total of ca.

3800 m for all the successions.

The facies (lithofacies) analyses (Tables 5.2.1 and 5.2.2) are based on
macroscopic field evidence (Figs. 5.2.1 and 5.2.3) observed in this work, including:
composition, thicknesses, strata geometry, colour, grain size, and sedimentary structures,
following Miall’s (1996, 2014) classification for fluvial and lacustrine deposits. This last
deposits were not the focus of Miall’s works, but are composed of the same lithology.
Because for a synthetic nomenclature and understanding is used the same terminology.
The lithofacies for the fluvial deposits traditionally are agruped into architectural
elements. The architectural elements (Figs. 5.2.2 and 5.2.4) are defined according to their
internal facies composition, related geometries, description of textures, composition and
sedimentary structures. The study of these elements allow to understand the fluvial
systems. For the volcanic and volcaniclastic lithofacies we followed the nomenclature
proposed by Branney and Kokelaar (2002). This nomenclature is based on current
ignimbritic deposits over the world. Despite some of the deposits studied here are not
directly related with ignimbritic deposits it is considered a good solution. The
interpretation of the volcanic and volcaniclastic elements is based on Marti’s works
(1986, 1988) in the Pyrenees. Some volcanic elements here described were previously
described by Branney and Kokelaar (2002) in other parts of the world. The results

obtained (Figs. 5.3.1 and 5.3.2) are compared in the discussion chapter with previous
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publications in adjacent localities (Marti, 1996; Gretter et al., 2015; Mujal et al., 2017a,

2018).
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3.3 Pollen analysis

The samples were processed in the laboratory of the Geosciences Department at
the University of Vigo, with the invaluable assistance of Manuel Juncal (and his tutor
Prof. J.B. Diez), using maceration procedures (HCI-HF-HCI techniques), following those
outlined by Erdtman (1943), Wood et al. (1996) and Traverse (2007). The samples were
processed by first adding HC] and HF to remove carbonate and silicate minerals (Fig.
3.3.1). No oxidising treatment was used, due to the fragility of the palynomorphs. A
dispersing agent was subsequently added to facilitate filtering and sieving at 10um. The
palynological slides were analyzed in the Microscopy Labs at the University of Vigo with
a Leica DM 2000 LED and the photos were taken with a Leica ICC50 W camera

magnified x1000.

o TS T WP

Figure 3.3.1. Pollen samples been processed in the laboratory at Universidad Complutense de Madrid, July 2016.
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3.4 Pedology

The paleosols development depends of five main different factors: parental
material, climate, activity of plants and animals, time of development, and topography
(Retallack, 1984, 1988; Alonso-Zarza, 2003; Sheldon, 2005; De la Horra et al., 2008;
Sheldon and Tabor, 2009; Alonso-Zarza et al., 2012; Li et al., 2016). In this study, a
distribution of the pedotypes along the stratigraphic record of the Permian and the Triassic
rocks is presented. The variation of the paleosols along Permian and Triassic rocks would
imply variation of the factors that controlled their development. These factors are clue to

understand the geologic processes that affected the Permian and Triassic rocks.

Five stratigraphic sections were detailed studied specifically for the pedogenic
study: Villarrué-Suils, Gotarta, La Mola d’Amunt, Castellar de N’Hug and La Trava
(Figs. 5.1.1, Appendix I). The main sedimentary structures of the sedimentary bodies
were analyzed to interpret the parental material as well as the depositional environment.
The pedogenic study have been carried out with field and petrographic observations
following Retallack (1984, 1988) and Bullock et al. (1985) studies. The parameters that
defined the paleosols identification were the presence of root traces or vegetation activity,
the alteration of the parental material and the presence of indicators which confirm the
aerial exposition and alteration of materials. In the field it was analyzed the parental
material above and below the paleosols position and its stratigraphic position relative to
the lithostratigraphic units. The thicknesses measurements of the whole soil and its
horizons were done with a metric tape. Detailed field observations were completed with
hand-samples for each horizon for the petrographic study. The pedogenic structures and
features which are used to classify t