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Abstract

Piggyback basins often display asymmetric sedimentary successions influenced by both
regional and local syn-depositional tectonic structures. There are few examples where a
complete exhumed piggyback basin fill can be analyzed, from proximal, close to source
areas, to the distal deep-water sinks. The study of these basins is key to extract the
stratigraphic signal of intrabasinal tectonics, which often competes and can even
overprint other controlling factors such as eustasy, climate, or autogenic processes. The
purpose of this paper is to propose a more detailed model of the evolution of piggyback
basin fills, which recognizes the influence of intrabasinal tectonic activity, specific to
the piggyback context and the resulting stratigraphic architecture. We investigate the

Tremp-Graus-Ainsa piggyback basin, located in the southern Pyrenees, during early



Eocene, which was influenced by the development of the Montsec frontal thrust.
Twenty four stratigraphic sections, totaling 14 km of logged thickness, are analyzed,
covering 60 km of the basin. The stratigraphic surfaces have been correlated in order to
define large-scale stratigraphic units and a new sequence stratigraphic framework. The
influence of local tectonics in the basin record is identified by abrupt lateral sediment
thickness variations, abrupt changes of depositional environments, local erosion
surfaces, and changes in dominant sedimentary process regimes and paleocurrent
directions through space and time. As a result, we propose a new tectono-stratigraphic
model for the development of the Tremp-Graus-Ainsa Basin. Specifically, we identify
(1) an underfilled stage with initial high flexural subsidence and a frontal subaqueous
blind anticline thrust propagation that controls a dominantly carbonate environment,
followed by a progressive increase in siliciclastic sediment supply, and (2) an overfilled
stage with an increase in frontal thrust propagation causing new emergent sediment
sources. This second stage evolves from an active emerged blind anticline thrust to a
migrating thrust that moved along lateral ramps, and which caused the decoupling of the
Tremp-Graus uplifted wedge-top sub-basin from the Ainsa subsiding foredeep domain.
Finally, we provide a new model intrinsic to the piggyback basin development with four
main stages, controlled by changes in intrabasinal tectonic activity, flexural subsidence
and orogeny axial zone evolution, which ultimately modulate sediment supply and

creation and distribution of accommodation space.
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1. Introduction

Piggyback basins, included in the wedge-top-depozone within a foreland system
(DeCelles and Giles, 1996), are basins that form and are filled while being carried on
top of thrust sheets (Ori and Friend, 1984). They therefore represent a powerful tool to
constraint the timing of foreland and fold-thrust-belt deformations. With the aim to
reconstruct tectonic kinematics, many works in piggyback basin fills focus on the
impact of thrust activity in basin sedimentation recorded by widespread angular
unconformities, depocentre migration, development of growth strata, onlap terminations
and truncations against growing structures, or development of syntectonic progressive
unconformities (e.g., Riba, 1976; Anadon et al., 1986; Burbank and Beck, 1989; Roure
et al., 1989; Zoetemeijer et al., 1993; Baby et al., 1995; Zapata and Allmendinger, 1996;
Mugnier et al., 1997; Bonini et al., 1999; Marzo and Steel, 2000; Clevis et al., 2004;
Ford, 2004; Charreau et al., 2008; Roure, 2008). In a similar perspective, the interaction
between compressive structures, drainage patterns and fluvial architecture in piggyback
contexts is also relatively well studied (e.g., Friend et al., 1986; Bentham and Burbank,
1996; Ramos et al., 2002; Bes de Berc et al., 2005; Morley and Leong, 2008; Vergés,
2009; Bonorino and del Valle Abascal, 2012). The piggyback basin stages are mostly
summarized and grouped as one, often a single event in the complete evolution of a
foreland succession, and hence studies of their sedimentary fill are often not very
detailed (Cipollari and Cosentino, 1995; Pivnik and Khan, 1996; Hermoza et al., 2005).
As an example, regional-scale piggyback basin studies usually consider only two major
changes in basin fill dynamics, commonly described as (1) marine / undersupplied /
transgressive stage, followed by a (2) continental / oversupplied / regressive stage that

are considered to be mainly controlled by the development of regional / local syn-



depositional tectonic structures, or by the setting and erosion of new thrust sheets
(Ferriére et al., 1998, 2004; Evans and Elliott, 1999; Martin-Martin and Martin-Algarra,
2002; Rossi et al., 2002; Chiang et al., 2004; Conti et al., 2008; Maestro, 2008;
Gugliotta, 2012; Gugliotta and Morticelli, 2012; Suriano et al., 2015). These two over-
simplified stages appear in most of piggyback basin reconstructions, which are often
based on detailed studies of discrete segments of the basin. Thus, a refinement of model
that concerns the development of a single piggyback basin formed in the hanging wall
of one frontal thrust is needed, in order to differentiate higher-frequency tectonic events
specific and inherent to the piggyback context in the coeval sedimentary record during
the complete piggyback sequence. This differentiation is often challenging because the
piggyback basin infill is also the result of a complex interaction and competition
between (a) allogenic controlling factors acting at a regional scale (i.e., eustasy, climate,
load-driven subsidence, isostatic rebound and regional uplift linked to the fold-thrust
belt and associated foreland system tectonic context); (b) the local influence of
autogenic forcing in each depositional system considered, and (c¢) the local intrabasinal
tectonic controls specific to the piggyback basin activity (Lawton and Trexler, 1991;
Talling et al., 1995; DeCelles and Giles, 1996; Nijman, 1998) (Fig. 1). One way to
unravel the impact of controlling factors (regional tectonic, climate, eustasy) in basin
architecture and sedimentation may be to extract the signal specific to the internal
piggyback tectonics. The main objective of this paper is therefore to study and define a
typical stratigraphic sequence of a piggyback basin infill, from the early stages of the
frontal thrust development to the late stage with piggyback transport caused by the
thrust displacement. The Tremp-Graus-Ainsa Basin (Southern Pyrenees) during the

early Eocene is particularly relevant due to the excellent outcrop conditions of the



complete exhumed piggyback basin fill, from proximal depositional systems close to
the source areas to the distal deep-water sinks. This allows identification of large-scale
cycles that are related to major tectonic phases (Garrido-Megias, 1973; Nijman and Nio,
1975; Puigdefabregas and Souquet, 1986; Nijman, 1998; Remacha and Fernandez,
2003) and in which the relative contribution of climate and eustasy is still a matter of
debate (Peper and de Boer, 1995; Weltje et al., 1996; Nijman, 1998; Schmitz and
Pujalte, 2003; Pickering and Bayliss, 2009; Castelltort et al., 2017). With the aim to
study the specific impact of intrabasinal tectonic controls on sedimentation during an
entire thrust-sheet emplacement period/sequence, we investigated the early Eocene
series corresponding to a single major tectonic event related to the emplacement and
development of the Montsec frontal thrust. By comparison and discussion of this study
with other piggyback basin successions, we attempt to propose a conceptual model of a

piggyback basin infill, specific to piggyback basin emplacement.

2. Geological setting

2.1. Structural framework

The Pyrenean mountain belt is the result of the continental collision and subsequent
subduction of the Iberian plate under the Eurasian plate, which took place from the
upper Cretaceous to the early Miocene. At a crustal scale, this deformation implied
Hercynian basement thrust sheets that formed a south-directed central sheet duplex
(Munoz, 1992) (present-day Axial Zone; Fig 2a, d), and the South Pyrenean Central
Unit (hereinafter referred to as SPCU; Séguret, 1972). This unit corresponds to a set of
allochthonous thrust sheets of Mesozoic and Cenozoic basins developed in a piggyback
sequence upon and in front of three major thrusts (Boixols, Montsec and Sierras

Marginales thrusts; Fig. 2d) branching in the Triassic decoupling level (Choukroune et



al., 1968; Séguret, 1972; Mufioz, 1992; Puigdefabregas et al., 1992). The Boixols Thrust
(Fig. 2b, d) is generated by the inversion of pre-existing Mesozoic East-West oriented
normal faults (Roure et al., 1989; Bond and McClay, 1995) during the upper Cretaceous
(Santonian) and sealed by the Maastrichtian (Ardévol et al., 2000) (Fig. 2¢c, d). The
Boéixols Thrust, emplaced during the upper Cretaceous, delimits the Organya-La Pobla
(hanging wall) and the Tremp-Graus sub-basins (footwall) (Roure et al., 1989;
Berastegui et al., 1990; Bond and McClay, 1995; Ardévol et al., 2000; Garcia Senz,
2002) (Fig. 2c, d). The Montsec Thrust, which presently separates the Tremp-Graus and
the Ager sub-basins (Fig. 2b, d) was active during the Paleocene-early Eocene (Teixell
and Muiioz, 2000; Muioz et al., 2013) (Fig. 2c, d). The Sierras Marginales Thrust forms
the boundary between the Ager basin and the present-day Ebro Foreland Basin, and was
active during the mid-Eocene (Lutetian) - Oligocene (Fernandez et al., 2012) (Fig. 2c,
d). The SPCU is bounded to the north by the Morerres backthrust (Fig. 2b), a passive
roof thrust related to the piling up of the Hercynian basement thrust sheets of the Axial
Zone (Weltje et al.,, 1996; Vincent, 2001; Whitchurch et al., 2011). The eastern
boundary of the SPCU (and of the Tremp-Graus sub-basin) is formed by the lateral
ramp system of the Segre Fault (Vergés, 2003) (Fig. 2b). The position and nature of the
western boundary of the Tremp-Graus sub-basin varies slightly according to several
authors, but it is mostly placed coinciding with the eastern part of the Ainsa sub-basin
(Nijman and Nio, 1975; Mutti et al., 1988; Barnolas, 1992; Anastasio et al., 1992; Soto
et al., 2002; Fernandez et al., 2004, 2012; Muioz et al., 2013).

2.2. The Tremp-Graus and Ainsa sub-basins

During Ypresian times, the Tremp-Graus sub-basin was an East-West elongated basin

controlled southward by the emplacement of the Montsec Thrust (Fig. 2¢). Continental



to shallow marine sedimentary systems evolved to basinal environments towards the
West into the Ainsa and Jaca sub-basins, and opened into the ocean at the Bay of Biscay
(Plaziat, 1981). The transition from shallow to deep-water systems is observed in the
Ainsa sub-basin, where synsedimentary NNW-SSE oriented structures, included in La
Fueba Thrust System, were active during the Ypresian as the Arro, Los Molinos, Atiart
and Ferrera Thrusts (Barnolas et al., 1991; Martinez-Pefia, 1991; Casas et al., 2002
Fernandez et al., 2012; Mufioz et al., 2013) (Figs. 3, 4). This system corresponds to the
oblique lateral ramp linking the Montsec thrust to the Pefia Montafiesa thrust (Muifioz et
al., 2013). Farther east, the NNE — SSE Foradada Fault is a tear fault located in the
hanging wall of the Montsec thrust, and was active during the upper Ypresian (Cuisian)
and Lutetian (Fernandez et al., 2012). The northern part of the Tremp-Graus sub-basin
in its central sector is affected by the Turbon structure, which was interpreted by Lopez-
Blanco et al. (2003) as a blind thrust, generated by the inversion of a upper Cretaceous
structure which became a positive relief during southward transport by the Montsec
thrust from the lower Ypresian (Ilerdian) to the upper Ypresian (Cuisian; Fig. 3). This
interpretation may be transposed to the Coll del Vent Anticline (Vincent, 2001) and the
Roda fold system (Garcia Senz, 2002; Lopez-Blanco et al., 2003) (Fig. 3).

2.3. Lithostratigraphy

The Tremp-Graus sub-basin fill corresponds to an approximately 7 km-thick syn-
orogenic sedimentary succession spanning from the Upper Cretaceous to Oligocene.
The succession shows continental alluvial to deep marine environments, with different
deepening and shallowing upward cycles controlled by the activity of different thrust
sheets (Fig. 2¢). In this paper, we focus on the Paleocene-lower Eocene interval, which

is related to the Montsec thrust activity. The Paleocene-lower Eocene succession has



been divided into four main groups (Fig. 4): (1) Tremp Group (Paleocene) (Fonnesu,
1984; Mutti et al., 1988), (2) Alveolina Limestone (lower Ypresian; lower Ilerdian)
(Fonnesu, 1984; Mutti et al., 1988; Serra-Kiel et al., 1994) or Ager Sequence
(Eichenseer and Luterbacher, 1992; Baceta et al., 2011); (3) Figols Group (lower
Ypresian to middle Ypresian; middle Ilerdian to lower Cuisian) (Mutti et al., 1988) or
Llimiana, Alinya and Oden Sequences (Eichenseer and Luterbacher, 1992; Baceta et al.,
2011); and (4) Montafiana Group (middle Ypresian; lower Cuisian to Lutetian) (Nijman,
1998). A more detailed lithostratigraphic synthesis is given in Table 1 with the age of
the Formation through the Tremp-Graus-Ainsa Basin. The transition between the
Tremp-Graus and Ainsa sub-basins is characterized by submarine canyon incisions
(Mutti et al., 1988; Mufioz et al., 1994; Casas et al., 2002; Poyatos-Mor¢, 2014). Some
of these are contemporanecous with the lower Eocene studied succession. The Atiart
surface (Fig. 4) is dated as early-middle Cuisian (Mufioz et al., 2013; Poyatos-Moré¢,
2014), and is developed between the Foradada fault and the Atiart thrust (Fig. 3)
whereas the Charo-Lascorz surface (Fig. 4) is dated as latest Cuisian in age (Payros et

al., 2009; Mufioz et al., 2013; Poyatos-Mor¢, 2014).

3. Dataset and methods

3.1. Lithological successions

The dataset consists of twenty-four sedimentological field sections (Fig. 3), logged at
1/200 scale for a total of ca. 14 km of measured vertical section. Detailed information is
presented in Appendix A which indicates field section name, abbreviation, and location
with GPS coordinates. The sedimentary succession is exposed along a large East-West
syncline and covers a distance of 75 km from East to West (Fig. 3). Four regional

reference sections from the Paleocene to the late Ypresian (Cuisian) form the main



chrono- and lithostratigraphic framework to study the Ypresian succession (South
Ribagorzana, Montanana, Isabena and Campo sections; Fig. 3). The measured sections
are located mainly on the northern flank of the Tremp syncline, except in the eastern
part of the basin, where a section is made on the southern flank (Sr section, Fig. 3). The
North-South synsedimentary wedge geometry can be roughly recognized by the Isbena,
Montanana and South Ribagorzana sections (Fig. 3). Despite the lack of continuous
outcrops in a N-S direction and the distance between sections (ranging from 10-10* m),
local observations and previous works based on seismic sections (Lopez-Blanco et al.,
2003), field data (Nijman, 1998) and analysis of aerial photos (see Sgavetti, 1992) are
used to complete physical correlation of stratigraphic surfaces.

3.2. Method for stratigraphic correlation

The high resolution stratigraphic framework is based on the application of classical
sequence stratigraphy principles to sedimentary facies and stacking pattern analysis
along the measured stratigraphic sections. Facies are defined by grain-size, texture,
sorting, sedimentary structures, fauna, non-fauna content, bioturbation intensity and are
grouped into facies associations (FA), from which depositional environments are
interpreted. One hundred and twenty thin sections were used to accurately identify
sedimentary facies and determine microfaunal species. Seventeen facies associations
(FA) are recognized (FA1 to FA17). Different basin scale oriented depositional systems
are reconstructed and correspond to an assemblage of genetically-linked depositional
environments, which pass vertically and laterally into each other through the basin.
These systems are linked to each other in order to propose an evolutionary model with
the aim to recreate a general and predictable distal-proximal depositional profile typical

at piggyback basins.



Analysis of stacking patterns along sections according to this general profile allows us
to recognize (1) shallowing trends, and (2) deepening trends characterized by landward
retreat. Shallowing to deepening upward trends are delimited by a transgressive surface
(Catuneanu et al., 2009) that is located at the maximum of deltaic or carbonate platform
progradation in littoral domains and by mottled top of fluvial channels due to major
paleosol development in continental domains. The maximum flooding surface (Van
Wagoner et al., 1988) is placed at the hinge (interval or surface) between a deepening
and shallowing trend and at the maximum preservation of floodplain deposits without
paleosol development in continental domains. Shallowing trends can also include
subaerial unconformities (Catuneanu et al., 2009), characterized by the development of
a major erosional surface (sequence boundary; Van Wagoner, 1988) in continental
domains with an increase in fluvial channel incision/amalgamation or grain size. In
coastal domains, the subaerial unconformity (corresponding to the correlative
conformity from Catuneanu et al., 2009) may show an abrupt basinward shift of

depositional environments.

4. Results

4.1. Facies model

4.1.1. Facies associations and depositional environments

The Tremp-Graus-Ainsa Basin is characterized by mixed clastic-carbonate deposits
covering a full range of depositional environments. Detailed facies analysis was used to
define seventeen facies associations (FA) ranging from continental to deep marine
domains that are detailed in the following section and summarized in Figures 5 and 6.

Alluvial fan (FA1)

10



This FA is made of poorly sorted and sub-rounded partly stratified pebbles and cobbles
conglomerate supported by a coarse-grained sandstone matrix. The basal surface is
erosive and shows 10 to 20 cm wide scours marks and lag deposits with cobble to
boulder clasts. This facies is intercalated with 0.5 to 1 m thick, medium to very coarse-
grained poorly sorted through cross-bedded sandstones with scattered plant debris. The
succession from the conglomerates to medium grained intercalated sandstones is
organized in a transitional fining upward trend (Fig. 6a). The top of the sandstone is
sharp and eroded by the followed conglomeratic level. This FA is 1 to 10 m thick and
commonly amalgamated with a 100 m to 1 km wide lateral extent.

The conglomerates record high amplitude mass-flows deposited from hyper-
concentrated high-density gravity flash-discharge events (Miall, 1993; Sohn et al.,
1999). Sandstone intercalations indicate more diluted unidirectional transport from
stream flow processes occurring during the waning stage of major flash-flood events.
This FA is interpreted as proximal braided streams or stream-flow dominated alluvial
fans (Galloway and Hobday, 1996).

Braided channel (FA2)

This FA shows very coarse to medium poorly sorted sandstones with floating pebbles
evolving upwards to plane parallel laminations in a fining upward trend (Fig. 6b).
Interstratified tabular to tangential cross-bedding sets are also observed in this facies
with 0.5 to 1.5 m thick in average. Plant debris is present. The base of this FA is erosive
with lag deposits or local crudely stratified conglomeratic base with 5 to 10 cm wide
scours marks. The top of the FA is occasionally mottled by rootlets. The mean thickness

of the isolated bodies is of 1 to 2 m but can reach a maximum thickness of 15-20 m in

11



case of amalgamation. The lateral extension varies from 5m to 2-3 km when channel are
highly amalgamated.
This FA is interpreted as the development of a multistorey braided channel network
developed during high discharge flooding events (Williams and Rust, 1969) allowing
for the migration of transverse and longitudinal bars (Miall, 1977; Cant and Walker,
1978; Ramos and Sopefia, 1983; Bridge, 1993). Channel abandonment during low water
stage is marked by the development of a paleosol on fine grained mottled material.
According to the nomenclature of Huerta et al. (2011) (W/T ratio, sand connectivity and
floodplain preservation potential), three types of braided channels were identified (Fig.
5): (1) multistorey braided belt channels (FA2.1), (2) intermediate sheet-like bodies (FA
2.2), and (3) ribbon channels (FA 2.3).

Meandering Channel (FA3)
This FA shows an overall fining upward sequence passing from trough cross-bedded
coarse to medium sandstone, with an erosive scoured base, to heterolithic facies with
fine rippled sandstones alternating with silty-claystones. Bedset are 5 to 50 cm thick and
organized in inclined (15-20°) sets marked by thickening upward clayey drapes from 1
to 20 cm (Fig. 6¢). On the top, 2 to 5 cm wavelength current ripples show a current
direction perpendicular to the dip of the inclined bed set. 0.5 to 1 m thick clay plugs and
rootlets occur at the top of the channel fill. The thickness of this facies association is
about 2 to 30 m and the lateral extension can reach 50 m.
The inclined bedding is interpreted as lateral accretions surfaces dipping towards the
channel axis and indicates high sinuosity meandering channel processes (Leeder and
Alexander, 1987; Odgaard, 1989) and meander cut-off during with flood discharge

(Puigdefabregas and Van Vliet, 1977).

12



Floodplain deposits (FA4)

This FA shows brownish to reddish horizontal plane-parallel silty claystone deposits
including 0.5 to 1 cm thick carbonate concretions and pedogenic mottled horizons on
0.5 to 1 m in thickness. Decimeter thick rippled very fine to fine-grained non-erosive
sandstone beds of limited lateral extent (2 to 5 m) are also observed, as well as 0.5 to
1.5 m thick mottled siltstone that reaches a minimum widths of about 50 m.
The silty claystone material indicates lower flow conditions allowing for suspension fall
out in backwater during channel abandonment (Smith et al., 1989). The sediments are
later modified by pedogenic processes. The color changes reflect variations in redox
conditions during water table fluctuations (Foix et al., 2013). The sandstones are
interpreted as channel overbank or crevasse-splay deposits (Allen, 1963, 1965; Miall,
1996; O’Brien and Wells, 1986; Kraus, 1987; Bown and Kraus, 1987).

Fluvial-dominated delta plain (FAS)
This FA consists of 1 to 3 m thick, fining-upward trough cross-bedded very coarse to
medium-grained poorly sorted sandstone evolving upwards to climbing ripples and
oyster and gastropod-rich silty-clayey facies (Fig. 6d) organized in a 0.5 to 1.5 m thick
bedset. Shell fragments, Ophiomorpha burrows and plant debris are also observed. The
base is erosive with a slightly concave up shape (generally less than 2 m in strike
section) showing scours marks and lag deposits including oyster shell fragments and
mudclasts. This facies association ranging from 3 to 20 m wide.
This FA is interpreted as subaqueous distributary channels formed by channelized
bedload process during waning stage of river flood events in a coastal domain as
suggested by the fauna and burrows.

Bay environment (FA6)

13



This FA is composed of bluish gray silty claystone including well preserved
oligospecific fauna like oysters, cerithids and Pectens. Cruziana, Ophiomorpha
ichnofacies are observed. Locally, sandstone beds show three specific patterns: (1)
erosive 0.5 to 1.5 m thick fining-upward muddy sandstones with scattered medium to
coarse grains including faunal accumulation; (2) 10 to 30 cm thick beds of medium-
grained sandstones with sigmoidal cross stratification, clay drapes and mudclast, and (3)
0.2 to 1 m thick coarsening and thickening upward fine to medium grained rippled and
cross laminated sandstones with abundant plants debris and mudclasts.

This muddy dominated environment indicates suspension fall-out in a quiet
environment. Fauna-rich fine-grained sandstone beds are interpreted as storm deposits
during transgressive events (Lafont, 1994). The sigmoidal cross-stratified sandstone
beds indicate tidal deposits. The coarsening upward climbing rippled sandstones are
interpreted as crevasse splay deposits. Oligospecific faunal assemblage suggests the
deposition in a brackish, low oxygenate, and nutrient-rich bay or restricted lagoon
environment with a variable salinity (Luterbacher, 1970; Pemberton, 1992; Gertsch et
al., 2010), related locally to tide, fluvial or storm events.

Tidal channel (FA7)

This FA shows inclined and laterally accreted 20 cm thick in average bedsets of coarse
to medium grained sandstones, rhythmically draped by 2 to 10 cm thick silty clays (Fig.
6¢). These sandstones are rich in broken mollusk shells and Skolithos to Thalassinoides
ichnofacies. Megaripples and sigmoidal bedsets with 0.5 to 1 cm thick mud drapes are
observed with a current direction perpendicular to the main accretion dip and are
followed by reverse current ripples. This facies evolves upwards to clayey facies

showing 1 to 3 cm flaser bedding in fine to medium-grained sandstones. The basal
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surface is erosive, with a pebble lag deposits and large amounts of mudclasts and plant
debris. This facies association ranging from 2 to 5 m thick.

This FA shows strong evidences for tidal influence (Shanley et al., 1992; Nio and Yang,
1991; Lafont, 1994; Davis and Dalrymple, 2011). The sandstones are deposited by
lateral accretion in a meandering tide-controlled coastal system with mud drapes
deposited by suspension fallout during slack water (Thomas et al., 1987). Megaripples
and sigmoidal bedset indicate a stronger ebb tide influence than the reverse flood tide
current ripples. This environment is interpreted as intertidal estuarine channel
influenced by both fluvial and tide processes (Wheeler et al., 1990; Dalrymple et al.,
1992).

Fluvial dominated delta front (FAS)

This FA shows sharp-based coarsening and thickening upward fine to coarse
moderately sorted sandstones, highly bioturbated with Ophiomorpha, Thalassinoides
and Skolithos ichnofacies (Fig. 6g). This facies association sequence varies from 2 to 10
m thick and contains dispersed gastropods, Pectens and oysters. According to the
sedimentary fabric we can recognize two end-members (FAS8.1 and 8.2). FAS8.1 is
characterized by common hydrodynamic bedding (trough cross bedding, tangential
oblique or plane parallel bedding and compound cross stratifications). Some 5 to 10 cm
thick claystone levels are observed on the bottom of the facies association and are
missing upward. The 0.2 to 1.5 m thick bedset pattern varies from tabular (Fig. 6g) to
steeply inclined (up to 25°; Fig. 6f). The FAS.2 facies association end-member presents
thickening and coarsening upward fine to coarse sandstones with intercalations of 2 to
15 cm thick bluish gray silty claystone that define 0.2 to 1 m sandy bedset. Mud draped

5 to 10 cm thick sigmoidal cross-bedded coarse to medium grained sandstones are
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observed along gentle slope progradation surfaces in a rhythmic 0.5 to 5 cm thick thin-
thick bedding style, with reactivation surfaces and mud clasts lag deposits. Flaser
bedding and reverse current are observed in fine grained facies.

The bioturbation and bioclasts recognized in both end-members suggest a strong marine
influence. The sedimentary structures and plant debris described in AF8.1 end-member
indicate the overall progradation of a delta front fed by hyperpycnal flows and bedload
processes (Elliott, 1976, 1986; Bhattacharya and MacEachern, 2006; Olivero et al.,
2008) and is described as a flood-dominated river-deltaic system by Mutti et al. (2000).
The weak preservation of fine grained sediments indicates the influence of the fair
weather wave in these prograding foreset. Compound cross stratification indicates
bypass and turbulent flow processes followed by waning flow stage (Mutti et al., 2000).
The thickening and coarsening upward FAS.2 sequence is interpreted as a fluvial
dominated delta front and differs from the FA 8.1 by the strong tidal influence.

Subtidal bar (FA9)

This FA shows moderately sorted coarse to fine bioturbed sandstones including
Thalassinoides, Skolithos and Ophiomorpha ichnofacies. The sedimentary fabric shows
1 to 20 cm thick bedsets separated by 0.5 to 1 cm thick mud couplets, and organized in
a rhythmic thick/thin bed alternation with an overall sigmoidal cross-stratification
pattern. Bedsets bases are tangential and their tops are commonly truncated by
reactivation surfaces (Fig. 61). Polymodal current directions are sometime observed. The
basal surface is sharp, non-erosive (Fig. 6h) and locally shows ball-and-pillow load
structures. Plant debris, bioclasts (mollusk shells, Nummulitids and Alveolina) and

mudclasts are also observed. This facies association is about 1 to 5 m thick.
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This FA is dominated by semi-diurnal tides (Dalrymple et al., 1992) and neap-spring-
neap cycles (Mazumder and Arima, 2005). We interpret these deposits as subtidal bars
affected by changes in flow velocity with reverse subordinate flow (Davis and
Dalrymple, 2011).

Inner carbonate platform (FA10)
This FA is characterized Miliolids, Alveolina and Orbitolites, green algae, oysters and
gasteropods bearing wackstones to grainstones (Fig. 6j). The FA presents nodular
bedding with a sandy fraction. 20 to 50 cm thick marl intercalations occur sometime
with Lucina bivalves in life position. The facies association thickness varies from 0.5 to
50 m.
This FA is interpreted as an inner carbonate platform (Geel, 2000; Brasier, 1975)
slightly reworked by wave action. The marly intercalations indicate a quiet environment
corresponding to a lagoon in a proximal inner carbonate platform (Hamon et al., 2016).

Prodelta deposits (FA11)

This FA consists of coarsening and thickening upward highly bioturbed massive poorly
sorted grey muddy siltstone alternating with medium grained sandstones including shell
fragments (echinoids, oysters) and whole specimens of Nummulitids and Assilina (Fig.
6k). Current ripples are observed in the fine grained facies. The muddy siltstone / sand
ratio is always >1. All of the beds display a tabular geometry into distances of more
than 50 m. This 2 to 15 m thick facies association is burrowed by Skolithos,
Ophiomorpha and Thalassinoides.
These deposits are interpreted as suspension settling from sediment-laded hyperpycnal

flows of hemipelagic plumes (Orton and Reading, 1993) or pycnocline processes
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created by internal waves (Mateu-Vicens et al.,, 2012) in a prodeltaic open marine
environment below the fair-weather wave base level.
Turbiditic shelf environment (FA12)

This FA show heterolithic facies including silty marls and rippled medium to very fine
grained 5 to 20 cm thick fining upward sandstones beds (Fig.61). The base is sharp and
slightly erosive with flute and groove marks and locally shows lag deposits, clay-chips
and plant debris. Sandstone beds show a massive base passing upward to plane parallel
laminations and to current ripples or combined wave-current ripples on top. Some
hummocky cross-stratifications are locally visible. The top of sandstone passes
gradually upward to nummulitids-bearing clayey facies. This 0.5 to 2 m thick FA is
found together with prodelta deposits (FA11) and greyish marly offshore deposits
(FA15).

This FA strongly suggests open marine shelf deposits submitted to rhythmic waning
turbiditic flow discharges under unidirectional bedload processes, occasionally
remobilized by wave action (Leckie and Walker, 1982; Brenchley et al., 1986; Mulder
and Alexander, 2001; Dumas and Arnott, 2006; Girard et al., 2012; ) below the fair-
weather wave base. These deposits are recognized by many authors as hyperpycnites
(Mulder et al., 2003; Mutti et al., 2000, 2003; Plink-Bjorklund and Steel, 2004; Petter
and Steel, 2006; Olariu et al., 2010; Poyatos-Mor¢, 2014) generated by hydraulic jumps
in front of the foresets of sediment-laden dense flow produced during extreme river
flood events. These deposits shows reworking by oscillatory component giving low
gradient topographic profile to this facies association deposited in upper offshore shelf
environment with a water depth ranging from 35 m to 150 m (Postma and Drinia, 1993).

Reef environment (FA13)
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This FA shows two main facies. The first facies (FA13.1) is a 2 to 8 m thick wackstone
to boundstone dominated by perforated corals (Actinicididae, Poritidae, Faviidae;
Leturcq, 1999), and encrusted by red algae (Fig. 6m-o0). The surrounding matrix is a
wackstone / packstone including Solenomeris fragments, Alveolina and Orbitolites. The
proportion of Solenomeris increase towards the top of the construction, and coral
reworked fragments can also be observed. The second facies (FA13.2) is a 5 to 20 m
thick bindstone with Solenomeris encrusted by red algae (Fig. 6p). Occurrence of
packstone matrix with Nummulitids, Alveolina, Miliolids and glauconite grains are
observed. These facies are recognized as reworked deposits in a packstone / wackstone
with Nummulitids, Alveolina and Miliolid matrix (FA13.3).

The coral dominated facies (FA13.1) occurs under mesophotic to oligotrophic
conditions above fair weather wave base, either in high energy water depth probably
less than 30 m, allowing the mixing of waters that reduces turbidity (Leinfelder, 2002;
Morsilli et al., 2012; Hamon et al., 2016). This takes place in a distal inner carbonate
platform setting. The bindstone with Solenomeris (FA13.2) indicate deeper water
environments in mesotrophic conditions and suggest a proximal mid carbonate platform
setting. The reworked facies (FA13.3) correspond to the dismantling part of the
bioconstructions.

Mid carbonate platform (FA14)

This 2 to 15 m thick FA consists of a nodular wackstone to packstone (Fig. 6q) showing
high concentrations of Nummulitids and Operculine founded together with Alveolina,
Miliolid, Orbitolites, oysters, and echinoderms in variable proportions (Fig. 6r). Some

intercalations of massive to hummocky cross-stratified 5 to 10 cm thick fine to medium
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grained sandstone are observed. This facies association can be observed in the extensive
outcrop (more than 500 m wide).
This FA juxtaposes shallow marine faunal assemblage (4/veolina, Miliolids, Orbitolite)
with deeper faunal assemblage environment (Nummulitids and Operculine) suggesting
transportation from a shallow to a more distal environment, probably by storm
processes (Rasser et al., 2005). This is confirmed by the presence of hummocky cross
stratification (upper offshore) that attests a mid-carbonate platform setting below fair
weather wave base level.

Offshore environment and outer carbonate platform (FA15)
This FA is dominated by clayey facies containing Nummulitids. Locally 1 to 3 m thick
interval are interbedded with medium to fine grained 10 to 20 cm thick plane-parallel
laminated sandstone passing laterally to hummocky cross-stratified sandstone. The base
is erosive with flute marks and pebbly lag deposits marked by aligned Nummulitids.
Combined wave-current ripples can rework the top of the sequence. Skolithos,
Planolites, Cruziana and Ophiomorpha ichnofacies were recognized. This clayey facies
can also present some occurrences of (1) 0.2 to 1 m thick sigmoidal mud draped
sandstones, and (2) 0.5 to 2 m thick massive and bioturbated bioclastic fine-grained
sandy limestone with reworked shell debris (Nummulitids, Pecten, echinoderms).
This FA is interpreted as suspension fall-out in an upper offshore environment (30 to 60
m water depth) submitted occasionally to storm processes and distal tide influence
below the fair-weather wave base (Dott and Bourgeois, 1982). Thick intervals ranging
from 20 to 200 m thick of nummulitic clayey facies with the absence of hydrodynamic

sedimentary structure and sandstone suggest very low energy conditions in lower
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offshore environment (or outer carbonate platform) below the storm wave base with a
60 to 200 m water depth.

Slope environment (FA16)
This FA shows slumped laminated silty claystone and sandstone beds with a thickness
of 1 to 50 m (Fig. 6u). Clayey matrix supported disorganized carbonate or sandstone 5
cm to 30 cm pebble to cobble thick in average are in mostly observed compared to clay-
poor sandy matrix. In the Campo section, carbonate olistoliths show reworked fauna
(Alveolina, Nummulitids, red algae, and corals). Between Lacort and Atiart sections,
azoic clayey slumped facies unconformably seal successive slump scars in FA16 (Fig.
6v).
This FA shows synsedimentary deformations and reworking structures (slumps and
debris flows) originating from calcareous or siliciclastic shelf. This is consistent with
slope-induced slumping and mass-flow transportation under gravity flows along an
unstable shelf margin. The slumped facies and the clayey matrix supported debris flows
indicate mainly cohesive flows.

Turbiditic basin (FA17)

This FA shows amalgamated tabular fining upward 0.2 to 10 m thick very coarse to
medium grained sandstone beds with massive or plane-parallel laminations (Fig. 5w).
The base is erosive with flute and groove casts and shows mudclasts, bioclastic pebble
lag deposits and plant debris. The base of sandstones shows flame structure that inject
substrate claystone and silt into the bed, corresponding to creep structure (with
asymmetric flame) or load structures (with symmetric flame). Horizontal burrows of
Paleodyction and Helminthorhaphe ichnofacies are observed. Laterally, this facies

evolves to slightly amalgamated 10 to 20 cm thick plane-parallel to climbing rippled
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fine to medium grained sandstones intercalated with brownish to dark silty-claystone
organized in an overall fining and thinning upward sequence. Some mass transport
deposits and slumps are locally observed.
This FA is interpreted as channelized high density turbiditic flows caused by high
discharge in a deep water environment (Heard and Pickering, 2008) and associated with
suspension fallout. The presence of climbing ripples implies suspension fallout
combined with traction processes, typical of waning turbiditic flows (Walker, 1985).
The heterolithic facies is interpreted as inter-channel deposits (crevasse splay or levees).
Shelf faunal assemblage and plant debris reworked at the base of the sequence suggest
sediment transportation through the shelf from the continental domain. The abundance
of slump or debris flows attests to an unstable slope environment and possible canyon
margin destabilization. This environment is interpreted as an amalgamated turbiditic
channel complex.
4.1.2. Environmental partitioning and depositional systems
Four large-scale depositional systems corresponding to an assemblage of depositional
environments were reconstructed (Fig. 7), and differ mostly by the dominant
sedimentological processes involved, which mean that depositional environments and
water depth evolution along the system can be reconstructed using modern analogs.
This is further used to reconstitute the syn-sedimentary deposition profile using
bathymetric estimations suggested in each depositional system.

Distally steepened mixed carbonate platform system
This system is dominated by carbonate environments (Fig. 7a). In the proximal parts of
the platform, the dominant environment corresponds to inner platform A/veolina-rich

carbonates (FA10; Figs. 5, 6j), with locally intercalated deltas (FA8.1; Fig. 5) deposited
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into a restricted marine / lagoonal environment (Eichenseer and Luterbacher, 1992;
Leturcq, 1999; Hamon et al., 2016). The inner platform A/veolina-rich limestones pass
distally to more marly deposits (Nummulitids-rich wackestones) locally reworked by
storms, in a mid-platform environment (FA14; Figs. 5, 6 g-t, 7a). The transition
between inner and mid-platform is locally characterized by the presence of coral and red
algae-rich reefal environments (FA13; Figs. 5, 6 m-p). The most distal part of this
profile shows marly outer platform deposits with Nummulitids and Assilina (FA15;
Figs. 5, 7a). Locally, in the Campo section (Fig. 3), the platform is oversteepened and
slope deposits are observed with slumps, carbonate debris flows (FA16; Fig. 5) showing
reworked Alveolina, Nummulitids, red algae and corals previously deposited in mid
platform faunal assemblages, which indicate that the slope occurs in a mid-platform
setting. This indicates the presence of a distally steepened ramp system (Fig. 7a),
according to the classifications of Wright and Burchette (1998) and Pomar (2001). The
bathymetric estimation ranges from 0-15 m water depth in the inner ramp (Tosquella,
1988), with lagoonal environments between 0-10 m water depth (Huyghe et al. 2012).
The bathymetry in the mid-ramp is estimated between 15 to 60 m water depth and from
60 to 120 m water depth for the outer ramp, according to fauna living depth range
(Geel, 2000). This system corresponds to the Alveolina Limestone, Riguala Marls and
La Puebla Limestone Formations (Fig. 4).
Mixed tidal / deltaic platform system

The proximal part of the system consists of tide-influenced muddy environments (FA6;
Fig. 5), locally intersected by river dominated deltaic systems with tide influence (FA
8.1; Figs. 6h, 7b) and associated prodelta deposits. The main depositional environments

are interpreted as tidal flats to bays, which can laterally evolve into a shallow carbonate
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platform, with environments ranging from inner to mid platform (FA10, FA14; Fig. 5).
Some subtidal bars are recognized (FA9; Figs. 5, 6h). The distal part of the system
corresponds to offshore silty marls (FA15; Fig. 5). We consider a maximum of 30 m
water depth for the bay environments, and a range from 5 m to 20 m water depth for
delta front with a maximum depth of around 50 m for the distal prodeltaic environment
(Molenaar and Martinius, 1996). This mixed tidal / deltaic platform system corresponds
to the middle Ypresian (lower Cuisian) deposits between the Roda de Isabena and
Tremp areas (Roda Formation, Upper Detritic Complex, Suerri, Mur-Puigvert and
Porredo deltaic systems) (Fonnesu, 1984; Yang and Nio, 1985, 1989; Eichenseer, 1988;
Tosquella, 1988; Molenaar, 1990; Crumeyrolle et al., 1992; Lopez-Blanco et al., 2003;
Tinterri, 2007; Leren et al., 2010; Olariu et al., 2012) (Fig. 4).
Tide-dominated deltaic system

This system is dominantly clastic (Fig. 7c), with the proximal part showing alluvial fans
(Hwang et al., 1995; Galloway and Hobday, 1996) (FAl; Figs. 5, 6a), passing
downstream to braided stream, organized into sheet-like bodies, (FA 2.2; Fig. 5) and
meandering channels (FA3; Figs. 5, 6¢, 7¢). The coastal domain is composed of river-
dominated distributary channels (FAS; Figs. 5, 6d) in delta plain settings passing
distally to an intertidal area with tidal channels (FA7; Figs. 5, 6e) and restricted
brackish interdistributary bays (FA6; Figs. 5, 7c). Tidal processes are dominant on this
system, and tide dominated deltas are well preserved (FAS8.2; Figs. 6i, d, 7¢). Distally,
the system is gradually dominated by offshore shelf deposits (FA15, Fig. 7c), where the
tidal effect is still present but more difficult to recognize. This depositional system is
interpreted, in the littoral domain, as a tide-dominated delta (in the sense of Galloway,

1975; Wheeler et al., 1990; Dalrymple et al., 1992; Martinius, 2012). The Gange-
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Brahmaputra delta (Michels et al., 1998) should correspond to a modern analog, and
shows a tidal range of 4 m (macrotidal setting; Longhitano, 2008), a base of the delta
front at 50 m water depth and the base of the prodelta at 75 m water depth. The brackish
bay environment water depth is considered at 5 m (Martinius and Molenaar 1996). An
alluvial fan continental slope should vary from 1°-0.6° in proximal areas to 0.1° in
distal parts (Boothroyd, 1972). An average slope for proximal sandy streams is 0.04°
and 0.02° for meander streams and alluvial plain continental slope (Hickin and Nanson,
1984). This system is recognized in the Castigaleu and Montllobat Formations (Nijman
and Nio, 1975; Van Der Meulen, 1983; Mutti et al., 1988; Nijman, 1998).
Distally steepened fluvial dominated deltaic system

The proximal part of this depositional system (Fig. 7d) shows a continental domain with
a multistorey braided belt channels (FA 2.1; Figs. 5, 6b) organized in fluvial sheet-like
channel bodies with high interconnectivity, passing distally to ribbon shaped channels
(FA 2.3; Fig. 5). The low angle delta front environment is dominated by fluvial bedload
transport (FA 8.1; Fig. 6g). More distally, the prodelta environment (FA11; Figs. 6k,
7d) is dominated by suspended load processes and diluted density flows with
hypopycnal and hyperpycnal flow deposits (Orton and Reading, 1993; Mutti et al.,
2000, 2003) with intercalation of shelfal turbidites (FA12; Figs. 5, 61). This system
evolves downstream into slope and basinal settings (FA16; Figs. 6u, 7d) with turbidite
channels (FA17; Figs. 5, 6w) at the mouth of submarine canyons (e.g., Atiart surface;
Figs. 4, 6v). The erosion and infill of turbidite channels are caused first by gravity-
driven flows (Mulder and Alexander, 2001) or by fluvial hyperpycnal flows due to (1)
slope gradient increase, or (2) high fluvial discharge with high sediment concentration

(Mutti and Normark, 1987). The littoral domain is characterized by the dominance of
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fluvial processes and corresponds to a river-dominated deltaic system with a distally
steepened slope locally incised by a large-scale submarine canyon (Fig. 7d). This
depositional system is characteristic of the Castissent Formation. The distal turbidite
systems correspond to the Arro and Fosado channels (Mutti et al., 1988) (Fig. 4).
Braided stream slope is from 0.08° to 0.06° (Hickin and Nanson, 1984). The Ebro delta
modern analog shows a delta slope gradient of 0.0087 m/m™ (Reading, 2009). With a
length of the Castissent delta front close to 4 km, this gradient also suggests a water
depth of 35 m for the delta front deposits. The deepest part of the turbiditic Ainsa Basin
is in the range 400 to 800 m (Heard and Pickering, 2008). We focus on the proximal
margin of the Ainsa-Basin showing a canyon and slope system with a bathymetric range
from 150 to 200 m water depth, and a proximal part of the turbiditic basin from 200 to
400 m water depth.

4.2. Regional stratigraphic correlations

4.2.1. General profile reconstruction

In order to understand the sequential and longitudinal evolution of sedimentary
environments within each proposed depositional system, we have juxtaposed these
along idealized profiles (Fig. 7e). Each of the four depositional systems previously
described were subdivided according to the position of several marine reference lines or
key transition zones. The Bay Line corresponds to the transition between continental
domain (fluvial channel and floodplain deposits) and the littoral domain (bay
environment, deltaic plain or inner platform) and is well recognized in the four systems.
The High Tide Sea Level is defining in the tide dominated deltaic system as the
transition between the distributary channel and the bay environment with tide channel.

The Low Tide Sea Level is recognize in the same system as the transition between the
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intertidal domain (with bay and tide channel) and the subtidal area marked by the
subtidal sandbar. The Fair Weather Wave Base is defines as the lower boundary of high
hydrodynamic environments, i.e. the inner platform in the carbonate system, and the
delta front in deltaic systems. The Storm Weather Wave Base is recognized where any
evidence of storm deposits are found in the offshore or outer platform environments.
The idealized profile reconstructed is subdivided in eleven areas that represent the same
range of bathymetry. This general depositional chart shows a complete proximal-distal
partitioning where all facies associations can be located. The vertical succession of the
depositional environments along this general profile can be thus associated with
shallowing or deepening trends and therefore allows for the determination of different
stratigraphic sequences and their expressions in each section (Fig. 7f).

4.2.2. Estimated absolute age model and sequence hierarchy

With the aim to propose a sequence duration time-scale, we estimated an absolute age
model based on previous published studies but updated to the Geological Time Scale
2012 (Hottinger, 1960; Hottinger and Schaub, 1960; Samso et al., 1990; Tosquella et
al., 1990, 1996; Serra-Kiel et al., 1994, 1998; Bentham and Burbank, 1996; Payros et
al., 2009). These data show that some sequence boundaries or transgressive surfaces are
closed to a limit of biozone or Chron (represented by green pins in Fig. 8), which allows

us to propose age estimation:

+ the first sequence boundary (SB1) corresponds to the Paleocene Eocene
Thermal Maximum, and marks the limit between the Paleocene/Eocene
(Pujalte et al., 2009b), dated to 56 Ma by Geological Time Scale 2012;

» the second transgressive surface (TS2) corresponds to the top of the
Alveolina Limestone, dated close to the transition between SBZ5 and SBZ6
by Serra-Kiel et al. (1994) at 55.2 Ma from the Geological Time Scale
2012;
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« the third sequence boundary (SB3) corresponds to the base of SBZ9 (Serra-
Kiel et al., 1994) and is located in the reverse C24n.1r Chron. An age of
53.4 Ma is proposed;

» the fourth sequence boundary (SB4) is close to the transition between SBZ
9 and SBZ10 (Serra-Kiel et al., 1994), i.e., at 52.9 Ma,;

» the fifth sequence boundary (SBS5), i.e., the base of the Castigaleu Fm.,
belongs to SBZ10 and is dated close to the magnetic inversion between
C23r and tC23n.2n (Bentham and Burbank, 1996), at 51.9 Ma;

« the sixth sequence boundary (SB6) may be recognized close to the limit
between C23n.2n and C23.1r Chrons (Bentham and Burbank, 1996), at 51
Ma;

» the basal surface of the Castissent (seventh sequence boundary) is located
at the base of SBZ11, and close to the transition between Chrons C23n.1n
and C22r, i.e., at 50.6 Ma;

» the top of the Castissent Formation, i.e. the eighth transgressive surface
(TS8), is recognized by a glauconitic level by Mochales et al. (2012) at the
top of C22r, and an age of 49.6 Ma is proposed.

The vertical evolution of depositional environments (from A to K) shows three
hierarchized sequence levels: Short Term, Long Term, and Depositional Sequences
(Figs. 9-11). The first level is Short Term Sequences (STS) that delineate seventeen
shallowing-deepening 10 m to 200 m thick cycles. Considering that the studied
succession shows a duration of about 6.4 Ma, and if we assume that the seventeen Short
Term Sequences have about the same duration, each of these Short Term Sequences
would have a period of about 400,000 years that correspond to the 5™ order of Vail et al.
(1991) (Fig. 8). The Short Term Sequences are bounded by Maximum Flooding
Surfaces, and correspond to genetic units (Galloway, 1989) or parasequences (Van
Wagoner et al., 1988). The second and third levels defined here correspond to
Depositional Sequences (Vail et al., 1977; Posamentier and Vail, 1988; Van Wagoner et
al., 1988) or 3rd order of sequence from Vail et al. (1991) based on cycle duration and
using subaerial unconformities (or their correlative surface; Mitchum, 1977) as
sequence boundaries (Fig. 8). The eight Long Term Sequences (LTS) present an

average duration of 800,000 years, are generally several hundreds of meters thick, and
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are composed of several stacked Short Term Sequences (Fig. 8). The four Depositional
sequences defined in this paper record 1-3 Ma/cycle and correspond to the lowest
frequency cycles, by grouping several Long Term Sequences together (Fig. 8).
4.2.4. Regional correlation transect
The early Eocene Tremp-Graus-Ainsa basin succession is split into eight Long Term
Sequences grouped in turn into four Depositional Sequences (TE) bounded by
regionally mappable sequence boundaries (Fig. 12a).

Long Term Sequences A and B (TE1)
The base of Long Term Sequence A (LTS A) corresponds to a regional erosive surface
on top of floodplain deposits in proximal parts of the basin (Figs. 9, 10) evolving
basinward to a karstification surface on inner carbonate platform deposits (Campo
section; Fig. 11) interpreted as the sequence boundary SBI1. In the eastern part of the
basin, this sequence boundary is overlain by alluvial fan conglomerate deposits passing
distally to fluvial channels overlain by floodplain deposits (South Ribagorzana and
Isabena sections; Figs. 9, 10) and inner carbonate platform alternating with greenish
marls (Campo section; Fig. 11). These deposits are organized in an aggrading trend and
are topped by a sharp transition between the reddish floodplain deposits and shallow
marine carbonates. The latter are based by a conglomeratic and bioclastic lag deposit
interpreted as the transgressive surface TS1. The overlying marine sequence evolves
upwards to outer shelf deposits in an overall transgressive trend where the maximum
flooding surface MFSI is located.
The Long Term Sequence B shows an abrupt downward shift of depositional
environments on the previous outer platform deposits interpreted as the sequence

boundary SB2. It is characterized by the setting of (1) inner carbonate platform deposits
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(Fig. 9), (2) clastic fluvial delta (Isabena section; Fig. 10), (3) reefal bioconstructions
(Berganuy, Iscles Reef sections; Fig. 12), and (4) slope deposits with olistoliths and
some turbiditic events (Campo section; Fig. 11). These sequences form a aggrading
trend bounded by the transgressive surface TS2 that marks a thick interval of outer
carbonate platform deposits (Fig. 12) topped by the maximum flooding surface MFS2.
The Long Term Sequences A and B are characterized by the dominance of a distally
steepened mixed carbonate platform system (Fig. 7a) with very local clastic input
sourced from a northern area (Hamon et al., 2016). They are grouped in the
Depositional Sequence TEl showing an aggrading trend from SB1 to TS2 and a
transgressive trend from the TS2 to the MFS2.
Long Term Sequences C and D (TE2)

The Long Term Sequence C starts with an abrupt downward shift of the depositional
environment interpreted as the sequence boundary SB3. It is marked by a mixed
tidal/deltaic platform system that overlaps previous outer platform deposits (South
Ribagorzana to Isabena sections; Figs. 9, 10, 12). In the Campo section, the SB3 is
placed at the base of a decameter-thick complex of olistoliths (Fig. 11) and it is pinned
at the base of shelfal turbidites that seal marly outer platform deposits in the Atiart
section (Fig. 11). These deposits form an overall aggrading trend ending with the
transgressive surface TS3 that marks the deepening of the depositional system with bay
deposits that pass distally to offshore and slope environments (Fig. 12). In the South
Ribagorzana section, this system shows inner carbonate platform passing distally to a
mid and outer carbonate platform deposits (Fig. 9).

The Long Term Sequence D is characterized by an abrupt downward shift of the

depositional environments (sequence boundary SB4) with distributary channel and
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deltaic environments overlying (1) shallow marine environment (between Berganuy and
Iscles Reef sections; Fig. 12), and (2) offshore deposits (Isabena and Montanana
section; Figs. 10, 12). More distally, in the Campo section SB4 is pinned at the base of a
slumped package of outer shelf marls and it is placed at the base of shelfal turbidite
deposits in the Atiart section (Fig. 11). The Long Term Sequence D forms an overall
aggrading interval bounded by the transgressive surface TS4 marked by the deepening
of the depositional environments with the setting of offshore deposits (Fig. 12). The
Long Term Sequences C and D correspond to a high clastic supply with the
development of several deltaic systems sourced from the north and influenced by tidal
processes (e.g., Roda Sandstone and Suerri System; Fonnesu, 1984; Crumeyrolle et al.,
1992; Lopez-Blanco et al., 2003; Tinterri, 2007; Leren et al., 2010; Olariu et al., 2012)
(Fig. 7b). These two Long Term Sequences are grouped into the TE2 Depositional
Sequence with an aggrading trend defined from the SB3 to the TS4 followed by a
transgressive trend up to MFS4.
Long Term Sequences E and F (TE3)

The base of Long Term Sequence E is marked by a sharp and erosive downward shift of
the depositional environments, interpreted as the sequence boundary SBS. This
sequence shows intermediate sheet-like fluvial bodies in the proximal part in the South
Ribagorzana and Tremp sections (Fig. 9), passing downstream to (1) amalgamated
distributary channels in the Isabena section (Fig. 10), (2) tide dominated delta fronts in
the Campo section (Fig. 11), and (3) prodelta and offshore deposits associated with
shelfal turbiditic in the Lacort and Atiart sections (Fig. 11). The succession is organized
in a transgressive trend marked in the continental domain by an evolution from braided

to meandering channels (Fig. 9) and some marine influences on top of fluvial channels.
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In the littoral domain, the transgressive trend shows an increase of marine influence
marked by tidal channel intercalations passing to thick bay deposits (Fig. 10). In the
distal part of the basin, tide dominated distal mouth bars evolve to offshore deposits
with less storms reworking (Fig. 11). The topmost part of this trend corresponds to the
maximum flooding surface MFSS5.
The base of the Long Term Sequence F shows an abrupt downward shift of depositional
environments interpreted as sequence boundary SB6. It is characterized by a
conglomeratic alluvial stream flow fan in the eastern part of the Graus-Tremp Basin
(Figs. 9, 12) passing distally in the Isabena section to a stack of distributary channels
with abundant coal debris (Fig. 10) and to a prograding tide-dominated delta front in the
Campo section (Fig. 11). These deposits form a transgressive trend evidenced by (1) an
increase of floodplain deposits in continental domain (Fig. 9), (2) a thick interval of bay
deposits with important oyster’s accumulation in the littoral domain (Fig. 10), and by
(3) a noticeable Nummulitids-rich carbonate bed in the offshore environments of the
Campo section (Fig. 11). The latter is interpreted as the maximum flooding surface
MEFSé6.
These two Long Term Sequences are grouped together in the TE3 Depositional
Sequence which shows a significant turnaround in sedimentation style with the clear
dominance of clastic input and the development of a large tide-influenced fluvio-deltaic
system, prograding to the west (Fig. 7c). TE3 corresponds to a major transgressive trend
bounded by SB5 and MFSé.

Long Term Sequences G and H (TE4)
The base of the Long Term Sequence G corresponds to a regional erosional surface that

marks an abrupt downward shift of depositional environment interpreted as sequence
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boundary SB7. This sequence shows a continuous multistorey braided channel belt in
the proximal part of the Graus-Tremp Basin (Fig. 9), passing distally to fluvial
dominated delta fronts with some tidal influences in the Campo section (Fig. 11). In the
eastern part of the Ainsa Basin, SB7 is correlated with the erosive surface of the Atiart
submarine incision, and is overlain by slope deposits with low-density turbidites (Figs.
11, 12). These deposits are organized in an aggrading trend topped by the transgressive
surface TS7. The latter is evidenced by (1) the appearance of a major paleosoil on top of
multistorey braided channel belt (Fig. 9), (2) an extensive conglomeratic lag deposit
eroding the fluvial channel sequence (Fig. 10), (3) a Nummulitids-rich interval directly
overlaying a distributary channel (Fig. 11), and (4) a maximum of amalgamation of
turbiditic channels in the Fosado turbiditic channels complex that passes to slope
deposits with fewer turbiditic events (Figs. 11, 12). This succession is followed by an
overall deepening upwards trend including floodplain to coastal plain deposits in the
proximal part of the basin (Fig. 9), passing distally to Nummulitids-rich offshore
deposits in the Campo section (Fig. 11), and finally to slope and basinal shales in the
distal setting of Atiart section (Fig. 11). It is capped by the maximum flooding surface
MFS7.

The Long Term Sequence H is pinned by an abrupt downward shift of the depositional
environment reported to sequence boundary SB8. From east to west, this sequence is
characterized upstream by a multistorey braided channel belts (South Ribagorzana and
Montanana section; Fig. 9), passing to ribbon braided channels (Isabena section; Fig.
10), distributary channels and fluvial-dominated delta front systems without tidal
influence (Campo section; Fig. 11), and to prodelta and slope deposits downstream.

These deposits show an aggrading trend, ended by paleosols on top of amalgamated
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fluvial channels (Fig. 9) that are interpreted as transgressive surface TS8. This
transgressive surface corresponds laterally to a thin oyster bed on top of a fluvial
channel (Isabena section; Fig. 10) and the maximum stage of deltaic progradation in the
littoral setting. This transgressive trend is topped by the maximum flooding surface
MFS8 well identified in the Isabena section by oyster accumulations in a bay
environment (Fig. 10) and by an Assilina-rich wackestone in the Atiart section (Fig. 11).
The Long Term Sequences G and H correspond to a thin, highly regressive and
amalgamated fluvial-dominated system, passing abruptly from delta to basinal turbidite
deposits (Fig. 7d) in a westward sediment routing. They are grouped in the TE4
Depositional Sequence which is bounded by SB7 and shows an aggrading trend up to

TS8 and a transgressive trend up to MFSS.

5. Discussion

5.1. Recognition of a piggyback tectonic signal

One aim to isolate the control exerted specifically by piggyback tectonics from other
regional controls (eustatic, climatic), is to distinguish the impacted spatial and time
scales (local and regional scales; Fig. 1). The stratigraphic response at a regional scale
(Fig. 1) is controlled by (1) eustasy, foreland flexural subsidence and isostatic rebound,
which drive the regional creation of accommodation, and (2) climate and Pyrenees
hinterland uplift, which control sediment supply. The local scale corresponds to the
piggyback basin itself and is mainly controlled by intrabasinal tectonic structures (i.e.,
major thrust front ramps, trailing fault-bends, or fault-propagation folds growing above
major ramps; Ori and Friend, 1984). The Ilatter affect development of local
accommodation by (1) decreasing the available space during uplift phases, and (2)

controlling the intrabasinal compartmentalization and trapping of sediments in local
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depocentres (Talling et al., 1995) (Fig. 1). Sediment supply can be modulated at this
local scale by the uplift of basin margins and the emergence of local sediments sources
by thrust propagation.

The regional external controlling factors will be equally recorded in all the sections,
whereas the intrabasinal piggyback tectonic record will have a locally expression in the
basin. Thus, we can recognize the intrabasinal piggyback tectonic impact by abrupt
changes in sediment thickness and associated depositional stratigraphic geometry,
depositional environment (i.e., major changes in stacking pattern), sedimentary process
or changes in current directions and with local sedimentary unconformities.

In order to better evidence the influence of intrabasinal piggyback tectonics in the
sedimentary record, we provide a palinspastic reconstruction of the successive
Depositional Sequences into four paleogeographic maps (Fig. 13). We have
reconstructed the maps before the Lutetian-Bartonian rotation events (Mufioz et al.,
2013), removing the effect of the clockwise rotations events by an anticlockwise
rotation of 60° in the western part to 30° in the Campo area, 15° in Isabena section area
and 10° more eastward (according to Bentham and Burbank, 1996). The thrust
displacement since the Lutetian is considered by applying a general translation of 71.5
km in the N10° direction. During the Ypresian, a total of a 9 km displacement is
assumed for the Montsec Trust (Verges, 1993). The restored paleocurrent data after
rotation are given in Appendix B. The tectonic evolution through time is integrated for
each paleogeographic maps (Fig. 13e). Facies partitioning and thickness variations are
also studied through correlation transects restored to their syn-depositional position,

with local tectonic structures indicated (Fig. 14).
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5.2. Piggyback intrabasinal tectonic evidences in the early Eocene Tremp-
Graus-Ainsa Basin

Four main periods during the early Eocene are recognized according to major changes
in basin fill evolution.

Underfilled carbonate basin stage (TE1)

At the base of TEI, the alluvial conglomerate unit (Claret Conglomerate, Table 1)
passes laterally southward to a thinner fluvial environment, close to the present-day
Montsec thrust front (Figs. 13a, 14a). This suggests the growth of the Montsec as a
blind thrust anticline as argued by Rosell et al. (2001). The following succession records
local shallower conditions along the northern Tremp-Graus sub-basin margin allowing
the development of reefs (e.g., Berganuy, Iscles, and Merli reefs) (Figs. 13a, 14a) on
topographic highs that limit local depocentre as demonstrated by the thickness increase
of nummulitic marls (FA15) in the Isabena, Iscles, Sola and Montafiana sections (Figs.
12b, 14a). Rare clastic deltas, fed from the north, are trapped in these local depressions
as along the Isabena section (Gaemers, 1978; Eichenseer and Luterbacher, 1992;
Hamon et al., 2016) (Fig 13a). The Berganuy and Iscles reefs are aligned with the
prolongation of the Coll Del Vent anticline, whereas the Merli reef developed on top of
the Turbon anticline (Eichenseer, 1988; Vincent and Elliott, 1997) (Figs. 13a, 14a). The
activity of the Turbon and Coll del Vent Anticlines is interpreted as Lower Cretaceous
N-S transtensional structures, passively inverted during the southward displacement of
the piggyback basin over the Montsec thrust (Vincent, 2001; Lopez-Blanco et al.,
2003). Montsec thrust activity is also recorded by the N-S evolution of the depositional
environments between the Montafiana, Tremp and South Ribagorzana sections in the

eastern part of the basin (Fig. 13a), where the succession passes laterally from marly
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outer platform deposits (FA15) in the basin depocentre to inner carbonate platform
deposits (FA10) in the southern margin of the basin (Fig. 14a). This southward facies
evolution is accompanied by a thickness decrease towards the Montsec high that
indicated growth of the Montsec thrust. The lack of detrital sedimentation in the
southern margin of the basin suggests that the Montsec high is a blind thrust anticline
growing in submarine conditions (Fig. 12). This stage ends with the deposition of a
homogeneous mid carbonate platform level (La Puebla Limestone Fm.) which shows no
remarkable thickness and facies variations through the basin, including the Montsec
area. This may suggest that this level is mainly due to a regional control. Baceta et al.
(2011) describes an onlap of La Puebla Limestone Fm. on the underlying units near the
Montsec high. This suggests that the underlying succession was already tilted by the
propagation of the Montsec blind thrust before deposition of this limestone level. This
indicats that the activity of the Montsec thrust ceased (at less temporally) at the end of
TE1 and marks the end of a first major tectonically active period during which regional
control factors are expressed.
Local clastic input in underfilled basin (TE2)

In the depocentre of the Tremp-Graus sub-basin (Montafiana section, Figs. 9, 12, 13b),
the base of TE2 shows outer platform deposits passing to inner platform carbonates near
the Montsec area (South Ribagorzana section, Figs. 13b, 14b). Here, the lack of clastic
sedimentation suggests a subaqueous position of the Montsec high between the Tremp-
Graus and the Ager sub-basins, consistent with previous works (Mutti et al., 1988;
Martinius, 2012). Unfortunately, this sequence is completely eroded close to the
Montsec high by the later TE3 sequence boundary (SBS; Figs. 9, 12a). This differential

erosion suggests an increase of uplift rate in the southern part of the Tremp-Graus sub-

37



basin, probably related to the growing of the Montsec structure. The Tremp-Graus sub-
basin shows syncline geometry, marked by tide influenced deltaic systems fed from the
north (from east to west: Porredo/Mur-Puigvert, Suerri, Montafiana depocentre and
Roda/UDC systems; Table 1, Fig. 13b). As in TEI, the northern margin of the Tremp-
Graus sub-basin is affected by local tectonic movements during TE2, registered by local
depocentre partitioning (Fig. 14b). In particular, the Coll del Vent anticline cause
change in deltaic current direction with setting of deltas that prograde (1) toward the
southeast in the eastern flank of the anticline and, (2) toward the southwest in the
western flank (Fig 13b). This stage is also marked by the uplift of the Coll del Vent and
Roda Fold anticlines that caused the confinement of the deltaic deposits (Roda
Sandstones and Upper Detritic Complex delta; Crumeyrolle et al., 1992; Lopez-Blanco
et al., 2003) in a depocentre which was subsequently filled (Leren et al., 2010). The
Roda Fold System is interpreted as a fault-bend or oblique fold detachment related to
the southward displacement of the Montsec thrust (Lopez-Blanco et al., 2003).
Westwards, in the Campo area (Fig. 3), TE2 shows outer shelf to slope deposits with
olistoliths from a remobilized carbonate platform with coral debris (Figs. 12b, 13b,
14b). This indicates erosion of preexisting Merli reef buildups that was probably
uplifted in the northern part by the Roda Fold System inducing a westward increase in
slope gradient, consistent with slump destabilization towards the Campo section. As in
the previous stage, the upper part of TE2 is characterized by progradation of another
homogeneous mid carbonate platform level (the Morillo Limestone) in the western part
of the basin (between Isabena and Atiart sections, Fig. 12b), suggesting a new
intrabasinal tectonic quiescence period, which marks the end of the TE2 second

tectonically active phase.
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Overfilled stage and Montsec thrust emergence (TE3)
In the eastern part of the Tremp-Graus sub-basin, the erosion of the sequence boundary
(SBS5) at the base of TE3 increases towards the Montsec area (South Ribagorzana
section; Figs. 9, 12, 14c). This SBS5 erosive surface was previously described as an
angular unconformity (Mutti et al., 1988; Nijman, 1998). To the west, erosion of SBS is
less important and corresponds, from the Campo to the Atiart section, to an abrupt
basinward shift from marly outer shelf deposits to tide-dominated delta and shelf
turbidites (Figs. 11, 12b, 14c). We interpret this surface as a peneplanation surface
related to overall uplift of the basin, suggested in the Tremp-Graus sub-basin by the
subaerial exposure and erosion of the Montsec blind thrust fold (Fig. 13c). This
hypothesis is further supported by a change of mineralogical content of sandstones
across the SBS5 surface described in previous works. The arkosic sandstones of the
underlying TE2 is interpreted as deriving from erosion of a local granite pluton cooled
at 308 Ma (Molenaar and Martinius, 1990; Lopez-Blanco et al., 2003; Whitchurch et al.,
2011) whereas the litharenite composition of TE3 would evidence the establishment of
new sediment sources by the cannibalization of previous Mesozoic or Cenozoic deposits
(Nijman, 1998). Both this change of mineralogy and the peneplanation surface at SB5
imply the exhumation of new sediment sources supported by paleocurrent directions
analysis that indicate north, east and southeast sources possibly linked to (1) increased
emergence of the Montsec anticline, (2) uplift of the hanging wall section of the Segre
Fault, which corresponds to the eastern lateral ramp of the Montsec thrust (Burbank et
al., 1992), or (3) Boixols thrust sheet emergence associated with the Tremp-Graus sub-

basin uplift (Figs. 12b, 13c). This led to a reorganization of the sediment drainage
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network with sources coming from the Axial Zone from an orogen-transverse drainage
system (TE1 and TE2) to an orogen-parallel drainage system (TE3).
Piggy-back displacement and development of lateral ramps (TE4)

In the Tremp-Graus sub-basin, the TE4 depositional system changes drastically by the
amalgamation of fluvial channels, which reflects a major decrease in accommodation
space and overall higher energy conditions (Huerta et al., 2011). Moreover, the absence
of clear tidal dominated deposits in the littoral domain is consistent with an increase of
fluvial input on the shelf. These changes in depositional profile in addition to the
significant decrease of sediment thickness during TE4 compared to TE3 suggest an
overall decrease of accommodation/sediment supply ratio in the Tremp-Graus sub-basin
during this period. However, in the Ainsa basin the TE4 sequence shows an opposite
trend, with an overall deepening of the depositional system associated with an abrupt
increase in sediment thickness (Figs. 12b, 14d) interpreted as an increase of
accommodation /sediment supply ratio. The sequence boundary of TE4 (SB7) shows
differentiation between the Tremp-Graus and the Ainsa sub-basin. To the east of the
Foradada fault (Tremp-Graus sub-basin, Figs. 3 13d), the sequence boundary separates
offshore deposits (TE3) from deltaic deposits (TE4) and indicates an overall basinward
shift of the depositional systems that would be consistent with relative sea-level fall. By
contrast, to the west of the fault (Ainsa sub-basin), the sequence boundary is expressed
by a large submarine unconformity (Atiart surface), with a thick succession of slope
deposits overlying and deeply incising distal offshore deposits (Long Term Sequence F;
Figs. 12b, 14d). This change to a deepening-upward trend might result from abrupt
relative sea-level rise. We interpret the decrease of the accommodation/sediment supply

ratio in the Tremp-Graus sub-basin as a response of uplift associated with the Montsec
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Thrust that caused a decrease in accommodation and a strong progradation of the fluvio-
deltaic system, which is then forced to migrate westward, parallel to the Pyrenean
range, and feeding the adjacent Ainsa sub-basin (Clevis et al., 2004) (Figs. 13d, 14d).
Syn-sedimentary activity of the Montsec thrust during this period has been evidenced in
several studies (e.g., Soler and Garrido, 1970; Nijman and Nio, 1975; Farrell et al.,
1987; Mufioz et al.,, 1994; Nijman, 1998; Teixell and Munoz, 2000). The opposite
tendency between the Tremp-Graus and the Ainsa sub-basins could be also explained
by differential intrabasinal tectonic activity expressed in two domains showing slope
instabilities and abrupt changes in sediment thickness and depositional environments.
The first of these domains is observed close to the Foradada fault, where the Long Term
Sequence G comprises a 50 m-thick fluvial dominated deltaic system (Santo-Cristo
Section, Figs. 12a, 14d), passing abruptly on the western side of the fault to a 400 m-
thick series of slumped marly slope deposits (Lacort section; Figs. 12a, 14d). The
western part of the Foradada fault is also marked by development of the Atiart
submarine surface, with a series of slump scars that affect the underlying TE3. Farther
westward, the Long Term Sequence G sequence shows a second major change, with
600 m-thick slope deposits passing to a more than 800 m-thick succession of marly
slope deposits containing the Fosado turbidite channel complex (Mutti et al., 1988;
Poyatos-Moré et al., 2014) (Fig. 14d). This second variation in thickness and
depositional environments occurs abruptly along a relatively short distance (1.2 km,
between Atiart and Pocino sections, Fig. 14d), across the Atiart thrust (Figs. 13d, 14d).
We interpret these changes as the result of westward syn-sedimentary propagation of
the Montsec thrust. The Atiart thrust would act as a Montsec Thrust lateral ramp

structure (Fig. 14d), controlling the relative uplift of highly amalgamated fluvio-deltaic
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systems in the continental domain (east), and the development of slope instabilities and
turbidite systems in a highly subsiding and deep marine domain (west). This stage is
therefore marked by differential evolution of the Tremp-Graus sub-basin which is
integrated in the wedge-top depozone whereas the Ainsa sub-basin remains in the
foredeep depozone. Furthermore, Atiart thrust development occurring at the wedge-top-
foredeep transition is coupled with the activity of the Foradada tear-fault,
accommodating southward displacement of the uplifted Tremp-Graus sub-basin from
the relative immobile and subsiding Ainsa sub-basin (Séguret, 1972). During the Long
Term Sequence H, any abrupt changes in sediment thickness and depositional
environments are reported from either side of the Foradada tear-fault, suggesting a stop
of the Foradada Fault activity at the end of TE4. The Atiart thrust impact on
sedimentation is well recognized during Long Term Sequence H where prodeltaic
progradation shows some incisions (Fig. 12 a, b). The first one, between the Atiart and
Pocino sections, is covered and onlapped by the Arro turbidite system, westward in the
San Esteban section. The second one is less well expressed and only recognized in the
Pocino section (Fig. 12a). This surface could record the latest major pulse of the Atiart
thrust (Mufioz et al., 2013). Furthermore, in the Pocino section, no major changes of
depositional environment and sediment thickness have been observed in the overlying
deposits (STS 17, Figs. 12b, 14d), which could provide a reference for the end of the
Atiart thrust activity.

5.3. Towards a model of piggyback basin infill and associated stratigraphic
signals

During the early Eocene, the Tremp-Graus-Ainsa Basin shows a complete piggyback

evolution with four major tectonically-induced stages specific to piggyback basin
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development (Fig. 14). This stage evolution corresponds to the emplacement of a single
piggyback basin located in the hanging wall of one main frontal thrust, without any
other thrust development that could induce emergence of new secondary sources or
modulate the subsidence of the studied piggyback basin. The evolution of the Tremp-
Graus-Ainsa Basin is interpreted as the result of the combination of different controlling
factors that are intrinsic to a piggyback basin such as (1) piggyback uplift caused by the
frontal thrust activity and controlling emergence of new sediments sources, and (2)
orogenic uplift that controls regional flexural subsidence and sediment supply (Fig. 1).
With the aim to provide a simplified piggyback basin infill model, our case study
comparison only considers a piggyback basin (1) resulting from changes of these factors
intrinsic to the piggyback basin evolution, and (2) located in the hangingwall of the
frontal thrust (Evans and Elliott, 1999; Martin-Martin and Martin-Algarra, 2002;
Gugliotta and Morticelli, 2012) (Fig. 15a, b). The upper part of the Scillato Basin
(Gugliotta and Gasparo Morticelli, 2012), which results from another thrust sheet that
increases sediment supply is not integrated in our model.

The first proposed stage of the piggyback basin infill corresponds to a thick
retrogradational succession (Fig. 15d). This is well expressed in the Tremp-Graus sub-
basin from the Claret Conglomerate to the Riguala offshore marls (TE1; Fig. 15¢). The
same succession is reported in the Barréme Basin (from the Poudingues d’ Argens to the
Marnes Bleues from Evans and Elliott, 1999) (Fig. 15b), and in the Scillato Basin (TSI
and TS2 from Gugliotta and Morticelli, 2012) (Fig. 15c). This retrogradational trend
reflects a progressively higher accommodation/sediment supply ratio with the

piggyback basin uplift not great enough to counterbalance regional flexural subsidence
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(Fig. 15d). The relatively low clastic sediment supply that characterizes this underfilled
stage is coming from the Axial Zone and could be linked to a low uplift rate of this area.
The second stage shows an overall aggradational succession, but the basin remains
underfilled (Fig. 15d). This stage correspond to the TE2 depositional Sequence in the
Tremp-Graus sub-basin (Fig. 15c¢) and is equivalent to the succession from the
Conglomérat de Clumant to the Conglomérat de St Lions in the Barréme Basin (Fig.
15b) and to the upper part of the TS2 sequence in the Scillato Basin (Fig. 15a). This
trend shows an increase in clastic supply coming from the Axial Zone (Fig. 15d),
recognized both by paleocurrent measurements and sediment provenance data in the
Tremp-Graus and Barréme Basins (Molenaar and Martinius, 1990; Nijman, 1998;
Evans and Elliott, 1999; Loépez-Blanco et al., 2003; Whitchurch et al., 2011). The
flexural subsidence remains quite high and strongly compensates the piggyback basin
uplift and the increase in sediment supply (Fig. 15d). These two first stages are largely
characterized by marine conditions and by sediments sourced from the Axial Zone, as is
also described in the lower part of the Oligo-Aquitanian succession of the Mula—Pliego
Basin (Martin-Martin and Martin-Algarra, 2002).

The third stage corresponds to an overfilled stage with an aggrading / slightly
retrograding succession, recognized in the TE3 Sequence of the Tremp-Graus sub-basin
and in the Molasse Rouge Fm. to the Séries Grises Fm. of the Barréme Basin (Fig. 15b,
c). This trend is induced by a major increase in sediment supply, helped by the
emergence and erosion of sedimentary thrust sheets within the piggyback, providing
new sediment sources (Fig. 15d). However, the accommodation remains high and is not
compensated by piggyback basin uplift. The mineralogy and current direction in the

Tremp-Graus Basin indicate northern sediment provenance coming from the Axial Zone
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during TE1 and TE2, whereas TE3 shows sediment provenance from sedimentary thrust
sheet. The Barréme basin succession also shows changes in sediment mineralogy and
current direction passing from NE Alpine massifs provenance to SE Cretaceous
provenance. This stage also records reorganization of the sedimentary drainage network
passing from a dominantly orogen-transverse system, to an orogen-parallel drainage
system. In the Scillato Basin, this stage is not recognized because of the emplacement of
a new thrust sheet unit that induced a higher sediment supply, counterbalancing
accommodation space creation and basin infill (Gugliotta and Gasparo Morticelli, 2012)
(Fig. 15a). The final stage of piggyback basin development is marked by low
accommodation aggrading succession corresponding to the TE4 Sequence in the
Tremp-Graus sub-basin and to the Grés Vert Fm. in the Barréme Basin (Fig. 15b, c).
Flexural subsidence in this stage is counterbalanced by piggyback basin uplift, induced
by translation of the frontal thrust (Fig. 15d). This movement is marked by the
development of lateral ramp structures, which separate the uplifted piggyback
depocentre from an adjacent subsiding foredeep depocentre, where instabilities and
turbidite systems can develop. This stage is characterized by an open piggyback basin
according to the Suriano et al. (2015) classification, with an aggrading stage located
above a main incision surface. During stages 3 and 4, sediments are mainly sourced
from the sediment thrust sheet and erosion of the Axial Zone, as is also recognized in
the Aquitanian upper part of the Mula—Pliego Basin succession (Martin-Martin and
Martin-Algarra, 2002). In the Tremp-Graus-Ainsa Basin, this stage is the first one that
leads to differentiation between the Graus-Tremp and the Ainsa sub-basins; the first one
is include in the wedge-top depozone whereas the second one remains in the foredeep

depozone.
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The whole piggyback succession described in the Graus-Tremp-Ainsa Basin is
stratigraphically marked by the development of major subaerial unconformities,
followed by retrogradational or aggradational depositional trends. The basin infill
therefore shows an absence of clear prograding trends. This would result from the
recurrence of frontal thrust tectonic pulses that uplift the basin and cause formation of
major subaerial unconformities at the piggyback basin scale. This activity is rapidly
followed by aggrading or retrograding trends which record higher regional flexural
accommodation space creation than sediment supply, except during the latest period of

basin uplift (stage 4) where the sediment depocentre shifts to be in the foredeep domain.
6. Conclusions

The stratigraphic architecture of a piggyback basin infill is complex because of the
recurrent interactions between orogenic dynamics (regional flexural subsidence, local
piggyback-related structures), climate, and global eustasy, which largely control the
balance between erosion and sedimentation. In this work, we propose to isolate the
impact of intrabasinal tectonic control specific to piggyback basin development in the
Tremp-Graus-Ainsa Basin during the early Eocene, with the aim to propose a first
reference stratigraphic succession and provide a piggyback basin evolution model. The
sedimentological and stratigraphic analysis performed at the basin scale evidence a
three-fold depositional sequence hierarchy, in which the local intrabasinal tectonics is
mainly expressed at the Long Term Sequence scale. The key result is the discrimination
of four main stages specific to piggyback basin development, and which result from the
combination of intrabasinal tectonic activity, regional flexural subsidence and Axial
Zone uplift. The first stage shows a domination of Axial Zone dynamics with a very low

sediment supply and high accommodation space resulting from low orogenic uplift and
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high flexural subsidence, leading to an underfilled stage. The second stage remains still
largely controlled by the Axial Zone with high flexural subsidence and an increase in
clastic sediment supply coming from the growing Axial Zone. The frontal thrust
propagation is expressed by a subaqueous high interpreted as a blind thrust fold in these
two first stages. The third stage results from the emergence of sedimentary thrust sheets
and the blind frontal thrust fold due to active intrabasinal tectonics. Sediments here are
sourced both from the Axial Zone and the emerged thrust sheets and induce a drastic
increase of sediment supply leading to the establishment of a drainage direction mainly
parallel to the orogeny, and reflecting the beginning of the overfilled stage. The last
stage corresponds to the main frontal thrust propagation movement, which strongly
uplifts the basin and leads to the development of lateral ramp structures. This stage is
mainly controlled by intrabasinal tectonics, which induce an overall decrease of the
accommodation/sediment supply ratio and is marked by the development of a subsiding
depocentre in the foredeep area.

The proposed model can provide some keys to unravel controlling factors in piggyback
basin development, and help to identify the results of piggyback dynamics from other
forcing factors. This reference stratigraphic succession corresponds to a single
piggyback basin development emplaced during one main frontal thrust propagation.
This simple case can be modulated by other regional controlling factors such as climate,
orogen-scale tectonic events, or local tectonic events such as the setting of a new thrust

sheet.
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Appendices

Appendix A

The Appendix A is intended to provide detailed information of each section measured
with location, section name and abbreviation, the GPS coordinates, the thickness, and
the concerned Formations studied

Appendix B

The Appendix B shows initial paleocurrent data measured on the field and restored after
the clockwise rotation event removing (Mufioz et al., 2013). The data are presented for

each Long Term Sequence.
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Figure captions

Fig. 1. Sketch showing regional (green) versus local (blue) controls on sediment supply

(S) and accommodation (A) in a piggyback basin.
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Fig. 2. (a) The South Pyrenean Central Unit in the South Pyrenean Zone (To: Toulouse;
Le: Lerida; Hu: Huesca; Pa: Pamplona). (b) Structural map of the South Pyrenean
Central Unit showing the main cover and basement units. (c) Regional composite syn-
orogenic lithostratigraphy showing the sedimentary succession along the Isabena valley
in the Tremp-Graus Basin. (d) structural cross-section through the South Pyrenean

Central Unit (Mufioz, 1992)

Fig. 3. Geological map of the Tremp-Graus-Ainsa Basin compiled from IGME and the
geological map of Cataluiia 1/250000. Structural features in the Isabena area and the
Boixols thrust are from Lopez-Blanco et al. (2003) and Ardévol et al. (2000). Coll del
Vent anticline location is from Vincent (2001). Red structures are considered as active
during the studied interval (Ypresian). Location of measured sedimentological sections

1s shown in thick white line.

Fig. 4. Chrono-litho- stratigraphic diagrams of the Tremp-Graus-Ainsa Basin during the
Paleocene-Eocene times. The tectonic events are compiled from Fernandez et al. (2012)
and Mufoz et al. (2013). Stratigraphy is compiled from Nijman and Nio (1975); Mutti
et al. (1988); Serra-Kiel et al. (1994); Barnolas and Gil-Pena (2001); Mufioz et al.
(2013); Lopez-Blanco et al. (2003) and Vera (2004). Colors of the stratigraphic units
indicated in Fig. 2. Polarity chrons is from the GTS 2012 (Gradstein et al., 2012).
Planktonic foraminifera biozones from Berggren et al. (1995), with revised age
calibration updates. The Tethyan Shallow Benthic Zones are from Hardenbol et al.
(1998), and updated by GTS2012 Paleogene chapter group. Calcareous nannofossils

Martini NP and Burky CP zones are from Berggren (1995). S.M.P.P: Suerri, Mur-
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Puigvert and Porredo systems (Fonnesu, 1984); At.: Atiart unconformity; Ch-La:

Charo2-Lacorz unconformity.

Fig. 5. Facies associations observed in the Lower Eocene of the Tremp-Graus-Ainsa

basin.

Fig. 6. (a) Alluvial stream flow fan; Cg: Conglomeratic facies; VCS: intercalation of
very coarse sandstones with through cross bedding; MS: Medium sandstone on top of
sequence (FA1l, Montllobat Fm.); (b) Multistorey braided channel belt, with a detail
view of through cross bedding in coarse sandstone (FA2.1, Castissent Fm.); (c)
Meandering channel fill with a detail view of lateral accreting bed (FA3, Montllobat
Fm.); (d) Delta plain deposits with erosive-based and fining-up subaqueous distributary
channel with a detail view on through cross bedding (FAS, Castigaleu Fm.); (e) Tidal
channel with detail view of flaser bedding (FA7, Castigaleu Fm.); (f) High angle fluvial
dominated Gilbert delta (FA6.1, Roda Sandstone, Isabena Valley section); (g) Low
angle fluvial dominated delta front with thickening upward sequence (FA6.2, Castissent
Fm.); (h) Subtidal bar (FA9; Roda Sandstone); (i) Low angle tide dominated delta front
deposits (FA9: Castigaleu Fm.); (j) Inner carbonate platform thin section with Alveolina
(Al.), Orbitolitids (Or.) and Miliolids (Mi.); (FA10, Alveolina Limestone); (k) Silty
prodelta with coarsening upward sequence, detail view of hyperpycnite deposit (FA13,
Castissent Fm.); (1) Shelfal turbidite succession (FA14, Castissent Fm.); (m) Iscles reef
(Alveolina Limestone); (n) Field photography of coral dominated reef and (o) in thin
section; (Alveolina Limestone); (p) Detail on Solenomeris dominated reef environment

(Alveolina Limestone); (q) Mid carbonate platform (FA11; Morillo Limestone) and (r)
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thin section of a packstone with Nummulites (Num.), Miliolids (Mi.), Alveolina (Al.),
Orbitolitids (Or.) faunal assemblage; (s) Mid to outer carbonate platform with
thickening upward sequence (FA11, La Puebla Limestone, and (t) associate thin section
of a packstone with Assilinids dominated faunal assemblage; (u) Slope deposits with
alternation of slumped facies (FA16) and thin bedded turbidites (FA17.1: San Vicente
Fm.); (v) Atiart submarine erosional surface with onlapping slope deposits
(Castigaleu/San Vicente Fms.); (w) Amalgamated turbidite channel facies interbedded

with debris flow deposits (Df.) (FA17.2: Fosado Channel).

Fig. 7. (a-d): Summary block diagrams of depositional systems and forming facies
associations. (e) General profile showing the partitioning of all of the depositional

environments from a proximal area to a distal position within the basin.

Fig. 8. Wheeler diagram of the Graus-Tremp-Ainsa Basin, with age model, showing the
time relationships between  stratigraphic sequences, stratigraphic surfaces and
depositional environment partitioning. Vertical axis is unscaled, i.e., each Short Term

Sequence is represented with a same interval range as the others.

Fig. 9. Summarized stratigraphic sections in eastern part of the Tremp-Graus-Ainsa
Basin (South Ribagorzana and Montafana), with interpreted depositional environment
and stacking pattern. Stratigraphic surfaces according to the proposed sequences order

are based on proximal (A) to distal (K) vertical evolution of depositional environments.
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Fig. 10. Summarized stratigraphic section along the central part of the Tremp-Graus-
Ainsa Basin (Isabena Valley) with interpreted depositional environment and stacking
pattern. Stratigraphic surfaces for the proposed sequences order are based on the vertical
stacking of depositional environments. Larger benthic foraminifera (SBZ) biozones are
from Serra Kiel et al. (1994). Legend of depositional environment colors indicated in

Fig. 9.

Fig. 11. Summarized stratigraphic sections in the western part of the Tremp-Graus-
Ainsa Basin (Atiart and Campo) with interpreted depositional environment and stacking
pattern. Stratigraphic surfaces for the proposed sequences order are based on the vertical
stacking of the depositional environments. Larger benthic foraminifera (SBZ) biozones
are from Serra Kiel et al. (1994). Legend of depositional environment colors indicated

in Fig. 9.

Fig. 12. Stratigraphic correlation across the Tremp-Graus-Ainsa basin during Ypresian
times; (a) Stratigraphic surfaces with two major orders of sequences defined (thin and
thick sequence boundaries); (b) Facies association distribution within the correlation

transect.

Fig. 13. (a-d) Paleogeographic reconstructions of the Tremp-Graus-Ainsa Basin during
Ypresian. Active structural events are indicated for each map and (e) synthetized for
each Depositional Sequence. Major paleocurrents directions indicated after removing of
rotation effect (see Appendix B for detail paleocurrent measurement). Maps are

reconstructed in palinspastic position according to Mufioz et al. (2013). The location of
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active tectonic structures such as the Atiart thrust, Foradada fault and Montsec placed
according to Mufioz et al. 2013. Boixols thrust, Coll del Vent Anticline and Roda folds
from Lopez-Blanco et al. (2013). Luzas fault from Nijman (1989). Sedimentary data
and paleocurrent directions are from own field data. Section abbreviations are given in

Fig. 3.

Fig. 14. Correlation transects restored in syn-sedimentary position, by flattening the top

MEFS (TE1 to TE3) and the top TS (TE4). The inferred active structures are indicated.

Fig. 15. Summarized model specific to a piggyback basin evolution. The Stratigraphic
surfaces for the proposed sequences from (a) Gugliotta and Morticelli (2012) and (b)
Evans and Elliott (1999) are based on the vertical stacking of depositional environments
and compared to (c) the Graus-Tremp sub-basin. Refer to Fig. 9 for color legend of
depositional environments. In the Barréme Basin succession; PA=Poudingues
d’Argens ; CN : Calcaires Nummulitiques ; MB : Marnes Bleues ; GdV : Gres de Ville ;
CdC : Conglomérats de Clumanc ; CdSL : Conglomérats de St Lions ; MR : Molasse

Rouge ; SS : Série Saumon ; SG : Série Grise : GV : Grés Verts.
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Tables

Table 1. Summary of the Tremp-Graus-Ainsa Basin lithostratigraphy with Formation names, age, some particularities and previous works

associated.

Age Formation Particularity References

Garumnian Facies, Tremp

Continental "red bed" Eichenseer and Luterbacher, 1992; Rosell et al., 2001
Paleocene Formation
Navarri Formation Shallow water carbonates Scheibner et al., 2007
Paleocene / Braidplain deposits (eastern part)

Schmitz and Pujalte, 2007; Pujalte et al., 2009; Minelli et al., 2013;
Eocene Claret Conglomerate passing to fluvial channels, settled
Pujalte et al., 2014
transition during PETM

Shallow marine carbonate +|Fonnesu, 1984; Eichenseer, 1988; Mutti et al., 1988; Eichenseer and

Alveolina Limestone Berganuy, Iscles and Merli reeflLuterbacher, 1992; Leturcq, 1999; Payros et al., 2000; Baceta et al.,
Ypresian
systems 2001; Hamon et al., 2016
(lower
- Nummulite-rich marls
lllerdian) - Riguala Marls Formation

- macroforaminifera-rich|Cuevas-Gozalo et al., 1985; Remacha and Zamorano, 1989
- La Puebla Limestone
carbonates
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Ypresian

(upper

lllerdian

lower Cuisian)

Roda Sandstone

Deltaic systems

Yang and Nio, 1985; Yang and Nio, 1989; Eichenseer, 1988;

Tosquella, 1988; Molenaar, 1990; Crumeyrolle et al., 1992; Lépez-

Blanco et al., 2003; Leren et al., 2010; Olariu et al., 2012

Upper Detritic Complex
1

Deltaic systems

Tosquella 1988

Suerri, Mur-Puigvert and

Poreredo systems

Deltaic and tide systems

Fonnesu, 1984

Morillo Limestone

Foraminifera rich carbonates

Nijman and Nio, 1975; Cuevas-Gozalo et al., 1985

Lower Montanana Group:
Ypresian - Alluvial Fan

- San Esteban Fm. Nijman and Nio, 1975; Van Der Meulen, 1983; Mutti et al., 1988;
(lower - Fluvial env.

- Montllobat Fm. Nijman, 1998
Cuisian) - Delta plain to shallow-marine

- Castigaleu Fm.

env.

Middle Montanana Group:
Ypresian

- Castissent Fm. (Tremp- Nijman and Nio, 1975; Marzo et al., 1988; Mutti et al., 1988; Nijman,
(middle - Fluvio-deltaic system

Graus Basin) 1998; Poyatos-Moré, 2014
Cuisian) -Turbidite systems

- Arro & Fosado (Ainsa Basin)
Ypresian - Perarrua Fm.- Near-shore Sandstones

Nijman and Nio, 1975; Cuevas-Gozalo et al., 1985; Crumeyrolle, 1987

(upper - Capella Fm.]- Tidally fluvio-deltaic system
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Facies Descriptions Interpretations
association Lithology and texture Content and Sedimentary structures| Depositional sequence Depositional Depositional
bioturbations and contacts organization process environment
- Poorly sorted and sub-rounded - Mass-fl f high-den- | Stream-flow

FA1 pebble-cobble conglomerate El N Sityagsévi?;vﬁagﬂ[giséﬁargzn dominated
supported by a coarse grained event alluvial fan
sandstone matrix. - Bedload unidirectional
- Intercalation of very coarse to Base contact waﬁinga’loyvm rectiond
medium grained poorly sorted @ IQ
sandstones with sharp contact

FA2 - Very coarse to medium grained - Unidirectional bedload Braided
poorly sorted sandstone with | @ || - | | i’i’ | contact 1 current during waning floods channel
floating pebbles. event.

- Intercalations of conglomerates — - unconfined flow during late
—_— stage of channel filling (plane
Base contact parallel lamination)
st FS CS Cg
Three sub-associations
Geometry Width/thickness ratio  Sand connectivity Pelitic facies preservation | Vertical stability | Lateral avulsion | Sub-environment
High horizontal extension >100 High Low Low Strong Multistorey
Sheet shaped body b;']aldedI belt
channels
Medium horizontal extension 50 to 100 Low Good Intermediate Intermediate | Intermediate
Sheet shaped body sheet-like bodie
Low horizontal extension 3:1t0 151 Low High Strong Low Ribbon braided
Lenticular body with channel
(1) thick concave-up central
body and (2) thin laterally thin
«wings»

FA3 - Coarse to medium grained @ El - Top - Unidirectional bedload Meandering
sandstones alternated with “iq % contact :E:géanté?gnwnh fall-out channel
silty-claystone interval ~_ || | 8 I - Fluctuation in flow events

during a waning flood
2VaN discharge in high sinuosité
channel
Base contact

FA4 - Brownish or reddish silty-claystone - Suspension fall out after
- Intercalation of fine to very fine | /@ || - | | i‘i’ | contact fluvial food event, channel Alllua\ﬂ]al
grained sandstone abandonment or avulsion P

- channel overbank
or crevasse-splays deposits
- Paleosols development.
Littoral domain
- Very coarse to medium grained To R i Deltaic plain
e sa[}tdstc;ne {)oorly sorted EI mﬁtad e\\fgﬂ?'"g Stage o flecd withp
- silty-claystone - Bedload transport subaqueous
— |/(/\(\ - Overbank deposits dislf]ributalry
channe
- Oyster,
Gastropods N||@| M
fragments Base contact
- Ophiomorpha

FA6 - Bluish gray silty-claystone Bed (2) Bed (3) - Suspension fall out Bay
- Intercalations of decimeters: & Brackish, and nutrient-rich | environment
s;rg:l)sgﬁg)s/ medium to coarse L Oysters, Pectens &* waters, variable salinity

- (2) medium sandstone éﬁ)é)lm%rg’orpha, - E;g _?ité);nceiggcs)is{gs
- (3) fine to medium grained Cruziana - (3) Crevasse splay
sandstones [Thalassinoides
I Septaria
; i - Lateral accretionin a ;

FA7 - Coarse to medium grained - h Estuarine
sandstones intercalated with silty- 2 |\ < 8 pfl)_'.gt bar ¢ channel
claystone - Broken mollusc “«— draepﬁluérl?; marls during

?hseklfii’thos and c periods of tidal slackwater
inoi Base
Thahassinoides @ contact
Surface Sequence Others

Legends . orgqanlzatlon

Sedimentary structure [(\/"\|Erosive surface A Plants debris

Trough cross-bedding Sigmoidal cross-bedding - | Scours marks Fining upward El Remobilized coal

Oblique . tial llel .
bedlgil:lz (%rg?egaﬁgﬁef Flaser bedding &2 Pebble lag VCoarsennlng upward Padogenssis
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=—|Horizontal planar bedding RXX] strati |cgt|on lawe Mud-clast lag

P

2N
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Current ripple bedding
Climbing ripple bedding

Hummocky cross
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Descriptions

Facies Interpretations
association Lithology and texture Content and Sedimentary structures| Depositional sequence Depositional Depositional
bioturbations and contacts organization process environment
Littoral domain (continued)
FA8 FA8.1 Upper and m - Stream-flood events Fluvial
lower body - Unidirectional beload kb
- Fine to coarse moderately sorted contact dominated
sandstone - Gasteropod, delta front
Pecten, Oyster |\</ “§> AN |—|
- Ophiomorpha, o
Thalassinoide, -
Skolithos B
- Stream-flood events Fluvial
NS .
FA.82 | ”‘§§| | ~ | - Unidirectional beload dominated
- Fine to coarse moderately sorted “—> - Remobilization by tide delta front
sandstone Upperand "C currents with tide
- Gray silty-claystone intercalation ; lower body influence
contact
FA9 - Coarse to fine grained sandstones Upper and - Subtidal current Subtidal bar
moderately sorted @ .S H lower body
contact
I Shells fragments «—>
- Nummuiids, |N—] °C | - |
Alveolina
I Thalassinoides,
ISkolithos and
(Ophiomorpha
ichnofacies
EA10 - Limestone with Wackstone to - Sandy fraction, -| - Nodular wavy bedding - Carbonate production Inner
inst text Miliolids, under high energy conditions carbonate
grainstone texture Alveolina, with well oxygenated water platform
- itoli alternated with quiet
Marls intercalation Orbitolite, green | d with qui
lalgae, oyster, environment
gastropods.
I Lucina in marls
Marine domain
- Massif poorly sorted marly siltto |- Shell fragments,
FAT1 medium grained sandstone Assilina, g Prodelta
alternaing with marly silty-sandstone |Nummulitids,
Alveolina, plants
debris
- Ophiomoprha,
Skolithos and
Thalassinoids
ichnofacies
FA12 - Heterolitic facies with silty marls Top - Unidirectional Turbiditic
and decemeter bedded very fine to /6 contact . bedload current shelf
medium grained sandstone N occuring during major
FAssilina, |:|| — ||@;{ waning flood event
Nummulitids, - Low density tractive
Alveolina —— turbiditic current
A - Hyperpicnite deposits
—
Base contact
FA13 Limestone with: - (1) Corals, red algae, Alveolina, Bioconstruction under (1) Reef
-(1) Wackstone to boundstone texture|Orbitolites Oligotrophic to mesotrophic | environment
-(2) Bindstone texture - (2) Solenomeris, red algae, Nummuli- and, (2) Mesotrophic
tids, Alveolina. | conditions
FA14 - Limestone with Wackstone to - Nummulitids, Op'erculine, - Carbonate bioconstrution | Mid carbonate;
Packstone texture Alveolina, Miliolids, Orbitolites, with storm effects platform
- Occurence of marls Opyster and Echinoderm
FA15 - Silty-claystone alternated with @ ~ - Suspension fall-out Offshore
medium to fine grained sandstone - Storm, tide influences environment
beds - Nummulitids I and outer
- Sandy limestone beds with - Skolithos, — @’“ | carbonate
reworked fauna Planolites, platform
Cruziana, { ~ N § H
Ophiomorpha Base contact
FA16 - Marly and laminated silty-claystone| - Reworked ~ {- Slumps - Slump Slope
- Limestone or sandstone blocks fauna (Alveolina, | - Debris flows - Gravity processes (mass | environment
Nummulitids, flows)
Red Algae, and - Slope destabilization
Corals)
FA17 - Very coarse to medium grained - High densit diti diti
: Al - y turbiditic flows Turbiditic
sandstones intercalated with silty 54 ‘3 == caused by high discharge of basin

brownish to dark claystone

- Fine to medium grained
sandstones interbedded with
siltstones

- Paleodyction
and Helmintho-
rhaphe

- Creep structure
- Slumps
- Debris flows

single flood event (channel)

- Fall out and traction
processes (crevasse splay or
levees)

- Instable slope with collapse
and suggest a nearby flank
canyon destabilization

Figure 5r2
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