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Abstract

This paper contributes to an understanding of the tectono-sedimentary evolu-
tion of the South Pyrenean foreland system by reviewing the chronostratigraphic
framework of the basin infill in its eastern sector. Six sections are analysed and
cross-correlated to build a 6.5km thick composite magnetostratigraphy that rep-
resents the complete record of the Cadi Nappe in the Ripoll Syncline. New and
previous magnetostratigraphic sections are integrated with available biostratig-
raphy to provide a new age calibration of the sedimentary succession of the Cadi
Nappe, encompassing from Palaeocene to Middle Lutetian age. The proposed cor-
relation with the Geomagnetic Polarity Time Scale aims at best reconcile magne-
tostratigraphic data with the regional biochronology built on the marine Shallow
Benthic Zonation (SBZ biozones), the continental mammalian biochronology
(MP levels) and the newly collected charophyte data. A subsidence analysis was
performed on the calibrated composite succession, resulting in two well-defined
intervals bounded by a hiatus. A Palaeocene to Early Eocene interval with low
(11-21 cm/kyr) total subsidence rates, and an Early to Middle Eocene interval,
characterised by high (70-75cm/kyr) total subsidence rates. The detailed trends
in both subsidence and sedimentation mark the development and evolution of
the foreland depozones, from distal foreland depozones to foredeep and wedge-
top depozones, relative to the emplacement of the Pedraforca Nappe and Cadi
Thrust Nappe. The most pronounced sedimentary shift in the Cadi Nappe oc-
curred at 49 Ma, with the rapid drowning of the carbonate platforms and its tran-
sition into talus and deep basinal environments. Carbonate platforms collapsed
and resedimented on the talus of the elongated trough, newly formed parallel to
the orogenic front. This marked the onset of tectonic subsidence triggered by the
submarine emplacement of the Lower Pedraforca Nappe. The emersion of the
orogenic wedge drove the entry of siliciclastics, lagged by 1 Myr, into the Ripoll
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1 | INTRODUCTION

Although the Cenozoic stratigraphy of the Pyrenees has
been the focus of numerous studies, there remain strategic
locations lacking a robust chronology. Assessing a detailed
chronostratigraphic framework is crucial to understand the
processes driving basin evolution and constitute an essential
part of the source to sink approach. In the Pyrenees, the Early
Eocene represents a debated stage of the evolution of the
South Pyrenean Foreland, which is key to understand the evo-
lution of the sediment transfer systems between the Eastern
and Central South Pyrenean foreland in response to the tec-
tonic emplacement of the Southern Pyrenean Central Unit.
Detailed timelines are needed to set robust correlations and
to assess the linkage between adjacent sedimentary systems.
Earlier —magnetostratigraphic  studies (Burbank
et al., 1992; Vergés et al., 1998) aimed to provide absolute
ages to the sedimentary successions of the South Eastern
Pyrenean Foreland. Uncertainties remained in these pio-
neering studies due to either lack of sampling resolution
or the lack of sufficient biostratigraphic constraints. This
work seeks to refine key magnetostratigraphic sections
to provide an accurate age model for Late Cretaceous to
Middle Eocene deposits and propose a new correlation
with the support of available and new biostratigraphic in-
formation. A new quantification of the sedimentation and
subsidence is meant to lead us to a better interpretation of
the tectono-sedimentary evolution of the foreland system.

2 | GEOLOGICAL SETTING
2.1 | The Eastern Pyrenees

The Pyrenean range is an east-west trending asymmet-
rical double-wedge continental orogenic belt resulting

Trough. The foredeep filled rapidly (5.5km thickness in less than 7Myr) com-
pared to other South Pyrenean regions, favoured by its semi-enclosed palacogeog-
raphy. The emplacement of the Vallfogona Thrust as early as the Middle Lutetian
(43Ma) brought the Cadi Nappe into a wedge-top setting. However, the Ripoll
growth syncline continued acting as a temporary sink for alluvial sedimentation
while a foredeep developed further south in the autochthonous Ebro Basin. The
flexural response of the Iberian plate to the tectonic thickening of the Axial Zone
counterbalanced for a period the local uplift of the Cadi Nappe, providing accom-
modation space for the top sediments filling the Ripoll Syncline.

biostratigraphy, chronostratigraphy, foreland basins, magnetostratigraphy, sedimentary
provenance, sedimentary rates, sedimentology, source to sink, subsidence analysis, tectono-

from the north-directed convergence between the Iberian
and Eurasian plates (Choukroune, 1989; Mufoz, 1992;
Vergés et al., 2002). Cross-sections based on seismic data
(ECORS profile) show evidence that the Iberian plate
has subducted under the Eurasian plate (Mufioz, 1992).
Collision and partial subduction of the Iberian plate be-
neath the European plate lasted from the Late Santonian
(Late Cretaceous) until the Oligocene-Early Miocene
(Vergés et al., 1995). A southern pro-wedge thrust system
developed on top of the subducting Iberian plate whereas
a retro-wedge northern thrust system grew on top of the
European plate (Vergés et al., 1995). A minimum total
shortening of 111km has been estimated for the Eastern
Pyrenees by Grool et al. (2018). For the central part of the
orogen a minimum shortening of 147km has been esti-
mated by Mufioz (1992), whereas a reduced shortening of
75-80km was proposed by Teixell (1998) for the Western
Pyrenees.

The Pyrenees can be divided into five structural units
from south to north: (1) The Ebro Basin, the youngest
and relatively undeformed pro-wedge foreland basin,
sitting on autochthonous basement of the Iberian plate
(Figure 1); (2) The South Pyrenean Zone (SPZ) is a fold
and thrust belt that developed from Late Santonian to the
Oligocene in a piggy-back thrust sequence over a Triassic
salt decollement (Mufioz et al., 2018; Vergés et al., 2002);
(3) The Axial Zone is a complex set of south-vergent
thrust units mainly made of Hercynian basement rocks
arranged in an antiformal stack connected to the SPZ
thrusts (Choukroune, 1989; Mufioz, 1992); (4) The North
Pyrenean Zone (NPZ), a narrow retro-wedge fold and
thrust belt that involves pre-Alpine Palaecozoic massifs and
inverted Mesozoic pre-orogenic rift-related stratigraphic
successions (Ford et al., 2016); and (5) The Aquitaine
foreland basin, the retro-wedge foreland basin located be-
tween the Pyrenees and the Massif Central.
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FIGURE 1 A geological map of the Pyrenees and adjoining areas, showing the main structural zones. Red square represents the
position of Figure 2. B, Béixols Thrust; MS, Montsec Thrust; NPF, North Pyrenean Fault; NPFT, North Pyrenean Frontal Thrust; NPZ, North
Pyrenean Zone; P, Pedraforca unit. SPZ, South Pyrenean Zone; SM, Serres Marginales Thrust. Information extracted from IGME and BRGM

shapefiles at 1:1,000,000 and 1: 250,000 scale.

The late Santonian to Oligocene evolution of the
Southern Pyrenean fold and thrust belt underwent three
different episodes of shortening related to the progressive
emplacement of the different nappes, which from north
to south in the central Pyrenees are: Boixols, Montsec and
Serres marginals. (Figure 1; Mufioz et al., 2018). These
have their counterparts in the Eastern Pyrenees in the
Upper, Middle and Lower Pedraforca nappes, which are
respectively equivalent to Boéixols, Montsec and Serres
marginals (Mufioz et al., 2018). The Vallfogona Thrust,
carrying the Cadi Nappe and the Pedraforca Nappe on top,
is the main boundary between the SPZ and the Ebro fore-
land basin in the Eastern Pyrenees.

The Upper Pedraforca Nappe, characterised by a thick
Early Cretaceous succession, was emplaced between the
Late Cretaceous and Palaeocene due to the inversion of
rift-related normal faults, with average shortening rates
that did not exceed 0.5 mm/year (Vergés et al., 1995). The
Middle and Lower Pedraforca are mainly made of Late
Cretaceous to Early Eocene rocks and were emplaced in
the Early to Middle Eocene, with fast rates of shortening
up to 4.5mm/year (Vergés et al., 1995). The Cadi Nappe
consists of a 2.5km thick Palaecogene succession resting

above Hercynian basement and thin Mesozoic cover. The
hangingwall folding related to the Vallfogona thrust em-
placement resulted in a 100km long and 20 km wide syn-
cline affecting the Cadi Thrust Sheet (Ripoll Syncline) and
the Pedraforca Thrust Sheets. Deformation was also ac-
commodated to the north by the growth of the antiformal
stack affecting the hinterland Axial Zone at an average
shortening rate of 2mm/year (Vergés et al., 1995).

The so-called Ripoll sub-basin (Figure 2) formed as
a narrow and elongated trough atop the Cadi Nappe
(Vergés et al., 1995), and along the east-west-oriented
Ripoll Syncline. It was partitioned from the unde-
formed South Pyrenean foreland during the emplace-
ment of the Vallfogona Thrust in Middle Eocene times.
To the north it is bounded by the Freser antiformal
stack of the Axial Zone. The northern limb of the Ripoll
Syncline includes more than 4km of Late Cretaceous
to Middle Eocene sediments. The succession forms a
high angle ramp to flat geometry on the hangingwall
of the Vallfogona Thrust (Figure 3). The southern limb
contains 1.5km of Middle Eocene sediments resting
on a flat hangingwall contact on the Vallfogona Thrust
(Ramos et al., 2002).
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FIGURE 2 Geological map of the western Ripoll Syncline including the main structural and stratigraphic elements of the area. and the
position of the studied sections (White lines). BA for Baga, CP for Coll de Pal, GO for Gombren, PL for La Pobla de Lillet, BO for Borreda and
SJF for Sant Jaume de Frontanya. Modified from the Institut Cartografic i Geologic de Catalunya (ICGC) 1:50,000 scale shapefiles. EU-DEM

Elevation model from The European Environment Agency.

2.2 | Stratigraphy of the Eastern
Pyrenean foreland basin

The sedimentary wedge filling the Eastern Pyrenean
foreland is characterised by strata thickening towards
its northern active margin, and the southward displace-
ment of facies and depocentres over time (Puigdefabregas
et al., 1986). From base to top, non-marine alluvial and
lacustrine sediments (Garumnian facies) are overlain by
shallow marine platforms (Cadi, Orpi, Pefa, Tavertet for-
mations) that grade northwards to deeper marine succes-
sions (Sagnari and Armancies formations) in an overall
transgressive trend onto the southern margin. This, con-
jugated with a series of coeval progradational siliciclas-
tic systems of northern provenance including turbiditic,
fluvio-deltaic and alluvial fans sourced from the Pyrenees

and the gradual stratigraphic onlap onto the southern
foreland margin (Vergés et al., 1998) evidence the advance
of the deformation front driven by plate convergence and
underthrusting of the Iberian plate.

The pre-Cenozoic rocks of the Cadi Nappe consist
of a thin Late Cretaceous transgressive-regressive suc-
cession (Figure 4) of shallow marine to lagoonal lime-
stones, sandstones and mudstones that belongs to the
Areny sequence (Sim6 & Puigdefabregas, 1985), which
lies unconformably above Triassic beds and Palaeozoic
basement. This sequence starts with the transitional sed-
iments of the Fumanya Member grading to the lagoonal
Posa Formation (Vergés et al., 1994, Martinez et al., 2020;
Oms et al., 2016). A depositional hiatus is observed at the
base of the Fumanya Member and this formation appears
brecciated due to emersion, indicating low subsidence
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FIGURE 3 North-south cross-section of the South Eastern Pyrenees (position is drawn in white and named A-B on Figure 2) including
the location of the studied sections (BA, Baga; CP, Coll de Pal; GO, Gombrén; PL, La Pobla de Lillet; BO, Borreda and SJF, Sant Jaume de

Frontanya). Modified from Bello et al. (2008) and Vergés (1993).
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FIGURE 4 Stratigraphic chart of the study area including the transgressive-regressive cycles defined and the relationship between
stratigraphic units and thrusting events. Modified from Vergés (1993), Bello et al. (2008) and Garcés et al. (2020).

and lack of accommodation space (Oms et al., 2016). The
overlying succession is divided into 11 formal units, con-
cisely described below:

The Tremp Formation, also known as the Garumnian,
shows different characteristics according to the struc-
tural unit on which it was deposited. In the Vallcebre
Basin (Lower Pedraforca Nappe), the Tremp Formation
is divided into four members (Rosell & Llompart, 2001):
(1) the grey Garumnian, composed of grey clays, lignites
and interbedded sandstone and limestones deposited

in a proximal marine environment; (2) the lower red
Garumnian, made of fluvial palaeosol-bearing red mud-
stones and sandstones; (3) the Vallcebre limestone, com-
posed of a massive unit of micritic lacustrine limestone
rich in charophytes; (4) the upper red Garumnian is con-
stituted of red palaeosoil-bearing mudstones, sandstones
and lacustrine limestones with charophytes. The grey and
lower red Garumnian are dated to the Maastrichtian in the
Vallcebre Basin, and the Vallcebre limestone to the Danian
(Oms et al., 2007). The age of upper red Garumnian is not
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very well constrained, but since it is stratigraphically lo-
cated between the Danian Vallcebre limestone and the
Early Eocene marine formations, its age would span from
Danian to the earliest Eocene. In the Tremp sub-basin,
the upper red Garumnian contains the well-identified
Claret conglomerate that is interpreted as the PETM lo-
cality (Domingo et al., 2009) and could also contain the
Palaeocene-Eocene boundary in the Ripoll sub-basin.

In the Cadi Nappe, on the northern limb of the Ripoll
Syncline, the Tremp Formation consists of a succession
of about 300m, which includes: (1) a lower unit made by
channel, overbank and debris flow deposits with a fining
upwards trend and corresponding to proximal alluvial
fan deposits; (2) a middle unit made of floodplain clays
silts, sandstones and lacustrine limestones with abundant
Microcodium, corresponding to distal alluvial fan depos-
its; and (3) an upper unit made of lacustrine and palus-
trine limestones. This vertical succession is interpreted by
Van Eeckhout et al. (1991) as the evolution from alluvial
fan to lacustrine environments. The top 30m thick mas-
sive limestone was interpreted by others as equivalent to
the Vallcebre limestone of the Lower Pedraforca Nappe
(Gomez-Gras et al., 2016).

The Eocene succession of the Cadi Nappe
(Puigdefabregas et al., 1986 among others) starts with
the Ypresian Cadi and Sagnari formations (350 m), which
mark the shift into marine conditions of the foreland
basin. The Cadi Formation is made of limestones and
marly limestones with abundant alveolinids and nummu-
lites (Tosquella & Samso, 1996) deposited in a carbonate
platform environment. This shallow marine environment
is made up of marls and marly limestones with abundant
nummulites and grades laterally, north-eastward and
upwards into deeper environments represented by the
Sagnari Formation. It conformably overlies the Tremp
Formation in the Bagd area and sandwiches the Cadi
Formation. In the domain of the Lower Pedraforca Nappe,
Ypresian sediments consist southward of platform to la-
goonal carbonates and deeper mudstones, similar to the
Cadi Formation (Vergés et al., 1994). Northward, to the
Middle Pedraforca, they grade into siliciclastic shallow
marine to fluvio-deltaic sediments in the Peguera Syncline
(Martinez et al., 2020).

The Corones Formation (270m) records a regressive
sediment pulse followed by a transgressive event and in-
cludes siliciclastic and carbonate deposits. The Corones
Formation is characterised by a southward prograding
deltaic system initially deposited in a restricted marine
environment indicated by Alveolina and Miliolidae faunal
assemblages (Puigdefabregas et al., 1986) grading upwards
into shallow marine sandstones and finally into red beds
with fluvial sandstones with southerly palaeocurrents
(Puigdefabregas et al., 1986). This continental member

can be easily identified also with a grey carbonate bed rich
in miliolids. The top part of the formation is made of lam-
inated algal carbonates with abundant ostracods, miliol-
ids, bivalves, gastropods and siliceous nodules (Tosquella
& Samso, 1996; Giménez-Montsant et al., 2002) indicating
a deepening of the basin.

The Armancies Formation (1000 m) is mainly made of
carbonate slope deposits. The lower part consists of alter-
nating marls and limestones with a high concentration
of organic matter. The middle part is made of carbonate
silts and breccias originating from the destruction of the
carbonate shelf located upslope. It is admitted that resed-
imented carbonates in the Armancies Formation could
be derived from both northern and southern sources
(Puigdefabregas et al., 1986). The upper part is made of
alternating marls and marly limestones with occasional
bioclastic beds (Tosquella & Samso, 1996). The Armancies
Formation is interpreted to mark the onset of the basin
deepening triggered by the early basin flexural subsid-
ence during thrust loading of the Pedraforca thrust sheets
(Puigdefabregas et al., 1986).

The siliciclastic turbidites of the Campdevanol
Formation (900 m) overlie the Armancies Formation and
represent an influx of terrigenous material in the basin.
Slump folds and scars indicate southward dipping slopes,
while palaeocurrents mark the dominant WSW axial trans-
port, parallel to the trough (Puigdefabregas et al., 1986).

The Beuda and Serrat formations were deposited
during basin constriction and represent an evaporitic plug
of varying geometry and thickness across the syncline.
According to Puigdefabregas et al. (1986), the restriction
of the basin is attributed to the final emplacement of the
Pedraforca Thrust Sheet. However, other studies (Bello,
et al., 2008; Carrillo et al., 2014, 2017) consider Beuda and
Serrat evaporites as southern time-equivalent deposits to
the Campdevanol Formation.

The overlying formations are characterised by west-
ward and later southward progradation of a thick fluvio-
deltaic system with a series of laterally related formations
(Banyoles, Coubet, Bellmunt and Milany formations). The
vertical succession in the Ripoll Syncline starts with the
prodelta marls of the Banyoles Formation (250-300m;
Puigdefabregas et al., 1986). The delta-front sandstones of
the Coubet Formation (250 m) progrades onto the Banyoles
Formation and fossilise the Lower Pedraforca Thrust Sheet
piggy-back sequence (Martinez et al., 1988). The delta plain
to fluvial red beds of the Bellmunt Formation (1000 m;
Ramos et al., 2002; Gich, 1973; Puigdefabregas et al., 1986)
hosts the mammal fossil-bearing sites of Sant Jaume de
la Frontanya I, II and III (Bonilla-Salomén et al.,2016).
Topping the succession there are the proximal alluvial
coarse sediments of the Milany Formation (400m). An
outstanding feature of the Milany Formation is that clast
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composition shows an increasing proportion of basement
pebbles suggesting exhumation of deeper structural levels
in the tectonic pile of the Axial Zone (Freser antiformal
stack; Ramos et al., 2002). Additionally, detrital zircon U-
Pb-He double-dating data from Odlum et al. (2019) show
a nearly unimodal Variscan (ca 300 Ma) U-Pb age distri-
bution with zircon (U-Th)/He cooling ages all <70Ma
with an average of 53.8+5.8Ma, indicating exhumation
from deep structural levels within the Variscan basement
of the Freser antiformal stack (Axial Zone). Progressive
unconformities on both flanks of the Ripoll Syncline in-
dicate that sedimentation of the Milany Formation was
coeval with the growth of the Freser antiformal stack and
the displacement of the Cadi Nappe onto the Vallfogona
Thrust footwall ramp (Martinez et al., 1988).

2.3 | Chronostratigraphic context

2.3.1 | Shallow Benthic Zones

A Biozonation was proposed for the Late Palaeocene-
Early Eocene using larger foraminiferal biozones
called ‘Shallow Benthic Zones’ (SBZ) in the work of
Tosquella (1995). This proposal was made using the strati-
graphic distribution of Nummulites sp., Assilina sp. and
Alveolina sp. Further studies have refined the age bound-
aries of the SBZ (Pujalte et al., 2009; Rodriguez-Pintd
et al., 2012; Serra-Kiel et al., 1998, 2020). The range of the
SBZ within the sedimentary sequences of the Early Eocene
in the Ripoll Basin have been described by Tosquella and
Samsd (1996) and spans from SBZ5 (Ypresian) at the base
of the marine succession to SBZ13 (Lutetian) at its top.
The Cadi and Sagnari formations often yield species of
different SBZ mixed, thus possibly indicating some re-
working. Overall, these units range from SBZ5 to SBZ9,
that is Ilerdian in age (Figure S1). The Corones Formation
is assigned to the SBZ10, Early Cuisian. The slope sedi-
ments of the Armancies Formation and turbidites of the
Campdevanol Formation both contain fossils transported
from the shallower platform environments, yielding
mixed SBZ11 SBZ12 and SBZ13 elements, the youngest of
these indicating the best guess of their depositional age.
Finally, a short marine transgression interbeded within
the lower Bellmunt Formation yielded the youngest larger
foraminifera assemblage of the studied record, again as-
signed to SBZ13.

2.3.2 | Mammal biostratigraphy

Mammals are used as a tool for the establishment of bi-
ostratigraphic timescales in continental deposits during

the Cenozoic. One of the most significant systems for the
Palaeogene biostratigraphic subdivision is the Mammal
Palaeogene (MP) reference levels. These levels are used
in the same way as assemblage biozones although they
represent specific faunas restricted in time and space
(Bonilla-Salomon et al., 2016). In the southern flank of the
Ripoll Syncline, the Bellmunt Formation outcrops at the
locality of Sant Jaume de Frontanya, which includes four
fossil-bearing levels with an extraordinary abundance of
mammal remains in a fine-textured fluvial and palustrine
stratigraphic succession (Busquets et al., 1992; Moya-Sola
& Kohler, 1993). These findings indicate a Middle Eocene
age based on their close affinity with faunas of Chéry-
Chartreuve (Bonilla-Salomoén et al., 2016), the proposed
reference locality of MP15 (Comte et al., 2012). The MP15
faunas are classically correlated with the Early Bartonian
stage based on regional stratigraphic marine—continental
correlations in the Paris Basin.

2.3.3 | Previous Magnetostratigraphic studies
Earlier pioneering studies of Burbank et al. (1992) and
Vergés et al. (1998) proposed magnetostratigraphic corre-
lations for the Palaecogene sedimentary successions in the
South Eastern Pyrenees foreland basin, but uncertainties
remained due to either lack of sampling resolution, the
need for further biostratigraphic constraints or the need
for an improved laboratory method for sample analysis
(applying a thermal demagnetisation adapted for each
sample instead of a generalised protocol for a set of sam-
ples). The age obtained by these authors ranges between
the Early Eocene and the Late Lutetian for the Palacogene
deposits of the Ripoll Syncline.

3 | METHODS

3.1 | Charophyte biostratigraphy

Charophyte samples were collected along the CP sec-
tion. One sample was taken at the top of the underlying
Cretaceous formation (According to the ICGC 1:50,000
map legends and Oms et al., 2016) while the six others
were collected in the Garumnian red beds. The samples,
usually 2-3 kg of rock (Figure S2), were obtained after sys-
tematic sampling of grey palustrine marls or claystones,
presumably containing charophyte remains. The sedi-
ments were disaggregated in a solution of water, hydro-
gen peroxide (H,0,) and sodium carbonate (Na,COs;).
After several days, the samples were wet sieved with mesh
sizes of 1mm, 500pm and 200pum. Once each residue
had dried, charophytes were hand-picked under a Wild
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MS5A binocular stereomicroscope. Morphometric meas-
urements were undertaken using Motic Images Plus 2.0
software. Selected gyrogonites were studied and photo-
graphed with a Quanta 200 scanning electron microscope
at the Scientific and Technological Centres of the UB
(CCiTUB). The material is housed in the charophyte col-
lection of the Departament de Dinamica de la Terra i de
I'Ocea (Universitat de Barcelona).

3.2 | Magnetostratigraphy

A magnetostratigraphic study was carried out in the sec-
tions of Coll de Pal (CP), Baga (BA), Gombren (GO), La
Pobla de Lillet (PL), Borreda (BO) and Sant Jaume de
Frontanya (SJF; Figures 2 and 3) to provide a reviewed
age model of the Palaeocene-Eocene succession within
the Ripoll Basin. The study focusses on providing higher
resolution and robustness to earlier palaecomagnetic works
made in the Ripoll Basin. Sampling was performed at reg-
ular stratigraphic intervals depending on the availability
of required fine-grained sediments (silty and clayey mate-
rials). A resolution of one sample every 10 m was targeted,
but this resolution was increased in the CP and BA sec-
tions (up to one sample every 3m) and lowered depend-
ing on the outcrop quality. On the northern flank of the
Ripoll Syncline a total of 382 palaecomagnetic sites were
sampled spanning 5000m. In the southern flank, a total
of 226 samples were extracted spanning about 2900 m.
In situ fresh and fine sediments were targeted to avoid
remagnetisations caused by alteration or pedogenesis.
Cylindric drill cores of an average length of 10 and 2.5cm
wide were extracted manually using a water-cooled port-
able electric powered drill and were oriented in situ using
a special device made of mounted compass coupled with
an inclinometer. Samples were prepared in the laboratory
using a rotary saw to obtain the correct length accepted by
the magnetometer (2.1cm).

Magnetic measurements were conducted at the labora-
tory of palacomagnetism housed in the Geo3BCN Institute
(CCiTUB-CSIC) in Barcelona. The measurement of the
natural remanent magnetisation was conducted using
a three-axis superconducting rock magnetometer (2G-
SRM750). To isolate the different magnetic components,
samples were stepwise thermally demagnetised at 50°C
and after at increments of 20°C after 400°C. Magnetic
susceptibility was measured at each demagnetisation step
with a KLY-2 (Geofyzica Brno) to track mineralogical
changes upon heating.

The analysis of the Characteristic Remnant
Magnetisation (ChRM) was based on visual inspection
of Zijderveld plots and ChRM directions were calculated
using principal component analysis. Possible viscous

secondary components were excluded from the analysis.
The ChRM components were ranked according to their
quality. Class I refers to ChRM components showing small
errors with linear nearly complete demagnetisation trends
towards the origin of the diagram. Class II refers to ChRM
components showing no increasing error while being
demagnetised and a linear demagnetisation pointing to-
wards the origin of the diagram. Class III corresponds
to samples showing irregular demagnetisation trends or
clustered direction not pointing towards the origin. Class
IIT components were not considered further for magneto-
stratigraphic purposes.

Pmagpy software (Tauxe et al., 2016) was used to carry
out the vector analysis. The distribution of ChRM compo-
nents was analysed in both geographic and tilt-corrected
coordinates at site level, and the mean inclination was cor-
rected for flattening using the elongation/inclination (E/I)
correction method (Tauxe et al., 2008). The age of the
ChRM was further assessed by means of a regional fold
test (Tauxe & Watson, 1994) at both sample and site levels.

The virtual geomagnetic pole (VGP) latitude was cal-
culated for each ChRM direction and plotted against
stratigraphic thickness to build a local composite mag-
netostratigraphy (LCM). Positive VGP latitudes were
computed as normal polarity whereas negative VGP lat-
itudes were computed as reversed polarity. Normal and
reversed polarity magnetozones were defined for strati-
graphic intervals having two or more consecutive sam-
ples of the same polarity. Correlation of the LCM with the
Geomagnetic Polarity Time Scale (GPTS 2020; Gradstein
& Ogg, 2020) was carried out after integration with rele-
vant previous magnetostratigraphic data and existing and
newly acquired marine and continental biostratigraphic
data.

3.3 | Subsidence analysis

Subsidence analysis was carried out on the composite
succession assuming a local isostasy model. The numeri-
cal age of formation boundaries was derived from inter-
polation of calibrated magnetostratigraphic boundaries.
Formation and magnetostratigraphic boundaries com-
bined were used to split the succession into units of
known age and relatively homogeneous lithology and ba-
thymetry. Decompacted thickness calculation was based
on Van Hinte (1978) for changes in porosity with depth.
Initial porosity and depth-porosity constant c were based
on Sclater and Christie's (1980) values for terrigenous and
carbonate sediments for evaporites. Palaeobathymetric
values were taken from the study of Vergés et al. (1998).
The minimum palaeobathymetries (palaeoaltitudes) pro-
posed by Vergés et al. (1998) for the Bellmunt and Milany
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formations have been modified to —300m considering
their horizontal distance to the time-equivalent coastal
sediments and the approximate palaeoslopes following es-
timates of alluvial and fluvial gradients presented by Blair
and McPherson (1994). Sea level from Miller et al. (2005)
was used. The errors associated with porosities and com-
paction exponent ¢ were not considered in the study.
Tectonic subsidence was calculated by means of back-
stripping techniques based on Steckler and Watts (1978).
Calculations assumed a density of 3.3 g/cm’ for the asthe-
nosphere and 1.0g/cm’ for the water.

4 | RESULTS

4.1 | ChRM characteristics and age of
magnetisation

A total number of 608 samples were processed in the labo-
ratory and subjected to stepwise thermal demagnetisation
until complete removal of the NRM or reaching unstable
behaviour. All the samples showed a low-temperature
viscous component that was removed between 250 and
300°C. This component was directed towards the north-
east or to the north possibly representing the present day
magnetic field.

The ChRM components with dual polarity were often
revealed at temperatures above 250-300°C, and maxi-
mum unblocking temperatures that were dependent on
the lithology. Garumnian fluvial red beds lithologies from
the Tremp Formation yielded unblocking temperatures
around 660°C suggesting that haematite is the principal
magnetic carrier. Red beds of the Bellmunt Formation,
sampled in the PL and SJF sections yielded similar results.
Lacustrine carbonates interbedded in the fluvial-alluvial
facies of SJF, CP, BA and PL yielded unblocking tempera-
tures below 600°C suggesting that magnetite minerals are
the most abundant. Platform carbonates and lagoonal
deposits of the Cadi and Corones formations demagne-
tised at ca 500-530°C suggesting that magnetite is the
main magnetic carrier. The marlstone sediments from the
deltaic Coubet and Banyoles formations and from outer
platform deposits of the Sagnari Formation yielded un-
blocking temperatures between 300°C and 450°C. The
organic matter-rich marlstone samples from the turbid-
itic series of Armancies and Campdevanol formations
yielded unblocking temperatures between 350°C and
380°C before reaching unstable behaviour caused by the
growth of new magnetic phases upon heating. In organic
matter-rich sediments, iron sulphides can transform into
magnetite during thermal demagnetisation, which would
explain the sudden increase of magnetic susceptibility at
temperatures above 380°C.

The ChRM directions were grouped into three classes
according to their quality, resulting in 32.6% of Class I,
55.1% of Class II and 12.3% of Class III. The mean ChRM
direction of each section was calculated from the set of
samples of Class I and II, in both geographic and tectonic
corrected coordinates. The mean Normal and Reversed
polarity directions of all sections yielded a positive rever-
sal test except for the BA section. The failed test in the BA
section is interpreted to result from the inclination error of
the remanence carried by haematite in the reversely mag-
netised Garumnian red beds, while the normally magne-
tised samples from overlying formations were much less
affected by the shallowing bias.

A regional fold test was performed with the mean
ChRM directions of the CP, BA, GO and PL sections, in the
northern flank of the Ripoll Syncline, and BO and SJF in its
southern flank. The fold test was done by flipping reversed
polarity directions into their antipodal normal polarity di-
rection and calculating an overall mean palaeomagnetic
direction for each section. A stereonet plot of the mean
directions in geographic coordinates (in situ) and strati-
graphic corrected coordinates (bedding corrected) shows
that directions tightly cluster around the overall mean after
tectonic correction, thus suggesting that the magnetisation
is prior to the folding of the Ripoll Syncline. A statisti-
cally significant positive fold test was obtained, with a best
clustering at 105% unfolding, or 95% confidence bounds
between 106% and 117% unfolding according to boot-
strap foldtest (Tauxe & Watson, 1994). The overall mean
direction after bedding correction was 356.0°/40.1° (dec/
inc; Figure 5), which is significantly shallower than the
expected 60° of inclination for the location of the north-
ern Iberian plate in the Early Eocene (van Hinsbergen
et al., 2020). But this anomalous inclination was corrected
to a more consistent 51.2° after applying the (E/I) correc-
tion method (Tauxe et al., 2008). The northwards-directed
mean direction indicates that no vertical-axis rotations oc-
curred in this area after sedimentation of the study rocks.

A stepwise synfolding test was also applied, which con-
sists of unfolding by steps of 5% from the total folding and
looking at which percentage of unfolding the best statistic
parameters are reached. Highest values of kappa and low-
est values of alpha95 were obtained at ca 110% of unfolding
(Figure 5), which are conclusive values for a positive fold test.

4.2 | Magnetostratigraphy

4.2.1 | Collde Pal section

The Coll de Pal (CP) section is located on the northern
flank of the Ripoll Syncline, along the road from Baga
to the Coll de Pal. It is approximately 300m thick and
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geographic coordinates stratigraphic coordinates
Site N Dg g k Olos Ds Is  Is(E/) Kk o
Baga BA 141 006.0 10.3 9.5 4.1 0054 315 31.7 9 4.2
ColldePal CP 128 357.3 -17.3 8 4.7 356.3 24.7 52.5 8.1 4.7
Pobla de Lillet PL 21 005.6 -03.1 4.3 17.5 006.1 33.1 46.2 5.8 14.5
Gombren GO 37 008.0 26.4 6.4 10.1 005.5 60.4 60.9 6.1 104
Borreda BO 31 2276 793 7.1 10.4 331.8 50.1 66.5 74 10.2
S.Jaume Frontanya SIF 176  337.7 76.4 8.9 3.8 347.8 37.3 46.4 9.7 3.6
All sites 6 000.8 29.7 33 43,5 356.0 40.1 51.2 24.2 139
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FIGURE 5 Mean palacomagnetic directions and Fisher statistics at section level and the overall mean in geographic and (tilt-corrected)
stratigraphic coordinates. Mean directions were corrected for inclination error using the E/I method of Tauxe et al. (2008). Stepwise

unfolding yielded best kappa and a95 Fisher parameters after 110% unfolding (see text for discussion).

spans the whole outcropping red Garumnian facies of the
Tremp Formation. The section was sampled at less than
3m stratigraphic intervals with a total number of 139 ori-
ented palaeomagnetic drill core samples. It directly starts
10m above the youngest stratigraphic horizon showing
Late Cretaceous rudist fossils and the first sample is taken
directly within the first outcropping red bed layer. The
top of the CP section is marked by a 30m thick lacustrine
limestone that forms a topographic relief easily mappable
across the area. The average bedding dip of the sampled
interval is 190°/42° (dip direction/dip).

The magnetic polarity of the CP samples is predomi-
nantly reverse (Figures S3 and S4). Only a few samples of
normal polarity in the upper part of the section might rep-
resent two very short normal magnetozones in the upper
part of the section, at 250 m and 290 m, but they represent
very short intervals. These features are considered unre-
liable for correlation purposes, because the GPTS is not
complete for very short geomagnetic reversals. They could
be interpreted as possible recording of short geomagnetic
features not yet calibrated in the time scale, or the product
of an early diagenetic overprint. It is noteworthy, that in

the laterally equivalent interval in the BA section no sign
of a normal magnetozone was found.

Thus, the whole 300 m thick section of CP is interpreted
as a unique reversed magnetozone. The obtained mean
direction after bedding correction yielded an inclination
(24.7°) heavily biased from expected geocentric axial di-
pole (GAD). This is interpreted to be a consequence of the
combined effects of sedimentary and tectonic compac-
tion. After applying the E/I correction method, a corrected
inclination of 52.5° was obtained.

4.2.2 | Bagasection

The nearly 800 m thick Baga (BA) section is located on the
same road as the CP section, near the village of Gréixer.
The lower 150m consists of red Garumnian facies of the
Tremp Formation, topped by the same thick limestone bed
marking the top of the CP section. This mappable strati-
graphic unit allows for a firm correlation between the CP
and BA sections. The remaining 640m of the BA section
spans the entire Sagnari Formation, the Cadi Formation
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and the Corones Formation. A total of 109 oriented pal-
aeomagnetic drill core samples were sampled at a resolu-
tion of approximately 6 m. The average bedding dip of the
sampled interval is 189°/42°, practically identical to the
CP section.

In total, four reverse polarity magnetozones and
three normal polarity magnetozones have been defined
(Figures S5 and S6). The mean normal and reverse po-
larity directions fail to yield antipodal directions. This is
interpreted to be a result of the combination of (a) incli-
nation error that preferentially affects the reversely mag-
netised Garumnian facies, and (b) the contribution of a
recent normal polarity partial overprint.

4.2.3 | Gombrén section

The Gombren (GO) section is located on the northern flank
of the Ripoll Syncline near the village of Gombrén. Burbank
et al. (1992) sampled the complete section that spans from
the base of the Armancies Formation to the lower part of
the Bellmunt Formation. Their results seemed coherent
for most of the section except for the middle part, where
the polarity reversals were supported by a limited number
of samples. Therefore, efforts were focussed on a higher
resolution sampling of the middle part of the GO section,
which corresponds to the top of the Armancies Formation,
and includes the complete Campdevanol Formation The
resampled interval starts at the hamlet called ‘el Cortal’
in the ‘torrent de Puigb¢’, and comprises 65 oriented sam-
ples over a 1100 m stratigraphic interval, at a resolution of
17 m/site (Figures S7 and S8). The average bedding dip of
the sampled interval is 191°/39°.

All the GO samples yielded normal polarity directions
after bedding correction, except for one sample at 650m,
which was considered insufficient to represent a reliable
magnetozone. Therefore, one normal magnetozone is de-
fined in GO.

4.2.4 | La Pobla de Lillet section

The Pobla de Lillet (PL) section is located on the road from
La Pobla de Lillet to Sant Jaume de la Frontanya (SJF) and
starts stratigraphically above the top of the Campdevanol
Formation, overlying an evaporitic interval also traceable
from the top of the resampled GO section. The 2500m
thick PL section spans the whole of the Coubet, Bellmunt
and Milany formations and comprises 47 palaeomagnetic
samples, taken at uneven sampling intervals that included
large sampling gaps, these determined by outcrop ac-
cess. The average bedding dip of the sampled interval is
180°/32°.

Both normal and reverse polarities were determined.
Mean directions were relatively scattered but yielded in-
clination values closer to the expected Eocene reference
after tectonic correction (Figures S9 and S10). Most of the
section yielded a long interval of reversed polarity, fol-
lowed by a short normal magnetozone over the top 200 m
of the section. This single reversal is found to occur in the
lower part of the Bellmunt Formation. In the transition
interval from reverse to normal polarity, a series of sites of
alternating polarities were not considered to provide a reli-
able record, and were possibly caused by post-depositional
magnetisation that may affect the fluvial sediments of the
Bellmunt Formation, also described in the SJF section
below.

4.2.5 | Borreda section
The Borreda (BO) section is located on the southern flank
of the Ripoll Syncline, along the road from Borreda to Sant
Jaume de Frontanya (Figures 2 and 3). The sampled sec-
tion starts directly within the Campdevanol Formation,
immediately north of the Vallfogona Thrust and in its
hangingwall. The section comprises 51 oriented samples at
a resolution of 15m and is approximately 760m thick. The
average bedding dip of the sampled interval is 345°/45°.
Most of the samples yielded reversed polarity after tec-
tonic correction that agreed with Eocene inclinations and
appeared to be rotated 20° counterclockwise. Five samples
yielded scattered normal polarity directions, with their
mean in geographic coordinates close to present day field
(Figures S11 and S12). After tectonic correction this direc-
tion is significantly biased from expected, with shallow
inclinations and non-antipodal compared to the reversed
polarity set. Therefore, those normal polarities are inter-
preted as a post-tilt normal overprint. The BO section is
thus interpreted as a single reversed magnetozone.

4.2.6 | SJF section
This section is located on the southern flank of the syn-
cline along the same road as the BO section. It is then the
prolongation of the BO section into the Banyoles, Coubet,
Bellmunt and Milany formations. This section is approxi-
mately 3100m thick and includes the mammal localities
of SJF-I, IT and III. A total of 186 samples were collected
from this section at an average resolution of 16 m. The
northwards dip of beds decreases up-section from 40° to
20°, resulting in an average bedding dip of the sampled
interval of 352°/36°.

The palaecomagnetic directions of the SJF section
yielded antipodal normal and reverse polarities, and
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closer to the expected GAD field after tectonic correction.
The mean inclination, however, was slightly lower than
expected for an Eocene palaeolatitude, partly corrected
after applying the E/I correction method.

The SJF is divided into lower reverse and upper nor-
mal polarity magnetozones. The reversal occurs in a long
transition interval characterised by a marked alternation
of normal and reverse polarities. This record is interpreted
to result from variably delayed magnetisation upon burial
and compaction. Lithologies within the lower reversed
magnetozone that experienced a greater lock-in depth
picked the polarity of the overlying normal magnetozone
(Figures S13 and S14). This artefact, which is not uncom-
mon in magnetostratigraphic records, affected a very sig-
nificant thickness of the SJF section. It can be explained
in the context of very high sedimentation rates leading
to burial of undercompacted sediments, increasing the
depth at which the detrital remanent magnetisation is
locked in. Under this scenario, the long transition inter-
val is interpreted to be a consequence of primary reversed
magnetisation, some levels being selectively remagnetised
in normal polarity upon burial. Following this interpre-
tation, the upper limit of the reverse magnetozone was
placed at ca 550 m, the level of the uppermost reverse po-
larity samples.

Isolated samples of reverse polarity scattered within
the upper normal magnetozone were not interpreted as
reliable magnetozones and not considered for correlation
purposes.

4.3 | Charophyte biostratigraphy
The CP section contains some poor assemblages of charo-
phyte gyrogonites, which were found in samples CPCH-3
to CPCH-6. The following taxa were identified:
Sphaerochara edda (form A) Soulié-Marsche (1971;
Figure S2A through F). Gyrogonites (n=32 in CPCH-
3) medium in size 475-500pm high and 466-500pm
wide, subspherical in shape, with an isopolarity index
(ISI=height x 100/width) of 98-100. Spiral cells, normally
concave. About 8-11 cells are visible in lateral view. Apex
rounded, sometimes with well individualised and poorly
developed, apical nodules. Base rounded displaying a
large, pentagonal basal plate visible from the outside.
Platychara aff. mucronata (Feist in Feist &
Colombo, 1983; Vicente et al., 2016; Figure S2). The two
gyrogonites available (sample CPCH-5) are large, 775-
833 um high and 625-650 pm wide, oblate, with an ISI of
75-83.8. Spiral cells concave, 5 or 6 visible in lateral view,
separated by bicarinate sutures. Apex truncated, display-
ing a wide periapical depression, in the centre of which
the apical cells raise to form a blunt prominence. Base

truncated, ending in a short troncoconical pyramid, which
displays a small basal pore.

Dughiella bacillaris (Feist-Castel, 1975; Figure S2).
The single gyrogonite available (sample CPCH-6) is large,
583.3pum high and 600 pm wide, spherical, with an ISI of
98. Seven spiral cells are visible in lateral view. They are
concave and ornamented with characteristic vertical rods,
regularly spaced, as high as the spiral cell width. Apex flat
with slight apical thinning. Base slightly tapering, bearing
a small apical pore.

Microchara cf. vestita (Castel, 1969; Figure S2).
Gyrogonites (n=4 from CPCH-3) small to very small,
about 323-325pm high and 250-258pm wide, oval-
shaped, with an ISI of 125-130. Up to nine concave spiral
cells are visible in lateral view. Apex rounded and without
any apical modification. Base tapers to end with a point
that bears a small basal pore.

The lowermost sample CPCH-5 collected shortly below
the studied Garumnian red beds in the late Cretaceous
marine Areny sequence contains Platychara cf. mucronata
and indicates a middle Maastrichtian to early Danian age
(Vicente et al., 2019). The most abundant species encoun-
tered is Sphaerochara edda (form a), which has been iden-
tified throughout the section studied (samples CPCH-3
and CPCH-4). This species is Danian to Thanetian in
age (Riveline, 1986). Sample CPCH-6 located approxi-
mately 80 m above the base of the Coll de Pal section con-
tains Dughiella bacillaris, which gives a Danian to Early
Thanetian age (Riveline, 1986). Finally, Microchara cf.
vestita was located in the upper part of the Coll de Pal sec-
tion, approximately 270m from the base (sample CPCH-
3), and gives a Thanetian-Ypresian age (Riveline, 1986). In
sum, the age attributed by charophyte biostratigraphy to
the Coll de Pal section ranges between Danian and Early
Thanetian for the lower part, while the topmost part of the
section would belong to the Thanetian-Ypresian.

5 | DISCUSSION AND

IMPLICATIONS
5.1 | Magnetostratigraphy
5.1.1 | Alocal composite

magnetostratigraphy

A LCM of the Ripoll Syncline succession was built based
on the data provided in this study and earlier works
(Burbank et al., 1992). A first-order chronostratigraphic
scheme (Figure S15) is already available from the well-
established lithostratigraphic subdivision and the bi-
ostratigraphic constraints provided preferentially from
marine strata (Puigdefabregas et al., 1986; Busquets
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et al., 1992; Tosquella, 1995; Tosquella & Samso, 1996;
Ramos et al., 2002).

Along the northern flank of the Ripoll Syncline, the
sections CP, BA, GO and PL combined provide a com-
plete record of the Palaecogene stratigraphy from the
Tremp Formation to the lower part of the Bellmunt
Formation, and the substantial overlap between most of
the sections ensures completeness of the resulting LCM.
The CP and BA sections, which largely overlap at the
level of the Tremp Formation, are merged into one sin-
gle section (Figure 6). The correlation between BA and
the GO section is based on the distinct expression of the
Corones/Armancies formation boundary across the re-
gion, implying that the top reverse magnetozone in Baga
merges with the long lower reversed magnetozone in the
GO section (R4 in Figure 6).

The sections on the southern flank (BO and SJF)
allowed the record to be extended upwards into the
Bellmunt Formation. Correlation between the northern
and the southern flank is unambiguous given the prox-
imity of the top SJF and PL sections, both converging

BO-SJF

Bellmunt Fm

& SIF-II PL

towards the axis of the syncline in the vicinity of the Sant
Jaume de Frontanya (Figure 2), where beds are trace-
able across the fold axis (Martinez et al., 1988; Ramos
et al., 2002). The proposed correlation reveals an import-
ant north-south diachrony (younging southwards) of the
upper units, from the Campdevanol Formation to the
Bellmunt Formation, as already pointed out by Ramos
et al. (2002).

The correlation of all the sections results in a 6500 m
thick LCM of the Ripoll Syncline that consists of five re-
verse and five normal polarity magnetozones. Compared
to earlier magnetostratigraphic studies, this work iden-
tified in the BA section one normal magnetozone in the
Sagnari Formation (N1 in Figure 6), which was previ-
ously overlooked (Burbank et al., 1992). On the other
hand, three magnetozones reported in that earlier work
are not confirmed in this study. First, a relatively thick
(150m) reversed magnetozone was interpreted by others
in the middle of the Campdevanol Formation in the GO
section (Burbank et al., 1992). The results of this study,
however, reduced this to one single reversed polarity site
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GPTS 2020, Gradstein et al., 2020

‘vohmv Chron | Biozone Age (Ma) epoch| ~ Stage.

42—
Q9 spz1s ]
C20n |
43—

SBZ 14 “é

Lutetian

c20r 45

RS 6]

s8z13 |
C21n 47

¢ SBZ 13

Cuisian

9 SBZ 13

I & SBZ13
£ E
1000m | 5 §
8 5
I i GO (Burbank et al., 1992)
500m E
H 1000m
g
s
8
" soomf] £
H
8
GO (This study)
omi_| B2
£
3
s
:
8
NON-MARINE MARINE
Conglomerate I Carbonates (Platform)
=R Sandstone ! Marls (Outter ramp)
Red siltstones (Flood plain) =i Debris flow
(Slope)
B 1000ml
i —

Evaporites [T Limestone marl alternations
= (Slope)
B Lacustrine Limestone

- B Sandy Limestone
E Palustrine organic-rich shales P Sandstone
s MP-level fossil site . Clays (Dettaic) om
§ Charophytes sample £ ity marls (Slope)

~— Magnetostratigraphic correlation PS SBZ biozone

~— Litho-stratigraphic correlation - Bio-stratigraphic correlation

Corones Fm

500m | cagi-sagnari Fm

Tremp Fm

Ypresian

llerdian

Palaeocene
Thanetian

C25r | SBZ3 E

FIGURE 6 Composite Local Magnetic Polarity Stratigraphy (LMPS) of the Ripoll Syncline built from the correlation of the Borreda-
Sant Jaume de Frontanya (BO-SJF), LP (La Pobla de Lillet), GO (Gombren) and BA-CP (Baga-Coll de Pal) sections. Right: Correlation of the

LMPS with the GPTS 2020.

85U8017 SUOWIWOD SA[E81D 3 [cedt[dde au Ag peusencb a.e s9jole YO ‘SN Jo Sojni o} AkeudIT8UIIUQ AB]1/ UO (SUONIPUOD-PUE-SWB Lo A IM Alelq 1 jeuljuo//SAny) SUORIPUOD Pue SWIS 1 81 88S " [7202/90/9T] Uo AkidiTauljuo A(1M ‘eApNH 8a PepsIeAluN -engd Ag 28z '2dep/z00T OT/I0p/wod" A8 1M AeIqipuljuo//:sdny wouy pepeojumod ‘0 *2/8rSS02



14|

JUVANY ET AL.

and therefore lacks significance for correlation purposes.
Second, a very short normal polarity magnetozone was in-
terpreted by Burbank et al. (1992) at the level of an evapo-
ritic interval at the top of the Campdevanol Formation in
the SJF-BO composite section. This record is thought un-
reliable since the evaporitic body probably represents an
olistolith of Triassic evaporites brought to the basin floor
by mass-gravity processes. Third, two consecutive sites at
about the middle of the Bellmunt Formation in the SJF
section led Burbank et al. (1992) to interpret a reversed
magnetozone. Noticeably, this interval appears to coincide
with a coal-bearing lacustrine unit interlayered with the
red bed succession. In this study, one sample at the base of
the lacustrine beds confirmed a reversed polarity magne-
tisation, but the concurrence of the reversal with referred
sharp lithological contrast points to a post-depositional ar-
tefact. Organic-rich sediments are prone to bear unstable
Fe-sulphides that later oxidise to magnetite or haematite
giving rise to a secondary magnetisation. This observation,
together with the fact that it relies on one single sample,
suggests that this reversed magnetozone is unreliable.

5.1.2 | Biostratigraphic constraints
On the northern flank of the Ripoll Syncline, the charo-
phytes of the sample CPCHS5 (Platychara mucronata)
strata underlying the CP section (and within the Areny
sequence) are characteristic of Maastrichtian to Early
Danian age. This is consistent with the biostratigraphic
data from equivalent sections in the Ager and Tremp sub-
basins, which yield a Campanian-Maastrichtian age for
the Fumanya Member (Oms et al., 2007). The analysis
of charophyte assemblages have revealed an age range
for the Tremp Formation in the CP section between
Danian to Early Thanetian for the base of the section and
Thanetian—Ypresian for the topmost part of the section.
The position of the SBZ biozones and fossil occur-
rences are summarised in Figure S2 using the data princi-
pally from Tosquella (1995). Within the Cadi and Sagnari
formations, benthonic foraminifera assemblages range
from SBZ5 to SBZ9. Considering the reworking of fos-
sils, the depositional age of the sampled localities can be
constrained to range from SBZ7 to SBZ9. The lowermost
shallow marine Corones Formation includes fauna from
SBZ10. In the overlying Armancies and Campdevanol
formations, larger foraminifera are transported, and taxa
representative of SBZ11 and SBZ12 are found mixed
with SBZ13 assemblages. SBZ13 is also identified within
the last marine incursion of the Coubet Formation
in the lower Bellmunt Formation at the SJF section
(Ramos et al., 2002; Tosquella & Samso, 1996; Busquets
et al., 1992).

Recent work has been done on the uppermost level
of Sant Jaume de Frontanya-1 (SJF-I) and has led to the
identification of three different forms of rodents, giving
more primitive forms than the Late Bartonian (MP16) lo-
calities and thus attributing an age corresponding to the
Early Bartonian (MP15) for the level of SJIF-I (Bonilla-
Salomon, et al., 2016). Older localities 200m down the
sequence SJF-II and SJF-III yield ages of approximately
42Ma corresponding to the Upper Lutetian (MP14;
Bonilla-Salomén et al., 2016; Busquets et al., 1992;
Badiola et al., 2009).

5.1.3 | Correlation with the GPTS

The integration of the LCM and the above biostratigraphic
constraints allows a revised correlation to be put forward
with the GPTS (Figure 6) that challenges earlier interpre-
tations (Burbank et al., 1992; Vergés et al., 1998; Garcés
et al., 2020).

Biostratigraphic information constrains the age range
of the CP section from Maastrichtian-Early Danian at
its base, based on charophytes, to the Early Eocene at
its top, since the conformably overlying marine Sagnari
Formation includes Early Eocene larger foraminifera.
During the Danian to the Early Eocene several normal po-
larity chrons occur (C29n, C28n, C27n, C26n and C25n),
which should be recorded in the CP and BA sections since
the sampling resolution is high (one sample every 3m).
However, the Coll de Pal section shows just one single re-
versed magnetozone (R1). A possible explication is that
normal polarity chrons are significantly shorter than the
reverse ones during the Palaeocene and, in a context of
very low sedimentation rates, the short normal polarity
intervals were overprinted by the dominantly reverse po-
larity. For this to happen, the magnetisation lock-in depth
should be larger than the thickness of the magnetozones.
Itis, however, unlikely that chron C29n and C28n are over-
printed by dominant reverse polarity as they last almost
a million years. On the other hand, a sedimentary hiatus
comprising the whole of the Danian and Selandian until
the top of chron C25n cannot be excluded. Therefore, two
possible scenarios will be considered: (a) the whole pe-
riod between late-Maastrichtian to the top of chron C25n
(57.1Ma) marks a period of non-deposition and sedimen-
tary bypass in the Ripoll Syncline or (b) deposition occurs
after chron C28n (63.5Ma) during the Palaeocene after a
hiatus comprising the Early Danian. (Figures 7 and 8).

In the BA section, the Cadi-Sagnari formations en-
compass the SBZ5 to SBZ9 biozones suggesting an early
Eocene (Ilerdian) age for those deposits. The normal
magnetozone N1 observed in the upper part of the Cadi
Formation is therefore interpreted as chron C24n. The
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FIGURE 7 Composite magnetostratigraphy and sedimentation trends of the Ripoll Syncline section. Notice the two well-defined

sections with different sedimentation rates. Two scenarios (a and b) related to the uncertainty in the age of the base of the section have been

considered (in orange).

short reversed subchrons within C24n were not recorded
in the magnetostratigraphic section probably because of
insufficient sampling resolution, low sedimentation rates
and occurrence of unsuitable lithologies such as grain-
stones, in the Cadi Formation. The series of magnetozones
N2, R3 and N3 at the base of the Corones Formation match
well with chron C23n (C23n.1n, C23n.1r and C23n.2n)
coinciding with the occurrence of SBZ10 biozone at this
stratigraphic level. The reverse magnetozone R4, present
in the BA and GO sections includes SBZ13 fauna in its
upper part. A correlation of R4 to C21r instead of C22r
best agrees with the calibration of the SBZ13 elsewhere
in the Pyrenean region (Molina et al., 2011), which would
imply that chron C22n is not recorded in the composite
section presented here, and that R4 should partly corre-
spond to C22r and C21r. The absence of C22n implies a
stratigraphic gap, here interpreted as a stratigraphic hia-
tus. This hiatus has been deduced to be at the sharp basal
contact of the carbonate slope Armancies Formation, just
atop of the shallow marine carbonate platform Corones
Formation Above this interval, a series of mass-transport
deposits yield reworked larger foraminifera assemblages

representatives of biozones SBZ11,12 and 13. The hiatus
at the base of the Armancies Formation, is thus inter-
preted here as being the result of the destabilisation and
collapse of the adjacent carbonate platform as described
in other Eocene sections from the Pyrenean foreland
basin (Barnolas, 1992; Barnolas & Teixell, 1994; Barnolas
et al., 1982, 2019; Payros et al., 1999) and occurring at the
transition from carbonate platform to slope deposits. The
overlying magnetozones N4, R5 and N5 are correlated
with chrons C21n, C20r and C20n, in agreement with the
Lutetian age (SBZ13) of larger foraminifera assemblages
described in the Campdevanol and Coubet formations.
These correlations result in an age of the topmost de-
posits corresponding to the top of chron C20n (42.2Ma).
According to this correlation, the boundaries of the
Campdevanol and younger formations are significantly
diachronous in a north-south transect, indicating a clear
southwards progradation of the clastic system. The ver-
gence of slump folds in the Campdevanol Formation
shows a southwards palaeoslope, consistent with a north-
erly location of the hinterland and the proximal parts of
the sedimentary system. On the northern flank of the

85U8017 SUOWIWOD SA[E81D 3 [cedt[dde au Ag peusencb a.e s9jole YO ‘SN Jo Sojni o} AkeudIT8UIIUQ AB]1/ UO (SUONIPUOD-PUE-SWB Lo A IM Alelq 1 jeuljuo//SAny) SUORIPUOD Pue SWIS 1 81 88S " [7202/90/9T] Uo AkidiTauljuo A(1M ‘eApNH 8a PepsIeAluN -engd Ag 28z '2dep/z00T OT/I0p/wod" A8 1M AeIqipuljuo//:sdny wouy pepeojumod ‘0 *2/8rSS02



16

JUVANY ET AL.

Om
Tectonic subsidence
21-26 cm/Kyr 11000 m
16.5¢1.5
12000 m
13000 m

Total subsidence 4000 m
70-75 cm/kyr

Hiatus

55.3+4.3

Tremp Fm Cadi-Sagnari Fms

Corones Fm Hiatus | Armancies Fm | Campdevanol Coubet | Belimunt - Milany Fms

5000 m
6000 m
=
@ -300m- o, [7000mM
© Om om
% 300 m wom
=

Banyoles|

FIGURE 8 Subsidence evolution of the composite Ripoll Syncline section including correlation to lithostratigrapghic units and their
palaeobathimetric values. Tectonic and total subsidence show two well-defined episodes (before and after the hiatus at 49 Ma). Two
scenarios (a and b) related to the uncertainty in the age of the base of the section have been considered. Total and tectonic subsidence rates
(in blue and red respectively) have been calculated considering the palaeobathymetric (shallowing or deepening) trends of each episode

or unit.

Ripoll Syncline (PL section), the fluvio-deltaic Banyoles,
Coubet and lower Bellmunt formations, which deposited
during chron C20r, were contemporaneous with deposi-
tion of the Campdevanol turbidites in the southern flank,
as previously indicated by Ramos et al. (2002).

5.2 | Biostratigraphic implications

The proposed correlation is the one that best agrees with
the existing calibration of the larger foraminifera SBZ
scheme of the Early to Middle Eocene (Molina et al., 2011;
Rodriguez-Pinto et al., 2012, 2022; Mochales et al., 2012;
Silva-Casal et al., 2021). No inconsistencies are observed
between correlation of the Cadi-Sagnari and Corones for-
mations and the calibrated ages of the Early Eocene SBZ
units. Worth noting is the absence of fossil localities yield-
ing SBZ11 and SBZ12 assemblages other than reworked
from shallower platform environments and mixed with
younger SBZ13 species, thus suggesting slope environ-
ments with minor deposition and dominance of erosion
and/or bypass of sediments. The occurrence of a hiatus
in the Corones/Armancies transition is claimed to explain
the lack of record of chron C22n.

A noticeable disagreement relies on the precise calibra-
tion of the SBZ13 age range, that in the Ripoll Syncline
section extends from mid-chron C21r to top C20r. The
widely accepted correlation of the SBZ12/SBZ13 bound-
ary with the Ypresian/Lutetian boundary (at mid-chron
C21r) agrees with the results presented here, but the
SBZ13/SBZ14 boundary set in the lower part of C20r in the
Gorrondatxe (Molina et al., 2011) and Isuela (Rodriguez-
Pinto et al., 2012) sections disagrees with the findings of
SBZ13 occurring at the very top C20r (Figure 6).

An outstanding issue from a chronostratigraphic view-
point arises from the correlation of the magnetozone N5
in the Bellmunt Formation with chron C20n, and the
diverging age constraints derived from marine and con-
tinental biostratigraphy. As stated above, this correlation
challenges the upper limit of the SBZ13, which is found
at an older age elsewhere in the Pyrenees. Remarkably,
beds included in this same magnetozone N5 host mammal
fossils, which yielded a Late Lutetian to Early Bartonian
(MP15) age, according to the current calibration of the
European MP zonation. Thus, the proposed correlation
does not strictly meet the biostratigraphic tiepoints, being
too young for the SBZ scheme and too old for the MP zo-
nation. Particularly challenging is the age close to 43Ma
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(Late Lutetian, within chron C20n) given in this study
to the mammal site SJF-I, while current biochronologi-
cal arguments point to a 3 Myr younger age in the early
Bartonian (MP15; Bonilla-Salomén et al., 2016; Busquets
et al., 1992; Badiola et al., 2009).

Discussing the causes of such conflicting results is
beyond the scope of this work. Further studies will be
needed to assess the biogeographic aspects and chronos-
tratigraphic significance of some fossil species and their
contribution to both marine and continental chronostrati-
graphic scales.

5.3 | Geohistory

5.3.1 | Stratigraphic cycles

The whole analysed Palaeogene Ripoll Syncline sec-
tion shows a general transgressive-regressive trend. It
starts with non-marine and shallow marine sediments
(Palaeocene to Middle Cuisian), followed by deep ma-
rine (Late Cuisian to Early Lutetian) which finally
evolve to shallow marine and non-marine strata (Early
to Middle Lutetian). However, this succession can be
subdivided into three major transgressive-regressive cy-
cles (Figure 4): The first depositional cycle is marked by
transgressive-regressive marine Late Cretaceous units
of the Areny sequence bounded atop by a regional un-
conformity below Palaeocene strata. The second deposi-
tional cycle is bounded at its base by the above mentioned
Cretaceous-Palaecocene unconformity and includes red
Garumnian facies evolving from alluvial to lacustrine
(Van Eeckhout et al., 1991), the Cadi and Sagnari forma-
tions representing the deeper marine strata and finally the
regressive lower Corones Formation culminating in non-
marine red beds. The third cycle starts with the transgres-
sive shallow marine limestones of the uppermost Corones
Formation, overlain by the carbonate slope deposits of the
Armancies Formation. The regressive part of the cycle
consists of a thick prograding clastic wedge embracing the
Campdevanol, Banyoles, Coubet, Bellmunt and Milany
formations, grading from deep marine to proximal allu-
vial environments.

Contrary to what is shown in Vergés et al. (1998), where
the Beuda evaporites mark the boundary between their se-
quences 2 and 3, it is not thought that the evaporites that
crop out in the studied GO, LP and SJF sections are of key
stratigraphic significance. They form discontinuous bod-
ies at the top of the Campdevanol Formation scattered at
different stratigraphic positions across the flanks of the
syncline (Figures 2, 3 and 4). Some of these could be pri-
mary evaporitic deposits, and others represent olistoliths
of Triassic evaporites eroded from the northern upper

cover thrust sheet and brought to the basin by mass-gravity
processes (Puigdefabregas et al., 1986). Southwards, the
Beuda (and Serrat) Formation forms a large evaporitic
unit interpreted as the lateral and proximal equivalent of
the Campdevanol Formation (Carrillo et al., 2014, 2017)
and may have been caused by basin restriction and iso-
lation from oceanic masses by the emplacement of the
Pedraforca Nappe conjugated with a global sea-level fall
(Puigdefabregas et al., 1986).

The regressive part of the third cycle involves shal-
low water and transitional facies, which are prone
to respond to higher-frequency oscillations. Several
transgressive and regressive trends are observed in the
Coubet, Bellmunt and Milany formations, which proba-
bly resulted from cyclicity of higher order than the ones
defined previously.

The defined cycles have been interpreted from the
studied vertical section. Their boundaries and major sur-
faces as maximum flooding surfaces probably do not have
chronostratigraphic significance. One of the main key sur-
faces, related to the change from transgressive to regres-
sive in the second cycle must be in the upper Armancies or
lower Campdevanol formations, correlated to the deepest
bathymetry. This change from carbonate slope (related to
the southern margin platforms) to deep marine clastics
is probably not a timeline but a heterochronous contact
since southern carbonate platforms are time equivalent to
clastics with a northern provenance (Vergés et al., 1998;
Garcés et al., 2020) as observed in other south Pyrenean
sub-basins (Vinyoles et al., 2021). As predictable from the
asymmetrical distribution of depozones and the general
evolution of foreland systems, the overall regressive trends
in the northern clastic margin (Corones, Campdevanol-
Banyoles-Coubet-Bellmunt) were coeval with the trans-
gressive trends in the southern platforms (Cadi, Penya,
Tavertet), making it unfeasible to trace chronostrati-
graphic limits based solely on the sequential arrangement.

5.3.2 | Sedimentation and subsidence
evolution of the Ripoll Syncline

From the correlation of the LCM with the GPTS an esti-
mation of compacted sedimentation rates can be obtained
(Figure 7). A large uncertainty remains in the rates as-
signed to the Tremp Formation given the uncertainty in
the correlation of the base of the section with the GPTS,
as discussed above. Added to this, the duration of the hia-
tus at the base of the Armancies Formation cannot be ac-
curately estimated, and a minimum hiatus equivalent to
the duration of the missing chron C22r is assigned. This
means that the rates obtained for the bounding intervals
are minimum values.
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The average sedimentation rate of the composite
succession is close to 50cm/kyr standing within the av-
erage values of 10-100cm/kyr for sedimentation rates
in foreland basins (Einsele, 2000). The sedimentation
trend shows two segments with distinct slopes separated
by a hiatus. The first one, comprising the Tremp, Cadji,
Sagnari and Corones formations yields values of 7-13cm/
kyr, whereas the second one, comprising Armancies,
Campdevanol, Banyoles, Beuda and Bellmunt formations
yields much higher values, about 68-85cm/kyr. These
sedimentation rates are comparable to those obtained
by Vinyoles et al. (2021) in the Jaca Basin, a contempo-
rary south Pyrenean sub-basin in the Western Pyrenees
(7cm/kyr for the shallow marine platforms in the south-
ern Jaca forebulge and 53 cm/kyr for the deep marine to
continental shallowing upward succession from foredeep
to wedge-top setting). Also, the sedimentation rates ob-
served in each sedimentary environment reproduce a pat-
tern similar to the Jaca Basin: Deep marine (68 cm/kyr in
Ripoll, 54 cm/kyr in Jaca), deltaic progradation (68-85cm/
kyr and 71 cm/kyr respectively).

A thorough analysis of the subsidence was previously
performed by Vergés et al. (1998) along a north-south tran-
sect in the Eastern South Pyrenean foreland basin. In this
paper, the subsidence evolution is reviewed in the light of
arevised chronostratigraphic framework (Figure 8). Given
the age uncertainty of the base of the studied succession,
two scenarios were considered for the analysis, taking its
youngest (scenario a) and the oldest (scenario b) possible
age. Subsidence rates were calculated for the duration of
each chron considering those values within the admissi-
ble palaeobathymetric range that yielded the smoothest
trends honouring their deepening or shallowing upwards
trend. The resulting subsidence curve shows two well-
defined episodes. First, a Palaecocene to Early Eocene in-
terval (63.5Ma/57.1-49.7Ma) with low total (11-21cm/
kyr) and tectonic (6-11 cm/kyr) subsidence rates. Second,
an early to middle Eocene interval (48.9-42.2Ma), char-
acterised by higher total (70-75cm/kyr) and tectonic
(21-26 cm/kyr) subsidence rates. In this second interval,
after the sharp initial increase of subsidence, a smooth
decreasing to increasing trend (from 89 to 55 to 103cm/
kyr in total subsidence, and from 47 to 17 to 28 cm/kyr in
tectonic subsidence) can be observed.

The described trends in both subsidence and sedimen-
tation in the Cadi Nappe can be linked with the predictable
development of depozones in foreland systems (DeCelles
& Giles, 1996), evolving from a distal foreland depozone
(forebulge depozone?) with low subsidence and low sedi-
mentation rates in a non-marine to shallow marine envi-
ronment to a highly subsiding foredeep depozone marked
with expanded deep marine sedimentation evolving into
shallow marine and even continental environments. The

shallowing trend of the foredeep sedimentation is inter-
preted as related to the increasing sediment flux derived
from the growing catchment area on the emerging orogen.
This is a typical evolution in pro-foreland basin systems,
where the load-related regional flexural subsidence mi-
grates basinwards and the clastics derived from the hin-
terland denudation progressively fill the basin (DeCelles
& Giles, 1996; Vinyoles et al., 2021).

The smooth sigmoidal shape of the subsidence curves
typical of foreland basins is not observed here. First, the
transition from low subsidence values in the distal fore-
land depozones to high rates in the foredeep is not gradual
but abrupt. This is probably due to the presence of hia-
tuses that disrupted the record during the transition into
slope sedimentation. Following the peak stage of subsid-
ence during deposition of the Armancies Formation, the
progressive reduction of the tectonic subsidence would re-
flect the relaxation of the tectonic loading. Noticeably, the
total subsidence during this time was kept at high rates
favoured by the sediment load of the rapidly filling trough.
Second, a significant increase of subsidence is experienced
during the deposition of the top Milany Formation, which
is particularly remarkable since it happened at times of
the emplacement of the Cadi Nappe, when the region
was incorporated into the wedge-top depozone. This sub-
sidence increase could be related to the renewed tectonic
load caused by the breakback reactivation of the Lower
Pedraforca Thrusts and the coeval growth of the Freser
antiformal stack (Martinez et al., 1988). Added to this, a
local influence is possibly caused by the sampling strat-
egy of the studied section progressing upwards from the
(condensed) limbs to the (expanded) hinge of the growth
syncline. Lastly, the emergence of the Vallfogona Thrust
could have impacted the sediment routing, blocking the
south-directed transverse sediment transport and possibly
creating a short-lived intramontane depocentre with an el-
evated base level and aggradation of alluvial units.

5.3.3 | Tectono-sedimentary evolution
As indicated by Puigdefbregas, et al. (1986), Martinez
et al. (1988) and Vergés (1993) among others, the evo-
lution of the eastern South Pyrenean foreland basin is
closely related to the tectonic evolution of the area and
the piggy-back thrust sequence. The evolution presented
herein (Figure 9) is based in these previous works and in-
cludes new sedimentologic and chronostratigraphic data.
The northern margin of the Iberian plate under-
went tectonic inversion and orogenic growth during the
Campanian-Maastrichtian (Figure 9A). Slow subsidence
in the still not differentiated Cadi Nappe led to the accu-
mulation of a condensed marine to lagoonal sedimentary
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FIGURE 9 Summary evolution of

the landscape, sedimentary environments SOUTH NORTH
and depozones along a N-S cross-section A

of the Eastern South Pyrenean foreland DISTAL FORELAND FOREDEEP WEDGE TOP

in seven time steps. Note the southwards
displacement of the deformation front
and the corresponding progressive
displacement of the deformation front and
associated foreland flexure that forces the
southward movement of the depozones.
No vertical or horizontal scale. LP, Lower
Pedraforca Thrust; MP, Middle Pedraforca
Thrust; UP, Upper Pedraforca Thrust; VF,
Vallfogona Thrust.
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succession, unconformably over Triassic and basement
units and overlain by unconformable red Garumnian
facies (Oms et al., 2016). Northwards, in the domain of
the still undifferentiated Lower and Middle Pedraforca

nappes, the sedimentation was continuous with increas-
ingly thicker units and deeper environments towards the
north (Oms et al., 2016; Vergés et al., 1994), marking the
development of the foredeep related to the emplacement
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of the Upper Pedraforca Nappe (Martinez et al., 1988;
Vergés et al., 1995). The correlative wedge-top depozone
was placed in the domain of the Upper Pedraforca, char-
acterised by a reduced thickness of syn-orogenic Late
Cretaceous sediments (Cruset et al., 2021).

It is probably that the hiatus at the base of the
Garumnian facies in the CP section, ranging from Late
Cretaceous to possibly Late Thanetian, was coeval to the
emplacement of the Upper Pedraforca Nappe (Figure 9B).
At this initial stage the Cadi Nappe was in a distal foreland
depozone position. The onlap of the Tremp Formation
onto the Hercynian basement towards the southern mar-
gin marks the sense of migration of the flexural deforma-
tion (Vergés 1993; Bello et al., 2008; Vergés et al., 1994).
Towards the north, red Garumnian units partially foss-
ilise the Upper Pedraforca Thrust (Vergés, 1993), giving
a Palaeocene age for the final stages of its emplacement.
The tectonic subsidence related to the emplacement of the
Upper Pedraforca cover Thrust Sheet was relatively minor,
leading to low rates of sedimentation of the Garumnian
facies, from 7 to 13cm/kyr in the Cadi nappe (Figure 7)
and 7cm/kyr in the Vallcebre Syncline of the Lower
Pedraforca Nappe (Oms et al., 2016).

The Garumnian facies were followed by deposition
of marine sediments (Cadi and Sagnari formations) and
siliciclastic platform deposits from a northern source
(Corones Formation) until 49.7Ma (base of chron C22n),
marking a transgressive-regressive period of low sedi-
mentation rates (Figure 9C,D). The Early Eocene trans-
gressive trend could be attributed to the conjugation of
increased sea level (Ilerdian transgression) and/or the in-
cipient flexural response to orogenic growth. A condensed
and/or discontinuous sedimentation during the depo-
sition of the Cadi and lower Corones formations can be
inferred from the incomplete record of chrons C24n and
C23n in the BA section (Figure 6). This fits with a context
of forebulge (Cadi Formation) or distal foredeep (Sagnari
Formation) development in the Cadi Nappe relative to the
emplacement of the Middle Pedraforca. The outer ramp
marls (Sagnari Formation), with deltaic incursions reveals
that terrigenous sediments were fed from a north-eastern
source since Ilerdian times (Vergés et al., 1998; Garcés
et al., 2020). Platform carbonates (Cadi Formation) de-
veloped extensively towards the southern margin of the
basin (Cadi and Ebro basins) but also to the north, in the
Lower and Middle Pedraforca nappes. Effectively there
is a series of carbonate platform outcrops on the Lower
(Queralt, Espinalbet, Puig Cubell) and Middle Pedraforca
nappes (Malanyeu; Maté et al., 1994; Vergés et al., 1994;
Martinez et al., 2020). The presence of shallow marine
clastic units is also noteworthy, and these are attributed
to the same Early Eocene age in the Middle Pedraforca
Nappe (Peguera Syncline; Martinez et al., 1988). These

Early Eocene clastic sediments represent shallow marine
deposition in the hangingwall of the Middle Pedraforca
active thrust in a wedge-top position. The carbonates ini-
tially both in the footwall and hangingwall of the Middle
Pedraforca would represent relatively clastic-free deposi-
tion atop positive growth structures (anticlines), whereas
clastic systems could be confined (Martinez et al., 1988)
and routed along synclines. This situation is typical of a
wedge-top and can be interpreted as resulting from the
growth of the hangingwall anticline simultaneously with
the emplacement of the Middle Pedraforca, favouring
the development of clastic-free carbonate platforms that
grade north to sandy facies derived from the Pyrenean
landforms and south to deeper offshore muds (Sagnari
Formation) in the foredeep. However, this situation of
localised platforms grading north and south to deeper
clastic facies (offshore mudstones) is also found in the
foredeep (e.g. Queralt carbonate platforms). This could be
associated with a topography of submarine highs and lows
related to the growth of evaporite-cored anticlines in the
foredeep region linked to tectonic load-driven salt migra-
tion coeval with emplacement of the Middle Pedraforca. A
similar situation has been described in the South-Central
Pyrenees (Holl & Anastasio, 1993; Santolaria et al., 2016;
Soto et al., 2002).

The top of the Corones Formation is marked by a
transgressive event evidenced by the vertical evolu-
tion from non-marine to shallow marine carbonate and
mixed platform. This trend is followed by the Corones/
Armancies boundary (48.9 Ma, base of chron C21r) with
the shifting of the sedimentary environment to distal
ramp and carbonate slope (Giménez, 1989), indicat-
ing a sudden deepening of the basin floor and a notice-
able increase of tectonic subsidence (Figure 8). This was
caused by the combination of the local tectonic load of
the Lower Pedraforca (Puigdefabregas et al., 1986; Vergés
et al., 1998), and the consequent forelandwards migration
of the lithospheric flexure of the Iberian plate under the
overriding European plate. The Corones/Armancies tran-
sition, thus, represents the transition from distal foreland
depozones (slowly subsiding non-marine and shallow
marine succession) to foredeep (highly subsiding slope to
deep marine succession).

It was a period of important reorganisation of the basin
profile (Figure 9E), giving rise to a narrow and elongated
trough parallel to the orogenic front, with its southern
margin grading to the carbonate platforms of the Penya
Formation. This important change has been interpreted
as related to the shift of the deformation front from the
Middle Pedraforca to the Lower Pedraforca Nappe. A >800
kyr hiatus, equivalent to the age range of chron C22n
(from 49.7 to 48.9Ma), is interpreted as resulting from
destabilisation and collapse of the adjacent carbonate
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platforms, evidenced by the occurrence of slope breccias
of resedimented platform carbonates interbedded in the
Armancies Formation. An interesting feature of the ini-
tial stage of a clear foredeep in the Cadi Nappe is that the
Armancies Formation was devoid of major siliciclastic
inputs.

This could reflect the early submarine emplacement
of the Lower Pedraforca and, linked to it, the formation
of a ridge that temporarily blocked the transport of clas-
tic sediments from the Pedraforca to the Cadi Nappe,
and routed the sediment flux from emerged areas onto
the Lower Pedraforca Nappe to westerly sinks. This sub-
marine high in the wedge-top depozone would act as the
substratum of carbonate platforms situated to the north-
ern edge of the trough, and these as the source of the
slope breccia deposits of the lower Armancies Formation
(Tosquella, 1995). In support of the presence of these
northern carbonate platforms, the Cuisian-Lutetian con-
glomerates of Queralt, in the Lower Pedraforca Nappe
(Vergés et al., 1994), bear platform-derived clasts of un-
ambiguous northern provenance (Ullastre et al., 1990;
Gilham & Bristow, 1998). Foraminiferal assemblages in
the Queralt conglomerates support a correlation with
the upper Armancies Formation in the Cadi Nappe, thus
indicating that these are the proximal equivalents of
the slope turbiditic sediments filling the foredeep (Solé
Sugraiies & Clavell, 1973).

At ca 47.5Ma, the transition into the turbidites of the
Campdevanol Formation marks the entry of siliciclastic
sediments, related to the rapid emersion of the orogenic
wedge and the end of the tectonic-related clastic starva-
tion in the basin (Figure 9F). Palaeocurrent data indicate
a progradation of the clastic wedge to the west-south-west,
parallel to the basin axis, followed by a gradual vertical
transition into shallow marine (Banyoles and Coubet for-
mations; Puigdefabregas, 1986; Vergés et al., 1994) and
then fluvial facies (Bellmunt Formation), while keeping
high rates of sedimentation (Figure 7). This indicates that
the filling of the foredeep occurred while subsidence was
high, allowing the Ripoll Trough to act as an efficient sink
for sediment flux of north-eastern provenance. This ini-
tial foredeep period (including the Armancies Formation)
represents the underfilled accommodation stage of the
foreland basin (Vergés et al., 1998) and coincides with
the time of highest rates of tectonic shortening (>4 mm/
year) and rapid thrust-front advance (Vergés et al., 1995).
Underfilled accommodation conditions were maintained
up to the middle Lutetian during the deposition of the
Campdevanol siliciclastic turbidites, until complete filling
of the marine basin by progradation of the fluvio-deltaic
system still in the foredeep depozone. The correlation pro-
posed in this study evidences the overall cratonwards pro-
gradation of the clastic wedge (Campdevanol, Banyoles,

Coubet, Bellmunt and Milany formations) typical of fore-
land systems.

At the front of the Lower Pedraforca Thrust a fold-
propagation fold, the Vilada Anticline, developed syn-
chronously with deposition of the Coubet and lower
Bellmunt formations (Martinez et al., 1988), providing
an age for the thrust emplacement (fossilisation) of ap-
proximately 43.5Ma. Alluvial sediments overlying the
Bellmunt Formation developed unconformities that indi-
cate the synchronous growth of the Ripoll Syncline. This
syncline is related to the growth of the Freser Antiform
to the north, and the tectonic transport of the Cadi
Nappe onto the footwall ramp of the Vallfogona Thrust
(Martinez et al., 1988). The onset of the Vallfogona Thrust
and growth of the Ripoll Syncline marks therefore the
transition of the Cadi Nappe into the wedge-top stage at
an age close to 43.5Ma (within chron C20n; Figure 9G).
Palaeocurrent data from the SJF and PL sections contrib-
uted to the palaeogeographical reconstruction of the late
filling stage of the Ripoll Syncline (Ramos et al., 2002). In
the upper part of the sedimentary succession, the transi-
tion from the Bellmunt to the Milany formation reveals a
shift in the sediment palaeocurrent, from an axial trans-
port, directed to the west, to a transverse system with pa-
laeocurrents directed to the south. This change points to
the Ripoll Syncline overfill and the initiation of direct sed-
iment bypass towards the Ebro foreland, and the filling of
the foredeep now located on the footwall of the Vallfogona
Thrust. There, the transition from platform carbonates of
the Tavertet Formation to the marls of the Coll de Malla
Formation (Serra-Kiel et al., 2003) would mark the shift
from forebulge to foredeep in the Eastern Ebro Basin
(Vergés et al., 1998) during the Late Lutetian.

As summary, the Palaeocene red Garumnian in the
Ripoll Syncline correlates to a distal foreland depozone
situation coeval with the last stages of emplacement of
the Upper Pedraforca Thrust Sheet. Its basal unconfor-
mity above Late Cretaceous strata is a product of uplifting
in this scenario.

The Early Eocene interval (Late Palaecocene to Middle
Cuisian) comprising the Cadi, Sagnari and prograding
Corones formations is related to the emplacement of the
Middle Pedraforca Thrust, which did not generate high
subsidence and relief. Coeval with this thrust, shallow de-
formation resulting in shallow marine highs and lows de-
veloped both in the hangingwall and footwall. This thrust
activity is translated into a transgressive-regressive cycle
with low sedimentation and subsidence rates and shallow
marine to non-marine sedimentation attributed to a distal
foreland depozone to distal foredeep context.

The Early to Middle Eocene interval (Late Cuisian to
Early Lutetian), comprising the transgressive Corones to
Bellmunt formations, shows again a general transgressive
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to regressive trend. This period would be related to a
new thrust or set of thrusts (Lower Pedraforca) follow-
ing the in-sequence evolution of the thrust system. This
implies an important increase in subsidence rates and
an evolution from the initial distal foreland depozones
situation (Corones Formation) to a foredeep (Armancies
to Bellmunt formations), which is progressively filled by
clastics due to the relief generated during this period. After
the initial increase, subsidence rates show a progressive
decrease probably related to a decline of tectonic activity.

The Middle Lutetian interval, comprising the Bellmunt
and Milany formations, shows an increase in subsidence
rates but associated with non-marine sediments having
a general regressive—progradational trend. This interval
corresponds to the initial stages of the Vallfogona Thrust
emplacement which individualised the Cadi Nappe, the
breakback reactivation of the Lower Pedraforca Thrusts
and the growth of the Freser antiformal stack producing
both, an increase of the loading favouring renewed sub-
sidence and generation of reliefs feeding the basin with
coarse grained clastics.

5.3.4 | Sediment provenance in the
Ripoll Syncline

According to Odlum et al. (2019) and Goémez-Gras
et al. (2016), most of the Garumnian sediments of the CP
section (Sample 16-RB-003) were sourced from Palaeozoic
massifs to the east and south-east (Montseny Massif and
Corsica-Sardinia Block), with minor input from the nas-
cent Pyrenean chain. Therefore, according to the new
age model southern sources possibly prevailed until Late
Thanetian times in the Cadi Nappe. It is during deposi-
tion of the Sagnari Formation when a dominant Pyrenean
source of sediments was established, a change that is in-
terpreted as marking the emergence of the orogen (Odlum
et al., 2019). These authors further interpret the coeval
transition into marine conditions as resulting from flex-
ural subsidence linked to orogenic wedge growth.
However, subsidence analysis shows that after a hiatus
spanning the Early Danian to, possibly, Thanetian, slow
tectonic subsidence initiated (63.5 and 57.1 Ma) and allu-
vial sediments sourced from the south-southeast accumu-
lated on the Cadi Nappe. Sediment provenance switched
to a northern source with no significant change in the sub-
sidence trend, but coeval with the transition to marine con-
ditions in the basin (Sagnari Formation, 55.5Ma). Thus, it
is unclear that the change of sediment source was caused
by tectonics. A change in the palaecogeography driven by a
rising sea level, with a marine domain extending between
the Iberian and Pyrenean land masses (the Ilerdian trans-
gression), could have reorganised the sediment routing,

limiting the sediment flux from the Iberian margin to-
wards the Pyrenean foredeep. These conditions allowed
an increased proportion of sediment input from the emer-
gent Pyrenees during deposition of the Sagnari Formation
without the need to invoke further uplift.

6 | CONCLUSIONS

New magnetostratigraphic sections studied in the Ripoll
Syncline (Eastern Pyrenees), spanning Palacocene to
Middle Eocene times are integrated with new charophyte
biostratigraphy and earlier magnetostratigraphic and ma-
rine and continental biostratigraphic data to produce a re-
vised chronostratigraphy of the Palaeogene sedimentary
sequences of the Cadi Nappe.

The new chronostratigraphic framework has enabled
a revision of the timing of thrusting, sedimentation and
subsidence through the evolution of the South Pyrenean
foreland. The identification of the different depozones of
the foreland system and their distribution through time
reveals a stepwise cratonwards migration of the fore-
land as the nappes were emplaced in a piggy-back thrust
sequence.

The sea-level rise at 55.5Ma (Ilerdian transgression)
contributed to a reorganisation the sediment routing by
limiting the sediment flux from the southern Iberian mar-
gin (Tremp Formation) in favouring the inputs from the
emerging Pyrenees into the nascent foredeep.

The transition from distal foreland depozones to a
foredeep situation is marked by the presence of a hia-
tus. This is interpreted as related to the development of
a non-depositional slope between the carbonate platform
and slope after the drowning of the platform due to a sub-
sidence induced relative sea-level rise. The submarine
growth of structures related to the initial emplacement of
the Middle Pedraforca Nappe or to salt-related processes
possibly conditioned the sediment routing in an early
stage, blocking the transverse southwards transport to the
foredeep and favouring an axial westward transport. In a
later stage, the deep and rapidly subsiding Ripoll sedimen-
tary trough acted as an effective sink for turbiditic fans
(Campdevanol Formation) sourced from the emergent
orogen. Sediments corresponding to the youngest wedge-
top setting were preserved in the core of the growing
Ripoll Syncline (upper Bellmunt and Milany formations).

Noteworthy in the evolution of the Ripoll trough
was the filling rate, with the accumulation of as much
as 5500m of sedimentary thickness in less than 7 Myr,
leading to a transition from underfilled to overfilled ac-
commodation stage in the Middle Eocene, a much faster
pace than that recorded in the western South Pyrenean
region (Jaca Basin), where the formation of the foredeep
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was approximately synchronous, but the overfilling of the
trough was accomplished in much younger times, during
the Oligocene.

Similarly, to the Jaca Basin, remarkably high sedimen-
tation rates in the wedge-top depozone were maintained
as the regional subsidence related to the emplacement
of basement units in the hinterland counterbalanced the
local uplift of the Cadi Nappe overriding on the Vallfogona
Thrust.
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