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Itinerary

Day1 (Saturday 26™April)

Fly to Barcelona
Drive to Tremp (approx. 2-3 hours).

Due to the unavoidable late flight times, we will not have time on the Saturday
evening to do our usual brief intr9duction to the geology of the Pyrenees. Instead,
we will drive straight to Tremp for a late dinner.

Night at Tremp
Day 2 (Sunday 27" April)

Introduction to the tectonic setting and sedimentary fill of the southern Pyrenean
foreland basins.

Shallow marine sediments in the Vallcarga Basin. The Vallcarga Basin is a small,
extensional basin which was active before the main Pyrenean deformation, and so
pre-dates the southern Pyrenean foreland Basins. The upper part of its fill includes
the laterally extensive Arén sandstone (or Arén Formation).

o Latest Paleocene Aren sandstone around Isona. The well-exposed shallow
marine/shoreline deposits of the Aren sandstone will be examined to the east of
the town of Isona. Later in the day, after examination of the fluvial sediments
around Montafiana, we may also visit the Aren sandstone at the type locality, to
allow comparison of the formation in the different localities.

Fluvial and shallow marine sediments in the Tremp-Graus Basin

¢ Introduction to the tectonic setting and sedimentary fill of the Tremp-Graus
Basin.

¢ Examination of excellently-exposed fluvial sediments in the Montafiana area.
These include classic examples of ribbon-like meandering channel sandstones,
often with excellently-preserved lateral accretion surfaces, as well as multi-
storey/multi-lateral fluvial sheet sandstones. The overbank sediments commonly
contain calcareous soil horizons (calcretes) and these will be examined.

e Oligocene fluvial conglomerates N of Benabarre

e The Sis palaeo-valley - a long-lasting sediment supply conduit into the Tremp-
Graus and Ebro basins

Night at Serradidy
Day 3 (Monday 28" April)

Shallow marine Roda Sandstone
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e Shallow-marine/estuarine sandbar sandstones of the Roda Sandstone near Roda.

Ainsa Basin turbidite sediments.

e Foradada Fault. Strike-slip fault at the northern margin of the Ainsa Basin

e Overview of the Ainsa Basin from Griébal. From the viewpoint at Griébal, it is
possible to see the gross stratigraphy of the deep-water sediments which form
the lower part of the fill of the Aigsa Basin. Complex channnel sandbodies occur
within a dominantly fine-grained succession, of inferred submarine slope origin

e Ainsal and Il overview. View, across the reservoir, of the Ainsa I channel
sandbody, exposed in a quarry S of Ainsa. The Ainsa II sandbody forms the first
cliff at the top of the shale-domianted slope above the quarry.

e Morillo channel complex. Detailed examination of a complex channel sandbody.
Examination of the sedimentary succession and comparison with a Gamma Log
measured in the field.

Night at Ainsa

Day 4 (Tuesday 29" April)
Modelling of stacked turbidite channels
e Examination of the Ainsa II channel complex. Identification and correlation of

individual sandbodies within the complex. Discussion of seismic resolution of
similar successions in the subsurface.

¢ Discussion of modelling issues. Identification of modelling elements. Discussion
of parameters likely to control reservoir behaviour.

e Generation of 2D models of the Ainsa II channel complex. Flow simulation
(using Eclipse). Variation of the models to examine sensitivities.

Night at Ainsa
Day5 (Wednesday 30" April)
Summary of the Ainsa Basin
e Guaso overview. View of northemn part of the Ainsa Basin, showing context of
the deep-water sediments and the overlying deltaic, shallow marine and fluvial
sediments which complete the fill of the basin.
e ‘Sobrarbe delta’ shallow marine sediments south of Guaso.

e Escanilla Fm. fluvial sediments at Olsén,

Introduction to the Jaca Basin

Gardiner, Corbett and Lewis Page v



Southern Pyrenean and Ebro Basin Field Course, Spain April/May, 2003

Day 7 (Friday 2* May)
The Huesca fluvial distributary system
Continued examination of the Huesca fluvial distributary system

Examination of the higher net-to-gross intervals
\

e Pertusa. Higher net-to-gross succession in a more proximal part of the fluvial
distributary system. Estimation of the ratio of channel to non-channel facies.
Identification of modelling elements and logging of short section to establish
likely reservoir parameters.

¢ Angiiés. Additional high net-to-gross section to add to database for modelling
studies.

Drive to Caspe

Modelling

¢ Late afternoon/early evening in hotel — discussion of fluvial modelling issues.
Measurement of outcrop panels and digital photographs to identify sandbody
dimensions.

Night at Caspe
Day 8 (Saturday, 3" May)
Finish modelling exercise

¢ Build a range of 2D fluvial models, to examine the impact of different net-to-
gross ratios, sandbody dimensions, floodplain characteristics and petrophysics.
Flow simulation through the models

Exhumed fluvial channels and channel belts in the southern Ebro Basin.

e Exhumed fluvial channels and channel belts in the Caspe area. Erosion of the
intervening floodplain fines has left many fluvial channels exposed as sandstone
ridges. The channels typically have low aspect ratios and commonly stack to
form narrow multi-storey sandbodies. The planform shape of these sandbodies
can be clearly demonstrated, and the contact between sandbodies can be
demonstrated at several localities. This area is the subject of a current GPR
(Ground Penetrating Radar) study by the Genetic Units Project at Heriot-Watt.

Summary meeting/de-briefing
Night at Caspe
Day 9 (Sunday 4" May)

Due to the early flight time, we will leave Caspe before breakfast, to arrive in

Barcelona (approximately 3-4 hours from Caspe) in time for check-in.
Return to UK
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Hotel addresses

Date

Saturday, 26™ April

Sunday, 27" April
Mon. 28" and

Tues. 29" April

Wednesday, 30" April

Thursday 1* May

Friday 2™ May
Saturday 3" May

Hotel

Hotel Segle XX
Placa de la Creu, 8
DP 25620 .
Tremp

Hotel Casa Peix
Serradiy

Hotel Dos Rios
Avda. Central
DP 22330
Ainsa

Hotel Ramiro 1
C. del Carmen 23
DP 22700

Jaca

Hostal Joachin Costa
C. Joachin Costa

DP 22003

Huesca

Hotel Magallén

Plaza Obispo Cubeles

DP 50700

Caspe

Email: hotelmag @infonegocio.com
www.iawol.com/hotelmagallon

Phone
(00 349)

73 650 000

74 544 430

74 500 961

74 500 043

74 361 367

74 241 774

76 630 222

Fax

73 652 612

74 544 460

74 510 025

74361 361

74241 315

76 630 003
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1 Introduction
1.1 GENERAL GEOLOGICAL INFORMATION

The Southern Pyrenean basins formed during the Tertiary, as foreland basins to the
developing Pyrenean mountain chain. The main Southern Pyrenean Basin, which consists of
four sub-basins, the Ager, Temp-Graus, Ainsa and Jaca sub-basins, was active during the
Eocene. Its sedimentary fill is dominated by a westerly directed axial depositional system,
which deposited mainly clastic sediments in a wide range of deposition environments. The
eastern part of the basin is dominated by fluvial sediments, which pass westwards into
shoreline and shelf deposits and finally tnto marine turbidites. Due to renewed thrust
activity, deposition was restricted during the late Eocene and Oligocene to the westernmost
Jaca External Sub-basin. Later thrusts propagated further southwards, forming the External
Sierras where they cut up-section. This led to the development of a second foreland basin,
the Ebro Basin, to the south of the External Sierras. Deposition in the Ebro Basin, during the
Oligo-Miocene, was dominated by alluvial fan, fluvial and lacustrine systems.

1.2 AIMS OF THE EXCURSION

The aims of the excursion are to examine the sedimentary fills of the Southern Pyrenean
Basin and the northern part of the Ebro Basin and their relationship to contemporaneous
tectonic activity. In recent years, attempts have been made to describe the succession in
terms of sequence stratigraphic models, and the applicability of these models to foreland
basins will be discussed.

Although we will consider exploration-scale issues during the excursion, we will concentrate
on the reservoir scale and will discuss the likely reservoir behaviour of the sandbodies seen at
outcrop. The excellent exposures allow the 2-dimensional and 3-dimensional geometry of the
sand bodies, and their interconnectedness, to be examined in detail and we will discuss a
range of reservoir issues, including reservoir description, model building, flow simulation
and well testing, at outcrop. To enable us to do this, we will draw on a wide range of studies
in geoscience and engineering which have been carried out at Heriot-Watt University.

1.3 FORMAT OF THE GUIDEBOOK

The Southern Pyrenean area has been the subject of much detailed work during the last
twenty five years. The area has been well described in the literature and several field guides
to the area exist. Section 2 of this guidebook contains a brief summary of the geological
history of the Southern Pyrenean and Ebro basins and is followed by an extensive
bibliography. Following this summary, the bulk of the information on individual localities
(Sections 3 to 7) takes the form of diagrams, including maps, sedimentary logs, cross-sections
and depositional models. These diagrams will form the basis of discussions in the field.

1.4 ACKNOWLEDGEMENTS

The geological summary in Section 2 is based on an earlier summary of the Southern
Pyrenean basins by Trevor Elliott of Liverpool University, which has been updated and
extended to cover the Ebro Basin. Many of the diagrams used in the guidebook are based on
publications listed in the bibliography, for which we thank the authors. We also thank Julian
Clark for providing much new material on the Ainsa Basin.

This excursion received financial support from Shell Expro and the Aberdeen Formation
Evaluation Society, for which we offer our sincere thanks.
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2 Geological History of the Southern Pyrenees

2.1 INTRODUCTION TO THE PYRENEES

The Pyrenees are part of the Alpine Mountain Belt of Southern Europe, extending from the
Asturias in Northern Spain eastwards to Provence in Southern France. The mountain belt
developed from the late Cretaceous to Pliocene times. A north-south cross section through
the Pyrenees reveals several distinctive structural zones (Figures 2.1 and 2.2).

i) The Aquitaine Basin in Southern France which is, in part, a foreland basin to the
Pyrenees.

ii) A zone of north-vergent thrusts and folds.

iit)  The North Pyrenean Fault Zone - a steep fault zone with locally developed zones of
high strain in Mesozoic metasediments and lherzolite pods.

iv)  The Axial Zone, composed of ?Precambrian to Carboniferous metasediments, gneiss
domes and granitoides, which constitute a Hercynian massif.

v) A zone of south-vergent thrusts and folds on the Spanish side of the Pyrenees.

vi) A southern system of foreland basins to the mountain belt - the South Pyrenean Basin
(Ager, Tremp-Graus, Ainsa and Jaca Sub-basins) and the Ebro Basin.

The excursion is concerned exclusively with the evolution of foreland basins on the southern,
Spanish side of the Pyrenees and their links with deformation in the south-vergent thrust belt
and the axial zone

2.2 DEVELOPMENT OF THE PYRENEES
Three principal stages can be recognised in the development of the Pyrenean Mountain Belt:
2.2.1 Stephanian to Late Aptian Rifting

Stephanian to late Aptian rifting between Iberia and France began in post-Hercynian times,
during the late Stephanian and Permian, and created intra-continental extensional or
transtensional basins (Speksnijder, 1985). Continued rifting and subsidence in the Triassic
and Liassic eventually resulted in the formation of a marine basin which persisted throughout
the Lower and Middle Jurassic (Puigdefdbregas and Souquet, 1986). The principal rifting
phase began during the Kimmeridgian and continued into the late Aptian, heralding the
opening of the Bay of Biscay (Pinet et al., 1987). A rifted margin was produced at the Biscay
margin of the French plate and numerous other basins were enhanced at this time (e.g. the
Parentis Basin). There is no evidence for the existence of oceanic crust between the Iberian
“and European plates in the Pyrenean region.
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2.2.2 Late Aptian to Late Cretaceous Strike-slip Deformation

Late Aptian to late Cretaceous strike-slip deformation. Northward extension of the Atlantic
spreading centre and the initiation of sea-floor spreading in the Bay of Biscay in late
Aptian/early Albian (J-anomaly, 110 Ma) caused a major change in plate motions, with Iberia
beginning to move south-east in a sinistral sense with respect to the French plate (Boillot,
1984). This change in plate motions was almost entirely accommodated in the Central
Pyrenees; normal faults were reactivated as strike-slip faults and flower structures were
produced locally, particularly on the northern (French) side. Transtension associated with the
opening of Bay of Biscay formed extensional basins (e.g. the Vallcarga Basin, see Section
2.5) which were active until the beginhing of alpine compression.

2.2.3 Late Cretaceous to Miocene Compression

Compression resulted from a further change in plate motion, which was caused by the
northward extension of the North Atlantic spreading centre and the cessation of sea floor
spreading in the Bay of Biscay. The timing of this change is dated at 75 Ma by the age of the
last sea-floor magnetic stripe in the Bay of Biscay. According to Puigdefabregas and Souquet
(1986) the earliest Alpine shortening may have been due to transpressional strike-slip but, by
the Paleocene, a convergent margin had developed and the European plate was being
subducted beneath Iberia. Thrusting per se was confined to the immediate vicinity of the
mountain belt, but associated deformation extended northwards, causing inversion of earlier
basins on the French side and initiating diapirism (Pinet et al., 1987). The compressional
direction was NNE-SSW and estimates of shortening have a mean value of around 100 km.

23 STRUCTURAL INTERPRETATIONS OF THE PYRENEES

Numerous models have been proposed to explain the structural style and development of the
Pyrenees during the alpine orogeny. To date, none of these models have achieved a
consensus; the main areas of contention are i) the attitude of the thrust at depth; ii) the
significance of the North Pyrenean fault; and iii) the origin and significance of a 15 km
southward downstep in the Moho beneath the North Pyrenean fault, which was identified in
early seismic work. Three models can be identified at present.

2.3.1 Thin-skinned Model

This model is favoured by Williams and Fischer (1984) who interpret a system of high-level
thrusts, which link downwards into a low-angle sole thrust which dips north at 6 degrees
(Figure 2.3). Most of the shortening is directed southwards and the northward shortening on
the French side is attributed to a backthrust fan which branches from the sole thrust, with its
extension inferred to lie beneath the Aquitaine Basin. The evidence for the Moho step
directly beneath the present outcrop of the North Pyrenean fault is ignored in this model.

2.3.2 Thick-skinned Model

Deramond et al. (1984) interpret a thin-skinned thrust system at high levels, which steepens at
depth, cuts the crust-mantle boundary and passes into a décollement between the crust and
mantle north of the North Pyrenean fault. The restored lower crust is more attenuated in this
interpretation, which is in keeping with the earlier extensional and transtensional history of
the area. Once again, however, the Moho step is ignored in this model.

Gardiner, Corbett and Lewis Page 2.2
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2.3.3 Inhomogeneous Strain Model

This model, involving high-level brittle displacements and deeper level ductile, shear zone
deformation, is favoured by Seguret and Danieres (1986) and follows earlier work by French
researchers. They consider the Moho step to be directly related to the North Pyrenean Fault
and believe that it is a long-lived feature inherited from the late Cretaceous, when the fault
was active. The North Pyrenean Fault is used as a pin-line in their reconstructions and as a
result the restored section shows thinned lower crust beneath the Aquitaine Basin and normal
thickness crust south of the fault. This is compatible with the prevalence of thick Jurassic -
Cretaceous basin fill successions in the Aqujtaine Basin.

2.3.4 The Evidence of the ECORS Profile

Publication of the ECORS deep seismic reflection profile across the Pyrenees provided
crucial evidence relating to the deep structure of the mountain belt (ECORS, 1988). The line
is 225 km long and extends from the Ebro Basin to the Aquitaine Basin slightly east of the
centre of the Pyrenees. With the exception of the axial zone, the entire crustal profile shows
clear reflectors (Figure 2.4). The deeper part of the profile is well layered and the base of
this zone is interpreted as the Moho. On the Spanish side, the Moho is at 10-12 seconds twtt
and dips northwards towards the axial zone, where it is at 20 seconds. On the French side,
beneath the Aquitaine Basin, the Moho is located between 7-10 seconds and dips gently
southwards into the axial zone. The crust is thicker on the Spanish side and the observed
dipping of the Moho into the axial zone is considered to reflect overthrusting towards the
forelands. Thruststacking in the axial zone is considered to be responsible for the thickening
of the Spanish crust. The North Pyrenean Fault separates the regions of deep, northward-
dipping and shallow, southward-dipping reflectors and is therefore interpreted as the
boundary between the Spanish and French plates. Deformation of the fault is interpreted,
with the lower crust on the French side indenting into the thicker crust on the Spanish side.
At shallower levels on the Spanish side, it is clear that the basement is not involved in
deformation at the thrust front and the deformation is therefore thin-skinned, but when traced
northwards towards the axial zone the décollement level steepness slightly and connects with
the lower crustal reflectors. Crustal-scale thrusts are therefore interpreted, favouring a
variant of the thick-skinned, inhomogenous strain model of Seguret and Dagnieres (1986).

24 STRATIGRAPHICAL AND STRUCTURAL DEVELOPMENT OF THE SOUTH
PYRENEAN BASIN

The earliest evidence for alpine compression in the Pyrenees is during the Maastrichtian in
the east of the area. The onset of compression was diachronous, becoming younger
westwards. In a regional sense, the Paleocene, which comprises a continental red-bed
succession (the Tremp Formation; Figure 2.5) transgressively overlain by a marine limestone
(the Alveolina Limestone Formation), corresponds to a structural hiatus between extension
during the Cretaceous and compression during the Tertiary. These formations are of
relatively constant thickness and facies throughout the area, suggesting a lack of differential
subsidence at this time and hence relative tectonic quiescence.

2.4.1 Pre-compression Stratigraphy (Post-Hercynian)

Coal-bearing Carboniferous successions, Permian and Triassic continental red-bed
successions and volcanics/volcaniclastics accumulated in extensional basins which
immediately post-dated the Hercynian orogeny (Nagtegaal, 1969; Speksnijder, 1985). The
Triassic Bunter facies is overlain by a suite of limestones, marls, gypsum, halite and gabbroic
(‘ophite’) intrusions which are Muschelkalk and Keuper in age. This stratigraphical level is
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critical, since the gypsum and halite lithologies constitute one of the key décollement levels
of the alpine compression. The Jurassic is composed of marine limestones, which are mainly
exposed in the east of the Pyrenees. This early part of the pre-compression stratigraphy
cannot, at this stage, be restored to its original configuration due to a lack of high quality
information on thickness and facies variations of the formations, and on the early history of
faults which may have influenced deposition. In contrast, the Cretaceous is characterised by
well documented thickness and facies variations, which permit the reconstruction of basin
development during this period (Puigdefabregas and Souquet, 1986).

During Aptian - early Albian, transtension formed a series of NW-SE trending lozenge-
shaped extensional basins which formed a connection between the Tethys and the Atlantic.

In the middle Albian, these basins were re-set by activity along the North Pyrenean Fault
Zone, which gave rise to a series of E-W trending transtensional, ‘flysch noire’ basins on the
French side. These basins widened during the Cenomanian eustatic sea level rise, resulting in
widespread carbonate deposition. A renewal of extensional faulting in the late Santonian
resulted in a widespread unconformity, basin development and carbonate platform collapse
into the evolving basin (e.g. the Vallcarga Basin, see Section 2.5). Compressional tectonics
commenced in the Maastrichtian in the eastern Pyrenees, causing inversion of former
extensional faults in, for example, the San Corneli anticline.

2.4.2 Syn- and Post-Compression Stratigraphy

The Tertiary fill of basins associated with compressional deformation comprises a wide range
of predominantly clastic rocks. These vary in age, thickness and facies in concert with the
structural development of the foreland. Three key basins are involved in the Tertiary
foreland basin-fill; the South Pyrenean basin, the Jaca Basin and the Ebro Basin (Figure 2.6).
The South Pyrenean basin has a predominantly Eocene fill, which accumulated in a series of
structurally defined sub-basins - the Ager, Tremp-Graus and Ainsa Basins and an early phase
of the Jaca Basin; the later phase of the Jaca Basin is Upper Eocene/Oligocene in age and
resulted from a displacement of thrust belt activity to the south. As younger basins were
initiated, older basins were terminated, uplifted and began to provide sediments to the active
basin. The stratigraphy of the South Pyrenean Basin is complex, but a seismic
sequence/systems tract view of the stratigraphy was been proposed in the 1980s by Mutti et
al. (1985a). The succession is bounded by the Paleocene Alveolina Limestone, which marks
transgression over the underlying continental Tremp Formation (and represents the initiation
of the south Pyrenean Basin), and the Bartonian - Priabonian shallow marine facies (related
to the Biarritzian transgression), which separates the Eocene and Upper Eocene - Oligocene
clastic wedges filling the basins. The Eocene clastic wedge fill of the Temp-Graus, Ainsa
and Jaca Sub-basins is divided into seven depositional sequences, which are considered to be
bounded by surfaces which are either angular unconformities, major erosional contacts
(subaerial and submarine) or abrupt facies contacts.

The sequences are named i) Figols; ii) Montanana; iii) Castisent; iv) Charo; v) Santa Liestra;
vi) Banaston; vii) Ainsa. In general, the lower sequences are exposed in the eastern part of
the area and the higher sequences in the westem part (Figure 2.6). This scheme has been
constructed by the use of aerial photographs and fieldwork aimed at tracing critical sequence
boundaries.

The basin fill is dominated by an axially-directed suite of depositional systems comprising
fluvial systems in the east, shoreline and shelf systems in the central area, a basin slope and
an extensive turbidite basin in the west. Sandstone-rich turbidite intervals are considered to
correlate with erosional sequence boundaries in the fluvial and shoreline-shelf systems tracts
to the east and the entire basin-fill is therefore interpreted to have accumnulated in a similar
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manner to passive margin sequences. Sandstone-rich turbidite deposition is considered to be
related to lowstand periods, when the shallower-water parts of the basin were being eroded,
whereas more fine-sediment-dominated turbidite intervals correspond to highstand periods,
when the fluvial and shoreline-shelf systems were prograding and aggrading. Lowstand
canyons are regarded as by-pass zones when the sandstone-rich lobe facies were being
deposited in the deeper part of the basin; the canyons are considered to have acquired their
fill later, presumably during the early stages of the subsequent onlap.

Major fanglomerate bodies are locally directed southwards from the axial zone and thrust belt
into the westerly directed systems (the San Esteban and Campanue fanglomerates). Syn-
tectonic structures such as the Boltafia anticline, which developed during basin deposition
and separated the Ainsa and Jaca I sub-basins, are an essential feature of the stratigraphical
evolution of the basin (see Section 2.6.4).

.
The Upper Eocene to Oligocene Jaca Basin formed in response to the onset of thrust-related
deformation, which culminated in the ‘Gavamie’ phase of thrusting. The effect of the early
thrusting was to terminate the earlier system of basins and shift the active depocentre to the
south and west. The basin succession commences with a distinctive glauconitic sandstone
(the Sabifdnigo Sandstone), which is felt to record the Biarritzian transgression (Upper
Eocene). This unit is overlain by a westerly-prograding clastic wedge which records filling
of the basin. The wedge comprises the marine Pamplona Marls, deltaic shorelines of the
Belsue-Atares Formations and a thick alluvial succession termed the Campodarbe Group
(Figure 2.8). Deposition of the Campodarbe Group was influenced by a southerly-migrating
thrust front which was responsible for deforming the Eocene fill of the Jaca Sub-basin.

Development of the External Sierras in the Oligo - Miocene terminated the Jaca Basin and
displaced the basin depocentre southwards to the Ebro Basin. At this time, the Ebro Basin
was an entirely continental, terminal basin with no outlet. Small thrust-front alluvial fans
accumulated during thrust belt activity on the south side of the External Sierras and larger
alluvial fans were located where lateral ramps intersected the margin of the Ebro Basin (see
Section 2.9). In the central part of the basin, fine-grained, lacustrine sedimentation prevailed,
with occasional discrete fluvial channel sandstone bodies.

2.43 Key Structures of the Spanish Pyrenees

Tertiary basins in the Spanish Pyrenees are controlled by the geometry and evolution of
thrusts and thrust-related structures. In keeping with other mountain belts with long and
varied research histories, the terminology of structures is complex. The following is a brief
guide to the key structures relevant to this excursion (Figures 2.6 and 2.9):

i) The Cotiella-Monsech thrust sheet - this thrust sheet is limited to the eastern end of the
Central Pyrenees; the frontal structure of the sheet is generally taken as the line of the
Monsech thrust, but it seems more likely that this was a splay of the thrust and the
actual thrust front was located farther south in what is now the External Sierras; the
easterly limit of the structure is the oblique-slip Segre Fault; the western limit can be
seen near Pefia Montaiiesa but is then buried by Tertiary sediments. This thrust sheet
was emplaced during the early Eocene and was a major influence on the Tremp-Graus
and Ainsa Sub-basins.

ii))  The Mediano diapir is a salt diapir which formed beyond the limit of the Cotiella-
Monsech thrust sheet, in response to loading by the thrust sheet. The structure has a
two-fold history: a positive ballooning phase in the Upper Eocene and a dissolution
collapse phase during the uppermost Eocene and Oligo - Miocene (Reynolds, 1987).
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iii)  The Boltaiia anticline is a major north-south trending structure which formed as a
growth structure during deposition in the Ainsa and Jaca Sub-basins in the Upper
Eocene. It is interpreted as a fold to a lateral ramp and is considered to be part of a
westerly propagating system of lateral ramp folds which developed at this time (see
Section 2.8).

iv)  The Gavamie thrust sheet - this term is often applied to thrust sheets responsible for
producing the External Sierras, which represent the southerly limit of Pyrenean
thrusting. This phase occurring during the Oligo - Miocene and is considered to have
affected the entire central part of the Pyrenees, transporting the Cotiella-Monsech
thrust sheet in its hangingwall and also influencing the area further westwards. There
are, however, problems in linking these thrusts throughout the area, particularly to the
Gavarnie thrust of the axial zone and between the western and eastern sectors of the
External Sierras. Throughout this guide, the term Gavamie thrust sheet is placed in
parentheses and is used to refer collectively to a group of thrusts which were active
during the Oligo - Miocene, but were not necessarily a single, linked system. Other
workers sub-divide the ‘Gavamie’ unit into a Gavarnie-Boltania unit and a Guarga unit
which contains the Jaca Basin.

2.5 THE UPPER CRETACEOUS VALLCARGA BASIN - EXTENSION AND
INVERSION

The Vallcarga Basin is an Upper Cretaceous basin located on the hangingwall side of
northward-dipping extensional faults which were later inverted in the early phases of alpine
compression. The footwall side of these faults was characterised by shallow carbonate
platforms and frequent disconformities, but the hangingwall side was the site of a deep,
rapidly subsiding clastic basin for much of the Upper Cretaceous. The fill of the Vallcarga
Basin is dominated by marls, turbidites, slumps and large-scale olisthostrome complexes. As
differential subsidence decreased and inversion commenced, the basin was filled by a
westerly prograding sand-dominated coastal system (the Aren Sandstone). The initial deep-
water, turbidite, phase of the basin-fill has not been investigated in detail. The turbidites are
thinly bedded, siliciclastic beds with westerly-directed palaeocurrents, which are axial to the
half-graben basin. Folded slump intervals of carbonates derived from the footwalls of the
faults are commonly interbedded with the turbidites. In the Esera section, the basin-fill
includes the Campo Breccia, which comprises up to 385m of breccia composed largely of
Upper Cretaceous limestone clasts, with subordinate Triassic clasts. The largest clast sizes
occur at the base of the unit, with sizes of 15m being common and a maximum size of 1km
being recorded (van Hoom, 1970). The Campo Breccia is interpreted as the product of fault-
induced collapse of a footwall carbonate platform. Periods of fault activity resulted in
olisthostrome complexes being shed into the hangingwall. The exposure of older formations
in the footwall could account for the local presence of ‘exotic’ Triassic clasts in the breccia.

The upper part of the basin-fill succession is dominated by the Aren Sandstone which, in
turn, is overlain by the continental, red-bed Tremp Formation. The Aren Sandstone
comprises two large-scale, wave-dominated upward-coarsening sequences, each of which
represents a prograding coastal system (Ghibaudo et al., 1974). Both sequences indicate
westerly progradation along the axis of the half-graben; the lower sequence pinches out just
west of Aren, but the upper sequence extends to the Esera Valley and, therefore, prograded
more than 95km.
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Complex facies relationships in the east of the area, around Orcau, indicate a range of tidal
inlet, lagoonal and fluvial settings associated with the coastal barrier (Nagtegaal, 1972;
Nagtegaal et al., 1983). The range of environments in the Aren Sandstone, coupled with the
large progradation distance of the upper sequence, suggests that it is best considered as a
wave-dominated delta system. A distinctive feature of the Aren Sandstone coastal
progradation system is the occurrence of turbidite sandbodies. The turbidites occur as
discrete, localised and often channelised bodies. Ghibaudo et al. (1974) attributed these
turbidites to tectonic instability of the coastal system, whereas Nagtegaal et al. (1983)
attributed them to abrupt deepening of the basin as the coastal system prograded away from
growth anticlines (see below).

The Arén Sandstone displays clear evidence that it was deposited during a period of active
deformation (Ghibaudo et al., 1974; Nagtegaal et al., 1983; Simo and Puigdefabregas,
1985). Structures such as the San Corneli, Boixols and Isona anticlines display numerous
features which suggest that they were growth anticlines during Upper Cretaceous deposition.
Campanian and Maastrichtian intervals thin and onlap the San Corneli anticline and localised
syn-tectonic unconformities occur in the vicinity of the structure. Facies variations in the
Aren Sandstone occur near the anticlines and it is also possible that the complex
configuration of the basin margin produced by the structures may have influenced the
physical processes of sedimentation (e.g. amplification of tidal currents in narrow gulfs
between anticlines). These anticlines are interpreted as inversion structures formed by
compression of the earlier half-graben basins (Simo and Puigdefabregas, 1985; Reynolds,
1987). Mutti and Sgavetti (1987) have recently re-interpreted the stratigraphy of the Aren
Sandstone interval in terms of seismic stratigraphic sequences. They identify two
unconformity-bounded, first-order sequences termed the Orcau and Aren Sequences which
they attribute to third-order cycles of global sea-level fluctuation. Deposition within the Aren
sequence is sub-divided into a series of second-order sequences which are considered to
relate to tectonic events in the depositional area.

2.6 THE EOCENE SOUTH PYRENEAN FORELAND BASINS
2.6.1 Introduction

The South Pyrenean Basin is a narrow, elongate basin developed on the southern, Spanish,
side of the Pyrenees. The elongation of the basin is parallel to the strike of the mountain belt
and the fill of the basin is predominantly axial, directed westwards along the length of the
basin. Deposition in the basin was intimately associated with thrust-belt deformation at a
variety of scales. At the largest scale, the South Pyrenean Basin can be divided into a series
of structurally defined sub-basins. These will form the basis of the field excursion and are
introduced below (Figures 2.6 and 2.9):

1. The Ager Sub-basin is a localised basin developed in the footwall of the Cotiella-
Monsech thrust sheet south of the Tremp-Graus Sub-basin.

2. The Tremp-Graus Sub-basin is situated in the east of the area and is a thrust-sheet-top
basin developed on the Cotiella-Monsech thrust sheet.

3. The Ainsa Sub-basin is situated west of the Tremp-Graus Sub-basin beyond the lateral
margin of the Cotiella-Monsech thrust sheet and is further defined by growth structures
which were active during deposition (the Boltaiia anticline and Mediano diapir).
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4. The Jaca Sub-basin extends west of the Boltafia anticline and is associated with the
Gavarmnie thrust sheet; this basin has a two-phase sedimentation history involving an
Eocene phase which is linked to deposition in the Tremp-Graus and Ainsa Sub-basins,
and a later Upper Eocene to Oligocene phase which is largely restricted to the Jaca
Basin area. The Ebro Basin is a younger, Oligo-Miocene Basin which is developed
south of the External Sierras (see Section 2.9).

2.6.2 The Ager Sub-basin

The Tertiary fill of the Ager Basin ranges from the Upper Paleocene to Lower Eocene. The
present configuration of the basin is an asymmetrical syncline which is a footwall structure to
the Monsech Thrust (Figure 5.1). Several features of the basin-fill succession highlighted by
Mutti et al. (1985b) suggest that the northern margin of the basin was active during Tertiary
deposition. The succession commences with the transgressive Alveolina Limestone, which
disconformably overlies the Tremp Formation. The limestone contains clasts of Cretaceous
limestone, thought to be derived from the Monsech and both the Alveolina Limestone and
overlying Figols sequence thin and onlap towards the Monsech structure to the north. The
thinning and onlap of the Figols sequence is due to a syn-tectonic unconformity at the base of
the sequence on the northern side of the syncline. Mutti et al. (1985b) consider that the
Monsech Thrust was active at this time but Reynolds (1987) considers that contemporaneous
thrusting was minimal and that instead a northward-dipping extensional fault was being
inverted (see Ribagorzana cross-section). This deformation was associated with initiation of
the basin and the basin was terminated by the later deformation phase which produced the
Cotiella-Monsech thrust and footwall syncline (see below). This latter phase began during
deposition of the Figols and Montafiana sequences and produced an emergent thrust tip to the
south, which confined the Ager Basin. Upper Eocene/Oligocene conglomerates
unconformably overlie the basin-fill succession and the Monsech Thrust.

The most thoroughly investigated unit of the Ager basin-fill is the Baronia Formation, which
comprises bioclastic and siliciclastic facies deposited by tidal currents in a restricted, gulf-
like basin (Mutti et al., 1985b). Tidal flats, estuarine channels and shoals have been
recognised, but the most important elements are upwards-coarsening sequences which are
interpreted as elongate, flow parallel ‘tidal bars’. Sandbodies associated with the bars are up
to 10m thick, 2-3km long, at least 0.5km wide. They have lenticular cross sections with flat
bases and convex-up top surfaces and are considered to have frontal offlapping dip surfaces.
Internally, they are dominated by sets of cross bedding, many of which have a distinctive
sigmoidal shape. Facies organisation is complex and includes opposed cross bed cosets in a
single bar. In part, these tidal bars resemble tidal sand ridges, but their development in a very
narrow confined basin means that they are not identical. The composite thickness of these
sandbodies is up to 200m and they extend along the length of the basin for at least 10km.
The sediment was derived from the south rather than from the Monsech Thrust to the north.
This may suggest that the thrust front at this time was located beyond the Monsech structure
and that the Ager Sub-basin was a thrust-sheet-top basin to the southerly thrust.

2.6.3 The Tremp-Graus Sub-basin

The Tremp-Graus Sub-basin is a thrust-sheet-top basin developed on the Cotiella-Monsech
thrust sheet. The thrust movements which terminated the Ager Sub-basin during the Figols-
Montanana sequences were responsible for establishing the Tremp-Graus Sub-basin. The
early history of the two basins is, therefore, similar. The Tremp-Graus Sub-basin commences
with the Alveolina Limestone, which disconformably overlies the continental Tremp
Formation and passes gradationally upwards into marine marls of the Figols Sequence. The
unconformity observed between the Alveolina Limestone and Figols Sequence in the Ager
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Sub-basin is absent. In the eastern part of the basin (Ribagorzana Section) the passage from
the Figols sequence into the Montanana sequence records a transition into continental,
fluviatile facies. These facies dominate the basin-fill in this area, attaining a thickness of
1.5km. Variations in coarse member and palaeosol characteristics permit distinct formations
to be recognised within this thickness (Nijman and Nio, 1975; Puigdefabregas and van Vliet,
1978; Atkinson, 1983; 1986). One particularly notable formation is the Castisent
Sandstone, which is a major fluvial system which can be traced extensively across the basin.
It is composite, multi-storey/multi-lateral sandstone body, 40m thick in the east of the basin
where it has been interpreted as a coarse-grained meander-belt system (Nijman and
Puigdefabregas, 1983). The system flowed towards the northwest, but has a clear axial zone
provenance. It is therefore, considered to have been southward directed and then diverted to
the northwest by a thrust-related intrabasinal high. In the systems tract scheme of Mutti et al.
(1985a, Figure 2.7) the Castisent Sandstone constitutes a sequence.

Traced westwards along the axis of the basin, the fluvial facies pass gradationally into coastal
plain and, eventually, shoreline and shelf facies (Figure 6.1). The coastal plain facies
comprise fluvial and tidal channel sandstones set in brackish to marine grey marls (Nijman
and Nio, 1975). Lateral accretion surfaces are common in the channel sandstones (?tidal
limit meander belts), but the coastal plain facies have not been studied in detail. The
shoreline sequences are extremely varied and include both tide and storm-dominated
shorelines. At Perrarua in the Esera valley, vertically stacked upward-coarsening sequences
reflect repeated shoreline progradation and transgression. The sequence are commonly
storm-dominated (hummocky cross stratification and graded nummulite beds), but
occasionally include erosive-based tidal sandstone units representing tidal inlets at the top of
the sequence. There are three notable departures from the arrangement of depositional facies
and systems outlined above:

1) The Roda Sandstone is a depositional system locally developed in the marine marls of
the Figols Sequence (Nio, 1976; Nio and Siegenthaler, 1978). It is noteworthy for the
development of large-scale sets of cross bedding up to 20m thick. Smaller scale sets of
cross bedding intimately linked with the large scale sets display abundant evidence of
tidal current processes and for this reason the sandstone bodies which constitute the
Roda Sandstone were originally interpreted as the product of major flow transverse,
tidal sandwave bedforms. More recently, the large scale sets have been interpreted as
Gilbert-type foresets associated with a fan delta. The reason for locally developing a
significant sand body within an otherwise marl-dominated setting is that a syncline at
the basin margin acted as a preferred route of clastic supply into the basin.

ii)  The San Esteban Conglomerate is an alluvial fan body directed south-south-westward
into the westerly prograding Figols-Montafiana Sequence. The provenance of the
conglomerate is from the axial zone.

iii)  The Campanue Conglomerate is a fan delta body which is also directed southwards
into the basin, where it interfingers with shoreline sequences of the Santa Liestra
Sequence (Nijman and Nio, 1975; Crumeyrolle, 1987). The conglomerate is 600m
thick and is underlain by an unconformity which dies out into the basin. The fan delta
is thought to record development of the triangle zone at the northern margin of the
basin (see Esera section), with the predominantly Cretaceous and Paleocene limestone
clast petrography being derived from the backthrusting cover to the triangle zone
(Reynolds, 1987).
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2.6.4 The Ainsa Sub-basin

The Ainsa Sub-basin is generally defined by the lateral ramp of the Cotiella-Monsech thrust
sheet, the Boltaiia anticline and the Mediano diapir (Nijman and Nio, 1975, Figure 2.6). For
some time it was felt that the lateral ramp was a distinct feature which controlled the shelf-
slope break of the South Pyrenean Basin, but recent work has cast doubt on the significance
of this structure. Firstly, structural cross-section constraints argue that the thrust sheet was
emplaced during the Figols/Montafiana sequence, eroded back and subsequently buried
(Reynolds, 1987). Key exposures at La Atiart show the upper surface of the thrust sheet
being buried by early Eocene (Cuisian, pre-Castisent Sequence) marls. The exposed levels of
the Ainsa Sub-basin (Charo-Ainsa Sequences) were therefore, deposited at a time when the
structure had been largely buried. Secondly, the sequence stratigraphy of Mutti et al. (1985a)
argues for greater environmental continuity across this area, albeit with many of the lowstand
canyons occurring in this area. Originally, it was felt that the Boltaia anticline existed
throughout the fill of the Ainsa Sub-basin (Nijman and Nio, 1975) but, more recently, Mutti
et al. (1985) argued that it did not form until late in the basin-fill succession (Banaston
Sequence), implying that, for much of the time, the Ainsa and Jaca Sub-basins were linked.
The Mediano diapir was characterised by a positive, ballooning phase during the Eocene as
evidenced by localised carbonate bodies, syn-tectonic unconformities and slumps directed
away from the diapir.

The deep water fill of the Ainsa Sub-basin is 3km thick and is dominated by deep basin marls
in which a range of turbidite sandstone bodies are interbedded. This formation is termed the
Hecho Group and extends westwards into the Jaca Sub-basin. The turbidite bodies include
lenticular, channelised units up to 50m thick and generally a few kms wide, thinly bedded
channel margin facies and interchannel bundles of turbidites separated by mudstone intervals.
Originally, these facies were interpreted in a submarine fan model (Mutti, 1977), but later
work by Mutti et al. (1985a) argued that the turbidite succession comprises a series of facies
units which result from sea-level fluctuations rather than fan progradation. More recently,
Pickering and Corregidor (2002) place the Ainsa channel complexes in a toe of slope setting.

In this work (Mutti et al., 1985a) the Hecho Group is sub-divided into four main sandstone-
dominated turbidite intervals separated vertically by thick wedges of finer-grained facies. In
the Ainsa Sub-basin, the sandstone intervals are characterised by wide canyons or channels
which occur at the base of each of the exposed sequences. The finer grained intervals are
composed of mudstones with numerous slump scar disconformities, thin (cm-scale) turbidites
and small-scale turbidite channels. These intervals are interpreted as channel-levee
complexes deposited by small volume, mud-rich flows.

The sandstone-dominated intervals are interpreted as lowstand deposits formed by
resedimentation of fluvio-deltaic sediments, whereas the fine-grained intervals were
deposited during highstand conditions by resedimentation of the mud-rich distal parts of the
delta-shelf system.

Downcurrent, the sandstone-dominated intervals are considered to correlate with a non-
channelised, tabular turbidite lobe facies in the Jaca Sub-basin (see below). The inferred
time relationships between the components of the turbidite system are complex.
Commencing during a lowstand period, sand was initially deposited in the lobe systems; the
channels and canyons acquired their fill later (?during the early stages of the highstand). The
evidence for the regional correlations between the Ainsa and Jaca Sub-basins and the time
relationships is not clear.
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2.6.5 The Jaca Sub-basin

As noted earlier (Section 2.6.1), the Jaca Basin has a two phase history: an Eocene phase
which is linked to the Tremp-Graus and Ainsa Sub-basins, and an Upper Eocene - Oligocene
phase which is discussed in the following section (Section 2.8).

The Eocene phase involves a narrow, elongate turbidite basin which extends westwards from
the Boltaiia anticline (Figures 2.10 and 2.11). The present, shortened width of the basin is
20km and the turbidites which dominate the basin fill were directed westwards, axially down
the basin. A shallow water carbonate platform existed on the southern side of the basin and
projected northwards to connect with the Boltaiia anticline. It is possible that there was also
a carbonate platform on the northern side of the basin (see below).

The turbidite fill of the basin attains a maximum thickness of 3km and is dominated by
distinctive, thin-bedded turbidites. Upward-thickening sequences are interpreted as lobe
deposits and are considered to be common (Mutti, 1977; Mutti et al., 1985a). However, in
many exposures no trends are discernible and the turbidites are perhaps best considered as
basin plain deposits.

Set into these thin-bedded turbidites are occasional exceptionally thick turbidites referred to
as mega-beds (Rupke 1976a, b; Johns et al., 1981; Labaume et al., 1983; Seguret et al.,
1984). A complete mega-bed has three components: i) a basal olisthostrome or slump unit
which can be up to 200m thick (sometimes absent), at least locally); ii) a sand-grade turbidite
5m-20m thick; and iii) a marl unit up to Sm-15m thick.

The mega-beds range in thickness from several metres to more than 200m. Large examples
can be traced laterally and form useful marker horizons which appear to be basin-wide.
Labaume et al. (1983) map nine examples and Johns et al. (1981) trace one example (the
Roncal unit or ‘Chinese Wall’) 60km along the strike of the basin and 12km across the basin.
A further distinctive feature of the mega-beds is that both the clasts of the
olisthostrome/slump unit and the turbidite sediment are composed of platform carbonate
material. The basal units result from large-scale mass gravity transport and the turbidites and
marls represent re-sedimented platform sediments. The marls probably result from rapid
deposition by high concentration, fine-grained turbidity currents. The mega-beds are thought
to be derived either from the southern extant platform or from a northern platform which has
subsequently been obliterated by thrusting. Initiation of the mega-beds is though to involve
thrust-induced seismicity or oversteepening of the carbonate platform by the propagation of
blind thrusts (Rupke, 1976a; Labaume et al., 1983). One mega-bed (MT3 of Labaume et al.,
1983) includes km-scale clasts of Paleocene and early Eocene limestones. In this case the
mega-bed might have resulted from a thrust sheet breaking the surface of the basin and
evolving into a mass flow.

2.7 THE UPPER EOCENE - OLIGOCENE JACA BASIN-FILL

The stratigraphy of this phase of the Jaca Basin comprises a thick succession of deep basin
and slope marls termed the Pamplona marls, prograding fluvio-deltaic sequences termed the
Belsue and Atares Formations, and a thick alluvial succession termed the Campodarbe
Formation (Figure 2.7). The succession is exposed in a major east-west trending syncline -
the Guarga syncline.

Growth structures related to thrust propagation during the accumulation of this basin-fill
succession are evident in the Pamplona and Belsue-Atares Formations as north-south
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trending folds which are interpreted as tip folds to blind oblique ramps (Puigdefabregas,
1975; Puigdefébregas et al., 1975). An easterly progression of these structures can be
demonstrated by the relationships to the basin fill. Delta progradation in the Belsue-Atares
Formation was influenced by the growth synclines, with vertically stacked delta front
sequences being concentrated in the synclines and thinner, inter-deltaic sequences over the
anticlines. Dipping depositional surfaces which imitate delta foresets were produced locally
by tilting of the surface during growth fold formation.

The Campodarbe Formation is composed of up to 3km of alluvial facies which include
conglomeratic and sandstone-dominated fluvial channels, overbank intervals with well
developed calcrete palaeosols, and large fanglomerate bodies (e.g. the Santa Orosia
conglomerate; Figure 2.7). Sandstone-dominated fluvial channel conglomerates of the
fanglomerate bodies were directed southwards (Puigdefabregas, 1975).

2.8 THE EBRO BASIN

The Ebro Basin was the main depocentre during the Oligo-Miocene. The basin was an
internal basin which acquired its fill during and after the formation of the External Sierras.
The basin lies beyond the southern limit of Pyrenean thrusting and is, therefore, the final
foreland basin to the Pyrenees. In the east of the area, south of the Tremp-Graus Basin, the
thrusts associated with the External Sierras involved both Triassic and Upper Eocene salt
horizons, with the latter forming the main décollement horizon (see the Ribagorzana and
Esera cross-sections). Structures in the External Sierras in this area include steep, tight folds
which owe their form to salt mobility during thrusting.

In addition, immediately in front of the thrust front in this area is a major east-west trending
fold known as the Barbastro anticline, which is a salt-cored fold formed by the migration of
salt from beneath the advancing thrust sheet. In the west of the area, south of the Jaca Basin,
the External Sierras formed on a Triassic salt décollement, but salt diapirism was limited. In
both sectors of the External Sierras, northerly-directed backthrusting is identified. Further
insights into the formation of the External Sierras can be gained from conglomerates
deposited at the southern, thrust front margin with the Ebro Basin, which show clear evidence
of having been deposited during thrust deformation (Nichols, 1987a). The conglomerates are
thick, localised bodies which accumulated in alluvial fans at the thrust front. Evidence for
deformation during deposition of these alluvial fans includes folding of early fanglomerate
deposits and syn-tectonic unconformities truncating these folds, pronounced stratal wedging
into the basin and growth folds (Nichols, 1987a). These fans are composed entirely of clasts
derived from the External Sierras and they die out within a few kilometres of the basin
margin. The dominant processes in these fans are sheet-floods; stream channels are
subordinate and debris flows are rare to absent. Whilst the conglomerate fans are spectacular
and informative, they are relatively minor contributors to the fill of the Ebro Basin. Two
main fan systems have been identified at the margin of the Ebro Basin; the Huesca and Luna
Fans (Hirst and Nicols, 1986; Nichols, 1987b). These are large, fluvial distributary fan
systems which extends over 2000-3000 sq km across the basin and up to 70km into the basin.
They are composed of material derived from the axial zone and the emergent Tremp-Graus
and Jaca Basins. Conglomeratic facies are restricted to the apical regions of the fans, which
in this case of the Huesca fan was largely located in the Tremp-Graus Basin (see 7.2.2).

The medial and distal parts of the fans comprise sandstone-dominated channels with a radial
pattern. Sandstone body size and frequency decreases down-fan and there are also systematic
changes in sandstone body geometry. Sheet and subordinate ribbon bodies occur in the
medial region, but ribbon bodies (Huesca System) or weakly channelised sheets (Luna
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System) predominate in the distal region. A critical point concerning the fans is that their
location is controlled by the structural geometry of the thrust front. The Huesca fan emerges
from the lateral ramp zone which separates the eastern and western sectors of the Sierras,
whereas the apex of the Luna fan occurs at the westerly tip fold of the Sierras. In both cases,
these areas are topographic lows along the thrust front.

Subsidence in the Ebro Basin was asymmetric, being greatest in the immediate vicinity of the
thrust front and decreasing basinwards. Facies in the central part of the basin are dominated
by lacustrine marls, limestones and gypsum. Fluvial channel sandstones in fine-sediment-
dominated parts of the Ebro Basin are often spectacularly exposed as ribbon bodies, with
either a straight or meandering pattern, which represent exhumed palaecochannels
(Puigdefabregas, 1973; Friend et al., 1979; Friend et al., 1981; Friend et al., 1986).
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western margin of the sheet sandstone. The expanded log shows the multi-storey nature of sandstone A. From Friend ef al. 1981.
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Scheme of upper channel crogs-section as exposed in the northermn valley wall of the Beo.
de Montafnana. Vertical scale exaggerated, horizontal distance approx. 250 m. Note clay
plug and cutbank failure structure.

Generalised vertical section of the
exposure north of the bridge.

1) scoured surface (locally over-
lain by lag deposits);

2) dm-scale trough cross-bedded
sandstone;

3) inclined bedded homogenised
muddy sandstone;

4) mottied mudstone;

5) caicrete horizons;

6) small channellised conglome-
rate bodies.

(Fig. 4.12 from Puigdefabregas
and van Vliet, 1978).

Figure 4.5 Sedimentary log of the two laterally-accreted fluvial channels seen in the Baranco
de Montanana and a cross-section of the upper channel. From Friend et al., 1981 (after
Puigdefabregas and van Vliet, 1978).
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a more advanced stage of progradation. The Lower cross section shows a model for the
tectonic control on sedimentation. From Friend et al., 1978 (cross-section after Seguret,
1972).
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L = lacustrine. From Atkinson, 1986.
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diagram shows more detail of the western margin. From Vincent and Elliott, 1997.
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Figure 4.11 Graphic logs through the lower part of the southern face of the Sis conglomerate,
showing the axial to lateral variation in facies and the large-scale onlap towards the eastern
margin of the body. From Vincent and Elliott, 1997.
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and Siegenthaler, 1978.
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Figure 5.1 Palaeogeograpphic sketch map of the Southern Pyrenean Basin during the intermediate and main stage of basin development.
Palaeocurrents and facies distributions suggest that the source of the Hecho Group turbidites was iccated close to the frontal thrust zone. From
Mutti et al., 1983a.



Figure 5.2 The Pena Montanesa frontal ramp anticline of the Cotiella Nappe and associated dextral tear fault (the Foradada Fault). From Mutti et a/. (1989).



Figure 5.3 The Pcna Montanesa frontal ramp anticline of the Cotiella Nappe and associated
dextral tear fault. The thrust initiated in Figols time, post Alveolina Limestone Group. (From
Mutti et al. 1989).
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Figure 5.5 Stratigraphic cross-section between the eastern and western sectors of the Southern Pyrenean Basin, showing a proposed correlation
between the fluvial and shallow marine sediments in the east and the deep water sediments in the west. After Mutti ez al., 1985a
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Figure 5.6 Conccplual diagram rclating relative sca level changes and difterent stages of growth of
turbidite systems with depositional sequnces developed in elongate basins (Mutti et al. 1985).
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Figure 5.12 3D perspective view of the Upper Campodarbe deposits, south of Ainsa. The image was created using digital photogrammetric
techniques from a pair of stereo aerial photographs. The digital photogrammetric software produces an orthorectified image which
can be draped over the digital elevation model (DEM). This image can then be viewed from any angle, in this case, approximately
along the dip of the beds. Furthermore, the resulting dataset can be used to make accurate measurements in 3D. Image courtesy of
Jamie Pringle (Heriot-Watt University).



Figure 5.13 Ainsa II outcrop superimposed with high resolution synthetic seismic image (dominant Ricker wavelength = 78 Hz)
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Figure 5.14 Interpretation showing the relationship between the Ainsa I Channel Complex north and south of Ainsa, and the overlying
Ainsa II Channel Complex (Clark 1994).



(b)

Figure 5.15 Photographs of the Ainsa I and Ainsa II channel complexes, south of Ainsa. (a) Field of view approximately 1.5 km, showing the relationship between
the Ainsa I Channel (quarry exposure) and Ainsa II stacked channel complex (sandbodies at top of the main slope). (b) Detail of above, showing pinch-out of
sands in the Ainsa I Channel. (c) Aerial photomontage of the Ainsa I Channel (quarry exposure) showing detailed bed architecture,
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Figure 5.16 Diagramatic cross section of the Ainsa I Channel and facies samples from channel-fill and overbank deposits. (Mutti et a/. 1985).
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Figure 5.19 Schematic diagram to illustrate the three dimensional shape of discontinuous shales in
turbidite sequences. (a) Discontinuous shales can be observed and measured in both dip and strike
outcrop sections. (b) & (¢) 3D interpretations of discontinuous shale shape. Both interpretations honour
the outcrop data presented in (a), however, it is more likely that these shales are sheet-like with sub-
elliptical or channel shaped holes as shown in (¢).
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Figure 6.1 Sketch map showing the distribution of turbidite facies associations in the Eocene
Hecho Group, between the Esera and Aragon Valleys. From Mutti, 1977.
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Hecho Group - mudstone laterally between the dcltaic deposits (7) and the inner fan
sediments(6)
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Figure 6.2 Geological setting of the Roncal Unit, a laterally extensive ‘megabed’. The
schematic section through the south-central Pyrenean Basin (upper left) shows the
depositional setting. The outcrop map (top left) shows the extent of the unit and the location
of the measured sections shown on the correlation panel below. From Johns et al., 1981.
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Figure 7.1 Channcl sandbody composed of three stacked point bars, exposed near the Puerto
de Monrepos. The top of the sandbody displays curved ridges which have been interpreted as
scroll bars. From Friend et al., 1981.
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Figure 7.2 (a) Sketch geological map showing the position of the Ebro Basin. (b) Map and
cross-section of the Ebro Basin. From Hirst and Nichols, 1986.
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Figure 7.3 Maps showing the presence of many small, coarse grained alluvial fans along the
Extemal Sierras, and the location of the larger Luna and Huesca ‘fans’ (fluvial distributary
systems). From Hirst and Nichols, 1986.
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Figure 7.4 Facies disribution in the proximal part of the Roldan Fan, and the relationship of
the fan with the larger Huesca system. From Friend et al., 1989.
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Figure 7.6 Sedimentary log showing the distal facies of the Huesca system at Sierra de la
Galocha, SSW of Huesca. From Friend et al., 1989.
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Figure 7.7 Location map for exposures along the Canal del Cinca, south of Huesca. The two
channels seen at Locality 3.2A show lateral accretion surfaces dipping in opposite directions,
which indicates that they were deposited on different point bars (see sketch). From Friend et

al., 1989.
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Figure 7.8 Fluvial channels with complex laterally-accreted units, alond the Canal del Cinca
(see Figure 7.7 for localities). From Friend et al., 1989.
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Figure 7.9 Locality map and sketch sections of the Huesca System at La Serreta. The two
sketches are of localities A and B on the map. The sandstones here are more commonly multi-
storey and multi-lateral than along the Canal del Cinca, and reflect a more proximal position
on Huesca System. From Friend et al., 1989.



Figure 7.10 Locality map and sketch section of part of the extensive multi-storey/multi-lateral fluvial channel sandstone exposed at Pertusa. From Friend ez
al., 1989



Figure 7.11 Further field sketches showing the multi-storey/multi-lateral nature of the
channel sandstones at Pertusa (see Figure 7.10 for location). From Friend et al., 1989.
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Figure 7.12. Location map and sketch of the Huesca System at Monte Aragon, east of Huesca. Both ribbon and sheet sandstones occur on the hillside; the
sketch shows two extensive sheets separated by a lower net:gross interval dominated by ribbons. From Friend er al., 1989
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Figure 7.13 Ribbon-like channcl sandstones with variably developed ‘wings, exposed in a
road cut east of Huesca. The reservoir behaviour of these channels would be influenced

greatly by their relationship to the thinner sandstones in the surrounding floodplain deposits.
From Friend ef al., 1989
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Figure 7.15 Cross-plots showing how channels in the Huesca System vary with radial

position. From Hirst, 1991.
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Figure 7.16 Gcometry of fluvial channel sandbodies. From Hirst, 1991, after Slater et al.
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Figure 7.17 Location maps for fluvial localities in the south-eastern Ebro Basin.
a. the Montsant-Gandesa-Mequinenza area; b. the Caspe area. From Anadon et al., 1989.
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Figure 7.18 (a) plan view of exhumed ribbon sandbodies in the Caspe Formation
(Oligo-Miocene), SW of Caspe and (b) cross-section showing amalgamation of two
individual ribbons (at locality 16 of Fig. (a)). The two ribbons have orientations at
approximately 90° toeach other. A thin limestone bed (seen on the left of the figure)
is eroded by the lower sandbody. From Anadon et al., 1989.
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Large scale cross stratification surfaces resulting from the migration of lateral bars
(see lower figure).

Low angle large scale cross stratification surfaces resulting from the downstream
migration of transverse bars (see lower figure).

Interpretative sketch of the main sedimentological features of the sinuous ribbon infill
shown in upper two figures.

Figure 7.19 Channel facies in a sinuous ribbon sandbody in the Caspe Formation SW
of Caspe. Location 18 on Figure 7.17 and 7.18a. From Anadon et al., 1989.
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Figure 7.20 Plan geometry and vertical stacking of ribbon sandbodies in the Caspe Formation, WNW of Caspe (Location 15 on Figure 7.17).
From Anadon et al., 1989.



Figure 7.21 Initial digital terrain model (DTM) of the study site on the N211 road at km39. View is looking from the west towards the central
channel belt deposit. Lines represent the Ground Penetrating Radar transects. The sandbody is to the north of locality b on Figure 7.20. The
new road cutting (dashed line on Figure 7.20) can clearly be seen on the DTM.



Figure 7.22 Photomontage of the central channel belt deposit at km39 on the N211. This face is the southern side of the road cut shown on Figure 7.21.



C3 Not honrontol scoie

Architectural relationships between ribbons and sheet sandstone bodies in the Caspe
Formation. The observed relationships show alternative aggradational and
degradational episodes.

EICE
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Field sketch of the fluvio-deltaic facies assemblages in the Barrance de I’ Aguamoll.
CH = channels; CR = crevasse channels; CS = crevasse splays and terminal lobes;
L = lacustrine limestones.

Figure 7.23 (a) Architectural relationships between ribbon and sheet sandbodies in the
Caspe Formation (locality 20 on Figure 7.17) (b) Stacking of channel and non-channel
sandstones in a fluvio-deltaic interval in the Los Monegros lacustrine system (Oligo-
Miocene). Locality 21 on Figure 7.17. From Anadon et al., 1989.
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Figure 7.24 General architecture of the Montsant Alluvial System (Eocene to Oligocene). Note the upwards increase in net-to-gross and change
from lenticular to more tabular conglomerate bodies. Location 4 on Figure 7.17. From Anadon et al., 1989.
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Sandy and conglomeratic ribbons in the distal alluvial fan facies of the Montsant system.

Detail of the ribbon channel infills (see figure above).

Figure7.25 Distal alluvial fan facies of the Montsant system, Locality 6 on Figure 7.17. Note the thin sheet sands and narrow sandstone and

conglomerate ribbons. The ribbons commonly have a compound fill, with internal erosive surfaces. From Anadon et al., 1989.
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Figure 8.1 Current-generated bedforms and sedimentary structures
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General | Sediment gravity flows
term l
|
o o | |
Specific | Turbidity Fluidized Grain Debris
term I curcent  sediment flow flow flow
|
Sediment | Upward
support | intergranular Grain Matrix
mechanism| Turbulence flow intaraction  strength
| "\/'O - O, a O U.. (o} [e)
| (o] }rg %? o? X OQOEDN oogo
I O\o, /gl lor'o 4 Lo Po
| BT Klr2t] [0 Py
[ S~ =T \\
. | WA A WA |
Deposit Ipistal Proximal Resedimented Some " Pabbly
;turbidit_e turbidite. conglomerate 'fluxoturbidites' mudstones
l
Classification of sediment gravity flows (after Middleton
and Hampton, 1976).
ﬁk
Deposit
REMOLDING .
SLIDE Debris flow /
c 2ed sedi
S Gr.. sediment
g \ \ ‘ain ”x——-—*% Tiowe /PQRE FLUID
;E, TURBULENCE ; GRAIN INTERACTION
¢ 155,30 conc. | (DISPERSIVE
8 'dity current PRESSURE) .
(Ow TRACTION
Con
,Urb?"nlration
‘dity current

Time and/or space

Hypothetical interrelation of processes in a single
sediment gravity flow event (after Middleton and
Hampton, 1976),

Figure 8.3 Classification and mechanisms of sediment gravity flows



TtME AND/OR SPACE

Rocktall

Rockfall

Creep

TurbiQites -
associated facies Contourite Pelagite
Debrite  coarse medium  fine

Hemipelagite

\ Remolding —

Spillover —®  Liquelaction

Sheit Fluiad

suspension turbulence

A

River + glacial
plumes

Bottom-current
erasion

NOILYYINIIONOD ONISVYIHIIQ

[\

Surface water
productivily ¢
aeohan inpul

\

—_

Debris flow

l

High.concentration
turbidity current

}

Low-concentration
turbiQity current

|

Bottom currents -
nepheloid layer

!

Surtace currents ~
pelagic setting

FLOW INITIATION

LONG-DISTANCE
TRANSPORT

DEPOSITIONAL FACIES

Figure 8.4 Probable inter-relationship of flow initiation, long distance transport and depositional processes in the deep sea. From

Pickering et al.. 1986



SLUMP DEBRITE

Coarse-grained
TURBIDITE

{grain flow
fluidized llow)

Medium-grafiied
TURBIDITE
{classical)

Fine-grained
TURBIDITE

° @ FIY
2 € & 2
2 3 @
a -
Tg
£ €3
Ty
[0}
Sy Ts g,
S, c Ty .—
S Ta
T
8 3 E
f; T,
A T
R, T
[« J—
Re-sedimentated clastic facies models (from, Stow 1985).
SLOPE-APRON DEPOSITS OEEP-WATER FAN DEPOSITS BASIN PLAIN DEPOSITS
UPPER SLOPE ANE— UPPER FAN
PP P 5o
Slump scars %
=
{ Channel filis:
LOWER SLOPE - “ including Fine. very hine
- olislostromes sandstones,
siltstones of
marked lateral
F— continuity
MIDDLE FAN
Channel il
seqQuences
Ofistostromes Thickening/
-------------- coarsening
- and —1 upwards
— @ r>0 = sequences
= ‘1 slump deposits il
A A - LOWER FAN
Medium-to- i
fine graded
sandstones of S0 n
good lateral .
continuity i
Facles associations and facles sequences (after Mutti and

Ricci Lucel,

1972).

Figure 8.5 Clastic facies, facies associations and facies sequences for deep-water sediments
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THIN-BEDDED TURBIDITE FACIES OF THE INNER FAN

Channel-margin facies

The facies relationships for the inner part of the Hecho Group system and termi-
nology of channel and interchannel turbidites are shown in Fig. 3.
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Figure 8.10 Relationships and terminology of channel and interchannel turbidite facies (as observed in the inner fan deposits of the
Hecho Group). From Mutti et ai.
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North Sea Tertiary

Velocity Density (g/cc) Impedance

(mls) (kgm?s™)

Massive sandstone 3208 2.17 6961 x 10°

Medium bedded sandstones and shales 2903 2.27 6590 x 10°
Thinly bedded sandstones and shales 2703 2.21 5974 x 10°
Shale and marl 2498 2.35 5870 x 10°
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Figure 1. Photomosaic ofthe Ainsa il Channel Complex viewed from across the Rio Cinca. The lateral southward shifting of channel bodies can be clearl
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Figure 2. Photomosaic interpretation of the Ainsa Il Channel Complex. Sedimentological logs through the section zre shown in red labelled 1 - 14, !
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ica. The lateral southward shifting ot channel bodies can be clearly seen in the photomosaic North

'gicat logs through the section 2re shown inred labelled 1 - 14. For details see Posler 2.
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:hannel complex, Rio Ara section

) | channel architecture, Rio Ara section
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Aerial view of the Morillo | channel complex, Rio Ara section
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