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Abstract

The Eocene Ainsa Basin is situated in the central south Pyrenees formed by collision of the
Iberian plate with the Eurasien plate during Late Cretaceous to early Miocene times. The
basin was formed due to movements of the central southern Pyrenean thrust system in a
piggy-back fashion. The depositional system was controlled by the Mediano growth fold and
the Faradada tear fault system. The climate was a secondary factor controlling the sea-level
variations (Milancovich cycles). These controlling factors have been reflected in the recorded
data gathered in the Arro and Charo areas (Arro sandstone body. The succession can be
divided into 4 distinct units; a basal mass transport complex, an inter-channel dominating
succession, a turbidite channel succession, and a channel-levee dominated succession. This
may reflect a system that has been triggered by tectonism and subsequently formed
instabilities on the ramp of the basin. The relative sea-level may have been influenced by
movement of the structures described above, and subsequently gradients in the depositional
system from the source area in the Pyrenean axial zone to the deep marine Ainsa Basin. This
is reflected in the progradation of the Montanana delta and the San Eseban fandelta. Palaeo-

current trends give a NNW direction of the deep marine depositional ramp system.
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1 Introduction

Deep marine turbidite sandstone deposits are exploration targets in basins around the world
today. In the period 1950-1970 oberservations of deep-sea processes and facies gave
knowledge and insight into theses systems (Pickering et al., 1989). Post-1970 published work
is comprehensive and diverse regarding terminology of the depositional processes of gravity

flows and interpretations of depositional environment and style in the deep marine realm.

The aim of this study was to look into the development of the deep marine succession in the
Arro and Charo areas of the eastern Ainsa Basin belonging to the southern Pyrenean Eocene
foreland basins. Sedimentological data were gathered from three localities to be further
analysed as regards lithofacies, facies associations, and petrography in order to make an
interpretation of the depositional environment and processes of sediment transport and

sedimentation.

The stratigraphic nomenclature of the sedimentary successions in the Ainsa Basin is
complicated and inconsistence, and by this reason a challenge to grasp. The systematics of
Mutti’s work (1985) and Mutti et al. (1988) have been used with some minor modifications.
In addition to the complexity of the stratigraphic nomenclature, the work has also been
hampered by the fact that there do not exist any published regular geological maps of the area.
The study area is highly deformed by faulting of the splay faults from the Cotiella thrust. This

made logging the area somewhat complicated, especially in northern part of locality 1.

The main object of the study is various types of gravity flow deposits within the so called
Arro sandstone body in the eastern part of the Ainsa Basin, one of several piggy-back basins
together forming the Southern Pyrenean Foreland Basin. The Arro sandstone body belongs to
the deep marine Eocene Hecho Group (Mutti, 1985b) of the Ainsa Basin. The Arro



sedimentary system was sourced by the fluvial Montanana delta from the east/southeast and
the San Esteban fandelta from the north (Nijman, 1998). The initiation of the movements
along the detachment of the Mediano anticline (Mutti et al., 1988) has probably triggered a
massive mass transport complex that contains a piece of the incised ramp (slump sheet). The
scar on the ramp floor has further been eroded by gravity flows, which gradually scoured into
the shallow marine ramp and formed the Charo canyon. The canyon funnelled the fluvial and
the shallow marine sediments into the deep marine ramp through a gully systems during the

upper part of the Montanana complex and the lower part of the Santa Liestra complex.

This main framework of the study object and its basinal setting is very similar to many other
deep-marine basins of the World hosting turbidite sandstone deposits and other related gravity
flow deposits. Being today important targets for petroleum exploration and production,
stratigraphic, sedimentological and morphological properties of these types of reservoir rocks
are of particular interest for the international petroleum industry. Facies variation,
architectural style, volume, geometry and stacking pattern of sandstone bodies in these
depostional settings of submarine canyons, gullies, channels, levees and fan systems are of
crucial importance for the petroleum industry to model these reservoir rocks. In addition,
processes of sediment intitiation and transportational and depositional mechanisms are of
basic scientific interest. The present study has been carried out by the ambition to supply data

and knowledge to some of these aspects.



2 Method

2.1 Introduction

To make a geological interpretation of the deep marine depositional systems in the eastern
part of the Ainsa Basin (Arro and Charo area) field data was collected from the period
10.07.2007 - 04.08.2007. The data have been interpreted by lithofacies, facies associations,

depositional environment, and petrography.

2.2 Fieldwork data

The data was collected by logging of three localities, measurements of palaeo-current
directions, and gathering 10 rock samples of interest. 16 logs were made in scales of 1:20,
1:50, 1:100, and 1:200. Most of the logs are logged in 1:50, log 1 and log 5 in the scale of
1:200, log 15 was logged in the scale of 1:100, and log 7(2) in the scale of 1:20. A Garmin
GPS was used to make note of the UTM coordinates of the different logs. The reference geoid
used was Euref 79. For the palaeo-current measurements a Silva compass was used with a dip
meter. 10 rock samples were taken from inter-channel sandstones (chapter 7), mainly, with
one sample taken from a chaotic mass complex (chapter 7). The locality 1 deposits are logged
on the back-limb of an eroded anticlinal structure and the locality 2 deposits are logged on the
overturned fore-limb of the same structure. The locality 3 deposits represent also the fore-

limb of the same structure, but these beds are not overturned.

2.3 Rock sample analysis

Polished thin-section was made for each of the rock samples. These thin-sections were
analyzed in a light emitting microscope, with non-polarized light and polarized light to
recognize the mineral composition of the rock samples. Then the thin sections were point-

counted to establish a statistical analysis of the mineral composition of samples.






3 Geological framework

3.1 Introduction

The evolution of the Pyrenean orogeny is described in the next sections, and focus on the
central south Pyrenean units (upper cover thrusts and the influence of the axial zone). Detailed
field work has been carried out in the eastern part of the Ainsa Basin (10 kilometres east of
the village of Ainsa, in the Arro/Charo area (figure 3.1 A B). The basin is located between
the Mediano and Boltafia anticlines (the Buil syncline) (figure 3.1 C).
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Figure 3.1: A) Logged section in locality 3. B) Logged sections in localities 1 and 2. C) The Ainsa Basin (red
square represent the study area) from the Mediano anticline in the east to the Boltafia anticline in the west
(modified from Fernandez, 2004). D) Regional overview of the study area.



3.2 Evolution of the Pyrenean orogeny and the south

Pyrenean fold and thrust belt

The orogenesis that created the Pyrenees is characterized by low grade metamorphism
(greenshist facies) and no volcanic activity. The northern part of the Iberian plate was located
at latitudes of about 35 ° N, and the climatic conditions were tropical to subtropical as

recorded by palynoflora and microfaunal data (Pickering and Corregidor, 2005)

The formation of the Pyrenean orogen is related to the collision between the Iberian plate and
the Eurasian plate from Campanian to Early Miocene, where the Iberian plate subducted
underneath the Eurasian plate. The anticlockwise rotation of the Iberian plate with the
Eurasian plate gave rise to both a N-S and an E-W shortening. The structural evolution of the
thrust and fold belt started with transpression in the Late stages of Cretaceous and through the
Paleocene and Eocene Epoch. At the end of the Eocene and beginning of the Oligocene there
was a period of translation of the thrust sheets before pure compressional forces acted on the
foreland (Nijman, 1989) and infilling of the Ebro foredeep (Figure 3.2). The left stepping en-
echlon style of the Faradada tear fault had a dextral movement (Nijman, 1989), due to rotation
of the Iberian plate and the stress that was built up. Totally, the shortening of the orogen is
147 kilometres (Mufioz, 1992).

The evolution and progression of the south Pyrenean thrust sheets is controlled by the thick-
skinned deformation in the axial zone of the orogen by the imbricate stacking of crystalline
thrust sheets and creation of antiformal stack (Puigdefabregas et al., 1992 and Pickering and
Corregidor, 2005). The axial zone thrust sheets (Nougueres antiformal stack) comprises the
Nogueres zone, the Orri thrust sheet and the Rialp tectonic window. At the same time the
break-back thrusting of the foreland evolved due to the stacking of the basement thrust sheets.
The Pyrenean basin geometry are formed by loading on the lithosphere and of subcrustal

forces of the Iberian slab (Puigdefabregas et al., 1992). Vertically the Pyrenean thrust



geometry is V-shaped, where the detachment level is located in the upper-middle crustal rocks
(Mufioz, 1992).

The eastern part of the foreland basin is controlled by the lower Cadi thrust sheets (basement
rocks) and the upper Pedraforca thrust sheet and the western part (central Pyrenees) is
controlled by the upper (Boixol, Montsec, and Sierras Marginales) thrust sheets unconformely
above the basement rocks of pre-Triassic period. The Pedraforca and the Boixol thrust sheets
are structural equivalent (Dinares et al., 1992). The termination of the western thrust sheets is
the oblique Segre thrust zone (Mutti, 1985b; Vergeés et al., 1992). The focus of this study is
the development of the south central Pyrenean units and the western thrust sheets. The
western termination of the antiformal stack of the axial zone is where the Gavarine thrust
sheets are situated, which controlled the megaturbidite sequences in the Jaca Basin (Seguret,
1984, Teixell, 1996). The emplacement of the Gavarine thrust was a fault-bend-folding type

of deformation and translation of the western most units (Teixell, 1996).

During synorogenic development of the Pyrenees development of a thrust and foldbelt was
created by in-sequence piggyback tectonic sequences in Lower to Middle Eocene. The onset
of detachment is more or less initiated with compression tectonics in the Late Cretaceous
(Nijman, 1989). The detachment zone is situated in the Triassic evaporates (Puigdefabregas et
al., 1992). There are 4 main structural features recorded in the orogen: 1. the cover upper
thrust sheets (southern Pyrenees); 2. The basement involved lower thrust sheets; 3. The North
Pyrenean fault zone, and 4. the North Pyrenean thrust sheets (Mufioz, 1992). The cover upper
thrust sheets developed in Late Cretaceous and in Paleocene-Eocene and created the
piggyback basins, and finally to evolve as a foreland basin during the Oligocene-Miocene
(Ebro foreland Basin) (Nijman, 1998). The foreland subsidence was controlled by the position

of the thrust sheet front of the axial zone (Puigdefabregas et al., 1992).

During the Campanian a transpessional wrench basin configuration took place and the north-
eastern parts of the Pyrenees were uplifted and became a source of erosion of clastics. A

transitional period to a foreland basin occurred in the Paleocene epoch, with a non marine

9



sedimentation from the east and a deep weathering of the basement. In the western part a
shallow carbonate shelf was formed in a starved sedimentary regime. Further, the migration of
the foreland Basin createed a thrust and foldbelt (piggyback basins) (Puigdefabregas and
Souquet, 1986). The South Pyrenean Central Unit (Mesozoic and Paleogene deposits) consists
of 3 thrust sheets known as “The cover upper thrust sheets” (Mufioz, 1992), which are the

Serres Marginales, Montsec and the Boixols imbricate thrust sheets (figure 3.2 B).

The upper cover thrust sheets developed progressively in a break back sequence (figure 3.2
C). The Boixols thrust sheet was the first thrust sheet that developed on older extensional
faults of the Early Cretaceous Epoch. The Montsec thrust sheet was emplaced during the
Ypresian stage, and the Serres Marginales was emplaced between the Early and the Late
Eocene and later deformed in Late Eocene — Oligocene (Mufioz, 1992). The Serres
Marginales is the southern boarder of the South Pyrenean Unit, which separates the thrust-top

basins from the Ebro foreland Basin.

Figure 3.2: A) The Pyrenean
foreland basins and the axial
zone (Fernandez, 2004). B)
The V-shaped geometry of the
orogen (Mufioz, 1991). C)
Evolution of the break-back
imbricate thrust sheets from
Andresen  (2005)  (written
com.). D) Figure illustrates

the back thrusting (Morreres

Axjal-zone N thrust) of the northern part of
7N "N Aquitaine

-—Nogueres .,NPF o ,e S R the central south Pyrenean

\ v - thrust sheets, which also

represent as a passive roof
thrust of the antiformal
stacked basement thrust sheets
(Mufioz, 1991) from Andresen
(2005) (written com.). E)
Illustrates  the  Nogueres
antiformal stack from
Andresen  (2005)  (written

com.).




3.3 The Ainsa Basin

3.3.1 Sequence stratigraphic relations of the Hecho Group

The organization of one specific nomenclature in the Ainsa Basin has not been developed jet.
There exists a lot of confusion around the Formation and Group names of the Ainsa Basin,
which is sometimes mixed with the fluvial formation names. This study will use the
nomenclature from Mutti et al. (1985, 1988), Mutti and Normark (1987) and Kane et al.
(2007), where Hecho Group is used for the Eocene deep marine deposits that comprises 4
depositional complexes (Figols Group, Montanana Group, Santa Liestra Group, and
Campodarbe Group) seen in figure 3.3. Even if the nomenclature is far of track regarding
conventional stratigraphical nomenclature used is that from Mutti (1985) and Mutti et
al.(1988) with modifications. The Castissent Group that is being referred to in the work by
Mutti et al. (1988) may lead to confusion because the Castissent Group, which is the
uppermost part of the Montanana Group, is a fluvial formation (Castissent Formation)
(Nijman, 1998) (figure 3.6). The uppermost Campodarbe Group is shallowing upwards to
shallow-marine sediments (Cronin et al., 1998). The Montanana Group and the Santa Liestra
Group comprises channel-levee systems (Fosada, Arro, Banaston, Ainsa, Morillo, Gauso)
(figure 3.3A) (Mutti, 1985b). The lowermost Figols Group is referred to as shelfal and slope
mudstones by Mutti et al. (1988).

Classification systems of sedimentary deposits aim to relate the sedimentary rocks into
genetic related strata in time and space. The Exxon group (Van Wagoner et al., 1988) made a
sequence stratigraphic framework, where sequences are bounded by unconformities and their
correlative conformities. The Arro sandbody can be related to a sequence by the basal
correlative conformity (mass transport complex) in logl at 93 metres. The correlative
conformity may be related to the Exxon group model as a type 2 sequence boundary, with
Basinal progradation due to a relative drop in sea-level. This relation can not be confirmed

because the recorded units show no direct unconformities, but correlative conformities at 93
11



metres in logl and at 62 metres in log15. The constraints of this interpretation lie in that there
is no control of the shoreline. The sequence can be subdivided into systems tracts, which can
be related to the depositional system of Mutti (1985). The system tracts is related

Channel-levee
complexes

JACA-FISCAL LOBES ?’/

1 STA LIESTRA

MONTANANA I
AT

T = ’*}:}’J»GOL;

e \ |
BROTO LOBES
) BOLTANA @/ Charo | G Guaso

AGER

—— canyon M Morillo
ANTICLINE s
Turbidite systems — AN Ainsa
B8 Banaston
AR Arro
F Fosado

Uppermost Eocene and Oligocene conglomerates

Age

Ypresian

Figure 3.3: A) The 6 sequences represent the Hecho Group deposits in the Ainsa Basin
from Mutti (1985) and the correlative prograding fluvio-deltaic sequences of the
Montanana Group. B) The same sequences as in A, with sequence boundaries (modified
from Fernandez, 2004). The basal Alveolina limestone was deposited during the

Maastrichtian transgression.

to the eustatic sea-level curve by the lowstand fan, slope fan, lowstand wedge, transgressive
systems tract and the highstand systems tract. In the eastern part of the Ainsa Basin the sea-
level is sub-ordinate the tectonic imprint, where major movement of the thrust sheets is
supposed to the major factor for formation of unconformities and their correlative
unconformities sequences in the basin may be divided into tectono-stratigrahic relationships
in the same manner as with the eustatic sea-level curve from Van Wagoner et al. (1988).
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3.3.2 Tectono-stratigraphic relations

The Ainsa Basin is situated between the Mediano Anticline in the east and the Boltafia
Anticline to the west, and to the northeast by the Pefia Montafiesa thrust in the south central
Pyrenees. East of the basin is the contemporary Tremp-Ager Basin (also called Tremp-Graus
Basin), and to the west is the contemporary Jaca Basin (figure 3.4). The basal turbidite
deposits in the Jaca and Ainsa Basins are not affected by the movement of the two anticlines,
due to that they had not started to evolve. The Fosado and Arro turbidites are deposited prior
to movement of the Boltafia anticline in a single Jaca/Ainsa Basin (figure 3.4) (Mutti, 1985b).
The movement of the Mediano detachment fold commenced between 47.2 and 51 Ma (Poblet
et al., 1998) and the Boltafia anticline was out of phase with respect to development of the

Mediano anticline, but commenced on a later time.

Atlantic N

outer fan and basin plain %é

uplifted source area

carbonate
slope

carbonate /

platform

Ainsa basin,
slope with
turbidite channels

A
submarine \
canyon Tremp basin,

alluvial and deltaic  major thrust front
(Montsec-Cotiella)

alluvial fans

Figure 3.4: The central south Pyrenean Basin and the western Ainsa and Jaca boundary
Basins. The pale-yellow arrows indicate the palaeocurrent direction in the different
Basins. The green arrows indicate the source for the collapse breccia found in the Jaca
Basin (modified from Fernandez, 2004).
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The Ainsa and Jaca Basins are structally controlled narrow elongated basins (figure 3.4)

formed during the syn-tectonic activity in the lower and middle Eocene epoch. The growth of

the Boltafa anticline separated the western foredeep into to parts. The Ainsa Basin was

mainly controlled by the Nogueres antiformal stack in the central axial zone and the Jaca

Basin by the Gavarnie thrust. These basins are referred to as syn-sedimentary piggyback

basins on the western side of the central south Pyrenean unit, with source for sedimentation in

the eastern and northern parts. The basins are from east towards west: terrestrial, shallow

marine and deep marine basins during deposition of the Hecho group, respectively. Later

infilling is related to uplift of the axial zone (Trave et al., 1998) and the deltaic Sorbrabe

Formation, the fluvial Escanilla and the uppermost alluvial Collegats Formation was formed

MEDIANO COTIELLA THRUST
sSW ANTICLINE SHEET NE
Erosion surface l
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Figure 3.5: The cotellia thrust sheet and the related splay faults (Study area
in red square) A) A cross section through the eastern part of the Ainsa
Basin (Poblet et al., 1998). B) A close up of the splay thrusts in the
Charo/Arro area (Trave et al., 1998).
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controlled by emplacement of the thrust sheets.
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Figure 3.6: The correlative depositional Groups, Hecho and Montanana, which
belongs to the Ainsa and Tremp-Ager Basins, respectively. Deposition occurred

during Early and Middle Eocene epoch (Nijman, 1998).

Deposition of the Campdevanol Group and Castissent complexes (Castissent Group) took
place during Late Ypresian (Puigdefabregas and Souquet, 1986) and a more progressive phase
of deposition by slumping and sliding due to increase in gradient of the slope by movement of
the N-S trending Mediano and Boltafia detachment folds. This movement may be related to
the emplacement of the Montsec and the Cotiella thrust sheets, which are connected along the
Mediano blind thrust (Dinares et al., 1992). The main movement of the Cotiella nappe was
during Ypresian and the frontal thrust system was active up through the middle Eocene. From
the north the Cotiella thrust splayed out into the Atiart thrust, samper thrust and the Los
Molinos thrust (figure 3.5). The Samper thrust is out-of-sequence with the other thrusts.
Movement along the Samper thrust zone can be related to the basal unconformity of the
Castisent complex, and the Los Molinos thrust is an extention of the Atiart trust and is pre-
Ypresian (figure 3.5B) (Trave et al., 1998).

The Boltafa structure may be related to movement along the Gavarnie-Serres Marginales

thrust sheets seen in figure 3.2. Contemporarily there was a eustatic sea-level fall (50.4 Ma)
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and a drop in the relative base level and incision of the shelf edge and formation of the Charo
canyon and the correlative Fosado and Arro channel-levee complexes in the Ainsa Basin
(Mutti, 1983/1984; Mutti, 1985b). Mutti (1985) suggested that the sea-level variations
controlled the sedimentation and formed 3 different depositional systems, but the controlling
factor is movement of the two colliding plates (Fernandez et al., 2004). The 6 systems seen in

figure 3.3A may be related to periods of tectonic activity during deposition.

The fluvio-deltaic Montafiana Group is fed by the southwards prograding Esteban alluvial fan
and the westerly drained Castissent fluvial system. These deposits represent the sediment
source for the turbidite deposits (Hecho Group) of the Ainsa and Jaca Basins (Nijman, 1989;
Nijman, 1998). The Basin axis is parallel to the ramp axis that plunges to the NW (Montafiana

delta), which is also the main current direction in the Basin (figure 3.7).
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Figure 3.7: The depositional environment controlled by the Cotiella-Montsec thrust sheet. A) The
northern alluvial fans and the westerly fluvial drainage system and the shallow marine environment,
which is sourcing the deep marine Ainsa Basin (modified from Nijman, 1998; Puigdefabregas et al,

1991). B) The Mediano fold (modified from Andresen, 2005 written com.).
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4 Processes of gravity flows

4.1 Introduction

Throughout the last 50-60 years a lot of proposals have been made for describing deposits of
gravity flows supposed to have acted as turbidity currents. The most widely used is the
Bouma classification. This classification is made from outcrop studies in southern France
(Bouma, 1962), and according to Shanmugam (2002) it includes several misinterpreted data.
This has led to some confusion regarding the interpretation of transporting and depositional

processes of gravity flow deposits observed in the field.

The sediment gravity flow processes can been described by sediment-support mechanism and
rheology (Carter, 1975; Lowe, 1979; Lowe, 1982; Middleton and Hampton, 1973; Nardin et
al., 1979; Postma, 1986). The sediment-support mechanism can be divided into a cohesive
flow or a non-cohesive flow (frictional flow) (Mulder and Alexander, 2001), and the rheology
to be a Newtonian fluid or a Bingham plastic (figure 4.2) (Shanmugam, 1997). Shanmugam
(1997) described a turbidity current like this: “A turbidity current is a sediment-gravity flow
with fluidal (i.e., Newtonian) rheology and a turbulent state in which sediment is held in
suspension by fluid turbulence.” Dasgupta, (2003) claimed that the rheology and not the
sediment-support mechanism should characterise debris flows. There exists a lot of confusion
regarding how to describe gravity flows by the usage of the terms sediment support
mechanism and rheology. Since the concept of turbidity current is not the proper way of
describing all kinds of gravity flows many different models and classifications have been
made of subaqueous gravity flows. Interpretation of the gravity flow deposits has been
examined subjectively by several authors thought time, and there have been equally many

different descriptions. This can cause a lot of confusion when reading the literature.
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The classification of gravity flows from Middleton and Hampton (1973) have been used as
subheadings in the following sections of this chapter, and the different processes behind
deposition of deep sea deposits (figure 4.1) have been discussed.
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Figure 4.1: Processes behind deposition of subaqueous gravity flows from Stow and Mayall (2000).
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4.2 Properties of gravity flows

Some of the terminology used for explaining sediment gravity flows is described in this
section to get the fundamental concepts behind it clear. In the literature used to describe
density flows, the concept behind rheology and the sediment-support mechanisms is very
important to get the fundamental perceptions. Therefore, the properties of gravity flows are
stated below. Figure 2 giving a visualisation of the properties of rheology, with graphs
showing the Newtonian fluids, pseudoplasticity of fluids and the Bingham plastic. Definitions

of some fundamental concepts are given below.

Viscosity is the internal friction in a fluid (on molecular level) (Young et al., 2004) or the
resitance of a fluid to deformation (Robert, 2003). The viscosity of fluids is highly
temperature dependent. The abbreviation is the Greek letter p. The molecular (dynamic)

viscosity is expressed by equation 4.1:

t=p*du/dy (eq.4.1)

where T is the shear stress, p is the dynamic viscosity, du/dy is the change of velocity over
change in hight. The expression formulates that a greater dynamic viscosity, the smaller the
deformation within the fluid (du/dy).
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Viscosity can also be expressed as kinematic (eq. 4.2), and eddy viscosity (eq. 4.3):

v=/p (eq. 4.2)

T=(nt+e)*du/dy (eq.4.3)

v is the kinematic viscosity, p is the density of the fluid, and € is the eddy viscosity
coefficient. The kinematic viscosity stats that the ratio of molecular viscosity to the fluid
density. The eddy viscosity (turbulent flows) expresses the vertical transfer of momentum,
where a water package is transferred to regions of higher or lower flow (momentum) (Robert,
2003).

Plastic material is a permanently deformed material that has been subjected to an applied
stress, which is irreversible (Young et al., 2004). Matter that is deformed pseudoplastically
means that viscosity decrease or increase with increasing rate of shear, known as shear

softening and shear hardening (figure 4.2).

Froude number: Fr = U/NgL (eq. 4.4)

U is the mean velocity of the flow, g the acceleration of gravity, and L the height of the flow.
The U represents the inertial forces of the flow and the gL represents the gravity force. The

inertial force expresses the distance a part of the fluid travels before it comes to rest. The
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Froude number expresses inertia/gravity forces, and if the number is below 1 the flow is sub-
critical (giving rise to tractional structures Tb, Tc, and Td of Bouma (1962)) and above 1 the
flow is supercritical (giving rise to structureless units Ta of Bouma (1962)).

Densimetric Froude number: Fr’ = U/N(pd/p)*gh cos® (eq. 4.5)

U is the mean velocity, pd is the density of the flow, p is the density of the ambient fluid, g
acceleration of gravity, h is the height of the flow, and ® is the angle of the bedding. This
parameter is used because there exist a difference between the density of the flowing mass

and the surrounding water (Kneller and Buckee, 2000) and a gradient on the slopes.

Dynamic pressure: 1/2*pv (eq.4.6)

Regarding fluid dynamics dynamic pressure represents the kinetic energy in a fluid particle,
where the p is the density of the fluid and v is the velocity of the fluid flow (eq.4.6) (Young et
al., 2004).

Reynolds number: Re = UL/v (inertial forces/viscous forces) (eq.4.7)

U is the mean velocity of a flow, L is some length, and v is the kinematic viscosity. Reynolds
number (eq. 4.4) is unitless and used to describe a flow as turbulent or as laminar (uniform).
When Re is lower than 500 the flow is defined as laminar, and when it is above 2000 it is

defined as turbulent (Shanmugam, 1997).
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Traction carpet. According to Lowe (1982) the traction carpet is a non-turbulent layer
supported by grain collisions creating an inversely graded part, with structures like plane

lamination and cross-stratification (see paragraph 4.7).

Kinematic sieving includes the phenomenon of smaller grains percolating through openings
between larger grains (Le Roux, 2003). Middleton (1970) described the sorting of grains in
grain flows as larger grains having the tendency to drift towards the free surface , in flows

where there is a range of grain sizes of the particles.

Rheology is deformation due to an applied stress between two materials. Distinctions between
Newtonian and non-Newtonian fluids are made by that a Newtonian fluid is lacking a yield

stress K.

p is viscosity and du/dy is rate of shear strain illustrated in figure 2 below, and n is a positive

number.

Newtonian fluid: (eq.4.8)

A Newtonian fluid (molecular viscosity) is a fluid with a constant viscosity p and

subsequently the deformation is linear (figure 4.2).

Bingham plastic is described as a Newtonian fluid above the yield strength k of a material
(Postma, 1986) (figure 4.2):
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7=k + p* du/dy, where k = C + T *tan¢ (eq.4.9)

C is cohesion and tang is the friction. If C is the dominant component the flow is a cohesive
debris flow, and if tan¢e is the dominant component the flow will be frictional. In a grainflow

the cohesive part will be zero (eq.4.9) (Bagnold, 1956; Lowe, 1979; Lowe, 1982; Nemec and
Steel, 1984).

The Coulomb-viscous model (eq.1.4) was described by Johnson (1970):

6s =C + on * tang + nss (eq.3.7)

E 1 Newtonian Fluid = p*{du/dy)
i Bingham Plastic = k+u(du/dy)
B
B K= strength
ﬁu U= viscosity
u=  velocty
du/dy=rate of change of
velocity
)
E
(5]
x
7]
> -

Rate of Shear Strain (du/dy)

Figure 4.2: modified rheological diagram from Shanmugam (1997).
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4.3 Turbidity current

Throughout the 20™ century and up to today there have been a lot of proposals for the
different mechanisms of turbidity currents. Most scientists agree on that turbidity currents are
a type of sediment-gravity flow with Newtonian rheology and the upward component of fluid
turbulence is the sediment support mechanism (Lowe, 1982; Middleton and Hampton, 1973;
Sanders, 1965; Shanmugam, 2000a; Stow et al., 1996).

The turbidity current can be divided into distinctive zones seen (figure 4.3), with a head, body
and tail, from Allan (1991). The different parts of the classical turbidity current deposit have
been divided into five zones by Bouma (1962), the first turbidite facies model created
(Shanmugam, 2002). The sediments within a turbidity current are thought to be supported by
the upward component of fluid turbulence (Mulder and Alexander, 2001) with the limit of 9
% by volume concentration of sediments, according to mechanisms described by Bagnold
(1962). Many authors have used much higher sediment concentrations for turbidity currents
than those of the ‘Bagnold limit’. Such dense flows will not be regarded as turbidity currents
in this context;the classification proposed by Mulder and Alexander (2001) are applied for
such flows and related deposits (figure 4.4). Mulder and Alexander (2001) made a distinction
between the cohesive and the frictional component of a flow. Frictional flows are divided into
hyperconcentrated flows, concentrated flows and turbidity flows. Lowe (1982) and many
others described these types of flows as high-density turbidity currents and low-density

turbidity currents.
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Figure 4.3: cross section through a turbidity current with Allen divisions of the turbidite deposits and the Bouma
sequence, modified from Allan (1991). 25



Turbidity flows can be subdivided on the basis of their flow behaviour; surge flows, surge-

like turbidity flows and quasi-steady turbidity currents. These flow types are distinguished by

duration of sediment supply, if it is sustained flow or a short duration like a surge type of

flow. The surge-like turbidity flows are probably mostly generated from other flow types of

higher concentrations or collapse of suspension clouds (Postma, 1969; Wilson and Roberts,

1995). Surge flows are an uncommon phenomenon stated by Mulder and Alexander (2001).

These two flow types alone are mainly depositional and not erosional, and normally contain
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4.4 Debris Flow

Wheras the turbidity current is a two-phase flow consisting of water and solid (Coussot and
Meunier, 1996) a debris flow is considered to be a one phase flow where the flowing mass is
an entity (Shanmugam, 1997). Debris flows have the sediment support mechanism of a
cohesive flow, as stated by Lowe (1979, 1982) and Nemec and Steel (1984), and the
rheological behaviour of a Bingham plastic (Johnson, 1970). When the shear stress of a debris
flow is less than the shear strength k, the flow will freeze en masse (figure 4.5).

If the frictional resistance is the dominating component in the Coulomb-viscosity model the
flow can be seen as a cohesionless debris flow, and if the cohesive material that is present in
the system dominates it is identified only by the shear resistance and is defined as a cohesive
debris flow (Dasgupta, 2003).He also state that due to the wide spectrum of cohesive flows

with varied flow character the debris flow should only be defined by rheology.

Cohesive density flows can, according to Mulder and Alexander (2001), be divided into two
types of flows; namely mud flows and debris flows due to sediment size sorting. The
distinction between these two types is based on the volume fraction of gravel within flow.
This fraction is set to less than 5% for mud flow and more than 5% for debris flow (Mulder
and Alexander, 2001). Debris flow has the characteristic of poorly sorting and little or no
signs of internal structures because of the rigid plug and en masse deposition. Large particles
may show preferred orientation caused by pulsed shearing of the flowing mass (Leigh and
Hartley, 1992). The debris flow consists of two parts, which is the laminar flow part and the
plug flow part (Johnson, 1970). The plug is a part of the flow with no deformation because the
shear stress is lower than the yield stress of the flow.
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1= shear stress

k= yield stress

Tn = normal stress
T g = force of gravity

The Coulomb model: k= C + t™™tang

Q0

g =frictional angle

g Tn

Figure 4.5: A debris flow stop flowing when the shear stress equals the yield stress (modified from

Johnson. 1970 p.455).

Debris flows have been observed to flow up to several hundred kilometres on slopes of less
than 1° (Aksu and Hiscott, 1992; Elverhgi et al., 1997; Embley, 1982; Laberg and Vorren,
1995; Masson et al., 1993; Shor and Piper, 1989). For subaqueous debris flows to be able to
be displaced with that amount of distance it has to be lubricated on its base. This phenomenon
is referred to as hydroplaning (Mohrig et al., 1998). If the debris flow is able to have this
property it must be impermeable for load-supporting pressures to build up and be sustained in
the thin layer of water penetrating underneath the debris. A gravity flow may start as a debris
flow and end up as a turbidity current by infiltration of water into the flowing mass. This will
not be the case for a large consolidated block of rock gliding down a slope. For water to be
able to function as a lubricating layer underneath the flow, the water layer has to be exposed
to a dynamic pressure by the load from the block. By estimations from experiments (Mohrig

et al., 1998) the densimetric Froude number must be greater than 0.4 for this to happen.
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4.5 Fluidized Flow

A flow becomes fluidized when the sediment is only supported by the upward moving fluid
escaping (Lowe, 1979). This process occurs only in loosely packed sand or when there is
generated an excess pore pressure (Middleton and Hampton, 1973). Evidence of fluidization
can be seen in outcrops as dish and pillar structures or ball and pillow structures. Fluidized
flows both decelerate and transform to liquefied flows or it accelerates to become turbulent
(Lowe, 1982).

4.6 Grain Flow

Grain flow has been described by many authors (e.g. Bagnold, 1954; Middleton and
Hampton, 1973; Lowe 1982), but Bagnold (1954) is a pioneer regarding this type of flow.
Through theoretical and experimental work he described that the dispersive pressure of
colliding grains is proportional to the shear stress transmitted between the grains, which
counteracts the grain settling. Mulder and Alexander (2001) categorized grain flows as
frictional in character and that will be entrained by water due to their non-cohesive property
during settling. They classified the grain flow by its concentration to hyperconcentrated flows,
concentrated flow, and turbidity flows (figure 4.4).

The hyperconcentrated flows and concentrated flows can be compared with the sandy debris
flow by Shanmugam (1996). In this type of flow the frictional strength of the colliding grains
are higher than the applied tangential component of gravity (Lowe, 1979), also known as
dispersive pressure. Lowe (1979) classified this type of flow as a high-density turbidity
current. The bagnold limit for a turbulent suspension is used to classify a flow as a turbidity

flow from a concentrated flow (Mulder and Alexander, 2001).

Deposition from hyperconcentrated flows and concentrated flows often develop a basal

tractional carpet. In the hyperconcentrated flow the traction carpet is a consequence of both an
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upward velocity gradient within the flow and a laminar regime and behaves rheologically like
a pseudoplastic with a yield stress. In the concentrated flows the traction carpet may also be
present if the basal part of the flow has a high concentration. This type of flow may show
normal grading, which is an indication of a waning flow. The boundary between these two
flows may be near the transition from non-Newtonian to Newtonian (Mulder and Alexander,
2001).

4.7 The tractional carpet

Sohn (1997) divided the tractional carpet into a collisional zone and a basal frictional zone
with 80% volume concentration of the packed bed, and no grain segregation. The collisional
region has a volume concentration between 15% and 80% of the pakced bed (figure 4.6). The
inverse grading is a product of large gradients of the particle concentration in the collisional
zone (Sohn, 1997). Postma et al. (1988) described the tractional carpet as an inertia flow layer
in the base of a flow, which is inversely graded and may contain outsized clasts in the upper
part of the flow in a flume experiment. The basal interia flow layer has an increasing velocity
gradient and a slightly decreasing concentration gradient. Where these 2 gradients have an
abrupt increase and decrease, respectively (rheological boundary), the vertical transformation
from laminar to turbulent flow occur at this level. The boundary between these 2 layers that
contain outsized clasts is important when distinction between amalgamated beds and inertia
flow layers is made in the field observations. The tractional carpet concept described by Lowe
(1979), where the dispersive pressure was suggested giving rise to inversely graded beds has
proven to be wrong by Legros (2002). What may cause the inverse grading may be a
contribution of compaction and kinematic squeezing in the frictional zone (finest grains) and
expansion, low particle concentration, kinematic sieving, and large grain sizes in the

collisional zone (Le Roux, 2003).
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Fiaure 4.6: The traction carpet from Sohn (1997). with a frictional zone and a collisional zone.

The term “traction carpet” is as widely used as the term turbidity flows or turbidite deposits;
however, according to (Legros, 2002), the traction carpet concept has been misinterpreted in
many descriptions of gravity flow deposits. The word turbidite is heavily worked into the
sedimentological terminology through time, and no other terms to describe the subagqueous
gravity flows and the resulting deposits have gained the same success. Mutti (1977) is using
the term turbidite for all deposits of subaqueous gravity flows, even though the deposits are

debrites, slump deposits, or turbidite deposits.
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5 Petrography

5.1 Introduction

The petrographic analysis of the thin sections aims to describe the textural and mineralogical
composition of the samples selected from the study area, which will be interpreted for source
area(s), environment of deposition, and to classify the rocks by using a classification scheme
by NGU (Gjelle and Sigmond, 1995).

10 thin sections have been made from the 3 localities. The thin-sections RF8, RF9, and RF11
is from localityl, the thin sections; RF1, RF2, RF3, RF4, and RF6 are from locality2, and the
RF10 and RF12 are from locality3 (table 4.1). These thin-sections have been prepared from
sandstones from facies associations FA2.1 (sub-marine canyon floor) and FA3.1 (turbidite

channel) with facies and characteristic descriptions seen in table 7.1.

Samples | RF1- RF2-19.6 |RF3-19.8 |RF4- RF6-30.5 | RF8-7.7 |RF9-10.3 |RF10- RF11-3.2 | RF12-9.0
102.0 89.75 644
Point 400 400 326 400 400 402 401 402 401 400

counts

Minerals:

o i

Table 5.1: The mineral composition of the 10 thin sections made of rock samples

from the eastern part of Ainsa basin.
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The mineral composition of the thin-sections is divided into 11 groups: carbonate,
monocrystaline quartz, polycrystline quartz, Chert, feldspar, nummulites, mica, matrix, plant
fragments/wood debris, Pyroxene, and unknown. Each sample has been point counted with
approximately 400 counts for every sample, except sample number RF11, which has only 326
counts. The low number of counts is due to the grain size of the nummulites, and to avoid
counting the same nummelite twice the interval of the point counter was increased. This may
give a wrong description of the sample, which is dominated by nummulites. The composition

of the samples is seen in table 5.1 and figure 5.1.

Mineral composition

100 % q
90 % 1
80 % 1
70 % 4
60 % 4
50 % A
40 % 1
30 % 1
20 % 1
10 % 1
0 % -

B unknown

O Pyroxene

M plant fragments/wood debris
@ Polycrystaline quartz
@ Mica

O Monocrystaline quartz
B Feldspar

B glauconite

B Matrix

O Chert

B Nummelites

RF2- RF9- RF6- RF1- RF4- RF11- RF8- RF10- RF3- RF12-
19.6 10.3 305 102 89.7 32 7.7 644 198 9.0

B Carbonate

Figure 5.1: The mineral distribution of the rock samples.

The grains is from very poorly sorted to well sorted, with poorly/moderate as the most
common sorting of the samples. The shape of the grains is commonly sub-angular to angular
with one sample that was sub-rounded to angular in shape. The porosity is close to zero or
zero in all the samples. The recognition of porosity is seen by the blue epoxy, which is not

been observed in the thin sections.
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5.2 Mineral composition

Quarz

Quartz minerals have been divided into monocrystaline quartz, polycrystalline quartz and
chert (figure 5.2). These minerals belong to the tectosislicate group. The most common quartz
mineral is monocrystaline quartz that has an average value for all the thin-sections of
approximately 29.4%. The polycrystalline quartz has an average value of about 4.2%, and the
chert has an average value of about 0.5%. Some of the quartz grains are corroded along the
edges or “ecaten” by the carbonate surrounding the grains, and some of the quartz grains are

fractured.

Quartz is present in igneous rocks, metamorphic rocks, sedimentary rocks, and in
hydrothermal and metal-bearing veins (Klein, 2002). The quartz belongs to the tectosilicate

mineral group.

The quartz minerals in the samples are mostly strained quartz, which is recognized by an
undulating extinction when you rotate the stage in cross-polarized light. In plane-polarized
light quartz have a colourless appearance. There is also unstrained quartz present in the same
samples, where undulating extinction is not present. The polycrystalline quartz is
differentiated from monocrystalline quartz by the appearance of sutured quartz grains, and has
a metamorphic origin. The different quartz grains (except the chert grains) derive from the

axial zone of the hinterland (the Hercynian basement).

The chert is probably formed as nodular chert in a carbonate platform environment by

silicious organisms (sponges, radiolarians, or diatoms) and later been shed into the deep

marine realm. Probably, during early burial (diagenesis) the porewater may have been

supersaturated with respect to silica from dissolved biogenic organisms and precipitated as

chert (chertification). The formation of chert may have a marine or a non-marine origin
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(Maliva and Siever, 1989). The most probable environment of chert formation in this study
would be shallow marine origin. A study done by Gimenez-Montsant et al (1999) of the
Lower Eocene chert of the Corones platform of the Spanish Pyrenees may be the source for

the chert observed in the thin sections, and not an in situ process.

Feldspar

Feldspar is very common rock forming mineral with occurrences from various environments.
The feldspar group can be divided into K-feldspar ((K, Na) AlSisOs) and plagioclase feldspar
((Na,Ca) AlSisOs) and belongs to the tectosilicate group. The K-feldspars are common in
granites, syenites, granodiorites, and extrusive rocks as rhyolites and trachytes. The
plagioclase feldspar series are more abundant than the K-feldspars and is found in igneous

rocks, metamorphic rocks, and rarely in sedimentary rocks (Klein, 2002).

Feldspar clasts consists both of minerals with albite twinning, carlsbader twinning and
pertithe structures, but the albite twinning is by far the most frequently registered and belongs
to the plagioclase feldspars. This is what differentiates feldspar from quartz in the transmitted-
light microscope. These different types of feldspar clasts are put in to one common group, due
to the focus of maturity of the sandstones. The average content of feldspar in the samples is
1.76 %. Some of the feldspar is corroded by the high pH from the carbonate minerals and
carbonate matrix, and therefore sometimes hard to distinguish from the calcite clasts, which

may have twinning.

Mica

These minerals belong to the phylloscillicate group and have a monoclinic crystallography.
The mica minerals observed in the thin sections are muscovite (KAI2(AlSizO10)(OH)2) and
biotite (K(Mg,Fe)3(AlSiz010)(OH)2). The muscovite’s show high order of birefringence
(figure 5.2) and is not pleochroic. The biotite is brownish with cross-polarized light and it is

pleochroic showing a pale brown to brown colour in plane-parallel light (figure 5.2).
35



Muscovite occurs in granites, granite pegmatites, and in certain mica schists (intermediate
metamorphic grade rocks). The average content of mica in the thin-sections is about 1 %. The
mica is derived from the hinterland. The biotite minerals are formed in many different
environments as granite pegmatites, granites, diorites, gabbros, peridotites, felsic lavas,
porphyries, and in a wide range of temperature and pressure conditions (metamorphic) (Klein,
2002).

Carbonate minerals:

These minerals have very high birefringence (pink to greenish high order colours) and are not
pleochromatic (figure 5.2). Sometimes the crystallographic structures are visible; the calcite
minerals (CaCQzs) have a rhombohedra structure, and multiple twinning is present in some of
the clasts. The carbonate clasts constitutes for about 25.4 % on average of the mineral

assemblage in all the samples.

The carbonate minerals are of either authigenic or allochgenic origin. The authigenic
carbonate minerals are formed in the “carbonate factory”, where the right temperature,
salinity, and light intensity conditions for carbonate-producing organisms are found. The
allochgenic carbonate is probably detrial clasts from the Mesozoic deposits of the thrust-
sheets and/or Paleogene carbonate deposits. Homogenous limestone is very resistant in dry
regions. When exposed in air a carstification of the landscape takes place. If the river
transporting sediment has a high pH value, it would favour for transportation and deposition
of limestone deposits (Nichols, 1999).

The allochgenic carbonate is transported by river currents and shelfal currents on the
platform. Distinction between authigenic carbonate and allochenic carbonate is not carried out

in the samples.
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Matrix

The matrix is dominantly composed of micritic carbonate, which is brownish in cross-
polarized light and colourless to brownish in plane-parallel light. The matrix is most likely
derived from biogenic carbonate from the platform area and it has been transformed during an
early stage of burial. Chemical processes of carbonates are much more important at low

temperatures than for siliciclastic deposits (Bjgrlykke et al., 1992).

Matrix composes of 29.5 % on average of the composition of the samples.

Nummulites

Nummulites are singled celled macro-foraminifera composed of calcite. They lived as benthic
organisms between fair-weather wave base and storm wave base from Paleocene up to
Oligocene (Jorry et al., 2005). They represent 1.6% on average of the thin sections, and are
present in 4 of the 10 thin sections. The percentage of nummulites in these samples range from
0.25% up to 14.72%. Some of the nummulites show signs of abrasion. This may be due to

storm derived currents, tidal currents and/or turbidity currents.

The nummulites consist of walled chambers, which represent porosity. These pores are either
filled with reprecipitated calcite (sparite calcite) or organic matter, where the organic matter is
opaque in both PPL and CPL. The nummulites are potential reservoir for accumulation of oil,

if the right criterions are met.
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Miscellaneous minerals:

Pyroxene

The pyroxenes crystallize at high temperatures, either early in a cooling igneous melt or in
high temperature metamorphic rocks rich in Mg and Fe. Pyroxenes belong to the single chain
inosilicate group (Klein, 2002). The mineral was violet, blue to black in XPL, with an
extinction of the light at approximately 90° of rotation, and colorless in PPL (figure 5.2).

There is only registered one pyroxene mineral in sample RF12.

Glauconite

The glauconite mineral have the same composition of elements as biotite, and is a member of
the phyllosilicate group. The glauconite is emerald green in XPL and has a light green colour
in PPL (Figure 5.x). It is observed in samples RF4 and RF12. The minerals are commonly
formed on continental shelves in shallow marine environments with low sedimentation rate
(sediment starvation). Amarosi (1997) has made a sequential relationship between glauconite
and depositional sequences, where glauconite is transported from the shelf to slope or abyssal
plain during transgressive systems tract or early highstand systems tract. The glauconite is
formed contemporarily at the water/sediment interface and transported by currents (Amorosi,
1997).

Chlorite

There is observed a detrial chlorite grain in sample RF12. The mineral is black to white in
XPL and light green in PPL (figure 5.2). Chlorite belongs to the phyllosilicates and is a clay
mineral of the chlorite group. The chlorite are most likely a precipitation product formed
during early burial from the porewaters filled with elements from decomposed dolomite,
feldspar or biotite (Humphreys et al., 1989). The chlorite is light green to green in plane-
polarized light and light brown to brown in plane-parallel light.
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Figure 5.2: A) XPL of RF6: no porosity and angular to subangular grains, and the matrix is greyish to
brownish. B) PPL of RF12: no porosity and angular to subangular grains, with a coarse detrial chlorite grain in
the centre of the picture. C) XPL of RF2: no porosity and angular to subangular grains, and a detrial glauconite
grain. D) PPL of RF2. E) XPL of RF6: no porosity and angulare grains, with corrosion of some quartz grains
(matrix-supported fine grained calcareous sandstone). F) XPL of RF12: no porosity and angulare to

subangular grains, with a pyroxene in the centre of the picture.
MQz — monocrystalline quartz CQz - corroded quartz  OM - organic matter (plant/wood debris)
PQz - polycrystalline quartz MM — mica (muscovite) MB — mica (biotite)
Ch —chert C — carbonate 39 F — feldspar

Ma - matrix P — pyroxene G — glauconite

ClI - chlorite



Plant fragments/wood debris

These deposits represent terrigenous deposits from the (Tremp-Graus basin) coastal areas east
of the Ainsa basin, and are found in 6.4% of the samples on average. The organic matter is
black to brown in appearance in both plane-parallel light and in cross-polarized light (figure
5.2).

5.3 Interpretation of sandstones

Source area(s)

The potassium feldspar is more chemically stable than calcium and sodium feldspar during
weathering of the rock forming minerals. This would say that the amount of K-feldspar in the
samples should be dominating, which is not the case. Then the explanation would be that the
source is of metamorphic origin. Together with the polycrystalline quartz and the muscovite
indicate a metamorphic source of intermediate metamorphic grade. Distinction of the
carbonate grains is not made, but both allocthtonous and autochthonous grains may be present
in the samples.

Environment of deposition

The Nummulites lived at
latitudes with tropical
80 - - 80 - -
. # Carbonate climate in shallow
70 o - 70 = Silisiclastic
g o - - E 60 § marine waters (below
g -
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10 10 and  Racey, 2004).
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Samples amount of  detrial

carbonate and carbonate
Figure 5.3: Carbonate minerals (autochthonous and allocthtonous grains)

versus siliciclastic minerals. 40



matrix in the samples (Figure 5.x) give evidence of tropical climate. The detrial carbonate
may be derived from the thrust sheets that exposed the Mesozoic deposits. During rifting in
the late Mesozoic era carbonate deposition took place (Caus et al., 1997). During The late
Mesozoic and the early Cenozoic there was a period of global greenhouse conditions. This
warm period can be related to the break-up of the supercontinent Pangaea (Ford and Golonka,
2003).

Classification of the turbidite sandstones

The classification of sandstones is made by looking at the textural and mineralogical
composition in thin sections. The total amount of carbonate (including matrix) in average of
the rock samples is 56.3% and the siliciclastic part counts for the remaining 43.7% (figure
5.3). If the matrix is not taken into consideration the carbonate content would be 26.7% on
average. The classification scheme used for classifying the samples is from NGU (1995). The
samples are plotted in the ternary diagram as calcerous sandstone (4 samples) or calcerous
muddy sandstone (4 samples), and with 2 samples as calcerous mudstone (figure 5.4).

Carbonate

F8e

A AN
(7

AVEAN

Matrix Siliciclastic

Figure 5.4: Mineralogical composition of samples from sub-marine canyon
floor association, turbidite channel association, and debris flow association

(modified from Gjelle and Sigmond (1995)).
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6 Facies

6.1 Introduction

The word facies derives from the Latin word facia that means a general look of something or
an overall external aspect of an object. This implies that it is an abstract term. In the facies
descriptions and interpretations the facies is based on sedimentary features logged in the three
localities east of Ainsa. In Table 6.1 all the facies are given a short description and

interpretation according to lithology and structures.

There have been made 16 logs from 3 localities. Logl and log5 have been logged in the scale
of 1:200, log15 has been logged in the scale of 1:100, where log16 is a part of logl5, and
log7(2) has been logged in the scale of 1:20. Log7(2) is a part of log7 that is emphasising
some load structures seen in figure 6.8, and logb6 is a part of log4. Log6 is made due to folding

and faulting of the succession between approximately 54 metres and 57.5 metres (log4).

Only the logs in the scale of 1:50 have detailed information of structures. The lithofacies are
grouped into groups from A to E and the facies distribution of all the logs are seen in figure
6.1. The distribution of the sandstone facies that are logged in the scale of 1:50 are seen in
figure 6.1 B. The aspect ratio (net/gross) for the logged successions of the Arro sequence in
locality2 is 32.6%, the aspect ratio for locality3 is 47.4%, and the aspect ratio in localityl is
33.2%. The value that is set for a system, which is classified as a mud-dominated delta fed

system, is set to < 0.3 (30%) by (Richards and Bowman, 1998).
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Code Facies Description Interpretation
The mudstones are grey to dark grey Mud flow or
Al Mudstone - structureless W!th noe structures except sparsely background
with bioturbation traces and clasts. sedimentation!
= The laminated mudstones are Dysoxic environ-
A2 Mudstone - laminated between‘lo and 30 centimetres ment and/or platy
and greyish. No bioturbation grains.
traces seen in the beds.
Coarse silt layers with no strucutres, | pilute turbidites.
B Bl Siltstone wavy bedding,. Iamian?ed or with
ripples. Bde thickness is from 1- 40
centimetres.
The amplitude of the ripples are less Bouma Te.
than 5 centimetres and they are found
C1  |Ripple cross-laminated sandstone |in 43% of the logged sections in the
scale of 1:50. Deposited in the lower
flow regime.
The amplitude of the dunes are Bouma Te.
more than more than 5 centimetres
Q Cross-stratified sandstone and they are either trough cross
stratified or tabular in nature. These
structures have been deposited in
the lower flow regime.
The laminaes are less than 1 centi- gouma e
5 ouma Td.
a b ek Baminated sandse metres and the units are from 2
ane paraflel-laminated sandston€| .o timetres up to 10 centimetres.
Deposition in both lower and upper
flow regime.
G
The plane parallel bedding is Bouma Tb.
thicker than 1 centimetres. The
C4 |Plane parallel-stratified sandstone | units are from 8 - 55 centimetres
thick. These units have been depos-
ited in the upper flow regime.
These units have no visible structures. | Bouma Ta.
Deposited rappidly and may have
c5 Structureless sandstone syn-sedimentary faulting in the basal
part. Upper part of the upper flow
regime.
The grain size decreas from the basal |Deposited by a
- Normal graded sandstone |part of t!le units and upwards, due to turbldlty current
the waning stage of a subaqueous as turbidites.
unidirectional current.
The grain size increase from the basal |Bouma Ta, Lowe S2.
c7 Inversely graded sandstone part and upward. This indicates an
increase in energy or kintic sieving.
The conglomerates are either monom-| Cohesive debris
_ -~ ictic, oligomictic or polymictic. Some | flow deposits.
D D1 jconglomente atisupported of the clasts in the units have intra-
clasts in them.
It have a sheet like geometry with Slump sheet.
Sedi brecel internal bedding. Wrinkle marks and
E1 edimentaey biecci bioturbation traces giving evidence
for a shelfal origin.
E
Folded layers of silt or silt mud, and | Levee slumping
E2 | Chaotic mudstone and sandstone | snowball structures of silt and mud | and debris flow
inamuddy or sandy matrix. deposits.

Table 6.1: Facies in the logged sections of the Arro sandstone body.
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Figure 6.1 A) Facies distribution of the recorded Arro sandstone body. B) Facies distribution of the sandstones

recorded in the logs in the scale of 1:50.

Trace fossils are good environmental indicators. In the logged sections there are recorded at
least four ichnogenera; Planolites, Thalassinoides, Nereites, and Skolithos. These can be put
into three ichnofacies that are recognized in the different logged sections, Skolithos, Cruziana,
and Nereites ichnofacies. The Skolithos of the Skolithos ichnofacies is of high energy marine

environmet, but can also be found in submarine canyons or deep marine fans. Planolites and
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Thalassinoides belong to the Cruziana ichnogenus, which are characteristic of the offshore
transitional zone and the offshore shelf. Nereites from the Nereites ichnofacies is of bathyal to
abyssal plain environment (Pemberton et al., 1992), recorded in log 3 together with Planolites
(Figure 6.2).

Figure 6.2: Trace fossils in base of bed at 21.7 metres in log 3.

6.2 Facies of the deep marine Ainsa Basin

A: Mudstone

The mudstone facies have been divided into two lithofacies: structureless mudstone (A1), and
laminated mudstone (A2). The total thickness of beds with mudstone facies is about 158
metres, and 6.18 metres of the mudstones are laminated. The distribution of the lithofacies is
seen in figure 6.1.
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Al: Mudstone — structureless

Description

Structureless mudstones have no lamination, but a blocky appearance in the outcrops, and
there can be traces of bioturbation or fossils in the sections logged. The mudstones can be
divided into clay dominated mudstone and silt dominated mudstone. The distinction is made
by either colour differences or by chewing the mudstone to feel if there are any silt grains in
the mud. The boundaries are mostly sharp to over- or underlying sandstones or
conglomerates, but also gradational boundaries are present, from clay dominated mudstone to
silt dominated mudstone or the other way around. Coarse siltstone beds are found within the
mudstone. These beds have a slightly lighter colour than the surrounding mudstone, which
range from grey to dark grey in colour. The thickness variation of the different beds varies
from 1 centimetre up to 11 metres with a mean of 10 to 20 centimetres. Bioturbation traces
are only found in locality 3, logged in log 15 at 12.7 metres, which are both horizontal and
vertical traces. There are also fossil gastropods in three beds at the same locality. These are
spirally shaped and are from 4 centimetres to 10 centimetres long. The fossils have not been
identified.

In log 11 and in logl12 there are three beds sparsely with clasts and the grain size ranges from
granules up to small cobbles. The shape of the clasts is sub-rounded to well-rounded, and

some of the sandstone clasts have intraclasts of mudstone, Nummulites, and oyster fragments.

Interpretation

The structureless character of the beds may be due to either a very homogeneous and possibly
rather rapid deposition or to a lack of platy grains. Bioturbation may also be the reason for the
structureless character (Collinson and Thompson, 1989). The mudstone beds below 1.5

meters in thickness show no signs of processes other then deposition by hemipelagic
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background sedimentation and probably reworked by bioturbation. Beds with clasts are
interpreted as cohesive debris flows (Nemec and Steel, 1984). The direction of the clast a-axis
is measured parallel to the flow, because this gives least shear resistance in a cohesive debris
flow (Collinson and Thompson, 1989). The clasts that are scattered in the mudstone beds,
recorded in logll and logl2, are intrabasinal clasts, with the same features as logged in
stratigraphically lower layers and some bioclastic limestone clasts that may be of shallow-

marine origin.

A2: Mudstone — laminated

Description

The laminated mudstones have a total thickness of 6.18 metres, and are mapped in all the
localities. In log 7 at 17.3 metres there is a bed with laminated mudstone with increasing silt
content upwards. No mica or other minerals are seen in the laminated intervals, no distinct
colour differences, or in situ fossils are seen in the beds. Bioturbation traces are absent in
these intervals, as well. All the laminated beds have a sharp upper and a lower boundary, with
sandstone intervals that vary in grain size from very fine to medium. Pyrite has not been

registered in any of the intervals recorded.

Interpretation

Clay minerals, chlorites and micas occur as platy grains that will have orientation when they
are compacted. When the lamination is caused by grain size differences seen by, for example
evidence of colour separations, the energy level must have been fluctuating. There are two
processes that have to be taken into consideration: the first is sediment settling from
suspension from the water column or a light turbid layer near the surface or the second
alternative is that the coarser laminae is a product of weak dilute density currents and the finer

laminaes are formed due to background sedimentation (Collinson and Thompson, 1989).
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The intervals logged of this facies are probably deposited in an oxic envirnoment, with little
or no bioturbation and organic content of the intervals. The absence of pyrite is an indication
that the depositional environment is not dysoxic or anoxic (Rickards, 1997). The colour of the
laminated mudstone is not very much darker than the structureless mudstone. This may
indicate that the environment was not restricted regarding the oxygen conditions, with water
circulation and contourite currents. There can be locally environments that may be somewhat

restricted due to oxygen deficiency.

B: Coarse siltstone

Description

This lithofacies is present in all the localities. In the section logged with scale 1:20 (log7(2))
there have not been recorded any structures in the beds. The sections logged in the scale of
1:50, there are no structures like lamination or ripples in these intervals, but the bedding is
often wavy. The total numbers of coarse siltstone intervals logged in the outcrops are 122. In
log 7 at 2.5 meters there is shown an interval with disrupted coarse silt within mud (Figure

6.3). This resembles convolution structures.

The colour of the siltstone beds is greyish to yellowish, and the thicknesses are from 1- 40
centimtres. The majority of the beds are between 2 and 3 centimetres. The boundaries are
sometimes hard to distinguish from the surrounding mud, but are both sharp and gradational.
There may be a slight colour difference, or the beds are protruding out from the mud like thin
ribs. In the section represented by log 4, between 16.1 metres and 18.5 metres, there are
coarse silt layers “swimming” in the mudstone in the lowermost part, and rhythmically beds

in the uppermost part of this section.
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Figure 6.3: Silty layer (yellowish) with convolution structures in locality 1 log 7 at 2.5 metres.

Interpretation

These beds may have been deposited by several processes. The first process is deposition
from diluted low density turbidity current, where the coarse silt is settled from suspension. An
additional process may be that some of the siltstone beds can also be deposited by bottom
ocean currents as contourites, but there is no clear evidence in the logged sections. There
exists a lot of uncertainties when claiming deposits as contourites, but structures like inverse
grading of laminae or beds, and bidirectional cross-lamination may be good indicators (Stow
et al., 1998).
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C: Sandstone

The sandstone facies has been divided into 7 lithofacies based on structures in 486 beds,
which are: ripple cross-laminated sandstone (C1), cross-stratified sandstone (C2), plane
parallel-laminated sandstone (C3), plane parallel-stratified sandstone (C4), structureless
sandstone (C5), normal graded sandstone (C6), and inversely graded sandstone (C7). The
dominating lithofacies are C1, C2, and C3. Some of the beds have scattered fragments of
black oysters and nummulites, and less commonly, wood fragments, plant debris, and
muscovite. Sole marks are very common throughout the sections, especially flute casts. The
palaeo-current measurments of the flute marks are seen in Appendix I. The mean trending
direction of the flute marks is NNW.

C1: Ripple cross-laminated sandstone

Description

The second most common facies throughout all the logged sections are current ripple cross-
lamination, with 32% of the sandstones. The amplitude of the ripples is commonly 2-3 cm.
This facies is present in all sections logged in the scale 1:50, except section represented by log
10. Climbing ripples are ripples with set boundaries that dip in the opposite direction to the
dip of the general cross laminated layers. The angle of climb gives indications of the balance
between the rates of upward bed growth and ripple migration (figure 6.4). Good examples of
this structure are shown at 90.5 meters in log 4, where the climbing ripples have their lee side

facing southerly direction.

The colour ranges from yellowish to greyish, and with interval thickness of sandstone
structures ranging from 1 centimetre up to 7 centimetres. The lower boundary is most often
gradational, usually with beds of facies C3 or C4 below. The upper boundary is sharp and
always covered with mudstone. Where the lower boundary is sharp the rippled cross-

laminated sandstone has mudstone both below and above. The grain size is between very fine
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sand up to fine/medium sand. These rocks are siliciclastic in nature, and there are two places
where plant fragments and wood debris are observed; at 7 metres in log 7 and at 16.25 metres

in the section represented by log 9.

Figure 6.4: Climbing ripples with the angle of climb indicated by the drawing.

Interpretation

Ripples are defined by their size and shape, with wavelength less than 50 cm and amplitude
seldom exceeding 3 cm (Collinson and Thompson, 1989). Their shape is either symmetrical
or asymmetrical, generally symmetrical ripples are made by waves and asymmetrical ripples

are made by currents. The ripples are triangular shaped with a stoss side and a lee side. The

stoss side is on the upstream side and the lee side on the downstream side. The asymmetrical
ripples have a gentle upstream slope and a steep downstream slope, with a stoss side/lee side
ratio above 3. These structures do not form where the grain size is larger than 0.6 millimetres,
which corresponds to approximately medium/coarse sandstone (Collinson and Thompson,
1989). The ripples that are recorded in the logs are asymmetrical. This gives indication of that
the ripples are made from unidirectional currents. Where the intervals are only 1 centimetre
and consist of 1 bedset and have an underlying C3 interval may have been formed due to
reworking of the underlying C3 interval (Walker, 1967). This facies can be compared to the
Tc of a complete Bouma turbidite succession (Bouma, 1962). The grain size range, together
with the structures, give information about the energy level of the flow and the grain sizes that
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is available in the source area. These types of structures belong to the lower flow regime
(Southard, 1971).

The plant- and wood fragments may be an indication of lowstand situation, where the shore
line is moved closer to the deep marine system. From the article of Weber et al. (1997),
claiming that fan systems are described as inactive during sea level rise and highstand, but not

always the case.

C2: Cross-stratified sandstone

Description

The C2 facies comprises 3% of the facies logged in the scale of 1:50. The thicknesses of the
C2 intervals are from 6 centimetres up to 12 centimetres, whereas the amplitude of the cross-
stratification is between 6 and 10 centimetres. Both planar cross-stratified sandstones and
trough cross-stratified sandstones are present in the logged localities, but the most common

C2 structures are trough cross-stratified sandstones (Figure 6.5).

Figure 6.5: Trough-cross stratified sandstone with an intra-clast containing nummulites.
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The beds have a greyish to yellowish colour in general, but the bed at 68 metres displayed in
figure 6.5 is grey and red. The grain size distribution is from very fine sand up to coarse sand.
The lower and upper boundaries are both gradational and sharp. Where this interval is present
as isolated beds, both the upper and lower boundaries are sharp, bounded by mud. The cross-

stratified sandstones are often seen together with the A2, C1, C3, and C4 facies.
Interpretation

The 3-D trough-cross stratified beds indicate higher mean flow velocities than the tabular 2-D
dunes. The weaker flows give rise to grain flows that avalanche down the lee-side slope,
forming angular forsets. A more powerful flow will give rise to flow separation and grain fall
becomes the dominant process of dune formation, with formation of tangential foresets
(Collinson and Thompson, 1989). The amplitude of this type of structures is more than 5
centimetres from maximum high to maxium low wave peak. In plan view, the different types
of structures within C2 can be distinguished by the crests of the dunes by their morphology.
They are either straight crested or have some degree of sinuosity. Cross-stratified sandstone
can be divided into 2-D dunes and 3-D dunes. 2-D dunes have lower mean flow velocity
compared to 3-D dunes, they are straight-crested and have tabular bed sets. 3-D dunes have a
three-dimensional geometry that gives rise to trough-shaped transverse to the crest line and
tabular bed sets in longitudinal cross sections (Collinson and Thompson, 1989). These
structures are found in the lower flow regime, closer to the upper flow regime than the ripples
(Southard, 1971). There is a general trend of larger grain size in these structures that also give
indication of a higher energy environment than ripples. These structures can be compared

with the Bouma Tc interval.

C3: Plane parallell-laminated sandstone

Description

Plane parallel-laminated sandstone occurs as flat bed sets that are parallel with each other.
This type of sandstone is recognized in 13% of the sections that are logged in the scale 1:50.

The thicknesses of the intervals are between 2 — 10 centimetres and the laminae are less than 1
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centimetre, with the main distribution of co-sets around 5 centimetres. Beds of plane parallel-
laminated sandstone have both sharp and gradational lower and upper boundaries, and the
colour of the sandstone is greyish and yellowish. The main grain size distribution of 67
intervals (C3) recoded is very fine to fine, with two beds that are of medium grained
sandstone. There is one bed at 16.25 meters in the section of log 9 with muscovite and plant
fragments. The most frequent occurrence is C1 and C3 together, but C3 is also found isolated
and together with C6. One bed includes facies C5, C4, C3, and C1 arranged vertically from

base to top, nummulites and fragments of abraided oysters can occur, but is very rare.

Interpretation

Coarse silt and very fine sand may be transported by traction and by suspension in slow
moving currents (Harms et al, 1982). Sand grains of fine to medium size deposited from a
unidirectional current and creating parallel stratification or parallel lamination can indicate
upper flow regime (Collinson and Thompson, 1989). In most of the beds with plan parallel-
lamination the interval above is ripple cross-lamination and sometimes cross-stratified

intervals.

Beds of C3 facies are deposited by relatively slow settling from suspension in the lower flow
regime; with Froud number < 1 (Harms and Fahnestock, 1965), where the facies occurs as
one single bed or the uppermost facies in a bed.

There are 9 intervals where the C3 facies occurs as a single Td interval of a Bouma succession
and no beds where C3 is logged above a Bouma Tc. The majority of the C3 intervals are
found with an overlying C1. This indicates a waning flow from the upper flow regime to the
lower flow regime, and therefore interpreted to be of the Bouma Tb interval. The intervals
with nummulites and oyster fragments must have been transported with a fairly high level of
energy and therefore, these beds would have been deposited in the upper flow regime, as
depicted for the Bouma Tb according to (Collinson and Thompson, 1989).
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The grains of muscovite seen in the outcrop must have been derived from a metmorphic or

igneous rock from the hinterland.

C4: Plane parallell-stratified sandstone

Description

These intervals are sometimes wavy, when they are the basal structure overlying a muddy
interval. Plane parallell-stratified sandstones have parallel bedding that is thicker than 1
centimetre. The parallel-stratified sandstones are present in 12% of the sandstone beds logged
in the scale 1:50. The thickness of the C4 intervals is between 8 centimetres and 53
centimetres, with an average of approximate 16 centimeters. The colour is greyish and
yellowish, and with grain size from very fine to medium. Both the upper and lower
boundaries are gradational and sharp. Where the C4 interval represents a bed with mud below
and above, the boundaries are sharp, and where it is gradational the C4 intervals is bordered
by intervals of C1, C5 or C7. The most common structure seen together with C4 is C1.

Interpretation

In flat beds of parallel stratified sandstones of fine to medium in grain size, the flow velocity
has been high and deposition from bedload transport (Simons et al, 1965) in the upper flow
regime. The C4 (figure 6.6) intervals are results of sediment deposited in the upper flow
regime (Harms et al., 1975), and can be compared with the Bouma Tb interval.

Figure 6.6: A Tb interval with Thalassinoides bioturbation thraces at locality 1.



C5: Structureless sandstone

Description

Structureless sandstones can have all ranges of grain sizes, but no tractional structures. There
can be structures like disc and pillar structures or ball and pillow structures in this interval, but
these structures have not been recorded in any of the logs.

The C5 facies is the most common sandstone facies, with 34% logged in the scale of 1:50.
There are commonly nummulites, oyster fragments, and mud clasts scattered in this type of
sandstone facies. The colour varies from greyish to yellowish and the grain size from very
fine to very coarse. The base of the structureless sandstone beds is often sharp with the
underlying mudstone. The upper boundary is gradational, generally with a decrease in grain
size. It is most common together with C1 and C4, but it is found in beds with all the other
sandstones, except C6. The basal part of the structureless sandstone seen in the Charo locality,
have syn-sedimentary faulting. In log 7 at 18.5 metres and at 24 metres, there are syn-
sedimentary faults with throw of about 60 centimetres in the lower most deformed area and
about 15 centimetres throw at 24 metres (figure 6.7). Load cast structures are found in some
of the beds in this lithofacies. In log 7(2) there are flame structures, and this log is mainly
made to highlight these structures (figure 6.8).
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Figure 6.7: Syn-sediemntary faulting at 19 metres in log 7 in locality 1.

Basal parts of some beds are very loose or uncemented. In these intervals there are always
numerous detrital fragments like Nummulites, mudclasts, or oyster fragments. Structureless
sandstone beds have an erosive base and often an uneven thickness.

Figure 6.8: Flame structures logged in log7(2) (seen in the square).



There are also 132 intervals, where there is lacking data of hydro-dynamically formed
structures. These beds range in grain size from coarse silt/very fine sand to medium sand, and
their thicknesses range from 1 centimetre up 140 centimetres. The most common thicknesses

are between 2 — 10 centimetres.

Interpretation

Depositional intervals or beds of facies C5 are most likely deposited by a decelerating
heavily sediment laden current with fast packing of the grains so that no specific bedform is
created, and rapid suspension fall out from hyperconsentrated or concentrated flows (Mulder
and Alexander, 2001). If there have been parallel layers present in sandstone, they may have
been destroyed by bioturbation or by water escape structures (Collinson and Thompson,

1989). This was not seen in any of the logged sections.

Facies C5 represents sandstone deposited in the upper part of the upper flow regime and can
be compared with the Bouma Ta interval. The uncemented parts of this facies may be

indication of shallow burial.

Some C5 intervals were covered by lichens or some kind of fungus, which made it hard to
distinguish this interval from other intervals. Occasionally, beds were totally covered and only

grain size and bed thickness could be logged.
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C6: Normal graded sandstone

Description

5% of sandstones logged in the scale 1:50 belongs to this facies. In the section represented by
log 4, between 28.75 meters and 36 meters, there are 5 amalgamated beds with normal
grading that are altogether 7.25 meters thick. The individual beds are distinguished by zones
of mudclasts and by wavy contact between the beds. The grain size distribution ranges from
fine/medium up to granular, and with a greyish colour. These beds have no clear visible
structures to be classified according to structures, but there are wavy contact and mud clasts
seen in the basal part of the lowermost bed in log 4. In the same bed there are also observed
mud clasts in top of the bed. The bed at about 34 metres has nummulites, quartz grains, and
oyster fragments in the lowermost 10 centimetres. The same features are seen a bed at 36.5

metres, except that there are no quartz grains.

Interpretation

Normal graded sandstone beds include beds in which the mean grain size is decreasing from
the base of the interval and upwards. This is due to deceleration of a unidirectional current
(Bogs, 2001). This facies is interpreted to be the product of the waning stage of turbidity
current. Normal graded beds deposited in a sub-marine environment were first given a name

by Arnold Bouma in his study of flysch deposits in the French Alps (Bouma, 1962).

There are mudclasts in both the upper parts and the lower parts of the amalgamated beds
recorded in log 4. The mudclasts seen in the basal parts of the lowermost bed are due to
erosion of the underlying mud during flow of a high density turbidity current. The turbidity
currents are confined within a turbidite channel surrounded by mud, and during flow the
currents dig out the base and side-walls of the channel, and some mud clasts may fall into the
channel during or after the flow. The wavy contacts together with the mud clasts give

evidence of episodically events of turbidity currents.
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C7: Inversely graded sandstone

Description

This facies is not very common throughout the logged sections, only 1% of the sandstones in
the scale of 1:50 have been recorded. There are zones of coarser sand grains that are very
distinct in the outcrop. The basal boundary of these intervals is sharp, and the upper boundary
is sharp. The basal parts are bordered by mud and the upper parts are bordered by sandstone
with sand with smaller grain sizes. In the section of log 4 at 80 meters and at 82.3 meters there
are beds that have inverse grading. The bed at 80 meters has three zones with inverse grading,

and the grain size is from medium/coarse up to coarse/very coarse.

CLAY ISILTI VEF M CIVC|G| PEB. |
SAND

Figure 6.9: Inverse grading at 80.5 metres in log 4.
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Interpretation

In the inversely graded beds the grain size is increasing from base of the sandstone and
upwards. This type of sandstone is a product of inertia flow with medium sand or coarser

particles are present (Sanders, 1965).

The sandstone bed at 80 meters in log 4 is interpreted as a traction carpet, as defined and
described by Lowe (1982) as his Sz interval. This interval has been deposited by grain to grain
collisions, through the process called the dispersive pressure (Bagnold, 1956), or by kinetic
sieving. Compared with Bouma’s classification, it would be classified as Bouma Ta and

deposited in the upper flow regime.

D: Conglomerate

Collinson and Thompson (1989) suggested that intervals with 30 % clasts that are larger than
two millimetres should be regarded as conglomerates and this definition is applied here.

The conglomerates are divided into two categories based on the type of mechanical support of
large particles that the beds have. In clast-supported conglomerates the clasts are larger than
two millimetres (gravel) and they are in contact with each other, and are referred to as clast-
supported conglomerates. The matrix-supported conglomerates (D1) have a matrix that can
consist of mud, silt or sand, where the clasts are not in contact with each other (Collinson and
Thompson, 1989). The clast-supported conglomerates are not seen in any of the logged

sections, and they are only logged in the river locality and the Charo locality.

D1: Conglomerate — Matrix-supported

Description

All the conglomerates have a matrix that is either mud or sand, where the mud is the most
common. These beds have a total thickness of about 24 metres, and the range of the different

depositional intervals is from 5 centimetres up to 6.6 metres. They are highly widespread in
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the Charo locality, in the northern most logged turbidite successions. These conglomerates
have clasts of sub-rounded to well rounded sandstones, and sandstones with intra-clasts of
mud, quartz, nummulites and oyster fragments that have grain sizes from granules up to
boulders. Both the upper and lower boundaries of the depositional intervals are erosive and

sharp of different degrees.

The beds are monomictic, oligomictic, to polymictic, where the main clasts in the oligomictic
beds are sandstone clasts that are yellowish and with intra-clasts off mud, nummulites and
oyster fragments. Many of the boulder sized clasts show sedimentary structures like parallel
lamination, and have a sub-rounded blocky appearance. Nummulites and oyster fragments are
very common in the conglomerates, and well rounded quartz grains that are from granual up
to pebble size, are the least recorded clasts. Within these beds there are made 38 palaeocurrent
measurements parallel to the a-axis of the clasts shown in appendix 2, which gives a mean
value of the direction of the flows to be WSW-ENE. In two of the beds in the Charo
conglomerates imbrication of type a(p) b(i) occurs (figure 6.10). These beds are inverse

graded and inverse- to normal graded beds (Nemec and Steel, 1984).

Conglomerates logged in the river section have a quiet different appearance than the
conglomerates in the Charo locality. These intervals are much thinner (from 5 — 50
centimetres) and have a sandy matrix. The clasts in the beds are mainly nummulites, oyster
fragments, and mud clasts. The mud clasts have grain sizes from 0.5 centimetres up to 5
centimetres. They have also erosive upper and lower boundaries like the Charo intervals. The

matrix of these intervals is from coarse silt up to medium/coarse sand.
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Figure 6.10: Matrix supported conglomerates at locality 1 in log 12. A) Inversley graded conglomerate with pebble to cobble

sized clasts. B) Inverse to normal graded conglomerate.

Interpretation

Existence of schemes for conglomerates that can tell anything about the flow condition based
on bedforms and grain size does not exist. The deposits can be associated with bed load

transport or sediment gravity flows.

The Charo conglomerates are inferred to have been deposited from cohesive debris flows
(Nemec and Steel, 1984). The clasts are mainly intra-basinal clasts, where the sandstone with
nummulites, oyster fragments and mud clasts looks like beds logged further stratigraphically
below. Some of the sandstone fragments may have originated from the platform, and also the
abraided oyster fragments and the nummulites are indicative of shallow marine environment
(foreshore/lower shoreface). The quartz grains are probably extra-basinal clasts from the
hinterland. The D1 intervals by the river section are deposited by grain flows (Shanmugam,
2006).
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E: Chaotic deposits

The E facies are divided into E1 (Sedimentary breccia) and E2 (chaotic mudstone and
sandstone). These deposits have been deposited by slumping and cohesive debris flows. The
intervals have a chaotic appearance in the outcrop, or structureless mudstone with “mudballs”
and have isolated and uncommonly imbricated clasts. This facies is found logl, log 3, log4
and log 15 at locality 2 and locality 3. It consists of approximately 24% of the total facies in

all the logs.

El: Sedimentary Breccia

Description

Breccias are consisting of angular fragments, while conglomerates usually have more
spherical clasts. This simple definition is her applied to differentiate between conglomerate
and breccia. The breccia is a part of a mass transport complex at 93 metres to 119 metres in

logl.

The sedimentary breccia is found in locality 2, by the river Rio Nata, at 105 meters in the
section of log 1 (see chapter 7, figure 7.6). It is 1.5 — 2.4 meters thick and approximatly 60
meters in length. The internal bed configuration is of alternating mudstone and sandstone with
wrinkle marks on top of the sandstone intervals. In the basal part of the breccia there are
horizontal semi-relief bioturbation traces of the icnogenrea Planolites and Thalassinoides,
which is up to about 1 centimetre in diameter. The wrinkle marks and bioturbation traces give

indication that the breccia is lying “right-way up”.

Interpretation

The breccia represents a slumped sheet from the shelf, with the wrinkle marks as evidence of
this. Wrinkle marks are supposed structures made by microbial activity in shallow marine

environments. The sub-environment has to be a harsh environment for other animals to live
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on the sediments and destroy these structures (Hagadom and Bottjer, 1997). The environment
is probably a platform ramp, with dysoxic or oxygenated conditions, which the
Thalassinoides and the Planolites are evidence of.

During sliding, the sheet have not been flipped up side down or broken into small pieces. This
may indicate a smooth sliding surface, with small topographic variations. In addition, there is
a possibility that the sheet also had a basal water layer pressed underneath it (hydroplaning).
Hydrodynamically the basal water layer may be a shearing basal layer (Mohrig et al., 1998)
with a velocity gradient, and the sheet regarded as “the ridged plug” (see chapter 4) that has
no internal deformation (listad et al., 2004).

The triggering mechanism is probably due to liquefaction by an earthquake (Gee et al., 2005).

E2: Chaotic mudstone and sandstone

Description

There are 14 mudstone beds with distinct “mud-ball structures”, folded silty layers, and clasts
that range in grain size from granules up to cobbles. These intervals are from 1.5 metres up to
22 metres in thickness. The clasts are sandstone clasts, sometimes with intraclasts, bioclastic
limestone clasts, with a lot of nummulites, mudstone clast with oyster fragments and
nummulites, oyster fragments, and nummulites separately. The “mud-ball structures are
laminated with dark grey to grey laminae and lighter shades of grey. This reflects probably a
grain size difference between the different laminae (Collinson and Thompson, 1989). Some of
the mud-balls have internal laminated or stratified zones that are reddish in colour.
Morphologically they have an oval or elongated appearance in the outcrops, and with the
longest axis, in a two-dimensional aspect, nearly parallel to bedding. No accurate
measurement is made of the “mud-balls”, but they range in size from about 5 centimetres to

more than 1 metre in diameter (figure 6.9).
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Figure 6.11: Different varieties of mud-ball structures observed in locality2 and locality3. A), B), and C) are mud-ball
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Other types of slump structures like micro-folding, folded silt/very fine sand beds and a
structure resembling kink folding are seen in the outcrop in locality 2 (figure 6.10A). In
locality 3 there is an interval of 21.1 metres in log 15 with a matrix of very fine/fine in grain
size. This interval have slumped mud-ball clast (figure 6.12) as intraclasts together with
nummulites, oyster fragments and rounded quartz grains of granule size. There are also some
bioclastic sandstone clasts and sandstone clasts, which are from pebbles to cobbles in size and

are rounded to well-rounded.

Figure 6.12: A chaotic bed between 69 metres and 90 metres in log 16. See text for details.



Interpretation

The “mud-ball structures” and the folded layers are most likely deformed levee in a channel-
levee complex. These silty dominated layers are rolling and sliding along the sides of the
turbidite channel. The levees are known to be unstable sediment that is confining the sub
aqueous channels. The sliding of sediment down the sides of the channel may be triggered by
an earthquake (Pickering et al., 1989) and a debris flow may have reached the valley slope
and formed the levees into mud-balls. This can further be evidenced by the presence of clasts

in these beds.

The mud-ball structures were for the first time described in detail by Kuenen (1948) in a
Carboniferous outcrop in southern Wales. He interpreted these structures to be a product of
slumping in a shallow marine environment. Figure 6.11 is presenting various types of mud-
ball structures logged at locality 2 and locality 3. The different coloured laminations or
stratifications in the mud balls are due to sediment with different grain sizes, and the reddish

layers are due to oxidation of iron.

The elongated parallel, or sub-parallel, to bedding configuration of these structures may be a

post-depositional feature due to loading during burial or syn-depositional. The most
reasonable answer would be that it is a post depositional feature with o1 perpendicular to

bedding and that the structures give information of how much the intervals have been
compacted due to burial.

Bouma (1962) did not classify these types of deposits in his sedimentological study of
“flysch” deposits, but this lithofacies can be compared with Mutti and Lucchi (1975)

facies F.
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7 Facies associations

7.1 Introduction

The facies are grouped into 6 facies associations, where the facies are genetically related
based on the depositional processes and their spatial relation (proximal, medial or distal):
FA1.1 (Basin slope), FA2.1 (Sub-marine canyon floor), FA3.1 (Turbidite channel), FA4.1
(Channel-levee), FA5.1 (Chaotic mass complex), and FA7.1 (Debris flow) seen in table 7.1.
These relationships will be used to interpret the depositional environment in chapter 8.

Table 7.1: facies grouped into 6 genetically related facies associations (architectural elements).
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Logl to log4 in locality 2 have recorded all the 6 facies associations from basin slope deposits
to chaotic mass complex or mass transport complex (MTC_1) from Moscardelli and Wood
(2008), with valley plain, channel-levee, and turbidite channel sequentially above each other.
These logs comprise all the facies associations and have the main focus in this study, where
log4 is giving a proximal to distal channel-levee trend upwards from the FA3.1 at 36 metres
in the log. From localityl to locality 3 the aspect ratio is decreasing, if the uppermost unit in
locality3 is not taken into consideration. This unit represents an onset of a new sedimentation

cycle and lateral shift of the channel-levee complex.

Facies association distribution

100 % _

[ FA 1.1

80 % |:| FA 2.1

FA 3.1
60 % | .
. FA 4.1

[ FA 6.1

20 %

0% |

Localityl Locality2 Locality3

Figure 7.1: representing the percentage facies association distribution in the 3 localities visited.
Localityl: FA2.1 (75.4%), and FA7.1 (24.6%). Locality2: FAL.1 (43%), FA2.1 (27%), FA3.1 (2.3%),
FA4.1 (17.5%), FA5.1 (10,7%), and FA7.1 (0.5%). Locality3: FA2.1 (41.2%), FA4.1 (35.6%), and

The FA 7.1 units are found episodically in between the FA 2.1 units as high density turbidity
current deposits by flow stripping. The facies associations are second order cycles that are
part of a hierarchy of cycles defined by Mutti and Normark (1987) as depositional cycles
controlled by tectonics or sea-level variations, which is either fining upwards or coarsening
upwards (Pickering et al., 1989). The fining upwards units are commonly regarded as channel

fill (Mutti and Lucchi, 1975) and the coarsening upwards units as progradational lobes (Multti,
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1977). FA2.1 and FAA4.1 are related to each other as overbank deposits in a channel levee
system, as described by Walker (1992). These channel-levee systems are formed during a
highstand period according to Mutti (1985). During this period there have been fluctuations of
the relative sea-level interpreted by fining upward and coarsening upward units of the FA2.1.

The facies association distributions from the 3 localities are found in figure 7.1.

Logl — log4 represents the vertical succession of the Arro sandstonebody (Mutti, 1985),
which is overall reflecting a low aspect ratio (net/gross ratio) in the lower part and the upper
part of the outcrop, with a higher ratio in between. The Montanana Group is interpreted to
contain channel-levee systems by Mutti (1985). One of these systems is recorded (Arro
system) in the logs based by the intra-Castissent correlative unconformity (logl at 93 metres)
and the upper boundary in log 15 at 69 metres (base of Santa Liestra Group). A general trend
in aspect ratio in mud/sand-dominated systems is decreasing upwards (Richards and Bowman,
1998).

7.2 FA 1: Facies association 1: Basin slope — thin bedded
turbidites

Description

The FAL1.1 is recorded in logl and in log5 and comprises 28% of the overall facies
associations. The facies present in this facies associations are facies Al (structureless
mudstone), A2 (laminated mudstone), Bl (coarse siltstone), C3 (parallel-laminated
sandstone), C5 (structureless sandstone), and C7 (inversely graded sandstone), where Al is
the most abundant facies. Logl has 14 coarsening upwards units, and 4 finding upwards units.
The fining upwards units show more or less the same thickness trends, where the beds are of
quiet the same thicknesses. The units are from 1 metre in thickness up to 13 metres in
thickness, and the grain size is commonly very fine or fine grained sand, sometimes recorded
with tractional structures. Log5 has 3 coarsening upwards units and 1 finding upwards unit.

Logl comprises 2 facies associations. At about 93 metres the FA1.1 is abruptly overlain by
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FA5.1 and at 119 metres the FAL.1 is overlaying the FA5.1. The FA1.1 distribution of logl
counts for 79.8% of the total facies associations in the log. In log5 the FAL1.1 distribution is
covering 100% of the log.

Interpretation

The coarsening upwards and thickening upwards units in logl are interpreted to be
depositional lobes deposited as sand sheets (Shanmugam and Moiola, 1988) on the basin
slope. Mutti and Lucchi (1975) referred to these types of deposits as fan fringe facies
association. Pickering et al. (1989) gave explanation for fining and thinning upwards units as
sea level rise. These sea level rise events are slower events than sea level falls, which are
more rapid and erosive. The FA5.1 unit in between the FA1.1 units in log 1 may be an

indication of highstand sea level (Pickering et al., 1989).

7.3 FA 2: Facies association 2: Sub-marine canyon floor —
low density turbidites and occasionally high density
turbidites

Description

This facies association is recorded in all the outcrops and is the most common facies
association, comprising 36% of the total facies associations. FA2 consists of 11 different
facies; Al (structureless mudstone), A2 (laminated mudstone), B1 (coarse siltstone), C1
(ripple cross-laminated sandstone), C2 (cross-stratified sandstone), C3 (plane parallel-
lamination), C4 (plane parallel-stratified sandstone), C5 (structureless sandstone), C6 (normal
graded sandstone), C7 (inversely graded sandstone), and D1 (matrix-supported

conglomerate).
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The beds in this facies association have generally tractional structures and scour marks as
flute marks that are very common. Tractional structures like C1 together with C3 or C4 and
mud are the most commonly facies seen in the outcrops. Amalgamated beds are frequently
recorded from the outcrops, where the contact zone between the individual beds has either
mudclasts or a C1 interval overlain by a C3, C4 or C5 interval (figure 7.2). The configuration
of this facies association is 15 units in log3 and log4 of alternating beds of sandstone and
mudstone that are both fining and thinning upward and coarsening and thickening upward,
most frequently boarded by FA4.1 and one by FA3.1 and FA7.1. The fining and thinning
upward trends and coarsening and thickening upward trends, within these units have been
described by Mutti and Normark (1987) as a decrease and increase in channel activity,

respectively.

Flute marks are frequently observed and soft sediment deformation structures are more rare,
but present in both localityl and locality2. Less frequent are syn-depositional features as syn-
faults. These kinds of features are logged in locality 1 in log8 between 18 metres and 24.5
metres. Cut and fill deposits are commonly recorded and logged in all 3 localities. Sand beds
of FA2.1 are commonly pinching out in one or more directions (figure 7.3). The palaeo-

current directions of the flute marks are seen appendix I.

Figure 7.2: Three amalgamated beds with internal structures given by different notations (C1,

C3, and C5), respectively.



Interpretation

This facies association comprises sediments that have been spilled over the confined turbidite
channel by the process of flow stripping, after Piper and Normark (1983), {Pickering, 1989
#56; Muttti, 1985 #64}. This diverse facies association has grain size variation from silt to
granule that reflects the difference in competency of the flow. Where the C5, C6, C7, and D1
facies are present, the flow had a high competency and caused erosion into the canyon floor

sediments and dug small channels. These channel sandstones often contain rip-up clasts.

These deposits represents the Bouma Tb-e, but Ta-e are also recorded lacking interval C3 (Td
interval) is commonly seen. The complete Bouma sequence is not recorded. This is in
accordance with laboratory experiments, where the complete idealised turbidite bed zonation
is developed (Shanmugam 2002). The C1 intervals very often occur separately with
thicknesses from 1 centimtre up to 5-6 centimetres and are sometimes undulating, with Al
intervals in between. These beds would be deposited by dilute turbidity currents that have
spilled over the turbidite channel as sand sheets. The presence of Ta intervals in this
environment give evidence of deposition quiet close to the turbidite channel, where the flow
was unconfined and may have lost the compentency (Kane et al., 2007), for example by the

mechanism of hydraulic jumping (Russell and Arnott, 2003).
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The depositional environment for FA2.1 is the channel margin and adjacent basin or canyon
floor. In comparison with the sections described Mutti (1977) from the Hecho Group, these
deposits would represent his inter-channel and channel margin facies association (Multti,
1977) displayed in figure 7.3.

Figure 7.3: inter-channel deposits. A) Cut and fill deposits at 32 metres in log3. B) Low density turbidites in

log13. C) Amalgamation of beds and pinch-out in log14. D) Amalgamated beds, low density turbidites, high
density turbidites, and slump and slide deposits in log4.

The units that are coarsening upwards seem to be associated with intervals that are
characteristic of those units described by Mutti (1977) as channel margin deposits. He
described these units as fining upwards. From log3 (between 0.25-3.3 metres) and log7
(between 18-24.5 metres) that are clearly showing coarsening upwards trends. The units may
be related to fluctuation sea-level variations (Fernandez-Salas et al., 2003).
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The cut and fill deposits recorded in the logged localities have probably formed by erosion of
later gravity flows eroding the earlier gravity flow deposits in an unconfined canyon floor
setting, due to secondary failure of the channel-levees and subsequently a mounded
topography (Galloway, 1998). These scars would by filled in by later gravity flow deposits

and background sedimentation.

7.4 FA 3: Facies association 3: Turbidite channel

Description

FA3.1 is only recorded in log4, where it comprises 2.3% of the overall recorded facies
asociations. There is registered one unit of this facies association, with a thickness of 7.25
metres. The FA3 consists of the C6 (normal graded sandstone) facies that is amalgamated.
The unit is logged in locality2 and comprises 5 normal graded amalgamated beds that are
overall fining upwards. The unit has mudclasts in the basal part and in the uppermost 1.5
metres. The grain size ranges from medium sand in the lower part to fine sand in the upper
part. In the base of two of the beds there are observed zones that are packed with nummulites
and oyster fragments. At approximately 33 metres in log4 there is a sandstone clast on top of
the lowermost bed and base of the overlaying bed. FA3.1 is boarded by beds of FA4.1 on its

lower boundary and FA7.1 on its upper boundary.

Interpretation

The channel fill deposits logged in the outcrop can be compared with Mutti (1985) type Il
turbidite system, where the channels are thinner than 10 metres and width narrower than 100

metres.

Channel fill is fining upwards beds due to waning of the gravity flow in the turbidite channel.
The channel system is confined by channel-levee margins in a basin slope environment. The

different beds represent single mass flow deposits stacked on top of the other. The FA3.1 is
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boarded on top by FA5.1, which is a 7.3 meter mud flow unit. This may have led to channel
switching (avulsion) of the main turbidite channel, and formation of a new depositional lobe
at the distal end of the channel, in the way suggested in the deep-marine fan model by
(Walker, 1992). The sandstone clast at 33 metres may be a piece of broken off channel margin
deposit that have rafted down into the channel, which has been described by (Clark and
Pickering, 1996).

Clark and Pickering (1996) made a model composing 3 phases of channel infill, with a phase |
erosive and scouring phase and phase Il as a coarse grained infilling of the channel and phase
Il as the channel abandonment phase. The phase 11l stage may fill the channel with fine
grained sediments as silt and mud or some controlling factor acting on the system, which
leads to avulsion or channel abandonment. The latter is the case for the recorded deposits in

log4, where the overlying unit is a cohesive debris flow unit of the FA4.1.

75 FA 4: Facies association 4: Channel-levee -

disorganized silt and sand intervals with clasts in mud

Description

The FA4 is recorded in 13 units and shown in 3 logs from locality2 and locality3. The units
have a total thickness of approximately 91 metres. This represents 18.9% of the facies
associations of locality2, and 35.6% of the facies associations in locality3. The thicknesses of
the units range from 0.95 metres up to 22.3 metres, with a mean thickness of 6 metres. FA4.1
consists of facies Al (structureless mudstone), B1 (coarse siltstone) and E2 (slump structures
in mudstone). The units of this facies association are composed of broken up or discontinuous
silty/very fine sand beds, mud-balls, and clasts from granule size up to boulders. These units
are most frequently boarded by FA2.1 (figure 7.4), only 2 of the units are boarded by FA5.1
and 1 unit with FA3.1.
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Figure 7.4: facies associations FA2.1 and FA4.1 from7lc0)g3 by the river Rio Nata in locality2.



The overall trend of this facies association is that the units are more frequently recorded in the
stratigraphically upper parts of the outcrops in locality 2, and the units become overall thicker

upwards.

Interpretation

The FA4.1 units are interpreted as products of slumping and sliding from the turbidite channel
levees and cohesive debris flows. The depositional environment is considered the same as that
of FA2.1, but the FA4.1 beds have been deposited by other processes than FA2.1. The
combination of mud-balls, folded and broken layers together with clasts of various sizes gives
evidence for slumping and sliding and debris flows. Seismic activity induced from the thrust
system may have triggered the slumping and initiation of debris flows. The slumped levee
deposits have been rolling and sliding along the channel slope, and on a later stage been
engulfed by debris flows. Galloway (1998) described these deposits as products of secondary
failure. The deposits may have been transported down the channel-levees for great distances

due to hydroplaning, a processes described by (Mohrig et al., 1998).

The general thickening upward trend of the FA4.1 may be due to a prograding near shore
system (Mutti, 1985b) during highstand. The shallow marine and deltaic complex of the
Montanana Group sourced the submarine clastic system from the east/southeast and from the
north (Nijman, 1998). Log 15 reveals an overall coarsening and thickening trend, which can

be related to a prograding system.

7.6 FA 5: Facies association 5: Chaotic mass complex

Description

FA5.1 is logged in locality2 at 93 metres in logl, at 36 metres in log4, and in locality 3 at 69
metres in log 15, which comprises 10.7% of the facies associations in locality2 and 23.1% of
the facies associations of locality 3. The unit recorded in logl is 25.6 metres in thickness

consisting of facies Al (structureless mudstone), D1 (matrix supported conglomerate) and E1
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(sedimentary breccia). The unit in log 4 is 7.3 metres thick and contains Al (structureless
mudstone), and the unit in log 15 is 21.3 metres thick and comprises D1 (matrix supported
conglomerate). The FA 5.1 unit recorded in logl has a matrix of mud or very fine sand with
slumped blocks with internally folded bedding and lamina, folded and disrupted beds, and
clasts ranging in size from granules up to boulders, with cobbles as the main grain size. The
clasts are sub-rounded to well-rounded. 12 metres into the chaotic mass complex or mass
transport complex (MTC) in log 1 there is a large slump sheet described in chapter 5 having
clasts that seems to be pressed under it (figure 7.5). The unit in log 4 would represent a mud
flow described by Mulder and Alexander (2001) in chapter 4. The chaotic mass complex seen
in log 15 between 69 and 90.2 metres have a sandy matrix with rounded quartz clasts,

nummulites and pieces of “ripped up” channel-levee deposits.

Figure 7.5: Slump sheet at 105 metres in logl with wrinkle marks on top of sand beds and clasts that are

pressed underneath the sheet.

There is made 5 measurements of the a-axis of clasts in the chaotic mass transport complex in
log 1 (appendix I1). Some of the clasts, in this unit, contain intra-clasts that have fragments of

oysters. The unit is boarded by FA1.1 below and above.
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Interpreation

The formation of chaotic mass complexes like the one represented by FAL1.1, being composed
by slide and slump deposits together with debris flow deposit, can have been triggered by an
extreme high energy event like an earth quake, tsunami, or storm activity (Mulder and
Cochonat, 1996). The most likely triggering mechanism of the mass complexes are thrusting
along the Faradada Fault, which is a left stepping dextral tear fault (Nijman, 1989), or the
Mediano Anticline. Multti et al. (1984) described deposits produced from catastrophic events
as seismoturbidites (megaturbidites), which is comparable to these deposits. The problem with
classifying these deposits as seismoturbidites is that constrains on the dimensions is needed of
the unit {Muttti, 1984 #62}. From the Moscardelli and Wood (2008) classification scheme,
these turbidite deposits would be classified as shelf-attached (MTC 1) deposits (MTCs
logged in logl and log15) and slope-attached deposits (MTC_2, log4).

7.7 FA 6: Facies association 6: Debris flow

Description

This facies association is recorded in 3 logs, with units ranging in thickness from 0.1 metres
up to 7.7 metres. The units comprises facies D1 (matrix-supported conglomerate),
exclusively, and alltogether 4.7% of the overall facies associations. FA 7.1 units are always
recorded in conjunction with units of FA2.1 or FA4.1.

The FA 6 units have sandy and muddy matrix, where muddy matrix is the most common. In
log 12 there are 2 units of the Arro sequence that show some kind of trend, with normal
grading and normal-to-inverse grading (see chapter 6, figure 6.10). Logl5 has a unit that is
inversely graded. The units logged in localityl have no general thickening or thinning

upwards trends. The non-cohesive debris flows logged in locality2 are pinching out.
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There is 1 unit that is 6 meters thick with no observed features recorded in log4 at
approximately 53 metres. This unit had fault planes filled with calcite, and the translational
displacement of the fault is minimum 4 metre. In addition there may have been some
rotational movements; due to some deformed turbidite beds on top of this unit. The beds that

were not deformed are logged in log6. More detailed work could be done with this unit.

Interpretation

Subaqueous debris flow deposits can often be distinguished from subariel debris flow deposits

by their more organized structures showing grading and imbrication (Nemec and Steel, 1984).

This facies association is related to both non-cohesive and cohesive debris flows (Nemec and
Steel, 1984).The non-cohesive debris flows may be interpreted to be high density turbidity
currents, where the matrix is sandy and with clasts composing of nummulites, oyster
fragments, and/or mudclasts dispersed throughout the bed. These deposits represent distal
canyon floor deposits in between FA4.1 units. The deposits may be linked to the Al1.4 from
Pickering et.al. (1989) or be described as deposits from high density turbidity currents by
Lowe (1982). The cohesive debris flow deposits are interpreted to be deposited by freezing en
mass due to decrease in the basin slope gradient (Pickering et al., 1989) and the yield strength
of the flow equals the shear strength of the debris flow (Chapter 4). These deposits are similar
to the A1.1 of Pickering et al. (1989).
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8 Depositional environment

8.1 Introduction

The deposits logged in the Charo and Arro localities represent deep marine turbidite deposits
on a submarine ramp. The facies associations are building blocks for interpretation of the
environment related to eustatic sea-level changes, tectonics and sediment supply. Some
mechanism or combinations of mechanisms triggered instabilities on the ramp and formation
of the submarine canyon. This is discussed further below. The canyon funnelled gravity flows
from the shallow marine environment into the deep marine environment. These gravity flow
deposits have been logged in 3 localities from proximal (localityl) to distal (locality3) part,
away from the canyon mouth. The deposits have been transported and deposited by turbidity
currents, cohesive and non-cohesive debris flows, slump and slides, which were erosive in
nature and scoured into the slope and formed the Charo canyon. The Arro sandstone body

(Millington and Clark, 1995) represents the canyon floor fill deposits.

The Arro sandstone body system is fully exposed in locality 2 of the study area (figure 8.4).
The sandstone body stretches out from the Charo canyon in the east to north of the Boltafia
anticline in the west (Mutti, 1985b). It is considered time equivalent to the Upper Castissent
Group (CS2) formed due to initiation of the Mediano anticline (Millington and Clark, 1995).
The processes acting in the deep marine realm are discussed in chapter 4.
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8.2 Controlling factors

The main control of the depositional environment was controlled by plate tectonics, the
convergence of the Iberian and the Eurasian plates in the Late Cretaceous and the subsequent
orogenic development of the Pyrenees. During this development the antiformal stacking, the
break-back thrusting, and subsequently development of the Mediano and Boltafia anticlines
evolved (chapter 3). The change in topographic slope gradients caused by uplift of the axial
zone and the resulting erosion may be reflected in the outbuilding of a platform delta, the
Montanana delta, that was sourced by a fluvial system, and the axial trending of alluvial fans
that prograded southwards (Nijman, 1998). Climatic conditions and subsequently sea-level
changes may also have contributed to the depositional control to sedimentation in the deep
marine environment (Fernandez-Salas et al., 2003).

The fluvial Castissent sandstones were deposited between 51.7 and 51.3 Ma (Nijman, 1998)
(from chronostratigraphic data) during highstand. Nijman proposed that the main control of
the depositional system was tectonics that overprinted the effect of sea level highstand. Mutti
et al. (1988) placed the Castissent sedimentary complex between (time equivalent with the
Castissent Formation) 50.5 and 49.5 Ma, where time scale and global unconformities were
taken from Haq et al. (1987), and with structural control of the unconformities. The FA 5.1
can be compared with Moscardelli and Wood's (2006) MTC_1 deposit, which is interpreted
to represent a shelf-attached system, due to a fluvio-deltaic input, referring to Pickering and
Corregidor (2005). The control of the deltaic architectural style would be related to
movements along the Faradada fault system and Mediano detachment fold that is seen in the
figure from Millington and Clark (1995) (figure 8.5), which is subordinate emplacement of
the thrust sheets.

In the Early Eocene there was a peak in global temperature and sea-level due to a higher
ocean-crust production and a Late Paleocene — Early Eocene tectonic reorganization. During
the last 50 Ma the sea-level has fallen by approximately 70 metres (Miller et al., 2005).
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8.3 System classification

Reading and Richards (1994) classified deep-water systems by grain size (mud-rich-,
mud/sand-rich-, sand-rich-, and gravel-rich submarine fans) and feeder system (point-source-,
multiple-source, and linear-source submarine fans), which resulted in 12 classes of deep-
depositional systems. These parameters are used because they are easily identified in the field,

in cores, and wireline logs.

The Arro sedimentary system would be classified as a point-source mixed mud/sand system
by the Reading and Richards (1994) classification system (Figure 8.1). This system is
dominated by channel-levee and down-dip depositional lobes with sandstone contents
between 30% and 70%. The Arro system has a sandstone content just above 30% (chapter 6).

The Arro deep-marine depositional system is part of the Hecho Group (see chapter 3).
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Figure 8.1: A point-source submarine fan system from Reading and Richards (1994). The
depositional system is comprising channel- levee in proximal areas and and lobe deposits in the
distal areas. The slope mainly consists of sandstone from Bouma (1967) Ta-Te and chaotic

deposits.
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Mutti (1985) classified the Hecho Group
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Figure 8.2: Muttis classification system (1985).

Shanmugam and Moiola (1988) classified the Hecho Group as an active margin setting
(Pacific type), characterized by comprising elements as large tectonic activity, narrow shelf,
short transport of sediment detrius fed by rivers and littoral drift cells, and with high
sand/mud ratios. This classification regards the whole deep marine Ainsa Basin, but the Arro

system alone would not reflect that classification system.

Mutti and Normark (1987) classified deep-marine turbidite deposits based on size, mobility of
the crust, effects of syn-depositional tectonic activity and volume of sediments available in
the source areas. This would give rise to 1%, 2" 3" 4™ and 5" order of sequences (figure
8.3).
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Figure 8.3: Classification scheme form Mutti and Normark (1987).

Mass transport complexes (MTCs) are integrated elements of many deep-water gravity flow
deposits and can be applied for classfying these types of sedimentary systems. Moscardelli
and Wood (2008) made a classification of MTCs based on seismic data. They divided the
MTCs into attached and detached MTCs by using the length/width (L/W) ratio and the
volume of the deposits. For detached MTCs the volume is less than 10 km? and the L/W ratio
< 4. The study of Moscardelli and Wood (2008) is based on interpretation of seismic
geometries; the weakness in their classification system lays in that the deposits are not visible
and available for inspection. In outcrops, constrains on dimensions of depositional units can

be directly obtained.
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8.4 Depositional style of the eastern part of the Ainsa Basin

Mutti and Normark (1987) put the 5" order events as instantaneous features (cut and fill,
graded beds, syn-faulting), the 4™ order as high frequency changes in depositional and
erosional processes (channel fill and lobe fringe), the 3™ order facies associations together
into systems (systems tracts) of 2™ order cycles (Arro sandstone body system), which are
influenced by short-term sea-level change and tectonic activity and are separated vertically by
highstand mud facies. These deposits were again subordinate the 1% order control of the deep
marine turbidite environment, as the turbidite complexes (Figols Group, Montanana Group,
Santa Liestra Group, and Campodarbe Group) that gave rise to the unconformities (Figure
3.5B), which were controlled predominantly by tectonism and subordinate long-term sea-level
variations (Nijman, 1998).

The Ainsa Basin was initially a deep marine piggy-back basin (see chapter 3), which means
that the basin moved and changed configuration over time. The eastern part of the basin was
structurally controlled by the Faradada tear fault and the Mediano anticline; a structural
control that have made changes in the depositional style due to sediment supply and change of
base level over time. The western part of the basin was bounded by the Boltafia anticline that
separates the Ainsa and the Jaca basins. These structures were not active at the same time.
This is reflected in the stratigraphic architecture with younger turbidite deposits onlapping
older turbidite deposits within the deep marine Ainsa Basin (Millington and Clark, 1995;
Mutti, 1985b; Mutti, 1985a; Multti et al., 1988). The deep marine realm is linked to the clastic
source area by a shallow marine carbonate platform or ramp. The issue of how the shallow
marine deposits were deposited on this platform have been addressed by (Woyessa, 2008),
who postulated that the environment of the shallow marine eastern part of the Ainsa Basin

was a land-attached carbonate platform environment.

The 1% order control of the depositional style of the eastern part of the basin was controlled by
movements of the Mediano detachment fold and the Faradada tear fault system, which gave

rise to unconformities (figure 3.5). Mutti et al. (1988) recorded 7 unconformities (correlative
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unconformities) within the deep marine deposits in the basin. They described the lowermost
part of the time equivalent Castissent Group (CS1) as a prograding lowstand complex, but
Nijman (1998) disagreed on that due to the sheet sandstones are sandwiched between two of
the largest marine onlaps in the area. He interpreted the complex as a prograding highstand
complex. His interpretation would reflect the recorded overall progradational nature of the
Arro sandstone succession, represented by the lowermost 93 metres in logl in locality2. The
unconformity between the Montanana complex and the Santa Liestra complex may be related
to the largest Eocene drop in sea-level (Nijman, 1998). Miller et al. (2005) stated a fall in sea-

level at this time, as well.

The Charo canyon may have formed when the sediment supply to the platform was low, but
with availability of gravity potential and other sources of marine energy (cf. Galloway,
(1998)). The initiation of the canyon formation can be related to localized instability on the

ramp triggered by movement of the initial movement of the Mediano anticline.

8.4.1 The Arro system

In locality 2 the 2" order Arro sandstone body is logged from its base to its top. The Arro
sandstone can be separated into 4 units (figure 8.4), which is based by a (1) chaotic mass
complex (FA 5.1), and overlain by an (2) inter-channel facies associations (FA 6.1, FA 4.1,
and FA 2.1) represented in logs 2, 3, 6, and log 4 from base of log and up to 28.75 metres, and
from 43.6 metres to 111.15 metres. (3) A FA 3.1 channel system (between 28.75 metres and
36 metres in log 4) is overlaying the lowermost inter-channel units. The FA 3.1 unit is
overlain by a mud flow unit (FA 5.1), which may have been triggered by a catastrophic event
like a storm or an earthquake on the upper slope. Stratigraphically above the mud flow unit,
(4) channel-levee (FA 4.1) units are more frequently recorded than in the lower part, with thin
units of FA 2.1 in between (figure 8.4), seen in log 4. Mass transport complexes, as the mud
flow unit, have been recorded to destroy or modified channel systems from other areas during
highstand (Wynn et al., 2007).
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Locality 2

Figure 8.4: The Arro sandstone body viewed towards northwest. The colours in the Nata River gorge are
representing the different facies associations of the Arro system. Blue clour is FA 1.1, organge is FA 5.1 and
FA 6.1, green colour is FA 4.1, yellow is FA 2.1, and the light yellow colour is FA 3.1 (see chapter 7 for
more details). The drawing is not to scale.

The Arro system would be described as a destructional slope system in the classification
system of Galloway (1998). These systems are based by a slump/slide plane, canyon-cut
erosion surface, or compound mass-wasting surface. The middle part of a succession would
contain debris flows and turbidites, generated by secondary failure and erosion. These
deposits would be ponded between the irregular blocks, mounds and tongues of slide and
slump debris (FA 4.1 or FA 5.1) (cf. Galloway, 1998).
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Figure 8.5: Log 7 in locality 1

Millington and Clark (1995) made a model (figure 8.6) of the
sedimentary environment that is covering the localityl and
the locality 2. They placed the Charo canyon mouth between
the Faradada tear fault and the Mediano anticline, which
resulted in a hydraulic jump at the canyon mouth due to slope
angel variations. Heinid and Davies (2007) did studies on fold
growth and subsequent knickpoint migration in submarine
channels in western Niger Delta. They proposed that this
process play a significant role in controlling the depositional
style of the Niger delta channel-levee complexes. The uplift
of an anticline across a channel make the local gradient lower
on the upstream side of the fold axis, where the thalweg is
back cutting into earlier deposited sediments. On the
downstream side of the fold axis the gradient is increasing
due to the fold growth. The diagram proposed by Millington
and Clark (1995) may fit the study done by Heini6 and Davies
(2007) and the data collected for this study at locality 1. The
beds are frequently amalgamated, thinning and thickening
laterally, cut and fill features are observed and syn-
depositional features are common in the southern part of the
locality 1 (figure 8.5). The cut and fill deposits are also
logged in locality 2 and 3, but here they may be related to
change in path for the gravity flows due to slumping and
sliding on the canyon floor. This will deflect the gravity flows

and erode the older deposits.
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Figure 8.6: A modell from Millington and Clark (1995) of the Arro system.

The locality3 deposits represent distal facies association of FA 2.1 and FA 4.1 and a chaotic
mass complex (FA 5.1) as the uppermost unit. The FA 2.1 deposits comprise 4™ order fining
upward inter-channel units in the basal 28.8 metres of the succession that grade into a more
channel-levee (FA 4.1) dominated part from 28.8 metres to 69 metres. The basal 69 metres of
log 15 may be related to log 4, genetically. The uppermost unit (69-90 metres) is interpreted
to be a chaotic mass complex (FA 5.1) and the basal part of the overlying Santa Liestra

complex (Banastdn system).

The successions in upper part of the locality 2 logs have a lower aspect ratio (see chapter 6)
compared to the lower part, and predominantly comprise thick units of FA 4.1 with
occasionally FA 2.1 units and FA 6.1 units in between. Sample RF4 contains detrial

glauconite from a Ta interval at about 89.5 metres in log4. Detrial glauconite was also
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observed in the chaotic mass complex at 69 metres in log 15 (sample RF12). These beds

would have been deposited penecontemporaneously.

A candidate type 2 sequence boundary may separate the Lower Castissent Group from the
Upper Castissent FA 5.1 in logl. A likely cause of a sequence boundary at this position is
thought to be initiation of the thrusting of the Cotiella nappe and subsequent movement of the
Mediano detachment fold and incision of the ramp to create the Charo canyon (Mutti et al.,
1988). The canyon is most likely formed by back-cutting of the platform. The basal fill of the
time equivalent Upper Castissent Group is described as a mass transport complex, which can
be compared with Pickering and Corregidor (2005) MTC I, with a slumped sheet of shelfal
origin. The large slumped sheet block (log 1) has travelled at least 2 km before it ceased to
stop. The flow may have been a Bingham flow (Elverhgi et al., 1997) or plug flow, where the
basal shear of the flow is within the water that was pressed underneath the sheet (see chapter
4) and caused hydroplaning down the slope (cf. Mohrig, 1998). Elverhgi et al. (1997) have
recorded Bingham flows with mid-slope gradients of 0.5 degrees to flow up to 200

kilometres.

The localityl logs show a proximal to distal channel trend laterally from south towards north.
The southernmost logs (log7-log9) recorded represent the proximal deposits with syn-
depositional features and with some vertical and horizontal bioturbation. The FA 6.1 units are
mostly mud dominated without shear features, and clasts are commonly found in different
zones. The a(p)b(i) data (appendix Il) indicate a more east-west trend, which is different from
the northwest direction of the flute marks. The clasts in the FA 6.1 units indicate a shallow
marine origin, with intra-clasts of oyster fragments, nummulites, and they are sub-rounded to
well-rounded clasts that have the same features as the clasts observed in locality 2 and locality
3, in general. These clasts have been reworked by river currents and/or shallow marine
processes. The palaeo-canyon funnelled the gravity flows from the San Esteban fandelta
(Nijman, 1998) that was prograding southwards forced tectonically the fandelta/fluvial system
further southwards (Nijman, 1998), and sourced the canyon with muddy debris flows
consisting of grains from pebbles to boulders in size. The debris flows are more muddy

stratigraphically upward in logll and less and smaller clasts. The triggering of these FA 6.1
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units may be due to outbuilding of the delta from the southeast and the fandelta from the
north, or tectonics related to movement along the Faradada tear fault system or movement of
the Mediano anticline. The FA 6.1 units, only recorded in the northern part of localityl, may
have settled not far from the canyon wall due to change in gradient from the steep wall to the
canyon floor. The lithology of the clasts in these units has the same appearance as the clasts

seen in locality 2 and 3 in the FA 4.1 and FA 5.1 units, which indicate the same source area.

Millington and Clark (1995) claimed that the northern part of locality 1 (logs 10-14) is
bounded by an unconformity, which corresponds to the unconformity between the upper
Castissent Group and the overlying Santa Liestra complex (Multti et al., 1988). The clasts in
the conglomerates in this locality have the same features as the conglomerates recorded in
locality2 and locality 3. Traveé et al. (1998) documented thrusting in the locality 1 area, where
splay thrusts from the Cotiella thrust (see figure 3.6) are recorded in the studied area. One of
these thrusts (Samper thrust) may be related to the unconformity recorded by Mutti et al.
(1988).

The FA 2.1 unit between 62.5 metres and 69 metres has a cut and fill and shallow marine and
fluvial imprints (See chapter 6 page 8 and chapter 7 page 5). Confined tectonically active
basins tend to be shaped by basin topography and syndepositional tectonic movement
(Reading and Richards, 1994). The topography in the basin would deflect turbidity currents
around MTC deposits and channel-levee deposits, which would be acting as mounds in the
gully environment. This may indicate that the deep marine slope system of the basin was
connected to the Montanana delta at this time, which has prograded to the canyon entrance
due to high sedimentation rates by gradient change in the hinterland or/and lowering of the

eustatic sea-level.

8.4.2 The channel system of the Arro sandstone body

Galloway (1998) described sediment slope aprons fed from distributary mouths along the

front of active delta lobes, with focusing of submarine channels around active mouth bars.
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The upper slope and prodelta deposits are subjected to mass wasting or remobilization by
storms. This scenario would fit with a feeder canyon that funnelled sediments to the deep

marine realm, as for the Arro system (figure 8.7).

The flutecast measurements recorded in all the localities show the same overall palaeo-current
direction from the lowermost deposits to the uppermost deposits. The mean direction of the
flutecasts is approximately 330° (north-northwest). In locality2 the lowermost inter-channel
sandstones indicate an approximate northward direction of the flute marks. Whereas, the
uppermost inter-channel flute marks indicate a more northwest direction, with a spread from
250° to 027°. The flute marks recorded in locality 1 in the lowermost part of the succession
indicate a west to northwest palaeo-current direction, while the uppermost part indicates a

north to northwest directional trend, with a smaller spread from 282° to 336°. The

Figure 8.7: A principal model for the depositional systems (locking towards southeast).
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measurements from locality3 are only taken from one single bed, with a flute mark spread
from 271° to 323°. These data may indicate that the channel system has a more meandering
character from locaity1 to locality2. This may be due to MTC deposits that deflect the channel
position and/or difference in slope gradients. Clark et al. (1992) recognized from their studies
that sinuosity of submarine channels are linked to gradient of the slope in the basins. A
decrease in gradient is giving rise to higher sinuosity of the submarine channels. The meander
depth of the turbidite channel is 7.25 meters in locality2, and the width could not be measured
in the locality. According to Mutti (1985) the width/depth ratio is no more than 100/10 in the
Hecho Group. The ratio describes the cross-sectional geometry, channel symmetry, and the
channel overbank slope (Keevil et al., 2007).

Channel migration is proposed to evolve only laterally on the outer bends of the channels, and
not longitudinally (Peakall et al., 2000; Wynn et al., 2007) as for fluvial systems. Straub et al.
(2007) did laboratory study on the topography in aggrading sinuous submarine channels,
where the experiment showed that channel fill and levee aggradation decrease down stream
along with a decrease in grain size. The cross section of the channel shows an asymmetric
channel-levee configuration, with a highly aggradational outer bend. The asymmetric
geometry is described as a result of difference in current velocity from outer to inner bend.

Modification by a MTC may be the case for the FA 5.1 unit in log4 at 36 metres, above the
turbidite channel (FA 3.1). The unit may represent a slope-attached MTC according to the
Moscardelli and Wood (2008) classification scheme. The MTC may have plugged the
channel, which Peakall et al. (2000) described as the last process of a three-stage model of
submarine channel architecture. Stage 1 represents lateral bend growth and point bar
development, stage 2 is an aggradational phase of the channel, and stage 3 a channel
abandonment phase (plugged by debris flow or draped by hemipelagic mud). The channel
may have changed direction (avulse) due to the mound of mud plugging the channel, or the

channel system is “switched off” due to changes in sediment supply or sea-level fluctuation.
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Galloway (1998) described this by channels that commonly shift from an erosional character
to depositional character in response to change in the sediment load/discharge ratio or to
changing boundary conditions of grade and base level.

The locality2 deposits have the quiet same characteristics as deposits of localityl, but the
locality2 deposits are deposited further down-slope in a confined canyon floor slope
environment. The locality2 deposits are more erosive in nature, by the presence of rip-up
clasts in many of the high density turbidites. The inter-channel turbidite deposits are deposited
by flow stripping and will rapidly settle proximally to the turbidite channel (Peakall et al.,
2000) and give rise to Ta or Ta-Th intervals close to the channel and Tb-Td more distal from
the channel axis, due to the lost momentum (hydraulic jump) from confined channel to
unconfined outer channel area. Proximal to distal relationships in a turbidite system were
recorded by Kane et al. (2007) from the Rosario Formation in Baja California, Mexico. They
used bioturbation traces to document the proximal to distal reslationship (vertical/horizontal),
which decreased away from the channel-levee proximal part. This kind of relationship has not
been observed in the dataset of this study, but the large vertical bioturbation traces
(Thalassinoides and Skolithos) are most often seen in the proximal Ta beds. The medial beds
would have traces of Thalassinoides and Planolites as the most common. Nereites is only
observed in one bed of medial to distal turbidite deposits.

Thin high-density turbidite overbank deposits composed of nummulites and oyster fragments
are probably a result of runup of turbidity currents along the outer bends of channels (Straub
et al., 2008). These deposits are interpreted to be deposited by non-cohesive debris flows (FA
6.1), with marine imprints and wood/plant debris (RF3 table 4.1).

The fining and thinning upwards- and coarsening and thickening upwards units recorded in
the FA 2.1 may be due to 4™ order response of climatic fluctuations as recorded in the
Holocene epoch (Fernandez-Salas et al., 2003). This led to delta lobe switching and a change

in river gradient.
99



100



O Reservoir characterization

9.1 Introduction

Reservoir characterization is the act of building reservoir models incorporating the
characteristics of a reservoir and thus simulating and predicting the behaviour of fluids within
the reservoir. Petroleum companies are therefore interested in the reservoir properties
(porosity and permeability) of reservoir rocks and barriers to fluid flow, such as sealed faults
and heterogeneties, in order to extract as much petroleum out of the ground as possible. The
need for good sedimentological and geophysical data and subsequent interpretations are
crucial when making a model of a reservoir. A brief reservoir characterization of the Arro
sandstone body is given here on two different scales; (i) reservoir properties related to the
inter-pore connectivity in the sandstones (microscopical features) and (ii) barriers to fluid-

flow (macroscopical features) (figure 9.1).

Macroscopical
features

9.2 Re

Figure 9.1: Different scales of heterogeneity affecting fluid-flow in reservoirs modified after
Weber (1986).

Porosity and permeability in a reservoir is a function of the depositional porosity/permeability

and diagenesis. Textural parameters, such as grain-size, sorting and angularity of grains, and
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clay content are important factors controlling the depositional porosity/permeability (cf.
Giles(1997)). The depositional properties of the rock will then be altered by diagenetic
processes. Diagenesis will depend on composition as well as texture, but other factors as fluid
(Bjorlykke, 1994), temperature-history and effective stress (cf. Chuhan et al., (2002),
Bjarlykke and Egeberg, (1993)) are critical.

The Arro sandstones are rich in calcareous grains (19-36%). Petrographic observations show
that the sandstones are completely carbonate cemented. This is probably because the Arro
sandstones contained large amounts of biogenic carbonate derived from nearby platform areas
that has recrystallized into carbonate cement. Due to this the Arro sandstones themselves are
useless as potential reservoirs. Despite this the macroscopical characteristics of the Arro
sandstones may be used as analogues to similar, siliciclastic turbidite systems that have good

reservoir properties.

9.3 Barriers to fluid flow

Macroscopical heterogeneities can be recognized on several levels (figure 9.1). In addition
faults observed in the Arro/Charo region are filled with calcite, and will act as fluid barriers

within the deep marine systems of the Ainsa Basin.

The upper Montana Group and the lower Santa Liesatra Group contains several turbidite
systems, which are linked to the Charo feeder canyon. One of these systems is the Arro
sandstone body. The net/gross ratio (aspect ratio) of the sandstone body is just above 30 %
(see chapter 6), which according to Reading & Richards (1994) may indicate that the logged
deposits are close to the turbidite channel axis (figure 9.2).
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Figure 9.2: Reservoir arcitecture of channel and inter-channel system from Reading and Richards
(1994).

The turbidite channel unit (FA 3.1) and the inter-channel sandstones (FA 2.1) would act as
good reservoir sands. The inter-channel beds are often amalgamated, erosive in nature, and
frequently pinching out laterally (see chapter 6). They are separated by muddy channel-levee
(FA 4.1) units. These units may act as barriers for fluid flow, locally. The turbidite channel
unit may act as an excellent reservoir sandstone with good connectivity. This sandstone body
probably stretches out from the canyon down into the deepest part of the basin, where it may
be connected to the fan lobes (stage 2 deposits, Mutti, 1985).

The mass transport complexes and the channel-levee mounds act as barriers for the turbidity
currents in the gully, which will result in turbidite beds being ponded onto these features, or
that the flow is deflected around the mounds. This may lead to two different reservoir

heterogeneities, with isolated sand bodies or connected sand bodies.

Laminated and cross-bedded zones in sandstones are zones with decreased fluid flow, even
between bedsets and the intervening lamina. According to Emmett et al. (1971) permeability
parallel to the cross-stratified laminae is about 4 times higher than perpendicular to the

laminae. This has implications for the lateral flow of fluids, where dependence lies on the
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permeability contrast of the cross-beds and the associated bottom-set (Weber, 1986). These
properties are valid in low density turbidites in the inter-channel sandstones. Some of the
inter-channel sandstone beds may be isolated by mud thus hindering petroleum migration into
these potential reservoir rocks. This may be the case for the beds recorded in log 4 from 68

metres up to 111.15 metres.

The Arro sandstone body would act as a highly heterogeneous reservoir that may have
isolated inter-channel sand bodies and/or connected inter-channel sand bodies. The turbidite
channel sand body would be an excellent reservoir with connectivity from upper slope down

to the basin lobes.

The Arro sandstone body is a stratigraphically significant reservoir with the overlying basin
slope sediments (FA 1.1) logged in log 5 as a seal. The architecture and the geometry of the
sandstones may be used as analogues for other slope/ramp apron reservoirs. The Arro
sandstone body may not be a good analogue to the rift basin architecture of the turbidite
deposits described by Ranvas and Steel (1998), but the processes behind deposition are the
same. This may not be sufficient enough for using the Arro sandstone body or the Ainsa Basin
as an analogue for the deep marine Viking Graben sediments of the North Sea, or other rift

basin deep marine deposits, but analogue for other deep marine foreland basin deposits.
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10 Conclusion

The Eocene Ainsa Basin was formed due to thrusting and folding by movements of the
Montsec and the Cotiella thrust sheets to form the Mediano anticline that controlled the
eastern part of the deep marine basin. The Boltafa anticline evolved at a later stage due to
movement of the Serres Marginales thrust sheet to form the western boundary of the basin. In
between these structures is the Buil syncline, which comprises the Ainsa Basin. The
movement of the Mediano detachment fold controlled the sedimentation into the basin along

with the Faradada tear fault system. These movements created the unconformities in the basin.

The Arro system is deposited in a canyon floor related environment, composed of gravity
flow deposits fed from the Montanana delta in the eastern part of the basin and secondary
gravity flow deposits within the scoured canyon floor environment. The Arro sandstone body
is based by the mass transport complex in logl, which is a candidate type 2 sequence
boundary (Exxon group) for the system. The mass transport complex represents the initial
erosion and development of the Charo canyon. The depositional style in the different
localities are of different character, due to the different gradients in locality 1 compared to
locality 2. Locality 1 has a lot of high and low density turbidite deposits, together with non-
hydroplaning debris flows. These deposits are containing ersional structures and syn-faulting,
due to change in the flow regime. Locality 2 deposits are characterized by channel-levee
slumping and high and low turbidite deposits. The locality 3 deposits have a more channel

distal character than the 2 other localities.

The reservoir quality in the turbidite channel sandstones are regarded along with the inter-
channel sandstones, where the turbidite channel would act as the primary reservoir target and

the inter-channel as the secondary taregt.
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Appendix I

A-axis paleocurrent directions a(p)b(i)
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