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A B S T R A C T

The Cretaceous to Oligocene detrital record in the southern Eastern Pyrenees is utilized to address the degree to
which precursor basin architecture and hyper-extensional rift structures impacted subsequent sedimentary
provenance and dispersal systems and foreland basin evolution. This study presents new isotopic provenance
analysis of detrital zircon UePb and (UeTh)/He double-dating, and detrital rutile UePb and trace element
geochemistry to track sediment provenance evolution. Late Cretaceous-Paleocene sediments show zircon with
dominantly Variscan UePb and Jurassic-Early Cretaceous ZHe cooling ages that are derived from southeastern
Catalan Coastal Ranges and eastern Corsica-Sardinia regions, and localized structural inversion along inherited
Mesozoic extensional faults and erosional recycling of syn-rift sediments. Eocene deposits have multimodal
UePb ages that stratigraphically upsection change to unimodal Variscan ages, with the appearance and up-
section increase in Pyrenean ZHe ages, and increase in Variscan aged detrital rutile that record a significant shift
in sediment source area to northern sources recording exhumation and unroofing of the Axial Zone Paleozoic
basement sources, and development of new ramp-flat style structures in the Southern Pyrenean Zone fold-thrust
belt. During the Oligocene, incipient foreland basin deposits were cannibalized and recycled into the foreland
basin as thrusting advanced toward the foreland. The Eastern Pyrenean foreland basin records a different pro-
venance history from Central Pyrenean Tremp Basin, suggesting the basins were segmented throughout the Late
Cretaceous to Oligocene, while the Ripoll and Ager basins appear to have shared similar source areas. The
sediment provenance evolution coupled with Pyrenean fault activity and shortening rates, hinterland ex-
humation, foreland basin subsidence, and climate proxies presents a detailed dataset to understand these re-
lationships within the Eastern Pyrenean orogenic system and highlight the dominant control precursor basins
and structural inheritance has on the subsequent fold-thrust belts and foreland basin evolution.

1. Introduction

Fault reactivation and basin inversion can significantly impact
foreland basin architecture, sediment provenance, and sediment dis-
persal patterns in inverted rift systems (e.g. Fildani and Hessler, 2005;
Horton et al., 2010; Romans et al., 2010; Fosdick et al., 2014; Perez
et al., 2016; Vacherat et al., 2017). There remains limited under-
standing of sediment provenance and dispersal evolution with relation
to deformation and exhumation patterns through time in foreland ba-
sins that are strongly influenced by preexisting structures. A significant
obstacle in understanding many of these systems is preservation of
precursor crustal architecture as contractile tectonics often destroys

and/or significantly overprints it. Fundamental questions remain re-
garding the tectonic inversion of highly-attenuated and segmented rift
margins and the impact on source-to-sink systems, including: 1) what
governs variations in provenance and sediment routing of these systems
through time? 2) When does orogenic topography overpower the in-
herited rift architecture and become the dominant source to the per-
ipheral foreland basins? 3) What is the style of deformation and ex-
humation patterns in the fold-and-thrust belt through time, and how do
present day structurally segmented basins initiate and evolve through
time?

The Pyrenees orogenic system is an exemplar setting to address the
feedbacks and thresholds during the transition from extensional rift
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structures and associated basin systems to the superimposed collision-
driven shortening and foreland basin development. The crustal and li-
thospheric structure of the Pyrenees is well-constrained by extensive
geological studies (e.g. Puigdefàbregas and Souquet, 1986; Muñoz,
1992; Teixell, 1998; Vergés et al., 1995, 2002; Mouthereau et al., 2014;
Teixell et al., 2016; Grool et al., 2018; Ternois et al., 2019), ECORS
deep seismic profiles (e.g. Choukroune, 1989; Roure et al., 1989;
Daignières et al., 1994), and seismic tomography (e.g. Souriau et al.,
2008; Chevrot et al., 2014; Wang et al., 2016). The Pyrenees preserve a
record of their entire post-Variscan tectonic evolution, including Jur-
assic to Cretaceous rift structures and basins, variations in hinterland
structural styles across and along strike with well-established de-
formation histories, basement-involved and salt-detached portions of
the fold-and-thrust-belt, and a complete Cretaceous through Oligocene
foreland basin succession. An extensive dataset of sedimentologic,
stratigraphic, petrographic, structural, and geo- and thermochrono-
metric constraints for the Pyrenean region provides a unique opportu-
nity to explore the impacts of inherited rift-related structures and basins
on the subsequent evolution of an inverted continental margin and
superimposed collisional orogenic system and foreland basin.

The foreland basin(s) in the southeastern Pyrenees are structurally
isolated and difficult to compare with the more extensively studied
provenance and source-to-sink systems of the Tremp, Ager, and Jaca
basins in the central and western Spanish Pyrenees (e.g. Whitchurch
et al., 2011; Roigé et al., 2016, 2017; Clark et al., 2017; Thomson et al.,
2017). The Eastern Pyrenees were strongly affected by Late Cretaceous
inversion tectonics and by diachronous Cenozoic collisional shortening.
The Ripoll and Ebro foreland basins in the southeastern Pyrenees
straddle the intersection of the Pyrenean orogen and Catalan Coastal
Range, linking the Pyrenees to the Alpine regions to the east (e.g. Alps,
Corsica, Sardinia) and the foreland basin deposits record the landscape
before the opening of the Gulf of Lion and Valencia Trough during
western Mediterranean slab roll back in the Miocene (e.g. Gueguen
et al., 1998; Roca et al., 1999; Séranne, 1999; Rosenbaum et al., 2002;
Gunnell et al., 2008).

This study investigates the Cretaceous to Oligocene foreland basin
sedimentary record of the southeastern Pyrenean basins to reconstruct
source-to-sink systems in the fold-and-thrust belt and foreland basin.
We present a suite of isotopic provenance tracers to constrain the re-
lationships between hinterland exhumation and erosion, sediment
routing, and fold-and-thrust belt and foreland basin system evolution.
Understanding the mechanisms of inversion and role of inherited
structures impart on orogenic systems has broader impact on hydro-
carbon systems, regional deformation and structural reactivation, seis-
micity, and tectonics models globally. In addition, this work provides
valuable analogs for understanding the geological evolution of similar
tectonic settings, such as the Atlas Mountains, Caucasus, Taiwan, and
many segments of the Andes (e.g. Lacombe and Mouthereau, 2002;
Babault et al., 2013; Cowgill et al., 2016; Perez et al., 2016).

2. Geologic setting

2.1. Tectonic provinces

The Pyrenees Mountains are an east-west trending orogenic belt
along the border of France and Spain and are the westernmost ex-
pression of the Alpine-Himalayan orogenic belt (Fig. 1). The Pyrenean
orogeny resulted from the oblique convergence and collision between
the Iberian microplate with the Eurasian plate (Puigdefàbregas and
Souquet, 1986; Choukroune, 1989; Muñoz, 1992; Vergés et al., 2002;
Vissers and Meijer, 2012; Grool et al., 2018; Teixell et al., 2018). The
Pyrenees, a doubly-vergent orogenic wedge, can be divided into five
distinct structural zones (Fig. 1): 1) the undeformed retro-wedge fore-
land basin, Aquitaine basin, north of Pyrenees; 2) the North Pyrenean
Zone (NPZ), a narrow (25–35 km wide) retro-wedge fold-and-thrust
belt, characterized by steep north-vergent reverse faults which

exhumed Paleozoic basement and highly deformed and partially me-
tamorphosed Mesozoic strata (e.g. Ford et al., 2016); 3) the Axial Zone
is the structurally thickened core of the Pyrenees characterized by
south-vergent antiformal stack of thrust sheets composed of Neopro-
terozoic to Paleozoic crystalline basement (e.g. Muñoz, 1992); 4) the
South Pyrenean Zone, a south-verging thin-skinned ramp-flat fold-and-
thrust belt that translated Mesozoic and Cenozoic basin fill above a
Triassic evaporitic décollement (e.g. Puigdefàbregas et al., 1992; Vergés
et al., 2002); 5) the pro-wedge foreland basin, Ebro Basin, extending
from the south Pyrenean fold-and-thrust belt to the Catalan Coastal
Ranges and Iberian Range (Fig. 1). Total shortening in the Eastern
Pyrenees is estimated at a minimum of ~111 km, excluding closure of
the exhumed mantle domain (Vergés, 1993; Grool et al., 2018).

The Catalan Coastal Ranges (CCR) (Fig. 1) are a predominantly
basement-involved fold-and-thrust belt system that formed during the
Late Cretaceous-early Oligocene and was subsequently compartmenta-
lized into two main horsts and several grabens during the Late Oligo-
cene to Miocene opening of the Valencia Trough (Roca et al., 1999;
Juez-Larré and Andriessen, 2006). The CCR exposes four major tectono-
stratigraphic units, 1) the Paleozoic basement including Variscan felsic
plutonic rocks; 2) autochthonous to para- autochthonous Mesozoic se-
dimentary cover; 3) allochthonous thrust sheets carrying the inverted
Mesozoic rift basin; and 4) syn-tectonic Cenozoic foreland basin de-
posits (e.g. Juez-Larré and Andriessen, 2006 and references within)
(Fig. 1).

2.2. Deformation phases

The tectonic evolution of the Pyrenees can be subdivided into five
significant deformational phases since the Late Paleozoic. These are 1)
the Variscan orogeny (e.g., Respaut and Lancelot, 1983; Vissers, 1992;
Gleizes et al., 1997; Olivier et al., 2004, 2008; Denèle et al., 2014), 2)
widespread, diffuse post-Variscan Permian and Triassic rifting (e.g.,
Stampfli and Borel, 2002), 3) Early Cretaceous rifting and hyper-
extension between the Iberian and European plates (e.g., Debroas,
1987, 1990; Lagabrielle and Bodinier, 2008; Jammes et al., 2009;
Lagabrielle et al., 2010; Clerc et al., 2012; Tugend et al., 2015; Ford
et al., 2016), 4) Late Cretaceous rift inversion and Cenozoic Pyrenean
collisional orogeny (e.g., Choukroune, 1989; Muñoz, 1992; Mouthereau
et al., 2014 and references within; Ternois et al., 2019) and 5) Miocene
extension and opening of the Valencia Trough and Gulf of Lion that
destroyed the eastern termination of the Pyrenean orogen (e.g.
Gueguen et al., 1998; Roca et al., 1999; Séranne, 1999; Rosenbaum
et al., 2002; Gunnell et al., 2008, 2009). Several studies have shown
that pre-Cenozoic inherited structural grain, discrete structures, and
basin configuration and basin fill governed or significantly influenced
the structural evolution of collision orogenesis in the Pyrenees (e.g.,
Mouthereau et al., 2014; Vacherat et al., 2016; Ternois et al., 2019).

The Late Cretaceous-Oligocene fold-and-thrust belt evolution had
three distinct periods of shortening related to the progressive empla-
cement of different thrust sheets in the southeastern portion of the
Pyrenees: 1) ~83 to 55Ma: inversion of pre-existing Early Cretaceous
rift basins and emplacement of the structurally highest Upper
Pedraforca thrust sheets, with overall low shortening rates of< 0.5
mm/yr (Vergés et al., 1995); 2) 54–44Ma: thrusting and imbrication
on the Lower Pedraforca thrust sheet with highest rates of shortening,
4–4.4mm/yr (Vergés et al., 1995); and 3) ~44Ma to ~30Ma: de-
formation along the frontal thrusts accommodated along the Vallfogona
Thrust which became emergent ~43.5Ma, and imbricate thrusting in
the hinterland Axial Zone at shortening rates of 1.5–2.6mm/yr
(Burbank et al., 1992; Vergés et al., 1995, 2002; Ramos et al., 2002;
Metcalf et al., 2009; Vacherat et al., 2017 and references within).

2.3. Stratigraphy of the south Eastern Pyrenees

Extensive study of the stratigraphy of the Eastern Pyrenees foreland

M.L. Odlum, et al. Tectonophysics 765 (2019) 226–248

227



basin (Muñoz, 1985; Puigdefàbregas et al., 1986; Martinez et al., 1989;
Burbank et al., 1992) has established a well-defined chronostrati-
graphic framework using magnetostratigraphy and biostratigraphy
summarized by Vergés et al., 2002 (e.g., Burbank et al., 1992; Serra-Kiel
et al., 1994; Vergés and Burbank, 1996; Serra-Kiel et al., 1998). The
following section presents a summary of the key stratigraphic intervals
that record the history of Pyrenean orogenesis from Late Cretaceous
inversion through the Paleogene collisional orogenesis that were sam-
pled and analyzed in this study.

2.3.1. Adraén section: Upper Cretaceous strata
The Santonian-Campanian Spell Adraèn Formation consists of white

quartz conglomerate, sandstone, and occasional thin shale interbeds
(Fig. 2; Mey et al., 1968). The overlying Bona Formation consists of
bioclastic limestone, which is highly fossiliferous, containing mainly
rudists. The base of the Bona Formation contains local sandy silici-
clastic intervals (Mey et al., 1968).

2.3.2. Ripoll Basin
The Ripoll Basin is the easternmost basin within the South Pyrenean

Zone (Fig. 2) and contains stratigraphy consisting of Upper Cretaceous
to Upper Eocene syn-tectonic foreland basin deposits (Puigdefàbregas
et al., 1986; Puigdefàbregas and Souquet, 1986; Muñoz et al., 1986;
Ramos et al., 2002; Serra-Kiel et al., 2003). We sampled the Bagà and
Sant Jaume composite sections defined by Burbank et al. (1992) in the
Ripoll Syncline for detrital mineral analysis (Figs. 2, 3).

2.3.2.1. Bagà section: Upper Cretaceous-Ypresian strata. The Bagà
section is in the hanging wall of the Vallfogona thrust between the
Axial Zone to the north and the outcrop of the Pedraforca thrust sheet to
the south (Fig. 2). The section contains Permo-Triassic rhyolites and
fluvial red sandstone and siltstone beds unconformably deposited on
Axial Zone basement (Devonian schists), Cretaceous carbonate and
sandstone, Paleocene fluvial sandstone and paleosol beds, and Eocene
Cadi and Corones sequences (Fig. 3).

The Cretaceous strata in the Bagà section are ~100m thick with an

upsection transition from marine to lagoon facies with paleocurrents
directions toward the west (Fig. 3; Oms et al., 2016). During the Early
Maastrichtian tidal currents were confined to an E-W-oriented, elongate
foreland basin trough (Riera et al., 2010). The Late Cretaceous-Paleo-
cene Tremp Formation in the Bagà section consist of red siltstone,
overlain by poorly sorted silty to very fine sandstone with granule-
pebble floating clast paleosols, overlain by red fluvial fine to medium
grained sandstone and siltstone (Fig. 3).

The earliest Eocene deposits are the transgressive Cadi sequence,
composed of the shallow lacustrine marls and Cadi Limestone at the
base that grade stratigraphically upsection into the deeper water facies
of the Sagnari Marl (Fig. 3; Puigdefàbregas et al., 1986; Burbank et al.,
1992). The Sagnari Marl is interpreted to mark an intial deepening of
the basin associated with early flexural subsidence during initial thrust
loading from the north (Burbank et al., 1992; Vergés et al., 1998). The
Cadi sequence is overlain by the regressive Corones sequence. The
Corones Formation is a ~700m thick southward prograding deltaic
sequence that grades upward from shallow marine to fluvial deposits
with N to S directed paleocurrents (Fig. 3) (Puigdefàbregas et al., 1986;
Burbank et al., 1992). The top of the Corones Formation is character-
ized by algal limestones (Puigdefàbregas et al., 1986; Burbank et al.,
1992). The Armàncies sequence is stratigraphically above the Corones
sequence and is composed of slope shale deposits with carbonate tur-
bidites and slope breccias that contain carbonate clasts from the Cadi
sequence in the lower part of the formation, commonly referred to as
megaturbidites (Puigdefàbregas et al., 1986; Burbank et al., 1992).

2.3.2.2. Sant Jaume section: Lutetian-Priabonian strata. The Sant Jaume
section is in the southern limb of the Ripoll syncline (Fig. 2). The
~3100m thick section spans much of the syntectonic sequence in the
Eastern Pyrenees (Fig. 3). In the south, the section is delimited at its
base by the Vallfogona thrust which carries the Campdevanol
Formation in the hanging wall (Fig. 4). There is a shallowing trend
upsection with deep marine turbidites, open marine prodelta and delta
front facies evolving into delta plain facies with low-sinuosity braided,
rivers interbedded with alluvial fan facies (Ramos et al., 2002).

Iberian Ranges

Fig. 2

Fig. 5A, 5C
0 50 100

km

Ripoll

Fig. 1. Map showing tectonic and geologic framework of the Pyrenees (1:106 scale) modified from Mouthereau et al., 2014. Inset boxes show locations of Figs. 2 and
5A and C.

M.L. Odlum, et al. Tectonophysics 765 (2019) 226–248

228



Unconformities within the section were interpreted to mark thrust-
related deformation including the imbrication of the Upper and Lower
Pedraforca thrust sheets (~83–47Ma), out-of-sequence thrusting in the
Axial Zone (~50–25Ma), and the thrusting along the Vallfogona thrust

(~44–30Ma) that caused folding of the Ripoll syncline (Puigdefàbregas
et al., 1986; Burbank et al., 1992; Ramos et al., 2002).

The Campdevanol sequence is up to 900m thick and composed of
siliciclastic turbidites with a west directed paleoflow (Puigdefàbregas
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et al., 1986). Both coarse and fine-grained turbidite beds are inter-
bedded with siltstone, and some thin layers (< 5m thick) of secondary
gypsum (Carrillo et al., 2014). The low faunal content suggests a re-
stricted, hypersaline basin during deposition (Puigdefàbregas et al.,
1986; Carrillo et al., 2014). The Beuda sequence is composed of up to
70m thick alabastrine gypsum evaporites (Fig. 3; Puigdefàbregas et al.,
1986; Carrillo et al., 2014) suggesting constriction of the basin (Vergés
et al., 1992; Carrillo et al., 2014).

The Bellmunt sequence is characterized by medium grained sand-
stones and pebble conglomerates interpreted as south-ward prograding

fluvial and deltaic deposits (Fig. 3; Puigdefàbregas et al., 1986) with a
dominant west directed paleoflow direction that gradually changes to a
southwest directed paleoflow direction upsection (Ramos et al., 2002).
The Bellmunt sequence is composed of the: Banyoles Formation, pro-
delta blue marls with micritic and turbidite beds (Carrillo et al., 2014);
the Coubet Fomation, shallow marine deltaic deposits of grey sand-
stones with some thin (< 5m) beds of micrite and secondary gypsum;
and the Bellmunt Formation, red and brown medium-coarse grained
sandstones and bioturbated red mudstones, with pebble-gravel con-
glomerates (Fig. 3; Carrillo et al., 2014). The Milany sequence is
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characterized by alluvial fan deposits and the first appearance of
granitic clasts at its base (Burbank et al., 1992). These clasts have been
interpreted as being derived from the uplifting and denuding Axial Zone
crystalline basement during large-scale out-of-sequence thrusting
(Puigdefàbregas et al., 1986; Burbank et al., 1992; Ramos et al., 2002).
Paleoflow directions in the Milany sequence change upsection from
southwest- to southward-directed paleo-flow (Ramos et al., 2002).

2.3.3. Sant Llorenç de Morunys: Upper Priabonian-Oligocene strata
The Sant Llorenç de Morunys section consists of ~2.5 km of Upper

Eocene-Oligocene alluvial conglomerates of the Berga Formation
(Fig. 3; Riba, 1976; Mató et al., 1994; Ford et al., 1997; Carrigan et al.,
2016). The Berga conglomerate lies in the footwall of the Vallfogona
Thrust and forms a package of growth strata with beds thickening and
fanning toward the south (Riba, 1976; Ford et al., 1997). The folding
responsible for the growth strata geometry is directly related to motion
on the Vallfogona Thrust (Ford et al., 1997; Suppe et al., 1997).

While the South Pyrenean Zone stratigraphy and deformation his-
tory are well defined (e.g., Burbank et al., 1992; Puigdefàbregas et al.,
1992; Vergés et al., 1992, 2002; López-Blanco et al., 2000; Gómez-
Paccard et al., 2012), the sedimentary provenance and thermal record
of the hinterland are poorly constrained. This study uses multiple
provenance techniques to constrain the sediment provenance evolution
and the basin-scale depositional history in the context of the well-
constrained hinterland tectonic history. This study provides an im-
portant dataset linking deformation, sedimentation, sediment prove-
nance evolution, and exhumation history of the hinterland and helps to
further elucidate the feedbacks that exist between tectonic deformation
and foreland basin deposition.

3. Methodology

Samples were collected from Upper Cretaceous to Oligocene strata
along four sections in the Eastern Pyrenees (Figs. 2, 3). Samples 15-AB-
165 and 15-AB-166 are Upper Cretaceous sandstones near the village of
Adraén. Samples 16-RB-02, 16-RB-03, 17-RB-16, 16-RB-05, and 16-RB-
06 were taken in the Bagà section of Burbank et al. (1992). Samples 15-
AB-161, -162, -163, -164, 16-RB-10, and 16-RB-12 were taken in the
Sant Jaume section of Burbank et al. (1992) along the road to Sant
Jaume de Frontyanà. Samples 16-RB-14 and 16-RB-15 were taken south
of the Vallfogona Thrust along the road between Borredà and Les
Llosses. Samples 17-SLM-00 and 17-SLM-03 were taken from con-
glomerates in Sant Llorenç de Morunys. Sandstone samples (2–5 kg)
were collected targeting sandstones with a consistent medium grained

sand to minimize effects of hydrodynamic grain size fractionation (e.g.
Malusà et al., 2016). Samples were separated following standard
crushing, grinding, and heavy mineral separation techniques. All UePb
analysis and (UeTh)/He analysis were conducted at the UTChron fa-
cility at the University of Texas at Austin.

3.1. Detrital zircon UePb and (UeTh)/He methodology

Detrital zircon (DZ) analysis was conducted by depth-profile laser
ablation–inductively coupled plasma–mass spectrometry (LA-ICP-MS)
UePb dating following procedures described in Hart et al. (2016). DZ
UePb ages record crystallization and high-temperature metamorphism
(~800–1110 °C) of the igneous or metamorphic protolith (e.g. Gehrels,
2012; Schoene, 2014). Several studies that have used DZ UePb, ZHe,
and/or ZFT to assess the sedimentary provenance of the central and
western southern Pyrenees foreland basin deposits and have char-
acterized the source area zircon signatures (Fig. 5A, B; Whitchurch
et al., 2011; Beamud et al., 2011; Filleaudeau et al., 2011; Bosch et al.,
2016; Thomson et al., 2017; Vacherat et al., 2017). DZ UePb ages were
binned into groups based on the main components present in the age
spectra that reflect important geodynamic phases in the Pyrenees and
western European region. The age spectra were divided as follows:
Cretaceous (66–145Ma), Post-Variscan (145–280Ma), Variscan
(280–420Ma), Cambrian-Silurian (420–520Ma), Cadomian-Pan
African (520–700Ma), Neoprotoerozoic (700–900), Kibaran
(900–1200Ma), and Mesoproterozoic-Archean (> 1200Ma). DZ UePb
results are summarized in terms of percentages of components in
Table 1, Kernel Density Estimators (KDEs), and histograms in Fig. 6 and
tabulated in dataset S3 in the Supplementary material.

Zircon (UeTh)/He (ZHe) analyses were conducted following pro-
cedures described in Wolfe and Stockli (2010)and Hart et al., (2017).
ZHe ages record cooling below ~180 °C (Reiners, 2005; Wolfe and
Stockli, 2010), providing information about the thermal and exhuma-
tion history of the source terrane. In fold-and-thrust belts, ZHe is a
robust method to constrain the timing of major thrust motion, recording
the cooling along thrust ramps, and is also less susceptible than apatite
(U-Th)/He to resetting due to burial and erosion (Reiners et al., 2005).
It is a particularly useful technique for distinguishing source regions in
tectonic settings that have non-unique source DZ UePb signatures but
different thermal histories and/or significant sediment recycling (e.g.,
Reiners et al., 2005; Campbell et al., 2005; Saylor et al., 2012). ZHe
ages were binned into groups reflecting important tectono-thermal
phases in Pyrenean region (e.g., Thomson et al., 2017; Vacherat et al.,
2017). The bins were divided as follows: Pyrenean orogeny (< 70Ma),
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Late Cretaceous inversion (85–100Ma), Early Cretaceous rifting
(100–85Ma), Jurassic (145–200Ma), and Triassic-Paleozoic
(> 200Ma). ZHe results are summarized in terms of percentage of
components in Table 2, KDEs and histograms in Fig. 7, lag times in
Fig. 8, and tabulated in dataset S3. Double-dating age relationships are
summarized in Fig. 7. Grains with ZHe ages younger than the deposi-
tional age of the sample are excluded because these grains may be
partially reset by burial, or owing to variable diffusion kinetics based on
radiation damage, radiogenic parent nuclide zoning, or grain size (e.g.
Reiners, 2005; Hourigan et al., 2005; Guenthner et al., 2013 (see Sup-
plementary material, S3).

3.2. Detrital rutile UePb and trace element methodology

Rutile UePb is a medium-temperature thermochronometer
(Tc~450–600 °C) whose UePb ages record the age of the most recent
greenschist facies or higher-grade metamorphism, or exhumation and
cooling from middle and lower crustal levels (e.g. Kooijman et al.,
2010; Smye et al., 2018). Rutile geochemistry and Zr-in-rutile ther-
mometry yield diagnostic data on the lithology and metamorphic facies
of sediment source areas, even in highly modified sandstones that may
have lost significant amounts of provenance information (e.g. Zack
et al., 2004; Zack et al., 2011; Meinhold, 2010; Triebold et al., 2012).
Detrital rutile (DR) grains were analyzed by LA-ICP-MS for UePb
analysis and selected trace elements, TE, (Ti, V, Cr, Fe, Zr, Nb, M, Sn,
Sb, Hf, Ta, W, U) following the methodology outlined by Odlum and
Stockli (2019). The trace element data were used to determine petro-
logic and tectonic affinity and crystallization temperatures of rutile. DR

UePb results were binned into the same major groups as the DZ UePb
data, and summarized in terms of percentages in Table 3 and as KDEs
and histograms with a binwidth and bandwith of 20 in Fig. 9A, and
petro-tectonic affinity and crystallization temperatures in Fig. 9B and
tabulated in dataset S4 in the Supplementary material.

Potential source areas of detrital rutile UePb age components can
be interpreted based on the known tectono-thermal history of the po-
tential source terranes, especially major exhumation and/or meta-
morphic events. Additionally, the Zr-in-rutile thermometer and Cr/Nb
felsic versus mafic classification can aid in differentiating source ter-
ranes based on the metamorphic grades and lithologies (Triebold et al.,
2012). The main age components in the detrital rutile UePb ages in the
Pyrenean realm are the same as the main zircon UePb age components.
However, there are age components associated with Early Cretaceous
and Jurassic thermal events recorded in the rutile UePb that are not
recorded in zircon UePb ages

4. Source region isotopic signatures

Identifying sediment sources across the Pyrenean orogenic system
requires the characterization of the various isotopic signatures pre-
served in the bedrock record. Here we describe the geochronology,
thermochronology, and geochemistry for the diagnostic sedimentary
sources and respective tectonic provinces. The sedimentary sources
from youngest to oldest (shallow to deepest) include Mesozoic sedi-
mentary cover rocks, the underlying Paleozoic sediment and metase-
dimentary units, and the Paleozoic-Neoproterozoic basement in the
orogenic core.

Table 1
Detrital zircon UePb results summarized in component percentages.

Sample Formation n Cretaceous Post-Variscan Variscan Cambrian-Silurian Cadomian Neoproterozoic Kibaran Mesoproterozoic-Archean

66–145Ma 145–280Ma 280–420Ma 420–520Ma 520–700Ma 700–900Ma 900–1200Ma >1200Ma

15-AB-166 Adraen 122 2.5% 6.6% 37.7% 6.6% 18.9% 9.8% 4.9% 13.1%
15-AB-165 Bona 132 4.5% 1.5% 59.8% 7.6% 11.4% 3.8% 3.8% 7.6%
16-RB-02 Late Cret. 129 0.0% 0.8% 27.9% 10.9% 28.7% 14.7% 7.0% 10.1%
16-RB-03 Garumnian 97 0.0% 1.0% 52.6% 16.5% 17.5% 2.1% 2.1% 8.2%
16-RB-16 Sangari 141 0.7% 2.8% 13.5% 14.2% 24.8% 2.8% 12.1% 29.1%
16-RB-05 L. Corones 125 0.0% 2.4% 7.2% 12.8% 28.0% 18.4% 18.4% 12.8%
16-RB-06 U. Corones 127 0.0% 3.1% 18.1% 14.2% 31.5% 7.9% 10.2% 15.0%
15-AB-164 Campdevanol 129 0.0% 1.6% 28.7% 24.8% 22.5% 7.8% 3.9% 10.9%
15-AB-162 Coubet 120 0.0% 0.0% 20.8% 24.2% 22.5% 10.0% 6.7% 15.8%
15-AB-161 L. Bellmunt 121 0.0% 1.7% 10.7% 32.2% 23.1% 4.1% 11.6% 16.5%
15-AB-163 U. Bellmunt 133 0.0% 1.5% 15.0% 15.0% 26.3% 3.8% 13.5% 24.8%
16-RB-10 L. Milany 125 0.0% 0.8% 25.6% 8.0% 29.6% 9.6% 14.4% 12.0%
16-RB-12 Milany 113 0.0% 4.4% 95.6% 0.0% 0.0% 0.0% 0.0% 0.0%
16-RB-13 U. Milany 147 0.0% 2.0% 93.2% 1.4% 1.4% 0.0% 0.0% 2.0%
16-RB-14 Bellmunt 144 0.0% 2.8% 56.3% 9.7% 13.9% 3.5% 4.9% 9.0%
16-RB-15 Bellmunt 138 0.0% 2.2% 91.3% 0.7% 2.9% 0.7% 0.7% 1.4%
17-SLM-00 Berga 141 0.0% 1.4% 54.6% 9.2% 19.9% 0.7% 5.0% 9.2%
17-SLM-03 Berga 134 0.0% 1.5% 35.8% 10.4% 20.9% 9.0% 9.0% 13.4%

Table 2
Detrital zircon (UeTh)/He results summarized in component percentages.

Sample n Pyrenean Late Cretaceous Early Cretaceous Jurassic Triassic-Paleozoic

0–70Ma 70–85Ma 85–145Ma 145–200Ma >200Ma

16-RB-02 16 0.0% 6.25% 50.0% 43.75% 0.0%
16-RB-03 16 0.0% 0.0% 43.75% 43.75% 12.5%
16-RB-05 13 30.8% 30.8% 38.4% 0.0% 0.0%
15-AB-164 13 69.2% 15.4% 15.4% 0.0% 0.0%
15-AB-162 21 38.1% 19.0% 33.3% 4.8% 4.8%
15-AB-161 20 60.0% 15.0% 20.0% 5.0% 0%
15-AB-163 21 19.0% 14.3% 28.6% 9.5% 28.6%
16-RB-12 13 100% 0.0% 0.0% 0.0% 0%
17-RB-14 12 100% 0.0% 0.0% 0.0% 0%
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4.1. Mesozoic sedimentary sources

Upper-Permian to upper-Cretaceous strata represent an extensional
basin system that likely formed a thick (up to ~6 km) sedimentary
cover across significant proportion of the Axial Zone and thinned north
to south across the NPZ, and SPZ structural provinces. Permian-Triassic
sedimentary units are exposed along the southern and northern margin
of the Axial Zone, and range in thickness laterally from tens of meters to
kilometers. In the Southern Pyrenees, Permian-Triassic sedimentary
strata is dominantly composed of red siltstones, sandstones, and con-
glomerates interbedded with minor volcanic rocks (Van Dongen, 1967;
Gómez et al., 2004; Saura and Teixell, 2006). Previously published DZ
UePb age distributions from an upper Permian sandstone from the
southern Pyrenean Zone (i.e., Nogueres Zone) displays major peaks of
Cambrian-Silurian (420–520Ma) and Cadomian/Pan-African
(520–700Ma) ages with minor peaks of Carboniferous and Paleopro-
terozoic ages (Fig. 5C; SPZ-Nogueres Zone) (Whitchurch et al., 2011).
The Permian-Triassic is overlain by thin Jurassic limestones and dolo-
mites (Mey et al., 1968).

Cretaceous strata (Aptian to Coniacian) are found throughout the
Pyrenees and were deposited during rifting and the opening of exten-
sional or transtensional basins along the Iberian-European margin
(Fig. 1; e.g., Vergés et al., 2002; Muñoz, 1992; Teixell et al., 2016). The
syn- to post-rift strata in the southern Pyrenean basins are composed of
shallow marine carbonates and marls, interbedded with clastic-rich
carbonates to sandstones (e.g. Puigdefàbregas and Souquet, 1986;
García Senz, 2002). The most significant extensional basins in the
southeast Pyrenees are the Organyà and Pedraforca extensional basins,
that have been subsequently inverted during the Pyrenean orogeny, and
are now located in the South-Central Pyrenean Unit and Pedraforca
thrust-belt salients (Puigdefàbregas and Souquet, 1986; Berástegui
et al., 1990; Vergés et al., 2002). The Albian Camarade Formation in the
NPZ has a dominant Cambrian-Silurian (420–520Ma) age peak with
secondary Cadomian/Pan-African (520–700Ma) ages, which is inter-
preted to represent sediments derived from exhumed Paleozoic rocks
along the present footwall of the North Pyrenean Frontal Thrust
(Vacherat et al., 2017). In the South-Central Pyrenees, DZ UePb age
distributions from Lower Cretaceous sedimentary units in the central
Pyrenees yield a dominant Variscan age peak that is interpreted to re-
present southern basement extensional footwall areas as sediment
sources for the Albian extensional basins (Fig. 5A) (Filleaudeau et al.,
2011; Vacherat et al., 2017).

Characteristic thermochronometric cooling ages in the Mesozoic
stratigraphy include Early Cretaceous ZHe ages (100–145Ma) asso-
ciated with the well-documented period of rifting-hyperextension and
high-temperature metamorphism along the Iberian-European margin.
The Early Cretaceous ages in the foreland basin are likely derived from
recycling of Early Cretaceous syn-rift sedimentary units, presently ex-
posed within the Pedraforca thrust sheet and inverted Organyà basin to
the west. Additionally, Late Cretaceous ZHe ages (70–100Ma) are in-
terpreted to reflect earliest exhumation and cooling along the Iberia-
European margin associated with initial convergence and structural

inversion and are found in Paleozoic basement uplifts along the Agly
and Salvezines Massifs and associated Mesozoic sedimentary cover
units (Fig. 5B) (Ternois et al., 2019).

4.2. Paleozoic sedimentary and metasedimentary sources

The Paleozoic sedimentary sequences in the region consist of upper
Neoproterozoic to middle Carboniferous sedimentary rocks and are
present across the Eastern and Central Axial Zone in the Pyrenees and
the southern Catalan Coastal Ranges (Margalef et al., 2016). The sec-
tion can be divided into two major units: (1) the lower succession is
dominantly metapelites and meta-arkose interbedded with marble,
quartzite, calc-silicate and orthogneiss sheets. The syn-depositional
meta-volcanic rocks yielded late Neoproterozoic–early Cambrian UePb
ages (Fig. 5B) (575 ± 4Ma in the Canigó massif, 558 ± 3Ma in the
Cap de Creus massif, LA-ICP-MS in zircon, Casas et al., 2015); and (2)
the middle part of the succession is composed of Cambro to Ordovician
low-grade metamorphosed sandstones and shales of the Jújols Group,
Silurian black shales, Devonian limestones, and Carboniferous silici-
clastic sedimentary units of the Culm Facies (Laumonier, 1988;
Laumonier et al., 2010; Margalef et al., 2016). DZ UePb age distribu-
tions from the Cambro-Ordovician (Jújols Group) and Upper Ordovi-
cian strata in the eastern Pyrenees are characterized by predominantly
Precambrian ages and contain dominate Cadomian/Pan-African
(520–700Ma), Kibaran (900–1200Ma), Paleoproterozoic
(1900–2100Ma), and Neoarchean (2500–2650Ma) age components
(Fig. 5B), which are interpreted to have a Saharan Craton provenance
along the northeast margin of Gondwana (Margalef et al., 2016).

Thermochronometric ages of the Paleozoic metasedimentary se-
quence include Late Triassic- Jurassic (200–145Ma) cooling ages as-
sociated with rifting between the Alpine Tethys and the Central Atlantic
oceans driving a regional-scale, Pyrenean-Alpine exhumation
(Manatschal, 2004; Vacherat et al., 2016). Jurassic bedrock ZFT and
ZHe ages (200–145Ma) are found throughout the Catalan Coastal
Ranges (Fig. 5B) and slightly younger Middle to Late Jurassic cooling
ages (~180–150Ma) have been documented in Corsica-Sardinia
(Malusà et al., 2014, 2015; Vacherat et al., 2014). Therefore, potential
source areas for these ages in the foreland deposits include recycling of
Paleozoic metasedimentary units along the Axial Zone and Catalan
Coastal Ranges (Fig. 5B), and/or sources to the east of the eastern
Pyrenees (i.e., Corsica-Sardinia) that were subsequently rifted away in
the Miocene (Gueguen et al., 1998; Roca et al., 1999; Séranne, 1999;
Rosenbaum et al., 2002; Gunnell et al., 2008).

Triassic ZHe and ZFT ages are associated with a well-documented
Triassic denudational event associated with extension of the Paleozoic
crust (e.g. Vissers, 1992). Triassic and older ZHe ages can be from two
possible sources: 1) recycling of sedimentary, most likely from Permian-
Triassic sedimentary rocks, which is supported by the regional un-
conformity between Permian-Triassic sandstones and Variscan granites
in some areas of the Axial Zone, or 2) from the south-southeast in the
Catalan Coastal ranges where there are some in-situ bedrock Triassic
ZFT ages (Fig. 5B) (Juez-Larré and Andriessen, 2006).

Table 3
Detrital rutile UePb Results summarized in component percentages.

Sample Formation n Cretaceous Post-Variscan Variscan Cambrian-
Silurian

Cadomian Neoproterozoic Kibaran Mesoproterozoic-
Archean

Felsic Mafic

66–145Ma 145–280Ma 280–420Ma 420–520Ma 520–700Ma 700–900Ma 900–1200Ma >1200Ma

15-AB-166 Adraén 29 0.0% 3.4% 20.7% 10.3% 34.5% 24.1% 6.9% 0.0% 79.3% 20.7%
16-RB-02 Late Cret. 20 0.0% 0.0% 15.0% 10.0% 40.0% 15.0% 5.0% 15.0% 52.4% 47.6%
16-RB-05 L. Corones 26 0.0% 7.7% 3.8% 0.0% 76.9% 7.7% 0.0% 3.8% 88.5% 23.1%
16-RB-06 U. Corones 37 2.7% 2.7% 13.5% 0.0% 59.5% 13.5% 2.7% 5.4% 89.2% 10.8%
15-AB-164 Campdevanol 39 0.0% 2.6% 23.1% 7.7% 41.0% 12.8% 2.6% 10.3% 62.5% 37.5%
16-RB-10 L. Milany 73 1.4% 1.4% 21.9% 12.3% 11.0% 13.7% 8.2% 30.1% 65.8% 34.2%
16-RB-14 Bellmunt 41 0.0% 0.0% 0.0% 0.0% 43.9% 9.8% 22.0% 24.4% 75.6% 24.4%
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The lack of exposed bedrock with Neoproterozoic UePb rutile ages
suggests any Neoproterozoic and older aged rutile must be recycled
from Cambro-Ordovician and Upper Ordovician rocks with similar aged
detrital zircons that outcrop throughout the Axial Zone (Margalef et al.,
2016).

4.3. Paleozoic igneous-metamorphic sources

Paleozoic igneous-metamorphic basement units include Cambro-
Ordovician gneisses and Carboniferous-Permian granitic plutons that
make up an extensive area of the Axial Zone and eastern Catalan

Coastal Ranges (purple and pink units, Fig. 5A). There are two sig-
nificant pre-Variscan igneous magmatic events recorded in the Pyr-
enees: Ediacaran-early Cambrian intrusive and extrusive magmatism
dated between 580 and 540Ma (Castiñeiras et al., 2008 and references
within; Guille et al., 2018) and Early Ordovician magmatism dated
between 475 and 460Ma (Castiñeiras et al., 2008 and references
within). Rocks associated with these episodes of magmatism are found
in the Eastern Pyrenees and the North Pyrenean Zone (purple units,
Fig. 5A) (Vitrac-Michard and Allègre, 1975; Deloule et al., 2002;
Cocherie et al., 2005; Castiñeiras et al., 2008; Denele et al., 2009; Guille
et al., 2018). The bulk of magmatism within the region occurred
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between 330 and 290Ma during the Variscan orogeny, when felsic
melts generated granitic plutons (Zr content ~129–350 ppm; Innocent
et al., 1994) that have likely contributed significant proportions of
detrital zircons in the subsequent Mesozoic rifting and Cenozoic Pyr-
enean orogeny. Only minor magmatism occurred during Early Cretac-
eous rifting in the Eastern Pyrenees and is dated between 104 and
95Ma (Golberg et al., 1986; Henry et al., 1998). There is no magma-
tism/plutonism associated with the Pyrenean orogeny between the Late
Cretaceous-Miocene recorded in the Pyrenean realm (Choukroune,
1989; Whitchurch et al., 2011 and references within).

Cenozoic ZHe cooling ages (< 70Ma) record Pyrenean orogenic
shortening and exhumation during collision between Iberia and Europe.
Importantly such ages are restricted to the thermally reset Paleozoic
igneous-metamorphic basement along the Axial and North Pyrenean
Zone that were exhumed and cooled in response to the Pyrenean
Orogeny (Fig. 5B) (e.g. Whitchurch et al., 2011; Filleaudeau et al.,
2011; Bosch et al., 2016; Thomson et al., 2017). ZHe bedrock ages<
70Ma indicate the Axial Zone basement (granitoids and gneisses) were
buried and reheated (to near or above the ZHe and ZFT closure tem-
peratures, ~180–250 °C) prior to the onset of the Pyrenean orogeny
giving them Cenozoic ZHe and ZFT ages that record exhumation and
erosion during Pyrenean orogenesis (e.g. Filleaudeau et al., 2011;
Thomson et al., 2017).

There are diagnostic detrital rutile UePb thermochronometric ages

of Triassic (~200Ma) and Cretaceous (~100Ma) age that are absent in
DZ UePb components (Whitchurch et al., 2011; Filleaudeau et al.,
2011; Fillon et al., 2013; Vacherat et al., 2017). The Triassic aged rutile
is likely associated with a widespread doleritic event associated with
the Central Atlantic Magmatic Province (Marzoli et al., 1999; Rossi
et al., 2003; Vacherat et al., 2017). Cretaceous (~100Ma) aged rutile
are associated with Early Cretaceous rifting- hyperextension and ex-
humation of middle to lower crustal rutile-bearing rocks within the
present-day North Pyrenean Zone, presently found in granulite facies
gneisses in the NPZ basement massifs (Odlum and Stockli, 2019). Early
Neoproterozoic to Ordovician rutile ages are likely derived from the
Ordovician-Neoproterozoic orthogneisses in the eastern Pyrenees.
However, some of these gneisses underwent metamorphism and mig-
matization associated with the Carboniferous Variscan orogeny that
would have partially or fully reset the rutile UePb ages. Carboniferous-
Permian rutile ages are likely derived from these migmatized early
Paleozoic gneisses, metamorphic aureoles of the Variscan granites, and
Paleozoic metasedimentary sequence that experienced peak tempera-
tures>~450–550 °C during the Variscan orogeny.

5. Provenance results and interpretations

Complementary detrital datasets from the southeastern Pyrenean
foreland basin succession provide the unique opportunity to resolve
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lithospheric and Earth surface processes involved in the progressive
closing and inversion of an extensional rift system along the Iberian and
European plate margin. New geochronological (Fig. 6), thermo-
chronological (Figs. 7, 8, 9A), and geochemical results (Fig. 9B) are
grouped into six main phases (Fig. 10) based on stratigraphic and

provenance trends observed in the Ripoll foreland basin to reconstruct
provenance (Fig. 11) and compared with published shortening and
exhumation trends in the hinterland and fold-thrust belt (Fig. 12).
These six diagnostic stratigraphic intervals include (1) Late Cretaceous
80–66Ma, (2) Paleocene 66–56Ma, (3) Ypresian 56–47.8Ma, (4)
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Lutetian 47.8–41.2Ma, (5) Bartonian-mid-Priabonian 41.2–36Ma, and
(6) mid-Priabonian-mid-Oligocene 36–30Ma (International Chronos-
tratigraphic Chart v.2018) (Fig. 10).

5.1. Upper Cretaceous strata

5.1.1. DZ UePb and (UeTh)/He
The Adraén Formation (15-AB-166) has two Cretaceous aged grains

that yield maximum depositional ages at 76.4 ± 4.8Ma and
77.6 ± 5Ma (Fig. 6). The DZ age spectrum has a dominant peak of
Variscan (38% of all ages) with subordinate peaks of the other com-
ponents (~3–15%). The Bona Formation (15-AB-165) has six Cretac-
eous grains ranging from 73.5 ± 3.7 to 81.6 ± 2.8Ma. The maximum
depositional age (MDA) calculated using the weighted mean average of
the youngest 5 grains (overlapping within 2σ) is 76.2 ± 2.8Ma, and
from a single grain age is 73.5 ± 3.7. The age spectrum is dominated
by Variscan aged grains (60%) with minor peaks of the other compo-
nents (5–10%). The Maastrichtian sandstone in the Bagà section
(sample 16-RB-02) has two dominant peaks of Variscan and Cadomian
(~28%), with nearly equal components of Cambrian-Silurian, Neo-
proterozoic, Kibaran, and Mesoproterozoic and older (~10%). The Late
Cretaceous sample from the Bagà section (16-RB-02) has ZHe ages that
range from Late Cretaceous-Jurassic, with dominant components of
Early Cretaceous (50%) and Jurassic (44%) ages (Fig. 7).

5.1.2. DR UePb and TE
The Adraèn Formation (15-AB-166) has mostly felsic affinity rutile

(~79%), and a dominant Cadomian (35%) UePb age component, with
secondary Neoproterozoic (~24%), and subordinate of Variscan,
Cambrian-Silurian, and Kibaran (10–20%) rutile age components
(Fig. 8). The Late Cretaceous sample from the Bagà section (sample 16-
RB-02) is about half felsic (52%) and half mafic rutile (48%) and
dominant Cadomian (40%) with subordinate Variscan, Cambrian-Si-
lurian, Neoproterozoic, Kibaran, and Mesoproterozoic and older com-
ponents (5–15%) (Fig. 9).

5.1.3. Interpretation
The Late Cretaceous samples from the Adraén section and Baga

section (Fig. 3) are dominated by Variscan DZ UePb ages, and mostly
felsic Cadomian and Variscan aged DR (Fig. 10). Upper Cretaceous
shallow marine sandstone and carbonate strata of the Bagà section in
the eastern Ripoll basin display similar DZ UePb Variscan dominated
age spectra, with more Cadomian zircon ages, significantly more

Cadomian DR ages and distinct rutile grains with mafic affinity which
together are interpreted to represent sediment sources in the CCR and
Corsica-Sardinia (Figs. 8, 11). Published petrographic compositions in
the area contain abundant plutonic rock fragments, K-feldspar, quartz
grains, and metamorphic rock fragments indicative of erosion of crys-
talline basement indicative of a basement sediment source along the
northern CCR (Gómez-Gras et al., 2016). The Early Cretaceous and
Jurassic ZHe ages are also indicative of sources in the CCR and Corsica-
Sardinia (Fig. 5b; Malusà et al., 2015). Bedrock in-situ apatite fission
track data and thermal modeling in the CCR support this interpretation
and show that basement rocks of the CCR were near the surface (above
the apatite partial annealing zone) forming a paleotopographic high
during most of the Mesozoic (Juez-Larré and Andriessen, 2006). Ad-
ditionally, Corsica-Sardinia preserve Early Cretaceous and Jurassic ZHe
ages in Paleozoic basement rocks suggesting these rocks were also close
to the surface and a potential major sediment source during the Late
Cretaceous (Malusà et al., 2015 and references within).

The minor yet characteristic presence of Campanian aged zircons
(~73–82Ma) may also support a southern catchment area eroding Late
Cretaceous igneous rocks from the Catalan Coastal Ranges (CCR),
which has the only known Campanian aged igneous units presently
outcropping in the region (Fig. 5A; Solé et al., 2003). These Late Cre-
taceous igneous units are alkaline and small/localized and therefore
may not be the source of these zircons (due to small igneous rock vo-
lumes and assumed low zircon fertility), meaning these DZ were de-
rived from some other Late Cretaceous igneous units in the region that
have now been eroded away. Trace element analysis of the detrital
zircon grains with Late Cretaceous ages predict a basaltic lithology
(intermediate-mafic lithologies) using the classification and regression
tree of Belousova et al., 2002(trace element data in S3), consistent with
the lithologies in the CCR. However, there are abundant basaltic clasts
in the Santonian-aged Campo Breccia (Mey et al., 1968) in the Tremp
Basin to the west that may be sourced from local basaltic lithologies
along the rift margin (present day Axial Zone) that have been eroded
away. Detailed analysis and geochronology of the basalt clasts in the
Campo Breccia are necessary to further investigate the possibility of
local basalts in the Pyrenean realm (Cretaceous rift and post-rift) as a
possible source of these DZ grains and differentiate between CCR and
Pyrenean source area

The presence of Late Cretaceous ZHe ages in Late Cretaceous sam-
ples (Fig. 7) may suggest minor sediment contribution from sources
within the Pyrenean realm, likely from recycling of syn-rift deposits
near and overlying Paleozoic basement massifs in the earliest uplifting
areas in the eastern NPZ (Fig. 5C; Ternois et al., 2019). Either scenario
for the Late Cretaceous aged DZ grains (CCR or local Pyrenean basaltic
sources) fits with the overall interpretation that the majority of the
sediment was sourced from the east and southeast, with minor input
from local sources in the Pyrenean realm (Fig. 11B).

5.2. Paleocene strata

5.2.1. DZ UePb and (UeTh)/He
The Paleocene sample from Bagà section (16-RB-03) has dominantly

Variscan aged zircons (~53%) with minor components of Cambrian-
Silurian and Cadomian components (~17% each) (Fig. 6). Detrital ZHe
cooling ages are dominated by ZHe ages> 100Ma with ~45% of Early
Cretaceous and Jurassic components (Fig. 7). No rutile UePb and REE
analysis were completed on the Paleocene section due to a lack of
detrital rutile in the sample.

5.2.2. Interpretation
The Paleocene sample (16-RB-03) from the Bagà section has similar

DZ UePb signatures to underlying upper Cretaceous strata, indicating
no significant sediment provenance change (Figs. 6 and 10). The Pa-
leocene Tremp Formation has a temporally condensed section con-
sisting of poorly sorted, sandy to pebbly paleosols with barite nodules
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and fluvial fine to medium grained sandstones and has a DZ UePb
signature dominated by Variscan UePb ages with Early Cretaceous-
Triassic ZHe ages. This is consistent with continued sediment sources to
the east and southeast in Corsica-Sardinia and the CCR (Fig. 11B). The
lack of Late Cretaceous ZHe ages may reflect a cessation of sediment
input from the NPZ during the phase of tectonic quiescence in the
northern retro-wedge (Rosenbaum et al., 2002; Ford et al., 2016; Grool
et al., 2018).

5.3. Early Eocene strata

5.3.1. Ypresian
5.3.1.1. DZ UePb and (UeTh)/He. The sample from the Sagnari marls
(17-RB-16) age spectra differ significantly from older strata, with
dominantly Mesoproterozoic and older grains (~30%) with a
secondary peak of Cadomian zircons (~25%), and nearly equal
components of Variscan, Cambrian-Silurian, and Kibaran (~14%
each). Both samples from the Ypresian Corones Formation (16-RB-05
and 16-RB-06) have DZ age spectra with a dominant Cadomian
component (28.0% and 31.5% respectively) and a cosmopolitan
spectrum with presence of all (excluding post-Variscan) components
between ~10–20%. Sample 16-RB-05 has dominantly Early Cretaceous
and Late Cretaceous ZHe ages (~38%, 31% respectively) with the first
appearance of Pyrenean ZHe ages (~31%).

5.3.1.2. DR UePb and TE. Both samples have mostly felsic rutile
(~89% for both) with dominant peaks of Cadomian aged rutile
(~80% and 60% respectively).

5.3.1.3. Interpretation. The Ypresian samples are characterized by
multimodal DZ signatures (Fig. 6B), DR signature dominated by
Cadomian ages (Fig. 9), and the first appearance of Cenozoic
Pyrenean ZHe cooling ages (Fig. 7). The lowermost Eocene sample
(17-RB-16) is from lacustrine marly sandstones in the Sagnari marls of
the Cadi sequence (Puigdefàbregas et al., 1986; Burbank et al., 1992)
(Fig. 3). The DZ UePb age spectra is multimodal, showing a decrease in
the Variscan component and the appearance of the Kibaran and older
age components. This age spectra, and the presence of Kibaran with
older age components in both DR and DZ age spectra, are similar to the
DZ UePb age spectra observed in late Paleozoic-Mesozoic sedimentary
rocks (i.e. Permian-Triassic strata) and Paleozoic metasedimentary
rocks in the Axial Zone indicating they became a significant sediment
sources at this time (Figs. 5A, 11) (Margalef et al., 2016). The
appearance of older DZ UePb and Pyrenean ZHe ages coincides with
an observed basin deepening and changes from pedogenic to lacustrine
carbonates and marls (Vergés et al., 1995; Burbank et al., 1992). The
Mesozoic rift related strata, lower Cretaceous-Permian sedimentary
rocks, are the first sediment sources from the north as unroofing in the
Axial Zone (Fig. 11C). These contemporaneous changes in detrital
signatures and stratigraphic architecture are interpreted as the onset of
significant regional flexural subsidence and a change to a northern
Pyrenean sediment source as the orogenic wedge began to deform and
emerge (Fig. 11C). The Corones Formations DZ UePb age spectra are
similar with presence of all the same UePb age components (except the
disappearance of the minor Cretaceous age component) and an increase
in the proportion of the Cambrian-Silurian and Cadomian age
components compared to the underlying sample (17-RB-16) (Fig. 10).
The proportion of Jurassic ZHe cooling ages decreases, compensated by
the appearance and increase in the proportion of Pyrenean ZHe cooling
ages compared to the Paleocene sample (Figs. 10, 12). The decrease in
Variscan aged rutile is compensated by a dominance of Cadomian aged
rutile with felsic affinities (Fig. 9). The changes in all provenance
proxies from the Paleocene to the Early Eocene are interpreted to reflect
an increased sediment supply from the growing Axial Zone to the north,
specifically sediment derived from Mesozoic-Paleozoic sedimentary
rocks (Early Cretaceous-Permian) and metasedimentary rocks

(Cambrian-Ordovician) along with a decrease to cessation of sediment
supplied from the east and southeast (Fig. 11C).

5.3.2. Lutetian
5.3.2.1. DZ UePb and (UeTh)/He. The Lutetian samples from the Sant
Jaume section all show the presence of all the defined age components.
The Campdevanol Formation and Coubet Formation have similar UePb
age spectra with dominant components of Variscan, Cambrian-Silurian,
and Cadomian (~25% each) and minor components of Neoproterozoic,
Kibaran, and Mesoproterozoic and older components (5–15%)
(Fig. 6C). The lower Bellmunt Formation(15-AB-161) is dominantly
Cambrian-Silurian ages (~32%) and Cadomian ages (~23%) (Fig. 6C).
The upper Bellmunt Formation(15-AB-163) has dominant components
of Cadomian and Mesoproterozoic and older (~25% each), with nearly
equal components of Variscan, Cambrian-Silurian, and Kibaran (~15%)
(Fig. 6C). Detrital ZHe age distributions from the Campdevanol
Formation (15-AB-164) has dominantly Pyrenean ZHe ages (~70%)
with presence of both Early and Late Cretaceous ZHe ages (~15% each)
(Fig. 7). The Coubet Formation (15-AB-162) has dominantly Pyrenean
ZHe ages (38%) and Early Cretaceous (~34%) with a secondary
component of Late Cretaceous (~19%), and minor presence of
Jurassic and Triassic-Paleozoic components (~5%) (Fig. 7). The
Lower Bellmunt Formation (15-AB-161) has a dominant component
of Pyrenean ZHe ages (60%) with secondary components of Early
Cretaceous (20%), Late Cretaceous (15%), and presence of Jurassic ZHe
ages (5%) (Fig. 7). The Upper Bellmunt Formation (15-AB-163) has a
more cosmopolitan age spectra with mostly Early Cretaceous Zhe ages
(~30%) and similar proportions of every component (~10–20%) and
overall older ages than the Lower Bellmunt Formation (Fig. 7).

5.3.2.2. DR UePb and TE. The Campdevanol Formation (15-AB-164)
has ~60% felsic and ~40% mafic rutile with a dominant age
component of Cadomian (41%) and Variscan rutile (23%) (Fig. 9).

5.3.2.3. Interpretation. The Lutetian Coubet, Campdevanol, and
Bellmunt sequences have provenance signatures that record continued
sediment sources from the Cambrian-Ordovician metasedimentary
rocks in the uplifting Axial Zone as the proportion of Pyrenean ZHe
age component increases (Fig. 6C). The Early and Late Cretaceous ZHe
age component decreases, and the Jurassic ZHe age component is no
longer present suggesting the input from eastern and southeastern
sources (Corsica-Sardinia and CCR) is negligible or cut off (Fig. 10).

5.4. Bartonian-Priabonian strata

5.4.1. DZ UePb and (UeTh)/He
The lower Milany sequence (16-RB-10) has mostly Cadomian and

Variscan DZ UePb ages (~30 and 25% respectively) with presence of
all other components (~10% each). Two samples from the middle and
upper Milany sequence (16-RB-12 and 17-RB-13) display unimodal
Variscan age DZ UePb (~95% each) spectra (Fig. 6C). The Bartonian
sample (17-RB-15) located south of the Vallfogona fault (Fig. 2), also
has a unimodal peak of Variscan ages (~91%) (Fig. 6D). The Priabonian
sample (17-RB-14) south of the Vallfogona fault (Fig. 2) has dominantly
Variscan ages (57%), with nearly equal and minor components of
Cambrian-Silurian, Cadomian, Mesoproterozoic and older (~5–14%)
(Fig. 6D). Both upper Eocene samples (16-RB-12 and 17-RB-14) have
100% Pyrenean ZHe cooling ages, specifically Paleocene-Eocene ages
(ranging from 37.3Ma to 65.3Ma) (Fig. 7).

5.4.2. DR UePb and TE
The Milany sequence (16-RB-10) has ~66% felsic and ~34% mafic

rutile. All the age components are present with a dominant
Mesoproterozoic and older component (~30%), a secondary Variscan
component (~22%), and nearly equal amounts of Cambrian-Silurian,
Neoproterozoic, and Kibaran (~10%), and a small presence of
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Cretaceous and Post-Variscan (Fig. 9). The Bartonian sample from south
of the Vallfogona frontal thrust has ~76% felsic and 24% mafic rutile,
with a dominant component of Cadomian aged rutile (44%), a sec-
ondary peak of Mesoproterozoic and older (25%) with subordinate
components of Neoproterozoic and Kibaran. There is no rutile younger
than Cadomian (520–700Ma) present.

5.4.3. Interpretation
The southward prograding alluvial conglomerates of the Milany

Formation in the Ripoll Syncline and just south of the Vallfogona Thrust
(Fig. 2) show a change from the multi-modal DZ UePb signatures (16-
RB-10) to an unimodal DZ UePb peak of Variscan aged zircon, with
unimodal peaks of Pyrenean ZHe ~50Ma, concurrent with a decrease
and disappearance of Variscan DR ages and increase in Kibaran and
Precambrian DR ages (16-RB-12 and 16-RB-13) (Figs. 6, 7, 8, 10). This
change occurs in the lower Milany formation above an unconformity
(interpreted to be resultant from hinterland thrusting), and coincides
with granitic-gneissic clasts becoming present and increasingly abun-
dant in the conglomeratic facies upsection (Burbank et al., 1992). The
unimodal provenance signals in DZ UePb and ZHe indicate the Car-
boniferous-early Permian plutons as the primary sediment source,
pinpointing the exposure and timing of Axial Zone plutonic-gneissic
basement erosion along the Eastern Pyrenees (Fig. 11D).

The predominance of Variscan aged zircon over Cambrian-Silurian
and Cadomian ages, despite the Cambrian-Neoproterozoic gneisses also
outcropping in the present eastern Axial Zone, can be interpreted as
either 1) sediment provenance from hinterland-proximal basins are
biased toward basement sources with higher zircon fertility in the
Carboniferous-early Permian felsic igneous complexes (Capaldi et al.,
2017) or 2) the Neoproterozoic-Silurian gneisses are at a deeper
structural level and not yet exposed at the surface by the Oligocene. The
former is supported by dissimilarity between DZ UePb signal that is
dominated by Variscan ages from Carboniferous-Permian felsic plutons
and the DR age distribution dominated by Cadomian age component
and the lack of Variscan ages. The coupled DZ-DR record highlights that
the Ripoll basin receives DR from Paleozoic gneissic and metasedi-
mentary units, and a biased DZ signal from the Carboniferous-Permian
intrusions with relatively high zircon fertility within the Axial Zone.
This high zircon fertility is interpreted based on these DZ-DR relation-
ships and supported by whole rock geochemistry of the plutons (Zr
ppm=129–350 ppm (Innocent et al., 1994) where zircon % by vo-
lume=1.15wt% Zr based on the equations of Malusà et al., 2016 after
Dickinson, 2008). This exhibits the utility of using multiple provenance
proxies that can provide important provenance information from both
felsic and mafic lithologies.

5.5. Late Priabonian-Oligocene strata

5.5.1. DZ UePb
Both Priabonian-Oligocene samples from the Sant Llorenç de

Morunys section (17-SLM-00 and 17-SLM-03) have dominant compo-
nents of Variscan (54 and 34% respectively) with a secondary peak of
Cadomian (~20% each), and presence ~10% of Cambrian-Silurian and
Mesoproterozoic and older DZ UePb age components (Fig. 6D).

5.5.2. Interpretation
The upper Priabonian pre-growth strata contains dominantly

Variscan DZ UePb signatures suggesting a continued sediment source
from the Variscan granitic basement. The rejuvenation of Devonian and
Cadomian UePb age components that increase in proportion upsection
into the syn-growth strata is interpreted to reflect the progressive uplift
and recycling foreland basin deposits in the hanging wall of the
Vallfogona thrust (Fig. 11E). The lower erodibility of foreland deposits
within wedge-top depocenters will yield recycled age signatures back
into the foreland basin as the ramp-flat style deformation propagates
toward the foreland (Capaldi et al., 2017). This interpretation is

supported by the lack of late Eocene- to Oligocene-aged detrital zircon
fission-track grain ages found in the Oligocene sedimentary units, in-
dicative of recycling of sedimentary sources that contain older zircon
cooling ages (Figs. 7, 10, 11E) (Whitchurch et al., 2011).

6. Eastern Pyrenees and foreland basin evolution

To establish a comprehensive view of the Eastern Pyrenean hinter-
land deformation, fold-and-thrust belt advance, sediment routing, and
foreland basin evolution we compare new stratigraphic trends in sedi-
ment provenance and changes in sediment lag time (lag time=ZHe
cooling age- sample depositional age; Garver et al., 1999) (Figs. 8, 10),
with previously published fold-and-thrust belt activity and hinterland
exhumation trends (Whitchurch et al., 2011 and refs within; Ternois
et al., 2019), shortening rates (Grool et al., 2018), basin subsidence
curves (Vergés et al., 1998), and global climate record (Zachos et al.,
2008; Veizer and Prokoph, 2015) (Fig. 12).

6.1. Late Cretaceous-Paleocene tectonic inversion

During the Late Cretaceous, convergence between the Iberian and
Eurasian plates was accommodated by reactivation and inversion along
normal faults across the entire length of the previous hyperextended rift
system as the distal exhumed mantle domain closed in the NPZ
(Jammes et al., 2009; Lagabrielle et al., 2010; Mouthereau et al., 2014).
Structural inversion and shortening were accommodated equally on
both the upper European and lower Iberian plates with an overall
shortening rate ~1mm/year (e.g. Grool et al., 2018). Low-temperature
thermochronological data records Late Cretaceous cooling in the upper
plate within eastern NPZ massifs (Fig. 12; Ternois et al., 2019). Ad-
ditionally, Late Cretaceous initial movement along Upper Pedraforca
Thrust translated Jurassic to Lower Cretaceous rift deposits along
Triassic evaporite decollements southward into the incipient foreland
basin (Fig. 12; Vergés et al., 2002; Ramos et al., 2002). Structurally
inverted extensional systems along eastern NPZ and/or Upper Pedra-
forca thrust sheet would have generated localized relief causing re-
cycling of Mesozoic late syn to post-rift deposits into the southern pro-
wedge foreland. Relatively short, ~8Ma, minimum ZHe lag times cal-
culated from the Late Cretaceous ZHe ages interpreted to be sourced
from the northeast Pyrenees is consistent with the onset of orogenic
exhumation in the eastern Pyrenees during this period (Fig. 9) (Ternois
et al., 2019). The interpretation that these lag times are from zircon
cooling ages in the Pyrenees and thus reflect the exhumation in the
northeast Pyrenees and not the CCR is favored since there are no ob-
served ZFT cooling ages in the CCR younger than ~100Ma (Fig. 5B)
(Juez-Larré and Andriessen, 2006). However, the only existing data for
the CCR is ZFT ages, and ZHe data from the CCR would aid in con-
firming this interpretation. Though there is likely minor sediment input
sourced from the north, provenance data along with published petro-
graphy show the dominant sediment source during the Late Cretaceous
is from the east, Corsica-Sardinia, and southeast, Catalan Coastal
Ranges (Fig. 11B) (Gómez-Gras et al., 2016; Vacherat et al., 2017). The
average lag time from the sample is ~67 Myr suggesting slow ex-
humation to the east and southeast in the dominant sediment source
regions. These trends show a continuation of sediment provenance from
the south, consistent with interpretations for Albian strata in the central
Pyrenees (Turbon Formation, Filleaudeau et al., 2011).

The Late Cretaceous provenance signatures shows that the inherited
structures exert first-order control of deformation and inherited sedi-
ment routing systems persist and strongly influence the early syn-oro-
genic deposition. Local sources are controlled by inversion of normal
faults creating local uplifts and recycling syn- to post rift sedimentary
rocks, and dominant sediment routing systems are inherited from the
precursor rift phase and persist through early margin inversion.

The Paleocene displays an increase in minimum lag time from
~8m.y. in the Late Cretaceous to ~43m.y. in the early Paleocene. This
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significantly longer lag times can be due to a decrease in exhumation
and erosion (e.g. Garver et al., 1999; Bernet et al., 2004) which is
consistent with very slow tectonic driven subsidence of 0.05mm/yr
(Fig. 12; Vergés et al., 1998; Grool et al., 2018). The decrease in ex-
humation, erosion, and deposition during the Early Paleocene is also
supported by the presence of paleosols with barite nodules, indicative
of slow deposition (Kraus, 1999; Bréhéret and Brumsack, 2000). There
was continued inversion along the Upper Pedraforca Thrust sheet, and
low-temperature thermochronometric data shows exhumation in the
northern region of the Axial Zone in the Querigut massif through the
Paleocene (Fig. 12; Whitchurch et al., 2011 and references within).

During the early Paleocene, shortening rates in the Iberian plate
decreased to ~0.4mm/yr and ceased in the upper European plate and
is evident by the lack of deposition across the northern retro-wedge
foreland basin (Fig. 12; Ford et al., 2016; Grool et al., 2018).
Rosenbaum et al. (2002) proposed a regionally extensive period of
tectonic quiescence during the Paleocene in Iberia and Africa, they
hypothesize the cessation of shortening along the Iberian-Eurasian plate
boundary may be attributed to the initiation of Alpine exhumation at
65Ma. There is no significant change in the sedimentary provenance
during this period, with continued sediment sources to the east and

southeast (Fig. 11B).

6.2. Early Eocene: Pyrenean orogenesis

6.2.1. Ypresian
There are significant changes in hinterland and fold-and-thrust belt

deformation and subsidence and deposition in the foreland basin be-
ginning in the Early Eocene (Vergés et al., 1995, 1998; Burbank et al.,
1992). This is recorded by a significant change in provenance signals,
from DZ UePb age distribution from dominantly Variscan age
(280–420Ma) S/SE source region in the Paleocene to multi-modal age
distributions indicative of N/NE source regions in the Eocene
(Fig. 11C), coincident with a shift from fluvial and paleosol to lacustrine
facies of the Sagnari marls in the Cadi sequence. During the early Eo-
cene, the shortening rate reaches a peak rate of ~4.5mm/yr and the
basin experienced increased subsidence and accommodation space
generation marked by abrupt shift from shallow carbonates to deep-
marine marly turbidites during the Ypresian (Figs. 3, 11; Grool et al.,
2018; Puigdefàbregas et al., 1986; Burbank et al., 1992). Ypresian
samples exhibit a characteristic first appearance of Pyrenean ZHe ages
and short ZHe lag times that decrease to nearly 0 Myr, indicating onset
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of accelerated exhumation and erosion in the NPZ and Axial Zone
source areas (Fig. 11C) (Maurel et al., 2008; Metcalf et al., 2009;
Beamud et al., 2011; Whitchurch et al., 2011; Filleaudeau et al., 2011;
Vacherat et al., 2016; Ternois et al., 2019). The appearance of Pyrenean
ZHe ages shows there was significant unroofing and exhumation,
~5–6 km, of the hinterland by this time (assuming a 35 °C/km geo-
thermal gradient; Juez-Larré and Andriessen, 2006). The Corones For-
mation (depositional age ~ 51Ma) deposits show the presence of a
single Early Cretaceous aged (~100Ma) rutile grain which definitively
pinpoints the NPZ as a sediment source to the southern basin in the
Early Eocene. This unique source identification places the paleo-drai-
nage divide north of the north Pyrenean Fault during the Early Eocene
for the eastern Pyrenees. This is similar to the provenance evolution in
the Jaca Basin, the west-central pro-wedge foreland basin, where there
were also sedimentary sources in the NPZ during the Eocene and

subsequent southward drainage divide migration during the Eocene-
Oligocene (Roigé et al., 2016).

6.2.2. Lutetian
The provenance trends in the Lutetian indicate progressive un-

roofing of the Axial Zone with cosmopolitan DZ, DR, and ZHe age
spectra and the continued presence of Pyrenean ZHe ages and short lag
times (Fig. 11C). The minor fluctuations in the Lutetian strata DZ and
ZHe signals are likely associated with periods of Orri thrust sheet
movement and Axial Zone exhumation (Figs. 6, 7, 11C). The west to
southwest directed paleocurrents and hinterland unroofing trends in
the basin reflects the progressive east to west exhumation in the Axial
Zone (Sinclair et al., 2005; Whitchurch et al., 2011). There is an in-
crease in the relative proportions of Variscan ages in DZ UePb and DR,
and Pyrenean ZHe ages that may reflect increased basement input as
the sedimentary cover (i.e., Early Cretaceous-Permian sedimentary
units) is progressively eroded off the Axial Zone basement units
(Fig. 10, 11C). Overall shortening rates decrease to ~2mm/yr with
deformation propagates into the foreland with development and motion
along the Vallfogona Thrust (~44Ma), driving subsidence further into
the foreland (Jabalí subsidence curve, Figs. 2, 4, and 11) (Vergés et al.,
1998). Exhumation of the Orri Basement thrust sheet is recorded by
low-temperature thermochronometry (Fig. 12) (Grool et al., 2018;
Fitzgerald et al., 1999; Metcalf et al., 2009; Whitchurch et al., 2011)
and overall coarsening of grain sizes in the foreland basin (e.g. Burbank
et al., 1992; Ramos et al., 2002).

A shorter, superimposed fluctuation in the overall unroofing trend
occurs in the late Lutetian, with an increase in proportions of older
components in DZ, ZHe, and DR signatures, as well as an increase in
ZHe cooling age lag time (15-AB-164, 16-RB-10; Figs. 6, 8, 11). This
increase in older DZ and DR age components implies that drainage
catchments within the Axial Zone expanded with increased erosion and
input of the Cambro-Ordovician metasedimentary units and Mesozoic
sedimentary cover that contain these older age signatures (e.g.
Whitchurch et al., 2011). The observed increase in lag time may be due
to a decrease in exhumation related to the lower overall shortening
rates in the orogen or due to the increased proportion of older, un-reset
ZHe associated with the catchment expansion or a combination of both.
Since there is a coeval increase in grain size in the foreland basin
(Ramos et al., 2002) indicating sustained or increased exhumation in
the hinterland, we favor the interpretation that there was catchment
expansion (and no decrease in exhumation rates). This is also supported
by the detrital signatures with the DZ UePb the DR UePb signatures
becoming more multimodal as there are more varied sources in a larger
catchment, and the DZ ZHe signature showing an increase in lag time
associated with a more multimodal ZHe age spectra (samples 15-AB-
163 (DZ) and 16-RB-10 (DR) (Figs. 6, 8)).

This observed fluctuation is contemporaneous with the Mid-Eocene
Climatic Optimum (MECO) (Fig. 12; Zachos et al., 2008). Studies in the
South-Central Pyrenean foreland basin have shown that climatic signal
variation is well-preserved in the stratigraphy and are often the domi-
nant forcing mechanism for the development of stratigraphic archi-
tecture (Dreyer and Fält, 1993; Ramos et al., 2002; Cantalejo and
Pickering, 2015; Castelltort et al., 2017; Chen et al., 2018). These ob-
servations may suggest that there was a climate driven change in
catchment area or erosion level during the MECO in the Eastern Pyr-
enees. Though this coincidence is intriguing and may have important
implications for climate-tectonic interactions, additional work is
needed to confirm that the increase in lag time and change in prove-
nance signatures (more cosmopolitan spectra) is related to climatically
driven changes in catchments and erosion during the MECO, and
whether other climatic events show similar effects on provenance over
the studied time period.

Oligocene

Upper Eocene

Lower Eocene
Cretaceous-

Lower Cretaceous sed. units

Carboniferous-Permian plutons

Cambrian-Precambrian

Ordovician Orthogneiss

Paleozoic sedimentary units
Paleocene

Foreland Basin Hinterland Sources

E) Oligocene: Foreland Recycling

D) Late Eocene: Axial Zone Exhumation

C) Early Eocene: Pyrenean Orogenesis

B) Late Cretaceous-Paleocene: Structural Inversion

A) Early Cretaceous: Rifting

NS

Fig. 11. Schematic cross sections demonstrating the Eastern Pyrenees foreland
basin, hinterland exhumation and uplift, and sedimentary provenance evolu-
tion. Hinterland source colors correspond to map colors in Fig. 5A.
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6.3. Late Eocene: Bartonian-Priabonian orogenesis

By the Mid to Late Eocene, DZ UePb and DZHe record unimodal
Variscan crystallization ages (280–420Ma) and Pyrenean (40–70Ma)
ZHe cooling ages, suggesting Carboniferous-late Permian plutons be-
coming the dominant source during a period of significant exhumation
across Axial Zone massifs (Fig. 11D, 12; Vacherat et al., 2017). How-
ever, DR age distributions continue to record predominantly older>
520Ma cooling ages indicative of Paleozoic metasedimentary source
(Fig.9, Fig. 10). The discrepancy among the zircon and rutile prove-
nance datasets (particularly sample 17-RB-14) highlights the zircon
fertility bias within Variscan age igneous sources, and shows the utility
of using multiple provenance proxies, especially between different
mineral phases.

The timing of granitic-gneissic basement in the Eastern Pyrenees
becoming a major sediment source is significantly later than previously
estimated from provenance studies in the South-Central Pyrenees,
where it is estimated to occur in the early Eocene (e.g. Filleaudeau
et al., 2011; Whitchurch et al., 2011; Thomson et al., 2017). This is an

important constraint on the Axial Zone evolution of the Eastern Pyr-
enees and illustrates the long-lived nature (~40 my) of recycling of
Mesozoic syn-rift sedimentary cover and Paleozoic metasedimentary
cover of the Axial Zone before granitic and gneissic basement were
exposed and eroded (Fig. 11B–D).

6.4. Late Priabonian-Oligocene orogenesis and foreland recycling

The late Eocene to Oligocene samples in the Sant Llorenç de
Morunys section are from pre-growth and syn-growth strata related to
movement on the Vallfogona Thrust Fault (Riba, 1976; Ford et al.,
1997; Suppe et al., 1997; Carrigan et al., 2016). The cannibalization of
the early foreland basin deposits (Late Cretaceous-early Eocene strata)
and recycling into Oligocene conglomerates is contemporaneous with
an increase in shortening rates to ~3mm/yr. The increase in shortening
is mostly accommodated by ramp-flat style deformation propagating
southward into the foreland leading to uplift and erosion in the wed-
getop (Fig. 11E, 12).
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7. Comparison with Tremp and Ager Basins

The DZ UePb provenance in the Eastern Pyrenees exhibit markedly
different trends than in the central Pyrenees Tremp Basin (Whitchurch
et al., 2011; Filleaudeau et al., 2011; Gómez-Gras et al., 2016; Clark
et al., 2017). In the Maastrichtian, the Aren sandstone has dominant
components of Cambrian-Silurian and Cadomian DZ UePb (Whitchurch
et al., 2011), while the Eastern Pyrenees has dominantly Variscan DZ
components. The two basins also show differences in sandstone com-
position based on petrography (Gómez-Gras et al., 2016). This could be
attributed to isolated depocenters that are segmented by inherited
structures, or dominance of local sediment sources in inverted isolated
rift basins that have different petrographic and DZ UePb signatures.
During the Paleocene, the UePb signatures between Tremp Formation
samples are more similar, but with slightly different proportions of the
Variscan, Cambrian-Silurian, and Cadomian components present
(Whitchurch et al., 2011; Filleaudeau et al., 2011). However, in the
upper Paleocene and lower Eocene, the DZ UePb signatures are starkly
different between the two regions. The Roda sandstones in the Tremp
Basin have a unimodal Variscan component, while the coeval Corones
has multi-modal with the presence of Cambrian-Silurian, Cadomian,
and Kibaran components. The Casstisent Formation in the Tremp Basin
continues to be dominantly Variscan with minor presence of the older
components (Whitchurch et al., 2011), and the coeval Campdevanol has
nearly equal components of Variscan, Cambrian-Silurian, Cadomian DZ
UePb ages. Additionally, the hypersaline conditions, poor faunal con-
tent, and evaporitic deposition during this period is strong evidence the
Ripoll Basin was structurally partitioned from the Tremp basin to the
west (Puigdefàbregas et al., 1986; Carrillo et al., 2014).

In the Mid-Eocene, the Montanyana Group in the Tremp Basin has
presence of the Variscan, Cambrian-Silurian, Cadomian (Whitchurch
et al., 2011) and the late Lutetian Escanilla Formation has a dominant
Variscan component (Filleaudeau et al., 2011), while late Lutetian
strata in the Eastern Pyrenees have multi-modal peaks and significant
components of Cambrian-Silurian and older components (Fig. 6).
However, the overlying Bartonian-Priabonian samples in the Eastern
Pyrenees have unimodal peaks of Variscan DZ components, similar to
the Escanilla Formation (Filleaudeau et al., 2011). In the late Priabo-
nian to Oligocene, the Claramunt conglomerate in the Tremp Basin has
multimodal age spectra with significant components of Variscan,
Cambrian-Silurian, Cadomian, and some Neoproterozoic (Whitchurch
et al., 2011), while in the Eastern Pyrenean Berga conglomerate is has a
dominant Variscan component.

While the Tremp Basin shows different provenance signals than the
Eastern Pyrenees, the Ager Basin shows a similar provenance evolution
from the Late Cretaceous through the Eocene, with similar DZ UePb
signatures and provenance interpretations (e.g. Whitchurch et al.,
2011; Gómez-Gras et al., 2016; Clark et al., 2017; Thomson et al.,
2019). The appearance of Cenozoic ZHe ages from the Axial Zone is
coeval (Early Eocene) in both basins during deposition of the Corones
Formation in the east and Baronia Formation in the Ager Basin. The
similarity in provenance trends-signals suggests the two basins had si-
milar basin evolution (i.e. foredeep to wedgetop) and sediment sources
through time (i.e. CCR in the Late Cretaceous and Paleocene to eastern
Pyrenean Axial Zone through the Eocene) (Whitchurch et al., 2011;
Gómez-Gras et al., 2016; Clark et al., 2017; Thomson et al., 2019).

The differences in DZ provenance and sandstone composition sig-
nals between the Central Pyrenean Tremp Basin and the Eastern
Pyrenean Ripoll basins can be accomplished by either multiple catch-
ments feeding a single integrated basin or a broken foreland basin
where the two basins were isolated through the entire Pyrenean or-
ogeny (Gómez-Gras et al., 2016). We favor the interpretation of a
broken foreland where the basins were partitioned by inherited rift
features, specifically the Pedraforca unit, based on depositional/dis-
persal patterns, unique provenance signals (with no evidence of along
axial mixing), facies suggesting restriction of the Ripoll Basin, and the

inversion history of inherited structures (Fig. 12). This highlights the
role of attenuated crust on foreland basin development, connectivity,
and evolution, and the differences in attenuated-broken plate systems
from the classic fold-and-thrust belt and foreland basin models built on
uniform, rigid plates (e.g. DeCelles and Giles, 1996).

8. Implications for inverted rift orogens

The new constraints on the provenance coupled with the hinterland
and fold-and-thrust belt evolution provides important constraints in the
Eastern Pyrenees and highlights the dominant role of extensional in-
heritance on the evolution of the fold-and-thrust belt and foreland ba-
sins. The early inversion phase is characterized by early localized uplifts
along inverted inherited normal faults across the margins, and in the
eastern Iberian-European margin (Agly-Salvezines massifs; Ternois
et al., 2019) where the inherited Early Cretaceous rift margin is been
interpreted to have been the narrowest at the onset of convergence
(Roca et al., 2011; Jammes et al., 2014; Ternois et al., 2019). The early
syn-orogenic basins are likely segmented by the inherited rift system, as
exemplified in the Pyrenees by the difference in provenance signatures
between the Ripoll and Tremp Basins (Gómez-Gras et al., 2016; Clark
et al., 2017). There is a dominance of inherited sediment routing sys-
tems, with sedimentary sources in the east and southeast (foreland/
craton sources), that persists through the inversion phase and early
synorogenic sedimentation. A new sediment routing system is estab-
lished in the Early Eocene when the rift domain closed and antiformal
stacking of basement thrust sheets began in the hinterland, ~25m.y.
after the onset of convergence, with hinterland sources becoming
dominant. Inversion of pre-existing structures and basement involved
thrusting in the hinterland accommodates shortening in the pro-wedge
fold-and-thrust belt for ~35m.y, until ramp-flat style shortening in the
stratigraphic wedge begins (i.e. initiation of the Vallfogona Thrust)
leading to recycling of earlier foreland basin deposits from the fold-and-
thrust belt.

9. Conclusions

The South Eastern Pyrenean foreland basin is an ideal location to
understand foreland basin and fold-thrust belt evolution superimposed
over an inverted rift margin. Detrital zircon UePb, (UeTh)/He, and
detrital rutile UePb and geochemistry are used to constrain the sedi-
ment provenance variations during Pyrenean exhumation and foreland
basin evolution. (1) In the Late Cretaceous, the foreland basin depo-
centers are partitioned due to the inherited crustal architecture formed
during Early Cretaceous rifting, with proximal flexure associated with
localized structural inversion along inherited normal fault bounded rift
basins. Distal southeastern and eastern sources located in the Catalan
Coastal ranges and potentially from Corsica and Sardinia (prior to
Miocene extension and translation into Mediterranean Sea) dominated
the initial foreland basin until the early Eocene. Inherited drainage
patterns established before the contractile phase continued for ~30 Myr
after the onset of convergence. (2) The lower Eocene detrital zircon
geo- and thermochronology reflects a shift to Pyrenean Axial Zone se-
diment sources as the catchment changed from east-southeast to the
north in response to the enhanced uplift and erosion within the
Pyrenean hinterland. (3) During the Eocene, detrital populations com-
posed of Mesozoic sedimentary sources, Paleozoic metasedimentary
rocks, and Carboniferous-early Permian plutonic rocks record a pro-
gressive tectonic unroofing into the Axial Zone. Additionally, there is a
shift in one sample's DZ UePb age distributions and lag-times that co-
incides with the (Mid-Eocene Climate Optimum) MECO that may re-
present climate driven catchment expansion and enhanced erosion
leading to increased exhumation of Carboniferous-early Permian plu-
tonic rocks to the surface. (4) In the Late Eocene-Oligocene, recycling of
earlier foreland basin deposits occurs as the fold-thrust belt continues to
propagate toward the foreland. The new geochronological,
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thermochronological, and geochemical dataset coupled with key stra-
tigraphic changes highlight the relationships and feedbacks that exist
among hinterland exhumation, fold-thrust belt evolution, foreland
basin deposition and provenance in the Eastern Pyrenees which can be
used to understand orogenic and foreland basin systems in other in-
verted rifts.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.tecto.2019.05.008.
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