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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 (Castejón-Laspaúles, 

Gramós and Castellar-Camprodón). 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 d13C and d18O. 

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 d13C 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 Palaeozoic 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.  
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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 

López Gómez from the Igeo (CSIC-UCM, Madrid, Spain) and Dr. Raúl 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 Economía 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 Aljinović, 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 

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., Illyrian; 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-Miñana 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, SO2 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 

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 (Puigdefàbregas 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. 

  

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: Lodève 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 (Castejón-Laspaúles, Erill 

Castell-Estac, Gramós and Camprodón-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 Gramós and Camprodón-Castellar basins are located to the East, in the 

Eastern Catalan Pyrenees respectively. The fourth basin is the Castejón-Laspaúles which 

lies westward (Central Southern Pyrenees), in the Aragón region.   

Figure 1.4.1. Geological 
map of the Pyrenees (a) and the 
tectonic interpretation of the Axial 
Zone (b). Modified from Saura and 
Teixell (2006). 
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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. 
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1.5 Geological setting 

The Late Palaeozoic 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; Muñoz, 

1992). The transtenstentional-extentional Permian regime was then followed by a 

widespread Triassic extension. 

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 Gramós 

basins have focused mainly on sedimentological, structural and palaeontological analysis 

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: Aragón-Bearn Basin; 3: 
Castejón-Laspaúles Basin; 4: Erill Castell-Estac Basin; 5: Gramós Basin; 6: Castellar-Camprodón Basin. From Lloret 
et al. (2018). 
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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 Gramós 

 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). 
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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 Díez (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., Díez, J.B., López-Gómez, J., Ronchi, A., De la Horra, R., 

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

Palaeoecology 516, 307-321. https://doi.org/10.1016/j.palaeo.2018.12.010. The 
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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. Ávila, 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., López-Gómez, J., Gretter, N., De la Horra, R., Barrenechea, J.F., Arche, A. 

(2018). Sedimentary Geology 374, 134–157. 

https://doi.org/10.1016/j.sedgeo.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 
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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 Palaeozoic-early Mesozoic Erill 

Castell-Estac Basin and its significance in the development of the central Pyrenees Basin” 

by Lloret, J., Ronchi, A., López-Gómez, J., Gretter, N., De la Horra, R., Barrenechea, 

J.F., Arche, A. (2018). Sedimentary Geology 374, 134–157. 

https://doi.org/10.1016/j.sedgeo.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. 
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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 Palaeozoic 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 López-Gómez, 1996; Maynard et al., 1997; López-Gómez 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-

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 

López-Gómez, 1996; Cortesogno et al., 1998; López-Gómez 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 (López-Gómez 

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; Martí, 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 Palaeozoic 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; López-Gómez 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: Aguiró, Erill Castell, Malpàs, 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-Megías (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, Castejón-

Laspaúles 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., Aguiró Fm. of Mey et al., 1968; Nagtegaal, 1969) and fluvial-lacustrine deposits 

with coal-bearing plant fossils at the topmost (lower part of Malpàs 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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The Transition Unit (TU) (“Permien alternant” by Broutin et al., 1994) 

corresponds to the upper part of the Malpàs 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., 

Figure 2.2.1.	Chrono-lithostratigraphic scheme of post-Variscan formations in the Erill Castell and Gramós 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, II Calc-alkaline ultra-potassic andesites, III Alkaline rhyolites, IV 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).  
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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 (Gascón-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 “Thüringien” 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 (Anadón 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 Palaeozoic-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 

http://journals.cambridge.org Downloaded: 18 Nov 2013 IP address: 155.210.229.219
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Figure 2. Different models proposed for the Stephanian–Permian basins in the Pyrenees (modified from Soula, Lucas & Bessiere,
1979; Bixel & Lucas, 1983; Speksnijder, 1985; J. Gisbert, unpub. Ph.D. thesis, Univ. Zaragoza, 1981; Martí & Mitjavila, 1988; Saura
& Teixell, 2006).

& Teixell (2006) interpreted the Stephanian–Permian
basins located to the east of the study area (Erill
Castell, Gramós and Estac basins) as extensional
asymmetric grabens or half-grabens (Fig. 2e), con-
trolled by normal E–W-striking faults acting as basin
boundaries.

With regards to the volcanic basin activity, Martí
& Mitjavila (1987, 1988) proposed that the Malpàs-
Sort, Cadí and Nevà-Campellas-Bruguera basins (east-
ern Pyrenees) behaved as passive volcanic calderas,
with emissions of large volumes of magma and ma-
terials resulting from hydromagmatic processes. The
geometry of these calderas was conditioned by the
previous basin geometry, since the output of magma
took place through the normal faults delimiting basin
boundaries (Fig. 2f). On the other hand, the Castellar
de N’Hug-Camprodón basin behaved as a sedimentary
basin related to an active volcanic caldera on its west-
ern boundary (Fig. 2f). Towards the Western Pyrenees,

the volcanic complexes show extrusive flows, but also
important intrusive bodies. In the Anayet basin, vol-
canism is mainly represented by a thick laccolith that
spreads laterally forming at least two sills, whereas in
the Aragón–Subordán area a 35 m thick sill crops out
(Lago et al. 2004).

4. Methodology

The samples used to analyse the magnetic fabrics and
palaeomagnetism were directly drilled in the field with
a gasoline-powered drill machine refrigerated with wa-
ter. Nine sites, stratigraphically and areally distrib-
uted throughout the volcanic outcrops of the Castejón-
Laspaúles basin, were collected. The samples belong
to different kinds of pyroclastic units and andesitic lava
flows and are located in thrust sheet 2 (see Fig. 1b),
where the whole stratigraphic sequence is overturned
(Fig. 1d). Between 12 and 21 cores were drilled in each

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; Martí 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 030º E and N 070º 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 Gramós 

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 Malpàs 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 Gramós basins. 

Martí 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 España (IGME) and of the Institut Cartogràfic i Geològic 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 



- Materials and methodology - 

 27  

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 (Castejón-Laspaúles Basin); Igüerri, Gotarta, Malpàs, 

Castellars, Sas, La Mola d’Amunt, Collada de Pui Cavaller, Roca de les Creus, Baró and 

Estac (Erill Castell-Estac Basin); Rio Pallarols (Gramós Basin) and Castellar de N’Hug 

(Castellar-Camprodón Basin). 

 

 

 

 

 

 

 

 

Figure 3.1.1. Geological map from ICGC (www.icgc.cat) of the Erill Castell-Estac Basin. Note the PTbc 
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 Martí’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 (Martí, 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. Díez), using maceration procedures (HCl-HF-HCl techniques), following those 

outlined by Erdtman (1943), Wood et al. (1996) and Traverse (2007). The samples were 

processed by first adding HCl 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 10µm. 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. 

 

. 

  

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 the pedotypes are based on Retallack’s works (1984, 

1988). The identification of horizons and the classification of the soils follows the main 

accepted works (Fig. 3.4.1: Retallack, 1984, 1988; Machette, 1985). The color 
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identification of each horizon is based on Munsell Colour Chart (Munsell, 1905). This 

colour chart is recognized worldwide and used in many scientific fields. 

 

  

Figure 3.4.1. Identification and classification of pedogenic horizons defined by Retallack (1988).  
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3.5 Isotopic analysis 

The samples used to do the isotopic analysis have been obtained in the field (Fig. 

3.5.1). This was possible thanks to the previous stratigraphic, sedimentologic and 

pedologic work. All the samples have been carefully assigned to its stratigraphic unit. In 

addition, the parental material environment is supported by the sedimentologic analysis 

presented in the respective chapter. This fact is important to interpret the pedotype 

analyzed. Finally, the pedogenic study allow to know the distinctive horizons sampled. 

The horizon B has been identified as the best level to guarantee the most 

representative isotopic composition (Cerling, 1984, 2009; Sheldon and Tabor, 2009; 

Sheldon et al., 2014; Hyland and Sheldon, 2016). This horizon is the most carbonate one 

and is considered as the maximum point of interaction between plants respiration, 

represented in the geological record as root traces. In this PhD project this fact is 

confirmed (see Chapter 6).  

 

The hand-samples have been collected along Castellar de N’Hug, Suils-Villarrué, 

La Mola, Castellar and Pallarols areas. The B horizon was identified following the 

pedotypes description done before. In the field were collected materials which contained 

Figure 3.5.1. Field examples of the carbonate collected and samples for isotopic analysis. 
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carbonate. These materials were mainly carbonate root traces and nodules. In order to 

corroborate the carbonate content samples to obtain thin-sections have been collected. To 

ensure a good representative sampling a duplicate set of samples has always been 

collected always. 

Once is identified in thin-section the best point with the carbonate, it starts the 

procedure to obtain the isotopic signature of each sample. The next step is obtaining the 

dust of the carbonate to introduce them to the isotopic machine. The dust is obtained from 

the peg of the thin-section, taking into account the point which is interesting. The 

minimum weight needed is 300 micrograms.  

 

40 isotopic analyses have been performed in the IGEO (UCM-CSIC) Stable 

Isotopic laboratory in Madrid under the supervision of Prof. Javier Martín-Chivelet. It 

was analyzed the stable C and O isotopic compositions in order to interpret variations on 

the paleosols horizons and types. The laboratory is full equipmented with a Thermo 

ScientificTM KIEL IV connected to a mass spectrometer of isotopic relationship Thermo 

Figure 3.5.2. Stable isotopic laboratory in the UCM-CSIC. 
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ScientificTM MT253TM and DELTATM (Fig. 3.5.2). Isotopic ratios were calibrated against 

the NBS-19 and Carrara standard and are reported as δ18O (‰) relative to the Vienna 

Pee Dee Belemnite (VPDB) standard. The analytical error of the instrument was better 

than ±0.01‰. 

Stable isotope data are expressed in part per thousand (‰) deviations from 

international standards using the following equation: 

d X = (Rsample / R standard – 1) x 1000  

Where X = 13C or 18O, and R = ratio of heavy/light isotope content (13C/12C or 

18O/16O). 
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3.5 Clay mineralogy 

N. 88 samples for clay mineral analysis were collected at 5-10 meters intervals in 

fine deposits in the Sas, Castellars, Castellar de N’Hug and Villarrué-Suils sections. The 

field sampling involved collecting 100-200 gr of fines (very fine sandstone, or finer) from 

fresh rock outcrop. To avoid contamination of the samples, sampling zones with fluid 

alteration or a location close to fractures were ruled out. 

The analysis was conducted in the UCM-CSIC laboratory in Madrid (Spain) under 

the supervision of Prof. José Barrenechea. The bulk sample mineralogy was obtained by 

X-ray diffraction (XRD) after grinding and homogenizaing the samples to b53 Am. 

Random-oriented powders were examined on a Siemens Kristalloflex 810 diffractometer, 

using Cu- Ka at 40 kV and 40 mA, a step size of 0.03 (82h), and time per step of 1s (scan 

rate of 1.88 2h/min). The clay mineral composition was determined on oriented 

aggregates of the b2 Am fraction obtained by sedimentation from an aqueous suspension 

onto glass slides. In some cases these were subjected to thermal treatment at 550 8C for 

2h and to solvation with ethylene glycol (EG). A slower scan rate (1.28 2h/ min) was used 

between 28 and 138 2h in order to obtain better-defined peaks. Semi-quantitative analyses 

were performed, following the method proposed by Schultz (1964). The mineral 

identification involve the use of the diffraction angle of the most representative minerals 

(Table 3.5.1). 
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3.6 Syn-sedimentary faulting 

The kinematics of the faults in the case of the Pyrenees is a tangled issue. The 

sedimentary infill of the Erill Castell-Estac Basin was controlled by syn-sedimentary 

faults (Besly and Collinson, 1991) that probably were reactivations of previous pre-

Hercynian faults (Poblet, 1991). However, the Alpine orogeny, which generated the 

formation of the present Pyrenees with mountains of 3.000 meters high, affected those 

structures, difficulting the precise kinematics characterization of the faults. In the field, 

we have analysed and described the direction and the dip of the faults, and we interpreted 

its kinematics based on the (a) Anderson (1905) model, which proposes that the faults 

with higher dip are related to normal faults and those with gentle dips should be correlated 

with inverse faults, and (b) the classic Riedel shear model, which describe the associated 

faults that occur in a strike-slip fault zone. 

Two important aspects have to be considered in order to interpret the current 

directions of the original syn-sedimentary faults. The first is the Iberian Plate counter-

clockwise rotation that occurred during the Cretaceous (e.g., Salas and Casas, 1993); the 

second is the possible rotation of original structures during the thrust sheet emplacement 

in the Alpine orogeny. With respect to the first consideration, the direction data obtained 

were accepted as valid, because all the Erill Castell-Estac Basin area would have rotated 

as one simple block. However, we have rotated the data obtained 30º clockwise to 

counteract the rotation of the Iberian plate. In order to avoid possible rotations between 

different thrust sheets, we have worked only in the Erta thrust sheet, with an interpreted 

SSW transport direction (Poblet, 1991; Muñoz, 1992). The angular relation of the 

different faults has been obtained as follows: firstly, we have obtained in the field all the 

dip and strike directions of all the units. Then, all the structural data have been 

successively restored to the horizontal starting from the Triassic to the Late 

Carboniferous. In this way we have obtained the original position of the faults affecting 
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each of the units. The software used to plot and restore the input data was Stereonet and 

we used the Fisher distribution included in the software to acquire mean vector directions. 

The age of the faults have been inferred from cartographic and field geometric and 

stratigraphic evidences. The syn-sedimentary character has been interpreted when a 

difference of thickness in the sediments has been observed between the two walls of a 

fault. A cross-section was also performed, together with a detailed analysis of thickness 

variations, in order to trace the depositional evolution of the basin. To infer the ages of 

stratigraphic units and the span of possible gaps we coupled geochronological data 

(Pereira et al., 2014) with the paleontological information (Dalloni, 1930; Broutin and 

Gisbert, 1985; Mujal et al., 2016 a, b). The isopach maps (10.1.2) were carried out with 

SurferÒ software: input data are represented by field measurements of thicknesses and 

observed and inferred faults. Cartography was drawn on the basis of new field mapping, 

orthophoto interpretation and previous publications. The kriging interpolation method 

was the geostatistical method used to interpolate the input data and obtain the output 

isopach maps. The data used is based in our field work mapping and previous publications 

(Soriano et al., 1996; Saura, 2004; Saura and Teixell, 2006; Mujal et al., 2018). These 

data were also restored to the original position; the basin morphology is based on the half-

graben typology proposed by the previous works.  
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4. Chronostratigraphy 

4.1 Introduction 

The climatic change which occurred during the Late Pennsylvanian-Permian 

produced an increase in the extinction rates of land plants (Cascales-Miñana and Cleal, 

2014). The influence of aridification during this time is directly reflected by the variations 

in the constitution and distribution of floral associations (Ziegler, 1990; Kerp, 1996; 

DiMichele et al., 2001b; Wagner, 2004a, Schneider et al., 2006). In fact, in the 

Euramerican province this period has been interpreted as the "collapse of the rainforests" 

(DiMichele et al., 2009; Cleal et al., 2010, 2011; Sahney et al., 2010, Gulbranson et al., 

2015). The replacement of hygrophytic (“Stephanian flora”) by mesophytic and meso-

xerophytic floras (“Autunian flora”) that tolerated a seasonally dry climate has been 

documented. Conifers and other gymnosperms adapted to drier conditions and propagated 

progressively (e.g., DiMichele et al., 2001a; Looy et al., 2014) to become a dominant 

element in the landscapes until the Mesozoic. 

In the Euramerican Province, the continental vegetation during the Pennsylvanian 

was a hygrophilous flora comprising pteridosperms, marattialean ferns, lycopsids, 

Calamites and Cordaites trees (DiMichele et al., 2006; Thomas and Cleal, 2017). In the 

Late Pennsylvanian-Early Permian, “Carboniferous hygrophilous flora” proliferated in 

the wet depressions (lowlands). Mesophilic, or even meso-xerophytic flora, whose most 

remarkable components were walchian conifers (Lemoigne and Doubinger, 1984) grew 

outside these areas (uplands), in dewatered habitats where the environmental conditions 

became less favourable for “Stephanian elements” (Broutin et al., 1986). This change in 

the flora was not isochronous across the Euramerican Province (e.g., Bouroz and 

Doubinger, 1977; Wagner, 1984; Broutin et al., 1990a; Kerp, 1996; Blake et al., 2002). 

The early appearance of “Autunian flora” in Carboniferous rocks has been reported in 
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outcrops from Western Europe (e.g., Lemoigne and Doubinger, 1984; Broutin and 

Gisbert, 1985; Broutin et al., 1986; Doubinger and Roy-Dias, 1985; Broutin et al., 1990a, 

DiMichele and Aronson, 1992; Kerp and Fichter, 1985; Martin-Closas and Galtier, 2005; 

Gand et al., 2013). Conversely, taxa from a Carboniferous-type wetland biome, 

interpreted as stream- and lake-side elements (DiMichele et al., 2006; Gand et al., 2013), 

reappear in Early Permian landscapes dominated by conifers (Broutin et al., 1990a; 

Galtier and Broutin, 1995). Records of Permian “mixed flora”, including elements from 

more than one Palaeo-kingdom, may also appear in these above-cited environments (e.g., 

Broutin, 1986; Broutin et al., 1990b; Berthelin et al., 2003, 2006; Broutin and Berthelin, 

2005; Sun, 2006; Cleal, 2016). This complex scenario was also affected by the 

phytogeographical provinciality that had a negative effect on the precise correlation 

between regional palynostratigraphic schemes (Stephenson, 2016). 

The radiometric dating of those volcanic and volcaniclastic rocks provides an 

important tool for correlating palynological associations with absolutes ages. Correlating 

the age of microflora with other geochronological data (e.g., U–Pb dating, conodonts, 

macroflora, tetrapods footprints) would allow us to discern and validate the Palynological 

Zonation of Western Europe for the Late Carboniferous (Clayton et al., 1977). A 

deepening precision of our palynological knowledge for this period is essential to the 

correlation of the Carboniferous-Early Permian continental successions of Southwestern 

Europe (Eastern Equatorial Euramerica or Western Tethys) and to our understanding of 

the unconformities and hiatuses present in the Post-Variscan deposits, which are 

important in the correlation of basins (Cassinis et al., 2012; Gretter et al., 2015). 

The Late Pennsylvanian-Early Permian palaeontological data from the Catalan 

(Central-Eastern Southern) Pyrenees has been described by previous authors in two main 

areas (Fig. 1). The Central Southern Pyrenees include the areas of Erill Castell, Malpás, 

Baró, Arcalis, Coll de Sas, Gotarta and Estac (Dalloni, 1930; Schmidt, 1931; Menéndez-
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Amor, 1952; Nagtegaal, 1969; Álvarez-Ramis, 1985; Talens and Wagner, 1995; Wagner 

and Álvarez-Vázquez, 2010; Mujal et al., 2018). The main sections in the Eastern 

Pyrenees are Ogassa, Surroca, Coll de Jou, Coll de la Caritat and Camprodón (Faura, 

1913, 1914; Dalloni, 1930; Jongmans, 1951; Álvarez-Ramis et al., 1969, 1971; 

Doubinger et al., 1978; Doubinger and Álvarez-Ramis, 1984; Broutin and Gisbert, 1985; 

Wagner, 2004b; Gómez-Alba, 2007; Martín-Closas and Martínez-Roig, 2007; Wagner 

and Álvarez-Vázquez, 2010). In both areas, understanding the Permo-Carboniferous 

transition is a challenge, due to the poor preservation of palynological remains and the 

fact that some studies were preliminary in nature (Broutin and Gisbert, 1985), or the 

location was uncertain (Alvarez-Ramis and Doubinger, 1987). Furthermore, the 

attribution of “Stephanian and Autunian flora” to validated chronostratigraphic units is 

very problematic. For example, Lloret and Juncal (2018) reported the appearance of 

microflora with “Autunian characteristics” in the Upper Carboniferous deposits of 

Argestues, Eastern Pyrenees. 

Here is detailed all the chronostratigraphic information published in the Central-

Eastern Southern Pyrenees (Tables 4.1.1, 4.1.2, 4.1.3): 
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Paleobotany (macroflora and microflora) 

Locality Unit Age Proposed References 

Palanca de Noves Buntsandstein 
facies Unit Anisian (Lower Triassic) Díez et al. (2005) 

Palanca de Noves Buntsandstein 
facies Unit 

Thuringian  
(Middle-Late Permian) Díez (2000) 

Les Nogueres-Cadí Buntsandstein 
facies Unit Anisian Calvet et al. (1993) 

Palanca de Noves Buntsandstein 
facies Unit 

Thuringian  
(Middle-Late Permian)  Broutin et al. (1988) 

Campodrón Lower Red Unit “Autunian” (Early Permian) Broutin and Gisbert (1985) 
Gotarta Lower Red Unit “Autunian” (Early Permian) Broutin and Gisbert (1985) 

Arcalis Transition Unit “Autunian” (Early Permian) Talens and Wagner (1995) 
“Autunian” (Early Permian) Schmit (1931) 

Baró Transition Unit Early Permian Álvarez-Ramis (1985) 
“Autunian” (Early Permian) Menendez-Amor (1952). 

Coll de Jou Transition Unit 
“Middle-Upper Autunian” 
(late Gzhelian) 

Wagner and Álvarez-Vázquez 
(2010) 

Stephanian B-C Broutin and Gisbert (1985) 
Coll de la Caritat Transition Unit Late Stephanian Broutin and Gisbert (1985) 

Malpás Transition Unit 
(Malpás Fm) 

Stephanian C Wagner and Álvarez-Vázquez 
(2010) 

Late Stephanian C - “lower 
Autunian” (Early Permian) Talens and Wagner (1995) 

Stephanian Dalloni (1930); Nagtegaal (1969) 

Estac Uncertain “Early Autunian” (Early 
Permian) 

Álvarez-Ramis and Doubinger 
(1987) 

Rio Pallarols/Gotarta Grey Unit Gzhelian Lloret and Juncal (2018) 
Coll de Sas Grey Unit Stephanian C Mujal et al. (2018) 

Surroca/Ogassa Grey Unit 

Stephanian C 

Álvarez-Ramis et al. (1971); 
Doubinger et al. (1978); 
Doubinger and Álvarez-Ramis 
(1984); Martín-Closas and 
Martínez-Roig (2007); Wagner 
and Álvarez-Vázquez (2010) 

Late Stephanian Dalloni (1930); Álvarez-Ramis et 
al. (1969); Álvarez-Ramis (1985) 

Middle Stephanian Jongmans (1951) 
Stephanian (Surroca) – 
Late Stephanian (Ogassa) Faura (1914) 

Upper Carboniferous Faura (1913) 

ErillCastell/Malpás Grey Unit (Erill 
Castell Fm) Cantabrian (Stephanian A) Dalloni (1930); Talens and 

Wagner (1995) 

Argestues Grey Unit 
(Aguiró Fm) Stephanian B Broutin and Gisbert (1985) 

Aguiró Grey Unit 
(Aguiró Fm) 

Asturian (Westphalian D) Wagner and Álvarez-Vázquez 
(2010) 

Late Westphalian-
Cantabrian (Stephanian A) Talens and Wagner (1995) 

Westphalian D Nagtegaal (1969) 
Middle-Upper Westphalian Dalloni (1930) 

Table 2.1.1. Summary of all the paleobotany chronostratigraphic information published 
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Tetrapod’s footprints and bones 

Locality Unit Age Proposed References 

Coll de Terrers Buntsandstein 
facies Unit Early Triassic Mujal et al. (2017b) 

Erill Castell/Port del 
Cantó 

Buntsandstein 
facies Unit late Early Triassic Mujal et al. (2017a) 

Palanca de Noves Buntsandstein 
facies Unit Early Triassic Mujal et al. (2016a) 

Pla de St. 
Tirs/Noves de Segre Upper Red Unit “Late Permian” Robles and Llompart (1987) 

Noves/La Trava Upper Red Unit ?Middle Permian (Wordian) Mujal et al. (2016a) 

Coll de Terrers Upper Red Unit “Late Permian” Mujal et al. (2018) 

La Mola d’Amunt Lower Red Unit Middle-Late early Permian 
(Artinskian) Mujal et al. (2016b) 

 

Radiometric dating 

Locality Unit Age Proposed References 

Castellar de N’Hug Lower Red Unit 294,3±4,4 Pereira et a. (2014) 

Erill Castell Transition Unit 297,2±3,3 Pereira et a. (2014) 

Estac 
Uncertain 
(Grey/Transition 
Unit) 

298,6±2,,5 Pereira et a. (2014) 

Cadí Grey Unit 302,6±2,6 Pereira et a. (2014) 

Coll de Vanses Grey Unit 307,4 ±1,4 Pereira et a. (2014) 

Table 2.1.2. Summary of all the tetrapod’s footprints and bones chronostratigraphic information published 

Table 2.1.3. Summary of all radiometric published 
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4.2 Results 

The chronostratigraphic information obtained in this PhD thesis comes from the 

palynological assemblages. Resulting of the fieldwork several samples have been 

collected, and some of them were positive. These data are a result of the collaboration 

with Manuel Juncal (PhD student) and Prof. Bienvenido Díaz from the Universidade de 

Vigo (Spain), who study the palynological assemblages of the Permian continental 

deposits. 

4.2.1 Grey Unit 

A palynological assemblage has extracted from the Grey Unit (Figs. 4.2.1 and 4.2.2): 

Acanthotriletes echinatus (Knox) Potonié and Kremp 1955, Acanthotriletes 

tenuispinosus Naumova 1953, Angulisporites splendidus Bharadwaj 1954, 

Apiculatisporis microacanthus Andreyeva 1956, Apiculatisporis parvispinosus (Leschik) 

Schulz 1962, Calamospora breviradiata Kosanke 1950, Calamospora microrugosa 

(Ibrahim) Schopf, Wilson and Bentall 1944, Calamospora pedata Kosanke 1950, 

Cirratriradites rarus (Ibrahim) Schopf, Wilson and Bentall 1944, Cyclogranisporites 

microgranus Bharadwaj 1957, Deltoidospora adnata (Kosanke) McLean 1993 

Deltoidospora priddyi (Berry) McGregor 1973, Deltoidospora sphaerotriangula (Loose) 

Ravn 1986, Florinites junior Potonié and Kremp 1956, Florinites mediapudens (Loose) 

Potonié and Kremp 1955, Granulatisporites granulatus Ibrahim 1933, Granulatisporites 

minutus Potonié and Kremp 1955, Granulatisporites microgranifer Ibrahim 1933, 

Laevigatosporites perminutus Alpern 1958, Laevigatosporites vulgaris (Ibrahim) 

Ibrahim 1933, Latensina trileta Alpern, 1958, Lophotriletes microsaetosus (Loose) 

Potonié and Kremp 1955, Lundbladispora gigantea (Alpern) Doubinger 1968, 

Potonieisporites novicus Bhardwaj 1964, Potonieisporites simplex Wilson 1962, 

Punctatosporites minutus Ibrahim 1933, Punctatosporites punctatus Ibrahim 1933, 
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Savitrisporites camptotus (Alpern) Doubinger 1968, Vesicaspora wilsonii (Schemel) 

Wilson and Venkatachala 1963, Vestispora cf. cancellata (Dybová and Jachowicz) 

Wilson and Venkatachala 1963, Chromotriletes sp., Dictyotriletes sp., Endosporites sp., 

Guthoerlisporites sp., Lundbladispora sp., Maculatasporites sp., Nuskoisporites sp., 

Plicatipollenites sp., Potonieisporites sp., Spinosporites sp., Wilsonites sp., and 

Unidentified disaccites. 
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Figure 4.2.1. (previous page) GU palynological assemblage. 1: Deltoidospora priddyi. 2: Deltoidospora adnata. 3: Deltoidospora 
sphaerotriangula. 4: Granulatisporites minutus. 5: Granulatisporites granulatus. 6: Granulatisporites microgranifer. 7: Lophotriletes 
microsaetosus. 8: Acanthotriletes tenuispinosus. 9: Acanthotriletes echinatus. 10: Cyclogranisporites microgranus. 11: Apiculatisporis 
parvispinosus. 12: Apiculatisporis microacanthus. 13: Maculatasporites sp. 14: Punctatosporites punctatus. 15: Spinosporites sp. 16: 
Punctatosporites minutus. 17: Chromotriletes sp. 18: Laevigatosporites perminutus. 19: Laevigatosporites vulgaris. Modified from Juncal and 
Lloret (2018.) 
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Figure 4.2.2. GU palynological assemblage. A: Calamospora breviradiata. B: Calamospora microrugosa. C: Calamospora 
pedata. D: Lundbladispora gigantea. E: Lundbladispora sp. F: Latensina trileta. G: Dictyotriletes sp. H: Savitrisporites camptotus. I: 
Angulisporites splendidus. J: Cirratriradites rarus. K: Endosporites sp. L: Potonieisporites simplex. M: Potonieisporites sp. N: 
Potonieisporites novicus. O: Plicatipollenites sp. P: Guthoerlisporites sp. Q: Nuskoisporites sp. R: Wilsonites sp. S: Vestispora cf. 
cancellata. T: Vesicaspora wilsonii. U: Florinites junior. V: Florinites mediapudens. W-X: Unidentified Disaccites. From Juncal et al. 
(2018). 
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4.2.2 Transition Unit 

A palynological assemblage has extracted from several samples in the Transition Unit 

obtained from Gotarta section (Figs. 4.2.3, 4.2.4, 4.2.5 and 4.2.6).  

The GT-01 sample (Fig. 4.2.3) has the following assemblage: Apiculatisporis 

microacanthus Andreyeva 1959, Deltoidospora adnata (Kosanke) McLean 1993, 

Deltoidospora priddyi (Berry) McGregor 1973, Densosporites spinifer Hoffmeister, 

Staplin and Malloy 1955, Granulatisporites granulatus Ibrahim 1933, Granulatisporites 

minutus Potonié and Kremp 1955, Laevigatosporites perminutus Alpern 1958, 

Laevigatosporites vulgaris (Ibrahim, Potonié and Kremp) Alpern and Doubinger 1973, 

Lophotriletes ibrahimii (Peppers) Pi-Radondy and Doubinger 1968, Lophotriletes 

microsaetosus (Loose) Potonié and Kemp 1955, Lophotriletes parryensis Utting 1994, 

Savitrisporites camptotus (Alpern) Doubinger 1968, Calamospora sp., Deltoidospora 

sp., Densosporites sp., Granulatisporites sp., Punctatisporites sp., Punctatosporites sp., 

Raistrickia sp., Spinosporites sp., and Verrucosisporites sp.  

The GT-02 sample (Figs. 4.2.4, 4.2.5 and 4.2.6) contains: Angulisporites splendidus 

Bharadwaj 1954, Calamospora breviradiata Kosanke 1950, Calamospora microrugosa 

(Ibrahim) Schopf, Wilson and Bentall 1944, Deltoidospora adnata (Kosanke) McLean 

1993, Deltoidospora priddyi (Berry) McGregor 1973, Florinites junior Potonié and 

Kremp 1956, Florinites mediapudens (Loose) Potonié and Kremp 1955, Florinites 

millotti Butterworth and Williams 1954, Granulatisporites microgranifer Ibrahim 1933, 

Granulatisporites minutus Potonié and Kremp 1955, Granulatisporites parvus (Ibrahim) 

Potonié and Kremp 1955, Laevigatosporites perminutus Alpern 1958, Laevigatosporites 

vulgaris (Ibrahim, Potonié and Kremp) Alpern and Doubinger 1973, Latensina trileta 

Alpern 1958, Lophotriletes commissuralis (Kosanke) Potonié and Kremp 1955, 

Microreticulatisporites nobilis (Wicher) Knox 1950, Savitrisporites camptotus (Alpern) 
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Doubinger 1968, Spinosporites spinosus Alpern 1958, Calamospora sp., Cycadopites sp., 

Cyclogranisporites sp., Deltoidospora sp., Granulatisporites sp., Lundbladispora sp., 

Punctatisporites sp. Raistrickia sp. Spinosporites sp., and unidentified spores, 

monosaccate and bisaccate pollen and lacustrine palynomorphs.  

Figure 4.2.3. GT-01 palynological assemblage (TU). 1: Deltoidospora priddyi. 2: Deltoidospora sp. 3: Deltoidospora adnata. 4: 
Lophotriletes ibrahimii. 5: Lophotriletes parryensis. 6: Lophotriletes microsaetosus. 7: Granulatisporites granulatus. 8: Granulatisporites 
sp. 9: Granulatisporites minutus. 10: Spinosporites sp. 11: Punctatosporites sp. 12: Apiculatisporis microacanthus. 13: Densosporites sp. 
14: Densosporites spinifer. 15: Raistrickia sp. 16: Verrucosisporites sp. 17: Savitrisporites camptotus. 18: Laevigatosporites perminutus. 
19: Calamospora sp. 20: Punctatisporites sp. 21: Laevigatosporites vulgaris. 
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Figure 4.2.4. GT-02 palynological assemblage (TU). 1: Deltoidospora adnata. 2: Deltoidospora priddyi. 3. Deltoidospora sp. 
(Reworked) 4: Granulatisporites microgranifer. 5: Granulatisporites microgranifer. 6: Granulatisporites minutus. 7: Granulatisporites 
parvus. 8: Lophotriletes commissuralis. 9: Raistrickia sp. 10: Microreticulatisporites nobilis. 11: Spinosporites spinosus. 12: Spinosporites 
sp. 13: Cyclogranisporites sp. 14: Laevigatosporites perminutus. 15: Laevigatosporites vulgaris. 16: Laevigatosporites perminutus 
(Reworked). 17: Laevigatosporites vulgaris (Reworked). 18: Cycadopites sp. 
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Figure 4.2.5. GT-02 palynological assemblage (TU). 1: Calamospora breviradiata. 2: Calamospora microrugosa. 3: 
Calamospora sp. 4: Calamospora sp. 5: Latensina trileta. 6: Latensina trileta. 7: Savitrisporites camptotus. 8: Angulisporites splendidus. 
9: Lundbladispora sp. 10: Florinites mediapudens (Reworked). 11: Florinites junior. 12: Florinites junior. 13: Florinites millotti 
(Reworked). 
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Figure 4.2.6. GT-02 palynological assemblage (TU). 1: Punctatisporites sp. 2: Punctatisporites sp. 3: Granulatisporites minutus 
4: Granulatisporites sp. 5: Bisaccate pollen. 6: Bisaccate pollen (Reworked). 7: spores reworked. 8: Fern spore reworked. 9: Monosaccate 
pollen. 10: Fern spore reworked. 11: Lacustrine palynomorph. 12: Lacustrine palynomorph. 13: Lacustrine palynomorph. 
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The GT-04 sample (Figs. 4.2.7, 4.2.8 and 4.2.9) has the following palynological 

assemblage: Acanthotriletes obtusosaetosus (Luber and Waltz) Hart 1965, Angulisporites 

splendidus Bharadwaj, 1954, Calamospora breviradiata Kosanke 1950, Crassispora 

kosankei (Potonié and Kramp) Smith and Butterworth 1967, Cirratriradites saturni 

(Ibrahim) Schopf, Wilson and Bentall 1944, Deltoidospora adnata (Kosanke) McLean 

1993, Densosporites ruhus Kosanke 1950, Densosporites spinifer Hoffmeister, Staplin 

and Malloy 1955, Florinites junior Potonié and Kremp 1956, Florinites mediapudens 

(Loose) Potonié and Kremp 1955, Granulatisporites minutus Potonié and Kremp 1955, 

Laevigatosporites perminutus Alpern 1958, Laevigatosporites vulgaris (Ibrahim, Potonié 

and Kremp) Alpern and Doubinger 1973, Latensina trileta Alpern 1958, Lycospora 

granulata Kosanke 1950, Lycospora noctuina Butterworth and Williams 1958, 

Lycospora pusilla (Ibrahim) Somers 1972, Thymospora thiesseni (Kosanke) Wilson and 

Venkatachala 1963, Cadiospora sp., Calamospora sp., Chromotriletes sp., 

Cirratriradites sp., Cycadopites sp., Raistrickia sp.,and Nuskoisporites sp.  
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Figure 4.2.7. GT-04 palynological assemblage (TU). 1: Deltoidospora adnata. 2. Granulatisporites minutus. 3. Acanthotriletes 
obtusosaetosus. 4. Laevigatosporites perminutus. 5. Laevigatosporites vulgaris. 6. Laevigatosporites vulgaris. 7. Laevigatosporites 
perminutus. 8. Thymospora thiesseni. 9. Chromotriletes sp. 10. Lycospora pusilla. 11. Lycospora granulata. 12. Lycospora noctuina. 13. 
Raistrickia sp. 14. Raistrickia sp. 15. Densosporites spinifer. 1955 16. Densosporites ruhus. 17. Cycadopites sp. 

 



- Chapter 4 - 

 56 

 

 

4.2.3 The Lower Red Unit 

A palynological assemblage has extracted from one single sample, the GT-10 in 

the Gotarta section (Figs. 4.2.9, 4.2.10, 4.2.11 and 4.2.12). The assemblage obtained is 

the following: Costapollenites ellipticus Tshcudy and Kosanke 1966, Falcisporites zapfei 

(Potonié and Klaus) Leschik 1956, Gardenasporites cf. heisseli Klaus 1963, 

Hamiapollenites bullaeformis (Samoilovich) Jansonius 1962, Hamiapollenites 

Figure 4.2.8. GT-04 palynological assemblage (TU). 1: Calamospora breviradiata. 2: Calamospora sp. 3. Calamospora sp. 4: 
Cadiospora sp. 5: Crassispora kosankei. 6: Crassispora kosankei. 7: Angulisporites splendidus. 8: Angulisporites splendidus. 9: 
Cirratriradites sp. 10: Cirratriradites saturni. 11: Nuskoisporites sp. 12: Latensina trileta. 13: Florinites junior. 14: Florinites 
mediapudens. 
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tractiferinus (Samoilovich) Jansonius 1962, Illinites unicus (Kosanke) Jansonius and 

Hills 1976, Jugasporites delasaucei (Potonie and Klaus) Leschik 1956, Laevigatosporites 

vulgaris (Ibrahim, Potonié and Kremp) Alpern and Doubinger 1973, Lunatisporites 

albertae (Jansonius) Fisher 1979, Lunatisporites noviaulensis (Leschik) Foster 1979, 

Paravesicaspora splendens (Leschik) Klaus 1963, Potonieisporites magnus Lele and 

Karim 1971, Potonieisporites novicus Bharadwaj 1954, Protohaploxypinus globus (Hart) 

Hart 1964, Protohaploxypinus latissimus (Luber) Samoilovich 1953, Protohaploxypinus 

microcorpus (Schaarschmidt) Clarke 1965, Protohaploxypinus cf. perfectus (Naumova) 

Samoilovich 1953, Vesicaspora schemeli Klaus 1963, Vesicaspora wilsonii (Schemel) 

Wilson and Venkatachala 1963, Vestigisporites thomasi (Pant) Hart 1960, Vittatina 

costabilis Wilson 1962, Calamospora sp., Chromotriletes sp., Chordasporites sp., 

Gardenasporites sp., Hamiapollenites sp., Illinites sp., Jugasporites sp., Limitisporites 

sp., Lueckisporites sp., Lunatisporites sp., Nuskoisporites sp., Potonieisporites sp., 

Striatoabieites sp., Vesicaspora sp., Vittatina sp., and Lacustrine palynomorph. cf. 

Multiplicisphaeridium sp. 
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Figure 4.2.9. GT-10 palynological assemblage (LRU). 1: Calamospora sp. 2: Chromotriletes sp. 3: Laevigatosporites vulgaris 
4: Paravesicaspora splendens. 5: Falcisporites zapfei. 6: Falcisporites zapfei. 7: Limitisporites sp. 8: Jugasporites delasaucei. 9: 
Jugasporites sp. 10: Illinites unicus. 11: Illinites sp. 12: Chordasporites sp. 13: Vestigisporites thomasi. 
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Figure 4.2.10. GT-10 palynological assemblage (LRU). 1: Lueckisporites sp. 2: Lueckisporites sp. 3: Lunatisporites noviaulensis. 
4: Lunatisporites albertae. 5: Lunatisporites sp. 6: Vesicaspora wilsonii. 7: Vesicaspora schemeli. 8: Vesicaspora sp. 9: Protohaploxypinus 
microcorpus. 10: Protohaploxypinus globus. 11: Protohaploxypinus latissimus. 12: Protohaploxypinus cf. perfectus. 
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Figure 4.2.11. GT-10 palynological assemblage (LRU). 1: Striatoabieites sp. 2: Hamiapollenites bullaeformis. 3: 
Hamiapollenites tractiferinus. 4: Hamiapollenites sp. 5: Costapollenites ellipticus. 6: Vittatina costabilis. 7: Vittatina costabilis. 8: 
Vittatina sp. 9: Lacustrine palynomorph. 10: Lacustrine palynomorph. 11: cf. Multiplicisphaeridium sp. 
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4.2.4 The Buntsandstein facies Unit 

A palynological assemblage has extracted from one single sample, the SuilsP8 in 

the Suils section (Figs. 4.2.13 and 4.2.14). The assemblage obtained is the following: 

Alisporites grauvogeli Klaus 1964, Alisporites opii Daugherty 1941, Calamospora tener 

(Leschik) Mädler 1964, Chordasporites singulichorda Klaus 1960, Hexasaccites 

muelleri (Reinhardt and Schmitz) Adloff and Doubinger 1969, Lunatisporites 

noviaulensis (Leschik) Fisher 1979, Microcachryidites sittleri Klaus 1964, 

Punctatisporites fungosus Balme 1963, Striatoabieites aytugii (Visscher) Scheuring 

1978, Sulcosaccispora minuta Klaus 1964, Triadispora epigona Klaus 1964, Triadispora 

falcata Klaus 1964, Triadispora suspecta Scheuring 1970, Triadispora staplinii 

Figure 4.2.12. GT-10 palynological assemblage (LRU). 1: Gardenasporites cf. heisseli. 2: Gardenasporites sp. 3: 
Potonieisporites novicus. 4: Potonieisporites magnus. 5: Potonieisporites sp. 6: Nuskoisporites sp. 
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(Jansonius) Klaus 1964, Triadispora plicata Klaus 1964, Voltziaceaesporites 

heteromorpha Klaus 1964. Lunatisporites sp., Punctatisporites sp., Vesicaspora sp., 

Trisaccate pollen, and lacustrine palynomorphs. 

 

Figure 4.2.13. SuilsP8 palynological assemblage (Bunt). 1: Alisporites grauvogeli. 2: Alisporites grauvogeli. 3: Alisporites opii. 
4: Triadispora epigona. 5: Triadispora plicata. 6: Triadispora falcata. 7: Triadispora suspecta. 8: Triadispora staplinii. 9: 
Microcachryidites sittleri. 10: Lunatisporites noviaulensis. 11: Voltziaceaesporites heteromorpha. 12: Lunatisporites sp. 

. 
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Figure 4.2.14. SuilsP8 palynological assemblage (Bunt). 1: Chordasporites singulichorda. 2: Striatoabieites aytugii. 3: 
Vesicaspora sp. 4: Calamospora tener. 5: Sulcosaccispora minuta. 6: Hexasaccites muelleri. 7: Hexasaccites muelleri. 8: Punctatisporites 
fungosus. 9: Punctatisporites sp. 10: Trisaccate pollen 11: Lacustrine palynomorph 12: Lacustrine palynomorph. 

 

. 
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4.3 Age assignation 

4.3.1 Grey Unit age from palynology 

The Grey Unit assemblage shows the presence the typical Upper Carboniferous 

ferns of the tedeleacean, zygoptetidaceae, gleicheniaceae and boctryopteridaceae groups 

(such as Deltoidospora, Lophotriletes, and Spinosisporites), the marattialean ferns 

(Punctatosporites) and lycopsids (Lundbladispora) are present here. The diversification 

of cordaite pollen (such as Florinites and Latensina) is also characteristic of this period. 

The presence of monosaccate pollen such as Guthoerlisporites sp., Nuskoisporites 

sp., Plicatipollenites sp., Potonieisporites simplex, Potonieisporites novicus and the taxa 

Angulisporites splendidus, Latensina trileta, Lundbladispora gigantea, Savitrisporites 

camptotus and Dictyotriletes sp. (with Stephanian affinity, Juncal et al., 2019), in the 

studied samples suggests a Gzhelian age (Fig. 4.3.1). Moreover, the Grey Unit microfloral 

assemblage is comparable with the “Zone inférieure” of Broutin (1986), which is 

equivalent to the microflora of Assise d’Igornay (Doubinger, 1974) dated as late Gzhelian 

(299.91 ± 0.38Ma, Pellenard et al., 2017). 

This age also fits very well with the absolute radiometric ages provided by Pereira 

et al. (2014), obtained from volcanic rocks interbedded in the Grey Unit deposits in the 

two neighbouring areas of Coll de Vanses (304.6 ±1.5 Ma) and the Cadí Ignimbrite (300.4 

±1.4 Ma, Table 2.1.3).  

 

4.3.2 Transition Unit age from palynology 

The Transition Unit presents Upper Carboniferous taxa with Stephanian affinity, 

such as Angulisporites splendidus, Crassispora kosankei, Densosporites suhus, 

Densosporites spinifer, Latensina trileta, Savitrisporites camptotus, Florinites 
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mediapudens, Florinites junior, Spinosporites spinosus, Thymospora thiesseni and 

Lycospora spp. The presence of fern spores such as Acanthotriletes, Deltoidospora, 

Granulatisporites, Lophotriletes and Microreticulatisporites, which are linked to the 

Carboniferous hygrophilous microflora, are indicative of a humid period. 

Figure 4.3.1. Age inferred of the stratigraphic units 
of the Central-Eastern Southern Pyrennes from the 
palynological data obtained and other biostratigraphic data 
(Tables. 2.1.2, 2.1.3). 

. 
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The TU assemblages could be equivalent to the Angulisporites splendidus-

Latensina trileta (ST) zone of Clayton et al., (1977) with a Stephanian A-B age (Fig. 

4.3.1), but the radiometric dating from Estac ignimbrites indicate an Asselian age (296,2 

±3,1 Ma, 296,1 ±4,0 Ma; Pereira et al., 2014). 

This singular difference in age between the two dating methods due to the fact 

that the isolated basins of the Central-Eastern Southern Pyrenees acted as a refuge with 

more favourable conditions for the Carboniferous hygrophilous flora, delaying the 

appearance of the meso-xerophytic floras. This reappearance of the Carboniferous-type 

wetland biome (Paquette et al., 1980; Broutin, 1986; Broutin et al., 1990a; Galtier and 

Broutin, 1995) in landscapes dominated by conifers is interpreted as stream and lakeside 

elements (DiMichele et al., 2006; Gand et al., 2013). 

 

4.3.3 Lower Red Unit age from palynology 

The microflora of the LRU assemblage shares characteristics with that of Zone 

A2 (Asselian-Sakmarian age) and Zone A3 (Kungurian-Roadian age) from Doubinger 

(1974) for the Autunian microflora of the Autun, Blanzy, l’Aumance, Brive and Lodève 

Basins, which are equivalent to the Bissacates striatiti (DS) Zone of Clayton et al. (1977), 

with a “Late Autunian” age (Sakmarian-Artinskian age) due to the presence of bisaccated 

pollen, striated taxa, and Vittatina spp. The microflora of Zone 2 is characteristic of 

Assise de Muse (Doubinger, 1974), recently dated as Asselian age (298.57 ±0.38 - 298.05 

±0.39 Ma) by Pellenard et al. (2017), and the Tuilière and Usclas, Saint-Privat, from the 

Lodève Basin (Doubinger, et al., 1987), dated as Sakmarian age (Tuilière - Loiras Fm., 

293.85 ±0.10 Ma. Michel et al., 2015). The microflora of Zone 3 is equivalent to the 
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Gourd du Diable in Brive Basin (Doubinger, 1971) and the Charmoy schists of Blazy 

Basin (Doubinger, 1968) with a Kungurian-Roadian age (Doubinger, 1974). 

Therefore, an intermediate age between Zone A2 and Zone A3 (Doubinger, 1974) 

could be suggested for sample GT-10. 

We also compare LRU with the Artinskian to Ufimian palynological assemblages 

from the central Southern Alps, Italy (Cassinis and Doubinger, 1992). This work presents 

two palynological studies of the Collio and Tregiovo formation. The age range for the 

Permian volcanic activity of the Collio Basin in Eastern Lombardy was constrained from 

single-zircon U-Pb ages as early uppermost Artinskian-Kungurian age (283 ±1 to 281 ±2 

Ma, Schaltegger and Brack 1999, 2007; Marocchi et al., 2008). The volcanic rocks of the 

Tregiovo basin were also radiometrically dated at 274.1 ±1.6 Ma and 276.5 ±1.1 Ma (e.g., 

Avanzini et al., 2007; Marocchi et al., 2008), attributing the Tregiovo Fm to the middle 

Kungurian. 

The LRU assemblage is related to the Collio Fm assemblage and lower 

assemblage of Tregiovo Fm. Moreover, in the Gotarta Section, the presence of the 

Autunian Zone 2 palynomorphs (Doubinger, 1974) is accompanied by Falcisporites 

zapfei, Jugasporites delasaucei, Lunatisporites noviaulensis and Paravesicaspora 

splendens. That indicates a late Artinskian-Kungurian age for the LRU assemblage. 

The age assigned to the LRU assemblage (Fig. 4.3.1) is consistent with the 

absolute radiometric age provided by Pereira et al. (2014), obtained from volcanic rocks 

interbedded in the Lower Red Unit deposits (283.4 ±1.9 Ma age. Pereira et al., 2014).  

 

4.3.4 Buntsandstein Unit age from palynology 

The sample SuilsP8 has an Anisian age due to the presence of the guide taxon 

Hexasaccites muelleri. The taxon Voltziaceaesporites heteromorpha indicates that the 



- Chapter 4 - 

 68 

sample cannot be younger than Pelsonian. The presence of the taxa Alisporites 

grauvogeli, Microcachryidites sittleri and Striatoabieites aytugii suggests an age close to 

the Bithynian-Pelsonian transit (Fig. 4.3.1). The presence of the taxa Calamospora tener, 

Chordasporites singulichorda, Lunatisporites noviaulensis, Punctatisporites fungosus, 

Sulcosaccispora minuta and triadispora spp. is consistent with this conclusion. 

This microflora is equivalent to the “Eslida assemblage” (from Eslida Fm., SE 

Iberian Ranges, Spain. Juncal et al., 2018), due to the presence of Alisporites grauvogeli, 

Alisporites opii, Calamospora tener, Hexasaccites muelleri, Lunatisporites noviaulensis, 

Punctatisporites fungosus and Voltziaceaesporites heteromorpha. This assemblage 

corresponds to the Voltziaceaesporites heteromorpha Assemblage Zone, from boreholes 

in the Buntsandstein Strata of Western and Central Poland (Orlowska-Zwolinska, 1984, 

1985; Kürschner and Herngreen, 2010) that is equivalent in age to the Triassic sections 

from the Southern Alps (Brugman 1986; Roghi 1995) and Assemblage A from the Dont 

Formation of the Kühwiesenkopf section (Kustatscher and Roghi, 2006; Kustatscher et 

al., 2006). 
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5. Sedimentology of Erill Castell-Estac Basin 

5.1 Introduction 

The sedimentology have been used for several authors to understand the 

depositional environment in the past (Kindle, 1917; Nevin and Trainer, 1927; Allen, 

1963; Langford and Chan, 1989). The paleoenvironments reveals potential climatic issues 

as well as key information to reconstruct the paleogeography (Rust et al., 1985; Platt, 

1989; Bourquin et al., 2007, 2011; Durand and Boruquin, 2013). From this basis the 

sedimentological study of Erill Castell-Estac Basin is one of the main objectives of this 

PhD thesis.  

In spite the good preservation of the outcrops in the Central-Eastern Southern 

Pyrenees few works detailed sedimentological works have been published (Mey et al., 

1968; Nagtegaal, 1969; Gisbert, 1981; Besly and Collinson 1991; Gretter et al., 2015). In 

particular Erill Castell-Estac Basin in the most unknown basin, only Besly and Collinson 

(1991) studied in a concrete sector (ErillCastell) the sedimentology. The aim of this 

chapter is study in detail more outcrops and sectors to cover all of this basin and provide 

an overall view of the sedimentology of the basin. From this point 10 detailed 

stratigraphic sections have been studied (Fig. 5.1.1) across the studied sector. 

The sedimentological information allow to understand the paleoenvironmental 

conditions occurred in the Upper Carboniferous-Lower Triassic times and their evolution 

in the time. Moreover, the sedimentology and stratigraphy will be the basis of the 

following approaches of this thesis. The precise situation in the stratigraphy and the 

depositional environment information couple the pedogenesis study (Chapter 6) and the 

sampling of isotopes and clay mineralogy samples. 
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Further more of a classical sedimentological study, he interaction between the 

sediments and the syn-sedimentary tectonics is other goal of the study of Erill Castell 

Basin. These aspects are deal in the discussion chapter.  

  

Figure 5.1.1. (a) Geological map of the Erill Castell-Estac Basin based on Saura (2004) and Saura and Texiell (2006). (1) 
Quaternary (2) Cenozoic cover (3) Jurassic-Cretaceous (4) Marine Triassic (5) Lower-Middle continental Triassic (Bunt.) (6) Late 
Carboniferous-Permian (7) Variscan Basament (8) Back-thrust (9) Inverse fault (10) Normal fault (11) Late Carboniferous-Lower Triassic 
synsedimentary faults. (b) Stratigraphic sections measured with the principal sedimentary structures in the Erill Castell-Estac Basin. The 
position and distribution of the reference levels are shown in dash lines. c-l: Clay-Limestone. f: fine sandstone. m: medium sandstone. c: 
coarse sandstone. cg: Conglomerate. Gotarta and Baro sections are not correlated due are placed in different thrust sheet (Erdo-Gotarta 
slice and Arcalís-Espaén slice, Saura and Teixell, 2006). The sections boundaries are marked by basement (chaotic representation), faults 
(red lines) and Triassic Marine deposits (top blue carbonates). From Lloret et al. (2018). 
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5.2 Facies and architectural elements 

The sedimentary analysis is based on facies description and their vertical and 

lateral stacking pattern, in order to identify facies associations and architectural elements. 

These associations and elements will form the basis for the definition and interpretation 

of the sedimentary record of the three differentiated fluvial, lacustrine and volcaniclastic 

genetic groups. The descriptions in this chapter include Carboniferous, Permian, and 

Triassic rocks.  

 

5.2.1 Fluvial deposits 

Fluvial deposits have been observed as channels and overbank (levees, crevasse 

splays) sub-environments in Carboniferous, Permian, and Triassic units. Their 

description and interpretation is based here on six differentiated architectural elements, 

which are, in turn, obtained from the characterization of eleven lithofacies, as shown in 

Table 5.2.1 and Figure 5.2.1. In this work, we have basically followed the Miall’s (1996, 

2014) classification codes, adding some newer ones. The vertical and lateral stacking 

patterns of these facies in the constitution of architectural elements are shown in Figures 

6, 8 and 9. These figures also show the occurrence of these elements in the stratigraphical 

units 

 

Fluvial channel elements (Fig. 5.2.2) 

Gravel Bar deposits (GB): This element is composed of interbedded sequence of 

coarse conglomerates made up of matrix-supported planar cross-stratified conglomerate 

(Gmp; Fig. 4c), matrix-supported trough cross-bedded conglomerates (Gmt) and clast- 
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supported coarse-grained conglomerates (Gh) facies, and it may present fine-

grained laminated sandstone facies (Fl) on top. The single sequence thickness is 1-2 m, 

and the vertical repetition of GB sequences (up to 7) reaches 10 m in the basal parts of 

the TU and the LRU (Fig. 5.3.1). The conglomerates are composed of quartzitic-pebbles 

up to 6 cm in size, which are commonly sub-rounded and weakly-graded with horizontal 

and imbricated alignments (Gh). Parallel lamination and bioturbation traces are the main 

characteristics of the fine sediments at the top of the sequences. The basal contact of this 

element is strongly erosive and its lateral continuity is up to 30 m. 

Interpretation: The coarse massive framework-less elements are related to 

mesoforms and amalgamated mesoforms constituting longitudinal and transverse gravel 

bars (Ramos et al., 1986; Ashmore, 1991; Miall, 1996). The clast size suggest a highly 

energetic system, which could be related to the proximal-middle zones of a fluvial 

distributary system. The gradational transition from gravel to fine sands indicates a single 

event characterized by abrupt deposition that triggers channel obstruction and subsequent 

filling (Fl) in a single event (Rust et al., 1985; Owen et al., 2017). Mesoform development 

in gravel-bed rivers is strongly affected by the nature of gravel transport, which is 

normally not regular at any point in a braided system but operates as a series of pulses 

(Hoey, 1992). 

 

Channel deposits (CH): This element is characterized by conglomerates and 

sandstones forming packages up to 2 m thick. Incisional concave-upward bases are 

generally marked by undulating fourth-order bounding surfaces (Miall, 1996, 2014) and 

well-defined lateral morphology uninterrupted by other elements. The overall vertical 

stacking pattern results from the association of several main bottom-to-top facies 
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Figure 5.2.1. Representative fluvial lithofacies and sedimentary structures recognized in the field. (a) Sp sandstone with cross-
bedding structure (TU). (b) Buntsandstein Sr lithofacies with ripple cross-laminations. (c) Coarse-grained conglomerate corresponding to 
the Gh facies, basal Buntsandstein. (d) Fl and P lithofacies with massive aspect and carbonate nodules, respectively (LRU). (e) Sh 
lithofacies with horizontal stratification and Fl with fine lamination (Bunt.). (f) Sh, Gm and Gmp lithofacies of the middle Buntsandstein 
facies. (g) Se with erosional surface and Fl with horizontal laminations (LRU). (h) Fl lithofacies with intense bioturbation (Bunt.). 
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successions: coarse basal lag, matrix-supported planar cross-stratified conglomerates and 

sandstones (Gmp, Fig. 5.2.1f) and fine- to medium-grained horizontally stratified 

sandstones (Sh, Fig. 5.2.1e), occasionally with bioturbation and ripples (Fl and Fr) but 

mostly presenting erosion surfaces 

Interpretation: This element usually represents the infill of an active fluvial 

channel form. The presence of multiple internal levels of erosive contacts together with 

multiple filled channel facies represents lateral refill and vertical stacking of amalgamated 

fluvial channel facies over time. Fine sand facies at the top indicate the refill of minor 

channels, including abandoned channel and chute channel facies generated during falling 

water stages (Hopkins, 1985; Owen et al., 2017).  

 

Sandy Bedforms (SB): This element is mostly made up of fine/medium-grained 

sandstones with cross-bedded facies (St), tabular beds (Sp facies) and small-ripple cross-

beds or climbing-ripple laminations (Sr facies, Fig. 5.2.1b). Overlying these facies is the 

finest part of the sequence, characterized by silty laminated facies (Fl), siltstone facies 

(Fr) with common carbonate nodules and bioturbation (P facies). This architectural 

element reaches a thickness of up to 3 m and constitutes clear fining-upward sequences 

when finer sediments (Fl, Fr and P) are preserved in the upper part. Vertical stacking of 

these elements may reach up to 15 m in thickness and are separated by internal erosive 

surfaces. 

Interpretation: This element represents flow-regime bedforms that form in mid-

channel sand dominated river systems that actively migrate during floods (e.g., Coleman, 

1969; Colombi et al., 2017). Vertical stacking of different bedform types indicates long- 

or short-term changes in flow regime (Godin, 1991). The finer sediments with small-scale 

structures at the top were deposited during falling water stages.  
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Lateral Accretion deposits (LA): This element is characterized by sharp and often 

erosional bases, on which the associated facies assemblages are generally composed of 

basal lags of crudely bedded conglomerates (Gh) of a few centimeters thick, overlain by 

medium-to-coarse sands with epsilon cross-bedding (Ss), small-scale planar and trough-

cross bedded sandstones (Sp and St, Fig. 5.2.1a), with fine-grained facies (Fl, Fig. 5.2.1g, 

h) at the top. In the sandy part wedge-like sheets (0.20 m thick) are commonly 

characterized by minor internal erosional surfaces. Individual basal coarse bodies are 0.10 

– 0.20 m thick.  

Interpretation: This architectural element is interpreted as the depositional 

product of active channel-belts by lateral bar growth. The accretion surfaces testify to the 

lateral migration of meander point bars (e.g., Stear, 1983; Sambrook Smith et al., 2016; 

Wu et al., 2016). 

 

Fluvial overbank elements (Fig. 5.2.2) 

Floodplain Fines deposits (FF): This element is exclusively composed of fine-

grained facies associations and its basal surface is not channelized. Sheets have large 

lateral continuity and consist of fine-laminated siltstones and sandstones (facies Fl, Fig. 

5.2.1g) interbedded with thin lenses of sandstones (up to 0.10 – 0.30 m thick), sometimes 

with ripples. Massive bioturbated siltstones (Fr) may also occur as thin intercalated layers. 

Coal levels (facies C, Fig. 5.2.3b) may occur only in the Grey and Transition Units. 

Individual elements are generally 0.30-0.40 m thick. The pedogenic alteration (facies P, 

Fig. 5.2.1d) commonly occurs as multi-horizon paleosols, with root relicts and very 

distinct calcrete levels. 

Interpretation: This element constitutes the sedimentary product deposited during 

overbank flow; the dominant process is generally the non-channelized fluxes (e.g., 
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Wakelin-King and Webb, 2001; Müller et al., 2004; North and Davidson, 2012). This 

element is characteristic of flooded areas away from channel belts and located in distal 

zones of alluvial plains with development of floodplain paleosols (Smith et al., 1989; Platt 

and Keller, 1992; Ghazi and Mountney, 2009). Coal beds commonly appear interbedded 

with fine-grained overbank sediments, sometimes overlying or underlying crevasse-splay 

deposits (e.g., Hacquebard and Donaldson, 1969). 

 

Crevasse splay Channel (CC): Siltstones and sandstones settled in horizontally 

stratified/laminated facies (Sh, Fl) and tabular/planar stratified facies (Sp) with associated 

ripple cross-laminated sandstones (Sr) and bioturbation. This element may extend from a 

few decimeters to several meters in thickness when this element is repeated in vertical 

successions. This element usually grades upward into the coarser terms. 

Interpretation: These fine siltstones, sandstones and related sequences represent 

crevasse-splay and natural levee elements, with interbedded overbank fines (Donselaar 

and Schmidt, 2005; Simon and Gibling, 2017). Cumulative crevasse-splay successions 

are common in the sedimentary record (Bown and Kraus, 1987), and they may extend 

some km away from the channel margins. 
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5.2.2 Lacustrine deposits  

The description and interpretation of these deposits is here based on the 

differentiation of five facies and their vertical and lateral combinations, in order to 

constitute four facies associations, L1 to L4 (Fig. 5.2.4). The description and 

interpretation of these facies is shown in Table 5.2.2, and their representative field 

pictures in Figure 5.2.3. Lacustrine facies are separated into marginal and shallow water 

facies associations. These associations and their occurrence in the different stratigraphical 

units are shown in figure 5.2.4. 

 

 

Figure 5.2.2. Representative facies associations and architectural elements of fluvial and alluvial deposits. Fluvial codes are 
taken from Miall (1978, 2014). 
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Lake margin facies associations (Fig. 5.2.4) 

Lacustrine association 1 (L1): This association is broadly arranged in a fining 

upward sequence with an erosive base. It is represented by beds up to 0.25-0.30 m thick 

at the base, constituted by matrix-supported coarse-grained conglomerates with clasts 

generally less than 15 cm in diameter (GmL facies, Fig. 5.2.3c). The upper part consists 

of laminated siltstone facies (FhL facies, Fig. 5a), normally arranged in beds up to 1.5 m 

thick. 

Interpretation: The presence of coarser basal “lag” in this association is 

interpreted as a marginal deposit (Valero-Garcés et al., 2014). This association is also 

interpreted as low-gradient margins of lacustrine zones under a subaerial environment. 

The fine water-saturated sediment remains were controlled by fluctuating lake levels 

(Calvo et al., 1995; Aziz et al., 2003). 

 

Shallow-water facies associations (Fig. 5.2.4) 

Lacustrine association 2 (L2): This association constitutes a coarsening-upward 

sequence of siltstones and sandstones, with FhL and SmL (Fig. 5.2.3a) as the main 

associated facies. Facies FhL may be finely laminated and is mostly composed of 

siltstones that may contain carbonate nodules up to 0.10 cm thick, as well as mud cracks. 

Poorly structured sandstones commonly form thin laminated intervals several decimeters 

thick (FmL, Fig. 5.2.3b) at their base. Well-developed bioturbations appear in both facies. 

The whole succession may reach 0.8 m in thicknesses and its base is weakly erosive. 

The succession may accrue several times vertically, reaching up to 2.6 m in 

thickness. 
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Interpretation: The presence of carbonate nodules suggests shallow water 

conditions with vegetation (Smooth and Olsen, 1988), and mud cracks indicate that 

deposits underwent subaerial conditions after deposition (Aziz et al., 2003). Therefore, 

we interpret this element as originating in a shallow-water lacustrine environment as a 

result of the filling of small ponds (Talbot et al., 1994). 

 

Lacustrine association 3 (L3): This association is represented by centimetre-thick 

red siltstones and claystones characterized by variable amounts of carbonate nodules (ML 

facies, Fig. 5.2.3d) alternating with massive or laminated siltstones beds (FhL facies). 

Massive and locally laminated sandstones (SmL facies) are characteristic of the topmost 

part of the sequence. This succession shows a coarsening upward trend and an overall 

thickness of 3 m. The base surface is sharp on the underlying deposits.  

Interpretation: This association is interpreted as the sedimentary product of a 

palustrine fluctuating water level environment (Aziz et al., 2003). The SmL facies placed 

in the topmost suggest marginal conditions for this association, formed under low-energy 

conditions at the margin of a shallow lake subject to frequent changes in water level 

(Freytet and Plaziat, 1982). 

 

Lacustrine association 4 (L4): This association is represented by a fine-grained 

association of facies essentially dominated by dark laminated siltstones (FhL facies) and 

tabular carbonate beds (FmL facies). The FmL facies occur mainly as a layer 0.10 – 0.20 

m thick. Carbonate beds cyclically follow the fine-grained siliciclastic levels and the 

cycles may reach up to 2 m. The overall thickness of this association reaches up to 4 m, 

in thinning and fining-upwards trends at outcrop-scale. The lateral continuity of this 

association may reach hundreds of meters. The basal surface is normally sharp. 
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Interpretation: This element is interpreted as a shallow lacustrine deposit with 

episodic flood discharges leading to rapid decantation of fine particles (Vandervoort, 

1997). The darkness of the facies suggests reducing conditions after deposition (Aziz et 

al., 2003). 

 

5.2.3 Volcanic-volcaniclastic deposits 

For the volcanic and volcaniclastic deposits, we have followed the Branney and 

Kokelaar’s (2002) facies classification (Table 5.2.2). The facies association (Fig. 5.2.4) 

observed have been related to Martí’s works (1986, 1988). This elementary subdivision 

and its occurrence in the stratigraphical units are shown in Figure 5.2.4.  

 

Volcanic element 1 (V1): This element is represented by a fining upward 

succession that starts with diffuse coarse-grained micro-breccia (dslBr, Fig. 5.2.3h) with 

an erosive surface at the base. Briefly, micro-breccias facies decrease in grain-size up to 

a diffuse boundary where tuff facies (mLTi, Fig. 5.2.3f) starts. The tuffs are bad classified 

and stratified. In the topmost part of this sequence, re-worked sandstones (Ssv) appear to 

erode the tuff facies. Lithics and flames-structures of 2-3 cm appear in the middle part of 

this bodies. The thickness of this element is variable. The basal (dslBr) lithofacies may 

reach a thickness of 50 cm, while tuff facies represent most of the succession and may 

reach a thickness of 5 m. The topmost sandstones bodies are restricted to 20-30 cm in 

thickness. 
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Figure 5.2.3. Representative lacustrine and volcanic lithofacies and sedimentary structures recognized in the field. (a) Lacustrine FhL 
lithofacies with horizontal laminations and greyish colorations corresponding to flooding episodes. SmL lithofacies with massive aspect (LRU). 
(b) Alternation of C and FmL lithofacies corresponding to lacustrine deposits, with a volcanic (cA) sheet layer (TU) set upward. (c) GmL facies 
corresponding to proximal lag deposits (LRU). (d) FhL and ML deposits with laminar structures and concentrations of packed carbonates nodules. 
(e) Re-worked volcanic sandstones (SsV) with slightly erosive surface and carbon interstratificated (lithofacies C), GU. (f) Massive lapilli deposits 
(mLTi) from the GU. (g) Medium-coarse volcanic tuffs (mLTi) with intercalation of ash fall deposits (//sT). (h) Coarse volcanic deposits (dslBr) 
from the GU. From Lloret et al. (2018) 
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Interpretation: This element presents a fining-upward trend followed by 20-30 

cm thick sandstone beds at the top. The element is interpreted as an ignimbrite deposit 

related to the collapse of the vertical eruptive column (Martí, 1986; Martí and Mitjavila, 

1988). The presence of lithics fragments and flames structures indicate hidromagmatic 

eruptions. 

  

Volcanic element 2 (V2): This element is represented by a chaotic association 

heterometric and heterolitic tuffs (mLTi) reaching 3-4 m in thickness with interbedded 

reworked sandstones (Ssv, Fig. 5.2.3e). The coarser bodies present weak erosive surfaces 

and poor internal organization. The thickness of the Ssv facies is less than 30 cm but the 

lateral continuity of these bodies may reach tens or hundreds of meters. 

Interpretation: This association is interpreted as pyroclastic “debris flow” deposit 

related with hidromagmatic eruptions or rain (Martí, 1986; Martí and Mitjavila, 1988). 

This element is defined as a lahar deposit, which are linked to volcanic eruptions or the 

remobilization of other pyroclastic deposits. 

 

Volcanic element 3 (V3): Volcanic association of andesite layers (cA) of variable 

thicknesses (0.2 to 1 m). It mostly consists of a fining upward deposit succession of //sT 

volcanic facies (Fig. 5g) interbedded into cA facies. The thickness of this element may 

reach 200 m, and are usually located in the bottom parts of the stratigraphic column. 

Interpretation: The interpretation of this association is the intermittent sub-aerial 

effusive lava episodes (Martí, 1986). The preservation of tuff deposits indicate a rapid 

cooling of andesite lava. The very fine //sT lava are interpreted by Martí (1986, 1988) as 

cinerites (pyroclastic fall deposits). The absence of any reworked deposit indicates a short 
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time lapse between lava flow and tuff deposits. In the LRU this element is not associated 

with lava deposits, and only cinerites appear in 20-30 cm thick levels. 

 

Volcanic element 4 (V4): This element is represented by matrix-supported 

breccias (mlBr) of poorly-organized volcanic clasts. Clasts are angular and up to 0.3 m in 

diameter. These facies reach up to 0.5 m in thickness and their base may be sharp or 

erosive. At the top, interbedded cross-bed sandstones (Ssv) with horizontal laminations 

(10-20 cm thick) appear. This association may reach 10-20 m in thickness. This element 

is normally associated with the element V3. 

Figure 5.2.4. Representative facies associations and architectural elements of lacustrine and volcanic-
volcaniclastic deposits. The lithofacies codes corresponds from Miall (1978, 2014) for lacustrine faces and for the 
volcanic and volcaniclastic lithofacies from Branney and Kokelaar (2002). From Lloret et al. (2018). 
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Interpretation: This facies association is present in the basal part of the 

stratigraphic section of the GU. Their lateral extension may reach 50 m long and are 

characteristic in many areas (e.g., Erill Castell, Estac, Gotarta). This association is 

interpreted as a co-ignimbrite lag fall deposits (Martí, 1986; Martí and Mitjavila, 1988). 

The interbedded sand (Ssv) deposits are interpreted as intermittent reworking time (Martí, 

1986, 1996; Mujal et al., 2018). 
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5.3 Depositional evolution  

The interpretation of the differentiated facies associations, their lateral and vertical 

successions and their occurrence in the stratigraphical units, make it possible to define 

the depositional evolution for each unit and the general vertical evolution in the whole 

sedimentary record. 

Grey Unit (Fig. 5.3.1): This unit is constituted by volcaniclastics and 

fluviolacustrine sedimentary environments (V1 to V4; L1 and L4) with a smaller 

proportion of fine sediments of fluvial overbank (SB, FF) origin (Fig. 6). In general terms, 

the GU consists of a fining upward succession together with a decrease in volcanic 

influence over time. This unit usually starts with breccia deposits (V4, Fig. 5.3.1), 

interpreted as proximal fan product triggered by abrupt slopes. Its poor rounding and clast 

size suggest a short transport distance from the basin margins. The lowermost surface 

boundary represents the major erosion surface of the studied sedimentary record, 

separating the basement from the upper Palaeozoic and lower Mesozoic, the so-called 

“Variscan unconformity”.  

Upwards, a succession of andesitic volcanic bodies (V3), ignimbritic (V1) and ash 

fall deposits (//sT) may reach 200 m in thickness. The ignimbritic bodies extend for all 

the Erill Castell area, as indicated by Martí and Mitjavila (1988), while the andesite lava 

flows and lens-shaped tuff layers (V2) are more restricted. In the upper part of the GU, 

pure volcanic deposits yield reworked sandstones (Ssv lithofacies), associated incipient 

fluvial deposits (FF) and shallow-water lacustrine deposits with thick coal deposits (L4). 

The latter sedimentary setting is developed in most parts of the basin, presenting deposits 

ranging from shallow-water lacustrine to marginal lake deposits (L1). The presence of 

significant coal levels in the upper part of the GU indicates an environment with rich 
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vegetation in a humid climate context (Gascón-Cuello and Gisbert, 1987; Talbot, 1988; 

Mujal et al., 2018). 

Transition Unit (Fig. 5.3.1): The basal boundary of this unit lies conformably on 

the GU (Fig. 2). This unit is composed of fluvial (GB, FF, CC) and lacustrine deposits 

(L3, L4) with volcanic and volcaniclastic deposits interbedded (V1, V2, V3) in a general 

fining upward trend. The basal deposits usually start with a Palaeozoic clastic breccia that 

evolves upward to ephemeral fluvial systems, mostly represented by poorly- organized 

gravel-channelized deposits and various associated overbank deposits (Fig. 5.3.1). As in 

Figure 5.3.1. Paleoenvironmental reconstructions for the Grey Unit and Transition Unit related to the facies associations observed. From 
Lloret et al. (2018). Grey Unit photos: Malpàs and Gotarta sections; Transition Unit photos: Malpàs, Gotarta and Estac sections.  
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the GU, lacustrine sediments may present associated coal deposits, indicative of humid 

climates. However, the presence of palustrine carbonate levels with episodic flood 

discharges alternating with playa-lake carbonates, probably precipitating undersubaerial 

exposition (Janaway and Parnell, 1989), would indicate alternating wet and dry climates. 

The volcanic deposits are represented by pyroclastic flows (V1) that may reach a 

thickness of 10 m (Gotarta sector, Fig. 5.1.1b) and thin (1-2 m) andesite lavas (V3) set in 

the base of the TU, which also suggest syn-volcanic activity during the deposition of the 

unit. Also, tuff deposits (V2) are very common in this unit. 

Lower Red Unit (Fig. 5.3.2): This unit lies unconformably on top of the TU and 

its presence is clear by a change in facies and by its red colour. The LRU is characterized 

by frequent sedimentary changes: fluvial (GB, CH, SB, LA, FF, CC), lacustrine (L1 to 

L4) and volcanic to volcaniclastic (V2, V3). The red-colored basal deposits are composed 

of fluvial channelized elements (GB and CH) and overbank elements (CC). Some 

channelized bodies represent meandering fluvial deposits. In the middle part, depositional 

environments correspond to lacustrine marginal elements (L1) and shallow-water 

elements (L2, L3 and L4). They are mostly represented by shallow-water lakes with 

episodic flood discharges (L4) and palustrine environments (L3) with about 200 m of 

lateral extention. In these facies there is no sign of any development of coal levels (C 

facies), with only a few plant fossils imprint being reported (Mujal et al., 2018). The 

vertical pattern of this middle part provides, however, an alternating succession of 

lacustrine and fine-grained fluvial elements corresponding to floodplains (FF and CC) 

(Fig. 9). In the areas where the LRU shows its largest stratigraphical thickness, an 

increase in channelized sand-body (SB and LA) elements is noted (at La Mola d’Aumunt 

and Sas; Fig. 5.1.1b). These are usually tabular and isolated by floodplain fines (FF and 

CC) and characterized by little lateral migration of the sand bodies. It is important to 
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highlight the absence of well-developed massive carbonate beds in the lower parts of the 

lacustrine deposits.  

On the whole, these findings reflect wet and dry-to-semiarid conditions, in 

contrast to the humid conditions assigned to GU and TU (tropical to peritropical climate 

of Broutin and Gisbert, 1985; Gascón-Cuello and Gisbert, 1987). Tuffs (V2), cinerites, 

small andesitic and ignimbritic layers (V3) are the volcanic elements distinguished in the 

LRU. They are concentrated in the basal parts of the succession and decrease in 

Figure 5.3.2. Paleoenvironmental reconstructions for the Lower Red Unit and Buntsandstein related to the facies 
associations observed. From Lloret et al. (2018). LRU photos: La Mola d’Amunt, Sas and Collada de Pui Cavaller sections; 
Buntsandstein facies photos: Sas section. 
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importance upwards. The general trend of this unit is clearly fining-upward, but where 

thicknesses are greater two fining-upward sequences have been identified. 

Buntsandstein (facies) Unit (Fig. 5.3.2): This last unit shows a high rank 

unconformity on the underlying units, or even on the basement. The deposits of this unit 

lack any volcanic influence and their depositional environment is fluvial in its lowermost 

parts and lacustrine-floodplain in the rest of the unit. The basal conglomerates (CH) are 

represented and laterally persistent throughout the Erill Castell-Estac Basin. They are 

characterized by clast-supported to matrix-supported conglomerates related to gravel 

braided fluvial systems. Above them, sandy braided fluvial systems developed for most 

Buntsandstein deposition sedimentation (Fig. 5.3.2). This upper part is composed by 

orange-red sandstones and siltstones. An unconformable contact separates the two parts 

of the Buntsandstein deposits, indicating an important change in the upper part of this 

unit. Amalgamated sandbars with lateral accretion (LA, SB) and overbank (FF, CC), 

including playa lake deposits (L3), are characteristic of these fluvial systems. The general 

trend is fining-upward, but in sectors in which the thicknesses are greater (e.g., Malpàs, 

Castellars, Sas and Roca de les Creus) two upward fining sequences are recognizable. In 

the topmost part of the unit, a succession of green marls and fine evaporite beds (mm 

scale) indicates a progressive transition to the marine sediments in Muschelkalk facies 

(Borruel-Abadía et al., 2015). The contact between the upper fine deposits and the 

dolomites of the first Triassic marine incursion probably represents a hiatus that lasted 

until the Anisian (Escudero-Mozo et al., 2014). 
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6. Permian and Triassic paleopedology 

6.1 Introduction 

The paleosol study is an interesting tool, traditionally used to interpret the 

paleoenvironments where those soils were developed (Freytet and Plaziat, 1982; 

Retallack, 1984, 1994; Plat, 1989; Kraus, 1999; Tabor and Montañez, 2002; Müller et al., 

2004; Li et al., 2016; Morelli et al., 2017). The development of soils is directly related to 

tectonics, parental material, climate and vegetation. Understanding how these elements 

affected the fossil soils provides information of great value for the reconstruction of the 

geological past. 

Several classifications have been defined to provide an accurate taxonomy 

(Terzaghi Karl, 1924; Cline, 1949, 1963; Butler, 1980; Retallack, 1988; FAO, 1998). The 

most cited and most widely used in the scientific community is the USA Soil Survey Staff 

(Fig. 6.1), which has been adapted to paleosols by Retallack (1984, 1988, 1994). This 

classification provides a number of the current pedotypes identified. Each pedotype 

implies a generic climatic category, such as wet, semi-wet, arid and semi-arid. The 

climatic implications of each pedotype can be induced from the current soils, using the 

actualism principle. 

Many scientific publications have described and analyzed the paleoclimatic and 

palaeoenvironmental conditions on the basis of paleosols. Several publications have 

discussed this topic (Tabor and Montañez, 2004; Yakimenko et al., 2004; Sheldon, 2005, 

2006; Retallack et al., 2006; De la Horra et al., 2008; Bourquin et al., 2011; Thomas et 

al., 2011; Newell et al., 2012; Gastaldo et al., 2014; Tanner and Lucas, 2017). Broadly 

speaking, these articles describe how the paleosols changed during the Paleozoic-

Mesozoic transition, confirming most of the climatic and environmental observations 

obtained by other methods. 
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 The general idea about the arid and semi-arid conditions of red bed deposits was 

discussed in Sheldon (2005), who questioned t it using paleosols data from the Cala del 

Vino Formation in Sardinia (Italy). Based on the depth of the Bk horizon in the paleosols 

and the geochemical data from the whole rock, Sheldon (2005) demonstrated the presence 

of humid conditions in Sardinia (Italy) red bed deposits. The paleoprecipitation was 

calculated using the Bk horizon depth and trace element geochemistry. Furthermore, 

Sheldon (2005) indicated a major chemical weathering of the earliest Triassic soils even 

though the formation time for an otherwise genetically similar phenomenon was an order 

of magnitude shorter. Shifts between Permian and Triassic pedotypes have been detected 

Figure 6.1. USDA modern soil classification from Retallack (1988). 
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in Antartic terrains, under the influence of climate change (Retallack et al., 2005), and 

these data matched the plant remains, carbon isotope chemostratigraphy and total organic 

carbon analyses. 

In the SE Iberian Peninsula De la Horra et al. (2012) identified paleoecological 

and paleoenvironmental changes during the Middle-Late Permian. Based on field and 

petrological evidences, they described paleoclimatic changes from arid-semiarid to 

humid conditions during that period of time, which coincided with the absence of any 

macro- and micro- paleontological data in the whole SE Iberian Ranges. These authors 

describe this fact as a biotic crises, and linked these alterations to the mid-Capitanian 

mass extinction.  

6.1.1 Paleosol framework in the Southern Pyrenees 

The paleosols of Permian and Triassic deposits in the Southern Pyrenees have 

only been studied in detail by Gascón-Cuello and Gisbert (1987). This publication used 

old-fashioned terminology but made some interesting observations and interpretations. 

Ferric and hydromorphic soils were distinguished for the Grey and Transition units, and. 

the authors suggested that these soils were formed with more than 1,000-1,200 mm y-1 of 

mean annual precipitation (MAP), in altitudes below 1.200 m and temperatures above 

25ºC (see Strahler, 1970; Fitzpatrick, 1980). They describe Vertic soils for all the Permian 

and Triassic deposits, interpreted as having less than 1,000 mm y-1 precipitations, with a 

marked seasonally separating wet and arid conditions. They also noted the presence of 

“caliches” or calcretes in Permian and Triassic deposits that have historically been 

interpreted as arid conditions subject to long aerial exposure. The presence of early syn-

diagenetic cements with replacements and alternant mineralogy showing contradictory 

environmental significance indicates a high seasonallity for the Lower Permian deposits. 

Finally, these authors proposed that the Lower Red Unit was the drier unit because the 
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hydrolyzing intensity during the Lower Permian was minimal (Gascón-Cuello and 

Gisbert, 1987). 

 

Figure 6.1.1 shows the climatic evolution that can be inferred from the paleosols 

study. A tropical wet-dry climate was hypothesized for the Stephanian B (Upper 

Carboniferous). After the Carboniferous-Permian transition, the inferred climate moved 

toward less precipitation and warmer temperatures. Later on, the precipitations increased 

but steppe environments were interpreted for the middle-late Permian and Lower Triassic 

times. 

Figure 6.1.1. Pedotypes and climatic evolution from the Stephanian-B to the Lower Triassic in the Catalan Pyrenees, from 
Gascón-Cuello and Gisbert (1987). 
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More recently, Mujal et al. (2018) named the presence of paleosols in the Late 

Carboniferous-Lower Permian deposits (Fig. 6.1.2). Their work focused on the 

Carboniferous-Permian transition, which involve the Grey and Transition units. They 

identified Histosols and ferric horizons in the Grey Unit, interpreting them as humid and 

sub-humid climatic conditions, and they identified gleyed and calcic Vertisols in the 

Transition Unit. According to Mujal et al. (2018), the climate switched in the Asselian 

times (TU) towards semi-humid and semi-arid conditions; this concurred with the 

interpretations of Gascón-Cuello and Gisbert (1987). 

  

Figure 6.1.2. Pedogenic features identified by Mujal et al. (2018). G:	Carbonate septarian nodules (detail in G') defining stratification 
and interbedded with mudstones. H: Large rhizolith. I: Greenish root traces (Rt, horizon A) above carbonate nodules (Cn, horizon Bkk). J: Tiny 
carbonate nodules (Protosol) in a silty mudstone. 
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6.2 Parental material constrains and mineralogical composition 

The original parental material from the Permian-Triassic paleosols in the Central-

Eastern Southern Pyrenees is varied. Several deposits were able to develop pedogenic 

features, according to our field work, microscopic observations and bulk mineralogy 

analysis (Fig. 6.2.1).  

In the successions there was a notable the influence of volcanic deposits in the 

lower parts of the Permian, with very fine-grain tuffs and thick sheet-lava (20-30 cm) 

being the most representative materials. The composition of the volcanism is calc-

alkaline andesite for the lowest Permian and alkaline rhyolite for the lower-middle 

Permian (Bixel, 1984, 1987). The petrographic study of the tuff deposits showed very-

fine sandstone with numerous dull volcanic fragments (50-60%), while the other 

components are mainly quarz (25-30%), feldspars (10-15%) and detrital biotite (<5%). In 

the Lower Triassic there were not tuffs deposits, and consequently volcanic parental 

Figure 6.2.1. Schematic stratigraphic log of Permian and 
Triassic deposits with clay mineral semi-quantitative percentages of 
minerals associated. 
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materials were restricted to the Permian. In the absence of any volcanic influence the 

depositional environment was completely different; in these caseses, the parental 

materials were deposited on the channels and flood-plains of rivers. The distal parts of 

alluvial systems and playa-lake settings were the other fine-deposits in which paleosols 

developed.  

The petrological study did not show any significant differences between these 

depositional environments and the mineralogical composition. In these kinds of deposits, 

the main components are quartz (40-60%), feldspar (10-15%), rock fragments (5%) and 

clay minerals (20-30%). Nevertheless, the mineralogy contained in fine-grain materials 

(<2 µm) did change during the Permian-Triassic times. In the Lower Permian red beds 

the mineralogy mainly consisted of quartz, illite, calcite, chlorite and kaolinite. In the 

upper part of the succession all these components decreased in importance, apart from 

calcite, which increased substantially. Moreover, in the Lower Triassic red beds the fine-

grained clay minerals compositions changes again to become predominantly quarts-illite 

(even more than in the lower Permian deposits), with a near total absence of calcite. All 

the Permian-Triassic paleosols studied were involved in monotonous red bed successions; 

the characteristic reddish coloration is due mainly due to red iron oxide, which is probably 

not original. The shallow burial could produce this colour as a result of dehydration and 

recrystallization of ferric hydroxides (Blodgett, 1988; Retallack, 1997). 
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6.3 Description and classification of pedotypes 

Seven different pedotypes have been identified and exacly situated in the Permian-

Triassic red bed successions, base on the criterion of the presence of distinctive soil 

structures, as defined in the methodology chapter. The paleosol profiles were subdivided 

into horizons on the basis of changes observed in the macro- and micro-morphological 

features (Fig. 6.3.1). A general description of each pedotype is included and summarized 

in Table 6.3.1, and examples of characteristic macro- and micro-morphologies are 

presented in figures (Figs. 6.3.2, 6.3.3, 6.3.4 and 6.3.5). Each of the pedotypes is 

classified, giving rise to paleoenvironmental interpretations (Table 6.4.1). 

6.3.1 Derana pedotype 

Description 

The Derana pedotype shows three distinct horizons and the profile is usually about of 50 

cm thick (Fig. 8.4.2a). The uppermost horizon (20-25 cm) is a massive mudstone with 

small spherical nodules (£1 cm) and an intense reddish coloration (10R5/6). The soil peds 

are granular and weakly calcareous with HCl (dissolution 10% concentrate). The bottom 

boundary is clear and the surface has a wavy morphology, although there are small 

transition areas between the horizons (2-3 cm). The middle horizon is build of massive 

reddish (10R4/6) mudstones (30-35 cm thick) with slightly sub-angular blocky peds, 

easily confused with intense horizontal mudstone lamination. The main characteristic is 

the presence of vertical structures no longer than 10 cm; we interpret these structures as 

being root casts (Fig. 6.3.2c). Their greyish-greenish (GLEY 2, 6/5BG) haloes coloration 

clearly distinguishes these structures from parental material. Carbonate content is 

calcareous, according to Birkeland (1984) and Retallack (1988), and gradually (2-3 cm) 

this horizon passes through a wavy surface to the underlying level. The lowest horizon 

presents varying thicknesses, but it usually reaches 10 cm thick. Original sedimentary 
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structures are common, although where pedogenic processes were stronger the parental 

material lost its primary features and platy peds could be distinguished. The reddish 

(10R5/1) coloration is common in both cases, although spherical greyish (GLEY 1, 6/1) 

halos exists in such peds, albeit without any evidence of the root casts found in the middle 

horizon (Fig. 6.4.3c). Another important  

Figure 6.3.1. 3-D representative profiles of the Southern 
Pyrenean Permian and Triassic pedotypes. Each type is divided in 
horizons according with Retallack (1988). S.R: Source Rock. 
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aspect is the absence of carbonate, due to the non-calcareous reaction with HCl. The 

transition to the below parental material is gradual and irregular. The lateral extension of 

Derana pedotype can reach several meters (5-10 meters), disposed on top of alluvial and 

original fluvial deposits. 

 

Classification 

The fine material from the first horizon of the Derana pedotype was interpreted as 

being a zone of physical alteration and classified as a B horizon. The presence of spherical 

nodules can endow this horizon with the “c” subordination, according to Retallack (1988). 

The middle horizon is fine-composed and the vertical root casts are filled by fine material, 

and it is therefore interpreted as a Bt horizon. The bottommost horizon is composed of 

spherical haloes and maintains primary sedimentary structures. The haloes could 

correspond to the occurrence of roots, even though those have not been preserved. The 

relict sedimentary structures indicate poor development in this horizon and so it was 

classified as a C horizon. On the whole, this pedotype is interpreted as being an Alfisol, 

despite its non-well clay accumulations. 

The weak and non-calcareous reactions indicate a stage I of carbonate 

accumulations (Machette, 1985). The clear differentiation between the horizons and the 

low carbonate content indicates weakly to very weakly developed stages of paleosol 

development. 
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Figure 6.3.2. (a) Field example of Derana pedotype, the rule is 50 cm long. (b) Derana (Suils-P1A). F1 2xNP. 
Loamy sand in an open porphiric distribution with very abundant worm-like features or crescent striated structures. 
Probably, these features are related to excremental infilling and indicative of high biological activity. (c) Derana 
(Suils-P1C). F4 2xNx. Sand in a monic distribution with a clearer depletion pedofeature around a center of amorphous 
material (in dark red colour). Probably, the depletion zone is related to a root channel. (d) Field example of Abeurador 
pedotype. (e) Abeurador (P2-2). F5 2xNx. Micro loadcast structures of sand on red silty material. In the lower part of 
the picture a crescent striated structure is appreciated. (f) Abeurador (P2-B1). F6 2xNx. Sandy loam well sorted and 
distributed in subangular blocky peds separated by cracks. A calcitic nodule with concentric structure and micritic 
texture occurs in the lower right part of the photograph 
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6.3.2 Abeurador pedotype 

Description 

The Abeurador pedotype is organized into three different horizons, with total 

thicknesses of 25 cm to 50 cm (Fig. 6.3.2d). The top horizon is brownish (7.5YR5/2) in 

color and corresponds to well-developed platy peds in siltstones. Very weak 

carbonaceous reactions were recorded in the uppermost levels (5-10 cm approx.). Only 

the intense horizontal platy shape remains, and thus no sedimentary structures are 

recognizable. An abrupt and smooth boundary separates the upper horizon from the 

middle horizon, which is reddish and 10-20 cm thick. Fine materials compose this horizon 

and ped structures are organized with granular features. Loadcast structures of sand on 

red silty material have been identified (Fig. 6.3.2e). Inside the fines of this horizon a 

significant amount of carbonate nodules is present, and organized in “matrix-supported” 

rock fabric. The nodules size is small (not bigger than 1 centimeter) and very well 

rounded. The carbonate content diverges strongly from granular-matrix to nodules; in the 

first case, very weak carbonaceous reactions have been noted, and in the second strongly 

carbonaceous reactions have been described. The transition to the bottommost horizon 

(5-10 cm) is clear, with nodules disappearing gradually in a wavy surface and giving way 

to semi-consolidate red (2.5YR4/6) mudstone with a granular shape (Fig. 6.3.2f). Unlike 

the previous horizon, the carbonate is completely absent, no nodules are identified and 

there is no reaction with HCl. Only small light bluish grey (GREY 2, 8/10GB) halos of 

1-2 cm2 are recorded. Such structures have been interprete as small root traces. Normally 

original sedimentary structures such as cross-bedding and horizontal laminations can be 

recognized in this last horizon. The lateral continuity of the Abeurador pedotype reaches 

20-30 meters in length.  

Classification 
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The first horizon is composed of brown siltstones with very small root traces in 

the topmost layer. This horizon is interpreted as a horizon A with no subordinate 

descriptors. The second horizon is characterized by small rounded carbonaceous nodules 

and is interpreted as a horizon Bc. The main difference from the Derana Bt horizon is the 

absence of vertical root traces in the Abeurador pedotype. The third and last horizon is 

composed of fines with several grey halos, interpreted as the remains of root traces 

(horizon C). This horizon gradually loses its pedogenic features as sedimentary structures 

appear. 

The presence of small carbonate nodules and their reaction with acid indicate 

discrete soil development, and this is therefore assigned to stage II (Machette, 1985). The 

presence of roots in horizon A and the lateral continuity (20-30 m) indicate weakly 

development. This pedotype is interpreted as being an Inceptisol, due to its moderate 

development. 

 

6.3.3 Isábena pedotype 

Description 

Three horizons characterizes this pedotype, which has thicknesses between 50 cm 

and 70 cm (Fig. 6.3.3a). The topmost horizon is dark reddish brown (2.5YR 3/3) and 

composed of fine sandstones. The upper boundary is diffuse and merges with the beds 

above, with medium-fine sandstone gradation. The peds have a granular shape and are 

medium in size (2-5 mm). The calcareous content is absent in the reddish part of this 

horizon, while in the greenish grey (GLEY1 8/5G) part of the halos are weak. These are 

located in the bottom part of the horizon and have rounded morphologies 2-5 cm in size. 

The boundary with the bottom horizon is irregular and often unclear. The second horizon 

is composed of grayish brown (10YR5/2) mudstone 20-30 cm thick. 
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The peds are granular with medium sizes and a non-calcareous reaction. The main 

feature of this horizon is the presence of very-well ramificated traces of root casts with 

very calcareous reactions. These casts are 1-2 cm wide and 5-10 cm long, and they are 

associated with light greenish colorations (GLEY1 8/5G), small halos and fine (5 mm) 

root traces. The second horizon passes gradually downward into light reddish-brown 

(2.5YR 7/3) and very fine sandstone with sub-angular blocky peds and very weak 

calcareous content. The last horizon is 10-25 cm thick and is characterized by the 

presence of spherical (1-2 cm) carbonate nodules (Fig. 6.3.3b) with higher concentrations, 

that never become “clast-supported”, in the lower parts of the horizon. The relationship 

with the parental material is clearly sharp. The boundary surface is wavy, but the 

separation between it and the next is evident in the field. The parental material of the 

Isábena pedotype is made up of medium-size sandstones which are volcanic-associated. 

Under the microscope the presence of volcanic fragments represents up to 70% of the 

sub-angular clasts (Fig. 6.3.3c).  

Classification 

The main characteristic of this pedotype is the volcanic parental material. The 

quartz and plagioclase sandy volcanic material indicates an Andisol classification, 

according to the USA Soil Classification (Retallack, 1988). 

The characteristics of this pedotype give rise to further interpretation and classification. 

The first identified horizon is characterized by a weak development and the presence of 

grey halos in the topmost part. These features indicate the assignation of an A horizon. 

The next horizon contains very well developed root ramifications. The carbonate content 

of such a structure is well developed in a horizons 30-40 cm thick and there are also 

smaller grey-haloed root casts. The assignation here is a B horizon, with the subdivision 

Bt. The lower horizon is also identified as a B horizon, but with the Bc subdivision. This 
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is supported by the presence of spherical nodules. Due to the organization and the 

presence of the horizon identified, the most probable classification is as an Alfisol, but 

the volcanic parent material assigns this pedotype to the Andisols order. The suborder 

classification of the US Soil Service is an Udand paleosol, with an udic soil moisture 

regime. 

The presence of important carbonate roots and nodules and their reaction with 

acid, indicates significant soil development, and therefore stage III-IV is assigned 

(Machette, 1985). The presence of roots in horizon Bt, which is interpreted as being an 

incipient calcic, indicates strong development (Retallack, 1984). 

6.3.4 Noguera 

Description 

The Noguera pedotype is composed of two horizons, whit a total thickness of 30 

to 40 cm (Fig. 6.3.3d). The parental material for this pedotype is composed of volcanic 

and volcano-clastic deposits consisting of tuffs and reworked sandstones. The top 

boundary with the parental material is clear and horizontal. The first horizon is about 10 

cm thick and composed of grown (10YR 4/3) fine sandstone. The internal structure is 

defined by medium-coarse (0.5 cm) granular peds with very-weak-calcareous reactions. 

Small root casts (1-2 mm wide, 3-5 cm long) are sometimes present in the bottom parts 

of the first horizon of some of the studied Noguera paleosols. The contact with the 

underlying horizon is gradual, with wavy morphologies. The bottom horizon is composed 

by pale red (10R 6/4) siltstones with sub-angular, blocky, coarse (0.3 cm) peds. The 

distinctive characteristic of this horizon is the presence of numerous large (5-10 cm) 

carbonate nodules with a spherical morphology. The nodules are set in a pseudolayer (10-

15 cm thick) separated by a fine layer (2-5 cm thick) with wavy laminations. B-fabrics 

(Fig. 6.3.3e) and orange colorations can be distinguished under a microscope, and this 
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horizon’s carbonate content can be distinguished as ferric calcites (Fig. 6.3.3f). This 

feature indicates the presence of iron products. This nodular horizon is usually repeated 

3-4 times an reaches up to 4 meters (e.g., the Gotarta section). The lateral extension of 

the Noguera pedotype is 20-30 meters.  

Classification 

As in the previous pedotype, the presence of volcanic fragments in the parental 

material could serve to directly classify this pedotype as an Andisol, but other features 

provide further criteria for its accurate identification and classification. 

The topmost horizon contains small root traces in 5-10 cm thin layers, without any 

other important features. Usually these kinds of horizons are classified as an A horizon 

due to the presence of root traces, despite the absence of organic material. The lower 

horizon is characterized by pseudolayers of large carbonate nodules. These horizons reach 

30-40 cm and are usually indicative of a long-term development of paleosols. This 

horizon is assigned to K horizon due to the carbonate pseudolayer formed by the nodules. 

The characteristic K horizon is related to arid and semi-arid paleosol conditions that are 

represented by Aridisols. 

The continuous carbonate layer indicates a III-IV stage of carbonate development, 

according to the classification of Machette (1985). On the basis of this classification 

Retallack (1984, 1988) indicate a strong development of this pedotype. 
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Figure 6.3.3. (a) Field example of Isábena pedotype. (b) Isábena (Mola-S4A). F11 2xNx. Enaulic distribution 
of sandy volcanic material composed of quarzt and plagiclase. A dark red and opaque pedofeature can be observed in 
the upper left part of the microphotography. It is a compound impregnative ferruginous nodule. Probably, the presence 
of these nodules was related to poor soil drainage and excess of water for some periods. (c) Isábena (Mola-S4B). F14 
2xNx. Open porphiric distribution of sandy volcanic material in a clayey birefringent matrix. Note the sand size grains 
are floating in red silty material oriented in the vetical axis of the picture, probably reflecting the original sedimentation 
of the subvolcanic deposit. (d) Field example of Noguera pedotype. (e) Noguera (Got-S2A). F18 5xNx. Cristallitic b-
fabric of fine particles of calcite and clay in yellow colour. The presence of iron produces an orange colour. Some 
amorphous iron/manganese impregnations can be seen in the upper part of the microphotograph. (f) Noguera 
(GotS2B). F21 20xNx. Sparite crystals of ferric calcite (red tinted), green clayey and calcitic material, and brown 
ferroginous spariteand some impregnations of black and opaque amorphous material. 
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6.3.5 Flamisell pedotype 

Description 

This pedotype is composed of three horizons 50 cm thicks (Fig. 6.3.4a). The 

topmost one is composed of fine sandstone 5-10 cm thick with bluish-grey coloration 

(GLEY 2/5BG). The peds have an angular blocky shape and fine size (0.5-1 cm). The 

carbonate content in this first horizon is strong. Moreover, a fine (1-2 cm) grey layer 

occur in the bed rock and small drab haloed root traces (2-3 cm) are visible immediately 

below this level. After that, there are several cm of mudstone without any root traces. The 

boundary with the second horizon is characterized by a continuous 5 cm layer of 

horizontal carbonate with a nodular apperance. The second horizon is 20-30 cm thick and 

dark greenish-grey-colored (GLEY1 3/10Y) claystone with very fine (1mm) granular 

peds. Very well developed vertical rhizoconcretions (1-2 cm wide, 10 cm long) are 

located below the carbonate horizontal layer. The middle horizon finishes with 1 cm 

spherical rhizoconcretions in the base. Finally, the bottommost horizon is composed of 

10 cm of reddish brown (5YR 4/3) siltstones with sub-angular blocky peds (1 to 2 cm). 

This horizon presents primary sedimentary structures with clay accumulation and 

slickensides. 

Classification 

The topmost horizon is composed of small root traces with bluish colorations, and 

it is interpreted as being an A horizon. The intermediate horizon contains significant 

carbonated root traces in a very-well developed horizon, which is interpreted as being a 

Bk horizon. The lower horizon does not usually appear and it contains an accumulation 

of clay, indicative of relict parental material mixed with sand. This horizon is interpreted 

as being a Ct, according to Retallack (1988). 
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Although it is described as a pedotype because of the root traces and the presence 

of horizons, the microphotography and other characteristics indicate palustrine features. 

These are evidenced by the presence of micrite and microsparite mosaics, detrital grains 

and gastropod remains in the parental material (Figs. 8.4.4b,c). In the field, tabular 

limestones were identified above and below the Flamisell pedotype. Accordingly, it can 

be interpreted a mixed system in which pedogenic processes occurred into a palustrine 

environment. In this case, no classification has been proposed by Retallack (1984, 1988) 

and the proposal, in this case, is to define this pedotype as a palustrine soil from a 

transitional environment between lacustrine and fluvial systems in which periods of 

flooding alternated with no-flood periods. The flood periods could generate the parental 

horizons of limestones and the Bk horizon, which presents long root traces. The A horizon 

non-flood period is inferred from the small roots (1-3 cm). The horizontal carbonate layer 

between the A and Bk horizons is interpreted as marking the beginning of the flooding 

period. 

6.3.6 Ter pedotype  

Description 

The Ter pedotype is composed of two different horizons with a thickness of 30-

40 cm (Fig. 6.3.4d). The parental material is composed of alluvial medium-fine 

sandstones. The first horizon is characterized by yellowish-red (5YR 4/6) very fine 

sandstones with granular peds. Broadly speaking, this horizon has weak-calcareous 

content with small (5 mm wide, 10 cm long) drab root traces with grey coloration (10GY 

7/1; Fig. 6.3.4e). Furthermore, long (10 cm) diagonal root traces are present through out 

this horizon (Fig. 6.3.4f). The second horizon has medium sandstone lithology, with 

thicknesses recorded between 10 to 25 cm. The color of this horizon is dark reddish-
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brown (5YR 3/4), characterized by platy peds with no calcareous content. Cross-bedds 

laminations are still present, as a relic of primary sedimentary structures. 

Classification 

The Ter pedotype is composed of two horizons and both are poorly developed. 

The presence of small root traces with very weak-calcareous reactions indicate an A 

horizon. The absence of clay and organic concentrations and non-excessive development 

rule out a B horizon assignation. The lower horizon consists of parental material 

(sandstones) with pedogenic alteration. Original sedimentary structures remain, with the 

presence of small haloes and root traces. These features indicate a C horizon, according 

to the classification followed. The poor development of these paleosols and the slight 

separation between horizons indicate an Entisol order (Retallack, 1988).  

The carbonate development consists of dispersed carbonates that correspond with 

stage I of Machette (1985). The stage development for the Entisols studied in the field 

indicates a weak-very weak development, according to Retallack (1984). 
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Figure 6.3.4. (a) Field example of Flamisell pedotype. (b) Flamisell (Mola 2A). F23 5xNx. Micrite and 
microsparite mosaic with some areas of irion remobilisation (in dark opaque colous). Detrital grains are common.(c) 
Flamisell (Mola S1B). F26 10xNx. Micrite with dark ferroginous mottles, patches of sparite and gasteropods remains. 
(d)Field example of Ter pedotype. (e) (i): Ter (Mola S5A). F29 5xNx. Pale green depletion pedofeature in red sandy 
loam material. These zones are common in soils subjected to periodic waterlogging. (f) Ter (Mola S5B). F32 10xNx. 
Vertical void infilled with sparite deforming a sandy material. 
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6.3.7 Fontetes pedotype  

Description 

The Fontetes pedotype shows three distinct horizons that define a profile of 40-50 

cm (6.3.5a). The uppermost horizon is a 10-15 cm layer of weak red (10R 5/2) fine 

sandstone. The peds have a medium (2-5 mm) platy shape with very weak carbonate 

content. In the middle part of this horizon there are pale green (Gley1 7/5G) carbonate 

nodules 1 cm in diameter (Fig. 6.3.5b); when these occur, the horizontal laminations 

become wavy. The boundary with the horizon below is clear. The middle horizon is 

characterized by 20-30 cm of dark greyish (10R 3/1) siltstone with fine (1-2 mm) granular 

peds. The main pedogenic element is the presence of rhizoconcretions 5 to 10 cm long. 

The carbonate content differs from very weak in the “matrix” to very calcareous in the 

rhizoconcretions. Desiccation cracks were identified; these originated before the 

precipitation of carbonates (Fig. 6.3.5c). The Fontetes pedotype finishes with a horizon 

10 cm thick. This is ~10 cm of very dark red siltstone composed of granular peds. 

Carbonate nodules (1.5 cm in diameter) occur with greyish haloed mottling. In the 

bottommost horizon, few primary sedimentary cross-bedding structures can be 

recognized. 

Classification 

The topmost horizon is interpreted as an Ak horizon because it is the surface with 

the parental material and contains a carbonate layer. The next horizon is composed of 

rhizoconcretions which indicate a B horizon with a Bk subdivision because of the high 

carbonate content. The bottom horizon is characterized by carbonate nodules in a material 

with relict sedimentary structures, indicating a C horizon and a Ct subdivision, because 

of the presence of clay accumulation. Microphotography has identified several cracks, 
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which are usually linked to arid and semi-arid conditions, as well as some micritic and 

sparite carbonate, which probably indicates semi-palustrine environments. In the case of 

the Ter pedotype, the macroscopic evidence in the field does not indicate any clear 

palustrine system. These considerations will be further discussed in this chapter. The 

classification for this pedotype is as Alfisol, because of the presence of a differentiated 

A, B and C horizons, indicating a strong development of paleosols.  

According to the Machette (1985) classification, the Fontetes pedotype is 

classified as being at stage II-III of carbonate content, while Retallack (1984) classifies it 

as presenting a moderate stage of soil development. 

 

 

  

Figure 6.3.5. (b) Fontetes (Villarua P6B). F35 2xNx. Part of calcitic nodules. Micrite, microsparite and 
sparite crystals can be differentiated. (c) Fontetes (Villarua P6D). F40 2xNx. Precipitation of carbonate was after the 
formation of the cracks infilled now with calcite. These cracks were probably dessication cracks, implying water table 
oscilations. 



- Chapter 6 - 

 116 

6.4 Vertical and horizontal distribution 

The recognition of each pedotype in the field allows to discern the distribution of 

paleosols during the studied timespan (Fig. 6.4.1). The study of paleosols is focused on 

the Permian and Triassic red beds including the LRU, URU and Buntsandstein facies. In 

addition to the paleoenvironmental and climatic considerations, the systematic study 

presented herein is crucial to the recognition of the red beds units in the Late Paleozoic-

Lower Mesozoic deposits in the Southern Pyrenees. 

The Lower Red Unit (Artinskian) is characterized by the presence of the Noguera, 

Flamisell, Isábena and Ter pedotypes. Their distribution is heterogenic in age and in their 

paleogeographic situation on the basin. The Noguera pedotype is lacated in sections 

where the LRU thickness is small (i.e., Gotarta; 100-200 m) and rarely appears where 

stratigraphic units are thick. Its situation in the stratigraphic logs is usually in the middle-

upper part and it is strongly linked to sectors with major volcano-clastic deposits occur 

(lahars and remobilized sandstones, V2 architectural element). The Flamisell pedotype is 

well represented in the sectors where thicknesses are greater (e.g., La Mola d’Amunt, 

Castellar de N’Hug, Estac). In the sectors with less thicknesses it does not appear, in 

keeping with the non-appearance of palustrine deposits (L2 and L3 architectural 

elements). The main incidence of the Flamisell pedotype occurs in the lower deposits of 

the LRU. The Isábena pedotype is linked with volcanic processes (V2 architectural 

element). Its distribution is widely spread along all the studied sectors with moderate and 

large thicknesses: La Mola d’Amunt, Castella de N’Hug, La Trava. The vertical 

distribution is homogeneous, so it occurs in all the stratigraphic logs. Finally, the Ter 

pedotype is represented in almost all the studied sectors. Its vertical distribution is not 

restricted to any specific situation in the stratigraphic logs. 
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The Upper Red Unit (Kungurian-Wordian) has similar characteristics to the 

Lower Red Unit. The paleosols identified in this unit are the following: Flamisell, 

Isábena, Fontetes and Ter. The most significant changes are the appearance of the 

Fontetes pedotype and the disappearance of the Noguera pedotype. This finding will be 

discussed in the corresponding chapter. The new pedotype is represented in all the URU 

studied sectors, which are situated in the Eastern part of the Southern Pyrenees (Gramós 

and Castellar-Camprodón basins). It is usually are distributed in the upper part of the unit, 

some 20-30 meters below the Permian-Triassic boundary. It is important to indicate that 

the sedimentary situation of this pedotype correspond with the finest architectural 

elements (FF and CC). Consequently, several examples of this pedotype were identified 

in the lower deposits of the Castellar de N’Hug sector, in keeping with the trend towards 

finer material at the top of the Castellar-Camprodón basin. The Isábena pedotype is 

definitely scarce in this unit. A few examples were located in the basal fine deposits where 

thick (20-30 cm) volcanic layers appear (V2 and V3 architectural elements). Nonetheless, 

the development of the Isábena paleosols is substantial as in the Lower Red Unit ones. 

The Flamisell pedotype is set in the sectors with greater thicknesses and is related to the 

development of the Fontetes pedotype. These are usually found in alternation and where 

the strong deformation allows to observe horizontal changes these pedotypes seem to be 

related. The last pedotype to appear is the Ter pedotype. As in the LRU, these paleosols 

appear in all the units and sectors. 

The Buntsandstein facies unit (Anisian) is also composed of red beds and several 

paleosols were developed here. In the Lower Triassic deposits more restricted pedotypes 

were recognized. In the field work undertaken, it was verified that there was no pedogenic 

development in the basal facies (CH and SB architectural elements), which means that 
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this occurred in the middle part of the stratigraphic sections. Another characteristic of this 

unit is the fact that the first pedotype to appear is the Derana. This finings is evident in 

all the studied sectors. This pedotype therefore represents a key level to stratigraphic 

correlations. Furthermore, it gives rise to a relief in the current topography that makes it 

easy to recognize. It usually reappears several meters upwards, but with a lower 

development and less thickness. It is found in the fines deposits of fluvial floodplains (FF 

architectural element). The other pedotypes that outcrop in the Lower Triassic deposits 

are the Abeurador and Ter pedotypes. As in the case of the previous units, Ter paleosols 

appear equally in all the sectors and in the whole stratigraphic record after the first 

appearance of Derana. In contrast, the Abeurador pedotype presents a heterogeneous 

Figure 6.4.1. Vertical and horizontal distribution of the pedotypes in the Lower Red Unit, Upper Red Unit and Buntsandstein facies unit. 



- Permian and Triassic paleopedogenesis - 

 119  

distribution. It is set in the middle-upper part of the sections and is poorly distributed., 

despite being present in almost all the sectors. Abeurador soils are associated with 

crevasse splay and palustrine water fluctuant environments (CC and L3 architectural 

elements). 
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7. Isotopic analysis of paleosols 

7.1 Introduction 

Soils are the node in which atmosphere, biosphere and geosphere coexist. 

Pedology was restricted to qualitative interpretations until the emergence of the latest 

geochemistry techniques. Carbon isotopic ratios in soil carbonates are now determined 

by the fraction of vegetation respiration in the local ecosystem and by the influence of 

atmospheric CO2 in soil gas by temperature (Cerling, 1984, 1992, 2009; Cerling and 

Quade, 2013). The carbon isotopic composition of soils was first modelled using the 

model for carbonate formation resulting from CO2 degassing that was developed by 

Hendy (1971): 

!"!#!$ + &'# + !#' = !")' + 2&!#+$ 

The carbon is derived from the rock and from biological CO2, with the solubility 

product: 

,-./0123 =
a-.45		a'7-89:

;-85
 

Where ,-./0123, a-.45, a'7-89: and ;-85 are the solubility product of calcite, the 

activity of the Ca+2 ion, the activity of the HCO-3 ion and the rCO2, respectively. 

Cerling (2009) considered that the diffusion theory for CO2 transport in soils had 

become well established (Baver et al., 1972; Kirkham and Powers, 1972) and that the 

diffusion model had been extended to include transport of 12CO2 and 13CO2 in the soil’s 

atmosphere. Accordingly, he established that carbonate in the soil can form in four ways: 

(1) Degassing from soil solution. Soil rCO2 profiles generally increase with 

depth, so that downward movements of soil solutions increases rather than 
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solubility decrease solubility. Upward movement of soil solutions is important 

in groundwater discharge zones. Degassing also occurs as soils decrease their 

respiration rates seasonally as a result of decreasing temperature or soil 

humidity.  

(2) Increasing ion activity as a result of evaporation or evapotranspiration. Direct 

evaporation of soil solution is important in soils where uncovered ground is 

exposed. Soils totally covered with vegetation do not always show evaporation 

enrichment of stable oxygen isotopes in soil waters (Hsieh et al., 1998). 

Evapotranspiration is the predominant form of water loss at depth in most 

soils. Therefore, an increase in ion activity of Ca+2 and HCO-3 leads to 

carbonate formation. 

(3) Increase in ion activity as a result of ion exclusion during freezing. Ion 

exclusion of salts is a well-known property of water during freezing, but it 

does not appear to be a major contributor to soil carbonate. 

(4) Retrograde solubility of calcite. Calcite is more soluble at low temperatures 

than high temperatures. So, changes in temperature result in changes in 

solubility.  

Furthermore, Cerling (2009) maintains that the evapotranspiration is the most 

important contributor to soil carbonate formation, so the isotopic signature is in 

equilibrium with species respiration. The isotopic signature is more negative at grater 

depths due to the abovementioned considerations (Fig. 1.2.2). This theory was thoroughly 

demonstrated for paleosoils in different geological ages (Takeuchi et al., 2010; Golubtsov 

et al., 2014; Andrews et al., 2017). Therefore, the isotopic signature of paleosoils reflects 

atmospheric concentrations and could be used as a paleoclimatic indicator (Fig. 7.1.1; 
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Ekart, et al., 1999; Mortazavi et al., 2013; Heilbronn et al., 2015; Ghosh et al., 2016; Li 

et al., 2016; Andrews et al., 2017; Schobben et al., 2017; Richard et al., 2018). 

 Vegetation plays an important role in the isotopic signature of the paleosols. The 

signature depends on the respiration process during the absorption of the CO2. Plants have 

three types of metabolism, C3, C4 and CAM. In the C3 type the CO2 is directly fixed in 

the Calvin cycle, with no previous fixations. The first stable product, in which the carbon 

is fixed, is composed of three carbon compost (C3). In the C4 metabolism the first fixation 

of CO2 is driven by a product with four carbon composts (C4). Finally, the CAM 

respiration consists of two different processes. Whereas in the C3 and C4 they absorb and 

fix carbon during the day, in the CAM these processes are separated: CO2 is absorbed 

during the night and eliminated during the day. This differentiated carbon cycle in plants 

Figure 7.1.1. Isotopic composition of pedogenic carbonates. Averages for each formation are plotted with 
standard deviation bars. The curve represents a 5 point weighted running average for the data points. From Ekart et al. 
(1999). 
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led to a different signature in the isotopic signature. In C3 plants, the d13C is between -24 

and -30‰ (Deines, 1980; Badeck et al., 2005), while in C4 plants the d13C is between -

11 and -13‰ (Deines, 1980; Badeck et al., 2005) and in CAM plants respiration presents 

intermediate values. As C4 respiration is an evolution of C3 respiration, C4 first appears 

in the Neogene (Cerling et al., 1993) and it therefore did not exist in Permian and Triassic 

times. 

No isotopic analyses had ever previously been conucted on Central-Eastern 

Southern Pyrenees Permian-Triassic terrains, so the isotopic data presented in this thesis 

are completely new. The objectives of these analyses are to: 

• Observe variations in the isotopic values of pedotypes established by 

using field and microscopic techniques. This analysis will back up the 

observations and pedogenic diagnosis that are made.  

• Identify variation in the isotopic signature in the different horizons of each 

pedotype. 

• Corroborate whether the carbonate composition in paleosols presented 

any variations in different periods of time.  
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7.2 Results 

The 40 samples studied (Fig. 7.2.1) have been represented in a d13C-d18O diagram. 

This diagram allows to understand the isotopic signature of the stable isotopes studied in 

a representational form. The d13C values range from -9 d13C to -0,5 d13C. The d18O values 

range from -2 d18O to -13 d18O. In comparison with previous studies, these values are 

acceptable. Andrews et al. (2017) obtained between carbonate -10 d13C and -5 d13C for 

pedogenic carbonate in Argentinian Cenozoic paleosols. Cerling (2009) obtained values 

of d13C between -10 d13C and 0 d13C for pedogenic carbonate in Holocene paleosols. 

Fewer works have examined d18O values but Golubtsov et al. (2014) obtained values 

between -7 d18O and -15 d18O and Cerling (2009) identified isotopic compositions of d18O 

between 0 d18O and -20 d18O. In conclusion, the results can be accepted as they fall within 

the ranges established by previous studies. 

  

-15,00

-13,00

-11,00

-9,00

-7,00

-5,00

-3,00

-1,00

-15,00 -13,00 -11,00 -9,00 -7,00 -5,00 -3,00 -1,00

d1
3 C

d18O

Total data

Figure 7.2.1. d13C and d18O results of the 40 samples studied from Permian and Triassic pedogenic carbonate origin. 
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7.2.1 Pedotype identification via the isotopic signature 

One of the objectives proposed is corroborate the pedogenic diagnosis carried out 

with hand-samples in the field, and with petrological observations made under the 

microscope. In Figure 7.2.1, the values have been separated for each of the pedotypes 

established. 

 The values used to identify variations between pedotypes were the B-horizon data 

(Fig. 7.2.2). The B-horizon is the horizon that presents most pedogenic carbonate, as well 

as being the horizon in which the vegetation and the atmosphere are most closely related 

(Cerling, 2009; Sheldon and Tabor, 2009). There could therefore be greater differences 

between the isotopic composition of pedotypes in this horizon. 
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Figure 7.2.2. Isotopic composition of the B horizon of the Permian and Triassic paleosols. The data is separated by the pedotypes 
identified in the field and under the microscope. 
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In general terms, it is possible to observe in Figure 7.2.2 that the isotopic 

composition of each pedotype is different, while their values are grouped togheter and 

situated within specific ranges.  

The Abeurador pedotype data (Figure 7.2.3) indicate a range of d13C between -

11,01 and -10,36. The separation between the highest and the lowest values is 0,65. On 

the d18O axis the values lie between -7,59 and -7,73 and so the difference is almost non-

existent (0,14) in this case. As a first consideration, the Abeurador samples are well 

constrained. The Isábena pedotype data relative to the B horizon (Fig. 7.2.3) show d13C 

values of between -2,04 and -0,89, with a difference of -1,15. With respecto to the d18O 

values, the range lies between -9,32 and -5,26, with a difference of 4,06 between the 

values. In the case of the Isábena pedotype the d13C seems well constrained, but the d18O 

show dispersion in their results. 

 

The Noguera pedotype’s isotopic composition in the B horizon is shown in the 

Figure 7.2.4. The range of the d13C values lies between -2,11 and -6,50, the distance 
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Figure 7.2.3. Abeurador and Isábena B horizon compositions. Note that the horizontal and vertical scale are modified. 
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between the maximum and minimum being 4,39. The d18O values fall between -7,28 and 

-10,22, with a difference of 2,94. If Figure 7.2.3 is observed in detail, the isotopic 

compositions are seen in groups, and the values are well constrained for each group. As 

for the Flamisell pedotype, the results obtained lie between -5,79 and -6,71 for the d13C. 

The differences between the extremes is 0,92. The d18O are situated between -8,30 and -

10,14, with a difference of 1,84. The Flamisell pedotype data seems to be well constrained 

and poorly dispersed. 

 

Finally, the last B horizon isotopic compositions analyzed was that of the Fontetes 

pedotype (Fig. 7.2.5). This is characterized by d13C values between -2,68 and -3,84, with 

a difference of 1,16. As for the d18O, the values range between -2,54 and -10,48, showing 

the greatest dispersion of all the pedotype (7,94). In conclusion, the d13C values are 

grouped in the same range and the d18O are extremely scattered overall, but a closer 

examination reveals two identifiable subgroups, as in the case of Noguera pedotype. It is 

generally accepted that the d18O isotopic values of calcite are related to the crystallization 
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Figure 7.2.4. Noguera and Flamisell B horizon compositions.  
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temperature (Sheldon and Tabor, 2009). Therefore, diagenesis can affect the d18O isotopic 

composition more strongly than in the case of the d13C composition, which is more stable 

during burial. 

 

 

7.2.2 Horizon identification via the isotopic signature 

The second objective of the study was to establish wether the different horizons 

of the paleosols have the same isotopic composition. In order to reach this objective, the 

results obtained were separated according to the horizons. The comparison between the 

values was undertaken using the same paleosols, to avoid any possible variations in 

vegetation or climatic. 

The first example is the paleosol called Mola S3, which is situated in the La Mola 

d’Amunt sector. Its stratigraphic position is the Lower Red Unit. In the field, this example 

was identified as a Noguera pedotype. In Figure 7.2.6, the values are separated according 
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Figure 7.2.5. Fontetes B horizon compositions.  
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to the horizons. It can be seen from this representation that each horizons has a different 

isotopic signature. The d13C presented the most significant changes. The B horizon had 

values of between -3,25 and -5,54, and the A horizon had values of between -2,11 and -

3,41, although the d18O fell within the same range for both the A and the B horizons. 

The next example is the Suils P2 paleosol, which is interpreted as an Abeurador 

pedotype. The stratigraphic position of the samples is the Buntsandstein faces unit. In this 

case the differentiation between the horizons analyzed was the same as in the previous 

example. The values of the d13C (Fig. 7.2.7) shows a distinctive signature, with horizon 

B having more negative values (-8,44 to -8,79). The A horizon has a more positive 

signature (-7,59 to -7,73) for the d13C. The d18O in Suils P2 shows more dispersion than 

in Mola S3 but there was no distinction between the horizons.  

 

 

Figure 7.2.6. Isotopic compositions of the Noguera pedotype example Mola S3. 
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In the case of the Flamisell pedotype, the individual signature of each horizon was 

studied as well (Fig. 7.2.8). This example is from the La Mola d’Aumnt sector, in the 

Lower Red Unit stratigraphic position. In this case the trend observed in the other two 

examples was maintained. The d13C of the B horizon are more negative (-6,51 to -7,01) 

and the A horizon values are more positive (-6,09 to -6,48). The d18O presented 

differences between the horizons but these were not marked. The B horizon is more 

positive and the A horizon values are more negative. Despite this, some values overlap, 

probably due to subsequent alteration of the rocks during burial. 

 

 

 

 

Figure 7.2.7. Isotopic compositions of the Abeurador pedotype example Suils P2. 
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The last example presented herein corresponds to the Fontetes pedotype. The 

location of VIP6 6 is in the Villarrué section, on the Lower Red Unit. The d13C values 

fall between -1,93 and -3,36 (Fig. 7.2.9). It is possible to see distinctions between the 

horizons; horizon B is more negative than the horizon A, as in all the preceding examples. 

The horizon B has values of between -2,91 and -3.36, and the horizon A of between -1,93 

and -3,11. The d18O values do not show any significant difference between the two 

horizons. 

  

 

 

 

 

Figure 7.2.8. Isotopic compositions of the Flamisell pedotype example Mola S2. 
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7.2.3 Variation of the isotopic signature in the stratigraphic units 

The final objective of this chapter is to corroborate whether differences between 

values exist across the geological time, in the samel way as there are changes in the 

isotopic signature between pedotypes and horizons, as described in the last sub-chapters. 

The data was obtained from the Lower Red Unit, Upper Red Unit and the Buntsandstein 

facies Unit. With the total data available (Fig. 7.2.10), it is possible to see the main 

differences between the three stratigraphic units sampled. The Lower Red Unit (Lower 

Permian, Artinskian) presents the most positive values of d13C but they are highly 

dispersed. The Upper Red Unit (middle Permian) shows intermediate values in 

comparison with the other two units. The Lower Triassic (Buntsandstein facies Unit) 

values are clearly more negative than the Permian units. 

 

Figure 7.2.9. Isotopic compositions of the Fontetes pedotype example VIP6. 

 

-5,00
-4,50
-4,00
-3,50
-3,00
-2,50
-2,00
-1,50
-1,00
-0,50
0,00

-11,00 -10,50 -10,00 -9,50 -9,00
d1

3 C

d18O

VIP6

Horizon B

Horizon A



- Clay Mineralogy - 

 133  

In order to make our data more precise, Figure 7.2.11 shows the B horizon values 

classified by stratigraphic units. This should confirm or refute the differences observed 

in Figure 7.2.10, where the data was not filtered. The results for the B horizon indicate 

the same differences as with the unfiltered data. Therefore, the pedogenic carbonate in 

the Central-Eastern Southern Pyrenees indicates significant differences between the 

Permian and Triassic isotopic signatures.  
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Figure 7.2.10. Isotopic composition of the total data separated by the Permian and Triassic stratigraphic units. 
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Figure 7.2.11. Isotopic composition of the B horizon data separated by the Permian and Triassic stratigraphic units. 
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8. Clay Mineralogy 

8.1 Introduction 

Clay minerals have been studied in continental deposits to interpret 

paleoenvironmental factors for many years (Keller, 1970; Singer, 1980, 1984; Ingles and 

Anadon, 1991; Benito et al., 2005; Xu et al., 2017). Primary-stage clay minerals are 

considered to be those clay minerals which originate directly from parent materials. This 

is because the mineral phase formed possess the lowest free energy attainable in the 

environment at the time when the genesis of clay minerals occurs. Any of the clay 

minerals families -kaolin, smectite-montmorillonite, illite, chlorite-vermiculite, and other 

less common varieties- can be produced in the weathering environment. The genesis of 

each clay mineral can be inter-related with certain distinguishing materials or energies, 

which are indicators of the genetic environment. 

The identification of paleoenvironmental and paleoclimatic conditions using clay 

mineralogy data in continental deposits is a matter of discussion, especially in the Permian 

and Triassic materials (Alonso-Azcárate et al., 1997; Körner et al., 2003; Hong et al., 

2008; Marfil et al., 2015; Xu et al., 2017). The paleontological content in non-marine 

terrains is usually poor, and geochemical approaches such as clay mineralogy analyses 

have been usefully for filling this information gap. The interpretation of minerals over 

the course of the stratigraphic record is based on Keller’s work (1970), which established 

the main guidelines. Kaolinization occurs when the geological environment removes 

Ca2+, Mg2+, Fe2+, Na+ and K+. The processes which can made this happen are 

precipitation, fresh water availability and high Al/Si ratio. These kinds of environments 

are linked to humid and vegetated scenarios. Montmorillonitzation represents a process 

in which evaportation is higher than the precipitation, and so semi-arid conditions are 

inferred. Moreover, the presence of montmorillonite minerals is related to igneous-type 
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minerals. Kaolinite is typical of low-temperatures conditions for low-gradient diagenetic 

processes, and so ahumid tropical climate with good drainage conditions is traditionally 

inferre (Singer, 1984; Ehrenberg, 1993).  

One of the factors that restrict paleoenvironmental discussion is the 

metamorphism that occurred after the genesis of clay minerals. Thermal maturity studies 

in the Sichuan basin (China; Xu et al., 2017) demonstrated that the clay mineral 

transformative illitization of smectitic clays corresponding to the early-middle diagenetic 

stage (the %illite contents in I/S in K–bentonites lies mostly in the range of 50–80%; Xu 

et al., 2017). Lindgreen and Surlyk (2000) stated that low-moderate diagenesis mainly 

influences mixed-layer minerals while discrete minerals are not significantly affected and 

still carry valuable primary signals of the sedimentary environment. Tectonic effects on 

deposits is another issue that needs to be considered. Intense tectonics could generate 

distortion in the data obtained, so it is not advisable to draw any major conclusion solely 

on the basis of data from clay mineralogy. The illite crystallinity index (IC) is used to 

indicate the degree of diagenesis or metamorphism (Árkai et al., 1995, 2004; Jiang et al., 

1997). An IC index higher than 1 indicates early diagenesis, between 1 and 0,425 late 

diagenesis, and under 0,425 indicate an Anchizone metamorphism. Therefore, if the 

values of the IC index are above 0,425 subsequent paleoenvironmental interpretations 

will be consistent.  

 

8.1.1 Clay mineralogy framework in the Southern Pyrenees 

Studies of the Permian-Triassic transition have been carried out in various parts 

of the world (Fisher and Jeans, 1982; Alonso-Azcárate et al., 1997; Hong et al., 2008; Xu 

et al., 2017) and recently in the Catalan (Central-Eastern) Pyrenees by Mujal et al. 

(2017b), with subsequent comments by Ronchi et al. (2018). Mujal et al. (2017b) argued 
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that the mineralogical and geochemical composition of Permian and Triassic rocks 

supports a humid-semiarid-humid climatic trend and that these data, combined with 

sedimentological features, are indicative of sedimentary continuity. They based their 

interpretations on claims that small variations in clay mineralogy (and in other phases like 

albite and analcime) are indicative of climatic variations and they use the inferred climatic 

change to support the continuity of the sedimentary record. However, Ronchi et al. (2018) 

disagreed with Mujal’s interpretations because the degree of diagenesis is not discussed 

and no oriented aggregates of clay concentrates were made. Furthermore, Ronchi et al. 

(2018) claimed controversial results from their studies of samples collected in a nearby 

zone. 
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8.2 Results 

The IC index obtained from the studied samples variates according to the area 

(Fig. 8.2.1). 

 

All the samples were taken from the diagenesis area, so their mineralogical 

composition was not altered by metamorphism. This fact allowed to interpret the data 

obtained as a consequence of paleoclimatic conditions and not of any other processes. 
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Figure 8.2.1. IC index diagram of the samples studied. 
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8.2.1 Samples  

The clay mineralogy results obtained are organized in accordance with the 

division into stratigraphic units. Stratigraphic and tectonic issues made it impossible to 

sample all the units in all the sectors but, nevertheless, a complete sampling is presented 

here for each unit (Fig. 8.2.2). The total number of samples analyzed was 79. 

 

 

Figure 8.2.2. Overall results of the clay mineral analysis done in the Southern Pyrenees. In each sector is represented the 
stratigraphic units outcropping. 
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8.2.2. Grey Unit characterization 

The Grey Unit was sampled in four sections: Castellar de N’Hug, Sas, Pallarols 

and Castellars. In the Suils-Villarrué section the Late Carboniferous unit is lacking due 

to tectonics and depositional configurations. The study of the four sections sampled 

makes it possible to characterize the clay mineralogy of the Grey Unit.  

In general terms the Grey Unit is characterized by the presence of chlorite, illite, 

feldspates, hematite, calcite, quartz, halloysite and dickite (Fig. 8.2.2). Some differences 

in clay mineralogy were recorded between the Late Carboniferous deposits (Fig. 8.2.2). 

The Castellar de N’Hug sector was characterized by the following percentages: 24-35% 

of quartz; 0-14% of calcite, but only two samples with calcite content (NH7-8 and NH8); 

4-5% of hematite; 4-17% of feldspates; 33-65% of illite and 0-11% of chlorite, but only 

two samples with chlorite content (NH7 and NH9). The Sas sector contained: 18-36% of 

quartz; 0% of calcite; 0% of hematite; 1-3% of feldspars; 46-82% of illite and 0-18% of 

chlorite. The percentatges of the clay mineralogy in the Pallarols sector are: 23-42% of 

quartz; 0-7% of calcite, but only one sample containing calcite (PAL-GU2); 3-14% of 

feldespates; 2-10% of illite; 0-33% of chlorite, but only the sample PAL-GU5 did not 

contain this mineral and 0-49% of halloysite, but only the sample PAL-GU2 did not 

contain this mineral. Finally, clay mineralogy of the Castellars section was as follows 

(Fig. 8.2.3): 5-42% of quartz; 0% of calcite; 0% of hematites; 0% of feldspars; 2-6% of 

illite; 0-85% of illite; 5-36% of halloysite and 0-37 of dickite. In this last sector it is 

notable that in the basal samples the chlorite was the most representative mineral while 

moving upwards it was replaced by halloysite and dickite (Table 8.2.1).  
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 Quartz Calcite Hematite Feldespates Illite Chlorite Halloysite Dickite 

CAST11 5 0 0 0 5 85 5 0 

CAST12 17 0 0 0 3 56 24 0 

CAST13 42 0 0 0 2 37 19 0 

CAST14 24 0 0 0 3 0 36 37 

CAST15 26 0 0 0 6 0 34 34 

CAST16 28 0 0 0 5 0 67 0 

Figure 8.2.3. Synthetic stratigraphic column of Castellar sector with the clay mineralogy percentages. The total thickness of the Grey 

Unit is 225 meters.  

 

Table 7.2.1. Clay mineral content of Castellars sectors in the Grey Unit deposits. CAST11 sample corresponds to the bottommost 
deposits and CAST16 for the topmost. 
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8.2.3 Transition Unit characterization 

In the sampled sectors the Transition Units is represented in Castellar de N’Hug, 

Sas and Castellars. In the other two sections TU is lacking is due to a stratigraphic 

unconformity in Pallarols and for tectonic reasons in Suils-Villarrué. 

The clay mineralogy in this unit was represented by chlorite, illite, feldspates, 

hematite, calcite and quartz. The main difference with from the previous unit was the 

absence of halloysite and dickite. The percentages of the Castellar de N’Hug sector were 

as followsg: 13-35% of quartz; 2-14% of calcite; 2-6% of hematite; 4-11% of feldspars; 

29-53% of illite and 10-16% of chlorite. The Sas sector was characterized by 12-43% of 

quartz; 0-57% of calcite, with two samples without any calcite content (SAS5 and SAS8); 

0-10% of feldspars; 23-75% of illite and 0-12% of chlorite. The clay mineralogy results 

from the Castellars sector were: 20-35% of quartz; 0-5% of calcite; 0-8% of hematite; 0-

5% of feldspar; 45-50% of illite and 7-31% of chlorite.  

The contents are quite similar with respect the previous unit, but there are some 

small differences. The presence of hematite minerals is the most evident change. The shift 

is poor but the content switch from many 0% (Table 8.2.2) to 2-6% in the Castellar de 

N’Hug area (Table 8.2.4). Other mineral that increased in their presence were the calcite, 

with an increase in both Castellars and Castellar de N’Hug. In contrast, dickite and 

halloysite completely disappeared. 

 

 Quartz Calcite Hematite Feldespate Illite Chlorite 

NH14 32 7 5 4 37 15 

NH13 13 11 5 5 54 12 

NH12 35 6 3 11 29 16 

NH11 24 2 6 5 53 10 

NH10 32 14 2 10 30 12 

Table 8.2.2. Clay mineral content of Castellar de N’Hug sector in the Transition Unit deposits. NH10 sample corresponds to the 
bottommost deposits and NH 14 for the topmost. 
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8.2.4 Lower Red Unit characterization 

This unit represents the oldest red bed deposits in the Southern Pyrenees 

stratigraphy. Clay mineralogy sampling undertaken in the Castellar de N’Hug, Sas, Suils-

Villarué and Pallarols sectors. In the case of the Castellar sector, this unit did not outcrop 

because high-angular unconformity occurs between the TU and Buntsandstein facies unit. 

The mineralogy that characterizes this unit is the following: chlorite, illite, 

feldespates, hematite, calcite and quartz. The Castellar de N’Hug sector is characterized 

by: 33-52% of quartz; 0-7% of calcite, only present in two samples (NH15 and NH16); 

3-4% of hematite; 5-45% of illite and 0-53% of chlorite. The Sas sector was represented 

by (Table 8.2.3 and Fig. 8.2.5): 24-41% of quartz; 0-7% of calcite, but only two samples 

with calcite content (SAS14 and SAS16); 1-5% of hematite; 2-7% of feldspars; 38-58% 

of illite and 6-14% of chlorite. The Suils-Villarué sector presented: 20-37% of quartz; 6-

20% of calcite; 3% of hematite; 1-6% of feldspars; 34-47% of illite and 7-14% of chlorite. 

The Pallarols sector contained the following percentages: 16-25% of quartz; 0-18% of 

Figure 8.2.4. Synthetic stratigraphic column of Castellar de N’Hug sector with the clay mineralogy percentages. The total 
thickness of the Transition Unit is 150 meters.  
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calcite, the PAL-LRU5 sample with no calcite content; 3-6% of hematite; 37-75% of illite 

and 0-17% of chlorite. 

It is possible to see that the mineralogy is similar in the Transition Unit, as the 

percentages did not change substantially. Despite some non-significant changes, a slight 

increase in calcite can be inferred. Another increase was the percentage of illite with 

respect to the Grey Unit content. 

 

 Quartz Calcite Hematite Felspars Illite Chlorite 

SAS10 40 0 1 7 38 14 

SAS11 28 0 5 3 58 6 

SAS12 41 0 5 2 44 8 

SAS14 24 7 4 4 44 16 

SAS16 30 7 3 5 45 9 

 

 

The most significant variation occurred in the same unit. The chlorite percentages 

in Castellar de N’Hug present huge variations in comparison with the other sectors. There 

is a clear relationship between illite and chlorite: whenever there is a high propostion of 

illite, there is a low proportion of chlorite. This phenomenon was also observed in the 

Transition Unit. 

 

Table 7.2.3. Clay mineral content of Sas sector in the Lower Red Unit deposits. SAS10 sample corresponds to the bottommost deposits 
and SAS16 for the topmost. 
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8.2.5 Upper Red Unit characterization 

This unit represents the third red bed unit, and is the last Permian unit. The sectors 

sampled were: Castellar de N’Hug and Pallarols. Is important to note that this unit only 

appear in the two Easternmost basins (Gramós and Camrpodón-Castellar). This situation 

is explored in the Discussion chapter. 

The clay mineralogy obtained from the Lower Red Unit is: quartz, calcite, 

hematite, feldspar, illite and chlorite. The Castellar de N’Hug sector contained this 

composition: 25-34% of quartz; 3-10% of calcite; 3-5% of hematite; 2-12% of feldpars; 

31-63% of illite and 0-18% of chlorite, but only the bottommost sample (NHURU1) has 

chlorite content. The Pallarols sector percentages were: 16-30% of quartz; 0-17% of 

calcite; 4-6% of hematite; 0-6% of feldspars; 44-75% of illite and 0-13% of chlorite. 

 

 

Figure 8.2.5. Synthetic stratigraphic column of Sas sector with the clay mineralogy percentages. The total thickness of the Lower Red 

Unit is 225 meters.  
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The content of the two sectors had similar compositions. In Castellar de N’Hug 

an increase of illite content was observed going upwards, while there was also a decrease 

in the feldspars content towards the top deposits (Table 8.2.4 and Fig. 8.2.6). As in the 

Lower Red Unit, the mineralogy presents similitudes with the other two Permian units. 

The dickite and halloysite minerals were not been recorded in this unit. The illite 

percentages seem to be higher than in the oldest units, and the chlorite content is reduced 

as a result. 

 Quartz Calcite Hematite Feldespates Illite Chlorite 

NHURU5 28 3 3 3 63 0 

NHURU4 34 9 5 3 50 0 

NHURU3 27 8 5 2 58 0 

NHURU2 33 6 4 6 51 0 

NHURU1 25 10 4 12 31 18 

Table 8.2.4. Clay mineral content of Castellar de N’Hug sector in the Upper Red Unit deposits. NHURU1 sample corresponds to the 
bottommost deposits and NHURU5 for the topmost. 

Figure 8.2.6. Synthetic stratigraphic column of Castellar de N’Hug sector with the clay mineralogy 

percentages. The total thickness of the Upper Red Unit is 170 meters. 
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8.3.6 Buntsandstein facies “unit” characterization 

The Lower Triassic unit represents the last continental deposits in the Southern 

Pyrenean basins studied. These deposits mainly consist of siltstones, sandstones and 

conglomerates. The outcrop of this unit is good and the sampling was performed in all 

five studied sectors: Castellar de N’Hug, Sas, Suils-Villarrué, Pallarols and Castellars. 

The clay mineralogy detected in this unit was: quartz, dolomite, calcite, hematite, 

feldspars, illite and chlorite. In the Castellar de N’Hug area the percentages obtained 

were: 24-31% of quartz; 0% of dolomite; 0% of calcite; 3-5% of hematite; 2-3% of 

feldspars; 51-57% of illite and 12-13% of chlorite. In the Sas sector: 28-31% of quartz; 

0% of dolomite; 0% of calcite; 5% of hematite; 5% of feldspars; 50-53% of illite and 8-

9% of chlorite. In the Suils-Villarrué sector (Table 8.2.5): 19-52% of quartz; 0-26% of 

dolomite, only in sample SUILS5; 0-16% of calcite; 0-7% of hematite; 1-5% of feldspars; 

22-55% of illite and 1-10% of chlorite. In Pallarols the results were: 23-53% of quartz; 

0% of dolomite; 0-4% of calcite; 4-6% of hematite; 0-4% of feldspars; 29-55% of illite 

and 8-14% of chlorite. Finally, in the Castellars sector (Table 8.2.6 and Fig. 8.2.6): 21-

38 of quartz; 0-6% of dolomite; 0-5% of calcite; 4-5% of hematite; 3-5% of feldspars; 

39-54% of illite and 8-15% of chlorite. 

The most notable difference between the sectors is the variability in the calcite 

content, ranging from 16% in some samples (SUILS7) to 0% in many others. The 

hematite and feldspars content were constant throughout the studied sectors, as was the 

case in the previous units.  
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 Quartz Dolomite Calcite Hematite Feldespars Illite Chlorite 

SUILS2 40 0 0 6 3 42 9 

SUILS2P 28 0 19 6 4 38 5 

SUILS3 45 0 5 7 5 32 7 

SUILS4 52 0 13 2 1 22 10 

SUILS5 19 26 0 5 3 42 5 

SUILS6 31 0 5 4 3 55 1 

SUILS7 20 0 16 0 3 53 7 

SUILS8 37 0 0 6 4 44 8 

 

 

 

 

 Quartz Dolomite Calcite Hematite Feldespars Illite Chlorite 

CAST20 31 0 4 4 4 49 8 

CAST21 35 0 3 5 3 39 14 

CAST22 26 0 5 5 5 46 15 

CAST23 25 0 5 5 5 47 13 

CAST24 21 0 5 4 5 50 15 

CAST25 23 0 4 5 4 54 10 

CAST26 26 6 5 4 5 47 8 

CAST27 38 3 0 4 4 43 8 

 

 

 

Table 8.2.5. Clay mineral content of Suils sector in Buntsandstein facies unit deposits. SUILS2 sample corresponds to the bottommost 
deposits and SUILS8 for the topmost. 

Table 7.2.6. Clay mineral content of Castellar sector in Buntsandstein facies unit deposits. CAST20 sample corresponds to the 
bottommost deposits and CAST27 for the topmost. 
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The most striking difference from the Carboniferous and Permian units is the 

appearance of dolomite. This mineral is usually located in the upwards samples (Table 

8.2.7). Chlorite presented low values with respect the oldest Permian units, as it did in the 

Upper Red Unit. No dickite or halloysite minerals were noted in this unit. 

 

 

 

Figure 8.2.7. Synthetic stratigraphic column of Castellars sector with the clay mineralogy 
percentages. The total thickness of the Upper Red Unit is 260 meters. 
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9. Tectonic and sedimentation of Erill Castell-Estac Basin 

9.1 Introduction 

The Erill Castell-Estac Basin is a ESE–WNW basin, approximately 20 km long, 

in the Pont de Suert-Sort area, Central Southern Pyrenees (Fig. 9.1.1). A complex network 

of foreland-directed thrusts characterizes its current structure; these thrusts and 

backthrusts resulted from marked rotation and overturning during the Alpine shortening 

(late Cretaceous–early Miocene; Vergés and Martínez, 1988). The Erill Castell-Estac 

Basin is part of the Erta domain, one of the southward-facing thrust sheets forming the 

Pyrenean Axial Zone (e.g., Poblet, 1991; Muñoz, 1992; Saura, 2004). Several internal 

backthrusts affect the Erta thrust sheet but, according to tectonic reconstructions, these 

sheets are part of the original Erill Castell-Estac Basin. The stacking of these sheets 

involved the Variscan basement and the Upper Carboniferous-to-Triassic cover 

producing an imbricate fan of backthrusts that internally deformed the basin.  

 

Palinspastic restorations clearly indicate that the Erill Castell- Estac Basin was 

initially formed as a half-graben trough, produced by continental transtension from the 

Late Carboniferous-Early Permian (e.g., Poblet, 1991; Saura and Teixell, 2006; Fig. 

Figure 9.1.1. Geological map of the Erill Castell-Estac Basin based on Saura (2004) and Saura and Texiell (2006). (1) Quaternary (2) 
Cenozoic cover (3) Jurassic-Cretaceous (4) Marine Triassic (5) Lower-Middle continental Triassic (Bunt.) (6) Late Carboniferous-Permian (7) 
Variscan Basament (8) Back-thrust (9) Inverse fault (10) Normal fault (11) Late Carboniferous-Lower Triassic synsedimentary faults. Modified from 
Lloret et al. (2018). 
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9.1.2); moreover, the future Erta fault acted as the main southern basin-bordering fault, 

during the onset and evolution of this basin. Soriano et al. (1996) and Saura (2004) 

included the Estac sector in the same thrust (Erta) as the Erill Castell sector, stablishing 

the Erill Castell-Estac Basin. The Late Palaeozoic continental succession reflects the 

interplay of tectonism, volcanism, clastic sedimentation and climatic evolution. 

Deposition and erosion processes are controlled by alternating periods of tectonic 

activity, culminating with extended erosive events marked by angular unconformities. 

The entire basin infill reaches a considerable thickness (up to 1000 m).  

 

  

Figure 9.1.2.	Simplified palinspastic model of the Stephanian-Permian basins of the Southern border of the Pyrenean Axial zone, based 
on several restored sections (Saura, 2004). a) Cartoon showing location of main Stephanian-Permian basins. Black gap between the Northern 
basins and the Erill Castell, Estac and Gramo ́s basins indicates that the original separation is unknown due to unconstrained displacement of the 
Nogueres thrust sheet. b) Trace of the future Pyrenean thrusts inverting the basin system. OT: Orri thrust, ET: Erta thrust, NT: Basal and internal 
Nogueres thrusts. From Saura and Teixell (2006). 
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9.2 Syn-sedimentary faulting analysis 

The coupling of detailed field mapping and digital image analysis revealed 

significant syn-depositional tectonic activity during the basin's development (Figs. 9.2.1 

and 9.2.2). The Late Carboniferous-Early Triassic succession generally dips to the S-SW. 

The stratal dip and strike variability above and below the main unconformities indicate 

tectonic pulses between depositional periods. The units are affected by numerous faults 

showing changes in thickness in both walls (Fig. 9.2.2). Only the faults that were active 

until the Buntsandstein sedimentation were studied. The restoration of the original 

position of the successions made it possible to observe the faulting geometry. The tectonic 

evolution of the basin was therefore revealed by the analysis of the major unconformities 

and faults with respect to the stacking pattern of stratigraphic units. 

  

9.2.1 Unconformities 

From base to top, three main unconformities have been recognized in the study 

area, illustrated by dash lines on panoramic photos and maps (Fig. 9.2.1). The first major 

unconformity marks the contact between the GU sediments on the deformed Palaeozoic 

basement rocks. In the Eric Castell-Estac Basin, the angular relationship between the 

sedimentary infill changes from 0º to 50º in a few meters due to basement folding. 

The second angular unconformity is situated between the TU and the LRU (Fig. 

9.2.1). The angle between these two units, lowermost and lower Cisuralian respectively, 

ranges from 5º to 17º. The strike and dip of GU and TU strata have been rotated back to 

the LRU horizontal depositional position. Therefore, we have interpreted that, before the 

sedimentation of the lower Cisuralian LRU, the Upper Carboniferous-Lower Permian 

deposits were tilted to the W (182/17W) in the Erill Castell-Castellars (ECC) sectors and 

to the S (067/11S) in La Mola d’Aumunt (LMA) sector (Fig. 9.2.1).  
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The third angular unconformity occurs at the base of the Buntsandstein and 

reflects a hiatus or gap of several million years. The Lower Triassic deposits, deeply 

erosive, overlie all of the Late Carboniferous-Permian units and the basement rocks. The 

angle between the Buntsandstein deposits and LRU is variable, ranging from 6º to 35º 

(Fig. 9.2.1). The strike and dip of the LRU have been rotated back to the Lower Triassic 

horizontal depositional position. The back-tilting shows that the Upper Carboniferous- 

lower Permian deposits were tilted to the SE with a 051/35SE in the ECC sector and 

062/22S orientation in the LMA sector before Lower Triassic deposition. 

 

9.2.2 Analysis of faulting 

In this section, we describe the presence of syn-sedimentary faults for each of the 

studied units. The syn-sedimentary character has been interpreted when stratigraphic 

thickness variation is observed between the foot wall and the hanging wall. A fault affects 

older rocks and if there is also variation in the thickness, the fault is interpreted as syn-

sedimentary. If not, the syn-sedimentary activity cannot be inferred despite its presence. 

The kinematics of the fault has been interpreted in the basis on the relative movement 

between the hanging wall and the footwall, and the angle of the fault plane (Figs.9.2.1 

and 9.2.2). The faults have been grouped in families by its structural similarities and 

represented in figure 9.2.2. 
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Figure 9.2.1. Panoramic view and line drawing of the stratigraphic boundaries in the area of Erill Castell village. Dashed lines 
are interpreted unconformities, and continuous lines are concordant stratigraphic contacts. In red are represented synsedimentary faults. 
The stereographic equal area projection plots represent the back-tilted stratifications in relationship with the overlying stratigraphic unit. 
The overlying unit is not represented in the stereographic projections. In grey: the Grey Unit and Transition Unit strike and dip strata 
directions; in red: the Lower Red Unit strike and dip strata directions.From Lloret et al. (2018). 
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All the GU is affected by syn-sedimentary faults. After restoration to the 

horizontal, three main families of faults have been recognized (Fig. 9.2.2). The N-S 

faulting has high- (80-90º) and low- (15-20º) inclination angle and the dip slips are to the 

W and E. The NW-SE faults dips to the NE with a moderate angle (~30º) and the NE-SW 

faults generally show higher angles (75-88º), which are NW-SE trending, despite a few 

Figure 9.2.2. Interpreted aerial photo of the stratigraphy and syn-tectonic situation in the Western zone of La Mola 
d’Amunt. The arrows highlights the thickness variation in the Transition Unit and the Lower Red Unit in a short distance due to 
syn-tectonic faulting and the unconformities among the stratigraphic units. At the bottom, the stereographic in equal area 
projection of the synsedimentary faults sets recognized and back-tilted in the basin. Buntsandstein: black NE-SW; green N-S. Lower 
Red Unit: black NE-SW; green N-S; red NW-SE. Transition unit: black NE-SW; green N-S; red NW-SE. Grey Unit: black NE-SW; 
green N-S; red NW-SE. Orthophoto source: http://www.icgc.cat. From Lloret et al. (2018). 
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fractures with moderate dipping (45º) to the SE. In the field, some stratigraphic normal 

dip-slips have been recognized with 9 to 20 m of vertical displacements between the 

footwall and the hanging wall. Vertical displacements of ~80-90 m have been inferred by 

cartography. 

Both the TU and LRU are affected by the same families of faults (Figs. 9.2.1, 

9.2.2). Probably, the tectonic setting was the same for the two units. Three main families 

have been measured: The N-S set presents conjugate faulting with very high dipping 

angles (80-90º) to the W and E. The NE-SW set also presents conjugate fractures but with 

a high verticality. Finally, the NW-SE set is characterized by a moderate-high angle dip 

(65-80º) only to the NE. The vertical displacements (2-5m) observed in the field for these 

two units correspond to normal faulting. From the cartography, several meters of vertical 

displacement have been inferred (20-30 m; Figs. 9.2.1 and 9.2.2). 

The faulting affecting the Buntsandstein deposits is characterized by two normal 

fault sets separated in their dip strike by 30º. The directions are N-S and NE-SW, with 

dip strikes to the W-E and NW-SE, respectively (Fig. 9.2.2). The faults affecting the 

Bunsandstein presentdips between 60 to 75º. Therefore, the Triassic is characterized by 

lower dip angles in comparison with the Permian faults. The vertical displacements 

observed are not bigger than 20 m (Fig. 11). 
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10. Discussion 

10.1 Central-Eastern Southern Pyrenean tectono-stratigraphic context 

Basins characterized by syn-depositional tectonics create complex infills and 

usually develop an intricate tectono-stratigraphic system (Allen and Allen, 2005). In the 

case of the Erill Castell-Estac Basin, the vertical and lateral variability of facies is further 

complicated by the Alpine deformation and inversion of previous structures. As a result, 

this basin was involved in a complex geological setting. Hereafter we describe its tectono-

stratigraphic context from the point of view of an incipient continental basin that evolved 

to a phase of widespread terrestrial sedimentation. The phase of continental evolution 

ends with the Middle Triassic marine deposition of carbonatic sediments. Based on field 

data, facies analysis and tectonic reconstruction, we can depict a step-by-step evolution 

of the Erill Castell-Estac Basin and, at the same time, define three sedimentary cycles 

coupled with three main tectonic phases. Based on the tendencies showed by the deposits 

in each unit, minor tectonic pulses have been also identified. Major tectonic pulses are 

defined here by the presence of angular unconformities between sedimentary cycles. The 

evolution of the Eric Castell-Estac Basin allows us to frame our results in a regional 

context. 

The substantial concordance and temporal continuity between the GU and TU 

units, and their sedimentary similarities, allow to define a first sedimentary cycle (SC1) 

corresponding to the latest Carboniferous-earliest Permian time-interval. The SC1 

comprises the volcanic-volcaniclastic and reduced lacustrine deposits of the GU and the 

TU fluvio-lacustrine deposits and can be related to initial crustal transtensional and 

transpressional tectonic movements (GU) and a more active transtensional phase (TU). 

The syn-depositional set faulting during the initial phase (Fig. 9.2.2) shows a NW-SE 
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dextral simple shear fault disposition (Fig. 10.1.1a), characterized by three families with 

low-moderate dips (Fig. 9.2.2) indicating compressive structures (Anderson, 1905, 1951). 

The NW-SE set corresponds to the main set faults, according to Riddle’s simple shear 

model (Fig. 10.1.1a). The current Erta thrust (Poblet, 1991; Saura, 2004; Saura and 

Texiell, 2006) (Fig. 10.1.1b) would result from the inversion of this system. The NE-SW 

set corresponds to the secondary strike-slip faulting, according with Riddle simple shear 

model (Fig. 10.1.1), and the N-S structures to the extensive (high angle) and compressive 

(low angle) faulting, according to Anderson’s models (1905, 1951).  

The sedimentary response to this context gives rise to basal GU breccias generated 

along a pronounced slope, indicating a strong initial tectonic pulse in which the sediment 

Figure 10.1.1. (a) Interpretation of the faults set for each unit, taking into account the rotation proposed by Matte (1986) and Salas 
and Casas (1993) in SW Europe and the Riddle simple shear fault association. (b) Simplified sketch of the basin Sedimentary Cycles filling 
according to the back-tilted stratification data presented in this work and the palinspastic restorations of the Erill Castell-Estac Basin 
provided by Saura and Teixell (2006). From Lloret et al. (2018). 
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supply was higher than the basin's accommodation. After deposition of this lower coarse-

grained part of GU, the main part of the unit is represented by large effusive volcanic 

deposits, with interbedded lake and marsh deposits at the top (Fig. 5.1.1b), indicating a 

shift to less accommodation space in the basin. The scarce presence of proximal fluvial 

systems (SB element, Fig. 5.3.1) in the topmost GU could be also explained by a rapid 

and widespread emplacement of volcanic rocks, filling most of the accommodation space 

and preventing the development of alluvial environments. Under this regime, two isolated 

sub-basins were created (Fig. 10.1.1) in the Malpàs and Estac areas. According to 

previous interpretations (Martí, 1986; Martí and Mitjavila, 1988), the correspondence 

between thicker volcanic rocks and main depositional zones suggests that subsidence was 

also strongly linked to volcanic processes.  

The conformable boundary between the GU-TU indicates a gradual change in the 

tectonic frame: notwithstanding, we observed in the stereographic plots higher dipping 

faults (Fig. 9.2.2) indicating extensional faulting involved in the transtensional setting 

(Fig. 10.1.1a) and ascribed to the transition phase. The set directions of faults in this case 

do not show any significant change, thus endorsing the continuity of the sedimentary 

infill. Nevertheless, the TU is mostly represented at its base by ephemeral fluvial systems 

(Fig. 5.3.1) and related to minor tectonic pulses (Fig. 10.1.3). The upper part of this unit 

resembles the lacustrine setting in the topmost GU deposits. In the TU, the tectonic 

control triggered thickness variations of tens of meters over 1-2 km (Fig. 9.2.2). The 

direction of the extension was W-E strike linked to the N-S normal faulting, generating 

an elongated basin. Despite of this, the previous sub-basins were still disconnected 

between them (Fig. 10.1.2). The fining upward trend of the TU (Fig. 5.1.1) is directly 

linked to sediment supply and accommodation space, and shows the same characteristics 

evidenced in the GU tectonic phase. An initial tectonic pulse (Fig. 10.1.3) made available 

a significant proximal sediment supply at the base of the TU, and fluvial systems 
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developed simultaneously (Fig. 5.3.1). Upwards, the accommodation space and sediment 

supply are balanced and this triggered widespread deposition of lacustrine deposits. The 

horizontal restoration of the overlying LRU indicates slight changes in the angularity 

between the Erill Castell-Castellars and La Mola d’Amunt sectors (Fig. 9.2.1). No large 

volcanic deposits were recorded in La Mola d’Amunt and the strata orientation concurred 

with that of the LRU, suggesting a non-volcanic control. However, the ECC sector 

presents thick volcanic deposits and dips to the W. This scenario fits better with a volcanic 

subsidence and not with tectonics, as showed by Martí and Mitjavilla (1988).  

The LRU overlies the TU through a high rank unconformity (Figs. 9.2.1 and 

10.1.1b). Although in some areas a sedimentary continuity has been observed between 

the TU and LRU (Broutin and Gisbert, 1985; Mujal et al., 2018), this angular 

unconformity has been observed in our study area between the two units, and that 

relationship should be similar in all the Central-Eastern Southern Pyrenean Basins 

(Gretter et al., 2015; Ronchi et al., 2018). The facies and colour of the LRU unit mark an 

important change in the sedimentary succession of the basin. This tone change could be 

related to the climatic shift described between the precedents units, deposited under 

humid conditions, and the LRU deposited under semi-arid climate (Nagtegaal, 1969; 

Gascón-Cuello and Gisbert, 1987; Mujal et al., 2018). We therefore ascribed the LRU to 

the second Sedimentary Cycle (SC2) of the Erill Castell-Estac Basin (Fig. 10.1.2). The 

basal angular unconformity (Fig. 9.2.1) evidences a tectonic tilting. This angular 

unconformity has been described in all the Permian basins of the Central-Eastern 

Southern Pyrenees and is related to the beginning of a major tectonic pulse but under the 

same tectonic transtensional regime. This pulse likely generated topographic highs that 

triggered the fluvial channelized elements at the base of SC2 (LRU). The presence of 

locally thick lacustrine deposits, with massive carbonates, occurs in the La Mola d’Amunt 

area, which represented the depocentre of the basin during this time. 
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Figure 10.1.2. 2-D section of Erill Castell-Estac basin and isopach maps and syn-depositional faulting of the Erill Castell-Estac 
Basin. Thickness values derived from the stratigraphic successions and cartography undertaken in this work and previous works (Soriano 
et al., 1996; Saura, 2004; Saura and Teixell, 2006; Mujal et al., 2018). Ig.: Igüerri, Ma.: Malpàs, Ca.: Castellars, Sa.: Sas, Mo.: La Mola 
d’Amunt, Co.: Collada de Pui Cavaller, Ro.: Roca de les Creus, Es.: Estac. Arrows shows depocenters migrations. Buntsandstein Facies 
isopachs lower boundary is 10 m thick due to the reginal extension of these deposits. The paleo-distances between Erill Castell-Estac Basin 
with Gotarta and Baro sub-basins are unknown. From Lloret et al. (2018). 
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The general fining-upward trend of the LRU also suggests a general reduction in tectonic 

activity during the final stages of the SC2. Short-living tectonic pulses represented by 

minor fining-upwards sequences occur in the LRU (Figs. 5.1.1 and 10.1.3). This unit 

shows similar transtensional tectonic setting as the TU, but with a higher W-E extension 

of the basins than in previous stages (Fig. 10.1.2), that can be related to the extensional 

N-S faults. The depocentral areas acquired progressively an elongated morphology and 

migrated eastward, following the main fault direction (NW-SE). The horizontal 

restoration of the Buntsandstein record succession shows a clear tilting of the LRU to the 

SE (Fig. 9.2.1) in a perpendicular orientation to the NW-SE transtensive faulting. This 

finding reflects the extensional component of the strike-slip main fault during the Early 

Permian, and this concurs with the half-graben model for the Erill Castell-Estac Basin 

proposed by Saura (2004) and Saura and Teixell (2006). 

Finally, the Buntsandstain Unit represents the third sedimentary cycle (SC3) and 

the last extensional phase with continental deposits in the basin. Its base is marked by a 

high-rank unconformity (Fig. 10.1.1b) with erosive features. The first Triassic deposits 

above the unconformity are represented by coarse braided fluvial deposits (Fig. 5.3.2). 

These coarse basal facies occur in the whole basin and are represented by CH element 

with Gh- and Gmp-dominant lithofacies (see also Gretter et al., 2015; Mujal et al., 2016a; 

Ronchi et al., 2018). The extension of these elements over the basin represents a dramatic 

sedimentological and tectonic change in the development of Erill Castell-Estac Basin. As 

regards the sedimentology, the main feature of the Buntsandstein facies is the evolution 

from braided rivers to meandering systems and playa-lake environments (also suggested 

by Mujal et al., 2017a), which was not observed in the Permian underlying units within 

the study area. Aeolian deposits also occur in the middle part of the Buntsandstein basal 

facies in the neighboring Gramós Basin (Borruel-Abadia et al., 2015; Gretter et al., 2015). 

Another remarkable aspect of the Triassic deposition is the absence of lacustrine 
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architectural elements, and the cessation of all volcanic activity. At the top of the Lower 

Triassic clastics, the first green marls and evaporates testify the Muschelkalk marine 

trangression. During the time of Buntsandstein facies sedimentation, the tectonic setting 

also changed, and the strike-slip faulting activity change to normal N-S and NE-SW 

conjugate faulting controlled by extensional tectonic regime (Fig. 10.1.1). The isopach 

maps (Fig. 10.1.2) shows an homogeneous sedimentation pattern across the basin. 

Furthermore, Lower Triassic Buntsandstein facies were related to regional extension over 

Western Europe (Bourquin et al., 2011). The phases, here described for sedimentary fill 

of all the basin represents a good example of tectono-sedimentary model for small 

continental basins. 
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10.2 Paleosols  

Several observations can be made as a result of the classification of the pedotypes 

and their distribution. The first piece of evidence is the variability of pedotypes across the 

stratigraphic unit record, as seen in the sedimentology record. The numerous kinds of 

pedotypes is a response to the variables that influence their formation: paleotopography, 

climate, vegetation and depositional environment (Retallack, 1988, 1998; Kraus, 1999; 

Alonso-Zarza, 2003). The role of these variables is not always clear, but nevertheless 

some aspects of their influence can be discerned for each stratigraphic unit. The Pyrenean 

basins during the Permian and Early Triassic were pretty far away from the influence of 

the Palaeotethys (Bourquin et al., 2011; Gretter et al., 2015), so eustatic control can be 

ruled out.  

The Lower Red Unit is characterized by a major tectonic pulse at the beginning 

and a minor tectonic pulse in the middle part (Lloret et al., 2018). The subsidence can be 

assumed to be continuous except for the initial and middle pulses (10.1.3). The 

depositional systems were mainly fluvial, lacustrine and volcanic in the lower portion. 

Moving upwards, the fluvial and lacustrine systems were the most representative 

depositional systems. The Flamisell pedotypes (Fig. 10.2.1) were located in the basal 

parts and linked to lacustrine deposits corresponding to the depocenters. The pedotypes 

related to an active volcanic setting (Isábena) were located along all sectors, indicating a 

widespread volcanic activity in all the basins. Their controls seem to be mainly linked to 

the presence of volcanics products, and likely not to other factors. The Noguera pedotype 

is present in the topmost part of the stratigraphic sections and its stratigraphic position 

indicates that flooded areas were its parental material. This finding is in keeping with the 

scarce tectonic activity in the upper part of the LRU (Lloret et al., 2018). The calm 

environments and shallow-water deposits indicate that the accommodation space was 
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small. Its well-development implies periods maked by a slow sedimentation rate relative 

with respect to the pedogenesis rates. The high concentration of carbonates has been 

associated with periods of arid and semi-arid conditions. The large thicknesses of the Bk 

horizon (usually more than 0,5 meter) are usually related to big changes in the 

paleoprecipitation, with a high seasonability between wet and dry periods (Retallack, 

2001). The overlapping of paleosols in the Lower Red Unit is frequent. Episodic 

sedimentation with intervals of different duration (Yakimenko et al., 2004) produced 

meters of paleosols, as founds in the Gotarta section. However, differences in soil 

development could be caused by variations in environmental aridity. While the Isábena 

pedotype is linked to semi-humid conditions, the Alfisols were formed under vegetation 

that permits the maintenance of reserves of mineral nutrients (Retallack, 2001). The 

vegetation associated with Alfisols ranges from grassy woodland to open forests. Their 

Figure 10.2.1. Lower Red Unit pedotype localization in the depositional systems. Modified from Lloret et al. 
(2018)  
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topographic setting is variable, but those paleosols are not found in high mountains (Buol 

et al., 1997). 

The Upper Red Unit paleosols (Fig. 10.2.2), found in different basins but not in 

the Erill Castell-Estac Basin, consist of pedotypes similar to those of the Lower Red Unit, 

probably as the result of similar paleoclimatic conditions, paleoecologically features, and 

tectonics. The Flamisell pedotype occurs everywhere in the URU, probably due to more 

moderate tectonic activity. The tectonic pulses generate relief preventing lacustrine 

development; in fact, a slow subsidence favours calcretes and lake formation (Newell et 

al., 2012; de Wet et al., 2015). The carbonate nodules of the URU pedotypes (Flamisell, 

Fontetes and Ter) indicate good oxygenation of the soil under arid to semiarid climatic 

conditions (Retallack, 2001). Furthermore, this unit also presents the root traces in exceed 

of 40 centimetres, which could indicate a low phreatic level. As in the Lower Red Unit, 

the presence of the Flamisell pedotype indicates periods of waterlogging of the soil, but 

Figure 10.2.2. Upper Red Unit pedotype localization in the depositional systems. Modified from Lloret et al. (2018)  
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the presence of the Ter pedotype (Inceptisol) indicates a poor development, typically of 

semi-arid conditions (Reinhardt and Wayne, 1988). The depth of the preserved calcareous 

subsurface indicates the duration of soil development (Retallack, 1998, 2001). In the case 

of the URU paleosols, these horizons were between only a few centimetres and 40-50 cm 

in depth, and so the estimate of soil development is about 103 years. All these 

considerations have led to interpret these units as a monsoonal climate that could be relate 

to today’s climate in India or the (drier) Mediterranean.  

Lower Triassic paleosols (10.2.3) are markedly different from their Permian 

equivalents (Fig. 6.4.1), particulary as their poor development of them. The main 

conclusion to be drawn from this is that the climate and sedimentation/tectonics 

conditions were unfavourable. The second important issue is the almost total absence of 

pedogenic carbonate, as well as the very small and disseminated root traces. These 

evidences indicate a low structured vegetation and climatic conditions unfavourable to 

soil development. The scarcity of abundant water generated non-carbonaceous paleosols 

(Retallack, 2001). Moreover, if the sedimentation is slow and steady, a cumulative-

truncated profile can result, but if sedimentation is too rapid and unsteady, truncated soils 

occur and become buried (Marriott and Wright, 1993). Thus, a rapid and unsteady 

sedimentation can be inferred from the truncated profiles observed in the Lower-Middle 

Triassic soils (Table 6.3.1 and Fig. 6.3.1).  

In the Triassic, the Derana pedotype is the most characteristic pedotype studied. 

The Derana pedotype is not only widespread in all the stratigraphic logs, but it is always 

the first paleosol represented in the Triassic. Bourquin et al. (2011) indicate that no 

paleosols have been identified before the Spathian (late Early Triassic). This fits well with 

the palynological data from the Middle Triassic ascribed to the Pelsonian, and the 

stratigraphic position of the first paleosol in the Buntsandstein facies Unit. The spread of 

the Derana pedotype in the basin could represent at least a basin event, as the ferruginous 
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Ac horizon indicates a well-drained soil (Retallack, 2001). The basin event could be 

tectonic, but no relevant tectonic phase has been identified. The sedimentation change 

substantially to finer deposits (Fig. 5.1.1) after the first occurrence of the Derana 

pedotype. It is therefore probable that the formation of this key level represents a period 

with a low sedimentation rate due to a calm tectonic phase. Another factor that could 

influence the absence of paleosols in the Early-Middle Triassic deposits is the low 

presence of vegetation, due to the Permian-Triassic extinction (Erwin, 1994; Benton and 

Twitchett, 2003; Benton and Newell, 2014). The absence of macro-paleobotanic content 

in the Buntsandstein facies Unit supports this idea. 

The isotopic composition of the different pedotypes indicates changes in the 

carbonate formation. Each pedotype has its own diagnosis and particular factors 

pertaining to its formation (Retallack, 2001). The factors that influenced in the d13C 

signature were the vegetation, water and the atmospheric CO2 Cerling, 1984, 2009; Sikes 

and Ashley, 2007; Andrews et al., 2017).  

Only a few publications have clearly indicated the isotopic signatures of the 

different pedotypes (Krull and Retallck, 2000; Sikes and Ashley, 2007) and most of 

publications related to pedogenic carbonate isotopes have not even classified the 

pedotypes (Takeuchi et al., 2000; Badeck et al., 2005; Andrews et al., 2017). In the 

Central-Eastern Southern Pyrenees the Andisols and Aridisols (Noguera and Isábena 

pedotypes) present the lowest values of the d13C (Fig. 7.2.2). Their development was 

moderate to well-developed, and they both shared the same parental material, derived 

from volcanic processes. The volcanic materials are mostly andesitic. Szymanski and 

Szkaradek (2018) have pointe to acid soil condition, as a result of the weathering of 

andesitic rocks. Kolasinski et al. (2008) demonstrated that the acidification decreases (1 

to 2) the d13C signature, indicating that the original composition was more positive. The 
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Andisols therefore had values between 0 and -3 d13C, probably due to the influence from 

vegetation, and in fact neither of these two pedotypes were characterized by significant 

root traces (Table 6.3.1, Figs. 6.3.3a and 6.3.3d).  

 

The Noguera pedotype presents two groups of isotopic compositions, the higher 

probably being more closely related to volcanics and the other one group to Aridisol 

features. The Isábena pedotype is also characterized by a subsurface horizon of clay 

accumulation (like the Fontetes pedotype), which is classified as an Alfisol feature. Both 

share the same isotopic range (d13C values from -2 to -4). The Abeurador pedotype has 

the most negative signature and represents a poorly developed soil (Inceptisol), and the 

values of the horizons A and B (Fig. 7.2.7) are similar (Fig. 10.3.4). The distribution of 

Figure 10.2.3. Buntsanstein facies Unit pedotype localization in the depositional systems. Modified from Lloret et al. (2018). 
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the Fontetes A-B horizons indicates a similar pattern (Fig. 7.2.9), and its development is 

moderate. The timespan of soil development seems to be a key aspect in the fraction of 

d13C.  

 

 

From the vegetation point of view, the d13C signature of the C3 plants is between 

-24 and -30‰ (Deines, 1980; Badeck et al., 2005) and that of the C4 is between -11 and 

-13‰ (Deines, 1980; Badeck et al., 2005). As C4 respiration appears in the Neogene 

(Cerling et al., 1993) the C3 respiration is the response of the isotopic vegetation 

signature. More positive values occur because the respiration is not the only response of 

the carbonate isotopic signature. The mixing of biological 13C and atmospheric 13C 

explains the intermediate values obtained and this confirms the trustworthiness of these 

values. Furthermore, some lacustrine samples were analyzed; as this depositional system 

is not strongly influences by vegetation, it can be used as a control for the d13C isotopic 

Figure 10.2.4. Correlation between the d13C of the B horizon and their grade of development and correlation of the 
difference between A-B horizon and their grade of development. 
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signature of an abiotic environment. The values obtained were close to -2 to 0 d13C, and 

thus a basic average gives the paleosols carbonate signature. The Flamisell pedotype is 

linked to palustrine environments but even so its d13C values were more negative than the 

expected, probably due to the pedogenic development, and this meant that a large fraction 

of the isotopic signature presented a great difference between the parental material and 

the pedogenic product. 

As observed in this study, the horizons have different d13C signature, and in the 

data presented, the B horizon is mostly more negative than the A horizon. The variation 

in the d13C is usually close to 1-2. Krull and Retallack (2000) observed this same trend in 

the Permian and Triassic soils of Antartica. Cerling (2009) has suggested that 

evapotranspiration is the mechanism underlying this differentiation. From the 

observations presented in this thesis (Fig. 6.3.1 and Table 6.3.1), the B horizon is 

generally characterized by the presence of roots, which are the responsible for respiration 

and CO2 extraction. The lower values in the B horizon are consistent with the soil 

dynamics and the degree of development (Fig. 10.2.4). Although roots are more present 

in the B horizon, the A horizon values indicate a moderate respiration of vegetation. If 

this were not the case, the isotopic values would be closer to the lacustrine values. The 

sedimentology of paleosols is a key factor in other approaches, such as isotopic analysis, 

although the sampling of A horizons instead of B horizons could produce significant 

misinterpretations.  
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10.3 Paleoclimatic considerations 

Grey Unit (Gzhelian, Late Carboniferous) 

From the sedimentological point of view, some paleoclimatic can be found in the 

Grey Unit. The presence of coal deposits with moderate-well development indicates wet 

conditions (Retallack, 1996), while the hydromagmatic volcanism in the Erill Castell-

Estac Basin indicates a high water content in the depositional system. This interpretation 

is supported by the findings of previous studies (Martí, 1986, 1991; Martí and Mitjavila, 

1988).  

The palynological study of samples in the GU of Rio Pallarols and Gotarta, 

indicates the presence of fern spores such as Acanthotriletes, Deltoidospora, 

Granulatisporites, Lophotriletes and Microreticulatisporites. These taxons are linked to 

the Carboniferous hygrophilous microflora, and they are indicative of a humid period. 

Halloysite and dickite minerals were found in the Grey Unit (Fig. 8.2.2). The ratio 

of kaolinite (including halloysite, dickite and nacrite) to illite is a suitable proxy for 

paleoclimatic reconstruction, because kaolinite is normally formed by intense chemical 

weathering in a warm and humid climate, whereas illite is usually formed by physical 

weathering in a cool and dry climate. However, illite may have also been derived from 

the alteration of micas under warmer and wetter conditions (Birkeland 1984). Halloysite 

is formed at low temperatures (4-200ºC, Gorbachev, 1977) and is typically an indicator 

of good drainage in humid tropics (Parham, 1969) with moderate rain falls (Chadwick et 

al., 2003). In volcanic or ash soils, tubular halloysite crystals with relatively low iron 

concentrations and platy halloysite crystals with higher iron concentrations have been 

described by Hart et al. (2002). Dudas and Harward (1975) have identified halloysite and 

some allophane, and Delvaux et al. (1992) have describe the coexistence of halloysite and 

kaolinite in volcanic soils. They suggested a sequence whereby kaolinite content 
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progressively increases at the expense of hydrated halloysite as the result of increased 

soil weathering. In the clay mineralogy study, kaolinite was not present, so moderate-to-

low paleosols development was supposed the Grey Unit. The dickite mineral forms part 

of the kaolin clay groups, as does the halloysite. The formation of dickite has the same 

paleoclimatic implications as that of halloysite. 

In conclusion, the Grey Unit was deposited under wet-humid conditions, and 

probably in warm temperatures. A tropical or equatorial palaeolatitudinal position can be 

inferred from these paleoclimatic conditions. We therefore agree with Broutin and 

Gisbert (1985) and Gascón-Cuello and Gisbert (1987), who suggested a tropical wet-dry 

to tropical humid climate for the Grey Unit. 

 

Transition Unit (Asselian-Sakmarian, lower Cisuralian) 

The first (Lower) Permian unit presents a stratigraphic continuity with the Upper 

Carboniferous unit. The facies analysis show similar depositional paleoenvironments 

(Fig. 5.3.1), with fluvio-lacustrine deposits with intense volcanic influences. The 

lacustrine deposits were more representative in the topmost part of this unit, indicating a 

lower subsidence in that stratigraphic part (Lloret el al., 2018). Lake carbonates layers 

were present in many sections, although their were generally not very thick, but in any 

case their presence suggest abundant water availability. In the Transition Unit the coal 

layers almost disappear, only being preserved in small layers only in the basal part of the 

unit. On this basis, wet conditions can be inferred for the lower part of the Transition 

Unit. The absence coal does not prove any aridification in the TU but it is indicative of a 

climatic variation, particulary as lacustrine deposits are more present in the upper part of 

the unit. Gascón-Cuello and Gisbert (1987) have similarly hypothesized a change from 

tropical wet-dry to a tropical sub-humid climate in the TU. 
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The palynological content of the Transition Unit shows a depletion of 

“Stephanian” microflora in favor of “Autunian” microflora. According to Broutin (1986), 

the absence of the genera Thymospora, Punctatosporites or Densosporites is probably 

due to the incapacity of the relative-producer to resist the first manifestations of climate 

change, i.e. instability and gradual evolution to drier conditions. In fact, Punctatosporites 

genus does not appear in the Transition Unit. 

The clay mineralogy in the TU presents great variations with respect the Grey 

Unit: the absence of halloysite and dickite indicates that soils from the erosion of volcanic 

deposits were formed under different conditions. The volcanic activity during the early 

Lower Permian has been described by various authors (Martí, 1986; Martí and Mitjavila 

1988; Gretter et al., 2015; Mujal et al., 2018; Lloret et al., 2018). Another implication that 

can be derived from these mineral findings is that there was a climatic change between 

the Gu and the TU, because in the latter case drier conditions could have prevented the 

genesis of such minerals. Halloysite formation occurs in humid tropical areas (1200 

mm/yr), and so lower precipitation rates can be inferred for the Transition Unit. 

The possible aridification registered in the Central-Eastern Southern Pyrenees 

during the Carboniferous-Permian has been studied in detail by Mujal et al. (2018). These 

authors support their case with paleobotanic, ichnological and paleosols data. 

Paleomagnetic data are also provided herein, but with inconclusive results.  

 

Lower Red Unit (Artinksian-Kungurian, middle-late Cisuralian) 

The Lower Red Unit is characterized by fluvial and playa-lake deposits with little 

volcanic influence (Fig. 5.3.2; Lloret et al., 2018). The most evident feature is the change 

in coloration of the red bed deposits. This colour change could be related to a climatic 

shift similar to that described above in the underlaying units: i.e., a change from sediments 
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deposited under humid/semi-humid conditions (TU) to the LRU semi-arid climate 

(Nagtegaal, 1969; Gascón-Cuello and Gisbert, 1987; Mujal et al., 2018). Coal deposits 

are entirely absent and the most valuable climate information is provided by paleosols. 

The pedotypes present in this unit are: Isábena (Andisol), Noguera (Aridisol), 

Flamisell (Palustrine) and Ter (Entisol). The Isábena Andisol has a subsurface Bt horizon 

formed under fertile vegetation, like modern Alfisols, which are found in semi-humid to 

semi-arid climatic conditions and not present in high mountains, or at high latitudes, such 

us the Poles (Retallack, 2001). Entisols present substantial variation in their climatic 

conditions, as they can be developed under both humid and dry and warm and cold 

conditions, but Aridisols have mainly been assigned to arid to semi-arid conditions 

(Retallack, 2001). Finally, palustrine deposition are very common in suitable semi-arid 

to sub-humid climates (Alonso-Zarza, 2003). Soils forming under dry monsoonal 

conditions are most often Vertisols or Aridisols, but rarely Mollisols (FAO, 1971–1981). 

In contrast, the soils formed under wet monsoonal conditions are most often Ultisols or 

Vertisols (FAO, 1971–1981). Thus, dry monsoonal conditions are the best approximation 

for this unit. Gascón-Cuello and Gisbert (1987) interpreted the LRU climate as being 

similar to a tropical steppe and Broutin and Gisbert (1985) suggested a climate passing 

from a peritropical savannah to a semi-arid environments. 

In this unit, the palynological data do not further any particular paleoclimatic 

interpretation. Nevertheless, the well constrained paleoclimatic considerations deriving 

from other approaches could allow to interpret the palynological assemblages as a dry 

monsoonal microflora. The clay mineralogy indicates a relative high percentage of 

carbonates related to the Bk horizons of paleosols. Any further interpretations from the 

clay mineralogy relative to paleoclimate in this thesis would to be speculative because no 

conclusive results have been obtained for the red beds deposits. 
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In comparison to the Transition Unit the Lower Red Unit presents clues of more 

aridity. There was probably no clear change between the climate conditions of the upper 

TU and the LRU, but a general aridification can be inferred during the Asselian-early 

Kungurian trend. The aridification that occurred during the Cisuralian has been described 

in USA terrains via paleosols interpretation by Fielding et al. (2008). In the Northern peri-

Tethys area, aridification during the Permian (Schneider et al., 2006). Furthermore, 

Roscher and Schneider (2006) have reported the presence of several wet periods during 

the Permian, within a general trend towards aridization. 

 

Upper Red Unit (Kungurian-?Roadian, late Cisuralian-early Guadalupian) 

The sedimentary facies of the Upper Red Unit are not significantly different from 

those of the Lower Red Unit, so there is no evidence from the sedimentological features 

for any different paleoclimatic interpretations. Moreover, no palynological data have 

been obtained and the clay mineralogy data are inconclusive. Paleopedogenesis is 

therefore the best approach to interpreting paleoclimate during the Kungurian-Roadian, 

as there are very few reliable fossils from this period in the Central-Eastern Southern 

Pyrenees (see Mujal et al., 2016a; Ronchi et al., 2018).  

The pedotypes identified in this unit were Flamisell (Palustrine), Ter (Entisol) and 

Fontetes (Alfisol). As in the LRU, the presence of palustrine paleosols indicates moderate 

humid-dry conditions. The frequency of paleosols at the top of the unit could indicate 

greater availability of water but, as discussed above, this could be triggered more by 

tectonic features than by climate. In any case, extreme aridification can be ruled out, due 

to the presence of fluvial facies. The Ter pedotype is not a good climatic indicator, on 

account of its poor development. Alfisols are found under semi-humid to semi-arid 

conditions. The absence of Aridisols could indicate less aridification than in the Lower 
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Red Unit, but this fact would be local, in the light the overall aridification of the Permian 

(Schneider et al., 2006; Roscher and Schneider, 2006; Fielding et al., 2008). There have 

been no reports to date, according to the authors cited above, of any more humid period 

in the Western peri-Tethys after the Artinskian. The most plausible climate for the URU 

would be monsoonal with semi-arid to semi-humid periods. Broutin and Gisbert (1985) 

ascribed the climate of a peritropical savannah to this unit. 

 

Buntsandstein facies Unit (upper Olenekian to Anisian, ?Lower-Middle Triassic) 

From the sedimentological point of view, the Buntsandstein facies Unit shows 

some clear differences with the Permian Units. The most significant is the absence of 

lacustrine deposits, indicating low water availability. Aeolian deposits also occur inside 

the Buntsandstein lower facies in the Gramós Basin (Gretter et al., 2015; Mujal et al., 

2016b), indicating arid conditions. Further, ventifacts have been found in the basal 

coarse-grained continental Triassic deposits in many places of the SW Europe (Bourquin 

et al., 2011). There were no coal deposited at all. 

The carbonate content is very low and only small amounts were found in some 

paleosols. This is evident in the clay mineralogy analysis (Fig. 8.2.2), were calcite was 

present in only a few samples. The dolomite found in some sections was located in the 

upper part of the logs and is probably related to the first marine incursion in the ?Middle 

Triassic (Muschelkalk). The deposits which contain dolomite have a greyish coloration 

and are related to the Röt facies. The sporomorphs collected in this unit allowed to date 

these deposits with great precision but gave no clear paleoclimatic indicators.  

The pedotypes characteristic of the middle-upper part of the Buntsandstein (i.e., 

the finer facies above the conglomerate) were Derana (Alfisol), Abeurador (Inceptisol) 

and Ter (Entisol). Inceptisols are linked with forest to tundra-type vegetation, and in a 
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dry climate their development exceed tens of thousand years (Retallack, 2001). The 

effervescence of Lower Triassic paleosols is very poor when hydrochloric acid is applied, 

and there is nothing that would qualify as Bk horizons (Soil Survey Staff, 1998). The 

carbonate in the paleosols studied was not deep, and according to Royer (1999) and 

Retallack (2001), this indicates low paleoprecipitations. 

Arid (semi-arid) conditions can be inferred for the Buntsanstein facies Unit with 

the data obtained. Although Mujal et al. (2018) suggested humid conditions here, based 

on clay mineralogy data, Ronchi et al. (2018) have refuted that interpretation. Many other 

authors have indicated arid or semi-arid paleoclimatic conditions for the Lower-Middle 

Triassic in the Western peri-Tethys area (Gisbert, 1981; Gascón-Cuello and Gisbert, 

1987; Cassinis et al., 2003; Durand et al., 2007; Bourquin et al., 2011; López-Gómez et 

al., 2012; Gretter et al., 2015; Lloret et al., 2018). 
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10.4 Regional context and correlation 

The depositional units described by Gisbert (1981) are, in the author opinion, still 

valid and can be correlated along the main Pyrenean basins, from W to E: Anayet, Aragón 

Bearn, Castejón-Laspaúles, Erill Castell, Gramós and Castellar-Camprodón (Fig. 10.4.1).  

 

The characteristics of the Erill Castell-Estac Basin described in this thesis present 

features similar to the rest of the basins, albeit with some notable differences. The 

volcanites and ignimbrites related to GU and TU are present in all Pyrenean basins, and 

usually can be followed at kilometric scale inside each basin (Gisbert, 1981; Mitjavila 

and Martí, 1988; Martí, 1996; Galé, 2005; Izquierdo-Lavall, 2013, 2014; Gretter et al., 

2015). The coal levels of the GU are also found throughout all these basins (Gisbert, 

1981; Talens and Wagner, 1995; Gretter et al., 2015; Mujal et al., 2018) and they yield a 

rich macroflora and microflora (Dalloni, 1930; Álvarez-Ramis and Doubinger, 1987; 

Figure 10.4.1. Situation of the six main basins in the Southern Pyrnees. 1: Anayet Basin; 2: Aragón-Bearn Basin; 3: Castejón-
Laspaúles Basin; 4: Erill Castell-Estac Basin; 5: Gramós Basin; 6: Castellar-Camprodón Basin. Modified from Lloret et al. (2018). 
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Talens and Wagner, 1995; Mujal et al., 2018). From palaeoenvironmental and 

sedimentological viewpoints, there are no major differences between the various basins: 

similar fluvial and lacustrine environments have been described for the LRU and 

Buntsandstein facies in the Gramós and Castellar de n’Hug areas (Gisbert, 1981; Gretter 

et al., 2015; Mujal et al., 2017a, b, 2018). The absence of the Upper Red Unit (Middle-

?Late Permian) in the Castejón-Laspaúles and Erill Castell-Estac basins (García-Senz et 

al., 2009a,b; Izquiero-Lavall et al., 2013) (Figs. 10.4.1, 10.4.2 and 5.1.1) is in fact the trait 

that distinguishes these basins from both the more eastward Gramós and Castellar-

Camprodón basins and the western Anayet and Aragón Bearn basins (near Jaca in Fig. 

10.4.1; Cantarelli et al., 2013). 

Three geological scenarios could explain the complete absence of the URU in the 

studied Erill Castell-Estac Basin and in the more westward Castejón-Laspaúles area: a) 

non-deposition of the youngest Permian unit due to the presence of a topographic high; 

b) a deep erosion after the deposition in the cited sectors during the Late Permian; or c) 

tectonic pinch-out that located the URU below the current topography.  

All three hypotheses are plausible and there is no conclusive evidence in favor of 

any of them, although some points need to be taken into consideration. The absence of 

Late Carboniferous-Permian basins to the West of Castejón-Laspaúles up to the 

outcropping of the Anayet basin located 90 km to the West (Valero-Garcés and Gisbert, 

1992; García-Senz et al., 2009a, b) seems to indicate a westward thinning of the strata 

and increased thickness to the E. We have no clear evidence to date, but a topographic 

high during the Middle-?Late Permian in the western Castejón de Sos and Erill Castell-

Estac basins would better explain non-deposition, with respect to an erosion event. 

In this thesis it is also suggested that the tectono-stratigraphic phases described in 

the Erill Castell-Estac Basin shows many similarities to classic continental rifting 
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evolution (Schlische and Olsen, 1990; Carroll and Bohacs, 1999), even though the scale 

is much smaller. These models did not consider main tectonic pulses during their 

evolution, whereas in Erill Castell-Estac Basin we showed that intermediate pulses 

triggered some repetitions in their phases. Nevertheless, similar trends can be considered 

(Fig. 10.1.3): (1) an incipient phase where numerous small faults created isolated 

depocentres, in accordance with the described Sedimentary Cycle 1; (2) a phase where 

tectonic subsidence exceeds sediment supply, which corresponds to the basal part of 

Sedimentary Cycle 2; (3) a progressive balancing of sedimentation rates and tectonic 

subsidence relative to the upper part of the same SC2; and (4) sedimentary supply 

exceeding the accommodation space, corresponding to the Sedimentary Cycle 3 with the 

first Triassic Tethys marine trangression. 

Tectono-stratigraphic units (TSU) were described in the neighboring Eastern 

Pyrenean basins with the aim of proposing large-scale correlations across Western Europe 

(Gretter et al., 2015). This subdivision was previously used by other authors in continental 

basins of the same time interval throughout Europe (e.g., Cassinis et al., 1995, 2012; 

Virgili et al., 2006; Gretter et al., 2015). In the case of the Erill Castell-Estac Basin, the 

GU, TU and LRU would correspond to TSU1 because these units are all related to a 

general transtensive phase (Fig. 10.1.3). As mentioned above, the URU is not recorded in 

Erill Castell and therefore a major tectonic event occurred, and so we propose assigning 

the URU to TSU2. This assignation is in concordance with Speksnijder (1985) and Gretter 

et al. (2015), which showed that the URU overlies the LRU (or even the pre-Variscan 

basement, Mujal et al., 2017a) through a high rank unconformity. TSU3 corresponds to 

the Buntsandstein Unit, following Gretter et al. (2015). The Erill Castell-Estac Basin was 

involved in the regional transtensive tectonic regime already proposed for the Early 

Permian in Western Europe by the Variscan chain shearing and dismantling scenario 

(Arthaud and Matte, 1977; Soula et al., 1979; Echtler and Malavieille, 1990; Scotese, 
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2003; Edel et al., 2015, 2018). The continental sedimentary record of the Pyrenean basins 

is therefore closely related to other European basins that evolved from a post-collisional 

frame to the first marine incursion during the Middle Triassic (e.g., Edel et al., 2015, 

2018; Rodríguez-Méndez et al., 2016). 

However, as is in this thesis was described, the Upper Red Unit and the Lower 

Red Unit present similitudes. Their differentiation is usually difficult and their 

sedimentological, pedological and clay mineralogical contents are similar. Their 

differentiation have been proposed by Gisbert (1981) based on supposed and never 

pictured angular unconformity. The internal unconformities in basins under active 

tectonic regime are common, and the unconformity between the Lower and the Upper 

Red Unit could represent one of them. The ichnological data from Mujal’s works 

represents an interesting tool to calibrate the age of this two units. Nevertheless, 

tetrapod’s footprints are not well constrained in the SW Europe, and their recognition is 

usually uncertain. In this thesis is not shown determinant data supporting the absence of 

this age gap. But the option to go back to an unique Red Unit (Fm. Peranera Auctt) could 

simplify further interpretations. 

 

Southern Pyrenees and SW Europe correlation 

In the Cantabrian Mountains the Stephanian B-C (Upper Carboniferous) is post-

tectonic, but not post-orogenic. These deposits cover the Variscan structures of the 

internal zones unconformably. This is because there was still some orogenic activity 

within this time-frame in the Eastern part of the Cantabrian Zone (Picos de Europa Unit). 

The continental Stephanian B-C basins are extensional and are related to the volcanic and  
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Figure 10.4.2. Stratigraphic correlation of the Upper Carboniferous-Middle Triassic basins in the SW Europe. St: San Tirso, Ab: Acebal, 
So: Sotres, Ci: Cicera, Ru:Rueda; CdP: Cala del Pilar, An: Antechristo, CR: Cala Rotja, Pd’EC: Port d’Es Canonge, SS: Son Serralta, Br: Brugers; 
Ta: Tabarreña, Bo: Boniches, Al: Alcotas, HdG: Hollos de Gallo, Ch-Va: Chequilla-Valdemeca, Ca: Cañizar, Es-Ma: Eslida-Marines; Ar: Araviana, 
Ti: Tierga, Ca:Calcena; MP: Mont Pelé, Ig: Igornay, Mu: Muse, Su: Surmoulin, Mi:, Gr: Graissessac, USP: Usclas St. Privat, T-L: Tuilières-Loiras, 
Vi: Viala, Ra: Rabejac, Sa: Salagou, Ll: La Lieude, Lpe: Les Pellegrins, Bf: Bron, Tr: Transy, Ls: Les Salettes, Br: Calc. du Bau Rouge, Sm: St. 
Mandrier, Fa: Fabregas, Ppi: Port-Isol Conglomerate, Gg: Gonfaron; LC: Lu Caparoni, Ps: Pedro Siligu, Pf: Porto Ferro, CdV: Cala del Vino, Po: 
Porticciolo, CV: Cala Viola, Co: Collio Fm., PC: Ponternica Conglomerate, VL: Verrucano Lombardo, Se: Servino, CB: Carniola di Bovegno. 
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subvolcanic extension (Merino-Tomé et al., 2017). Therefore, the westernmost 

Cantabrian zone show some similarities with the Pyrenean sector in terms of tectonic 

context (Fig. 10.4.2). Moreover, López-Gómez et al. (2019) have proposed for the first 

time a stratigraphic correlation between the Cantabrian and the Centra-Eastern Pyrnees: 

the Tirso (St) unit could correspond to the Grey Unit. Unit, (2) the Acebal (Ab) unit to 

the Transition Unit and (3) the Sotres unit (So) to the Lower and Upper Red units. The 

Middle Triassic continental deposits in the Cantabrian zone (Cicera Unit, Ci) are slightly 

younger (Anisian-Carnian; López-Gómez et al., 2019) with respect to the Pyrenean ones 

(Anisian; Clavet et al., 1993; this work). This finding seems to indicate that the Lower-

Middle Triassic continental basins along the Central-Eastern Southern Pyrenees could be 

diachronous. 

In the Basque and Western Pyrenees the stratigraphic units were divided with the 

same nomenclature as in the Central-Eastern Pyrenees. The Grey and Transition units 

corresponds to the same range of age (Gzhelian-Asselian). In the Basque zone these two 

units are separated by a hiatus (Valero-Garcés and Gisbert, 1992). The Lower and Upper 

Red units have a lower temporary range, for the LRU was indicated the Asselian-

Sakmarian transit, and for the URU the upper part of the Artinskian and the lower part of 

the Kungurian (Fig. 10.4.2). The URU completely disappears in the Western-Central 

Southern Pyrenees. The Buntsandstein facies Unit has the same age (Anisian) in all the 

Pyrenees, to date. 

In the Balearic and Catalan Coastal Ranges no Upper Carboniferous-Lower 

Permian deposits have been found (Fig. 10.4.2). The URU from the Pyrenees could be 

equivalent with the Cala del Pilar Fm. (CdP) in Minorca, and Asà and Port d’Es Canonge 

(Pd’EC) formations in Majorca. The Brugers (Br) Fm. in the Catalan Coastal Ranges has 
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a Wuchiapingian age (Bourquin et al., 2011), so this unit is out of range in comparison 

with the URU (Rodian-Worian). The palynofloras of the Buntsandstein facies 

(Antechristo, An; Cala Roja, CR; Son Serrata, SS) in the Balearic Islands indicated 

younger ages for the first continental Triassic deposits (Smithian, Olenekian). In the 

Catalan Coastal Ranges this deposits has been dated as Early-lower Middle Triassic (Díez 

et al., 2010). 

The Central Iberian Ranges and the Pyrenees have great differences in their 

stratigraphic organization (Fig. 10.4.2). The Transition Unit could be equivalent with the 

Tabarreña Formation (Ta), but the rest of the Permian units pertains to the Middle 

Permian, so no stratigraphic correlations can be done.    

The Southeastern basins of France have similitudes with the Pyrenean stratigraphy 

(Fig. 10.4.2). The Upper Carboniferous-Early Permian deposits have correlative ages: (1) 

the Grey Unit with the Mont Pelé (MP) and Igornay (Ig) formations in the Autun basin, 

and with the Graissessac (Gr) formation in the Lodeve basin. (2) the Transition Unit with 

the Muse (Mu), Surmoulin (Su) and Millery (Mi) formations in the Autun basin, with the 

Usclas St. Privat (USP), Tuilières-Loiras (T-L) and Viala (Vi) formations in the Lodeve 

basin, and with the Les Pellegrins (Lpe) Formation in Toulon-Cuers basin. (3) the Lower 

Red Unit with the Rabejac (Ra) and Salagou (Sa) formations in the Lodeve basin, and 

with the Les Salettes (Ls) and Calc. du Bau Rouge (Br) in Toulon-Cuers basin. (4) the 

Upper Red Unit with the La Lieude (Ll) Formation in the Lodeve basin, and with the St. 

Mandrier (SM) and Fabregas (Fa) formations in the Toulon-Cuers basin. (5) the 

Buntsandstein facies Unit with the same unit (Bunt.) in the Autun and Lodeve basins, and 

with the Gonfaron (Gg) Formation in the Toulon-Cuers basin. The Port-Isol 

Conglomerate (Ppi, Early Triassic) from this last basin has not correlation with any 

Pyrenean unit. 
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In Italy exists Upper Carboniferous sediments in isolated outcrops (Ronchi et al., 

2008), these units can be correlated to the Grey Unit (see Juncal et al., 2018). The Permian 

and Triassic correlations are: (1) the Transition Unit with the Lu Caparoni (LC) 

Formation in the Nurra (Sardinia). (2) the Lower Red Unit with the Pedro Siligu (PS) and 

Porto Ferro (Pf) formations in Sardinia, and with the Collio Formation (Co) and 

Ponternica Conglomerate (PC) in the SW Alps. (3) the Upper Red Unit with the Cala del 

Vino (CdV) Formation in the Nurra. (3) the Buntsandstein facies Unit with the Cala Viola 

(CV) Formation in the Nurra, and with the Servino (Se) and Carniola di Bovegno (CB) 

formations in the SW Alps. In Sardinia exists a conglomerate (Porticciolo, Po) similar in 

age with the Port-Isol Conglomerate from Toulon-Cuers (Cassinis et al., 2003). The 

Verrucano Lombardo (VL) formation does not match with any Pyrenean stratigraphic 

unit, but could fit well with the Central Iberian Ranges Middle Permian. 

 

Isotopic correlation 

Some global correlation can be drawn for the Permian-Triassic times from the 

isotopic data obtained. Figure 7.2.11 shows a clear decrease during the Permian and 

Triassic of the d13C in the pedeogenic carbonate. This trend can be strongly correlated 

with the global curve (Fig. 10.4.3) and shows a decrease during the Permian to the Middle 

Triassic. This is generally related to the Siberian Traps activity, which lasted for several 

million years (Benton and Twitchett, 2003; Benton and Newell, 2014). For the first time, 

this decrease has been detected in the Southern Pyrenees, and the isotopic data obtained 

in this study can probably be directly related to the worldwide climatic change that 

occurred during these times. The study of pedogenic carbonate is a very good tool in 

continental desposits for unravelling past atmpospheric conditions. The resulting data 
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supports the aridification described in the Permian as being related to the activity of the 

Siberian Traps. 

The d13C isotopic trends of the paleosols obtained can be related to non-pedogenic 

d13C recorded in other parts of the world (Fig. 10.4.4). For instance, the Permian-Triassic 

negative shift has been observed by many studies (Clarkson et al., 2013; Buggisch et al., 

2015; Cheng et al., 2019; Maaleki-Moghadam et al., 2019). 

The recent study of Buggisch et al. (2015) in the Austrian and Italian Alps indicate 

a period of high variability during the Gzhelian-Asselian periods. During the Artinskian-

Kungurian the isotopic values had smaller ranges and tende toward more negative values. 

This trend can be correlated with the isotopic values obtained in the studied zone for the 

same period (Fig. 10.4.4). The isotopic values of the LRU (Artinskian-Kungurian) show 

a negative tendency going upwards the stratigraphic record, seeming to indicate that the 

age proposed is in agreement with the isotopic variations recorded in the Alps for the 

Figure 10.4.3. Isotopic 
composition of pedogenic carbonates. 
Averages for each formation are plotted 
with standard deviation bars. The curve 
represents a 5 point weighted running 
average for the data points. From Ekart et 
al. (1999). 
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same period. This trend has also been observed in Xikou (China) for marine deposits 

during the Kungurian, so this isotopic shift probably corresponds with a global process. 

In the SW European basins, this trend may be related to the closure of the Ural gateway, 

which may have triggered an upwelling of cold, nutrient-rich deep waters along the 

Cheng et al. (2019)Maaleki-Moghadam et al. (2019)
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Northwestern Pangean margin (Beauchamp, 1994; Mii et al., 1997; Blomeier et al., 2011; 

Buggisch et al., 2015; Beauchamp and Grasby, 2012). The Rodian-Wordian isotopic data 

from China, the USA (Guadalupe Mountains) and the Urals show low d13C variations, in 

keeping with the results obtained in the Central-Eastern Southern Pyrenees. The 

discontinuity of the sedimentary record in the studied area rules out any subsequent 

correlation with the Late Permian age.
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11. Conclusions 

A multidisciplinary approach that included the analysis of stratigraphic, 

sedimentological, pedogenic, isotopic, mineralogic and tectonic data allowed us to 

understand the evolution of a key basin in the Central-Eastern Southern Pyreneean and in 

all the surrounding basins of the chain as well. Based on this understanding, several 

conclusions can be remarked from different points of view: 

Erill Castell-Estac Basin depositional evolution:  

(1) The infill of Erill Castell-Estac Basin consists of three different sedimentary 

cycles with a general fining upward trend. The first one (SC 1) corresponds to the GU 

and TU lithostratigraphic units mostly constitute by volcanic and volcaniclastic deposits 

at the base and fluvial-lacustrine at the top, developed under humid conditions. The SC 2 

corresponds to the LRU and mostly consists of fluvial and playa-lake fine deposits 

deposited under semi-arid conditions. The third (SC 3) corresponds to the Buntsandstein 

clastic deposits occurred during the Early-early Middle Triassic; these fluvial deposits are 

mainly braided and meandering systems in an alternating arid to semi-arid climatic 

conitions. 

(2) Sedimentological, stratigraphic and tectonic features indicate that the Erill 

Castell-Estac Basin's history developed under different phases of evolution subject to 

distinct triggering mechanisms. In the initial phase (latest Carboniferous) a volcano-

tectonic subsidence gave rise to isolated sub-basins. In the second phase (early-to-late 

Cisuralian) the volcanic influence diminished in favor of greater tectonic control 

associated with a transtensive regional context. The sub-basins started to be 

interconnected and depocenters migrated next to the main southern basin boundary fault 

(future Erta thrust). Moreover, during the late Early-Middle Permian the basin infill 

balanced the generated accommodation space generated. Later on, in the Early Triassic, 
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the deposition was more widespread and exceeded the accommodation space generated 

in the Permian. This last episode occurred under a more extensional regime. This 

evolution mirrors the classical continental rifting models, albeit at a different scale. 

(3) The Erill Castell-Estac Basin is a key area for understanding the evolution of 

Central-Eastern Southern Pyrenean Late Carboniferous-Early Triassic basins. The 

complete absence of the URU is an important stratigraphic event, peculiar only to this 

area and the Castejón-Laspaúles basins (Central Southern Pyrenees). It is considered here 

to be related to the presence of a topographic high separating the Eastern Pyrenean basins 

from the Western ones, which would explain the non-deposition of this unit in those areas.  

(4) According to the new tectono-stratigraphic evolution described in this work, 

we propose, in the Erill Castell-Estac Basin, the following regional organization of TSUs: 

a first TSU1 made up of the Grey Unit, Transition Unit and Lower Red Unit; a TSU2 

(missing) relative to the Upper Red Unit; and a TSU3 represented by the Buntsandstein 

facies. 

(5) The evolution of the Erill Castell-Estac Basin provides a good and new 

example of the sedimentary filling of strike-slip basins and offers new stratigraphic, 

tectonic, and paleoclimatic data on the continental Carboniferous to Triassic rocks of the 

Western Tethys during the preceeing stages of Pangea break-up. 

(6) The palynological data obtained and identified provide new 

chronostratigraphic information. Some of the new palynological assemblages presented 

are very significant and exceptional. The Grey Unit provided good bio-

chronostratigraphic dated for the first time, calibrating perfectly with the radiometric data. 

The age obtained (Gzhelian) from the pollen association discovered is the most precise 

reported to date. In other Southern Western Europe basins, these data represent a key to 
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correlating microflora assemblages in the latest Carboniferous- earliest Permian 

timespan. These data shed greater light on the problematic issue of mixed flora 

assemblages and the old terminology (Stephanian-Autunian) used by the authors. The 

Lower Red Unit has been dated for the first time with palynological assemblages, and 

also this time constraint correlates very well with the previous radiometric dating. The 

sporomorph content in the upper part of the Buntsandstein facies Unit allows to date these 

deposits with great precision as Pelsonian in age (middle Anisian). 

(7) The pedogenic record shows significant changes along the stratigraphic 

Permian-Triassic succession. This allows to interpreting paleoclimate variations over 

time: (a) semi-arid conditions for the Artinskian (b) semi-arid conditions for the 

Kungurian and (c) arid to semi-arid conditions for the Early-Lower-Middle Triassic. A 

detailed pedogenic study represents a good stratigraphic tool for identifing different units 

with very similar facies. 

(8) The stable isotopes of the pedogenic carbonates underlined the different 

signature for each pedotype. The vegetation and atmospheric composition were the 

responsible for such variations, and the pedogenic carbonate is therefore a good proxy for 

obtaining paleoclimatic values. The results show a tendency to more negative values with 

the younger deposits of the succession; and this could be explanied by the Permian-

Triassic extinction and the increase in volcanic gases from the Siberian Traps volcanism. 

(9) Based on the presence of halloysite and dickite, the clay mineralogy analysis 

indicates that the Late Carboniferous was under humid conditions. Slight changes were 

found in the clay composition of the Permian and Triassic units, and the very low 

carbonate content in the Lower Triassic could indicate arid to semi-arid conditions. In 

this thesis, clay mineralogy has not in itself pointed to any major climatic changes but it 

has an been a useful back-up to all the other methodologies used. 
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(10) The Upper and Lower Red units do not present any major lithological 

differences, and the supposed angular unconformity reported by some authors may only 

be a tectonic-induced internal unconformity of little rank significance. The rest of the data 

obtained could show variations between these two units, but most of them could be 

produced by a normal basin evolution of clogging and climate variations. Unfortunately, 

no paleontological content has been found to date the Upper Red Unit with greater 

precision, apart frome some doubtful vertebrate remains (Mujal et al., 2016b). 

(11) The combination of all the approaches followed -all requiring a detailed 

basilar knowledge of the stratigraphy- has allowed to reconstruct the Upper 

Carboniferous-Lower Triassic basins of the Central-Eastern Southern Pyrenees. The 

climate variations were derived from humid conditions in the Late Carboniferous-Early 

Permian, a monsoonal period in the Artinskian-Kungurian represented by the Lower and 

Upper Red Units and, finally, an arid to semi-arid regime in the Early Triassic. 
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11.1 Further research: 

This thesis contributes to enlarge the geological knowledge of the studied zone, 

but it also leaves some questions. The dating of the Upper Red Unit is one of the most 

urgent aspects, essential to any resolution of the stratigraphy organization of the Southern 

Pyrenees record. Once this chronostratigraphic problem has been elucidated in more 

detail, the researches would have a more detailed correlation of all the Permo-Triassic 

Pyrenean successions, from the Cantabrian Zone to the Easternmost Catalan Pyrenees. 

More detailed knowledge of the whole sector would surely help to unravel fundamental 

paleogeographical issues, such as the relationship between the Southern (Spanish) and 

Northern (French) Pyrenean basins, and the great differences between the Iberian 

Permian record and the Pyrenean record.  

 

The Triassic deposits also open up many questions: the first is the possibility tof 

precisely dating the marine transgression in this part of the Iberian plate. The precision 

of the palynological data on Triassic ages could allow to date places the first marine-

influenced deposits in many in the Pyrenees. The Tethys opening occurred from East to 

West, and the Southern Pyrenees represents a good outcrop to confirm and date such 

event. Still with respect to the Lower Triassic deposits, the Derana pedotype has been 

found in all the studied sectors. In these three years of the PhD project, I have seen very 

similar paleosols in the Triassic record in Sardinia, and an interesting future project could 

be to correlate the Permian and Triassic paleosols of other Southwestern Europe sectors 

such as this. Once the isotopic signatures have been verified, a complete isotopic curve 

for all the continental Permian deposits in the SW Europe could be a very interesting goal. 
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Figure 1 Appenix I. Geological map of Castejón-Laspaúles basin and the location of Villarrué-Suils section. 
Modified from Robles et al. (online). 

Figure 2 Appenix I. Geological map of Gramós basin and the location of Pallarols section. Modified from 
Gretter et al. (2015). 

connection of the Bay of Biscay rift and the Iberian chain rift in Middle
Triassic times (Vera et al., 2001). The orogenic Stephano-Autunian
calc-alkaline volcanism (Bixel, 1984; Lago et al., 2004, 2012; Lucas,
1987) was followed by anorogenic alkaline volcanism indicating exten-
sion, which corresponds to the tholeiitic volcanism connected with
crustal thinning (Sanz et al., 2013).

2.2. Stratigraphy

At the scale of SW Europe, the Late Carboniferous-Early Triassic stra-
tigraphy has been subdivided into three well differentiated “tectono-
stratigraphic units” (TSUs) on the basis of radiometric age data and
palaeontological investigations (macrofloras, microfloras and tetrapod
footprints). They correspond to the “tectono-sedimentary cycles” em-
phasized in the last decades by many authors (e.g. Cassinis et al.,
2012; Italian IGCP 203 Group, 1986 and references therein). These
units are separated by marked unconformities and gaps of as yet

uncertain duration (see Bourquin et al., 2011; Cassinis et al., 1995,
2012; Virgili et al., 2006 and references therein). Generally, the first:
TSU1 (Late Carboniferous-Middle? Permian) is mainly characterized
by fluvio-lacustrine and volcanic deposits of calc-alkaline acidic to inter-
mediate composition, lying unconformably on the Variscan basement
(e.g. Cassinis et al., 2012; Ronchi et al., 2008; Virgili et al., 2006). The sec-
ond: TSU2 (Middle?-Late Permian) begins with prevalently fluvial
detritic red beds marked again by a stratigraphical discontinuity; it is
mostly dominated by alluvial deposits and in a large part of SW
Europe devoid of volcanics (Cassinis et al., 2012). The third: TSU3

(Lower-Middle Triassic) rests unconformable over the underlying
older Permian rocks and can be directly correlated to the Germanic
Buntsandstein.

According to Gisbert (1981, 1983), the Late Carboniferous-Early Tri-
assic deposits of the E Catalan Pyrenees are subdivided into five
lithostratigraphic units (Fig. 2). From oldest to youngest they can be de-
scribed as follows:

Fig. 1. Simplified tectonic and geologicalmaps of the Pyrenees highlighting themajor thrust faults (Hartevelt, 1970; Saura and Teixell, 2006; Oliva-Urcia et al., 2012). E: Estac sub-Basin; C:
Castellar de n'Hug sub-Basin; G: Gramós-Prats d'Aguiló sub-Basin. NPf: North Pyrenean Fault; NPth: North Pyrenean Frontal Thrust; SPth: South Pyrenean Frontal Thrust; SPZ: South Pyr-
enean Zone.
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Figure 3 Appenix I. Geological map of Castellar de n’Hugs basin and the location of the section. Modified 
from Gretter et al. (2015). 
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Appendix II 

Sample d13C ± (1 s) d18O ± (1 s)
 CO7-10 2,36 0,01 -2,10 0,01
 CO7-31 2,27 0,01 -1,79 0,01

 NHUG-S10AB -4,06 0,01 -2,18 0,01
 NHUG-S10BA -3,54 0,02 -2,80 0,02
 NHUG-S10BB -3,69 0,01 -2,54 0,01
 NHUG-S10BC -3,84 0,01 -3,22 0,01
 NHUG-59AB -6,65 0,01 -8,59 0,01
 NHUG-58C -6,43 0,01 -7,82 0,01
 NHUG-58A -6,50 0,02 -7,28 0,01

 MOLA-54CA -1,65 0,01 -7,42 0,02
 MOLA-53BC -2,11 0,02 -9,27 0,02
 MOLA-53AC -4,86 0,01 -9,55 0,01
 MOLA-53AB -5,54 0,01 -8,85 0,02
 MOLA-52CC -6,51 0,01 -9,16 0,01
 NHUG-59AA -5,74 0,02 -9,46 0,03
 MOLA-53BB -3,41 0,01 -9,23 0,03
 NHUG-59BB -5,79 0,01 -9,22 0,02
 NHUG-58B -6,23 0,01 -7,63 0,01

 MOLA-53AA -3,25 0,01 -9,88 0,02
 MOLA-52CB -7,01 0,01 -8,96 0,01
 MOLA-52AA -6,48 0,01 -9,25 0,02
 MOLA-52AB -6,11 0,01 -10,26 0,02
 MOLA-52CA -6,59 0,01 -9,57 0,02
 MOLA-52AC -6,09 0,01 -10,24 0,02
 MOLA-51CA -6,71 0,01 -10,06 0,02
 MOLA-51CB -6,16 0,01 -8,30 0,01
 MOLA-51CC -6,34 0,01 -10,14 0,02

 170-5A -5,97 0,01 -7,47 0,01
 170-5B -5,83 0,01 -8,15 0,01
 170-6A -5,81 0,01 -7,85 0,01
 170-6B -5,07 0,01 -10,36 0,02

 GOT-S2BB -6,33 0,02 -9,44 0,01
 GOT-S2BC -6,11 0,01 -8,78 0,03
 GOT-S3BA -6,72 0,02 -8,47 0,02

 NHU6-S10AC -4,52 0,02 -7,19 0,03
 NHU6-S10AA -5,92 0,02 -8,67 0,02
 MOLA-54CC -2,04 0,01 -9,32 0,01
 MOLA-53BA -2,33 0,01 -9,59 0,02
 NHU6-59AA -5,76 0,01 -9,39 0,01
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 Sample d13C ± (1 s) d18O ± (1 s)
 NHU6-59BB -5,70 0,01 -9,00 0,02
 MOLA-54CB -0,89 0,01 -5,26 0,02

 170-5C -6,17 0,01 -8,54 0,02
 170-6C -5,67 0,01 -9,06 0,01

 MOLA-56CA -3,02 0,02 -7,40 0,01
 MOLA-56BC -3,80 0,01 -9,33 0,01
 GOT-53BB -6,95 0,00 -9,68 0,01
 GOT-5BBC -7,08 0,01 -9,90 0,02

 170-1A -3,66 0,01 -12,19 0,01
 170-1B -3,53 0,01 -12,88 0,02
 170-1C -3,55 0,01 -12,03 0,01
 VIP6DA -2,91 0,02 -10,66 0,01
 VIP6DB -3,36 0,02 -10,48 0,02
 VIP6DC -3,34 0,02 -10,70 0,02
 VIP7A -4,61 0,01 -9,60 0,01
 VIP7B -4,90 0,01 -10,05 0,01
 VIP7C -4,94 0,01 -10,22 0,01

 GOT-S2BA -5,37 0,01 -10,00 0,02
 VIP6CC -2,68 0,01 -10,48 0,01
 VIP6CB -3,11 0,01 -9,59 0,01
 VIP6CA -3,03 0,01 -9,65 0,02
 VIPP6BC -2,81 0,01 -10,62 0,01
 VIP6BB -1,93 0,01 -9,37 0,02
 VIP6BA -2,39 0,01 -10,51 0,02

 SU-P2 2B2C -7,73 0,01 -10,89 0,01
 SU-P2 2B2B -7,59 0,01 -10,36 0,01
 SU-P2 2BCC -8,79 0,01 -10,29 0,01
 SU-P2 2BCB -8,44 0,01 -9,04 0,01
 SU-P2 2BCA -8,54 0,01 -10,46 0,01
 NHU6-59AC -6,76 0,01 -8,88 0,02
 MOLA-56BA -3,86 0,02 -9,00 0,02
 SU-P2 2B2A -7,61 0,02 -11,01 0,03

 NP1-1A -0,40 0,02 -4,68 0,01
 NP1-1B 1,85 0,01 -11,32 0,01
 NP1-1C -0,24 0,01 -3,46 0,02
 N0-10A -5,06 0,01 -6,77 0,01
 N0-10B -5,22 0,01 -6,95 0,01
 N0-10C -5,25 0,01 -6,88 0,01
 N0-11A -5,26 0,01 -8,10 0,01
 N0-11B -5,28 0,01 -8,15 0,00
 N0-11C -5,13 0,02 -7,85 0,01
 N0-12A -5,00 0,01 -6,66 0,00
 N0-12B -5,00 0,01 -7,35 0,01
 N0-12C -5,04 0,01 -7,37 0,02

 TRAV-1A -5,16 0,01 -6,65 0,00
 TRAV-1B -4,96 0,01 -6,09 0,02
 TRAV-1C -5,62 0,01 -7,54 0,01
 SAS-01A -4,07 0,01 -7,10 0,01
 SAS-01B -5,07 0,01 -7,79 0,01
 SAS-01C -5,55 0,01 -7,30 0,02
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Appendix III 

 

Table 1 Appendix III. IC index of the samples studied for the clay mineralogu 

Sample IC Section Unit
PAL-GU1 1,16 Pallarols GU
PAL-LRU0 1,26 Pallarols LRU
PAL-LRU1 1,26 Pallarols LRU
PAL-LRU4 1,35 Pallarols LRU
PAL-LRU5 0,61 Pallarols LRU
PAL-URU1 1,15 Pallarols URU
PAL-URU2 1,19 Pallarols URU
PAL-URU3 0,99 Pallarols URU
PAL-URU4 1,34 Pallarols URU
PAL-URU5 0,88 Pallarols URU
PAL-BUNT1 0,51 Pallarols Bunt
PAL-BUNT2 0,62 Pallarols Bunt
PAL-BUNT3 0,67 Pallarols Bunt
NHBUN2 0,67 Castellar de N'Hug Bunt
NHBUN1 0,74 Castellar de N'Hug Bunt
NHURU5 0,66 Castellar de N'Hug URU
NHURU4 0,77 Castellar de N'Hug URU
NHURU3 0,77 Castellar de N'Hug URU
NHURU1 0,51 Castellar de N'Hug URU
NH18 0,89 Castellar de N'Hug LRU
NH17 0,8 Castellar de N'Hug LRU
NH16 0,62 Castellar de N'Hug LRU
NH15 0,6 Castellar de N'Hug LRU
NH14 0,67 Castellar de N'Hug LRU
NH13 0,7 Castellar de N'Hug LRU
NH12 0,71 Castellar de N'Hug LRU
NH11 0,87 Castellar de N'Hug LRU
NH10 0,77 Castellar de N'Hug LRU
NH9 1,05 Castellar de N'Hug TU
NH7 0,68 Castellar de N'Hug TU
NH6 0,77 Castellar de N'Hug TU
SAS1 1,23 Sas GU
SAS2 0,92 Sas TU
SAS3 1,24 Sas TU
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Table 2 Appendix III. IC index of the samples studied for the clay mineralogu 

Sample IC Section Unit
SAS4 0,75 Sas TU
SAS5 0,83 Sas TU
SAS8 0,6 Sas LRU
SAS9 0,55 Sas LRU
SAS10 0,63 Sas LRU
SAS11 0,62 Sas LRU
SAS12 0,66 Sas LRU
SAS14 0,58 Sas Bunt
SAS16 0,58 Sas Bunt
SAS17 0,55 Sas Bunt
SAS18 0,57 Sas Bunt
SUILS2 0,64 Villarrué-Suils Bunt
SUILS2P 0,56 Villarrué-Suils Bunt
SUILS3 0,55 Villarrué-Suils Bunt
SUILS4 0,56 Villarrué-Suils Bunt
SUILS5 0,58 Villarrué-Suils Bunt
SUILS7 0,55 Villarrué-Suils Bunt
CAST12 1,08 Castellar GU
CAST14 1,17 Castellar GU
CAST15 1,29 Castellar TU
CAST16 1,23 Castellar TU
CAST17 0,98 Castellar TU
CAST18 0,56 Castellar TU
CAST19 0,55 Castellar Bunt
CAST20 0,54 Castellar Bunt
CAST21 0,43 Castellar Bunt
CAST22 0,55 Castellar Bunt
CAST23 0,49 Castellar Bunt
CAST24 0,58 Castellar Bunt
CAST25 0,59 Castellar Bunt
CAST26 0,64 Castellar Bunt
CAST27 0,6 Castellar Bunt
VILARUE1 0,71 Villarrué-Suils LRU
VILARUE2 0,62 Villarrué-Suils LRU
VILARUE4 0,99 Villarrué-Suils LRU



- Appenix II - 

 253  

 

Unit Sample Quartz Calcite Hematite Feldespates Illite Chlorite
BUNT NHBUN2 24 0 3 3 57 13

BUNT NHBUN1 31 0 5 2 51 12

URU NHURU5 28 3 3 3 63 0

URU NHURU4 34 9 5 3 50 0

URU NHURU3 27 8 5 2 58 0

URU NHURU2 33 6 4 6 51 0

URU NHURU1 25 10 4 12 31 18

LRU NHLRU1 52 0 3 0 45 0

LRU NH18 33 0 4 4 5 53

LRU NH17 33 0 4 4 6 52

LRU NH16 44 7 3 9 24 12

LRU NH15 44 6 3 5 29 12

TU NH14 32 7 5 4 37 15

TU NH13 13 11 5 5 54 12

TU NH12 35 6 3 11 29 16

TU NH11 24 2 6 5 53 10

TU NH10 32 14 2 10 30 12

GU NH9 24 0 5 7 57 8

GU NH8 32 14 4 17 33 0

GU NH7-8 35 5 5 12 43 0

GU NH7 34 0 4 6 44 11

GU NH6 27 0 4 4 65 0

Table 3 Appenix III. Clay mineralogy results of Castellar de N’Hug sector. 

Unit Sample Quartz Calcite Hematite Feldespates Illite Chlorite

GU SAS1 28 0 0 1 53 18

GU SAS2 36 0 0 3 46 15

GU SAS3 18 0 0 0 82 0

TU SAS4 16 16 0 5 51 11

TU SAS5 30 0 5 3 57 5

TU SAS6 20 57 0 0 23 0

TU SAS8 12 0 5 3 75 5

TU SAS9 43 6 2 10 27 12

LRU SAS10 40 0 1 7 38 14

LRU SAS11 28 0 5 3 58 6

LRU SAS12 41 0 5 2 44 8

LRU SAS14 24 7 4 4 44 16

LRU SAS16 30 7 3 5 45 9

BUNT SAS17 31 0 5 5 50 9

BUNT SAS18 28 0 5 5 53 8

Table 4 Appenix III. Clay mineralogy results of Sas sector. 
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Unit Sample Quartz Dolomite Calcite Hematite Feldespates Illite Chlorite Halloysite Dickite

GU CAST11 5 0 0 0 0 5 85 5 0

GU CAST12 17 0 0 0 0 3 56 24 0

GU CAST13 42 0 0 0 0 2 37 19 0

GU CAST14 24 0 0 0 0 3 0 36 37

GU CAST15 26 0 0 0 0 6 0 34 34

GU CAST16 28 0 0 0 0 5 0 67 0

TU CAST17 24 0 0 0 0 45 31 0 0

TU CAST18 20 0 5 8 5 50 12 0 0

TU CAST19 35 0 4 3 4 46 7 0 0

BUNT CAST20 31 0 4 4 4 49 8 0 0

BUNT CAST21 35 0 3 5 3 39 14 0 0

BUNT CAST22 26 0 5 5 5 46 15 0 0

BUNT CAST23 25 0 5 5 5 47 13 0 0

BUNT CAST24 21 0 5 4 5 50 15 0 0

BUNT CAST25 23 0 4 5 4 54 10 0 0

BUNT CAST26 26 6 5 4 5 47 8 0 0

BUNT CAST27 38 3 0 4 4 43 8 0 0

Table 5 Appenix III. Clay mineralogy results of Castellars sector. 

Unit Sample Quartz Calcite Hematite Feldespates Illite Chlorite Halloysite

GU PAL-GU1 42 0 0 3 2 23 30

GU PAL-GU2 36 7 0 14 10 33 0

GU PAL-GU3 41 0 0 9 2 25 23

GU PAL-GU4 23 0 0 10 2 28 37

GU PAL-GU5 40 0 0 6 4 0 49

LRU PAL-LRU0 25 6 3 5 56 5 0

LRU PAL-LRU1 22 10 4 4 46 14 0

LRU PAL-LRU3 23 17 3 3 37 17 0

LRU PAL-LRU4 23 18 3 3 45 8 0

LRU PAL-LRU5 16 0 6 3 75 0 0

URU PAL-URU1 22 2 4 6 55 11 0

URU PAL-URU2 22 17 4 0 44 13 0

URU PAL-URU3 30 5 5 6 46 9 0

URU PAL-URU4 26 6 4 4 49 11 0

URU PAL-URU5 16 0 6 3 75 0 0

BUNT PAL-BUNT1 53 0 4 0 29 14 0

BUNT PAL-BUNT2 48 0 4 4 36 8 0

BUNT PAL-BUNT3 23 4 6 4 55 8 0

Table 6 Appenix III. Clay mineralogy results of Pallarols sector. 
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Unit Sample Quartz Dolomite Calcite Hematite Feldespates Illite Chlorite

BUNT SUILS2 40 0 0 6 3 42 9

BUNT SUILS2P 28 0 19 6 4 38 5

BUNT SUILS3 45 0 5 7 5 32 7

BUNT SUILS4 52 0 13 2 1 22 10

BUNT SUILS5 19 26 0 5 3 42 5

BUNT SUILS6 31 0 5 4 3 55 1

BUNT SUILS7 20 0 16 0 3 53 7

BUNT SUILS8 37 0 0 6 4 44 8

LRU VILARUE1 20 0 20 3 5 40 12

LRU VILARUE2 37 0 6 3 6 34 14

LRU VILARUE4 34 0 8 3 1 47 7

Table 7 Appenix III. Clay mineralogy results of Suils-Villarrué sector. 


