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Abstract 

The most severe biotic crisis on Earth history occurred during the Permian–Triassic (PT) 

transition around 252 Ma. Whereas in the marine realm such extinction event is well-

constrained, in terrestrial settings it is still poorly known, mainly due to the lack of 

suitable complete sections. This is utterly the case along the Western Tethys region, 

located at Pangaea’s equator, where terrestrial successions are typically build-up of red 

beds often characterised by a significant erosive gap at the base of the Triassic strata. 

Henceforth, documenting potentially complete terrestrial successions along the PT 

transition becomes fundamental. Here, we document the exceptional Coll de Terrers area 

from the Catalan Pyrenees (NE Iberian Peninsula), for which a multidisciplinary research 

is conducted along the PT transition. The red-bed succession, located in a long E-W 

extended narrow rift system known as Pyrenean Basin, resulted from a continuous 

sedimentary deposition evolving from meandering (lower Upper Red Unit) to playa-

lake/ephemeral lacustrine (upper Upper Red Unit) and again to meandering settings 

(Buntsandstein facies). Sedimentary continuity is suggested by preliminary 

cyclostratigraphic analysis that warrants further analysis. Our combined 

sedimentological, mineralogical and geochemical data infer a humid-semiarid-humid 

climatic trend across the studied succession. The uppermost Permian strata, deposited 

under an orbitally controlled monsoonal regime, yields a relatively diverse 

ichnoassemblage mainly composed of tetrapod footprints and arthropod trace fossils. 

Such fossils indicate appropriate life conditions and water presence in levels that also 

display desiccation structures. These levels alternate with barren intervals formed under 
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dry conditions, being thus indicative of strong seasonality. All these features are 

correlated with those reported elsewhere in Gondwana and Laurasia, and suggest that the 

Permian–Triassic boundary might be recorded somewhere around the Buntsandstein 

base. Consequently, Coll de Terrers and the whole Catalan Pyrenees become key regions 

to investigate in detail the Permian extinction event and the Triassic ecosystems recovery. 

 

Keywords: Permian-Triassic transition; stratigraphy; orbital forcing; X-ray diffraction; 

tetrapod footprints; Western Tethys. 

 

1. Introduction 

 

The Permian and Triassic periods are characterised by large continental 

landmasses resulting from the formation of Pangaea, which enhanced global aridity and 

red-beds deposits (Gibbs et al., 2002; Chumakov and Zharkov, 2003; Roscher and 

Schneider, 2006; Schneider et al., 2006; Looy et al. 2016; Kustatscher et al., 2017). The 

Permian–Triassic record has been largely studied, mostly with the aim of unravelling the 

events that triggered the major biological crisis of Earth’s history, i.e., the end-Permian 

mass extinction (Erwin, 1994). Such event is now well-documented in the marine realm 

(Payne and Clapham, 2012), but questions still remain open in the case of the continental 

record (Gastaldo et al., 2015; Zhang et al., 2016). Benton and Newell (2014) have recently 

considered several key zones to study both the Permian–Triassic continental record and 

the Permian–Triassic boundary (PTB), including Western and Central Europe, Russia and 

Siberia, central India, South China, central-eastern South America, South Africa, 

Australia and Antarctica. In addition, recent works provided new data to characterise the 

Permian–Triassic transition in terrestrial successions from Central Germany (Scholze et 
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al., 2017) and South China (Zhang et al., 2016; Xu et al., 2017). In general, Western 

Europe successions (Western peri-Tethyan domain) are characterised by an important 

erosive contact around the PTB (Bourquin et al., 2007, 2011). Recent works have 

attempted to constrain the Permian–Triassic transition and quantify the lack of record in 

the case of the Catalan Pyrenees (NE Iberian Peninsula), where long continental 

successions ranging from the late Carboniferous to the Middle Triassic are known to exist 

(Gretter et al., 2015; Mujal et al., 2016a). So that, despite the continental Western peri-

Tethyan regions are deeply studied, continuous terrestrial Permian–Triassic sections are 

hardly identified (Bourquin et al., 2011; Kustatscher et al., 2017). 

In the present work we introduce and characterise a new section from the Catalan 

Pyrenees spanning from the uppermost Permian to the lowermost Triassic record. The 

multidisciplinary study performed on this section includes lithostratigraphy, 

sedimentology, cyclostratigraphy, mineralogy (X-ray diffraction, XRD), geochemistry 

(X-ray fluorescence, XRF) and palaeontology (tetrapod and invertebrate ichnology), as 

well as palaeomagnetism (magnetostratigraphy). Based on our analyses, this section is 

free from the Triassic erosive gap, so it is a prospective area to identify the PTB in a 

continental succession of the Western peri-Tethyan domain, in equatorial Pangaea (Fig. 

1A). 

 

2. Geological setting 

 

During the late Palaeozoic and early Mesozoic, the Iberian microplate was located 

in the equatorial latitudes of Pangaea, in the Western peri-Tethyan region, at the 

confluence of Gondwana and Laurasia landmasses (Dercourt et al., 2000; Fig. 1A). The 

microplate rotation at that time generated the extensional (rifting) Iberian, Catalan and 
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Pyrenean basins (De la Horra et al., 2012). The present-day Pyrenean range (located at 

the NE Iberian Peninsula and originated during the Alpine orogeny; Fig. 1B) was 

formerly composed of continental sedimentary basins controlled by a transtensional 

tectonic activity (Speksnijder, 1985; Saura and Teixell, 2006; Gretter et al., 2015). 

Pyrenean basins accumulated sediments from the late Carboniferous to the Middle 

Triassic because of the erosion of the Variscan orogen and the associated volcanic 

episodes (Gisbert, 1981; Martí, 1983; Gisbert et al., 1985; Pereira et al., 2014), related to 

the breakup of Pangaea (Torsvik and Cocks, 2013). The lithostratigraphic record was 

defined by Mey et al. (1968) and Nagtegaal (1969), while Gisbert (1981) established the 

depositional units here used (Fig. 1C). These units are, from base to top: Grey Unit (GU), 

Transition Unit (TU), Lower Red Unit (LRU), Upper Red Unit (URU) and Buntsandstein 

facies unit. 

The present work is focused in the red-beds of the URU and its transition to the 

Buntsandstein facies unit, corresponding to the uppermost Permian and the lowermost 

Triassic Pyrenean record, respectively (Mujal et al., 2016a). Whereas the Buntsandstein 

facies is found along the entire Catalan Pyrenees, the URU is only recorded in the eastern 

part, in the Cadí sub-basin (Gisbert, 1981; Speksnijder, 1985). Here we divide the Upper 

Red Unit in two parts or subunits: lower URU and upper URU. This is because we have 

found that two different palaeoenvironmental settings can be well-differentiated in the 

URU (see section 4.1 below; Fig. 2A, B). The lower URU is mainly composed of 

breccias, conglomerates, sandstones and red mudstones with limestone nodules, whereas 

the upper URU is build-up of red mudstones alternated with thin-bedded and fine-grained 

sandstone layers constituting metre-scale cyclic sequences (see sections 4.1 and 4.2 

below). Due to the basin configuration, the URU is found above an angular unconformity 

developed on the top of the Variscan basement (Mujal et al., 2017) or the early Permian 
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LRU (Gisbert et al., 1985; Speksnijder, 1985; Gretter et al., 2015). The Triassic 

Buntsandstein facies are generally of alluvial origin and are composed of basal breccias 

and conglomerates, followed by a succession of sandstones and red mudstones, and 

finally by a red mudstone interval (Gisbert et al., 1985). The Buntsandstein unit is overlaid 

by the marlstone-limestone succession of the Muschelkalk and Keuper facies deposited 

during the Middle Triassic transgression. Basin palaeorelief controlled changes in 

thickness and lateral facies changes of both URU and Buntsandstein. 

The URU/Buntsandstein boundary is commonly an angular unconformity 

(Gisbert et al., 1985; Gretter et al., 2015; Mujal et al., 2016a, 2017), as also occur in the 

other Permian–Triassic Iberian basins (Borruel-Abadía et al., 2015) and generally in the 

whole Western Europe (Bourquin et al., 2011). This is not the case of the Coll de Terrers 

area (Alt Urgell, Catalonia, NE Iberian Peninsula; Fig. 1B, C), where a conformable 

succession between the Permian and Triassic strata is observed (Fig. 2; see section 4 

below). 

 

3. Methods 

 

The studied section is 250 m thick and is located in coordinates WGS84 UTM 

31N 369341E, 4682768N (base) and 368925E, 4682570N (top). It contains three 

lithologic units: lower URU, upper URU and Buntsandstein facies that were measured by 

means of a Jacobs staff and a metre (Fig. 2B); a detailed geological map was also carried 

out (Fig. 2A). To assist sedimentological determinations, analyses were performed 

through field observations and thin sections (30 µm thick) obtained from 16 rock samples. 

The magnetostratigraphic study consisted in the analyses of samples distributed in 39 

sites along the URU (Fig. 2B). However, it was found that the succession does not 
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preserve a primary magnetism but, rather, a pervasive remagnetization. Methods, results 

and discussion of the palaeomagnetic data are provided as Supplementary Data (Text S1). 

The lithologic succession of the upper URU and lowermost Buntsandstein has 

been codified to make it amenable to spectral analysis in order to explore its cyclic nature 

(Fig. 2C). Two approaches have been applied. The first one (code 1) assigns either 1 or -

1 to the respective red mudstones or thin-bedded sandstone layers constituting the basic 

sequences. The second approach (code 2) assigns the stratigraphic thickness of the 

sequence throughout the encompassed interval of such sequence. The codified series at 2 

cm resolution were used for spectral analysis. The Blackman-Tuckey method 

implemented in the AnalySeries v.2 software package (Paillard et al., 1996) and the 

REDFIT program (Schulz and Mudelsee, 2002) were employed. AnalySeries was further 

used for filtering the time series. 

After preliminary prospective mineralogical and elemental analysis by XRD and 

XRF, sampling was mainly focused on the transition between the three units in order to 

identify any mineralogical variation. Sampling of lower and upper URU and 

Buntsandstein accounted for 15, 44 and 15 samples, respectively (Fig. 2B). 

For the XRD measurements the samples were pulverised and homogenised to 

produce randomly-oriented powders. XRD scans were acquired between 4º and 65º in 2θ 

(0.02o per step) by using a Bruker D8-A25 diffractometer equipped with a Cu X-ray 

source (Cu Kα radiation) and a LynxEye position sensitive detector. Phase identification 

was performed by using the DIFFRAC.EVA software together with the Powder 

Diffraction File PDF-2 and the Crystallography Open Database (COD). Semi-quantitative 

phase analyses (SQPA) were carried out by using Reference Intensity Ratio (RIR) values 

for each of the identified phases. 
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The elemental composition of the samples was investigated by XRF 

measurements. For this purpose, a Bruker Tracer IV‐ .Geo energy-dispersive XRF 

analyser equipped with a large area (30 mm2) silicon drift detector and a 40 kV Rh X.‐

ray tube was employed. For each sample, two different XRF scans were obtained: one 

measurement excited with low voltage (15 keV) to optimize the detection of light 

elements (13 < Z ≤ 28), and a second measurement excited with large voltages (40 keV) 

to detect heavier elements (Z > 28). 

A palaeontological prospection was also carried out. Tetrapod footprints and 

invertebrate trace fossils were found and studied in situ, documented through photographs 

and schemes (processed in a vector based software), and situated in the measured section 

and in the geological map (Fig. 2A, B). Tetrapod footprints were analysed following the 

methods of Leonardi (1987). Additionally, seven 3D photogrammetric models were 

performed from selected specimens (including manus-pes sets and isolated ichnites). 

Photographs were obtained with a digital compact camera Sony DSC-T200 8.1 

Megapixel and processed using open access software following the methods of Mujal et 

al. (2016b): Visual SFM v.0.5.24 (http://www.ccwu.me/vsfm/; to obtain the point cloud), 

MeshLab v.1.3.2 (http://meshlab.sourceforge.net; to create, scale and orientate the 3D 

mesh), and ParaView v.4.1.0 (http://www.paraview.org; to create the colour depth maps 

and contour lines). An ex situ slab bearing small tetrapod footprints was collected and is 

stored at Institut Català de Paleontologia Miquel Crusafont (Sabadell, Spain) and labelled 

as IPS-99097. 

 

4. Coll de Terrers section: results and interpretation 
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The analysed Coll de Terrers section (Cadí sub-basin of the Pyrenean rift system) 

is a red bed succession dipping south-westwards. The three units of the succession (lower 

URU, upper URU and Buntsandstein facies; Figs. 2, 3) correspond to three different 

sedimentary settings. In the following sections we present and interpret the detailed 

lithologic frame of the three units and the analytic and palaeontological data. 

 

4.1. Stratigraphy and sedimentology 

 

The Coll de Terrers deposits represent tectonically controlled sequences (Gisbert 

et al., 1985; Speksnijder, 1985; Gretter et al., 2015). At Coll de Terrers, the URU overlays 

in angular unconformity the Lower Red Unit (LRU), which corresponds to a red-beds 

succession of volcanosedimentary origin of early Permian age (Pereira et al. 2014; Mujal 

et al. 2016b). Out from Coll de Terrers, the basal portion of the lower URU (here not 

studied) is composed of polymictic conglomerates and breccias with coarse sandstone 

matrix corresponding to alluvial braided facies (Gisbert, 1981; Gretter et al., 2015). 

These coarse deposits are covered by fine- to medium-grained sandstones with 

occasional microconglomeratic levels, plant fragments and root traces (base of the 

measured section; Fig. S1). Sandstones rapidly grade to wine-red mudstones with 

occasional fine- to medium-grained sandstone body channels with lateral accretions and 

cross stratifications, of low lateral continuity and with sporadic vertical and tubular 

invertebrate burrows (Fig. S1). Some mudstone intervals exhibit pedogenic carbonate 

nodules with diameters ranging from millimetre up to 1 cm. The whole interval, of 45.5 

m in the measured section (Fig. 2), is interpreted as corresponding to distal meandering 

fluvial (sandstone bodies) and floodplain systems (mudstone intervals), where palaeosol 

levels were developed (Gisbert, 1981; Gretter et al., 2015). 
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The lower/upper URU boundary is represented by three levels of large carbonate 

nodules (up to 15 cm of diameter) generally septariform (i.e., radial and concentric 

networks of cracks filled with calcite; Fig. S2). The mudstones just below the boundary 

display vertical and sinuous greenish reduction marks corresponding to root traces as well 

as slickensides (Fig. S2C). Mudstone intervals as those of the lower URU separate the 

nodular levels, with a total thickness of 2 m in average. These nodules indicate long 

periods of pedogenesis, where palaeosols were well-developed. Such boundary can be 

observed and traced along almost 7 km (Fig. 1C), dividing the URU in two sequences of 

different depositional settings. 

The overlying upper URU deposits (Fig. 3) are 97.3 m thick in the measured 

section. They build up a cyclic or rhythmic sequence of red-orange mudstones alternated 

with 54 thin-bedded and fine-grained sandstone intervals (Figs. 2, 3A). Thickness of the 

mudstone intervals oscillates from 0.2 to 6.2 m along the succession, with an average of 

1.5 m. Occasionally, the red-orange mudstones preserve small nodules mostly 

accumulated in the interface with the fine-grained sandstone layers (Fig. 3D). The thin-

bedded and fine-grained sandstone intervals range from 0.03 m to 0.8 m thick (average 

of 0.38 m). These intervals consist of laminated layers around 2-5 cm thick (and up to 15 

cm thick) alternated with 2-3 cm thick mudstone layers (Fig. 3B). Sandstone layers are 

orange-brownish and occasionally greenish-greyish. The number of thin-bedded 

sandstone layers in each interval oscillates from 1 to 15, but they commonly contain 6-7 

layers. 

These alternating intervals are of long lateral continuity (~450 m observed, which 

is the lateral extension of the outcrop; Figs. 2, 3A). Within each interval, the basal 

sandstone layer is thicker (5-10 cm, up to 15 cm) than the rest (2-5 cm in average). The 

lower boundary of some basal sandstone layers is transitional. Layers decrease in 
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thickness and lateral continuity to the top, building up thinning and fining upwards 

sequences (Fig. 3B). The lower half of the layers is generally irregular due to load 

structures (flames, balls and pillows; Fig. 3B, 3C). The uppermost surface of all layers is 

mud-cracked, sometimes preserving ripple marks. In some cases, two periods of 

desiccation are observed in each layer: the lower half presents a genesis of mud-cracks 

not expressed in the upper half, which shows a second genesis. Laminations are either 

parallel (building up fining upwards sequences), or cross laminated (with flow and wave 

ripples) (Fig. 3C-E). Thin sections reveal thin mud drapes covering laminae (Fig. 3C, 

3D). Laminae overlying mud drapes often present load structures (Fig. 3C). Towards the 

top of the upper URU (138-139 m of the measured section) we observed fine- to medium-

grained and cross-stratified sandstone channels, 0.5 to 3 m long and up to 30 cm thick, 

and laterally changing to the thin-bedded and fine-grained sandstone layers (Fig. 3F). The 

presence of mud drapes within laminated sandstones, the long lateral continuity of 

sandstone layers and the lack of major erosive structures within this succession indicate 

that the upper URU most probably does not present gaps of record. 

Tetrapod footprints (see section 4.4.1 below) are mostly found in the basal 

sandstone layers, which provide extensive outcropping surfaces. Some small footprints 

are found in layers above the basal one (in some cases observed in cross section). In a 

particular case, the lower half of a layer preserved a tetrapod footprint covered by the 

uppermost laminae (Fig. 3E). Invertebrate trace fossils with tiny, well-defined features 

(see section 4.4.2 below) are also found in the fine-grained sandstone layers, usually 

preserved as casts. 

The whole set of sedimentary structures suggests a relatively dry setting if 

compared with the lower URU. The upper URU is here interpreted as a distal alluvial 

plain system (fan fringe/playa-lake, or ephemeral lacustrine). The muddy portions of the 
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succession would indicate conditions of low or absent stagnant water in the depositional 

environment. In contrast, the relatively coarser intervals (i.e., the 54 intervals of thin-

bedded and fine-grained sandstone layers) would represent conditions of more persistent 

stable water within a complexivelly arid climate. 

Such duality of environments has been recorded as a monsoonal system related to 

the formation of Pangaea (Parrish and Peterson, 1988; Kutzbach and Ziegler, 1993; 

Roscher and Schneider, 2006; Roscher et al., 2011; Tabor et al., 2011) established in the 

equatorial region since the early Permian (Tabor and Montañez, 2002). Therefore, the 

thin-bedded sandstone layers would correlate with maximum monsoonal periods and the 

thick mudstone intervals would correlate with periods of reduced monsoonal activity. 

Similar monsoonal systems are those of the Salagou formation from the French Lodève 

Basin (Roscher and Schneider, 2006; Schneider et al., 2006), although these deposits have 

recently been dated as early–middle Permian (Michel et al., 2015). 

The overlying Buntsandstein succession is 103 m thick, being one of the thinnest 

observed in the Catalan Pyrenees. The base of the Buntsandstein is represented by a 20 

to 50 cm thick microbreccia of quartz pebbles with subordinated feldspar and lithics, and 

a matrix of red coarse-grained sandstones and mudstones (Fig. 3G-I). It is slightly erosive, 

and the topmost portion is composed of fine- to very fine-grained laminated sandstone, 

which is mud-cracked. The composition of this microbreccia is equivalent to that of the 

Buntsandstein basal conglomerates from other Pyrenean regions (e.g., Gretter et al., 2015; 

Mujal et al., 2017; Fig. 3I), and can be traced laterally to the well-developed 

conglomeratic sequences (Figs. 1, 2). This microbreccia conformably overlies (i.e., strike 

and dip angles are the same) a fine-grained sandstone interval of six layers from the upper 

URU (Fig. 3G, 3H). 
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The basal microbreccia is overlaid by a 13.5 m thick sequence composed of red 

mudstones, with a 1 m thick grey interval at the lower part (at 146.7-147.7 m in the 

measured section; Fig. 3J). Four laterally continuous intervals of thin-bedded and fine-

grained sandstone layers as those of the upper URU are found in the red mudstones above 

the grey interval. Despite slight differences in colour and composition (see section 4.3 

below) this interval also displays the cyclicity observed in the upper URU attributed to 

the monsoonal recurrence, thus indicating a continuous sedimentation, in the same 

depositional setting, from the upper URU to the Buntsandstein facies unit. 

The successive interval consists of fine- to medium-grained channelized 

sandstones with trough and planar cross stratifications, ripples and other flow structures, 

as well as vertical burrows; thin conglomeratic layers (10-30 cm thick) occasionally 

constitute the base of the sandstone bodies (lag deposits). These bodies build up fining-

upwards sequences, and often grade to metric red mudstone intervals with occasional 

carbonate nodules of pedogenic origin (Fig. 2). These facies are interpreted as alluvial 

fans with braided systems evolving to meandering and floodplain settings. The carbonate-

dominated Muschelkalk facies, resulting from the Middle Triassic marine transgression, 

cover the Buntsandstein deposits. 

 

4.2. Cyclostratigraphy 

 

The upper URU and the first 13.5 m of the Buntsandstein facies are built up of 

alternating mudstones and thin-bedded sandstone intervals with a cyclic stacking pattern. 

We have defined the basic sequences or cycles to include two half muddy parts and the 

interbedded interval with sandstone layers (i.e., sandstones interpreted to represent the 

maximum enhanced monsoonal periods). Thus, a basic sequence starts and finishes in the 
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middle of the relatively thick muddy interval layers representing periods of reduced 

monsoonal action. The total number of sequences is 58: 53-54 at the upper URU and 4-5 

at the Buntsandstein facies, where sequence 54 starts in the upper URU and finishes in 

the Buntsandstein. Spectral analysis of the code 1 time series in the depth domain (Fig. 

2C) displays significant peaks in a band including periods in the range 1-3 m, which 

correspond to the main thickness of the basic sequences. Other peaks which are not found 

to be significant are located in bands corresponding to periods of 6-9 m and 21-29 m, 

respectively. The use of this simple lithologic code 1 is intrinsically limited. The stacking 

pattern of the basic sequences readily suggest some kind of cyclic modulation as there 

appears to be recurring variations of their thickness (Figs. 2B, C, 3A). Code 2 time series 

better accounts for such observations and should be more suited to infer modulations 

acting on the basic sequences. Indeed, spectral analysis of code 2 series (Fig. 2C) display 

significant peaks both at the 8-12 m band and around 24 m. These are compatible with 

the inferred bands on the code 1 time series. Consequently, a short-eccentricity origin 

(~100 kyr duration) may be attributed to the basic sequences while the band with periods 

of 8-12 m would represent the 400 kyr long eccentricity cycle. Moreover, in this context, 

the cyclicity with periods around 24 m might fit with the very long 1.2 Myr obliquity 

modulation cycle, which have already been detected in the Permian (Fang et al., 2015; Li 

et al., 2016). The alternative interpretation of the basic cycle as precession cycles (~21 

kyr) appears less likely as the 24 m period would be difficult to fit to any orbital period 

despite the 8-12 m could still fit to short eccentricity. Collectively, we favour the 

interpretation of the basic sequences as short eccentricity cycles driven by depositions in 

a monsoonal climate system. We conclude that the upper URU and lowermost 

Buntsandstein represent about 5.8 Myr of monsoonal deposition. 
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4.3. Mineralogy and elemental succession 

 

Coll de Terrers section bulk rock mineralogy as studied by XRD allowed us to 

identify the following main minerals (in parentheses, SQPA values obtained with the RIR 

method are given): quartz (3-39.9 %), calcite (18.3-49.1 %), albite (0.8-18.5 %), 

clinochlore (4.5-33.9 %), hematite (0-5.3 %), kaolinite (1.3-18.9 %) and muscovite/illite 

(5.4-45.3 %). Analcime (0-1.4 %) was only detected in two clusters found at the 

uppermost URU (between 135.5 m and 141.6 m of the measured section) (Fig. 4). Other 

minor phases (each one of less than 1 % in abundance) were found on specific levels, 

including microcline (between 14.5 m and 49.44 m) and rutile (between 135.5 m and 

148.1 m). Fig. 4 shows the main mineral variations from the lower to the upper URU (18 

samples from 4.4 m to 58.0 m of the measured section) and from the upper URU to the 

Buntsandstein facies (56 samples from 134.5 m to 148.1 m of the measured section). 

The lower and upper URU display distinctive proportions of some minerals like 

quartz and kaolinite, which are abundant in the lower URU and depleted in the upper 

URU (Fig. 4). On the contrary, significantly larger amounts of albite and muscovite/illite 

are found in the upper URU relative to the lower URU. The simultaneous reduction of 

kaolinite and increase of albite may indicate a shift from humid to semiarid conditions 

(Schneider et al., 2006), which is in accordance with the sedimentary structures from the 

lower and upper URU, respectively (Figs. 2, 3, S1, S2). A similar palaeoclimatic trend of 

the Pyrenean units was proposed by Gascón and Gisbert (1987), who documented an 

aridification increase in the Permian. De la Horra et al. (2012) also reported a humid to 

semiarid climate transition in the middle–late Permian of the Iberian Basin, and Gómez-

Gras and Alonso-Zarza (2003), Linol et al. (2009) and Liebrecht et al. (2016) documented 

semiarid conditions for the uppermost Permian deposits of the Balearic Islands. The 
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increase of muscovite/illite from the lower to the upper URU also suggests a change 

towards a semiarid climate, as has been documented in South China (Xu et al., 2017). 

The sizable decrease of quartz contents in the upper URU is possibly related to reduced 

chemical weathering (see also Williams et al., 2012), as this mineral is more resistant than 

feldspars and rock fragments (Coney et al., 2007). In turn, analcime occurs both as a 

primary mineral in alkaline igneous rocks but can also be authigenically formed (Remy 

and Ferrel, 1989; Schenider et al., 2006). The latter is the most possible origin of this 

mineral in Coll de Terrers, as no signals of igneous rocks have been found in the 

succession. 

From the uppermost URU (142.6 m of the measured section) to the lowermost 

Buntsandstein red mudstones, significant increase of clinochlore contents accompanied 

with reduced hematite contents (as well as a slight decrease of albite) have been observed. 

Abundance of quartz and muscovite/illite remain nearly constant between the upper URU 

and the Buntsandstein facies. Peaks of albite and quartz are found in the basal 

Buntsandstein microbreccia, most probably corresponding to pebbles (Fig. 3G-I). In the 

grey interval of the basal Buntsandstein red mudstones (146.7-147.7 m of the measured 

section; Fig. 3H) albite and kaolinite slightly increase, clinochlore highly increases, 

muscovite/illite decreases and hematite is depleted. Recently, Xu et al. (2017) 

documented the appearance of chlorite (i.e., from the clinochlore group) across the 

Permian–Triassic transition in South China, being indicative of an accelerated 

aridification. The clinochlore increase across the upper URU/Buntsandstein transition 

may also indicate an intensified aridification. Thus, we conclude that most probably 

semiarid conditions persisted (and increased) across the upper URU and lowermost 

Buntsandstein, also supporting continuity in sedimentation throughout these units. 
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Trends of calcite are not considered here, as this mineral infills postdepositional 

fractures crosscutting the succession (Fig. 3C-E). Thus, part of the measured calcite is not 

from the rock composition but of diagenetic origin instead. 

The mineralogical data was complemented with XRF measurements, which 

allowed us to monitor XRF signals for a range of major and trace elements (Al, Si, K, Fe, 

Cu, Rb and Sr in Fig. 5; Ca, Ti, Cr, Ni and Pb in Fig. S3). The most notable intensity 

trends (Fig. 5) reveal several changes across the three units: 

1) Increase of K (and also of Rb, which displays an equivalent trend) from the 

lower to the upper URU, consistent with the muscovite/illite increase. 

2) Significant decrease of Fe accompanied by increased intensity of the Cu peak, 

across the upper URU/Buntsandstein boundary, coincident with the hematite reduction. 

Copper is generally related to environments with low oxygen levels (Hofmann et al., 

2000; Hiete et al., 2006; Scholze et al., 2017), which could be linked to the decrease of 

hematite observed by XRD. This mineral is formed in oxic conditions, and therefore the 

observed hematite reduction may be a consequence of lower atmospheric oxygen levels 

(Hiete et al., 2006; Benton and Newell, 2014). 

3) Slight decrease of Al, K and Fe signals in the Buntsandstein grey mudstone 

interval, relative to neighbouring materials, and increase of Cu and Sr (and possibly a 

minor increase of Ni) signals. These observations are coincident with the clinochlore 

increase, muscovite/illite reduction and hematite depletion, which could be related to 

anoxia in the lacustrine/playa-lake water (Hiete et al., 2006; see section 5 below). 

 

4.4. Palaeontological content 
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The Coll de Terrers fossil assemblage is mainly composed of tetrapod footprints 

and invertebrate trace fossils located at the upper URU. In the lower URU and 

Buntsandstein facies only invertebrate burrows and root trace fossils were identified. 

Thus the main focus of the section is on the Permian upper URU fossil record. 

 

4.4.1. Vertebrate footprints 

 

Prior to this study, the known URU vertebrate fossil record was limited to the 

unrecovered large tetrapod footprints from Palanca de Noves (stratigraphically located 

116 m below the Triassic angular unconformity; Robles and Llompart, 1987), and to a 

synapsid caseid vertebra from La Trava (stratigraphically located 35 m below the Triassic 

angular unconformity; Mujal et al. 2016a). Coll de Terrers yields four tetrapod footprint 

morphotypes (I-IV), as well as several unclassifiable rounded and oval-shaped deep 

tracks characterized by large expulsion rims. Footprints are preserved in concave epirelief 

in the fine-grained sandstone layers of the upper URU. Such layers were cohesive 

substrates that enhanced footprinting. Herein we also re-analyse the footprints reported 

by Robles and Llompart (1987) to study the complete succession of tetrapod footprints 

along the Pyrenean URU. These ichnites are currently lost due to construction of the road 

to the town of La Seu d’Urgell during the nineties, so our reanalysis is based on the 

descriptions and photographs published by these authors. 

 

Morphotype I (Figs. 6A, B, S4, S5) 

Description: This morphotype is found in the basal fine-grained sandstone layer 

of the sequences 9 (at 70.20 m; Fig. S4A), 23 (at 95.20 m; Figs. 6A, S4B-I) and 38 (at 

119.80 m; Figs. 6B, S5) of the measured section. Tracks of this morphology are settled 

ACCEPTED MANUSCRIPT



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

19 
 

in alternating manus-pes sets. Manus impressions are pentadactyl, semiplantigrade to 

plantigrade and wider than long. Manus digits, displayed in arch form, are short, mostly 

preserved as rounded tip impressions, with thin and shallow phalangeal pad marks (Fig. 

S5C). A low expulsion rim appears in the posterior (proximal) part of the tips of some 

tracks (Fig. S4B, C). Digit III is the longest, followed by digits IV, II and I. Digit V, the 

shortest, is just a faint impression. Digits I and II are the deepest, followed by digit III, 

digit IV is much less impressed. The palm is much wider than long, with a concave and 

shallow posterior margin. A rounded and deep impression is observed below digit I. The 

deepest part of the palm is an oval-shaped impression below digit III. Pes tracks are 

generally poorly preserved, they are longer than wide, pentadactyl and plantigrade, and 

in some cases partially overprint manus (Fig. 6A, S4C-I). When preserved, pedal digits 

are also displayed in arch form (Figs. 6B, S4A, S5). Digits are short and stubby, 

preserving oval- to round-shaped tips, slightly wider than long. In one track digits are 

elongated (Fig. S4G). Digit III is the longest, and digit V is the smallest. The posterior 

and outer half of the sole is the deepest impressed part of the footprint, in some cases 

surrounded by an expulsion rim (Fig. S4A). Trackway pace angulation is estimated to be 

around 90º in both manus and pes tracks. Manus tracks are slightly rotated inwards, 

whereas pes tracks are slightly rotated outwards. 

Remarks: The quadrupedal tracks, displayed in alternating manus-pes sets, with 

low pace angulations and the shape of both manus and pes impressions are characters 

found in the Dicynodontipus tracks of the late Permian Cistecephalus Assemblage Zone 

from the South African Karoo Basin (de Klerk, 2002). This ichnogenus is also recorded 

in the late Permian from Italy (Kustatscher et al., 2017), and the Early and Middle Triassic 

from Australia (Retallack, 1996), Germany and Britain (Haubold, 1971). The different 

track preservations are related to substrate rheology (i.e., moisture and water content). 
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Such variety of preservations, as well as the partial overprinting of pes to manus 

impressions, and the footprint depth patterns, were also observed by de Klerk (2002) in 

the late Permian of South Africa. All these features suggest that the Coll de Terrers tracks 

are most probably close related to the South African Dicynodontipus footprints if not the 

same. The lack of more detailed tracks and complete trackways preclude ichnogeneric 

assignation. Overall, the Coll de Terrers tracks could represent the first record of 

Dicynodontipus in the Permian of Western Europe. If true, this record suggests a late 

Permian age for the upper URU of Coll de Terrers. 

 

Morphotype II (Figs. 6C, S6) 

Description: Footprints of this morphology are found in different fine-grained 

sandstone layers of the sequence 39, at 120 m of the measured section (Figs. 6C, S6). 

Tracks are arranged in manus pes sets. Tracks are nearly rounded and slightly wider than 

long. Manus (about 10 cm wide, 7 cm long) are smaller and more oval-shaped than pes 

tracks (about 15 cm wide and long). Manus are semiplantigrade, with only three short and 

rounded digits preserved (I, II and III, in increasing length). Digit II is the most deeply 

impressed, followed by digit I. Digit III is slightly shallower than palm impression, which 

is deeper below digit I (Fig. 6C). Manus is slightly rotated inwards respect to pes 

impression. Pes tracks are nearly rounded, plantigrade to semiplantigrade, mostly 

preserving digits I to IV, in increasing length and depth. Digit I is much shorter than digit 

II; digits III and IV are nearly equal in length. A rounded and relatively deep impression 

is observed in the sole below digit I. The outer half of the sole is the deepest impressed 

part. A shallow ridge divides the sole between digit I and its basal pad from the rest of 

the footprint. 
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Remarks: The slightly wider than long footprints and their size, with pes larger 

than manus impressions and the stubby digits in increasing length from I to IV, are traits 

of Pachypes, a late Permian ichnogenus recorded from Italy (Valentini et al., 2009; 

Kustatscher et al., 2017), Morocco (Voigt et al., 2010), Niger (Smith et al., 2015) and 

possibly from Russia (Valentini et al., 2009; but see Gubin et al., 2003; Surkov et al., 

2007; Voigt et al., 2010). Track preservations preclude a confident assignation, but all the 

previous characters suggest Pachypes (or a close related one) as the most favoured 

ichnotaxon for Morphotype II. 

 

Morphotype III (Figs. 6D, S7) 

Description: This morphotype is preserved in the basal layer of the sequence 27, 

at 100.98 m of the measured section (Figs. 6D, S7). Footprints are deeply impressed, 

bordered by relatively high and wide expulsion rims. They preserve three thin and long 

digits, representing about 2/3 of the total footprint length. Two of the three digits are 

nearly parallel, while the other digit is separated, with a higher angle of divarication. Digit 

tips are rounded. The heel, narrower than the total digits width, shows different shapes, 

appearing as a smoothed triangle, slightly curved (convex), or separated by a ridge from 

the rest of the impression (Fig. S7A-F, H, I). Some tracks are rather aligned and 

alternated, possibly corresponding to the same trackway, although patterns are not regular 

(Fig. S7G, J). If these tracks correspond to a trackway, the most separated digit would 

correspond to digit I, as it would be in the footprint inner (medial) part. 

Remarks: The asymmetrical fork-like shape of these footprints, only preserving 

three digits, is unknown from any Permian tetrapod footprint morphotype. Therefore, this 

shape most probably results from a specialized gait in a soft (but cohesive) substrate. 

Anatomical features are hardly preserved, precluding a confident assignation. In addition, 
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the original track surface may be covered or eroded, thus some tracks may correspond to 

overtracks or undertracks, respectively. This occurs in microbial mats from tidal flats, 

where water content variation and surface mud-cracking are frequent (Marty et al., 2009), 

hence being similar to the upper URU sandstone layer substrates. 

 

Morphotype IV (Figs. 6E-G, S8) 

Description: These footprints were found in two ex situ blocks 7 cm thick 

(including IPS-99097, Fig. S8) at the uppermost URU, close to the sandstone channel 

(sequence 49) at 138.5 m of the measured section. Footprints are pentadactyl, digitigrade 

and longer than wide. Measuring about 2.5x2 cm, they are the smallest vertebrate ichnites 

of Coll de Terrers. Digits are thin and long, in increasing length from I to IV, which are 

curved inwards. Occasionally digit I is not preserved. Digit V, rotated and curved 

outwards, is between digits I and II in length. Digit tips are clawed. Despite the fact that 

surfaces are plenty of tracks, no manus-pes sets nor trackways are recognized. 

Remarks: Small-sized footprints with this asymmetrical shape, due the relative 

length of the slender and curved digits, may be attributed to either Dromopus or 

Rhynchosauroides (e.g., Haubold, 1971). Dromopus is mostly recognized in Lower 

Permian deposits (Marchetti, 2016), whereas Rhynchosauroides is identified in the Upper 

Permian record (Valentini et al., 2007, 2009). Similar footprints from the late Permian of 

the Nigerian Moradi formation were attributed to Dromopus by Smith et al. (2015) 

although further detailed studies are necessary for a confident ichnotaxonomy. Therefore, 

and due to track preservation, we refer Morphotype IV to a Dromopus-Rhynchosauroides 

plexus awaiting further analysis. 

 

Footprints published by Robles and Llompart (1987) (Fig. 6H) 
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Description: These authors described four ichnites preserved in concave epirelief 

and located in the URU, 116 m below the Triassic unconformity at the Palanca de Noves 

site. Footprints are pentadactyl and plantigrade to semiplantigrade, probably 

corresponding to the same trackway. Robles and Llompart (1987) differentiated four 

forms: A1, A2, B1 and B2. Ichnites A1 and A2 correspond to a manus and a pes, 

respectively, building up a right couple. B1 and B2 correspond to a pes and a manus, 

respectively, from two different (but consecutive) left sets. Manus is much wider (ca. 35 

cm) than long (ca. 19 cm), and with relatively long digits (about 1/3 of the total footprint 

length) with rounded tips. Digit I is elongated and rotated backwards. Digit III is the 

longest, followed by digit IV and digit II. Digit V is slightly shorter than digit I. The palm, 

wider than long, is oval shaped. Pes track is wider (ca. 33 cm) than long (ca. 20 cm). 

Digits III and IV are the longest, followed by digit II. Digits I and V, similar in length, 

and much shorter than the others. In the right manus-pes set, manus is rotated inwards 

and closer to the trackway midline than pes track, which is nearly parallel to the midline. 

If these footprints build up a single trackway, pace angulation is relatively low, about 90º. 

Remarks: These tracks were correlated to different trackmakers by Robles and 

Llompart (1987): the forms A were identified as temnospondyl or seymouriamorph 

tracks, and the forms B as a reptile-like track or a chirotheriid. Nevertheless, these tracks 

most probably correspond to a single trackway, thus such morphological variations are 

related to locomotion and substrate rheology. Two ichnogenera present the characters 

described above: 1) the Dicynodontipus tracks from the Cistecephalus Assemblage Zone 

(late Permian) at the South African Karoo Basin (de Klerk, 2002), and 2) the 

Merifontichnus tracks from the La Lieude formation (middle Permian) at the French 

Lodève Basin (Gand et al., 2000; Gand and Durand, 2006) and possibly from the late 

early Permian of the Italian Orobic Basin (Marchetti, 2016). With the available data, 
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ichnotaxonomy should remain open, although considering the age of the succession (see 

discussion in section 5 below), Merifontichuns is the favoured ichnogenus for these 

ichnites. 

 

4.4.2. Invertebrate trace fossils and plant remains 

 

Invertebrate ichnites occur in the three Coll de Terrers units. In the distal 

meandering and floodplain systems of the lower URU, sandstone channels preserve either 

vertical or oblique, cylindrical and slightly sinuous bioturbations infilled by wine-reddish 

mudstone (Fig. S1E). Plant fragments and root traces are also preserved along the lower 

URU (Fig. S1F, S2B). 

Several fine-grained sandstone layers of the upper URU yield both vertical and 

horizontal (and ramified) cylindrical bioturbations of up to 1 cm of diameter (Fig. S9A-

E). When present, vertical burrows are relatively abundant (Fig. S9A). Gisbert (1981) 

attributed the vertical burrows to bivalves. Otherwise, ramified and horizontal burrows 

may correspond to arthropods. The lowermost surfaces of some fine-grained sandstone 

layers preserve abundant trace fossils with two differentiated morphologies: 1) Ichnites 

of <1 mm to 3 mm long, oval-shaped and bilobated (i.e., “coffee grain-like” shape; Figs. 

6I, S9G-J), attributed to Rusophycus, which is a common Permian-Triassic resting trace 

fossil (Gand et al., 2008); 2) relatively long and sinuous ichnites composed of two parallel 

ribbons with a medial ridge, often associated with Rusophycus (Figs. 6I, S9I, S9J); these 

impressions resulted from locomotion, probably corresponding to Acripes (or close 

related) ichnogenus (Gand et al., 2008). These ichnites were impressed in a submerged 

substrate, as their trackmakers, notostracan arthropods (triopsids), are unable to move out 
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of water (Gand et al., 2008). Associated with some of these arthropod ichnites, several 

globular structures possibly corresponding to pellets are also recognized (Fig. S9J). 

 

4.5. Correlation with the Pyrenean record 

 

The Coll de Terrers succession is integrated with those from Palanca de Noves at 

the Segre river valley (3.87 km Westwards; Gisbert et al., 1985; Robles and Llompart, 

1987) and La Trava-Coll de Creus (6.85 km Eastwards; Gretter et al., 2015; Mujal et al., 

2016a), which present significant differences (Figs. 1, 7). The major and traceable feature 

is the Westwards and Eastwards thickening of the Buntsandstein facies, which overlie the 

URU in angular unconformity and local conformity in the studied area (Fig. 7). Such 

thickening was the result of erosive depocentres located to the W and E of Coll de Terrers 

(e.g., the number of upper URU cycles at Coll de Creus is less than 30, whereas Coll de 

Terrers preserves 54 cycles; Fig. 1C). Coll de Terrers remained as a topographic high 

where accommodation was reduced (e.g., the Buntsandstein unit thickness at Coll de 

Terrers is of 103 m and in Palanca de Noves is of 213 m). The cycles at the lowermost 

part of the Buntsandstein from Coll de Terrers have not been identified at any other area 

of the Catalan Pyrenees. Instead, in the other successions the basal conglomerates of 

alluvial braided systems are overlaid by fine- to medium-grained sandstones and 

mudstones of fluvial (mostly meandering) and floodplain systems (Mujal et al., 2016a, 

2017). This feature denotes that in Coll de Terrers the basal Buntsandstein deposits record 

a singular environment of low energy (i.e., playa-lake or ephemeral lacustrine) instead of 

the coarse braided systems found in other Pyrenean regions (Gisbert et al., 1985; Gretter 

et al., 2015). In all, the basal thick braided successions preserved out of Coll de Terrers 

represent by-pass deposits of relatively long periods of sediment reworking. As a result, 
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the Coll de Terrers Permian deposits were not exposed to any major erosion, and the 

Permian-Triassic succession is in continuity (i.e., strike and dip angles, and sedimentary 

setting do not change across the URU/Buntsandstein boundary, thus the usual Triassic 

angular unconformity is not present at all). This feature is exceptional in the Pyrenees and 

probably within the continental deposits of Western Europe (Bourquin et al., 2007, 2011; 

Gretter et al., 2015). 

 

5. Discussion 

 

The Permian–Triassic transition from the Catalan Pyrenees has been recently 

investigated by Mujal et al. (2016a). These authors documented a lack of record of about 

15-19 Myr between the Permian and Triassic successions in sections preserving well-

developed conglomerates at the base of the Buntsandstein from Palanca de Noves and La 

Trava sections. In this last section, a synapsid caseid vertebra from the uppermost part of 

the lower URU was tentatively correlated to the Wordian (middle Permian), thus 

suggesting that the upper URU is younger. The correlation of the Pyrenean lower and 

upper URU fossil localities shows that the Palanca de Noves tracks reported by Robles 

and Llompart (1987) were stratigraphically below the caseid vertebra (Fig. 7). These 

ichnites were preserved in thin mudstone and thin-bedded sandstone intervals settled in a 

succession with abundant levels of conglomeratic alluvial channels (Robles and 

Llompart, 1987), thus corresponding to the lower URU. In our analyses we found that 

these ichnites could be attributed to either Merifontichnus or Dicynodontipus. 

Considering the inferred age for the caseid vertebra (early middle Permian), the Palanca 

de Noves tracks, which are older than the vertebra, more likely correspond to 

Merifontichnus. This ichnogenus is known from the middle Permian La Lieude formation 
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of France (Gand et al., 2000; Gand and Durand, 2006), whereas Dicynodontipus is known 

from the late Permian Cistecephalus Assemblage Zone of South Africa (de Klerk, 2002) 

and the late Permian of the Northern Italian Bletterbach Gorge, Dolomites (Kustatscher 

et al., 2017 and references therein). 

These biostratigraphic inferences can be compared and coupled with the 

sedimentological and mineralogical trends of the succession. The lower to upper URU 

deposits record a transition from humid to semiarid conditions (Fig. 8). This climatic shift 

is possibly related to that of the upper portion of the Alcotas formation in the Iberian 

Basin (De la Horra et al., 2012) and also to the climatic shift documented in the early late 

Permian of northern Pangaea (Retallack et al., 2006; Roscher and Schneider, 2006; 

Słowakiewicz et al., 2009). This may imply that the lower/upper URU boundary could be 

correlated with the middle–late Capitanian (around the middle Permian extinction event) 

(Retallack et al., 2006; Sheldon et al., 2014; Day et al., 2015). Nevertheless, the 

lower/upper URU boundary possibly represents a paraconformity or sedimentary hiatus 

(i.e., long periods of exposition and development of levels with large nodules; Figs 8, 

S2); no evidences of the middle Permian extinction have been identified in the Pyrenees 

so far. 

The upper URU records a cyclic alternation of facies, from mudstones to fine-

grained sandstones, related to a monsoon system of orbital recurrence (Figs. 2, 3A, B). 

Such duality of facies would represent the seasonality proposed in the late Permian 

palaeoclimatic model of Roscher et al. (2011). Similarly, late Permian seasonality has 

also been documented in the Central Pangaean Moradi formation of Niger (Looy et al., 

2016) and the Southern Pangaean Karoo Basin of South Africa (Gastaldo et al., 2015). 

The tetrapod footprint morphotypes I and II recovered in Coll de Terrers were potentially 

produced by similar (or the same) trackmakers as those corresponding to Dicynodontipus 
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and Pachypes (i.e., dicynodonts and pareiasaurs, respectively), being present at the Karoo 

Basin (de Klerk, 2002) and at the Moradi formation (Smith et al., 2015), respectively. In 

fact, the upper URU mudstones are barren of fossils, but the thin-bedded sandstone layers 

preserve tetrapod footprints, possibly indicative of periods of more favourable conditions 

for life development. The presence of burrows and notostracan ichnites may indicate that 

the fine-grained sandstone layers acted as a source of food. These ichnites were impressed 

in a submerged substrate, as their trackmakers are unable to move out of water (Gand et 

al., 2008), further denoting different conditions than those of the muddy intervals. 

Noteworthy, the thin-bedded sandstone layers record periods of subaerial exposure (Figs. 

3B-E, 6A, 8) that, together with the notostractan ichnites, indicate recurrent dry and wet 

periods. This is indicative of a similar seasonality to that of Central Pangaea (Looy et al., 

2016). 

The correlation of the monsoonal sequences with 400 kyr eccentricity cycles 

implies that the upper URU and the lowermost Buntsandstein were deposited along ~5.8 

Myr. In this way, the aridification observed at the upper URU would be at least of 5.3-

5.4 Myr older than the upper URU/Buntsandstein boundary. The lack of any major 

erosion and the URU/Buntsandstein concordant contact both suggest that the Permian–

Triassic boundary (PTB) could be preserved somewhere in the uppermost URU or 

lowermost Buntsandstein, possibly in the URU/Buntsandstein boundary itself (Fig. 8). 

Note also that the URU/Buntsandstein boundary does not show a disruption in the 

cyclicity (Fig. 2C). This agrees with the suggested correlation of the upper URU with the 

early late Permian aridification and with the South African Cistecephalus Assemblage 

Zone. The presence of tractive structures in the uppermost URU at Coll de Terrers (e.g., 

channel at 138.5 m of the measured section; Fig. 3F) denote a higher water flow (i.e., 

increase in water flow) than that of the thin-bedded sandstone layers. This switch to more 
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energetic conditions at the uppermost URU culminated with the basal Buntsandstein 

microbreccia (Figs. 3G-I, 8). A similar energetic increase of the sedimentary style has 

been documented in the Permian–Triassic transition of the Iberian Basin (Arche and 

López-Gómez, 2005), Russia (Newell et al., 2010; Benton and Newell, 2014), central 

India (Chakraborty and Sarkar, 2005), South China (Zhang et al., 2016), South Africa 

(Ward et al., 2000), the Antarctica (Retallack et al. 2005) and Australia (Michaelsen, 

2002). This energetic increase is related to the loss of plants that fix the substrate on 

account of the end-Permian extinction (Retallack et al., 1998, 2006; Michaelsen, 2002; 

Benton and Newell, 2014). In addition, the clinochlore increase throughout the 

URU/Buntsandstein transition can be correlated with the intensified aridification across 

the PTB in South China, where similar mineralogical trends have been detected (Xu et 

al., 2017). 

Another particular sedimentological feature of Coll de Terrers is the sudden 

switch from red to grey mudstones in the lowermost Buntsandstein (Fig. 3J). 

Accordingly, this 1-m-thick grey mudstone interval shows a sudden shift of several 

minerals and elements (Figs. 4, 5, S3). Particularly, the hematite depletion and the 

increase of Cu and Sr (and also the minor increase that seems to occur in the case of Ni) 

possibly denote anoxic conditions. Grey intervals with Cu enrichments, related to anoxia, 

are recorded in the lowermost Buntsandstein of the Central European Basin, Central 

Germany (Hiete et al., 2006; Scholze et al., 2017). Noteworthy, the end-Permian 

extinction is correlated with oceanic anoxia and acidification (Grice et al., 2005; Meyer 

and Kump, 2008) that influenced atmosphere (Kump et al., 2005). In this way, in marine 

sections of South China, spikes of Cu and Ni related to the Siberian volcanism coincide 

with the end-Permian extinction event (Rothman et al., 2014). Strontium increase across 

the PTB has been related to increased acidic conditions in the Iberian Basin (Borruel-
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Abadía et al., 2016). Similarly, acidification across the PTB has also been suggested in 

successions from South China, being possibly related to a global event (Xu et al., 2017). 

With the present elemental data, such interpretations for Coll de Terrers still remain open, 

although peaks of Sr and Al are also observed at the lowermost Buntsandstein mudstones 

(Fig. 5). Coney et al. (2007) suggested that no distinct geochemical signatures are found 

across the PTB in the South African Karoo Basin, although that could be due to the 

lithological differences of the analysed sections. On the contrary, Williams et al. (2012) 

found geochemical trends correlated with the global record in the Australian Sidney 

Basin. Further geochemical analysis at Coll de Terrers will shed light on this terrestrial 

record and its potential correlation with marine sections. 

Regarding the age of the Buntsandstein facies, Mujal et al. (2016a) established a 

late Olenekian (late Early Triassic) age for the portion of the unit overlying the basal 

conglomerates at Palanca de Noves, where no monsoonal sequences as those of Coll de 

Terrers are observed. As already mentioned (see section 4.5 above), the well-developed 

conglomeratic deposits from Palanca de Noves would correspond to by-pass deposits, 

and thus may not preserve the lowermost Triassic record, as also occurs in La Trava (Fig. 

7). Therefore, the basal conglomerates at Palanca de Noves are directly overlaid by 

meandering deposits (Mujal et al., 2016a). The 4-5 monsoonal sequences from the Coll 

de Terrers Buntsandstein correspond to the earliest Triassic record. Both 

sedimentological and mineralogical data indicate that these deposits formed under 

(increased) semiarid conditions, and thus they are probably related to the Early Triassic 

greenhouse crises (Retallack et al., 2011; Retallack, 2013). The overlying meandering 

deposits correlate with those of Palanca de Noves and La Trava (Fig. 7) and indicate a 

shift towards more humid conditions. At Palanca de Noves, such deposits yield a 

relatively diverse tetrapod ichnofauna and scarce bone remains (Fig. 7) related to the 
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Early–Middle Triassic vertebrate recovery (Mujal et al., 2016a; see also Mujal et al., 2017 

for further Buntsandstein Pyrenean ichnite localities). All these features are possibly 

indicative of the transition to cooler temperatures at the end of the Early Triassic (Rey et 

al., 2016). 

Further prospections, analyses and major efforts, including more detailed XRD 

and XRF studies and isotopic analyses as well, are required to elucidate the age of the 

Permian–Triassic deposits of Coll de Terrers and other Pyrenean areas, and the potential 

biological crises recorded therein. 

 

6. Conclusions 

 

The Catalan Pyrenees, together with other regions from the Western peri-Tethyan 

domain, are a key target to decipher the late Palaeozoic–early Mesozoic events. Here we 

have provided new data on the continental Permian–Triassic transition of a recently 

identified area, Coll de Terrers. The sedimentary succession of the uppermost Permian 

units records different environments that, supported by the XRD analyses, point towards 

a transition from humid to semiarid climate that correlates with the late Permian 

aridification. The tetrapod ichnoassemblage also suggests a late Permian age for the 

uppermost Permian. 

The late Permian succession was deposited under a monsoonal regime (already 

documented in equatorial Pangaea) in a low-energy setting (i.e., a distal alluvial plain), 

and orbital forcing imprint recurrence conditions (i.e., potential eccentricity and long-

term obliquity cycles, hitherto unknown in the Permian–Triassic record of the Iberian 

Peninsula). The continuous sedimentary succession and the lack of any major erosion 

across the uppermost Permian and lowermost Triassic deposits imply the potential record 
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of the Permian–Triassic boundary. This is supported by a sudden increase of the system 

energy and an intensified aridification close to the Permian–Triassic transition 

(documented in both northern and southern Pangaea), the possible anoxic interval in the 

lowermost Triassic deposits, and also by the lack of any major erosion and sedimentary 

hiatus as indicated by the preliminary cyclostratigraphic results. 

In summary, Coll de Terrers records events and features globally recognized in 

Permian–Triassic terrestrial successions. This area, located in a narrow rift system at the 

Gondwana and Laurasia confluence, emerges as a reference zone to investigate the 

Permian–Triassic transition in terrestrial settings often characterised by scarcity of 

stratigraphic record. Further ongoing works will clarify whether the Permian–Triassic 

boundary is recorded in this Pyrenean terrestrial succession and in equivalent areas as 

well. This is the first contribution to improve correlations between northern and southern 

Pangaean regions, shedding new light on the terrestrial Permian extinction events. 
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Figure Captions 

 

Figure 1. Palaeogeographical and geological setting. A. Pangaea map at 252 Ma 

(modified from Alroy, 2013); arrow and square show the studied locality; 

Gondwana/Laurasia boundary (dashed line) from Torsvik and Cocks (2013). B. Regional 

context. C. Geological map of the studied area (updated from Hartevelt, 1970 and Gisbert, 

1981) with the main depositional units and equivalent lithostratigraphic formations; 

dashed lines correspond to uncertain contacts. 

Figure 2. Coll de Terrers setting. A. Detailed geological map. B. Stratigraphic section 

with location of the magnetostratigraphic, XRD and XRF sample sites. C. Time series 

analysis of lithologic code 1 and code 2 in the depth domain. Spectral analyses on both 

series are carried out using the REDFIT program. Blackman–Tukey power spectrum 

(Band Width = 0.027095 0.563664 < DP( 80.000000 % ) / P < 2.722162) is also shown 

for code 2 series. The 95% confidence limits for a red noise test (a fitted AR1 process) 

for the REDFIT spectra are indicated. The periods in meters for relevant spectral peaks 

are indicated on the spectra. These spectral peaks are the basis for the frequency used for 

Gaussian filters and centred at 26 m (0.038383 ± 0.025 bandpass) and 7 m (0.160307 ± 

0.12 bandpass) for code 1 and centred at 24 m (0.042828 ± 0.03 bandpass) and 9 m (0.11 

± 0.08 bandpass) respectively (see text for discussion). 

Figure 3. Coll de Terrers section. A. Overview of the studied units with partial labelling 

of the orbital cycles (numbers). B. Thin-bedded and fine-grained sandstone interval of 

cycle 22; note the thickest basal layer and the common load structures in most of 

sandstone layers. C-E. Thin sections of sandstone layers including: parallel and cross 

laminae; fining upwards of the laminae; mud drapes with load structures (white vertical 
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arrows in C, D); long exposure levels (black arrow in C); small pedogenic nodules at the 

sandstone/mudstone interface (D); and section of a tetrapod footprint in lower laminae 

(white arrows in E). F. Fine-grained sandstone channel at the topmost part of the upper 

URU (cycle 49). G, H. Upper URU/Buntsandstein boundary (white dashed line), 

represented by a quartz microbreccia. I. Thin section of the basal Buntsandstein 

mircrobreccia, with most of the pebbles of quarts, but also including feldspars. J. Grey 

mudstone interval at the base of the Buntsandstein facies and overlying red mudstones. 

Figure 4. Semiquantification of main minerals (in percentage) obtained by XRD. “+” 

correspond to sandstone samples. Red lines correspond to the septarian nodules (double 

line; lower/upper URU boundary) and to the upper URU/Buntsandstein boundary. Grey 

interval corresponds to the grey mudstones at the lowermost Buntsandstein facies. 

Figure 5. Element intensities obtained by XRF. Black and white circles correspond to 

mudstone and sandstone samples, respectively. Red lines and grey interval as in Fig. 4. 

Figure 6. Ichnology of the upper URU, including tetrapod footprints (A-H) and arthropod 

ichnites (I). A, B. Morphotype I, including a partial trackway with manus paces in dashed 

white line (A) and a well-preserved manus and partial pes with the 3D model and ichnites 

outline (B). C. Morphotype II manus-pes set, with the 3D model and ichnites outline. D. 

Morphotype III, with the 3D model and ichnite outline. E-G. Morphotype IV, including 

three left tracks; footprints corresponding to the slab IPS-99097. H. Footprints from 

Palanca de Noves (photo of “forms A” modified from Robles and Llompart, 1987) and 

ichnites outline. I. Ichnites preliminary attributed to Acripes and Rusophycus. 

Figure 7. Correlation of the URU-Buntsandstein sequences with the stratigraphic 

position of the URU vertebrate remains. Previously published tetrapod bones (B) and 

footprints (F) are indicated in red for the URU and in green for the Buntsandstein facies. 

Symbols of Coll de Terrers tetrapod footprints as in Fig. 2. 
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Figure 8. Suggested, tentative correlation of Coll de Terrers section with the International 

Chronostratigraphic Chart (v2016/12) by Cohen et al. (2013 updated) and major events 

recorded at the studied area. Ind.: Induan. Chang.: Changhsingian. Wuchi.: 

Whuciapingian. M.: Muschelkalk facies. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Figure 8 
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Graphical abstract 
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Research highlights 

 

 Coll de Terrers: the continental Permian-Triassic transition in Pangaea equator. 

 Combined analyses constrain the Guadalupian–Middle Triassic environmental 

changes. 

 The continuous record suggests the presence of the Permian-Triassic boundary. 
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