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Abstract 15 

During the Paleogene and Neogene the NE Iberian plate underwent significant paleogeographic 16 

changes driven by the Iberian and European plate collision and the resulting formation of the 17 

Pyrenean orogen and its corresponding foreland basin. Shortening resulted in the advance of the 18 

orogenic wedge, emplacement of allocthonous units, and progressive basin partitioning. Sediment 19 

transfer systems reacted to the evolving paleogeographic scenario, shifting from forebulge to 20 

foredeep and wedge-top settings. Critical reorganizations included successive shifts from open to 21 

close drainage conditions, which had an strong impact on accommodation, and the stratigraphic 22 
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architecture of the basin infill, overfill and later erosion. The aim of this work is to synthesize the 23 

paleogeographic and sedimentary evolution of the south-pyrenean foreland, with emphasis on the 24 

reconstruction of sediment routing, the evaluation of sedimentation rate trends, the timing of 25 

sedimentary shifts and the analysis of their causes. Stratigraphic data are compiled in a 26 

comprehensive magnetostratigraphy-based chronostratigraphic framework. Besides, sedimentary 27 

and structural data are put together to produce a series of palinspastically restored paleogeographic 28 

maps, which reflect five key stages in the evolution of the region. These stages include: 1) the Late 29 

Cretaceous tectonic inversion of the extended Iberian margin; 2) the Early Eocene formation of 30 

the southern Pyrenean foredeep; 3) the Middle Eocene widening and overfilling; 4) the late Eocene 31 

shift into an internal drainage; and 5) the Late Miocene drainage opening and erosion. In the light 32 

of these results, the variable role of tectonics, climate and eustacy at different time scales are 33 

discussed. 34 

 35 
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1. Introduction 52 

Foreland systems are regions where a complex interplay between deep and surface processes is 53 

established (DeCelles, 2012; DeCelles and Giles, 1996; Sinclair, 1997), so that trigger and 54 

feedback relationships are not easily distinguished. Plate collision processes transform the 55 

landscape by means of high amplitude vertical movements of uplift and subsidence. Physical 56 

properties of the lithosphere determine the amplitude and wavelength of the flexure of the 57 

subducting plate, the first-order contributor of accommodation to the foreland basin. The evolution 58 

through geologic time, however, also depends on other factors such as climate and their feedbacks 59 

(Molnar and England, 1990), as surface processes of erosion and sediment transport are the agents 60 

of mass redistribution over the Earth surface and across the source-to-sink systems, from the 61 

internal to the external areas of the foreland system (Beaumont et al., 1992). 62 

Understanding the causal relationships which operate in foreland systems relies on the analysis of 63 

the sedimentary record and its placement in a robust chronostratigraphic frame. Fine time lines are 64 

needed to link forcing mechanisms and their effects, to correlate disparate records and to frame 65 

the evolution of a study region in the overall evolution of the planet. In this paper, the long-term 66 

trends of sedimentation in the South-Pyrenean Foreland Basin (SPFB) (Fig. 1) are analyzed in the 67 

context of its paleogeographic evolution and the key times of basin configuration change. This is 68 

achieved thanks to the exceptional preservation of the stratigraphic record and abundant 69 

biostratigraphic and magnetostratigraphic studies carried out in the past decades, which allowed 70 

the construction of a reliable picture of the evolving sedimentary environments and routing 71 

systems through time. We review the evolution of the South-Pyrenean sediment transfer systems 72 

and sinks, from the Early Eocene chain-parallel turbiditic troughs to the late Eocene to Miocene 73 

internally drained Ebro basin, and the final fluvial incision and drainage opening towards de 74 

Mediterranean basin. 75 

2. The setting of Pyrenean thrust-belt and its southern foreland basin 76 

The Pyrenean orogen formed as a result of the north-directed convergence and continental collision 77 

between Iberia and European plates since the Late Cretaceous. Crustal-scale cross-sections based 78 
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on seismic data and abundant additional geophysical data show evidence that the Iberian lower 79 

crust has subducted or underthrusted together with the lithospheric mantle underneath the 80 

European plate (Chevrot et al., 2018; Muñoz, 1992; Teixell, 1998).  81 

Continental collision led to tectonic inversion of pre-existing Mesozoic rifted margins during the 82 

Late Cretaceous (García-Senz, 2002), followed by the growth of the doubly-vergent orogenic 83 

wedge during the Paleogene. Flexural response of the lithosphere caused the formation of two 84 

peripheral basins, a pro-foreland basin on the subducting iberian plate, and a retro-foreland basin 85 

on the overriding european plate. Low-temperature geochronological data confirm geological 86 

constraints and mark the onset of continental collision at ca. 70Ma and acceleration and widening 87 

of the collision front at 50Ma (Fitzgerald et al., 1999; Mouthereau et al., 2014). Zircon fission-88 

track ages show a distinctly diachronous growth of the Pyrenean orogen, characterized by a 89 

younging trend from north to south across the Axial Zone and from East to West (Whitchurch et 90 

al., 2011). 91 

The southern Pyrenees are formed by a set of imbricate thrust sheets that developed in a piggy-92 

back sequence from Late Cretaceous to Early Miocene (Cámara and Klimowitz, 1985; 93 

Choukroune, 1989; Muñoz, 1992; Muñoz et al., 2018b; Vergés, 1993; Vergés et al., 2002a), 94 

although some were reactivated by a break-back thrust sequence during the Uppermost Eocene-95 

Lower Oligocene (Muñoz, 2002; Vergés and Muñoz, 1990). Triassic salts acted as the primary 96 

detachment level, to the extent that their occurrence along the northern Iberian margin determined 97 

the structural style and the location and geometry of allochtonous units. In the Eastern and Central 98 

Pyrenees the Mesozoic cover is detached along the Triassic salts from the Hercinian basement. 99 

Basement rocks form an antiformal stack of high tectonic relief in the Axial Zone, while the 100 

Mesozoic cover is involved into a series of thrust sheets grouped into three main units. In the 101 

central Pyrenees, these are The Bóixols-Cotiella, the Montsec-Peña Montañesa and the Gavarnie-102 

Serres Marginals thrust sheets (Fig. 1). In the eastern Pyrenees these are the Upper Pedraforca, the 103 

Lower Pedraforca and the Cadí-Montgrí thrust-sheets. In the western Pyrenees, the absence of 104 

Triassic salts favored a deformation style in the form of a wider and lower relief imbricated system 105 

where sedimentary cover and basement are coupled (Teixell, 1996). 106 
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Restored cross-sections across the Pyrenees show minimum total shortening of about 110-125km 107 

in the Eastern Pyrenees (Grool et al., 2018; Vergés, 1993) and 150km at the Central Pyrenees 108 

(Muñoz, 1992). Mountain building caused the flexure of the Iberian plate and the development of 109 

an E-W elongated deep foreland basin draining towards the Atlantic Ocean (Puigdefàbregas, 1975; 110 

Séguret, 1972). The forward migration of the orogenic wedge onto the subducting plate caused 111 

progressive basin partitioning, and foredeep sedimentation being gradually shifted into a wedge-112 

top setting. The emplacement of the Montsec thrust sheet in the Paleocene-Early Eocene resulted 113 

in the early piggy-back transport of the Tremp-Graus basin. The Tremp-Graus basin has a simple 114 

internal structure of an E-W elongated gentle syncline bounded in its southern margin by the 115 

Montsec thrust and to the north by the Bóixols thrust and southward tilted beds above basement-116 

involved thrust sheets.  117 

The emplacement of the Cadí and the Gavarnie-Serres Marginals thrust sheets during the Middle 118 

Eocene resulted in the piggy-back transport of a wider foreland region, which included the Ripoll 119 

basin in the eastern Pyrenees (Vergés et al., 1995), the Ainsa basin and, finally the Jaca basin in 120 

the western Pyrenees (Labaume and Teixell, 2018; Muñoz et al., 2013, 2018b). The deformation 121 

along the frontal thrust of the Southern Pyrenees continued until the Early Miocene, and involved 122 

progressively younger detachments in the Paleogene sedimentary fill, at the level of the Beuda 123 

evaporites (Early-Middle Eocene) and the Late Eocene salts and evaporites of the Cardona and 124 

Barbastro formations (García-Senz and Zamorano, 1992; Vergés et al., 1992).  125 

The current basement geometry under the SPFB consists of an asymmetric double flexure caused 126 

by the main load of the Pyrenean wedge and, secondarily, the tectonic load of the Iberian and 127 

Catalan Coastal Ranges (CCR). The westward narrowing of the foreland basin, bounded by the 128 

Sierra de Cantabria and the Cameros-Demanda massifs (Fig. 1), caused superimposed flexure from 129 

both margins, and maximum basement deepening under the La Rioja trough (Muñoz-Jiménez and 130 

Casas-Sainz, 1997), reaching depths of as much as 5000mbsl (Pardo et al., 2004), compared to 131 

3800mbsl in the Eastern Pyrenean margin. In the undeformed areas of the eastern SPFB, beyond 132 

the influence of the Pyrenean load, the basement is found at 900mbsl south of Lleida. There, 133 

subsidence is mainly driven by the sediment load that accumulated well above sea level since the 134 

closure of the basin drainage. Shallow depths of the basement in the easternmost regions of the 135 
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SPFB are caused by the overprint of the Neogene to Pleistocene rifting and shoulder uplift of the 136 

NE Iberian plate (Vergés and Fernández, 2006). 137 

3. Chronostratigraphic framework 138 

The main stratigraphic units of the SPFB and their vertical and lateral relationships are synthesized 139 

in two chronostratigraphic charts, along a North-South transect from Eastern Pyrenees to Catalan 140 

Coastal Ranges (Fig. 2) and an East-West transect along the Tremp-Graus, Ainsa and Jaca basins 141 

(Fig. 3). The most outstanding feature in the eastern N-S transect (Fig. 2) is the general southward 142 

displacement of facies belts and basin depocenters (Puigdefàbregas et al., 1986). Non-marine 143 

alluvial sediments (Mediona, Pontils) are overlain by shallow marine platforms (Cadí, Orpí, Peña, 144 

Tavertet, etc) and later by deep marine foredeep successions (Sagnari, Armàncies, Banyoles, 145 

Igualada) in an overall transgressive trend onto the southern margin. This, together with the 146 

stratigraphic onlap onto the passive margin observable from subsurface data in central sectors 147 

(ITGE, 1990; Vergés et al., 1998) was the result of the advance of the deformation front driven by 148 

plate convergence and underthrusting of the Iberian plate.  149 

In the E-W transect across the Tremp-Graus, Ainsa and Jaca basins (Fig. 3), the most outstanding 150 

feature is the westward deepening of sedimentary environments, from proximal alluvial to fluvial 151 

in the Tremp-Graus basin, to slope and deep marine in the Ainsa and Jaca basins, and the abyssal 152 

plains of the peripheral oceanic basin of the Bay of Biscay. Added to this, facies belts are organized 153 

in a transgressive-regressive sequence from Paleocene to late Eocene. The lower transgressive 154 

trend represents the southwards migration of the plate flexure, with shallow carbonate platforms 155 

(Guara, Boltaña, etc.) being replaced by foredeep environments (Hecho Group). This is then 156 

followed by a progressive filling of the foredeep and westwards progradation of the axially fed 157 

fluvio-deltaic system (Capella, Escanilla, Campodarbe). The transition from marine to continental 158 

sedimentation yields a same age in both the east and western sectors of the SPFB, indicating that 159 

basin continentalization did not represent the reaching of an overfilling stage, but the result of the 160 

closure of the external drainage (Costa et al., 2010).  161 

Three main erosional episodes leading to regional unconformities are represented in Figure 3. The 162 

first developed in the Jaca basin between the Paloecene carbonate platforms and their overlying 163 
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deep marine deposits of the Hecho Group. The corresponding hiatus could result from a 164 

combination of processes such as forebulge development, starvation following drowning of the 165 

platforms, and instabilization and collapse of the out-of-grade platform margins (Payros et al., 166 

1999b; Vinyoles et al., 2019). The second erosional episode developed in the Tremp-Graus basin 167 

during the Lutetian. It was caused by the wedge-top uplift associated to the southward transport of 168 

the Gavarnie thrust-sheet and the emplacement of deep-seated thrust sheets involving basement. 169 

The third erosional episode relates to a broader uplift phase that involved the Tremp-Graus and 170 

Ainsa basins during the Eocene-Oligocene transition. This was followed by continued aggradation 171 

of alluvial sediments that buried the orogenic wedge in a context of endorheic basin configuration.  172 

The present study relies on a chronostratigraphic framework built upon an integrated marine and 173 

continental biostratigraphy and magnetostratigraphy. Larger foraminifera biostratigraphic data is 174 

available from the abundant shallow marine environments of the southern margin carbonate 175 

platform units (Guara, Boltaña Fm., etc.), and mixed platforms interbedded within deltaic 176 

sequences (Sobrarbe Fm., Tossa Fm.). Larger foraminifera are also abundant as reworked elements 177 

in mass-transport deposits filling the slopes and turbiditic troughs of the Ripoll, Ainsa and Jaca 178 

basins. The development of a Shallow Benthic Zonation provided among the first 179 

chronostratigraphic framework of the SPFB, which ranged from Paleocene to late Priabonian age 180 

(Serra-Kiel et al., 2003a, 1994; Serra−Kiel et al., 1998). Biostratigraphic data from planktonic 181 

foraminifera is abundant in the open and deep marine sediments of the Jaca-Pamplona basin 182 

(Alegret et al., 2009; Canudo et al., 1988; Molina et al., 2011; Payros et al., 1999a), and scarce in 183 

the more restricted and shallower marine environments that characterized the eastern regions of 184 

the Pyrenean foreland, which often yield poorer microfossil assemblages (Cascella and Dinarès-185 

Turell, 2009; Caus, 1973; Ferrer, 1971; Hottinger, 1960). Mammal vertebrate findings of 186 

chronostratigraphic interest are scarce in the Early to Middle Eocene but crucial to coarsely 187 

constrain the age of alluvial and fluvial sediments filling the La Pobla de Segur, Tremp-Graus and 188 

Ripoll basins (Badiola et al., 2009; Bonilla-Salomón et al., 2016). Vertebrate fossil findings were 189 

more abundant from late Eocene to Middle Miocene  (Agustí et al., 2011; Cuenca Bescós et al., 190 

1992; Murelaga et al., 2008, 2004), as the marine gateway closure of the SPFB triggered extension 191 

of terrestrial environments to the whole basin. 192 
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Magnetostratigraphic data from the SPFB spans its complete stratigraphic record from Paleocene 193 

to middle Miocene, and includes representative sections from all sub-basins and basin margins 194 

(see references in caption of Fig. 4). These have allowed to build a robust chronostratigraphic 195 

framework that integrates the varied sources of biostratigraphic information (Fig. 4). Robustness 196 

of this chronostratigraphic framework does not rely on a number of fixed geochronologic or 197 

biochronologic tie points which tightly anchor the correlation scheme. Instead, 198 

magnetostratigraphic correlation relies on the match with the Geomagnetic Polarity Time Scale 199 

(GPTS) (Ogg et al., 2016) that best agrees with all external (biostratigraphic and/or radiometric) 200 

age constrains. Because true uncertainties associated to both biostratigraphic and radiometric ages 201 

often fall within the 100kyr to one-million-year range, the final correlation is ultimately guided by 202 

the best fit between the local magnetostratigraphy and the GPTS. In doing this we rely on the 203 

observation that long-term (>100kyr) sedimentation unsteadiness do rarely come close to the 204 

intrinsically aperiodic and highly variable duration of geomagnetic polarity chrons (Fig. 5), and 205 

therefore a good match with the GPTS confidently indicates a correct magnetostratigraphic 206 

correlation. A magnetostratigraphic correlation independent of external age constraints is feasible 207 

as long as the local magnetic polarity sequence reveals a lengthy and characteristic pattern of 208 

magnetozones. Magnetostratigraphic sections spanning >15 well-defined polarity reversals, and 209 

on average >8 sites/magnetozone are favorable to yield a unique correlation with the time scale 210 

(Johnson and McGee, 1983). In practice, this is a fully achievable goal when the 211 

magnetostratigraphic work is planned at basin-scale. 212 

The compilation of earlier magnetostratigraphic studies has allowed a robust correlation with the 213 

GPTS, and a further refinement of chronostratigraphic relationships of the main lithostratigraphic 214 

formations along the SPFB (Figs. 2 and 3). Selected magnetostratigraphic records were used to 215 

compile Age/depth plots in order to show the evolution of sedimentation rate trends of the different 216 

regions, from eastern to western Pyrenees, and from eastern to central areas of the Ebro basin 217 

(Figs. 6 to 10). 218 

4. Evolutionary stages 219 
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Earlier synthesis on the tectonosedimentary evolution of the SPFB are focused on either the eastern 220 

Pyrenees (Barnolas, 1992; Burbank et al., 1992; Puigdefàbregas et al., 1986; Vergés et al., 2002, 221 

1998), the central-western Pyrenees (Labaume et al., 2016; Muñoz et al., 2013; Nijman, 1998; 222 

Payros et al., 2009), or the younger stage represented by the Ebro basin (Muñoz-Jiménez and 223 

Casas-Sainz, 1997; Pardo et al., 2004). Here we aim at integrating the sedimentary and 224 

paleogeographic evolution of the overall SPFB as derived from its sedimentary record. To do so, 225 

marked changes in stacking patterns, sedimentary environments, sedimentation rates and 226 

depozone’s localizations were considered to define five stages of basin-wide stratigraphic 227 

architecture,reorganization: 1) The Late Cretaceous-Paleocene tectonic inversion of the Mesozoic 228 

extensional basins; 2) The Early-Middle Eocene foredeep formation and fill; 3) The Bartonian 229 

basin widening; 4) The Late Eocene-Miocene internally drained basin; and 5) The Middle-Late 230 

Miocene basin opening. The interplay between tectonics and surface processes in the Pyrenean 231 

foreland system derived in a complex paleogeographic evolution, which is here illustrated in a 232 

series of paleogeographic maps (Fig. 11), each one depicting an evolutionary stage. In order to 233 

restore environments to their original relative positions, we included shortening values determined 234 

from balanced cross-sections from earlier studies (see references in caption of Fig. 11). Maps are 235 

constructed by considering displacement of thrust sheets relative to a fixed Iberian basement in its 236 

current coordinates. 237 

Tectonic inversion of the Mesozoic rift basins (late Santonian-Paleocene) 238 

The growth of the Pyrenean orogen started in the Late Cretaceous (late Santonian) with the 239 

inversion of pre-existing extensional faults, forming the Upper Pedraforca thrust sheet in the 240 

eastern Pyrenees and the Bóixols-Cotiella thrust sheet in the Central Pyrenees  (Muñoz et al., 241 

2018a). The shallow marine strait that connected the Tethys and Atlantic oceans progressively 242 

narrowed leading to the emersion of the eastern Pyrenean region (Plaziat, 1981). Sedimentation in 243 

the Paleocene of the central and eastern Pyrenees was characterized by the red mudstone 244 

“Garumnian facies” of the Tremp Group (Fig. 3), interbedded with lacustrine units. These 245 

continental sediments graded westward into marine carbonate platforms of the central-western 246 

Pyrenees and to deep marine sediments in the Basque Pyrenees (Fig. 11A). Alluvial systems were 247 

sourced from low relief emerged areas of the Iberian margin as well as from the rising northeastern 248 
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Pyrenees (Pedraforca, Bóixols, Montsec and Biure thrust sheets). The stratigraphic thickness of 249 

the Paleocene averages some 200m meters and represent a period of relative quiescence with low 250 

sediment input. However, greater thicknesses up to 700 m of Paleocene sediments accumulated 251 

along the axis of the Tremp-Graus syncline (Cuevas, 1992) on top of the Montsec thrust sheet, and 252 

as much as 900 m on top of the Lower Pedraforca thrust sheet (ITGE, 1990) thus indicating syn-253 

kynematic sedimentation. 254 

The Paleocene-Eocene transition was marked by a widespread Ilerdian transgression (Ferrer, 255 

1971) that resulted in the expansion of shallow carbonate platforms (Alveolina limestone) along 256 

the Iberian margin and that extended southwards to areas now forming part of the Catalan Coastal 257 

Ranges (Anadón et al., 1979a) (Fig. 2). It correlates with a marked period of flooding of continental 258 

areas worldwide, and a gradual rise of sea level which peaked at 100 masl, the highest global sea 259 

level of the Cenozoic era (Miller et al., 2005a). 260 

Despite the relative quiescence of the Paleocene period, fanning of beds on the southern margin of 261 

the Tremp-Graus and the northern margin of Àger basin already indicates the syntectonic character 262 

of sedimentation. The Montsec, however did not act as a persistent topographic barrier to sediment 263 

fluxes, as indicated by the reconstructions of the Early Eocene fluvial network connecting the Ager 264 

and the Tremp-Graus basins (Nijman, 1998). Sediment accommodation was maintained positive 265 

as to keep almost buried the rising Montsec at this early stage, the local uplift above the Montsec 266 

footwall ramp being compensated by the regional subsidence of the bending Iberian plate. 267 

Formation of the South-Pyrenean foredeep (Early-Middle Eocene). 268 

The Early Eocene was the period of most intense continental plate collision, with total shortening 269 

rates of up to 6 mm/yr (Vergés et al., 2002). This period correlates with the activity of the Lower 270 

Pedraforca, Montsec-Peña Montañesa , Lakora, Eaux Chaudes-Larra and Monte Perdido thrusts 271 

system in the Eastern, Central and Western Pyrenees respectively (Labaume and Teixell, 2018; 272 

Muñoz et al., 2018a). The uneven distribution of the Triassic evaporites caused the formation of a 273 

thrust salient in the central Pyrenees (Séguret, 1972) which resulted into the partitioning of the 274 

south Pyrenean sediment transfer system. Sediments sourced from the Eastern Pyrenees did no 275 

longer flow into the Tremp-Graus basin. At this time the Ripoll basin turned into a rapidly 276 
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subsiding sediment sink, while a connection with the Atlantic Ocean along a shallow marine 277 

passage to the south of the South-Pyrenean Central Unit (SPCU) was maintained. This scenario of 278 

basin compartmentalization that prevented longitudinal flow from the Eastern Pyrenees to the 279 

Tremp-Graus basin has been challenged by other researchers (Thomson et al., 2017), on the basis 280 

of an eastern Pyrenean source for pre-Hercinian zircons found in sediments from the Tremp-Graus 281 

and Ainsa basins. But, similar population of zircons are found in sediments of La Pobla de Segur 282 

basin, which only implies that the catchment areas of the Tremp-Graus fluvial system extended 283 

well into the Axial Zone (Michael et al., 2014). Our reconstructed map for the early Lutetian allows 284 

for a sediment routing system connecting the catchment regions in the eastern Pyrenees with the 285 

Tremp-Graus and Ainsa basins, to the north of the Ripoll basin (Fig. 11B).  286 

Magnetostratigraphic ages of the >5000m thick Ripoll basin infill (Burbank et al., 1992; Vergés et 287 

al., 1998), are here revised to reconcile with the extended occurrence of SBZ13 benthic 288 

foraminifera at the Armàncies, Campdevànol and topmost marine Coubet formations (Busquets et 289 

al., 1992; Ramos et al., 2002; Tosquella and Samsó, 1996), and the updated calibration of this 290 

biozone in the SPFB (Molina et al., 2011; Rodríguez-Pintó et al., 2012). We are aware that the 291 

proposed correlation conflicts with the Bartonian age attributed to the overlying Bellmunt 292 

conglomerate Fm., on the basis of its vertebrate fossil assemblages (Bonilla-Salomón et al., 2016; 293 

Busquets et al., 1992). Further studies on the calibration of Eocene vertebrate faunas are needed 294 

to solve this and other issues related to the Eocene mammal biochronology (Beamud et al., 2003b). 295 

Derived sedimentary trends in the Ripoll basin (Fig. 6) show steady low rates during the Paleocene, 296 

followed by a sharp increase to rates of 90 cm/kyr at 50Ma. This increase correlates with a rapid 297 

basin deepening represented by the transition from the fluvial/littoral facies of the Corones Fm. to 298 

the slope marls and turbiditic facies of the Armancies and Campdevanol formations. It was 299 

interpreted as the result of the southwards migration of the flexural subsidence caused by the 300 

tectonic loading of the Pedraforca and Montgrí thrust sheets along the northern margin of the basin 301 

(Puigdefàbregas et al., 1986). The turbiditic trough was fed with sediments sourced from the 302 

northern margin and rapidly filled with an east-to-west sense of progradation. This was coeval 303 

with thick evaporitic plugs (Serrat, Beuda and Besalú formations) and carbonate platforms (Penya 304 

and Tavertet formations) backstepping towards the southern margin (Fig. 2). The lateral continuity 305 
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of the carbonate platforms along the Iberian margin evidences that a seaway to the Atlantic Ocean 306 

remained open during this time and until the late Eocene. The marine passage was as shallow as 307 

to restrict water exchange with ocean waters, favoring precipitation of thick evaporite units, 308 

stratification of water column.. Anoxic bottom favoring preservation, high sedimentation rates, 309 

and rapid burial of organic matter were conditions met in the Ripoll basin during deposition of the 310 

marls and carbonatic turbidites of the Armancies Fm, thus enhancing preservation of their organic 311 

carbon of marine origin. Sediments of Armancies Fm. can be qualified as typlical oil shales, having 312 

high TOC values, which can reach individual scores of about 14% (Permanyer and Valles, 1988). 313 

Maturity parameters are typical of initial oil window, highlighting its potential as hydrocarbon 314 

source rock worth targeted during oil exploration in the Eastern Pyrenees (Caja et al., 2006; 315 

Kendall et al., 2019; Permanyer and Valles, 1988). The overlying siliciclastic turbidites of the 316 

Vallfogona Fm contain a fair content of organic carbon (1%), with a significant contribution from 317 

terrestrial plants, and a maturity stage at the very beginning of the oil window. The total estimated 318 

volume of hydrocarbon in the Vallfogona Fm. alone, however, does not represent a source of 319 

economic potential (Caja and Permanyer, 2008). It must be noted that hydrocarbon generative 320 

sedimentary units formed in the early stages of foreland evolution, and their preservation during 321 

the later stages of orogenic wedge exhumation were limited (Kendall et al., 2019). 322 

It is remarkable that overfilling of the Ripoll foredeep was rapidly reached in only 5Myr, with the 323 

alluvial sediments of the Bellmunt Formation prograding across the basin by the latest Cuisian-324 

early Lutetian, while subsidence was kept at very high rates. Altogether suggest that the Eastern 325 

Pyrenean Foreland underwent an effective sedimentary trap during the Early Eocene. The 326 

emplacement of the Montsec and the Lower Pedraforca thrust sheets, coupled with flow and 327 

accumulation of Triassic salt to the south of the Montsec as a consequence of its tectonic 328 

emplacement of the thrust sheet and sediment load in the area (Santolaria et al., 2016; Soto et al., 329 

2002), prior to the emplacement of the Sierras Marginales thrust sheet, possibly acted to sustain a 330 

topographic barrier for sediments sourced from the Eastern Pyrenees, promoting fast accumulation 331 

and filling of the Ripoll basin. 332 

Towards the western edge of the Montsec, the Ainsa Oblique Zone formed as a result of 333 

development of thrusts and related folds coeval to vertical axis clockwise rotation (Muñoz et al., 334 
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2013). Accumulated rotations up to 70º resulted from differential thrust displacement between the 335 

Central and Western Pyrenees from early Lutetian to Oligocene as a result of the distribution of 336 

the Triassic evaporites. The transition from the Tremp-Graus basin, in the hangingwall of the 337 

Montsec thrust, to the Ainsa basin, in its footwall, is marked by a sudden change in the sedimentary 338 

environment, thickness and bathymetry. The fluvial and coastal marine sediments filling the 339 

Tremp-Graus basin grade laterally into slope and deep marine thick sedimentary sequences of the 340 

Ainsa and Jaca basins. 341 

Sedimentary trends in the Jaca basin were constructed by compiling earlier stratigraphic (Barnolas 342 

and Gil-Pena, 2002; Payros et al., 1999a) and magnetostratigraphic studies (Hogan and Burbank, 343 

1996; Oms et al., 2003). Along the northern flank of the Guarga syncline a preserved thickness of 344 

more than 6.000 meters spans from Paleocene to late Eocene (Fig. 7). A sharp transition from 345 

foreland carbonate platform to deep turbiditic trough took place at circa 50 Ma, and correlates with 346 

the emplacement of the Lakhora- Eaux-Chaudes thrust (Labaume et al., 2016; Labaume and 347 

Teixell, 2018). This is the same age of basin deepening as recorded in the Ripoll basin, and 348 

therefore points to a parallel acceleration of tectonic loading and foreland basin flexure from East 349 

to West. But, in contrast to the Ripoll basin, the increase of sedimentation rates in the Jaca basin 350 

shows a progressive trend, from very low sedimentation rates in the Paleocene and Early Eocene 351 

to average and steady rates of 65 cm/kyr of the Middle Eocene. This is interpreted as a result of 352 

the different paleogeographic and sediment routing system configuration. At the time of 353 

sedimentation of the Hecho Group the northern margin of the Jaca basin was either not emerged, 354 

or of very low-relief (Fig. 11B). Therefore, sediments were sourced from the East, from catchment 355 

areas located in the central and eastern Pyrenees (Michael et al., 2014), and then routed along a 356 

lengthy longitudinal transfer system. The coarser fraction of the sediment volume was trapped 357 

upstream, in the fluvial to shallow marine environments of the La Pobla de Segur, Tremp-Graus 358 

and Ainsa basins, while sedimentation in the Jaca-Pamplona basin was dominated by pelagic 359 

mudstones and sheet-like lobe and basin plain sandstone turbidites (Mutti, 1984; Remacha and 360 

Fernández, 2003). The western connection with the ocean allowed a portion of the finest fraction 361 

bypassing towards the abyssal plains of the Gulf of Biscay, that underwent the final sink of both 362 

the southern and northern Pyrenean foreland basins (Payros et al., 2006; Pujalte et al., 2002). 363 
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In spite of the fact that the Early Eocene was a time of intense deformation in the SPFB, the imprint 364 

of climate forcing in the stratigraphic architecture of the deep slope to basin floor distal siliciclastic 365 

systems has been investigated. In the Ainsa (Cantalejo and Pickering, 2014; Pickering and Bayliss, 366 

2009; Scotchman et al., 2015) and the  Jaca-Pamplona basins (Payros and Martínez-Braceras, 367 

2014) turbiditic sequences were claimed to correlate with orbital eccentricity cycles. These were 368 

interpreted as supply-driven sequences of 105kyr, which were able to propagate along the full 369 

length of sediment transport system. Alternatively, and using stable-isotope proxy records, a link 370 

with sea level fluctuations was proposed, as much of the deep-water sediment gravity flow deposits 371 

in the Ainsa basin appear to be emplaced during eustatic lowstands (Castelltort et al., 2017). 372 

Basin widening and overfilling (late Middle Eocene). 373 

At the transition from Lutetian to Bartonian a remarkable shift in the facies belts is recorded in the 374 

South-Pyrenean foreland basin (Fig. 11C). Along the axis of the Jaca basin a shift from deep 375 

turbiditic systems (Hecho Group) to deltaic sediments (Larrés and Pamplona prodelta marls, 376 

Sabiñánigo and Belsué-Atarés deltaic sandstone) (Fig. 3) witnesses the progressive filling of the 377 

trough (Payros et al., 1999a). This was coeval upstream with the progradation of the fluvial 378 

(Escanilla Fm.) over the deltaic and slope (Sobrarbe and San Vicente Fms.) sediments in the Ainsa 379 

basin. Towards the southern margin (External Sierras), the Lutetian/Bartonian boundary is 380 

recorded with sharp vertical transition from platform carbonates (Guara Fm.) to siliciclastic 381 

sedimentation (Arguis and Belsué formations). This was preceded by a gradual increase of average 382 

sedimentation rates from 8cm/kyr to 23cm/kyr, rates that were maintained during the deposition 383 

of the uppermost Guara, Arguís and Belsué formations (Fig. 8). Towards the south-eastern basin 384 

margin, the Lutetian/Bartonian transition is marked by a transgressive sandstone unit (Seva, 385 

Folgueroles, Collbas Fms) which sharply overlies alluvial continental sediments of the Pontils and 386 

Romagats formations, and is followed by deposition of deeper marine marls of the Igualada Fm, 387 

(Fig. 9). This overall transgressive trend over the SPFB southern margin has been interpreted in 388 

the frame of the long-term southwards transport and growth of the pro-wedge, causing an 389 

acceleration and southwards migration of the subsidence through time (Puigdefàbregas et al., 390 

1986), and the onset of structuration and tectonic loading along the CCR (Gómez-Paccard et al., 391 

2012; López-Blanco, 2002). Added to this, a punctuated influence of climate and high-frequency 392 
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sea-level fluctuations was put forward to explain the nearly synchronous decline of carbonate 393 

platforms over the Iberian margin (Huyghe et al., 2012). During the Bartonian and Priabonian, 394 

some carbonate platforms persisted in the southern basin margin, but these were of limited extent 395 

and duration. Transient sea level and temperature oscillations and changes in rainfall patterns 396 

related to climate perturbations near the Lutetian-Bartonian transition, such as the Late Lutetian 397 

Thermal Maximum (Westerhold et al., 2018) and Middle Eocene Climatic Optimum (MECO) 398 

(Methner et al., 2016; Mulch et al., 2015; Rego et al., 2018), could have contributed to the rapid 399 

sedimentary shifts observed at this time. Transgressive-regressive sequences are found to occur 400 

in-phase with 400kyr eccentricity cycles in the Sant Llorenç del Munt and Montserrat fan-delta 401 

complexes (Gómez-Paccard et al., 2012) and the Belsué deltaic system in the Sierras Exteriores 402 

(Kodama et al., 2010), providing support for the occurrence of glacioeustatic driven sequences in 403 

the greenhouse world of the Late Eocene (Miller et al., 2005).  404 

In addition, the late Middle Eocene was characterized by the progressive backfilling and burial of 405 

paleoreliefs with alluvial conglomerates, as observed at the Sierra de Sis and La Pobla de Segur 406 

basin of the Central Pyrenees (Coney et al., 1996). This, together with the transient development 407 

of lacustrine environments in the Tremp-Graus basin (Escanilla limestone), La Pobla de Segur 408 

(Ermita Fm) and Cajigar (Cornudella Fm) points to a period of increasing accommodation, an 409 

unexpected situation for units being deposited in a wedge-top setting. It is worth noting that the 410 

load associated to the growth of the antiformal stack in the Axial Zone certainly contributed to 411 

generate accommodation, preferentially localized towards the northern margin. 412 

The combined sedimentary trends observed in the different regions of the South-Pyrenean foreland 413 

indicate that the late Middle Eocene was a period of distributed accommodation, with transgressive 414 

units expanding towards the foreland, north-derived clastic systems prograding into the central 415 

parts of the basin and proximal alluvial conglomerates onlapping paleoreliefs towards the 416 

hinterland. Tectonic load was distributed over larger areas due to the continued emplacement of 417 

the south-Pyrenean thrust units and, secondarily, the contribution from the CCR basement-418 

involved thrust sheets (Gómez-Paccard et al., 2012; López-Blanco, 2002). This, combined with a 419 

punctuated period of high sea level could have favored the expansion of sedimentation areas, as 420 
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seen in other regions of the European plate (=Biarritzian transgression in Paris basin) (Borne et 421 

al., 1991). 422 

The shift into an internally drained basin (Late Eocene). 423 

Continuing growth of the Pyrenean thrust wedge, combined with the relief created by the bounding 424 

intraplate fold and thrust belts of the Iberian and Catalan Coastal ranges, led to a prolonged land-425 

locked configuration (Fig. 11D) which persisted for approximately 25Myr. The shift into an 426 

internally drained basin, here known as the Ebro basin, was dated to 36Ma (Costa et al., 2010). Its 427 

sedimentary record is represented by a short-lasting isochronous deposition of marine evaporites 428 

and salts, enclosing two potash depocenters in the East (Catalan potash basin) and West (Navarra 429 

potash basin). The retreat of marine waters caused a transient drop of the base level, and 430 

accelerated progradation of siliciclastic systems of the Belsue-Atarés Fm (Fig. 3). Related to the 431 

basin desiccation event, localized erosion along the margins has been reported (Barnolas et al., 432 

1981), but this situation was rapidly followed by a basinwide agraddational stacking of continental 433 

sediments. Magnetostratigraphic studies in different sections in the Jaca (Fig. 8) and the Ebro (Fig. 434 

9) basins constrained the marine-continental transition to within a single chron (C16n.2n) (Costa 435 

et al., 2010), thus supporting the basinwide isochrony as well as the lack of significant erosional 436 

events related to basin desiccation. 437 

The basin closure event represents the end of sediment bypass from the Jaca-Pamplona basin 438 

towards the Atlantic Ocean. An internally drained configuration allowed for a rising of the base 439 

level in phase with increasing sediment accumulation. This is graphically exemplified in the 440 

sedimentation trends across the marine-continental transition in the Jaca basin (Fig. 8), where a 441 

rapid and very significant increase of sedimentation rates coincides with the time of basin 442 

continentalization (Costa et al., 2010). Besides, in the Eastern Ebro this same transition also 443 

correlates with a sudden but transient increase of sedimentation rates, followed by a gradual return 444 

to trends of the previous externally drained stage (Fig. 9). This transient increase observed in the 445 

Igualada area (Fig. 9) could be a local response to the basinwards shift of accommodation just after 446 

diseccation. In the long-term trend we interpret that steady rates reflect a scenario where 447 

sedimentary systems fed from the Eastern Pyrenees and the CCR had their own sink in a shallow 448 

embayment of the eastern Ebro basin (Fig. 11C), bounded to the northwest by the Serres 449 
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Marginals-Sierras Exteriores thrust sheets. As a result, disconnection from the ocean sea had no or 450 

little effect in terms of sediment trapping. 451 

Large endorheic regions are rare on Earth as surface erosion and sediment transport agents work 452 

together to keep the river draining network connected to sea level. The transition from open to 453 

closed drainage in the Ebro basin required a context where tectonic uplift rates in the western 454 

Pyrenees surpassed erosional processes, so that an emerged ridge formed a water divide between 455 

the south Pyrenean Foreland and its peripheral oceanic basin. It is plausible that the exact timing 456 

of closure was in concurrence with a sea level minima of the Late Eocene dated at approximately 457 

36Ma (Van Sickel et al., 2004). 458 

A continuous rise in the internal Ebro basin base level resulted from continuous sedimentary 459 

aggradation, leading to backfilling and burial of the surrounding reliefs of the Pyrenees (Coney et 460 

al., 1996) and CCR (Lawton et al., 1999) with alluvial conglomerates of late Oligocene age. 461 

Accumulated total thicknesses in central basinal domains ranged from 5km in the West (La Rioja) 462 

(Muñoz-Jiménez and Casas-Sainz, 1997) to 1km close to the southeastern margin of the Ebro basin 463 

(Jones et al., 2004). 464 

Mixed alluvial-lacustrine sedimentation continued in the central and western Ebro basin until the 465 

late Middle Miocene. As a result, the Ebro basin evolved into an elevated (700-1000m above sea 466 

level) and low-relief plateau. Such an exceptionally long period of endorheism was favored by the 467 

relatively dry climate conditions, a key factor to both the formation of an internal drainage and its 468 

long-lived persistence (Garcia-Castellanos, 2007). It has been found that times of expansion of 469 

lacustrine environments were repeated cyclically at periods which correspond to Milankovitch 470 

frequencies, thus supporting orbital forcing. Times of high lake levels are correlated to maxima of 471 

the short (100kyr), long (400kyr) and very long (2.4My) orbital eccentricity (Valero et al., 2014). 472 

Among the recurrent periods of lacustrine spread and retreat, it is most remarkable the rapid 473 

development from 16.0 to 14.5 Ma of a vast fresh-water lake in the central areas of the Ebro basin 474 

(Alcubierre Fm) (Arenas and Pardo, 1999; Pérez-Rivarés et al., 2004, 2002) (Fig. 10), that replaced 475 

the evaporitic environments of the Early Miocene. The top of the evaporites of the Zaragoza Fm 476 

is truncated in the Sierra de Alcubierre by a 300kyr hiatus, which is the expression of the maximum 477 

retreat of the central lake. Transient times of dry climate and lowering lake levels, could lead to 478 



19 

 

localized sediment starvation in distal areas or even temporary exposition to erosion. The Middle 479 

Miocene Alcubierre limestone Fm. represents a rapid shift towards wetter conditions, in close 480 

correspondence with the global warming of the Middle Miocene Climatic Optimum (Zachos et al., 481 

2001). Lacustrine environments persisted, at least, until the latest Middle Miocene (11.5Ma) as 482 

evidenced in the southwestern margin of the Ebro basin (Pérez-Rivarés et al., 2018). Evidences of 483 

endorheic sedimentation of Late Miocene or younger age are not preserved in the sedimentary 484 

record of the Ebro basin. In the surrounding and interconnected Duero, Almazán, and Calatayud 485 

basins (Figure 1), slow sediment aggradation continued into the late Miocene (9Ma, late 486 

Vallesian), giving rise to a flat-top basin infill of palustrine limestones. Connection between the 487 

Ebro and the Duero basins was at times feasible across La Bureba corridor (Salazar, 2003). 488 

Flexural isostasy corrections for erosional rebound of the deeply eroded Ebro basin indicate a 489 

paleoelevation of 530-700masl of the central Ebro basin at the end of its filling stage (Garcia-490 

Castellanos and Larrasoaña, 2015). 491 

Basin opening to western Mediterranean basin and erosion (late Miocene). 492 

In the latest Oligocene a new geodynamic scenario is configured with the southeastwards drift of 493 

the Corso-Sardinian block, linked to back-arc extension and opening of the western Mediterranean 494 

basin. Rifting in the northeastern Iberian plate caused a high topographic gradient across its 495 

margin, driving accelerated erosion and fluvial incision (Fig. 11E). The composition of alluvial 496 

fan conglomerates filling the Valles-Penedès half-graben indicate that regions of the eastern Ebro 497 

basin were being captured by the upstream incision of a juvenile Llobregat river as early as early 498 

Tortonian (Garcés et al., 1996). But, among the rivers that incised across the horst-and-graben 499 

reliefs of the CCR, the Ebro river underwent the main route for sediments eroded from the Ebro 500 

basin and its bounding ranges. The chronology of the fluvial capture has raised some debate, with 501 

two competing visions. Some argue that the Ebro river could not exist earlier than the Messinian 502 

Salinity Crisis (MSC) because other Mediterranean rivers responded to the sea level drop 503 

following the MSC with a landwards deep canyon incision, and such a feature is not found along 504 

the Ebro river valley (Babault et al., 2006). Others, however, claim that a comparison of the 505 

juvenile Ebro river with other mature rivers such as the Rhone and the Nile is inappropriate, 506 

because these old rivers had a developed fluvial network better suited to react to substantial sea-507 
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level drops and to carve out deep incised valleys (Arche et al., 2010). The absence of a Messinian 508 

canyon that propagated landwards for hundreds of km could be partially explained by later uplift 509 

experienced in the eastern Ebro basin and CCR due to rifting and erosional denudation (Juez-Larré 510 

and Andriessen, 2002; Lewis et al., 2000; Roca et al., 1999). The canyon, if existed, would have 511 

been uplifted and reshaped by later erosion. Numerical flexural modeling estimates an isostatic 512 

rebound of as much as 400m in the region where the Ebro river cross-cuts the CCR only due to 513 

erosional unloading (Garcia-Castellanos and Larrasoaña, 2015). Besides, a Messinian erosional 514 

surface of fluvial origin, incised offshore of the present Ebro river delta, was imaged by 3D seismic 515 

profiles, and interpreted to correspond to a river with a drainage area comparable to the present 516 

one (Urgeles et al., 2011), then supporting a pre-Messinian age for the capture of the Ebro basin. 517 

Solutions taken from independent sources such as process-based modeling (García-Castellanos et 518 

al., 2003), thermochronology (Fillon et al., 2013), and magnetostratigraphic dating of the youngest 519 

endorheic sediments in the Ebro basin (Pérez-Rivarés et al., 2018), point to an age ranging from 520 

11 to 9Ma for the opening of the Ebro basin. The onset of erosion of the Ebro basin would be 521 

related with the beginning of the deposition of the Castellón Group in the Valencia Trough, the 522 

oldest siliciclastic wedge of the Ebro delta, with a late Serravallian to Tortonian age (Arche et al., 523 

2010; Evans and Arche, 2008). This scenario would be in agreement with the conclusions of a 524 

study of old terraces of the lower Ebro, of presumed late Miocene age, which contain clasts of 525 

Pyrenean source (Arasa-Tuliesa and Cabrera, 2018). 526 

The estimated paleoelevation of the Ebro basin at the end of its filling stage was significantly lower 527 

than the base level of the surrounding Calatayud, Almazán and Duero basins, which were filled 528 

with sediments up to an approximate age of 9Ma (late Vallesian). These top sediments have not 529 

been intensively eroded, and they currently form a landscape of plateaus at an altitude of 1000masl. 530 

Cessation of lacustrine sedimentation in these basins was linked with a shift towards exorheic 531 

conditions, and a plausible scenario is that it was related to the upstream fluvial incision of the 532 

Ebro and its tributary Jalon river (Figs. 1 and 11E) (Salazar, 2003). We note that the process of 533 

capture of the Ebro basin internal drainage did not need to be a short catastrophic event. While the 534 

drainage divide was located along the axis of the CCR, the base level of the central lake could be 535 

found hundreds of km further west, where the locus of the subsidence during the Miocene was 536 
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located. Westward thicknening of Miocene sedimentary units indicates greater subsidence rates 537 

towards the La Rioja-Tudela area (Fig. 10). Meanwhile, the eastern Ebro basin experienced a 538 

decrease of accommodation space. Shoulder uplift associated to the rifting of the Iberian margin 539 

lead to a low relief westward tilted landscape over the CCR and eastern Ebro basin margin. Under 540 

these conditions, upstream erosion and fluvial capture of the internal drainage could be a long-541 

elapsed process starting as early as Early Miocene and culminating with the capture of the central 542 

lake base level in the late Tortonian (9Ma, late Vallesian). Upstream fluvial incision is currently 543 

active in the la Bureba corridor, where the Ebro river is piracing the Duero basin headwaters 544 

(Pineda, 1996; Struth et al., 2019). 545 

5. Tectonic and climatic driven sedimentary trends. 546 

The long-term sediment accumulation in the SPFB was ultimately determined by tectonic-driven 547 

accommodation changes, of various sources which interfered through time and space: 548 

1. Flexural response to tectonic loading of the Pyrenean orogen and, secondarily, the Iberian 549 

Range and CCR caused an asymmetric doubly-wedged sedimentary prism. Maximum 550 

sedimentary thicknesses of >7000m were allocated along the Pyrenean foredeep during the 551 

Early to Middle Eocene. Towards the eastern Ebro basin margin, in the area of Montserrat 552 

(Gómez-Paccard et al., 2012), tectonic load of the CCR allowed for flexural subsidence 553 

and accommodation of up to 2000m of sediments during the Middle to Late Eocene, before 554 

shifting to internally drained basin. Further southwest along the basin margin, in the area 555 

of Gandesa, the flexure associated to the load of the CCR was minimal, as subsidence was 556 

widely distributed due to the thin-skinned tectonic style of deformation. There, the 557 

sedimentary pile does not exceed in total 1000m (Jones et al., 2004), but the most of it were 558 

accumulated after closure of the basin drainage, when other factors rather than subsidence 559 

provided with accommodation space. 560 

2. Tectonic closure of the marine gateway in the late Eocene, and the shift of the SPFB into 561 

an internally drained basin provided with additional accommodation, as the internal base 562 

level was allowed to rise pacing sediment aggradation. The SPFB turned into an efficient 563 

sediment trap, allowing expansion of the sedimentary environments beyond the flexural 564 
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wave to the limits of the land-locked depression. Towards the hinterland, sediments 565 

backfilled paleocanyons (Burbank and Vergés, 2004; Lawton et al., 1999; Vincent, 2001) 566 

and, eventually, buried the orogenic wedge (Coney et al., 1996). Stabilization of the frontal 567 

thrust wedge and reduction of the surface taper angle could have triggered tectonic growth 568 

in the orogen interior by underplating, and rapid antiformal stack exhumation. This 569 

scenario is coincident with the available chronology, as closing of the basin at 36 Ma (Costa 570 

et al., 2010) predates the phase of rapid exhumation of the Axial zone, dated to 32Ma 571 

(Fitzgerald et al., 1999). 572 

3. Shoulder uplift of the eastern Iberian margin, due to the rifting of the Valencia trough (latest 573 

Oligocene-Miocene) contributed to an early diminishing of accommodation, to the point 574 

that no sediment accumulation occurred in the eastern Ebro basin possibly since the latest 575 

Oligocene. The landscape of eastern Ebro basin seemed like a low-gradient slope draining 576 

towards the western Ebro basin, where subsidence continued, and the Miocene units attain 577 

their greatest thicknesses (Fig. 11E). 578 

A tectonic control on sediment accumulation was also exerted by way of crucial changes in the 579 

paleogeography, altering the sediment routing systems and the location of sinks. The submarine 580 

emplacement of the Montsec thrust sheet during lower Eocene and the related migration of the 581 

Triassic evaporites and mudstones towards the edges of the South Pyrenean Central thrust salient 582 

was key to isolate the Ripoll basin from the central South Pyrenean foredeep, and prevented from 583 

the westward sediment transport towards the abyssal plains of the Gulf of Biscay. The Ripoll basin 584 

turned into a sediment sink in front of the rising eastern Pyrenees, where maximum sedimentation 585 

rates of the overall SPFB infill, of nearly 1m/kyr, occurred during the early Eocene, leading to its 586 

rapid overfill. No evidence exists of sediments transferred from the eastern Ebro basin towards the 587 

Jaca-Pamplona basin, as the sallow sea connecting both regions southwards of the south-Pyrenean 588 

thrust front was permanently occupied by carbonate platforms. 589 

Myr-scale climatic and eustatic oscillations were claimed to exert second-order control on the 590 

paleogeographic and sedimentary evolution of the SPFB and the precise timing of some key 591 

events. Warm temperatures and highstand sea-levels during the Early Eocene (Miller et al., 2005a; 592 

Zachos et al., 2008) favored the widespread distribution of marine environments and carbonate 593 
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platforms over the south-Pyrenean realm. Similarly, the later decline of carbonate platforms and 594 

their substitution by siliciclastic environments at the end of the Lutetian has been partially related 595 

to climate and sea-level fluctuations associated to the MECO. Higher frequency lower amplitude 596 

sea level changes appeared to play a role in stratigraphic architecture of both shallow and deep 597 

marine siliciclastic systems. Some of these records were suggested to pace with Milankovitch 598 

orbital frequencies, specifically with the 400kyr long eccentricity cycle (Gómez-Paccard et al., 599 

2012). But untangling the nature of the forcing mechanism, related to either sediment supply 600 

(upstream) or base-level changes (downstream), is a challenge for future research in source-to-601 

sink studies (Allen, 2017; Castelltort and Van Den Driessche, 2003; Romans et al., 2016; van den 602 

Berg van Saparoea et al., 2008). 603 

After the shift into internal drainage, basin depocenters were occupied by a central lake. 604 

Sedimentary facies assemblages indicate that eastern part formed an outer fresh-water rim 605 

dominated by carbonate precipitation, grading westward into a saline lake with abundant 606 

precipitation of evaporites (Arenas and Pardo, 1999; Pardo et al., 2004) (Fig. 11D). Sediment 607 

supply of Pyrenean source outpacing accommodation determined a long-term (>20Myr) trend of 608 

southwards and then westward migration of the lacustrine environments (Anadon et al., 1989; 609 

Valero et al., 2014). Youngest preserved sedimentary units are currently attached towards the 610 

southern margin (Fig. 11E) and consist of palustrine to lacustrine limestone formations of latest 611 

Middle Miocene age (Pérez-Rivarés et al., 2018). These are the only remnants of this age, as their 612 

correlative soft and weakly consolidated alluvial sediments sourced from the Pyrenees were eroded 613 

after opening of the basin drainage. 614 

In the shorter-term (104-106kyr), the alluvial-lacustrine units alternated to form cycles of expansion 615 

and retreat of the central lake. Cyclostratigraphic analysis of well dated sequences found these 616 

cycles to be orbitally controlled (Barberà et al., 1996; Luzón et al., 2002; Valero et al., 2014). 617 

Orbital eccentricity is seen as the pacemaker of short to long-term lacustrine sequences, and reveals 618 

a correlation of times of eccentricity maxima with periods of lake expansion, as found in lacustrine 619 

sequence of adjacent basins (Abdul Aziz et al., 2004; H. a. Abels et al., 2009; Hemmo a. Abels et 620 

al., 2009). The established correlation with Milankovitch frequencies suggests that (climatic) base 621 

level-driven lacustrine sequences were decoupled from (tectonic) supply-driven clastic sequences, 622 
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and that the sediment transfer systems of the Ebro was efficient to buffer the upstream tectonic 623 

signal for frequencies as low as the corresponding to the 2.4Myr eccentricity cycle. It is worth 624 

noting that low-gradient of the Ebro basin floor helped amplifying the effect of lake-level 625 

oscillations on the advances and retreats of the shoreline, a determinant factor in the distribution 626 

of sedimentary facies and the building of sedimentary sequences. 627 

6. Final remarks 628 

Tectonic growth and exhumation coupled with flexural subsidence are first-order controls on long-629 

term sedimentation in foreland systems. Added on these, the regional paleogeographic context is 630 

a key to understand sedimentary trends and the location through time of sediment sinks. Very rapid 631 

filling of the Ripoll basin during the Early-Middle Eocene was favoured by its restricted 632 

connection with ocean basin. In contrast, the extended length and progressive 633 

compartmentalization of the sediment transfer system along the central and western Pyrenees 634 

favoured sediment accumulation in upstream areas, while open ocean connection to the west  635 

allowed sediment bypass. This resulted in a prolonged period, from Paleocene to late Eocene, of 636 

infill of the Jaca-Pamplona foredeep. Shifting into an internal drainage triggered rapid sediment 637 

aggradation, burial and stabilization of the frontal wedge, and then, reactivation of the uplift of the 638 

Axial zone (Beaumont et al., 2000; Costa et al., 2010). Here, timing was the key to find causal 639 

relationships, as the significant increase of sedimentation preceded the fast exhumation of the 640 

Axial Zone. Besides, it is likely that global cooling starting at the Eocene/Oligocene transition 641 

helped maintaining high-rates of erosion and sediment supply during the Oligocene (Parsons et 642 

al., 2012). 643 

Drainage opening of the Ebro basin towards the Mediterranean was not a catastrophic event caused 644 

by the lake overspill. Capture of the internal drainage occurred gradually by fluvial piracy of a 645 

juvenile mountain river. Upstream incision until capture of the base level of the internal lake could 646 

last several millions of years until the base level of the interior lake was captured at an age younger 647 

than 11Ma, the age of the youngest preserved endorheic sedimentation. . 648 

Steady long-term sedimentation rates are the general picture of the filling history of the SPFB, as 649 

a response to the long wave-length evolution of regional subsidence-driven accommodation. These 650 
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trends were only rarely interrupted, when a critical re-organization of the tectonic, climatic and 651 

paleogeographic conditions took place. Long periods, lasting typically several million years, of 652 

steady sedimentation predominate between punctuated episodes of reorganisation of the 653 

sedimentary system. 654 
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7. Figure captions 661 

 662 

Figure 1. A geologic map of the NE Iberian Plate and the major Cenozoic structural units. 663 

Encircled red labels indicate magnetostratigraphic sections represented in Fig. 4. Thrusts sheet 664 

units: BC: Bóixols-Cotiella; MPM: Montsec-Peña Montañesa; GSM: Gavarnie-Serres Marginals; 665 

P: Pedraforca; CM: Cadí-Montgrí. 666 

Figure 2. A chronostratigraphic panel along the eastern Ebro basin from the Pyrenees to the 667 

Catalan Coastal Ranges and the Linking Zone (Anadon et al., 1989; Anadón et al., 1979b; Barberà 668 

et al., 2001; Barnolas, 1992; Burbank et al., 1992; Busquets et al., 1992; Costa et al., 2010; Gómez-669 

Paccard et al., 2012; Puigdefàbregas et al., 1986; Serra-Kiel et al., 2003b, 2003a; Vergés et al., 670 

1998). 671 

Figure 3. A chronostratigraphic panel of the Tremp-Graus, Ainsa and Jaca-Pamplona subbasins 672 

(Astibia et al., 2016; Barnolas and Gil-Pena, 2002; Beamud et al., 2011, 2003a; Bentham et al., 673 

1992; Costa et al., 2013; Hogan and Burbank, 1996; López‐Blanco et al., 2003; Mochales et al., 674 

2012; Muñoz et al., 2013; Nijman, 1998; Oliva-Urcia et al., 2015; Oms et al., 2003; Payros et al., 675 

2007; Puigdefàbregas, 1975; Rodríguez-Pintó et al., 2012; Roigé et al., 2017; Serra-Kiel et al., 676 

1994; Vinyoles et al., 2019). Emplacement of thrusts: N: Nogueres, R: Rialp, O: Orri, M-PM: 677 

Montsec-Peña Montañesa, MP: Monte Perdido, G-SM: Gavarnie-Serres Marginals, G-SE: 678 

Gavarnie-Sierras Exteriores, Mo: Morreres. 679 

Lithostratigraphic units: An, Antist; Gs, Graus; Co, Collegats; Se, Senterada; Ep, Espills; Pe, 680 

Pessonada; Gb, Gurb; Pl, Pallaresa; Er, Ermita; Cj-Cr, Cajigar-Cornudella; Si, Sis; Mr, Merli reef; 681 

Is/Be: Iscles-Berganuy reefs; Es, Escanilla; Bu, Buil; So, Sobrarbe; Gu, Guara; Gr, Grustán; Pa, 682 

Pano; Cp, Capella; Pr, Perarrúa; Cm, Campanué; Cst, Castissent; SM, Santa Marina, Cg, 683 

Castilgaleu; Ro, Roda; Po, Porredó; Su, Suerri Yb, Yeba; Ri, Riguala; Te, Tendrui; Me, Metils; 684 

Mi, Millaris; Al, Alveolina limestone. SV1-2: diferent units making the San Vicente Formation. 685 

PñO, Peña Oroel; SJP: San Juan de la Peña; Ca: Canciás; Sta.O: Santa Orosia; Li sdst.: Liédena 686 

sandstone 687 
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Horizons: EK, Ekzaba; UR, Urrotz; SÑ, Sabiñánigo; O, Olsón; EL, Escanilla limestone; SB, Santa 688 

Bárbara; SP, San Pedro; SL, San Lino; M, Morillo limestone; A, Ascaso; LP, La Puebla; Lu, Santa 689 

Llucia. 1 to 8 and a to g are different carbonate megaturbidite beds. 690 

Figure 4. Magnetochronostratigraphic framework of the Paleogene and Neogene South-Pyrenean 691 

Foreland basin infill. References to local magnetostratigraphic sections are as follows: 1) (Almar 692 

et al., 2008); 2) (Juan C. Larrasoaña et al., 2006); 3) (Oliva-Urcia et al., 2019, 2015); 4) (Pérez-693 

Rivarés et al., 2018);5) (Pérez-Rivarés et al., 2004, 2002); 6) (Barberà et al., 2001; Valero et al., 694 

2014);7) (Jones et al., 2004); 8) (Costa et al., 2013, 2010); 9) (Gómez-Paccard et al., 2012); 10) 695 

(Burbank et al., 1992; Vergès et al., 1998); 11) (Beamud et al., 2011, 2003b); 12) (Bentham and 696 

Burbank, 1996; Mochales et al., 2012 ); 13) (Hogan and Burbank, 1996; Oms et al., 2003); 14) 697 

(Costa et al., 2010; Hogan and Burbank, 1996; Rodríguez-Pintó et al., 2012). Note the different 698 

graphic scale on the side of each magnetostratigraphic section. Geological Time Scale from Ogg 699 

et al., (2016). The geographic location of sections is shown in Fig. 1. 700 

Figure 5. A) A compilation of magnetozone’s thicknesses as a function of the duration of their 701 

respective chrons. Constant values of sedimentation rate are represented with diagonals in the plot. 702 

The overall data from the SPFB yields sedimentation rates that range over two orders of magnitude, 703 

between 0.05 and 1.0 m/kyr. However, taken each section individually, this variability is reduced 704 

to within one order of magnitude. Note that the amplitude of these variations is not dependent on 705 

the time window of measure (=chron duration), thus indicating that high amplitude variations 706 

associated to the natural episodic behavior of sedimentation in clastic systems is buffered at the 707 

time resolution of magnetostratigraphy. Each color represent a section, and the numbers indicate 708 

sections from Figs 1 and 2. B) The amplitude of variation of the short-term sedimentation rate is 709 

illustrated by calculating the rate of change between adjacent magnetozones. The histogram 710 

indicates that the change of sedimentation rate is lower than a factor 2 for 80% of the data. This 711 

contrasts with the relative duration of adjacent chrons of the Geological Time Scale, which is 712 

higher than a factor of 2 for 60% of the data. These results show that the chaotic behavior of the 713 

geomagnetic field has indeed resulted in a reversal pattern that is much more variable than the 714 

averaged sedimentation rates and, therefore, that a good match of a magnetostratigraphic section 715 

with the GPTS is a strong indication of a correct correlation. 716 
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Figure 6. Composite magnetostratigraphy and sedimentary trends of the Ripoll basin. Data 717 

collected from the Baga, Gombren and Sant Jaume de Frontanyà sections (Burbank et al., 1992; 718 

Vergés et al., 1998), and correlation revised according the new calibrated ages of shallow benthic 719 

foraminifera zone SBZ13 (Rodríguez-Pintó et al., 2012). 720 

Figure 7. Composite stratigraphy and sedimentary trends of the Jaca-Pamplona basin. Data 721 

compiled from a Jaca composite section (Hogan and Burbank, 1996; Oms et al., 2003; Payros et 722 

al., 1999a), and Ara river section in Boltaña (Mochales et al., 2012). 723 

Figure 8. Magnetostratigraphy and sedimentary trends in the southern margin of the Jaca basin 724 

(External Sierras). Data compiled from the Salinas, Arguis and Isuela sections (Costa et al., 2010; 725 

Hogan and Burbank, 1996; Kodama et al., 2010; Rodríguez-Pintó et al., 2012). 726 

Figure 9. Magnetostratigraphy and sedimentary trends in the Eastern Ebro basin. Data compiled 727 

from the Miralles-La Tossa (Costa et al., 2013), Maians (Costa et al., 2010), and Rocafort, Sarral 728 

and Vinaixa (Barberà et al., 2001) sections. 729 

Figure 10. Sedimentary trends during the Miocene in the central and western Ebro basin. Data 730 

compiled from the Albalatillo, Lanaja and San Caprasio (Pérez-Rivarés et al., 2002), Tarazona 731 

(Pérez-Rivarés et al., 2018), and Las Bardenas (Larrasoaña et al., 2006) sections. 732 

Figure 11. Paleogeographic maps of the South Pyrenean Foreland basin. A) Paleocene; B) Early-733 

Middle Eocene; C) Late Middle Eocene (Bartonian); D) Late Eocene-Oligocene; E) Middle-Late 734 

Miocene. Maps are constructed by considering displacement of thrust sheets relative to a fixed 735 

Iberian basement in its current coordinates. Data compiled from earlier studies (Anadon et al., 736 

1989; Anadón et al., 1985; Arasa-Tuliesa and Cabrera, 2018; Beamud et al., 2003a; Beaumont et 737 

al., 2000; Carrigan et al., 2016; Carrillo, 2012; Costa et al., 2013, 2010; Jones et al., 2004; Lanaja 738 

et al., 1987; Larrasoaña et al., 2003; López-Blanco, 2002; Morsilli et al., 2012; Muñoz et al., 2013; 739 

Oliva-Urcia, 2018; Parcerisa et al., 2007; Pardo et al., 2004; Pérez-Rivarés et al., 2018; Popov et 740 

al., 2001; Puigdefàbregas, 1975; Pujadas et al., 1989; Pujalte et al., 2000; Roca, 1996; Roca et al., 741 

1999; Tassone et al., 1994; Vergés, 2003, 1993; Villena et al., 1996) and authors’ original data. 742 

 743 
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