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Time, place and mode of propagation
of foreland basin systems as recorded by the
sedimentary fill: examples of the Late
Cretaceous and Eocene retro-foreland
basins of the north-eastern Pyrenees

F. CHRISTOPHOUL, J.-C. SOULA, S. BRUSSET, B. ELIBANA, M. RODDAZ, G.

BESSIERE & J. DERAMOND

Laboratoire des Mécanismes de Transferts en Géologie, UMR 5563,
Université Paul Sabatier, 38 rue des 36 ponts, 31400 Toulouse, France
(e-mail: christop@cict.fr)

Abstract: The relationship between tectonics and sedimentary fill has been studied in two
syncontractional basins of the western Corbiéres (eastern North Pyrenean retro-foreland
basin). The Late Cretaceous basin formed during ¢.10-12 Ma as a result of left-lateral
transpressional deformation, and is composed of forward-younging sub-basins characterized
by reworking of the forelimbs of growing fold-propagation folds. Thrust-wedge advance and
cratonward migration of the platform are recorded by a deepening-upward stacking pattern
indicating increased regional subsidence with a limited contribution of the submarine orogen.
Tectonic quiescence and erosional unloading lasting 29-30 Ma are recorded by a shallowing-
upward stacking pattern, and fluvial sedimentation issued from widespread sources in the
emerging inner orogen. The Early to Middle Eocene basin formed as a result of pure
shortening normal to the range. The marine Early Eocene basin developed during ¢.2 Ma by
widening of a single basin provoked by the two-step propagation of a basement duplex. This
is recorded by growth-stratal patterns and coarsening-upward depositional sequences
indicating the increasing contribution of the emerged orogen. The Middle Eocene continental
deposits infilled two sub-basins working synchronously and were transported by alluvial fans
with a provenance in the inner orogen, during decreasing thrust-wedge advance and

increasing erosional unloading.

Foreland basins have long been favoured as areas
for tracing orogenic events using the sedimentary
record. The propagation of a foreland basin is
achieved by either the development of forward-
younging distinct fault thrust-related sub-
basins progressively integrated into the wedge
(Déramond et al. 1993; DeCelles & Giles 1996;
Horton & DeCelles 2001), or forward migration
and/or deepening/widening of a single basin
(Catuneanu et al. 1997, 2000; Sinclair 1997;
Burkhard & Sommaruga 1998; Christophoul et
al. 2002).

At the regional scale, deposition in foreland
basins is widely controlled by flexural subsidence
resulting from tectonic and sublithospheric static
and dynamic loading (Beaumont 1981; Beaumont
et al. 1993; Washbusch er al. 1996, Catuneanu
et al. 1997, 2000). Tectonic loading is frequently
considered to be followed by tectonic quiescence/
unloading resulting from release of lithospheric
forces and/or erosion (e.g. Blair and Bilodeau

1988; Heller et al. 1988; Heller & Paola 1992,
Burbank 1992; Catuneanu et al. 1997, 2000),
which implies that loading/unloading cycles are
related to the major tectonic events. Catuneanu
et al. (1997, 2000) have, however, described a
succession of basin-scale loading/unloading
cycles controlling second- and third-order sedi-
mentary sequences with time-spans of ¢ 20-25
and 0.4 to 3 Ma.

The question of the transition from under-
filled to overfilled is closely related to foreland
basin propagation and loading/unloading cycles.
Most frequently, this is intended as the transition
from marine to non-marine deposition, when the
volume of sediment delivered from the orogen
becomes greater than accommodation space (e.g.
Ricci Lucchi 1986; DeCelles and Giles 1996;
Sinclair 1997). According to Jordan (1995), the
transition from underfilled to overfilled marks
the change from a subsiding foredeep parallel
and close to the wedge front to a large-scale
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transverse sediment transport widely outpacing
the former foredeep. In spite of differing
definitions, both Sinclair (1997) and Jordan
(1995) invoke an increase in tectonic shortening.
In contrast, other authors (Blair and Bilodeau
1988; Heller et al. 1988; Heller & Paola 1992;
Burbank 1992) believe that the transition from
longitudinal to transverse drainage is due to
erosional unloading succeeding tectonic loading.

How are these events recorded in the sedi-
mentary fill? Tectonism is often emphasized as a
forcing mechanism of depositional sequences in
active basins (e.g. Clifton ef al. 1988; Carter et al.
1991; Vail et al. 1991; Sinclair 1993; Yoshida et
al. 1996; Catuneanu ez al. 1997, 2000; Serrano et
al. 2001), even though attempts to relate
sequence stratigraphy to thrust/fold sequence are
rather few in number (Specht 1989; Wallez-
Fondecave & Souquet 1991; Déramond ef al.
1993; Brusset et al. 1997; Tto et al. 1999). Traces
of tectonic events, however, are likely to have
been recorded by other sedimentary features,
including facies, provenance, and palaeocurrents
(e.g. Sinclair 1992, 1997; Schlunegger et al.
1997a, b; DeCelles et al. 1998; Horton &
DeCelles 2001) or growth stratal patterns (e.g.
Suppe et al. 1992; Ford et al. 1997).

In the present paper, the mode of propagation
of foreland basins, loading/unloading cycles and
the transition from underfilled to overfilled are
investigated using the methods listed above,
coupled with the structural study in the western
Corbieres (eastern North Pyrenean retro-fore-
land basin). In this area, two syncontractional
basins differing in age (late Cretaceous and
Eocene) and in geodynamic context (‘fully’
underfilled in front of a submarine wedge and
underfilled to overfilled in front of an emerged
wedge) are separated in time by a rather long
period of tectonic quiescence (latest Cretaceous
and Paleocene) and in place by a large basement
duplex.

Regional setting

The Pyrenees constitute a narrow asymmetrical
double-wedged range, including a relatively wide
southern pro-foreland basin and a narrower
northern retro-foreland basin. The Pyrenean
range (Fig. 1a) is traditionally divided into five
longitudinal structural zones striking ¢.N110E,
which are from south to north:

(1) the south Pyrenean zone consisting of
Mesozoic and Tertiary terranes and com-
prising the southern foreland basin;

(2) the Axial Zone essentially made up of
Palaeozoic and pre-Palacozoic terranes

affected by Hercynian deformation and
metamorphism;

(3) the North Pyrenean Zone comprising
Mesozoic strata overlying the Hercynian
basement locally exhumed to form the so-
called North Pyrenean massifs; and

(4) the sub-Pyrenean zone in which Upper
Cretaceous and Tertiary deposits overlie the
Palaeozoic basement.

The Axial Zone, the North Pyrenean and sub-
Pyrenean Zones are separated from each other
by two major faults, which are from south to
north, the North Pyrenean Fault (NPF) and the
North Pyrenean Frontal Thrust (NPFT). East-
wards, the general N110E trend of the structures
changes to north-south in the Corbiéres bend
(Virgation des Corbiéres).

The southern pro-foreland basin has long and
intensely been studied from the double viewpoint
of structure (ECORS Pyrenees Team 1988;
Burbank et a/. 1992; Mufioz 1992; Beaumont
et al. 2000) and relationships between tectonics
and sedimentation (Puigdefabregas & Souquet
1986; Puigdefabregas et al. 1986; Specht 1989;
Déramond et al. 1993; Williams er al. 1998;
Vergés er al. 1998; Nijman 1998, amongst
others). Studies of the tectonics—sedimentation
relationship are less numerous in the northern
retro-foreland basin (Baby et al. 1988; Razin
1989; Déramond et al. 1993; Brusset et al. 1997,
Serrano et al. 2001). From a tectonic viewpoint,
the essential difference between the southern pro-
foreland basin and northern retro-foreland basin
is that in the former the basal décollement is
constituted by the Upper Triassic evaporites,
whereas, in the latter, Palaeozoic strata and even
metamorphic/plutonic basement are largely
involved in the Alpine structures.

Our study area is situated between the Aude
valley and the Corbiéres bend (Fig. 1). A
particularly interesting feature of this area is that
Palaeozoic rocks are involved in Alpine struc-
tures as far as in the distal parts of the foreland
basin (Fig. 1b).

Stratigraphy

The Hercynian series is composed of a basement
including a group of medium-pressure granulite-
facies rocks overlain by HT-LP migmatites and
metasediments and unmetamorphosed strata of
Early to Late Palaeozoic age. In the study area,
metamorphic and anatectic Hercynian rocks are
only present in the south of the North Pyrenean
zone (Besséde, Salvezines and Agly massifs,
Figs 1b & 2). Only unmetamorphosed Middle
Ordovician to Late Carboniferous strata are
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Fig. 1. (a) Location map. (b) Structural map of the studied area. AA” and BB are the cross-sections shown in
Fig. 2. C is the cross-section shown in Fig. 7. NPF, North Pyrencan Fault; NPFT, North Pyrenean Frontal
Thrust; AM, Agly Massif; BM, Besséde Massif; SM, Salvezines Massif; A.S, Axat Syncline; ALS, Alaric
Syncline; At.S, Alet Syncline; BeS, Bezu Syncline; Bu.S, Bugarach Syncline; Cu.S, Cucugnan Syncline; G.S,
Gesse Syncline; Mo.S, Montlaur Syncline; RIB.S, Rennes-les-Bains Syncline; Ta.S, Talairan Syncline; ALA,
Alaric Anticline; At.A, Alet Anticline; Bo.A, Boucher Anticline; Ca.A, Cardou Anticline; A1.M. Montagne
d’Alaric; Bu.P, Bugarach peak.

observed in the sub-Pyrenean Zone (Mouthoumet
and Alaric massifs). These were previously
affected by flat-lying Hercynian thrusts (Arthaud
et al. 1976; Bessiere 1987; Bessiére et al. 1989)
reactivated during Alpine deformation (Bessiére
1987; Bessiere et al. 1989).

The Mesozoic series begins with a thin blanket
of Lower Triassic sandstones and conglomerates
often preserved in the Mouthoumet Massif. The
Upper Triassic evaporite-bearing marls are
widespread in the southern sub-Pyrenean Zone
and northern North Pyrenean Zone, where they
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constitute the upper décollement, but are
frequently lacking in the southern North
Pyrenean zone. These are succeeded by Jurassic
and Lower Cretaceous shallow marine carbon-
ates and marls, 1000 to 1100 m thick (Wallez,
1974) only present in the North Pyrenean Zone
and northeastern sub-Pyrenean Zone (Fig. 1b).

Upper Cretaceous strata crop out in two small
areas at the vicinity of the North Pyrenean Fault
(Gesse syncline) and north of the Besséde North
Pyrenean Massif (Axat Syncline) and in a much
wider area in the northern North Pyrenean Zone
and southern sub-Pyrenean Zone (Fig. 1b). The
Paleocene is represented by shallow-marine
to non-marine deposits (Plaziat 1984, 1987;
Tambareau et al. 1995).

The Eocene is represented by Early Ilerdian
platform limestones, succeeded by deep marine
deposits grading northwards to a shallow-marine
platform of Middle to Late llerdian age, and
then by a thick series of fluvial deposits known
as the Palassou conglomerates, of Late Ilerdian
(Crochet 1991) through Early to Middle(?)
Bartonian age (Berger & Rey 1990; Berger et al.
1993).

Structure

In the study area, the North Pyrenean Zone
appears as a large-scale anticline with Hercynian
rocks forming structural highs in its southern
part (Figs 1b & 2). To the south, the North
Pyrenean Zone is overthrust by the Axial Zone
along the North Pyrenean Fault which is likely to
represent a major strike-slip fault (Choukroune
1976; Choukroune and Mattauer 1978) reactiv-
ated as a thrust fault (Soula er al. 1986). To the
north, the North Pyrenean Zone overrides the
sub-Pyrenean Zone along the North Pyrenean
Frontal Thrust (Figs Ib & 2). The internal
structure is mainly determined by N120-100E-
trending folds, F, with half-wavelengths ranging
from 1-2 km to 200-300 m, subparallel to the
overall direction of the range in the east (Leblanc
and Vaudin 1984), but clearly oblique in the west
(Soula ez al. 1986). The F; folds are deformed by
N135E to N110E-trending map-scale fold bands,
F2, and associated smaller (¢.200-300 m half-
wavelength) en échelon folds (Soula & Bessiére
1980; Leblanc & Vaudin 1984; Soula et al. 1986)
(Fig. 1b). F; and F, folds have been interpreted
as a result of left-lateral strike-slip shearing
accompanying regional shortening (so-called
‘transpression’) (Soula & Bessiére 1980; Soula
et al. 1986). F; and F, folds are north-verging
fault-related folds, mostly fault-propagation
folds, frequently related to blind thrusts passing
sideways to merging thrust faults (Figs 1b & 2).

The fault-propagation folds are responsible for
the general strata overturning which character-
izes this area. To the north, the main décollement
is constituted by the Triassic evaporites and the
basement is not involved. To the south, the
Triassic evaporites are often lacking and the
décollement lies within the Hercynian mig-
matites, as shown by the involvement of these
migmatites in the thrust structures (Fig. 2). In the
Albian marls and Upper Cretaceous flysch, F;
and F, folds are accompanied by minor folds
associated in the southern area with foliations S;
and S, (Choukroune & Meurisse 1970; Wallez
1974; Choukroune 1976). The F,/F, folds and
thrusts are unconformably overlain by Campanian
and younger strata (Mattauer & Proust 1965)
and locally overriden by ceast-west to ENE-
WSW-trending thrust faults and related folds, F3
(Fig. 1b).

In the northern sub-Pyrenean Zone, only the
F3 longitudinal folds are present and deform the
Palacozoic as well as the Paleocene and Eocene
strata (Figs 1b & 2). These folds are either fault-
propagation folds associated with overturned
through shallow-dipping Paleocene and Eocene
growth strata (Mouthoumet-Talairan or Alaric),
or open fault-bend folds with gently dipping
limbs lacking growth stratal patterns (Boucher—
Montlaur). In the eastern Mouthoumet Massif,
the east-west-trending and moderately dipping
longitudinal thrusts faults branch on to reactiv-
ated pre-existing Hercynian subhorizontal thrust
faults similarly showing S-N tectonic transport
(Fig. 1b).

Relationship between tectonics and
deposition
Late Cretaceous and Paleocene

The Late Cretaceous deposits crop out dis-
continuously in the southern North Pyrenean
Zone and continuously in the the northern sub-
Pyrenean Zone, whereas the latest Cretaceous
and Paleocene deposits are observed all over the
sub-Pyrenean Zone. These deposits have a total
thickness varying from ¢800 m in the
Quillan/Rennes-le-Chateau area to less than 80
m in the north, and represent the infill of the
eastern termination of the Late Cretaceous
“flysch’ basin which is much wider and deeper
westwards (e.g. Déramond ef al. 1993; Razin
1989; Brusset et al. 1997; Serrano et al. 2001).
The stratigraphy of the Late Cretaceous and
Paleocene deposits has been intensely studied for
the past 30 years (e.g. Gélard 1969; Wallez 1974;
Bilotte 1985, 1992; Pélissier 1987; Bessiére ef al.
1989; Tambareau er al. 1995), which provides an
excellent age control. Modern sequence strati-
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graphy and sedimentary facies studies are,
however, rather recent and concern only the
Coniacian, Santonian and Early Campanian
depositional systems (Wallez-Fondecave and
Souquet 1991). The following is a comprehensive
description of the Late Cretaceous and
Palacocene cycle, including the middle Ceno-
manian to Turonian and the Latest Cretaceous
and Paleocene depositional units (Fig. 3). The
sedimentological and sequence analyses in the
Coniacian to Early Campanian are derived from
those of Wallez-Fondecave and Souquet (1991),
including Bilotte’s (1992) stratigraphic revision
and also the personal observations of the present
authors.

Middle Cenomanian and Turonian. In the south,
Middle Cenomanian to Turonian deposits have
been recognized in front of the Axial Zone
Thrust (Magné and Mattauer 1968; Wallez 1974)
and in front of the Besséde-Salvezines thrust
fault (Bilotte er al. 1973; Wallez 1974; Bilotte
1985). In front of the Axial Zone, these deposits
are unconformably resting over Jurassic, Lower

Cretaceous and Upper Albian strata deformed
by a fault-related syncline (Gesse Syncline;
Wallez 1974), although being themselves
deformed by the same syncline. The series
commences by highly heterometric and poorly
sorted breccias containing Jurassic through
Aptian clasts up to ¢.1 m? in size, derived from
the southern limb of the Gesse Syncline,
included in a calcareous-marly matrix (50 m).
These breccias are succeeded by carbonate
turbidites consisting of a repeated succession of
calcareous microbreccias, laminated calcarenites
and hemipelagic muds (60 m). This sequence
overlying an erosional intra-foredeep uncon-
formity denotes retrograding characteristics (a
facies trend from debrite-turbidite couplet B to
BC4, see Souquet er al. 1987) indicating slope
and base-of-slope environments. This facies
association indicates normal persistent turbiditic
then hemipelagic deposition and then catas-
trophic processes such as episodic slope failure
and large-scale debris-to-turbidite flows related
to tectonic slumping and disruption (Souquet
et al. 1987; Brusset et al. 1997). In front of the

South North
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Fig. 3. Chronostratigraphic diagram of the late Cretaceous and Paleocene of the northern North Pyrenean
Zone and the sub-Pyrenean Zone. Age scale after Odin (1994). No scale for Maastrichtian to Thanetian. AZT,
Axial Zone Thrust (North Pyrenean Fault); SBT, Salvezines—Besséde Thrust; BIT, Belvianes Thrust; BzT, Bezu
Thrust; gf, glide features; ivf, incised valley fill; s.f., slope fan. Arrows indicate sense of sediment transport. Data
after Wallez-Fondecave & Souquet (1991); Bilotte (1992); Freytet (1970), and the personal observations of the

authors.
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Besséde-Salvezines—Agly thrust fault propaga-
tion fold (Axat Syncline), the same turbiditic
system is observed (Bilotte e al. 1973; Wallez
1974). The basal erosional/unconformable
contact here cuts across the Albian, but not the
older strata of the overturned limb, and only
Albian clasts are found in the basal breccias. This
indicates that the deposits here were less mature
than in the south. Olistoliths of Neocomian age
observed within the upper part of the breccias
(Bilotte er al. 1973; Wallez 1974) indicate,
however, that erosion then penetrated deeper in
the folded strata, but without reaching the
Jurassic.

In the northern North Pyrenean/southern
sub-Pyrenean Zones, the Middle to Late
Cenomanian is represented in the Quillan—-
Cucugnan area by lower platform micritic
limestones and white marls (Bilotte 1985)
unconformably overlying the Late Albian strata
(Gélard 1969), and still more to the north, by
platform limestones deposited over an erosion
surface cutting the Palaeozoic strata of the
Mouthoumet Massif. The Turonian is repre-
sented by glauconitic marls (hemipelagites)
indicating deep-water environments, passing
northwards to mixed-platform deposits includ-
ing reefal carbonate intervals interbedded with
channelled sandstones representing shoreface
facies (Serre de Lacal Formation; Bilotte 1985),
and then to inner platform sandstones (La Sals
Formation) onlapping the Mouthoumet High.
This indicates a retrogradational evolution and
thus a northwards migration of the platform,
from the Middle Cenomanian to the Turonian
(Fig. 3). The mixed and inner platforms were
supplied with fine- and medium-grained clastics
by the emerged Mouthoumet High, as shown by
the nature of these clasts (quartz, Ordovician
quartzitic pelites, Carboniferous black cherts).
On the northern side of the Mouthoumet High,
Turonian lignite-bearing dark clays representing
lagoonal-brackish deposits have been observed
unconformably resting on the Palaeozoic
(Freytet 1970; Bilotte 1985).

Coniacian and early to middle Santonian. These
deposits are observed between the Belvianes—
Cucugnan Syncline and the Mouthoumet High
(Fig. 3). The basal erosional unconformity cuts
across the Turonian, Cenomanian and Upper
Albian strata of the southern flank of the
WNW-ESE-trending (Fi/>) Belvianes Syncline
(Gélard 1969; Wallez-Fondecave & Souquet
1991) in the south, and is marked in the north by
Palaeozoic clast-bearing conglomerates infilling
erosional scours. In the south, the deposits are
fine-grained clastics and marls, in which three

sequences characterizing slope and basin
deposition have been recognized, each of them
showing the succession of clay-rich bioclastic/
sandy turbidites and homogeneous marls (Wallez-
Fondecave & Souquet 1991). Palacocurrents in
the turbidites have approximately east-to-west
directions indicating drainage parallel to the axis
of the syncline (longitudinal flow: Burbank 1992;
Jordan 1995). These turbidites include detritus of
marls and planktonic microfaunas of Upper
Albian age originating from the reworked
southern limb of the fold (Wallez-Fondecave &
Souquet 1991). In the north, the Coniacian and
Early/Middle Santonian is represented by two
retrograding depositional sequences, each
including platform carbonates succeeded by a
condensed section and offshore marls (Wallez-
Fondecave & Souquet 1991). According to
Wallez-Fondecave & Souquet (1991), these two
sequences are correlated with the two upper
southern sequences — the lowermost southern
sequence corresponding with the basal erosional
surface.

Middle to Late Santonian. These deposits are
absent to the south of the North Pyrenean
Frontal Thrust where the Latest Santonian/Early
Campanian strata directly overlie the Early to
Middle Santonian deposits. In front of the North
Pyrenean Frontal Thrust, the deposits are
homogeneous blue marls (Pla de Sagnes and
Sougraigne Marls), ¢.300 m thick, infilling the
WNW-ESE-trending Rennes-les-Bains Syncline
and conformably resting on the Early to Middle
Santonian marls (Fig. 3). At the eastern
termination of the syncline near Cucugnan, the
marls include a 50 m thick unit of calcarenites
and bioclastic limestones containing rudist reefs,
of Middle/Late Santonian age (Bilotte 1992).
These limestones are affected by mesocopic
slump folds, the asymmetry of which indicates
top-to-the-north sliding. We interpret this unit as
an earthquake-induced megaturbidite (Souquet
et al. 1987), issuing from an unstable southern
platform. In the north, the depositional sequence
commences with an erosional unconformity
overlain by offshore marls and channelled
sandstones showing east to west palaeo-flows
(Wallez-Fondecave & Souquet 1991). These are
succeeded by a group of three parasequences
(Montagne des Cornes; Bilotte 1985, 1992)
showing an overall transgressive stacking pattern.
The sequence ends with transitional shoreface
argilites (Wallez-Fondecave & Souquet 1991)
(Fig. 3).

Latest Santonian to Early Campanian. These
deposits are observed all over the northern
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North Pyrenean Zone (Quillan area) and in the
sub-Pyrenean Zone to the south of the
Mouthoumet Front, widely onlapping the older
Late Cretaceous strata. In the south (Quillan and
Cucugnan areas), the basal erosional uncon-
formity cuts across the Santonian, Coniacian
and Turonian strata (Fig. 3). The early deposits
are parts of a slope fan turbiditic system
(Labastide Sandstones; Bilotte 1985, 1992)
constituted by marls and channelled sandstones
showing longitudinal palaeo-flows toward the
west (Wallez-Fondecave & Souquet 1991). Clasts
originating from the northern Mouthoumet
High, and clasts, olistoliths or olistostroms origin-
ating from the south (e.g. Middle Santonian
limestones) are embedded in these deposits. The
upper part of the formation is constituted by
turbiditic marls interbedded with thin sand-
stones beds, which can be related to pro-delta
facies (Pélissier 1987). In the north, the erosional
basal unconformity cuts across the Middle to
Late Santonian series (Bilotte, 1985, 1992;
Wallez-Fondecave & Souquet 1991) and the
Latest Santonian/Early Campanian strata directly
overlie the Palacozoic of the Mouthoumet
Massif. The deposits are coarse-grained clastics
infilling incised fluvial valleys, succeeded by
fining-upward fluvial deposits (Alet Sandstones).
Therefore, in contrast with the preceding
systems, the Latest Santonian-Early Campanian
system displays a shallowing upward stacking
pattern (Fig. 3).

Late Campanian, Maastrichtian and Paleocene.
The Late Campanian to Maastrichtian deposits
rest conformably over the Early Campanian
continental (Alet Sandstones) and marine
(Labastide Sandstones) deposits of the southern
sub-Pyrenean Zone and unconformably over the
folded Albian and Aptian strata (Cucugnan
Anticline). In the north, these deposits were
deposited over the Palaeozoic substrate, widely
onlapping the Alet sandstones (Mouthoumet
and Alaric massifs). In the studied area, the
sedimentation remained continental to lagoonal.
The major part of the sediment corresponds with
‘red beds’ (known as ‘Garumnian facies’) com-
prising fine-grained fluvial floodplain deposits
changing laterally to lacustrine/palustrine marls
and limestones. The preserved channels are
rather thin and most often fine grained.
Conglomerates are observed at the base of three
fining- and thinning-upward and downstream
sequences, the two lower ones corresponding
with the Begudian/Rognacian facies and the
upper one to the Vitrollian facies (Freytet 1970).
In the north (Alaric region), clastic material was
derived from the north (Montagne Noire), the

south (Mouthoumet High) and local sources. In
the south (Rennes-les-Bains—Cucugnan) the
clasts are derived from multiple sources in the
whole North Pyrenean Zone (Freytet 1970).
Provenance and palacocurrent studies indicate
south to north transport, that is, transverse
drainage. In the lower part of the series
(‘Begudo-Rognacian’ facies) only clastic material
derived from the northern North Pyrenean Zone
has been observed (Freytet 1970). In the upper
part of the series (‘Vitrollian® facies), clasts of
metamorphic Mesozoic carbonates issued from
the southern North Pyrenean Zone are common
in the west of the studied area, but no Palaeozoic
rocks originating from the North Pyrenean
massifs have been observed (Freytet 1970; Plaziat
1984). The Thanetian is essentially represented
by lacustrine/palustrine/lagoonal limestones,
where three marine transgressions have been
identified, succeeded by floodplain deposits
including fine-grained thin and narrow fluvial
channels (Tambareau et al. 1995).

Eocene cycle

Eocene strata crop out from the Mouthoumet
Massif to the Montagne Noire (Fig. 1b). The
depocentre of the Early Eocene marine strata
(Early to Late Ilerdian) is situated in front of the
Mouthoumet Duplex (Talairan Syncline),
whereas the depocentres of the Middle to Late
Eocene continental deposits are situated in front
of the Mouthoumet Duplex and Alaric thrust-
related fold (Talairan and Alaric Synclines) (Figs
2,4 &5).

The Ilerdian marine series. The lower unit of the
Ilerdian marine series is constituted by fora-
miniferal and bivalve-bearing shelf carbonates
(‘basal marine limestones’; Doncieux 1912;
Massieux 1973; Pautal 1985), 20-25 m thick, of
earliest Ilerdian age (Shallow Benthic Zone 5;
Serra Kiel er al. 1998). The middle unit is
represented by silty to sandy marls and medium-
grained sandstones (Rey & Bousquet 1981;
Plaziat 1984; Pautal 1985; Tambareau ef al.
1995) termed hereafter Blue Marls. The upper
unit is represented in the north by tidal/
lagoonal/continental sandstones usually termed
Oyster Sandstones, laterally changing south-
wards to coarser-grained sandstones and conglo-
merates — first marine and then continental. The
average deposition rate was 0.16 mm/year in the
depocentre, and only 0.08 mm/year in the north
of the basin (Montlaur) (Figs 4 & 5).

Two depositional sequences have been
distinguished: The lower Blue Marls, of Early to
Middle llerdian age (SBZ 6 and 7 and early SBZ
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shallow benthic zones (SBZ) after Serra Kiel ez al. (1998).

8) and the Upper Blue Marls and Opyster
Sandstones of Middle Ilerdian age (middle SBZ
8). Palacoenvironmental analyses (Rey &
Bousquet 1981; Plaziat 1984; Pautal 1985) have
shown that the upper part of either sequence
formed a prodelta slope or an inner lagoon
within a deltaic environment fed from the south.
The transport of shallow-water fossils (Alveolinae
and corals) into deeper-water environments
(Plaziat 1984) reflects the poor stability of the
slope in the vicinity of the orogenic wedge (Fig.
8b). In the centre of the basin, the marls are
enriched in planktonic foraminifera and impover-
ished in siliciclastics, and the grain size is
markedly finer at any given level, which indicates
a reduced siliciclastic supply from the orogen,
coupled with increased water depth (Pautal
1985). Stratal growth patterns, including wedg-
ing, intra-formational unconformities, growth
onlaps or, more rarely, growth oftlaps (see Ford
et al. 1997) are observed at the contact with the
Mouthoumet front. The bases of both sequences
are marked by major growth onlaps (Figs 4, 6 &
7.

The Lower Blue Marls overlie the basal lime-
stones unconformably in front and on top of the

Mouthoumet front (Figs 6 & 7) and conformably
in the southern depocentre and the north (Fig.
4). In the southern depocentre, these are repre-
sented by a thick coarsening/shallowing-upward
sequence, 170 m thick, ended by a conformable
transgressive surface. In the centre (Montlaur;
Fig. 4), the coarsening upward sequence is only
¢.85 m thick and ends with a hardground. In the
north (Alaric), the Lower Blue Marls change
laterally to platform limestones (Pautal 1985).
These limestones, 40-80 m thick, of early Middle
Ilerdian age (SBZ 6 and 7) become richer in
siliciclastics towards the top and represent the
outer platform (outer part of the ‘Minervois
platform’). In the inner platform, marls and
sandy limestones containing quartzofeldspathic
detritus derived from the north (Montagne
Noire) are intercalated in the platform lime-
stones. Two deltas have been identified (Tssel and
Caunes Minervois; Seguier 1972; Plaziat 1984).
The scarcity of sand grains within the Lower
Blue Marls south of the Alaric Mountain
(Plaziat 1987) shows that the sandy sedimenta-
tion derived from the Montagne Noire did not
overlap the edge of the platform, which indicates
longitudinal drainage in the inner platform. The
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Cross-section showing the growth structures involving the Palassou Formation but not the Upper Blue Marls
and Oyster Sandstones (interrupted line in (a)).
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shelf-break is likely to have been situated near
the present hinge of the Alaric Anticline — to the
north of which Solenomeris reefs rimmed the
platform, and to the south of which carbonate
clasts and slipped blocks, including Solenomeris
originating from this platform, are embedded in
the Lower Blue Marls (Plaziat, 1987). Subsidence
rates varied from 0.20-0.26 mm/year in the
foredeep to 0.06 mm/year near the shelf break
and 0.04 to 0.01 in the inner platform (Fig. 5).
The Upper Blue Marls and Oyster Sandstones
sequence unconformably overlies the Lower Blue
Marls and the Palaeozoic strata on top of the
Mouthoumet Front (Figs 4, 6 & 7). In the south-
ern depocentre, the basal contact is conformable
and the deposition commences with a
fining/deepening-upward parasequence, 15 m
thick, succeeded by a thicker (¢.95 m) coarsen-
ing/shallowing upward parasequence set (Fig. 9).
The Oyster Sandstones which form the upper

part of this parasequence set are made up of

thicker (up to 1 m) and coarser-grained sand-
stone banks, and occasional conglomeratic
lenses (Plaziat 1984) recording the northwards
progradation of the deltaic system. Recognition
of a Gilbert delta (Gilbert 1885; Nemec & Steel
1988; Reading & Collinson 1996) with palaco-

currents showing northwesterly, northerly and
northeasterly sediment dispersal (Figs 4 & 9)
indicates increased progradation. In the centre
(Montlaur), the southern basal fining/deepening-
upward parasequence set is absent. The
coarsening/shallowing upward sequence is only
100 m thick. The Opyster Sandstones are pre-
dominantly medium-grained deltaic sandstones.
In the north, the Upper Blue Marls overlap the
former shelf-break and rest on the Solenomeris
limestones. The deposits are richer in siliciclastic
grains originating from the northern craton. On
the northernmost margin of the basin, the Upper
Blue Marls change laterally to more or less sandy
lagoonal maxrls, several metres thick, containing
beds of lacustrine limestones and sandstones
(Valeron Marls; Seguier 1972; Plaziat 1987).
The Opyster Sandstones are represented by
tidal/lagoonal/continental fine- to medium-
grained sandstones northwards onlapping the
pre-llerdian strata. Subsidence rates vary from
0.10-0.12 mm/year in the foredeep to 0.05-0.01
mm/year near the craton (Fig. 5).

The Palassou formation. In the studied area, the
continental Palassou Formation commences
with the Late Ilerdian (SBZ 8-9) (Crochet 1991;
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Berger et al. 1997). Only the lower part of the
Palassou Formation is exposed here. The youngest
strata dated from fossil evidence are exposed in
the north and give early middle Bartonian ages
(Plaziat 1987; Berger and Rey 1990). The total
thickness can be evaluated there to more than
1000 m. Because no facies and architectural
analyses have been yet published, this formation
will be described here more thoroughly.

The Formation consists predominantly of
marls and siltstones representing floodplain
deposits. These are often pedogenetically modi-
fied, frequently showing rooted palaeosols, and
contain thin, poorly incised and sheet-like (20-50
m wide, 1-10 m thick) sandstone-filled channels
representing ‘elements SB’ of Miall (1996). The
lithofacies consist mainly of St, Sp and less
frequently Sh and Sl. Lateral accretion sets (LA
elements) with cross-bed foresets up to 1-2 m
high are common. Occasionally, the sand bodies
are incised by narrower channels with a concave-
up erosional base filled with sands and gravels
rarely larger than 5 cm grain size, containing
lithofacies Ss/Se, St, (Gt) and Sp. Very locally,
coarser-grained conglomerates (maximum grain
size >50 cm) filling deeper channels have been
observed (Plaziat, 1987). On the scale of the
entire formation, the deposits are coarsening
upwards and westwards and fining northwards.
The spacing of the channels is in general rather
wide (some hundreds of metres). In the south,
the channels are oriented roughly SSE-NNW
(Plaziat 1984). On the northern margin, the
directions of the palaeocurrents are SSE-NNW,
south-north and, more rarely, east-west and
south-north (Plaziat 1987; Berger and Rey
1990). The volumetric importance of the flood-
plain deposits and the lateral accretion patterns
have led us to interpret the fluvial system as
sandy meandering rivers. At any level and from
south to north, the clasts are predominantly
Mesozoic rocks (Berger and Rey 1990) originat-
ing from the Late Cretaceous basin and the
North Pyrenean thrust sheets, and unmeta-
morphosed Palaeozoic rocks originating from
the Mouthoumet massif. No southerly-derived
granitoid or metamorphic Palaeozoic clasts are
observed. Even in the northern margin, the
northerly-derived materials are rare.

Small bodies of palustrine limestones are
scattered throughout the whole formation (Figs 4
& 10). Much larger palustrine/lacustrine lime-
stone and marl complexes are seen in the central
part of the Talairan Syncline, where they are
more than 20-30 m thick and crop out over areas
of some square kilometres, and all over the
northern margin where they have been mapped
as two distinct units, 20 to 150 m thick (Ventenac

and Agel limestones; Plaziat 1987; Berger and
Rey 1990). There limestones pass laterally to,
either lagoonal marls and deltaic sandstones/
sandy marls, or fluvial sandstones (Plaziat 1987).
Although the small bodies are likely to represent
ephemeral overbank ponds or backswamps, the
larger complexes can be considered as perennial.
The Talairan Complex was the lateral equivalent
of the lower part of the fluvial formation, and
probably represented a swampy topographic
depression between the Mouthoumet and Alaric
highs. The northern complex persisted later and
may be interpreted as a large longitudinal
depression open to the west (Aquitaine marine
basin), more or less swampy, which constituted
the terminating environment of the fluvial
system, as shown by the direction and sense of
the palaeocurrents. The intercalations of
lagoonal marls indicate that this depression
remained with an altitude slightly above or below
sea-level. The whole system may be interpreted
as a shallow-slope meandering fan (similar to the
middle-upper part of the ‘losimean’ model of
Stanistreet and McCarthy 1993). The ubiquity of
detritus derived from the orogen and the
SSE-NNW direction of the channels, suggest
multiple coalescing fans distributed by numerous
outlets beyond the Mouthoumet frontal thrust.
The growth strata exposed at the contact of
the active Mouthoumet frontal thrust are in
continuity with those in the Tlerdian. Erosional
unconformities associated with growth onlaps
(Ford et al. 1997) and strata wedging are
observed (Figs 6 & 7). To the north, growth
strata are fairly well exposed at the contact of the
Alaric Anticline. These developed there entirely
in the Palassou Formation, where six intraform-
ational unconformites and growth onlaps have
been recognized (Fig. 8). As in the southern
Pyrenean foreland basin (e.g. Ford er al. 1997),
an upward change in dip from overturned to
15-10° and the progressive disappearance of
strata wedging indicate that the growth folds
decrease in amplitude upwards, so as to die out
with the deposition of the younger exposed
strata. Fold decay is also shown by the
disappearance of the Talairan swamp.

Interpretation
Late Cretaceous and Palaeocene

Middle Cenomanian to Late Santonian. During
Middle Cenomanian to Turonian times, the
catastrophic sedimentation resulting from tec-
tonic sloping and disruption of the forelimbs of
the Gesse and Besséde—Salvezines anticlines
together with the deformation of the basal
erosional unconformity cutting across these
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Fig. 10. Schematic evolution of the Eocene basin. No vertical scale. (a) Early to Middle Ilerdian. Lower Blue
Marls deposited as a result of the propagation of the lower (northernmost) branch of the Mouthoumet frontal
fault-propagation fold. The forebulge is located near the future Alaric Anticline. The backbulge depozone
corresponds with the Minervois inner platform and drains northerly sourced clastic deltas. (b) Middle to Late
Ilerdian. Upper Blue Marls deposited as a result of the propagation of an upper branch of the Mouthoumet
frontal fault-propagation fold. The forebulge migrates on to the Montagne Noire. Northerly sourced clastic
deltas feed the foredeep depozone (Oyster and Nummulitic sandstones. (¢) Latest Ilerdian to Bartonian.
Palassou Formation deposited during ongoing shortening and coeval erosional uplift. Growth structures form
as a result of propagation of the Mouthoumet and Alaric frontal thrusts. Lacustrine limestones fill growth
synclines. Upwards shallowing of bed dip and dying out of growth structures are attributed to decreasing

shortening during ongoing erosional uplift (see text).

forelimbs, demonstrate syndepositional growth
of the folds. Deeper erosion of the growth folds
towards the south and the northwards-decreas-
ing maturity of the deposits indicate basinward
propagation of the thrusts. Syntectonic deposi-
tion continuing in the south shows that the rear
thrust and related sub-basin incorporated into
the wedge remained active, which characterizes
the wedge-top depozone (DeCelles & Giles

1996). This and the coeval northwards migration
of the platform in the northern area (Fig. 3)
demonstrates craton-ward propagation of the
entire basin during Middle Cenomanian to
Turonian times. The marine deposits onlapping
the southern side of the emerged Mouthoumet
high and the thin lagoonal-brackish deposits
onlapping its northern side enable us to interpret
this high as the forebulge. The Cenomanian—
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Turonian depositional system thus appears as an
underfilled foreland basin system (DeCelles and
Giles 1996) including:

(1) slope and base-of-slope facies in a turbiditic
environment related to a northwards
propagating thrust-and-fold wedge (wedge-
top and proximal foredeep depozones);

(2) hemipelagites (distal foredeep) and platfom
retrogradational deposits onlapping an
emerged Palaeozoic forebulge (forebulge
depozone); and

(3) to lagoonal-brackish sediment representing
the backbulge depozone.

During Coniacian and Early to Middle
Santonian times, the ‘catastrophic’ deposits
interfering with the normal sedimentation were
derived from the southern limbs of the more
northerly Belvianes and Cucugnan Synclines, as
shown by detritus of Late Albian age originating
from the reworked southern limb of the fold
(Fig. 3). The ongoing retrogradational evolution
of the northern deposits bears evidence of coeval
northwards migration of the platform. The two
northern retrogradational sequences separated
by an erosional contact are likely to be a result of
the propagation of two branches of the
Belvianes fault-propagation fold (see Déramond
et al. 1993).

Northwards migration of the platform and
wedge-front continued during Middle to Late
Santonian times. The depocentre filled by the Pla
de Sagne and Sougraigne marls must be related
to the development of a more northerly fault-
propagation fold (locally known as the Bezu
Anticline) which was then transported over the
catastrophic and other wedge-front deposits to
form the North Pyrenean Frontal Thrust (Figs
Ib & 2). Moreover, the northwards-transported
Peyrepertuse megaturbidite indicates that a
tectonically unstable carbonate platform was
forming at this time on the wedge front.

Overall, the Middle Cenomanian to Late
Santonian retrogradational evolution appears to
have been a result of wedge-front advance with
forward (in-sequence) propagation of thrusts and
related sub-basins during increased regional
subsidence (Fig. 3). This propagation may have
lasted at most ¢. 103 or 12+1 Ma, depending on
whether Odin’s (1994) or Gradstein ez al.’s (1994)
time scale is used. The average deposition rate as
inferred from the Coniacian to late Santonian
deposits (800 m total thickness) was thus ¢.0.13
to 0.16 mm/year, which is close to that observed
in most of the underfilled foreland basins (0.1 to
0.2 mm/year; Cross 1986; Homewood et al. 1986;
Sinclair 1997). Three tectonically controlled

sequences were deposited during that time (5 to 6
Ma), and the propagation of individual thrusts
may be inferred to have lasted 1.5 to 2 Ma. The
Middle Cenomanian to Turonian sequence was
more long-lived (¢.5-7 Ma); however, the
outcrops still preserved show that at least two
sub-basins formed successively during this time
and that two others, now removed by subsequent
tectonics and erosion, may have been associated
with the two fault-propagation folds found
between the Axat and Belvianes Synclines (Fig.
2). The duration of the development of each new
sub-basin would be thus ¢.1.2 to 2.3 Ma, that is
of the same order of magnitude as during the
Coniacian and Santonian.

Average wedge advance rate and average
strain rate estimated using these values and the
balanced cross-section, are thus 1.9 to 2.25
mm/year and ¢. 1.3 to 1.6 x 10 13571, respectively,
which is consistent with the values usually found
in active orogens.

Since the propagating thrust-related fold were
slightly oblique en échelon folds (WNW-ESE-
trending F1/F> folds), it should be inferred that
basin propagation and thrusting occurred as a
result of normal shortening combined with a
minor component of left-lateral strike-slip
shearing (‘transpression’).

Latest Santonian to Paleocene. Since the latest
Santonian, the sedimentation displayed a
shallowing-upwards evolution which went on
until the Thanetian, that is, during a time-span of
¢.29-30 Ma (Gradstein et al. 1994; Odin 1994;
Serra-Kiel et al. 1998), and includes the transi-
tion from underfilled to overfilled. The per-
sistence of the same evolutionary trend during
all this time precludes eustasy as the controlling
process. The basal erosional unconformity and
the depositional evolution may be interpreted as
a result of either out-of-sequence thrusting (e.g.
Jordan 1995; Schlunegger et al. 1997a, b), or
unloading during tectonic quiescence, causing
headward erosion of previous submarine highs
(Catuneanu et al. 1997, 2000) and/or more
internal emergent relief (Blair and Bilodeau
1988; Heller et al. 1988; Burbank 1992; Heller
and Paola 1992; Burbank ef al. 1996). Out-of-
sequence thrusting might have accommodated
the internal deformation required for the
advancing tapered wedge (Davis ef al. 1983) to be
maintained or restored in a critical state as
erosion proceeded (Boyer 1995; Horton 1999;
Schlunegger 1999). This interpretation might be
supported by:

(1) the presence of variously sized olistoliths and
longitudinal palaeocurrents in the turbiditic
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deposits (Labastide sandstones) in front of
the Bugarach Thrust; and

(2) the occurrence in the ‘Vitrollian’ conglo-
merates of  Mesozoic metamorphic
carbonate clasts related to the reactivation of
the Axial Zone and/or Besséde-Salvezines
frontal thrusts.

Indeed, out-of-sequence thrusting is opposed
by several lines of evidence:

(1) Out-of-sequence thrusting would have been
responsible for additional loading and
increased regional subsidence. If so, the
shallowing-upwards evolution observed
during the Latest Santonian and Early
Campanian would have required the sedi-
mentation rate to be higher than the sub-
sidence rate. This could have occurred only if
the basin were mainly fed by the orogen (see,
for example, Jordan 1995; Sinclair 1997),
which is not the case for the studied basin
mainly fed from the northern craton at this
time.

(2) Shallowing upwards, together with out-of-
sequence thrusting, would have implied
backward migration of the entire foredeep
and of the loading point, which is incon-
sistent with the increase in regional shorten-
ing that out-of-sequence thrusting should
have caused.

(3) The clasts in the conglomerates were issued
from multiple point sources in the entire
North Pyrenean Zone, and not only from the
Mesozoic metamorphic zone, which indicates
that no particular relief fed the dispersal
system.

(4) Erosion was insufficient to reach the Palaeo-
zoic core of the southern fold-propagation
folds (Besséde, Salvezines and Agly massifs)
which however, had previously been eroded
during Cenomanian and Turonian times,
which is inconsistent with the reactivation of
the thrusts.

Headward erosion of pre-existing tectonic
relief as a result of unloading is therefore more
plausible. In the south of the studied area, the
sequential evolution and the sources of olisto-
liths and clasts indicate that headward erosion
attained, first submarine reliefs with ‘passive
infilling of the sub-basin (latest Santonian to
Early Campanian Labastide sandstones), then
the emergent northern North Pyrenean Zone
(Late Campanian to Earliest Paleocene ‘Begudo-
Rognacian’ facies), and finally the southernmost
Mesozoic metamorphic zone (early Paleocene
‘Vitrollian® facies). Southwards transport of

clastics from the Mouthoumet High which
continued during Latest Santonian and Early
Campanian times ceased after that, and the
Palacozoic material was entirely transported
northwards down to the Alaric Depression. The
transition from underfilled to overfilled and from
longitudinal to transverse drainage thus appear
to have been related to a progressive uplift of the
whole foreland basin system, and was not
provoked by tectonic shortening. Lithospheric
mechanisms capable of causing upper plate
uplift, such as delamination (Bird 1979; Channel
& Mareschal 1986) or slab-break-off (Davies &
Von Blanckenburg 1995) are rather unlikely
here, because of the absence of metamorphism
and magmatism in the period and area con-
sidered. Traces of these events also cannot be
found in the ECORS profiles (ECORS Pyrenees
Team 1988). Erosional unloading accompanying
tectonic quiescence (Blair and Bilodeau 1988,
Heller er al. 1988; Heller and Paola 1992;
Burbank 1992; Washbusch ef al. 1996;
Catuneanu et al. 1997, 1999, 2000) is therefore
more likely. Erosional unloading may explain the
wide but shallow erosion of the whole North
Pyrenean Zone, as evidenced by the absence of
Palaeozoic clasts. The northern depression,
which is situated rather far beyond the previous
underfilled foredeep, could be considered as the
‘foresag’ (Catuneanu er al. 2000), even though
the total thickness of sediments accumulated
here (¢.200 to 300 m) indicates a moderate
subsidence rate of 0.015 to 0.02 mm/year. Uplift
is likely to have ceased or considerably decreased
at the beginning of Thanetian times as suggested
by the predominance of lacustrine/palustrine or
lagoonal through marine deposits and of fine- to
very fine-grained fluvial deposits. Deposition was
probably mainly controlled at this time by
eustatic sea-level fluctuations, even though
incipient thrusting may have increased the
accommodation space locally (Tambareau et al.
1995).

FEocene

Ilerdian Blue Marls and Oyster Sandstones.
Their involvement in growth structures indicates
that deposition of both the Lower and Upper
Blue Marls was controlled by the development of
the Mouthoumet frontal thrust-propagation fold
during thrust-wedge advance (Figs 9 & 10).
Ongoing fold growth is revealed by: firstly, the
location of the depocentre in the frontal syncline
where accomodation space created by regional
subsidence was or less reduced or not reduced at
all, and secondly, strata wedging which indicates
a reduced deposition and deposition rate on to
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the anticline because of reduced accommodation
space (Tto ez al. 1999). In contrast with the Late
Cretaceous sub-basins, the depositional sequences
were predominantly coarsening/shallowing up-
wards, which indicates the increasing contribu-
tion of the advancing emerged thrust-wedge (see
also DeCelles et al. 1998). However, the
fining/deepening-upwards basal parasequence
set of the Upper Blue Marls can be interpreted as
a result of regional subsidence with no or reduced
contribution from the wedge-front during initial
fold growth. The duration of the thrust-fault
controlled depositional sequences is here ¢.1-1.2
Ma, which is of the same order of magnitude as
the higher order sequences identified in the Late
Cretaceous.

The Lower Blue Marls were deposited during
the propagation of a lower branch of the
Mouthoumet frontal thrust, as shown by the
basal growth onlap sealing a thrust fault which
affects the pre-growth strata (Figs 6, 9a & 10a).
The Talairan sub-basin of that period is likely to
represent the foredeep (sensu DeCelles & Giles
1996). It is thus tempting to interpret the inner
platform as the backbulge depozone. In this case,
the outer boundary of the platform, which acted
as a barrier for the northerly detrital material
and on top of which are observed Solenomeris
reefs, could be interpreted as the forebulge (Figs
9b & 10a). The presence of clasts and slipped
blocks derived from this northern platform south
of the shelf-break bears evidence of the insta-
bility of the slope, which may characterize the
forebulge depozone. This interpretation may be
opposed by the growth of the reefs (Plaziat &
Perrin 1991) and the absence of a basal
unconformity (Crampton & Allen 1995). How-
ever, since a long-term eustatic sea-level rise is
signalled from 59 to 52 Ma, (Haq et al. 1987,
Hardenbol ez al. 1998) and forebulge uprise is
rather slow (Beaumont ez al. 1993), it should
reasonably be envisaged that relative sea-level
increased as a result of eustasy, while the
forebulge rose - thus explaining reef growth and
lack of subaerial erosion.

The Upper Blue Marls and overlying Oyster
Sandstones are interpreted to be deposited in
association with the propagation of an upper/
younger thrust branch of the Mouthoumet
frontal thrust locally cutting the Lower Blue
Marls and sealed by the basal growth onlap (Figs
6 & 10b). A renewed and upwards-increasing
contribution from the orogen was responsible for
younger deltas prograding craton-ward such that
the deltaic system finally covered the entire basin,
as shown by the presence of the Oyster Sand-
stones all above the Upper Blue Marls, and of a
Gilbert delta in the south (Figs 9¢ & 10b). The

Upper Blue Marls overlapped the former shelf-
break and invaded most of the former platform
at the same time, indicating coeval northwards
migration of the forebulge (Fig. 10b). Overall,
the Blue Marls can be interpreted as having been
deposited in a widening flexural basin. Wedge
advance being less than basin widening, orogenic
loading necessarily resulted from thrust stacking
to the rear of the basin, which probably corres-
ponds with the development of the Mouthoumet
Duplex as also shown by the absence of detritus
originating from the North Pyrenean or the
southern sub-Pyrenean zones at this time.

The Palassou Formation. The growth stratal
depositional patterns at the contact of the
Mouthoumet and Alaric anticlines (Figs 6, 7 &
8) as well as the presence of perennial lacustrine/
palustrine depressions in the growth synclines
(Talairan and northern Alaric) indicate that
deposition of the Palassou Formation was con-
trolled by the propagation of the Mouthoumet
and Alaric frontal thrusts (Fig. 10c). The absence
of higher sedimentary discharges and debris
flows and the presence of multiple channels
crossing the growth fold front reveal, however,
that these folds played a limited role in the
production of sediment and were bypassed by
alluvial fans derived from the orogen beyond the
Mouthoumet Front. Moreover, the shallow slope
depositional environment and the ubiquity of
transverse north—south palaeocurrents show that
the growing folds in the foreland basin have not
significantly disturbed the drainage pattern,
which indicates that erosion exceeded tectonic
uplift (Burbank ez al. 1996). According to Boyer
(1995), erosion during wedge advance leads to
isostatic adjustments that decrease the dip of the
basement, and restoration of the critical taper
(sensu Davis et al. 1983) requires thickening of
the wedge. Therefore, the decrease in amplitude
of the Mouthoumet and Alaric anticlines while
the detrital deposits coarsened upwards indicates
either internal deformation localizing in the
inner orogen as a result of erosion during
ongoing thrust-wedge advance, or progressive
cessation of the wedge advance coupled with
ongoing erosional unloading/uplift. Increasing
internal deformation is consistent with decreas-
ing accretion of frontal thrust sheets and limited
thrust advance, because deformation absorbs
most of the displacement (Boyer 1995). The
presence of clasts of North Pyrenean Lower
Cretaceous carbonates and sub-Pyrenean Upper
Cretaceous sandstones at the basal part of this
formation suggests that the Bugarach and other
F3 fold and thrusts of the southern sub-
Pyrenean/northern North Pyrenean zones
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effectively propagated at this time. However, the
absence of clasts derived from the southern
basement (e.g. migmatites, granulites or even
granites) in the Late Ilerdian to Early Bartonian
conglomerates indicates no significant reactiva-
tion of the thrusts in the more internal orogen.
Again, the accumulation of more than 1000 m of
sediment in the terminal topographic depression
between the latest Ilerdian and the Late
Bartonian (subsidence rate of ¢.0.09 mm/year),
suggests that this depression could be the
‘foresag’ resulting from the flexural uplift of the
unloaded orogen (Beaumont er al. 1993;
Washbusch er al. 1996; Catuneanu 1997, 2000).
Although basement underthrusting in the inner
pro-wedge (blind basement duplex?) cannot be
ruled out, pure erosional unloading of the inner
orogen twinned with sedimentary loading of the
outer foreland basin may have been significant at
the end of the deposition of the Palassou
Formation studied here. The presence of deep-
basement clasts in upper units of the Palassou
Formation cropping out west of the study area
(Crochet 1991) and the apatite fission-tracks ages
of exhumation of the Agly Massif (c.47 to 40
Ma) and Axial Zone (¢.35 to 26 Ma) (Morris
et al. 1998) strongly suggest, however, that out-of-
sequence thrusting and wedge advance occurred
during late Eocene-early Oligocene times.

Discussion and conclusion: tracing tectonic
events using sedimentary markers

The present sedimentological-tectonic study
provides new insights into the modes of thrust-
wedge advance and basin propagation, the
transition from underfilled to overfilled during
loading/unloading cycles, and the integration of
the basins in the tectonic history of the range.

Thrust-wedge advance and foreland
basin propagation

The Late Cretaceous basin system can be shown
to have formed as a result of the progressive inte-
gration into the wedge-top depozone (DeCelles
& Giles 1996) of individual sub-basins during
forward propagation of thrust fault-propagation
folds. Sedimentological evidence includes:

(1) reworking of the forelimbs of wedge-front
fold-propagation folds, shown by ‘cata-
strophic’ deposits interdigitated with the
‘normal’ deposits derived from the craton;

(2) deepening-upwards stacking patterns in the
fold-controlled sub-basins, resulting from the
coeval migration of wedge-front and plat-
form;

(3) overall deepening-upward stacking pattern
indicating increased subsidence during thrust-
wedge advance and craton-wards migration
of the entire basin.

The depositional sequences controlled by the
development of the Coniacian to Late Santonian
sub-basins are well dated from fossil evidence
(Bilotte 1992), and do not coincide with the
‘slobal eustatic’ sequences established by
Hardenbol et al. (1998), even though using the
same time-scale (Gradstein et al. 1994).

The Eocene marine basin propagated as a
result of widening of a single foredeep with
forebulge migration. Sedimentary evidence is
borne out by:

(1) the presence of a well-characterized depo-
centre located in front of a basement duplex;

(2) the individualization of two deepening-
upwards depositional sequences;

(3) the presence of growth stratal structures in
front and on top of the wedge with a major
growth onlap sealing a thrust fault branch at
the base of either sequence;

(4) reworking of the forelimb of the frontal fold
in both sequences and of the forebulge in the
lower sequence.

The fact that craton-ward migration of the
platform and forebulge largely exceeded the
migration of the wedge-front indicates that there
was limited wedge advance coupled with increas-
ing regional flexural subsidence and orogenic
loading, probably related to the development of
the Mouthoumet basement duplex. Thus it can
be stated that local depositional patterns were
controlled by the propagation of the frontal
fault-propagation fold of a developing basement
duplex, which was responsible for an increase in
regional subsidence.

The Eocene continental deposits infilled two
synchronous fault-propagation-controlled sub-
basins superimposed on the Eocene marine
basin. The most conclusive sedimentological
studies are here analyses of facies and archi-
tectural elements (according to Miall 1996),
palaeocurrents and provenances. Coupled with
the analysis of growth stratal patterns, these
studies show that the folds, although synse-
dimentary, did not provide a large amount of
sediment and were bypassed by shallow-slope
alluvial fans derived from enhanced erosion of
the inner orogen during ongoing and then
decreasing thrust-wedge advance.

If we consider now the architecture of the
depositional sequences with respect to wedge
advance, differing indications have been given by
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the underfilled marine basins studied herein. In
the Late Cretaceous basin, upwards-fining/
deepening indicates that the subsidence rate was
higher than the deposition rate (Catuneanu et al.
1997, 2000), which is likely to occur where the
clastic supply is predominantly sourced on the
craton (‘normal sedimentation’). Apart from the
basal coarse breccias of the Middle Cenomanian
to Turonian basin, reworking of the forelimbs of
the wedge-front folds, although qualitatively
important, has provided relatively small amounts
of material. This is believed to characterize a
submarine wedge with little disruption of the
fold limbs, i.e. prevailing ductile flexural folding,
during in-sequence thrust propagation. In the
Eocene basin, upwards shallowing of the
depositional sequences is attributed to increasing
erosion of the emerged wedge during overstep
propagation of thrust fault branches, which
reduced accommodation space despite increasing
subsidence. Tectonic quiescence or initial fold
growth (low-amplitude stage) during ongoing
subsidence is, however, recorded in the foredeep
by upwards fining/deepening at the base of the
Upper Blue Marls. Fold growth-induced uplift is
accommodated by strata wedging with no
change in the sequence architecture, which
differs from Tto et al.’s (1999) observations in the
highest order sequences. This difference may be
explained by the limited amplitude of eustatic
fluctuations compared with tectonic subsidence
and uplift for the time-scale and tectonic context
considered here.

Loadinglunloading cycles and the transition
Jrom underfilled to overfilled

In the Late Cretaceous—Paleocene basin system,
the transition from underfilled to overfilled is
interpreted as the change from regional contrac-
tion to tectonic quiescence and unloading uplift.
This is recorded by the overall deepening-
upwards stacking pattern indicating increasing
subsidence during thrust-wedge advance, suc-
ceeded by a shallowing-upwards stacking pattern
indicating progressive ‘passive’ filling of the
basin with an increasing contribution of the
emerging orogen and orogen-ward progradation
of the platform, and then by fluvial sediment-
ation. A provenance study coupled with the
tectonic study, appear, however, to be a necessary
prerequisite for establishing that deposits derived
that the deposits issued from the inner orogen
were not produced by out-of-sequence thrusting.

During Eocene times, increased erosion of the
inner orogen at the origin of the transition from
underfilled to overfilled is shown by overall

upwards coarsening, progressive decrease in
amplitude of the synsedimentary folds in the
outer basin, lack of control of drainage by these
synsedimentary folds, and origin of the clasts.
This can be interpreted to have been a result of
erosional unloading coupled with either:

(1) internal deformation restoring the taper
angle of the advancing wedge (Boyer 1995)
as suggested by synsedimentary folding, or

(2) flexural uplift after cessation of the advance
of the wedge, as suggested by the creation of
a ‘foresag’ in the distal part of the basin and
the absence of basement clasts which would
be produced by out-of-sequence thrusting in
the inner orogen, or, more probably,

(3) a combination of events (1) and (2).

Place of the foreland basin in the history
of the range

The above results show that during Late Creta-
ceous to Paleocene times, the inferred loading
and unloading events are clearly separated — the
‘passive’ phase of the cycle (erosion and isostatic
rebound) being three times as long (¢.29-30 Ma)
as the ‘active’ phase (tectonic shortening, ¢.10-12
Ma). Although lasting a relatively short time in
the history of the Pyrenean range, Late
Cretaceous tectonic shortening thus appears to
have been much longer-lived than previously
thought on the basis of pure tectonic studies. The
deformation rate inferred from balanced sections
(¢.107'% sy is however consistent with those
usually observed during lithospheric deform-
ation. On the other hand, the present study is in
agreement with those of the previous tectonic
studies: stating that the shortening at the origin
of the Late Cretaceous folds and thrusts was a
result of pure contraction normal to the range,
combined with minor left-lateral strike-slip
shearing parallel to the North Pyrenean Fault
Zone.

The Eocene basins record a new tectonic pulse
marked by the propagation of east-west folds
and thrusts in a pure compressional context,
which lasted at most ¢.15 Ma (late Early Ilerdian
to Early Bartonian). The tectonic history
inferred from the study of the sedimentary infill
appears much more complex than previously
envisaged, involving in-sequence (Early to Late
llerdian), out-of-sequence (latest Ilerdian) and
synchronous (Latest Ilerdian to Early Bartonian)
thrusting.
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