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ABSTRACT

The Cutri Formation of Mallorca consists of sediments which formed during the rifting
of the Neotethys Ocean. It comprises thick carbonate turbidite sequences (interbedded
with bioturbated marls, calcisilts and Posidonia bivalve coquinas) interpreted to have
formed along a line source. The most abundant deposits are oolitic-peloidal grainstones
and packstones, with sedimentary structures indicating primary deposition by high-
density turbidity flows and debris flows which fed slope and base of slope sediments
into a current-swept basin. With continued filling and diminishing sediment supply, a
basin-plain association developed, comprising fine-grained and thin-bedded turbidites
intercalated with bioturbated marls. A diagenetic history is developed that determined
porosity was destroyed very quickly, mainly through compaction. The sedimentological
and diagenetic history is compared to examples of resedimented carbonates that do
provide good reservoir quality to try and understand the reason for porosity
preservation compared to the Cutri Formation.
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1. INTRODUCTION

1.1 BACKGROUND AND AIMS

This study of the Cutri Formation of Mallorca has been carried out because
resedimented carbonates are a relatively unexplored hydrocarbon play with very few
fields producing from these types of rocks. The principal aim of this study is to
determine the sedimentological and diagenetic processes that control the reservoir

properties.

Aims
1. To characterise and understand the processes involved in resedimentation of
carbonates of the Cutri Formation.
2. To understand and evaluate the diagenetic history of the Cutri Formation and
to understand the reservoir rock properties of these resedimented carbonates.

Resedimented carbonate reservoirs are relatively rare, why?

Objectives

1. Literature review of the context and character of the Cutri Formation and of
resedimented carbonates in general.

2. Undertake field work so as to create a facies framework.

3. Undertake laboratory work to describe and interpret the rocks through

petrographic methods (cathodoluminescence, petrography)

A total of 127 m was logged and 52 thin sections described and interpreted.



1.2 FIELD AREA

This study investigates the Mesozoic sedimentary rocks found in the east of
Mallorca, the largest of the Balearic Islands which are located approximately 175 km

SE of Barcelona, in the Ligurian Sea.

The investigated strata are well-exposed forming part of the Sierra de Levante that
spans the island from the ENE to the SSW. The area of interest where the
resedimented carbonates are exposed is between the large towns of Arta and
Capdepera (Figure 1.1). The Sierra de Levante forms a range of mountains that
reaches nearly 400 m above sea level and forms a series of rolling hills with steep

sides and rocky outcrops that reach to the Mediterranean coast.

The outcrops in this study form a distinctive N-S 2 km long ridge reaching heights of
30 m (Figure 1.2). The peaks (“puig” in Catalan) along these ridges give their names
to the areas noted within this thesis (Figure 1.3). The outcrop length associated with
the Puig Cutri is constrained to just less than 1 km length by a WNW-ESE strike-slip
fault to the north and a NE-SW normal fault to the south (Figure 1.4). The ridge is
additionally dissected by E-W normal faults, which progressively downthrow the

section to the south (Figure 1.4).
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Figure 1.1 Line map of study location. Study area outlined in green.
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Figure 1.2 Location map of study area. Based on CNIG (Division 672-IV Artd).
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Figure 1.3 Geological map of area (with data from IGME, 2010)
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1.3 THE GEOLOGY OF MALLORCA

The geology of Mallorca spans the Late Palaeozoic to the Holocene. Mesozoic rocks
are widespread and are mainly found in the mountainous regions of the Sierra de
Levante and Sierra Norte (late Palaeozoic rocks crop out in one small area of the
Sierra Norte). The Sierra de Levante, the easterly mountainous region, and the
higher Sierra de Norte, in the north, illustrate a sedimentological history that records
an overall deepening sequence from the complex shallow marine carbonate
platforms of the Triassic and Early Jurassic (see section 1.3.1), to the development
of rift basins during the Middle Jurassic where sediments were shed from the
surrounding platformal source areas (Bernoulli and Jenkyns,1974; Alvaro et al.,
1984a), to the oceanic basinal radiolarian facies of the Late Jurassic and Cretaceous
(Bernoulli and Jenkyns,1974; Aurell et al., 2002) associated with the opening of the
Atlantic Ocean. The Middle Jurassic Cutri Formation is found within this sequence as
a thin division along a 10 km NNW-SSE ridge. During the Middle Jurassic, a complex
block and basin palaeotopography existed which was controlled by strike-slip
tectonics that created the two major structural units, represented by the Sierra Norte
and Sierra de Levante today (Aurell et al., 2002).

Palaeogene to Neogene rocks are widespread over Mallorca, these rocks recording
convergence of the Iberian plate with the African and European plates which resulted
in two Alpine mountain ranges, the Pyrenean-Basque-Cantabrian and the Betic-
Balearic (Alonso-Zarza et al., 2002). The distribution of Palaeogene-Neogene rocks
is mainly between the areas of elevated Mesozoic strata. These intervening graben
areas are filled by Upper Miocene and younger sediments that can be >1000 m thick
(Benedicto et al., 1993). Mallorca’s Palaeogene-Pliocene geology has been divided
into nine sequences that comprise the pre-orogenic, syn-orogenic and post-orogenic
sequences (Alonso-Zarza et al., 2002). Quaternary strata on Mallorca are primarily
found as marine terraces (Goy et al., 1997), alluvial fans (Gutiérrez-Elorza et al.,

2002), aeolian and fluvial deposits.
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1.4 STRATIGRAPHY AND SEDIMENTOLOGY OF THE JURASSIC

The Jurassic stratigraphy in the Sierra de Levante illustrates the shifting sedimentary
environments associated with the rifting of the Neotethys Ocean, which resulted in
the emergence of the Proto-Atlantic during the Late Jurassic (Bernoulli and Jenkyns,
1974; Alvaro et al., 1984a, 1989; Ziegler, 1990; Vera, 1998). The sedimentology of
the study area is summarised by Figure 1.5 and the chronostratigraphic relationships

between sediments are indicated in Figure 1.6.

The oldest sediments in the area are in the Mal Pas Formation, which consists of a
100 m thick dolomitic (partly brecciated) (Figure 1.5 and 1.6) sequence that has
been dated to the Hettangian (Aurell et al., 2002; Figure 1.6). Overlying this is the
Soller Formation, which represents a shallowing-up sequence in its oldest part (Es
Barraca Limestone) and dated as Sinemurian-Pliensbachian by biostratigraphic
analysis. The study area focuses on the lower carbonate slope environment during
the Callovian to Oxfordian by which time carbonate ramps that lined the Neotethys
Ocean were broken up and isolated due to the rifting of the Neotethys. The following
stratigraphy tells the story of this break-up. This stratigraphic evolution is illustrated
by Figure 1.6 which indicates the beginning of tectonic activity and opening of basins
associated with the increasing influence of the rifting Neotethys (Bernoulli and
Jenkyns, 1974).
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The Es Rac6 Quartzitic Sandstone Member is early Pliensbachian in age and
associated with instability of the slope environment. Lying above is the Es Cosconar
Formation which contains marls and crinoidal limestones and is capped by a
ferruginous hardground, which suggests a period of reduced sedimentation (Figure
1.5; 1.6). Lying directly on top of the Cosconar Formation is a ferruginous horizon
which separates the Es Corconar and Gorg Blau Formations in the study area,
containing a mix of Upper Toarcian to Lower Aalenian ammonite assemblages
(Alvaro et al., 1989; Goy et al., 1995; Figure 1.6). This ferruginous layer is a
condensed sequence known from around the Tethys as Ammonitico Rosso. These
contain winnowed iron-rich ammonite debris (Goy et al., 1995), marly limestones
containing ammonites from the Late Toarcian and Aalenian, and nodular and in
some areas well bedded limestones containing Early Bajocian ammonites. This is
overlain by a thin (5 m) Mid-Late Aalenian succession of partially nodular red-
limestones, coquinas and a succession of stratified grey marly limestone and marls
of the Gorg Blau Formation (Alvaro et al., 1989; Sandoval, 1994; Figure 1.6).
Capping the Gorg Blau Formation is a bioturbated, winnowed ferruginous

hardground.

Bajocian and earliest Bathonian sediments include an approximately 50 m thick
succession of sediments representing the Gorg Blau, Cuber and the lower part of the
Puig d’en Paré Formations (Figure 1.6). These sediments consist of bioturbated
(Zoophycos and Chondrites) well bedded grey marly limestones, cherty limestones,
thin interbedded grey marls and locally occurring coquina microfacies. The Early
Bathonian interval is represented by the uppermost Puig d’en Pare Formation
(Figure 1.6), which consists of a few centimetres of nodular limestone with abundant
Posidonia bivalves and rare radiolarians. A hiatus is interpreted to occur in the
Middle-Late Callovian (recorded as a maximum time gap of Bathonian-middle
Oxfordian by Caracuel et al., 1995), where the carbonate slope stopped prograding
and became unstable, possibly due to sea-level change and/or palaeogeographical
influences. The only exception to this stratigraphic gap, in the whole of Mallorca, is
the accumulation of Middle Bathonian-Callovian sediments in the study area
represented by the accumulation of strongly laminated carbonate muds and silts
(Alvaro et al., 1984a; Pomar, pers. com 2010; Abbots, 1989) that are punctuated by

oolitic pack-grainstone calciturbidites of the Cutri Formation (Figure 1.6). The muddy
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interbedded units of the Cutri Formation are of similar nature to the Cuber Formation
where the resedimented oolites of the Cutri Formation, represent temporary
disruption to background hemipelagic sedimentation. The Middle Jurassic represents

the rifting stage of the opening of the Neotethys (Figure 1.6).

The Late Jurassic in the studied area is represented by the lower slopes of a
carbonate shelf in open marine conditions. Siliceous marls and marly limestones of
the Puig de Ses Fites Formation (Middle-Late Oxfordian), are interpreted to have
been deposited during the opening of the Proto-Atlantic and the initiation of pelagic

deposition associated with oceanic conditions.
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Figure 1.5 Summary sedimentary log of the Jurassic Period in the Sierra de Levante. Adapted from Jenkyns et al., (1990);
and authors own observations.



1.4.1 DATING OF THE CUTRI FORMATION

Underlying the Cutri Formation is the Cuber Formation, which consist of marls and
limestones, and contain radiolaria and ammonites that have been correlated with the
upper part of the Puig d’en Paré Formation (Caracuel et al., 1995; Figure 1.6). This
has led to better evaluation of the stratigraphic gap in the Middle-Late Callovian and
Early-Mid Oxfordian suggesting a Mid-Late Callovian onset date for the carbonate
turbidites of the Cutri Formation.

The lack of any age-diagnostic microfauna within the Cutri Formation prevents
accurate biostratigraphic determination. However, it is overlain by the Puig de Ses
Fites Formation, which is rich in radiolarians (Abbots, 1989) that are indicative of
deep environments (Racki and Cordey, 2000). Radiolarian cherts are abundant
throughout the western Tethys during the Callovian-Oxfordian (e.g. Baudin et al.,
1988; Baudin and Lachkar, 1990; Danelian and Baudin, 1990; Weissert, 1994; Aurell
et al., 2002) suggesting a probable Late Callovian-Early Oxfordian date for the end
of deposition of the Cutri Formation. The radiolarites and radiolarian cherts found
elsewhere in rocks of the western Tethys Ocean correlate with the onset of drift
tectonics, where sedimentation styles changed in the latest Bathonian producing
condensed facies, like the Ammonitico Rosso, throughout the Callovian-Oxfordian.
This change was brought about as the region developed a connected seaway
between the Tethys Ocean and the Proto-Atlantic Ocean. Therefore, it is probable
that the termination of Cutri Formation deposition took place during this major
palaeogeographical and oceanographic change in the Callovian. Hence the overlying
Puig de Ses Fites Formation possibly represents the Middle-Oxfordian to Middle

Kimmeridgian (Figure 1.6).

16



1.5 PRESENT TECTONIC SETTING: TECTONICS OF THE BETIC
CORDILLERA AND THE BALEARIC ISLANDS

The largest of the Balearic Islands is Mallorca followed in rank size by Menorca,
Ibiza, Formentera and Cabrera. These islands are the surface expression of the
mostly submerged Balearic Promontory that has been interpreted as the NE
extensional zone of the Betic Cordillera, (Gelabert-Ferrer, 1998; Bourrouilh, 1973;
Azéma et al., 1971; Banda et al., 1981, Vera, 1988; Figure 1.7). The Betic Cordillera
is a mountain system in the south and southeast of Spain, which forms along the
south coast of Spain from Cadiz through Andalusia to Murcia and all the way through
Valencia and extending as a submerged promontory into the Mediterranean where it
is exposed as the Balearic Islands (Figure 1.7). The Betic Cordillera is related
directly to the Rif Cordillera in Morocco (Moratti and Chalouan, 2006). The Rif
Cordillera is found to the south of the Betic Cordillera and follows the Moroccan

coast from Tangier to the Moulouya River in eastern Morocco (Figure 1.7).

Together, the Betic and Rif Cordilleras lie to the north and south of the Alboran Sea
and presently form an arc-shaped mountain belt joining across the Straits of
Gibraltar. The arc developed throughout the Mesozoic-Cenozoic convergence of the
African and Eurasian plates (Dewey et al., 1989; Comas et al., 1992, 1999; Abalos et
al., 2002) and now show their configuration as an arc due to the westward

movement of the Alboran Microplate (Garcia-Duefias and Balanya, 1986).

The Betic and Rif Cordilleras expose a succession of rocks from the Mesozoic
(Azafion et al., 2002; Abalos et al., 2002; Aurell et al., 2002), which have been
deformed by the Alpine orogeny. The cordilleras represent the palaeomargins of the
Iberian and African plates respectively and record the evolution and interaction of the
Eurasian-African plate boundary during the Mesozoic (Azafién et al., 2002; Abalos et
al., 2002; Aurell et al., 2002). The intensity of deformation within the Betic Cordillera
is characterised by packaging the cordillera into internal and external zones (Figure
1.7). The internal zone was affected by Alpine events before the Early Miocene, and
has a complex and varied metamorphic history, whilst the external zone is

unmetamorphosed and characterised as a thin-skinned fold and thrust belt formed
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by shortening of the Mesozoic and Tertiary cover of the original south Iberian margin
(Figure 1.7).

The Balearic Islands form part of the southern Iberian palaeomargin and are most
closely associated with the external Sub-Betic of southern Spain, where Jurassic to
Cretaceous sediments are characteristically of deep-water affinity (Garcia-
Hernandez et al., 1980; Ruiz-Ortiz, 1983; Vera, 1988). The Balearic Promontory
consists of continental crust of crystalline Hercynian basement (Banda et al., 1981,
Abbotts, 1989) and serves to separate the thinned continental crust of the North

Balearic Basin (or Valencia Trough).
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1.5.1 THE BETIC CORDILLERA

Post-Hercynian evolution of the Betic Cordillera began in the Mesozoic, when
southern Spain constituted the margin of the Iberian Massif and underwent primarily
extensional tectonics associated with opening deformation of the Tethyan Ocean
(Lagabrielle et al., 1984; Lemoine et al., 1987; Laubscher and Bernoulli, 1977;
Abalos et al., 2002; Figure 1.8a). Palaeogeographical reconstructions indicate that
the maximum distance between Iberia and Africa was less than 200 km during the
Early to Middle Jurassic (Dercourt et al., 1986; Ziegler, 1990) and that a large
transform fault relating to the opening of the Tethys and the Atlantic Ocean
separated the two (Martin-Rojas, 2009). Continental thinning in this tectonic regime
may have progressed to the beginnings of oceanic spreading (Lagabrielle et al.,
1984; Abalos et al., 2002).

The rocks of the Betic Cordillera can be divided broadly into the Prebetic and
Subbetic zones according to the proximity of deposition to the Iberian margin (Figure
1.7). The Prebetic zone crops out mainly in the eastern sector of the Cordillera and
mainly consists of Triassic to Miocene (Tortonian) platform carbonates, although
there are local siliciclastic deposits. The Subbetic zone crops out further south as an
ENE-WSW orientated belt comprising rocks of Triassic to Miocene age, that are
mostly carbonates with some basalts. Whilst the Triassic-Lower Jurassic rocks show
continental or shallow marine facies, those of the Middle to Upper Jurassic constitute

shallow-platform to pelagic facies (Lagabrielle et al., 1984; Azafion et al., 2002).

The Prebetic was located proximally to the Iberian margin and the Subbetic located
basinwards. During the Jurassic, the region was broken up by normal faults in a
basin-and-swell structure that determined the differences seen in the sedimentary
record (Chapter 1; Bernoulli and Jenkyns, 1974; Azafidn et al., 2002). The internal
zone was probably located eastward of its current location in the Algiers-Balearic

Basin.
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Figure 1.7a An idealised scheme showing the evolution of the Tethys during the Triassic-Jurassic periods, the onset of
extension occurring during the Triassic to early Jurassic.

Figure 1.7b. An idealised scheme showing the tectonic evolution of the Tethys during the Jurassic Period (adapted from
Lagabrielle et al. (1984) and Laubscher and Bernoulli, 1977). Oceanic spreading of the Tethys Ocean occurred during the
Jurassic-Cretaceous Periods.
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2. GEOLOGICAL SETTING

2.1 GLOBAL PALAEOGEOGRAPHY DURING THE TRIASSIC TO
CRETACEOQUS

During the Triassic-Jurassic all major continents formed the supercontinent Pangaea
(Golonka, 2007; Dercourt et al., 1993; Stampfli and Borel, 2004; Figure 2.1).

Pangaea was centred over the equator and spanned latitudes 80°N to 80°S with a
characteristic wedge-shaped sea incising into its eastern margin, the Tethys Ocean
(Dewey et al., 1989; Smith et al., 1973; Bju-Duval et al., 1977; Dercourt et al., 1985;
Ziegler, 1988; Van der Voo, 1993; Scotese, 2002; Golonka and Kiessling, 2002;
Golonka, 2007; Arias, 2008; Figure 2.1). Pangaea constituted two large landmasses:
Laurasia (N America and the majority of the Eurasian plate) to the north and
Gondwana (S America, India, Australia and Antarctica), to the south of the Tethys
Ocean (Scotese, 2002; Golonka, 2007; Figure 2.1).
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2.2 TECTONIC SETTING OF THE WESTERN MEDITERRANEAN DURING
THE LATE TRIASSIC TO EARLY CRETACEOUS

The post Triassic palaeogeography of the western Mediterranean, and more
specifically the area around the Ligurian Ocean, has been presented via an
overarching model, the Liguria Mode (Piccardo, 2006). This model divides the
Triassic-Cretaceous period into three phases associated with the opening and
subsequent closure of the Ligurian Ocean (Piccardo and Vissers, 2007; Piccardo,

2008). These three stages are described below:

e Late Triassic-Early Jurassic: The extensional pre-drift evolution of the

lithosphere led to the opening of the Ligurian Tethys. This has been estimated

to date to 220 Ma to 180 Ma, with the minimum time being given by dated

igneous intrusions (e.g. Tribuzio et al., 2004)

e Mid-Jurassic: this is the drifting-to-rifting phase where progressive thinning of

the continental lithosphere induced adiabatic upwelling, which culminated with

the onset of shear zones, block-faulting (Vissers et al., 1991), and the start of

sea-floor spreading in the latest Bathonian to Callovian.

e Upper Jurassic to Cretaceous: Oceanic spreading where complete failure

of the continental crust and direct exposure of peridotites (cropping out in the

Western Alps and Northern Apennines in NW lItaly) on the sea floor began

(Piccardo, 2008). This sea-floor spreading continued until the Neotethys

closure in the Cretaceous, and culminated in the Subbetic Orogeny during the

Neogene.
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2.3 PALAEOTETHYS LATE TRIASSIC-EARLY JURASSIC: A
PALAEOGEOGRAPHIC PERSPECTIVE

The Mediterranean region was a united landmass at the end of the Palaeozoic,
formed by the Hercynian Orogeny. By the Late Triassic to Early Jurassic, the area
was of low relief, having reached an advanced stage of peneplanation by the end of
the Permian. By the beginning of the Mesozoic the Tethys Ocean was already
thousands of kilometres wide (Dercourt et al., 1993; Ziegler, 1982; Golonka, 2007),
and extending further by northern subduction and southern distention and rifting.
During the Middle Triassic, the Tethys Ocean started to transgress westwards in
response to downwarping of the present Atlantic margins as pre-drift extension
commenced. This transgression gave rise to the development of marine conditions,
typically recorded by initial deposition of thick evaporites followed by shallow water
carbonates as seen in the Betic Cordillera and the Rif Cordillera. Basic volcanism in
the Middle to Upper Triassic facies of the Betic Cordillera suggests that drifting/rifting
may have started as early as the Early Triassic in the Betic Cordillera of southern
Spain (Morata, 1993).

By the Middle Triassic, a shallow epeiric sea existed over the most part of the
European platforms, and carbonate platform facies were widespread and persisted
well into the Lower Jurassic (e.g. Southern Alps, Bosellini et al., 1981b; Northern
Pyrenees, Sander, 1970). Growth of these platforms was enhanced by strong
subsidence that was balanced by increased production rates forming widespread,
extensive carbonate platform sequences, hundreds to thousands of metres thick.
The Upper Triassic marks the commencement of the pre-drift extension and rifting
that was to shape the western Tethys and the Atlantic margin for the next 35 million

years.

In the Late Triassic to Early Jurassic, a widespread belt of doming and rifting divided
the former Pangaea into Gondwanaland and Laurasia along the Gulf of Mexico-
Central Atlantic-Western Tethys line. Tensional features were widespread on both
sides of the Atlantic and throughout the Tethys during this time (Vissers et al.,1991).
In western Tethys early continental distention, often accompanied by basaltic

volcanism, was widespread.
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The increasing tectonic activity during this time is evidenced by faulting and fissure-
related mafic volcanism (e.g. Ragusa Zone (Patacca et al, 1979) as well as common
tuff intercalations and neptunian dykes and sills in carbonate platform sediments of
Mallorca and the northern Pyrenees.

Continued extension throughout the western Tethys led to widespread faulting that
broke the extensive carbonate platforms into a complex series of fault-bounded tilt
blocks and basins, which underwent differential subsidence as extension proceeded.
This facies trend is seen on both the northern and southern continental margins of
the western Tethys and is characterised by the development of carbonate facies,

varying with depth and current strength.

Throughout the Jurassic, Africa moved west laterally with respect to Europe, causing
the narrowing of the eastern Tethys by subduction along its northern margins and
extension in the western Tethys and the central Atlantic. Jurassic oceanic crust and
consequently true oceanic environments have been interpreted to exist between
Iberia and Africa southwards from the Betic External Zones during this time
(Argyriadis et al., 1980; Puga, 1980; Puga et al., 1993, 1995). The age postulated for
the appearance of this oceanic crust varies from earliest Jurassic to mid-Early
Jurassic (Bourgois, 1980), whilst Laubscher and Bernoulli (1977) suggested the area

was connected to the Atlantic by the Early to Mid Jurassic.

2.4 MID-JURASSIC: OPENING OF THE NEOTETHYS OCEAN AND END OF
THE PALAEOTETHYS: A PALAEOGEOGRAPHIC PERSPECTIVE

Palaeotethys closure was in its last stage during the Early Jurassic. South China,
North China, Indo-china, and Southeast Asia had already amalgamated during the
Norian stage. The Qiantang microplate was in the final stage of collision (Sengor,
1984; Dercourt et al., 1993; Seng6r and Natalin, 1996; Jolivet et al., 2001) that led to
the Palaeotethys closure. During closure of the Palaeotethys, the Africa-Arabia plate
rotated to the NE facilitating closure (Vera, 1998; Golonka, 2007). In addition, during
the Mid-Jurassic, a basin formed shortly before the Palaeotethys Ocean was
completely closed at the eastern end: this is the Neotethys Ocean (Golonka, 2007,

Arias, 2008). After the collision of the Chinese plates, a new northward-dipping
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subduction zone developed along the northern margin of Neotethys (Ziegler, 1990;
Golonka, 2007), south of the accreted continent. Extensive volcanism would likely

have occurred along this zone.

The closure of Palaeotethys created a vast system of mountains, extending from
what is now Spain to Eastern Europe (Moores and Fairbridge, 1998). Neotethys
increased in width diachronously (Stampfli, 2001) during this orogeny opening at the
same time as the central and south Atlantic during the Middle Jurassic (Golonka,
2004; Golonka, 2007). Bill et al., (2001) date the onset of oceanic spreading in
Neotethys as Bajocian, but there is some evidence of rifting between Africa and the

Iberian Massif as early as the Triassic (Morata, 1993).

2.5 NEOTETHYS MID TO LATE JURASSIC RIFTING AND DRIFT

Westward extension created the Ligurian Ocean, the sea north of Mallorca and south
of Barcelona, where sea-floor spreading commenced simultaneously with the central
Atlantic (Figure 2.2), in the Late Bathonian to Callovian. This oceanic crust related to
oceanic basins of Middle Jurassic age, which separated the Betic External Zone
from the Internal Zones in the Alboran Domain. In these basins a swell-trough
physiography has been interpreted in an area which was later to become the
Nevado-Filabride Complex (Guerrera et al., 1993; Puga et al., 1993; Figure 2.3). The
narrow and deepening seaway between Africa and Europe created by this extension
was the Ligurian Ocean. The appearance of the first oceanic crust in the Ligurian
Ocean, and therefore the commencement of drift between Europe and Africa, did not
occur until the Late Bathonian or Early Callovian, this event corresponds to the onset
of drift in the central Atlantic. During the preceding syn-rift phase, Africa had moved
about 250 km west with respect to Europe, creating the extension observed over

western Tethys.

The evolution of the Ligurian Ocean was governed by extensional tectonics and
long-term strike-slip and transform lateral motions. In this tectonic regime the general
downward movement of some fault blocks was interrupted by episodic still-stand and

uplift. During the Mid to Late Jurassic the Sierra de Levante in the east of Mallorca
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served to separate a platform source area to the ESE from a submerged pelagic

plateau to the WNW, represented by the present day Sierra Norte.
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Figure 2.2. A regional palaeogeographical interpretation of the Neotethys during the closure of the Palaeotethys and
opening of the proto-Atlantic in the Middle Jurassic; note the position of Mallorca by the green star. During this time a
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occupied by intracratonic basins that were filled by shallow epicontinential seas (Dercourt et al., 1986; Azaiidn et al.,
2002). The Iberian Massif became isolated due to the opening Pyrean-Cantabrian basins to the north and the Betic basin
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During the opening of the Neotethys the majority of western Europe was divided into
several small fault-bounded massifs (emergent areas). These were surrounded by
an expansive, tectonically active carbonate platform with a single larger continental
craton open to the east, running parallel to the Asian landmass (Figure, 2.2).
Carbonate sedimentation predominated along Neotethyan margins, between 35°N
and 35°S latitudes (Ziegler, 1990; Dercourt et al., 1993; Kiessling et al., 1999;
Golonka and Ford, 2000; Leinfelder et al., 2002; Kiessling et al., 2003; Figure, 2.2).
The north-western Neotethys region consisted of numerous tectonic blocks capped
by carbonate platforms with adjacent graben filled with deeper-water pelagic
carbonate sediments and organic-rich shale facies (Bernoulli and Jenkyns, 1974;
Aurell et al., 2002; Figure 2.2). This tectonic situation created the palaeotopography
described by Bernoulli and Jenkyns, (1980). As a consequence a range of shallow
platform grainstones to argillaceous deeper-water carbonates accumulated on the
passive margin shelves of the western Neotethys. In contrast, mixed carbonate—
evaporite facies were deposited on the platform areas on the Arabian Peninsula and
also on the northern Africa margins (Jassim and Goff, 2006) and siliciclastic

deposition prevailed in the northern Africa interior (Golonka and Ford, 2000).

The separation of North America from Gondwana was initiated in the Mid-to-Late
Triassic by a rifting phase (Favre & Stampfli 1992; Steiner et al., 1998; Morata, 1993;
Golonka, 2007) that continued during Early—Middle Jurassic time and into the
Cretaceous period (Golonka and Ford, 2000; Ford and Golonka, 2003). This rifting is
evidenced by the continental siliciclastics and volcanics that formed in the area
located between Africa and North America (Golonka, 2007). Evidence of seafloor-
spreading is dated as Toarcian in the Canary Islands (Carracedo et al., 2002). These
volcanics belong to the Central Atlantic Magmatic Province (CAMP; Golonka, 2007),
one of the largest known Phanerozoic flood basalt provinces (e.g. Olsen, 1997;
Withjack et al., 1998; Marzoli et al., 1999, 2004; Hallam, 2002). This spreading
coincides with the Triassic-Jurassic mass extinction event impacting carbonate
deposition at this time (Marzoli et al., 1999, 2004; Palfy et al., 2000).
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Figure 2.3 Evolution of sedimentary environments during the opening of the Tethys. The Middle Jurassic sedimentary
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2.6 IBERIA AND THE BALEARIC ISLANDS

During the Early Jurassic, the Iberian micro-plate was located between latitude 25°N
and 35°N (Vera, 1998; Aurell et al., 2002; Golonka, 2007; Figure 2.4). It was
separated from the larger European plate to the NE by a fault-bounded trough
corresponding to the early rifting of the Bay of Biscay. To the NW it was separated
from the Laurentia-Greenland Plate by an epicontinental sea with a typical graben
and horst structure, which would eventually become the palaeogeographical
connection between the northern and central Atlantic (Figure 2.4). The opening of
the Bay of Biscay gave rise to the south-easterly movement and anti-clockwise
rotation of the Iberian Plate (e.g. Ziegler, 1988b; Osete et al., 2000; Gémez and
Fernandez-Lépez, 2006). To the south was the Maghrebian Trough adding to
subsidence-related distention (Dercourt et al., 1986). Two emerged parts of the
Iberian plate can be seen in Figure 2.4: the Iberian Massif and the Ebro-Catalonian
Massif. The Iberian Massif was limited to the north by an additional zone of
distention (Brunet, 1986), known as the Aquitaine Basin. Both this basin and the
present Cantabrian margin were occupied by a submerged carbonate platform until
the end of the Mid-Jurassic (Curnelle et al., 1982). The Balearic Islands lay to the
east of the Iberian massif as part of an extensive carbonate platform; overall, the
area formed a basin-and-platform topography. Basinal facies appear in the west in
what is now Portugal and to the south in the Sub-Betic trough (Garcia-Hernandez et
al., 1980; Martin-Rojas et al., 2009).

The Ebro-Catalonian massif in the east was created from the assembly of the
Calabrian, Alboran, Corsican, Sardinian and Briangonnais massifs (Michard et al.,
2002). On its southern border basinal sedimentation is indicated, succeeding that of
the lowest Lower Jurassic platform (Dercourt, 1989) where fault breccias indicate
that deepening was probably caused by limiting tilted blocks (Lagabrielle et al.,
1987).

Subsidence of the Iberian massif is signified by the thick limestones deposited south
of the Ebro-Catalonian Massif during the Lower Jurassic (Colom and Escandell,
1962; Rios, 1978). There are no indications on either Mallorca or Menorca of deep

water environments during the Lower Jurassic, although they do occur on the island
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of Cabrera just to the south (Abbots, 1989), suggesting that Mallorca and Menorca

probably were on the edge of a subsiding basin.

The Balearic Islands appear to have become more tectonically active during the late
Early Jurassic, as is suggested by the initiation of deep water deposition and the
expansion of the shallow waters at the expense of the Ebro-Catalonian Massif
(Colom and Escandell, 1962; Aurell et al., 2002; Martin-Rojas et al., 2009).

During the Middle-Upper Jurassic this region consisted of numerous horst blocks
capped by carbonate platforms with adjacent grabens filled with pelagic sediments.
Shallow-platform grainstones to argillaceous deeper carbonates accumulated on the
passive margin shelves of the western Neotethys where isolated carbonate platforms
were associated with the microplates that made up the north-western Neotethys.
Central and western Iberia continued to form an emergent area through these times,
but reduced in size by further encroachment of shallow epicontinental seas from the
north, east and south. The Betic shelf formed a wide Early Jurassic carbonate
platform bordering a narrow oceanic trough that connected the Neotethys to the
newly opening Atlantic Ocean, and separated Africa from lberia. Extensional
breakup of the Betic shelf created offshore pelagic and hemipelagic troughs and
swells where the marl-limestone successions and condensed sequences such as
Ammonitico Rosso were deposited on the classic representation of the Tethyan

bathymetric topography.

During the Middle and Late Jurassic the Catalonian Massif northwest of the Balearic
Islands subsided, with the islands of Ibiza and Mallorca being covered by deeper
water. Menorca, on the other hand became a new emergent massif extending to the
east.
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Vera, 1998; Oldriz, 2000; Golonka, 2007; Martin-Rojas et al., 2009.
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2.6.1 LoCAL TECTONIC STRUCTURES

The island of Mallorca is made up of various tectonic units, which correspond to a set of
horsts and graben. The tectonic study by Gelabert-Ferrer (1998) suggests Mallorca was
formed by the superposition of several thrust-bound tectonostratigraphic units of Mesozoic to
Paleogene age; the thrusts have a NW- vergence (Sabat, 1986). This is reflected in the
orientation of out cropping Mesozoic strata. There are five tectonic zones as identified by
Sabat (1986), Pares et al. (1986) and Sabat et al. (1988). The major thrust units in Mallorca
were most likely emplaced during the Oligocene, and faults were probably active into the
Langhian (Colom, 1975; Sabat, 1986). Basin areas are among the main relief of the island:
the Tertiary Campos Basin and the small basins of Palma-Inca-Sa Wall (Alonzo-Zara et al.,
2002). The thrust and basin topography of modern day Mallorca is the result of subsidence
due to listric normal faults, with lateral displacement in terms of kilometers; with a general
NE-SW orientation (Gelabert-Ferrer, 1998; Azafién et al., 2002).
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2.7 PALAEOCLIMATE AND PALAEOCEANOGRAPHY

2.7.1 PALAEOCLIMATE

It is important to understand the relationships between palaeoclimate, oceanography and
tectonics of the area because of their influence on the sedimentary environment. For
example, climate affects surface currents of the oceans, and tectonics can modify the

submarine topography, enhancing or altering bottom currents.

The morphology of the continents and oceans during the Mesozoic made climate different
from the present time. However, the dynamics of the Earth’s rotation was the same and
hence it is acceptable to suggest that the three major atmospheric circulatory cells existed
as they do today: the Hadley, mid-latitude and Polar cells. These assumptions have led to
the development of atmospheric models that simulate climates during the Middle Jurassic.
The majority of Early and Mid-Jurassic palaeoclimate reconstructions show the dominance
of monsoonal circulation (that is, the seasonal alteration in pressures and wind direction
producing a strongly seasonal climate) along the eastern part of Pangaea and the northern
shores of the Tethys Ocean (e.g. Scotese and Summerhayes, 1986; Crowley et al., 1989;
Parrish and Curtis, 1982; Chandler et al., 1992; Kutzbach et al., 1990; Fawcett et al., 1994;
Barron and Fawcett, 1995).

The simulated global distribution of Early to Mid-Jurassic sea-level pressures show that
winter high-pressure cells alternated with summer low-pressure cells over Pangaea (Arias,
2008). Sub-polar low-pressure cells developed over the Panthalassa Ocean contrasting with

subtropical high-pressure zones (Arias, 2008), which created a seasonal climate.

It is postulated that during the summer in the northern hemisphere, weak insolation and
strong heat loss over the very southern part of Pangaea (Gondwana) caused a decrease in
the temperature over the more northerly interior of Pangaea (which was predominantly
located in the southern hemisphere). Subsequently, the descending cool air possibly created
a high-pressure belt over the Gondwana continent. The warmer temperatures in the centre
of Pangaea probably generated an extensive low-pressure zone over central Laurasia, in
north-eastern Pangaea (between 10 and 30°N latitude) that deepened above the higher

elevations in the eastern part of the continent.

During the northern hemisphere winter, strong solar heating over Gondwana caused heated
air to rise and likely developed a strong low-pressure zone positioned over the southern part

of Gondwana and eastern part of the Neotethys Ocean. In the northern hemisphere, the
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reduced seasonal insolation, high elevations, and extensive nature of the landmass could
have generated extremely cold temperatures (colder than —30 °C) north of 35° latitude in
both continents (Arias, 2008). This would have stabilised continental air masses and could
possibly have generated a high-pressure belt across the northern hemisphere over the

Laurasia continental masses.

Understanding the palaeoclimate of the study area helps to understand the depositional
setting and therefore how sediments and water bodies interacted with climate and how these
affected the resedimentation process. The position of the study area during the Middle
Jurassic (25-30°N) suggests that it had a subtropical, seasonal climate where a high
pressure zone is postulated to have sat over the area and most of western Tethys during the
northern hemisphere winter. This probably would have created a dry, possible hot climate
where evaporation rates would have increased significantly (Arias, 2008). During the
northern hemisphere summer low pressure is considered to have migrated south from
Laurasia creating a more humid and wet climate and possibly more unstable weather, with
storms becoming common during the season (Arias, 2008). The study area had a
distinctively seasonal climate and a sensible modern comparison is the subtropical
Caribbean Sea, where winters are dry and warm whilst winters are hot, humid and stormy

(hurricanes).

2.7.2 OCEAN SURFACE CIRCULATION
Kutzbach and Gallimore (1989) and Kutzbach et al. (1990) provided the first oceanic general

circulation model for an idealised Tethys Ocean. This model showed an important surface
westward current in the equatorial regions, with both ocean boundary currents along the
northern and southern margins of the Tethys Ocean heading westward and an eastward flow
at higher latitudes. Alternatively, Barron and Petersen (1990), proposed a clockwise
circulation within the Tethys Ocean, with an eastward-flowing current along the northern

margin of the Tethys Ocean.

In the study area, during the Early-Middle Jurassic, the continental landmasses of Laurasia
bordered the north and Gondwana bordered the Neotethys in the south. Numerous
continental blocks, derived from the northern margin of Gondwana, were drifting northward
across the Neotethys (Engebretson et al., 1985; Debiche et al., 1987; Sengor and Natalin,
1996; Keppie and Dostal, 2001; Metcalfe, 1994; Golonka, 2007) and growing carbonate
platforms. These drifting continental blocks may have created relatively narrow passages
connecting Neotethys to the Panthalassa Ocean in the east (Arias, 2008). Therefore the

western Tethys may have been subjected to laterally constricted and/or enhanced
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circulation, which may have affected deeper circulation disturbing the deeper sedimentary

environments on the carbonate slope.

Surface circulation is mainly wind-driven and during the Middle Jurassic an equatorial ocean
current circulation mainly characterised the Tethys Ocean (Kutzbach et al., 1990). The
surface circulation in the northern Tethyan Ocean is not a simple continuance of the West
Panthalassa Ocean circulation pattern (Figure 2.5). Currents from Panthalassa Ocean
interact with Tethys Ocean waters that, during the northern hemisphere’s summer, along the
northern margin of the Tethys, south-west monsoon winds and the Ekman effect create a
clockwise gyre, with an eastward flowing Monsoon Tethys Current and from the equator to
20°S there is the westward-flowing South Tethys Current (Arias, 2008; Golonka and
Kiessling, 2002). The majority of surface currents were influenced by the clockwise gyre and
probably weakened upon entry into the shallower waters associated with carbonate
platforms of the study area. During the winter, the northeast monsoon wind produces a
westward-flowing surface current, the South Panthalassa Equatorial Current, which is a
continuation of the Panthalassa circulation (Arias, 2008); this probably had a minimal effect
on the study area due to flow away from the area.

During the Middle Jurassic the dominant feature of the southern hemisphere ocean
circulation is the subtropical anticyclonic gyre (Kutzbach et al., 1990; Arias, 2008), which
comprises the westward-flowing South Equatorial Panthalassa Current and the east-flowing
South Tethys Current along the southern margin of the Tethys Ocean (Arias, 2008). This
gyre is the response of the ocean to the mean basin-wide wind stress curl distribution and
exhibits most of the features of a classical mid-latitude gyre, modified by the large seasonal
variability in wind directions (e.g. Woodberry et al., 1989). As a result of the great size of
Pangaea, it is probable that the monsoon winds were proportionately greater than those of
today (Arias, 2008), producing storms and stronger currents during the monsoon. Therefore
as discussed previously, monsoonal winds possibly increased the amount of energy
transported via surface currents (which were restricted between continental blocks of the
study area) and hence at deeper depths energy levels probably increased, which

encouraged erosion and mass failure events along carbonate slope.

The surface currents of the Tethys Ocean are extensively modelled, but the deep water
currents are less well understood due to the lack of preserved evidence such as deep-sea
features such as those been created today by contour currents. In the present day, deep-
water circulation is inter-polar in nature and is hence dominated by cold, dense waters that
form at high latitudes and travel through the oceans, which mostly have access to both Polar

Regions (i.e. the Atlantic and Pacific Oceans). However, the Tethys Ocean formed an
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equatorial wedge-shaped sea which was marginal to the Panthalassa Ocean creating a non-
polar circulation current. The Tethys probably hosted a large circular current that was
influenced by inter-polar currents in Panthalassa, with relatively weaker bottom currents

passing through the newly rifting zone into the Proto-Atlantic Ocean.

In relation to the globally warmer climate, shorelines would have suffered stronger
evaporation possibly leading to denser water in coastal waters. These warmer waters would
have sunk creating convection currents where denser waters sank and less dense waters
rose. A similar process occurs in restricted seas, such as the Mediterranean and Red Sea
(Reading, 1998), this process may have played a part in deeper ocean circulation within the
area of study. However, it is more likely that deeper currents were modified by the

submarine topography enhancing their flows creating strong bottom currents within basins.

30°S

-

Figure 2.5. Representation of oceanic surface circulation in the Tethys Ocean during the winter monsoon (A) and the
summer monsoon (B). Red box indicates the area immediately around the Iberian massif. Adapted from Arias (2008).
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2.7.3 OCEANOGRAPHIC AND CLIMATIC EFFECTS ON CARBONATE MARGINS

The primary controlling factors that result in platform margin deposition are its
orientation to prevailing winds (windward/leeward) and therefore waves, storms and
tidal currents and whether these margins are protected or not (Playton, 2008). The
windward-leeward orientation affects the characteristics of a carbonate margin and is
an important consideration for evaluating factors that affect sediment transport and
their distribution patterns on the margin and on slope to base-of-slope environments
(e.g. Great Bahama Bank; Eberli and Ginsburg, 1989, Valles-San Luis Potosi
Platform, NE Mexico; Minero, 1991, Western Continental Margin of Australia; Collins,
2010).

Leeward margins face away from the prevailing wind and wave energy and are
defined as having a net off-bank energy flux rather than offshore-directed winds
(Figure 2.6). Leeward margins have a net transport of detritus over the bank margin
into the basin where sand banks are actively transported towards the bank edge.
Wave and tidal energy winnows the sediments creating an abundance of grainstones
and packstones on the leeward side of a margin (e.g Lily Bank on the Little Bahama
Bank; Hine, 1977, Middle Jurassic Fruili Platform margin; Abbots, 1989). However, it
is noted that storms and high energy events are needed to transport sediments over
the bank edge into the basin (Hine et al., 1981).

Along windward margins (e.g. Western margin of the Tongue of the Ocean, Eberli
and Ginsburg, 1989; mid-Cretaceous Valles-San Potosi carbonate platform, Minero,
1991) there is a dominance of on-bank transport of coarse sediment, due to wind
and wave energy impacting this side of the carbonate platform (Figure 2.6). This
continuous wind and wave direction means that carbonate sands are transported
into the carbonate platform centre and are mixed with fine sediments associated with

that environment.

Depositional environments vary markedly with margin type (see Blendinger and
Blendinger, 1989; Playton, 2008). Margins are divisible by their windward/leeward

orientation and whether they are open, closed or tide-dominated.
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Figure 2.6 Schematic illustration of windward and leeward margin characteristics. Note that sand waves migrate off-
bank at the windward margin and on-bank at the leeward margin.

Windward open margins have few or no barriers to restrict water flow on and off the
margin. These margins are typified by barren surfaces where little sediment is
deposited. However, those examples that host oolitic shoals illustrate migration onto
the bank top moving away from the wind direction (e.g. Lily Bank; Hine, 1977).

Windward closed/restricted margins are characterised by islands, ridges and/or reefs
(e.g. Lighthouse Reef and Glovers Reef, Belize) that are situated on the bank edge.
These barriers restrict the flow of water on and off bank. This leads to the deposition
of fines in the platform centre and accumulation of sand bodies on the bank margin
(e.g. El Abra Formation, Mexico; Minero, 1991). These accumulations of sands on
the bank margin are often resedimented downslope due to storms (e.g. Upper
Jurassic of the Iberian Basin; Aurell et al. 1998). Due to the prevailing winds in the
Bahaman examples these storm events are concentrated against the windward bank
margin. Sediments derived from this margin type have been known to travel
kilometers (e.g. Mullins and Neumann, 1979) and in the case of the Tuxpan
Platform, in Mexico have a 1:3 ratio of distance travelled when comparing the East

and West side of this platform (Andrew Horbury pers. comm. 2012).

Leeward open margins have few or no barriers to water flow on and off the margin.
However, these margins are typified by off-bank sedimentation of sandy shoals that
migrate towards the leeward margin and are deposited over the edge onto the slope
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and base-of-slope. The sediments are characteristically coarse grainstones and
packstones. This type of margin is strongly controlled by storm events as is noted by
Hine (1983).

Leeward closed/restricted margins are characterised by a barrier to off-bank
deposition (e.g. western shore of Cozumel, Mexico; Fenner, 1988). This creates a
build-up of sand banks or reefal sediments leading to a slope that is starved of
sediments. Closed windward and open leeward margins are noted to produce the

most off-platform sediments (Playton, 2008).

The facies produced from each margin are distinguishable and can be applied to
those sediments studied. On leeward margins, grain-dominated sediments are
deposited due to off-bank deposition (e.g. Schlager et al. 1994; Minero, 1991) whilst
windward microfacies reflect the extensive off-bank transport of redeposited grains
and finer muds and silts (e.g. eastern side of the Valles-San Luis Potosi and Tuxpan
Platforms; Enos and Stephen, 1991).
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3. REVIEW OF DEEP WATER DEPOSITS AND
PROCESSES

3.1 DEFINITIONS OF DEPOSITS

Much of the sediments that are removed from continental shelves and redeposited in
the deep sea are transported by sediment gravity flows rather than ocean currents,
waves or tides (Reading, 1998). A list of some of the most common processes and

deposits than transport sediments into basins are demonstrated in Figure 3.1.
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Figure 3.1 The range of processes that operate in deep sea environments (adapted from Stow, 1994; Reading 1998)

Below are the definitions of sedimentary processes and deposits used in this thesis.

A turbidity current (turbidite) deposit is transported by a flow in which the sediment is
supported by the upward-moving component of fluid turbulence. This is
characterised in the rock record by a variety of grading sequences that are

dependent on the density, sediment type and distance from source of the turbidite.

A turbidite system is a body of genetically related turbidite facies and other facies
associations. These were deposited in stratigraphic continuity forming structures like

aprons and fan complexes that are dominated by turbidite deposition.



A debris flow (debrite) deposit is defined here as a high density, plastic-viscous flow
in which the larger particles are supported and moved by matrix strength, where the
fluid component increases shear strength until a fine-grained matrix via grain: grain
contact moves the coarser elements into a flow. Debrites are coarse-grained
breccias or conglomerates and are characterised by poor sorting, lack of
stratification and often chaotic clast fabrics. The final deposit is characterised by
large-scale slope collapse structures of semi-lithified carbonate material which, often
form sheet-like megabreccia beds that contain little fine-grained matrix material and

therefore are primarily clast-supported.

Finally, a geostropic current deposit (contourite) is distinguished from downslope
events and process and is defined here as a continuous/semi-continuous oceanic
current which is continuously reworking and depositing sediments that are caught in
the current (Hollister, 1993). Heezen et al., (1966) demonstrated the importance of
contour-following currents and their semi-permanent status. The deposits are
characterised by grading sequences of normally fine-grade sediment and heavy

bioturbation.

All the deposits defined here can grade into each other (hybrid flows) via changing
energy levels and sediment densities whilst travelling downslope: for example the
dilution of a debris flow into a turbidity current. This complicates interpretation and

understanding of any flow deposit.

3.2 RESEDIMENTATION: AN INTRODUCTION

Submarine resedimentation flows move down slope because the mixtures have a
density greater than the surrounding water body. Gravity acts on the solid particles in
the sedimentary mixture, inducing downwards flow thus creating dispersive
pressures between grains resulting in the turbulence of water/sediments mixtures.
The gravity flow will continue if the following conditions are satisfied (Lowe, 1982;
Ahr, 2008):

1) Shear stress generated by the downslope gravity component acting on the

excess density of the mixture exceeds frictional resistance;
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2) Grains are inhibited from settling by a support mechanism (such as water

turbulence).

Bagnold (1962) observed that below a certain grain size, the sediment in a turbidity
current flowing down an incline appeared to be supported by the turbulence created
through the disturbance of the water column. This lead him to suggest that under
certain circumstances ‘the power provided by the tangential gravity component on
the excess weight of entrained sediment is sufficient not only to maintain the
suspension, but also to contribute towards the power needed to maintain the flow of
the fluid drag exerted at the bed boundary’ suggesting that once a flow has started it
can, in theory, continue to flow under the influence of water turbulence alone until

turbulence is reduced to that just able to entrain the sediment.

When there is a very high concentration of sediment in water (where the volume and
mass of sediment exceeds those of water), the mixture forms a debris flow (Leeder,
1982). These dense mixtures move by gravity over land or under water, behaving in
a different way than sediment dispersed in a water body through water turbulence.
These gravity-driven flow mechanisms are important as means of transporting
coarse material into the deep oceans. True grain-flows are described by Bagnold
(1954) in theory where ‘dispersion of cohesionless grains is maintained against
gravity by grain dispersive pressure and in which ...fluid interstitial to the grains is
the same as the ambient flow above the flow’ (Lowe, 1976), however no naturally
occurring resedimentation is ‘gravity-free... [or]...fully confined’ (Lowe, 1976) and
therefore the processes described hereafter are based on observation rather than
theory.

Sanders (1965) interpreted sedimentary sequences of flows to consist essentially of
two flow types: the most important component process is the basal grain flow and an
overlying turbulent flow, which provide turbulent water flow keeping sediments in
suspension. Coarse grains are moved under bedload and finer grains travel via grain
to grain contacts and the sediment gathers energy by shear stress that is imparted
from the overlying turbulent flow where finer grains are individually kept in
suspension by turbulence. Turbidites and debrites are the end member sediment
gravity flows seen in the outcrops of the Cutri Formation, and thus are reviewed

below.
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3.3 TURBIDITES

Turbidity currents tend to move downslope, accelerate, and form a turbulent
undercurrent, which transports its load into deeper water (Stow, 1994; Reading,
1998) with finer material travelling further than coarser material due to the finer
material being held in suspension for longer. Many other types of similar density
currents exist in nature, travelling in all directions (Edwards et al., 1994), including
pyroclastic base-surges and vertical density flows caused by plumes of volcanic ash

falling through the atmosphere and oceans (Allen, 1985; Stow, 1994).

The concept of a turbidity current has been studied intensively and is possibly the
most theoretically understood sediment gravity flow, although a significant event has
yet to be closely documented in nature. The evidence, through natural observation,
for their existence comes from underflows in lakes, delta fronts and possibly the
most prominent example in 1929 by the sequential breaking of telegraph cables
(Heezen and Ewing, 1952; Heezen et al., 1954).

The driving force of turbidity currents is primarily a function of the difference in the
densities of the suspension (water between grains in the sediment) and the overlying
water body, the submarine topography, i.e. the angle and length of slope (Kenter,
1990), and the thickness and grain size of the suspension current, which supplies
turbulence to underlying sediments. Turbidite successions vary greatly in
sedimentary structures, bed thickness, and textural features. These variations are
controlled by the distance between the source and of the depositional setting, point
or line sources, and composition of the available sediment and topography of the

depositional area as well as density of the turbidity current.

The deceleration of turbidity currents causes the deposition of their contents in a
predictable order which produces internal structures and trends that have been
recognized and catalogued by various authors (Figure 3.2). The sedimentary
structures can be divided first in terms of the density of the flow regime. Low-density

turbidity currents and high density currents can be distinguished creating categories
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of recognition for fine and medium grained turbidity currents and coarse grained

turbidity currents.

Generally sediments that are finer than medium sand can be maintained for longer in
suspension giving rise to low density currents: this is presented via the Bouma
sequence and fine-grained turbidite model of Bouma, (1962) and Stow and
Shanmugam, (1980) respectively. Coarser-grained turbidites, which cannot support
suspension for as long, are presented via the Lowe (1982) model.

3.3.1 CLAssIC TURBIDITES
Turbidites were first recognised and catalogued via a succession of sedimentary
characteristics by Bouma (1962). This is known as the Bouma Sequence, an

idealised turbidite sequence interpreted from clastic sediments that consists of a well
defined vertical succession of sedimentary structures (Figure 3.2).
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Figure 3.2. The Bouma Sequence. Bouma (1962) presented the first classic model for medium-grained sand mud
turbidites. This is the result of deceleration of relatively low concentration turbidity currents followed by a progression
of bed forms representing fallout during high to low flow regime, and finally deposition from the turbidity current tail
and then completed by the deposition of pelagic/hemipelagic sediments (adapted from Bouma, 1962 and Reading,
1998).

However, the Bouma Sequence does not include features, as discussed earlier, of
the variety of other turbidite deposits. The variety in models for distinguishing
between turbidites comes from grain size and the relative density of currents, so the
key models for turbidites are derived from density of sediment and the grain sizes
within flow. These include medium-grained turbidites, represented by the Bouma
sequence, and fine-grained turbidites (Stow and Shanmugam, 1980), which are low
density and coarse-grained turbidites (Lowe, 1982), which are held in the high-
density category. Complete sequences of any turbidite are rarely encountered in

nature with partial sequences being relatively common.

3.3.2 COARSE GRAINED TURBIDITES

Coarse-grained turbidites are commonly found in proximal regions in relation to the
sediment source compared to low density turbidites. They are generated by high-

density turbidity currents carrying pebble- to boulder-sized clasts as bedload and
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finer material in suspension. The model by Lowe (1982) indicates that the deposits
show initial traction sedimentation where the coarsest fragments of the flow are
transported via traction and clast to clast contacts, the finer fraction of sediment, via
dispersive water pressures, becomes suspended creating a turbulent flow, which

leads to a graded and stratified sequence represented in Figure 3.3.

PP T Grain Lowe(1982) Interpretation
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Figure 3.3 The Lowe (1982) sequence that represents the deceleration of relatively high concentration and coarse
grained turbidity currents followed by bed forms representing fallout during a reduction in flow energy, completed by
the deposition of pelagic/hemipelagic sediments (adapted from Lowe, 1982 and Reading, 1998).

3.3.3 FINE-GRAINED TURBIDITES

A standard sedimentary sequence for fine grained turbidites was developed by Stow
and Shanmugam, (1980). It has nine sub-divisions termed T, to Tg. These divisions

are show graphically in Figure 3.4.

It must be noted that this model follows the characteristically very thin sequences
that are attributed to fine grained turbidites, which are commonly 5-10 cm in
thickness. The coarsest division is Ty that comprises silt laminations which can have

a scoured or planar base chiefly depending on the underlying sediment. The
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overlying sequences show textural and sedimentary changes that consist of grading

through alternating silt and mud layers that generally become more subtle up section

until mud finishes the sequence grades into background hemipelagic sediments.
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Interpretation
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T7

T6
T5
T4
T3
T2
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Typically bioturbated surface

Ungraded, bioturbated
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of silty laminations

Wispy/convolute laminations
Faded planar laminations

Regular planar laminations
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Silt laminations with sharp
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Return to calm basin
conditions

Remains of fine suspended
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Influence of dispersive
pressures fading until
sediment fallout

Rapid deposition of silty
material

Flow cutting into underlying
finer material or flows over
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Figure 3.4 The Stow and Shanmugam (1980) sequence representing the deceleration of low concentration and fine
grained turbidity currents followed by bed forms representing the reduction in flow energy (adapted from Stow and

Shanmugam, 1980).
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3.3.4 CARBONATE TURBIDITES

Carbonate turbidites (also called allodapic limestones and calciturbidites) often

consist of skeletal or carbonate mud material produced on carbonate shelves and
platforms (Fltgel, 2004; Meischner, 1964). Abundant shell material, reefal detritus
and early lithification of different types of carbonates provide various medium- and

coarse-grained materials that are incorporated into carbonate turbidites.

Complete Bouma sequences are rare in carbonate sediments. It is important to note
that this may be due to the different hydraulic behaviour of all carbonate sediments
compared to siliciclastic sediments (Einsele, 2000). Flugel (2004) suggests that this
may be caused by the relatively weak thixotropy of calcareous muds as compared to
siliciclastic muds; as a result other internal sedimentary sequences develop in

carbonate turbidites.

Other differences between clastic turbidites and carbonate turbidites should be
considered:

1. The size of the bioclastic and chemical particles that are controlled by the
ecological constraints at the source area as well as taphonomic factors.

2. The abundance of lithified particles compared to clastic turbidites. Carbonate
platforms are rapidly cemented (compared to clastic slopes) and therefore
lithified to semi-lithified intraclasts are much more abundant than in clastic
turbidites.

3. The high variability of grain types in carbonate turbidites contrast with the
rather homogenous grain types of clastic turbidites due to the heterogeneous
nature of carbonate platforms. It is also common that hydraulic sorting is more
powerful as bioclasts and other carbonate grains are influenced by differences
in size, geometry, porosity, density, microstructure etc.

4. Provenance of source, which determines the type of components within
carbonate turbidites which are crudely divided mainly into bioclastic and non-
skeletal material.

5. The age of sediment deposition and resedimentation since carbonate rocks

are heavily influenced by evolution of flora and fauna.
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6. Highstand, transgressive, and lowstand shedding of carbonate where the
compositions of the deposit are characteristically different (see Hanford and
Loucks, 1993). Lowstand deposits tend to consist of a higher amount of
lithoclasts whilst highstand deposits typically are dominated by bioclasts and
other allochems (e.g. highstand deposits of Vecsei, (1997) and lowstand

deposits of Borgomano, (2000).

The source areas of carbonate turbidites are generally shallow-water environments
and slope environments (Reading 1998; Flugel, 2004). Carbonate turbidites can be
traced laterally over hundreds of metres to several kilometres (Belderson and
Laughton, 1966; Bennetts and Pilkey, 1976; Kenter, 1990; Aas et al., 2010), with bed
thicknesses ranging from <1 cm to several metres and, as suggested by the Puig

Cutri area, amalgamation can be a common feature.

3.3.5 DISTANCE FROM SOURCE

Turbidites contain different sedimentary successions associated with their proximity
to the sediment source since. A distal turbidite will commonly contain finer grained
and higher quantities of suspended material since these sediments travel further
requiring less energy to move them. A proximal turbidity current consisting of much
coarser material will be undergo more grain to grain interactions. Turbidites can be

differentiated into distal and proximal categories (Figure 3.5):

Proximal Turbidites: These are deposited relatively close to the source area, which
tend to be massive, weakly graded and exhibit poorly defined tractional structures

and little interbedded pelagic sediment.

Distal Turbidites: These are formed far away from the source region, and are
characterised by thin, fine-grained bedded layers, of well developed cross-

laminations and an absence of massive intervals and parallel laminations.
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Figure 3.5 Idealised sedimentary logs of distal and proximal carbonate turbidites (adapted from Einsele, 1998)
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3.4 DEBRITES

Carbonate debris flows are predominantly deposited on deep marine slopes or at the
base of slopes (Reading, 1998). Unlike turbidites, that are deposited in proximal
(slope regions) and distal (deep marine) regions, debris flows are generally only
found closer to source. This is primarily due to their behaviour of internal movement,
which only begins when critical yield strength is exceeded and then deformation
begins in a basal zone of highest shear stress, destabilising the overlying sediments.
During this time there is a complex region of the flow where grain: grain and clast:
clast interaction such as: sliding, rolling, and laminar flow increase in abundance.
Higher in the flow, where shear stresses are less, the material may be seen as
surfing along as a semi-rigid plug (Reading, 1998; Einsele, 1998). Final deposition
occurs by downward thickening of this plug until the entire mass freezes (Stow,

1994), leaving many components frozen in place.

The chief components of debrites are commonly boulder- to pebble-sized clasts,
which are supported by a highly viscous fine grained muddy-water mixture leading to
the deposition of sediments that have variously been called debrites, debris sheets
and mass breccia flows. Many debris flows have been described with a granular
matrix that is non-cohesive (e.g. Johnson, 1970; Stow, 1994; Hsu et al., 2008) whilst
it is understood that debris flows tend to be mud-rich. Debris flows are capable of
travelling over very gentle slopes (<0.5 degree) (Flugel, 2004; Felix et al., 2009).

Debrites range in thickness from a few tens of centimetres to tens of metres. Most
debrites form lenticular bodies with conformable, sometimes erosional contacts with
underlying fine-grained sediment. Upper contacts are sharp or the debrite bed
passes upward into turbidite deposits (Krause and Oldershaw, 1979; Felix et al.,
2009), acting as a hybrid bed.

Many models have been constructed to characterise the motion of debris flows and
these models have suggested many forces are present in these flows, ranging from
cohesive stress (Lowe, 1982), to dispersive pressure (Takahashi, 1981). However, it

is much more likely that in nature debris flows display a wide mixture of rheological
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properties, being more or less cohesive plastic, viscous fluid and containing only
small amounts of grain to grain collisions that are more often associated with
turbidite behaviour (Pickering et al., 1989).

3.5 HYBRID BEDS

Many sediment gravity flow deposits do not conform to simple individual models that
show simple successions derived from diminishing dispersive energy (e.g. Stow,
1979; Lowe and Guy, 2000; Gee et al., 2001; McCaffrey and Kneller, 2001; Mulder
and Alexander, 2001; Hodgson and Haughton, 2004; Jackson et al., 2009). Beds
that show evidence for more than one flow type (e.g. cohesive and laminar flow) are
referred to as hybrid beds (Haughton et al., 2009). One type of hybrid bed is
essentially turbidites with a linked debrite, and have been discussed in various
papers (e.g. Haughton et al., 2003; Barker et al., 2008; Haughton et al., 2009).
Typically, this turbidite-linked debrite bed comprises basal graded sediment that is
interpreted as a turbidite, followed by chaotic to poorly sorted muddy divisions with
sedimentary characteristics that are interpreted as cohesive debris-flow deposits.
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Figure 3.6 The Haughton et al., (2009) sequence that represents an ideal hybrid event bed, which includes the

amalgamation of a turbidite and a debris flow (adapted from Haughton et al., 2009).

A range of mechanisms and sedimentary characteristics for the commencement,

development and emplacement of hybrid flows has been raised including (Haughton

et al., 2009; Figure 3.6):

1. Partial flow transformation of an initial mass flow;

2. Flow transformation from non-cohesive to cohesive rheology through

entrainment of (commonly mud-rich) substrate;

Flow transformation from non-cohesive to cohesive forces;

Debris-flow generation from interaction with intra-basinal topography (e.g.
Haughton et al., 2003 and Talling et al., 2004).

Correlation of beds over tens of kilometres between isolated exposures (Talling et

al., 2004; Amy and Talling, 2006; Hodgson, 2004) suggests that this style of

sediment gravity flow deposit is found most commonly in the proximal to distal

settings of submarine fan/apron systems such as the proximal regions of the
Mississippi delta (e.g. Nelson et al., 1992; Schwab et al., 1996; Talling et al., 2010).
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This suggests that hybrid beds can be used as an indicator of distal or fringe settings

in submarine fan systems.

3.6 CONTOURITES

The definition of contourites was proposed by Stow et al. (2002) as ‘the sediments
deposited by or significantly affected by the action of bottom currents’. Bottom
currents are commonly semi-permanent and often have relationships with other
processes in the deep-sea environment, frequently turbidites. These relationships
can be seen in many examples, including the Cenozoic of the southern Brazil Basin
(Johnson and Rasmussen, 1984). Sorting of these bottom current sediments is
created by the incorporation of fine-grained material from other processes (e.g.
currents, turbidity flows etc), furthermore these currents can both winnow, erode and
deposit onto the sea floor creating hiatuses, sand waves and other such features in
the sedimentary record (sedimentary characteristics of contourites are summarised
in Figure 3.7).
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Figure 3.7 Sedimentary characteristics of individual beds deposited by different processes found in contourites (taken

from Reading, 1998)
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3.6.1 CONTOURITE DEPOSITIONAL SETTINGS
There are several settings that accommodate contourite deposits and their

processes (Stow and Faugeéres, 1993; Viana et al., 1998). These are generally

categorised by the water depth and relation to slope processes.

The first category occurs in deep water settings in waters deeper than 2000 m in
areas of permanent to semi-permanent bottom currents. These most commonly
occur along the foot of the continental slope (e.g. Viana , 2001) and are typically
associated with deep-sea passages that act as gateways between the deeper
portions of ocean basins, and also cover parts of the abyssal plains (Stow et al.,
2002). The sediments found in these settings are frequently mainly fine grained (silt
and mud grade deposits with rare sands) and rich in both planktonic and benthic life.
These types of contourites have been well researched in the literature and are

represented in examples such as Stow and Lovell (1979) and Gonthier et al. (1984).

Intermediate-water drifts, the second category, occur in water depths of between 300
and 2000 m on the continental slopes (e.g. Huvenne et al., 2009) of the oceans as
well as in intermediate depth passageways and sills (such as the Mediterranean
gateway). Although some significant elongate drifts form at this depth, many are
smaller elongate bodies or much flattened contourite sheets. They form in
association with geostrophic bottom waters flowing along slope at intermediate levels
in the water column and with water masses flowing downslope from their surface
origin or following the breaching of shallow intra-ocean basin gateways. Contourites
at these depths interact with other gravity flows such as turbidites (e.g. Michels,
2001; Kuvaas, 2005), due to their proximity to steeper topography, such as the
Cenozoic of the South Brazil Basin (Viana et al., 2003), the Argentine Continental
Margin (Hernandez-Molina et al., 2009) and the Gela and South Adriatic basins
(Verdicchio and Trincardi, 2007). The sedimentary characteristics of this type of
deposit are similar to those of deeper deposition including being fine grained,
bioturbated and mainly homogeneous. Ancient examples of these include the Talme
Yafe Formation in Israel (Bein and Weiler, 1976), the Jiuxi Drift in south-central
China (Duan et al., 1993), and the Misaki Formation in Japan (Stow and Faugeéres,
1993).
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Other contourite deposits have formed in shallower non-coastal conditions between
50 and 300 metres depth (e.g. Gaudin et al., 2006). These commonly form on the
outer shelf and inner shelf under the influence of shallow depth bottom currents such
as underflows or other surface currents like the Gulf Stream. Deposits here are
characterised by showing strong sorting, sand waves and dunes as well as
accumulations of fine grained sediments, strong bioturbation and traction current
structures (Stow et al., 1998).

3.6.2 IDEALISED CONTOURITE DEPOSITS

An idealised contourite deposit incorporates both muddy (<15% sand) and sandy
(>15% sand) contourites suggests that current deposits occurring as sandy and/or
muddy sediments do have a common sequence that is often between 0.2 to 3 m in
thickness (Stow et al., 2002). In this model, muddy and sandy contourites commonly

blend together in characteristic vertical sequences (Figure 3.8).

The mud, silts and sands of the contourite model have distinguishing parts that
include poor sorting of silt-sized biogenic/clastic sediment in muddy parts as well as
a general homogeneous and well bioturbated mass that shows little sedimentary
structure. Silty sections of the model commonly show mottling from bioturbation with
indistinct discontinuous lamination. Sharp to irregular tops and bases of silty layers
characterise this part of the contourite model, together with thin lenses of coarser
and finer material as it blends into either finer or coarser material. The sandy,
coarsest part of the model commonly occurs as thin irregular beds that are
commonly structureless with strong bioturbation and frequently contain primary
horizontal and cross laminations (Stow et al., 2002; Figure 3.8). They both show
negative or positive grading and have sharp gradational bed contacts. The grain size

is most commonly fine sand.

Proposed by Stow et al. (1998, 2002) the complete sequence for contourites not only
shows a change in grain size but also indicates the importance of positive grading
from sandy to muddy contourites and inverse grading consisting of silty-muddy

contourites, as the contour currents flow and wane. Bioturbation is characteristically
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found everywhere throughout the theoretical model (Figure 3.8), which destroys the

majority of sedimentary structures.
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Figure 3.8 Sedimentological log for muddy, silty and sandy contourites (adapted from Stow, 2002; Reading, 1996)

The contourite facies sequence scheme in Figure 3.8 includes from the top:
C5= upper muddy contourite division

C4= upper mottled silty contourite division

C3= middle sandy contourite division

C2= lower mottled silty contourite division

C1= lower muddy contourite division

Therefore a complete sequence from muddy through sandy and back to muddy
contourite must include C1-C5 sequences. An example of such a sequence is shown
in Duan et al. (1998), where an Early Ordovician carbonate contourite is exposed in
Jiuxi, Northern Hunan, China.
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3.6.3 GEOMETRY OF CONTOURITES

Contourite drifts are grouped into 6 main categories, as defined by Stow et al.,
(2002). These are strongly controlled by the topography of the basin hosting the
drifts as well as water depth. These include (Figure 3.9): contourite sheets drifts,
elongated mounded drifts, channel related drifts, confined drifts, infill drifts (drifts that
fill areas where mass movement has left an opening), and modified drifts (which are
often part of turbidite systems). However, these groups grade into each other and
due to their extensive nature creating large contourite systems such as the Giant
mounded drifts in the Argentine Continental margin (Hernandez-Molina et al., 2009),
the Gulf of Cadiz (Hernandez-Molina et al., 2006), the Le Danois Contourite
Depositional System (Rooij et al., 2010) and the NW European Atlantic margin (e.g.
McDonnell and Shannon, 2001; Laberg et al., 2005) that contain several

classifications of contourite.
The principal controls on the groups indicated in Figure 3.9 are topography, current

velocity, quantities of sediment available and modification by interaction with other

slope processes such as turbidity currents, debris flow and creep (Stow et al., 2002).
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Type 1 Contourite Sheets

Plastered drift
— Drift sheet

Type 2 Elongate drifts

Type 3 Channel-related drifts

Contourite‘fan’

Type 4 Confined drift

Figure 3.9 Different contourite drift models (adapted from Stow et al., 2002)

63



Contourite sheets

These form extensive accumulations as part of the fill of basin plains that may
extend up to continental margins and basin edges. These contourite drifts generally
comprise layers of homogenous sands (e.g. Smith et al., 2010; Stow et al., 2002)
that cover a large area, but demonstrate a very slight decrease in thickness towards
their margins (e.g. Akhurst, 1993; Amante and Eakins, 2009).

Continental sheet drifts

Sheet drifts that occur on the continental slopes (slope sheets) occur near the foot of
slopes where overwelling or down-welling bottom currents exist such as the Gulf of
Cadiz because of Mediterranean Sea Water out-welling at an intermediate water
level into the Atlantic Ocean (Hernandez-Molina et al., 2006; Gonthier et al., 1984,
Llave et al., 2001). Another example is found in the Weddell Sea (Antarctica), where
these drifts consist of fine-grained muds to sandy contourites that were created due
to the down-welling of cold waters coming from the ice sheets (Pudsey, 2002).
These sheets also contain sediment deposited by other processes such as turbidity

currents (e.g. Michels et al., 2002).

Abyssal sheet drifts

Abyssal sheet drifts typically comprise fine-grained contourite facies, including silts
and muds, biogenic-rich pelagic material, interbedded with other basin plain facies.
Accumulation rates are generally low, around 2-4 cm per hundred years. Slope
sheets are more varied in grain size, composition and rates of accumulation. Thick
sandy contourites have been recovered from base-of-slope sheets in the Gulf of
Cadiz, and rates of over 20 cm per 100 years are found in sandy-muddy contourite

sheets on the Hebridean slope.

Elongated mounded and confined drifts

A mounded and elongate shape characterises these contourite drift deposits which

have dimensions in the order of tens of km to over 1000 km long, length and
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thicknesses up to 2 km (e.g. Jones and Okada, 2006). They occur from the upper
slope to abyssal plains. The margins are commonly flanked by moats along which
flows travel and erode into the drift. Elongate drifts associated with channels or
confined basins are classified separately as confined drifts.

The elongate geometry of these drifts is governed by the interaction topography,
current intensity, and the Coriolis Force (e.g. Michels et al., 2002). Stow et al. (2002)
suggest that elongation is commonly adjacent to the margin, running parallel to it,
with progradation leading to deformation of the drifts. Characteristic sedimentary
structures include lenticular, convex-upward depositional units with migrating
sediment waves. These drifts can occur as any sediment type; this varies with
inputs, that include biogenic, volcaniclastic and terrigenous grains. Grain size varies
from mud to sand as a result of long-term fluctuations in bottom current strength
(Stow et al., 2002).

Confined drifts are documented to occur in small basins and typically occur in
tectonically active areas, such as the Sunda fore arc basin of the Indonesian arc
system. These drifts have a similar sedimentary characteristic to elongated mounded
drifts with distinct moats along margin edges and sediment type and grain size
depending on the nature of input to the bottom current system.

Channel-related drifts

Deep ocean channels, such as oceanic trenches, where bottom circulation is
constrained, characterise the location and geometry for this type of sediment drift
deposit. These restricted parts of the ocean produce high current velocities and in
some cases act as the link between ocean basins such as the Mediterranean and
Atlantic thereby allowing the exchange of different oceanic currents. The high
velocity of these currents promotes high erosion rates, creating irregular
discontinuous sediment bodies, axial and lateral patch drifts, at the down current exit

of the channel.

Sedimentary characteristics of these deposits include patches of coarse-grained lag

contourites, clast-rich contourites and associated hiatuses that result from substrate
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erosion. Sand waves, ripples and dunes are likely to be deposited due to the high

current rates in these drifts.

Infill drifts and modified drift-turbidite systems

These deposits infill the scars and irregular topography left by slumps and other
gravity flows such as slide deposits (e.g. the “Storegga Slide” (Bryn et al. 2005) and
“Alexander sedimentary mound” (Viana and Rebesco, 2007). They have been
described from the Faro-Albufeira complex in the Gulf of Cadiz (Hernandez-Molina et
al., 2006) and the Algarve Margin (Salles et al., 2010) and are likely to be common
where large scale mass wasting takes place (e.g. Marchés et al., 2010; Lima et al.,
2009 ; Bryn et al., 2005).

The interaction of resedimentation events and slope processes appear to be quite
common as instability of the continental margin interacts with oceanic currents (e.qg.
Marches et al., 2010; Solli et al., 2008). Interactions between downslope or along
slope processes are suggested to interact (Huppertz and Piper, 2010) with the
dominance of one or the other, because of variations such as sea level change and
tectonics (Stow et al., 2002). The interaction between various processes has been

described in Pliocene deposits of North East Java (Wilson, 2002).

3.6.4 DISTINCTION OF TURBIDITES FROM CONTOURITES

Several different seismic and sedimentary characteristics for distinguishing turbidite
and contourite deposits exist. Levees with wedge-shaped geometries parallel with
channels characterise turbidite channels along slopes where commonly the turbidity

currents overspill (Rasmussen et al., 2003).

Seismic characteristics of contourite drifts include internal lack of structure with few
moderate- to high-amplitude sub-parallel reflectors internal reflections and top
surface with waves. Marked erosional surfaces are common features in a contour

current deposit, whereas turbidites are commonly even-layered, continuous with on-
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lapping reflectors and generally show high reflectivity and strong stratification

(Rasmussen et al., 2003).

Alterations between structureless and more structured facies may manifest (Stow et
al., 2002) in sedimentary bodies suggesting a mix of sedimentary processes (i.e.

turbidites and contourite deposits). In addition, the direction of sediment wave crests
on seismic data may also indicate the depositional mode due to direction of sources

(i.e. continental slope).

The sedimentological characteristics are further important indicators for
distinguishing between turbidite and contourite deposits. Contourites show quite
variable sorting and few primary sedimentary structures although cross lamination
may be preserved in the sands and in some cases a concentrated gravel lag may
form (Stow et al., 2002). The overall sequence may have a negatively (inverse) and
positively (normal) graded sequence with no regular sequence of sedimentary
structures. Petrographic studies may further help to distinguish between contourites
and turbidites, since detrital minerals and lithic clasts can be used to infer the source

areas of the sand (Lovell and Stow, 1981).

Turbidites are characterised by a variable grain size distribution, commonly showing
grading, but in some cases display basal inverse graded beds. Sandy beds are
characterised by a regular sequence of sedimentary structures (Bouma, 1962) that
are commonly poorly preserved. Turbidite successions commonly show downslope

fining with large-scale sand sheets or turbidite lobes in the basin.
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3.7 FORESLOPE CHARACTERISTICS

In both clastic and carbonate marine systems, morphology of the depositional
system is limited by interaction of topography, sediment type and rate of sediment
accumulation. One of the most important factors creating separate morphological
types of resedimented carbonate geometries is how the sediment is supplied, be this
via a line source or point source. However, as noted by Playton (2008) the two most
important limiting factors in carbonate resedimentation are the effects of early
lithification and gravitational instability. This includes reef accretion beyond angle-of-
repose, mechanical and chemical erosion due to exposure, changes in pore
pressure, displacive early marine cementation and external triggers such as

seismicity, storms or tsunamis.

3.7.1 CARBONATE FANS AND APRONS

Submarine fans and aprons are distinctive constructional features found on the sea
floor that develop seawards of a carbonate source. They are typified by a
constrained nature, which typically concentrates resedimented debris into channels
(Playton, 2008) or debris sheets. Fans originate from single sediment source (Payros
and Pujalte, 2010) and aprons from a line source (Mullins and Cook, 1986), typically
along carbonate platform margins. Both features contain canyons and gullies that

transport sediments downslope.

Carbonate fans and aprons are commonly constructed by grain-dominated elements
(e.g. gravity flow deposits such as carbonate turbidites and debrites: Wright and
Wilson, 1984; Mullins and Cook 1986; Payros et al, 2007; Playton, 2008). However,
they range from examples of completely devoid of mud (e.g. Isili Basin, Sardinia,
Vigorito et al. 2005) to those dominated by mud (e.g. Savary, 2005).

Ancient carbonate fans show similarities in lithofacies and architecture to siliciclastic
fans, although they have less variable grain size: Payros and Pujalte (2010) imply
that the most common grain types are loose carbonate allochems derived from
shallow-water areas (skeletal, ooids, peloids etc) with most textures being described

as packstones and grainstones. Submarine fans can be subdivided into three main
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categories as described by Payros and Pujalte (2010): channeled inner/upper fan,
mid-fan consisting of branching channels and unchannelled outer/lower fan that
grades into the basinal plain. The overriding theme for these models is that fans are

derived from a point source.

Two models for carbonate aprons are recognized and were devised by Mullins and
Cook (1986): the slope apron and base-of-slope apron. Slope aprons
characteristically develop on gentle slopes and base-of-slope aprons steeper slopes.
The main difference between the two models is that the slope model is continuous
with shallow-water platform sediments whilst the base-of-slope model includes a by-
pass margin where sediments are transferred to the base-of-slope through gullies

and channels.

Slope Apron Base-of-Slope
Apron

Figure 3.10 Carbonate apron models adapted from Mullins and Cook (1986).

The typical sedimentary deposits seen in both types of apron are megabreccias,

proximal turbidites and periplatform oozes. In base-of-slope aprons these deposits
are interrupted by numerous gullies and intervals of periplatform ooze. Furthermore
previously lithified rip-up clasts from the upper slope are commonly found amongst

the resedimented facies.
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4. FACIES ANALYSIS

4.1 INTRODUCTION

There are seven principal lithofacies displayed in the outcrops of the Cutri Formation

expanded from Barnolas and Simo (1987). These facies are displayed in Figure 4.1.
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Facies Schematic Drawing

Key Features

1

Boulder Pebble
Conglomerate

Average thickness: 1-5m

Clasts: Wackestone and mudstone; 10 to 175 cm in diameter
Matrix: Fine to medium sand grade ooids and peloids
Structures: Massive, crude orientation of clasts
Form/Geometry: Forms individual beds and as channel fills

Interpretation: Debrite and channel fill

2

Graded Pebble
Conglomerate

Average thickness: 30-40cm
Clasts: Clasts make up >20% of the bed and are <15¢m in diameter

Matrix: Very coarse sand grade (oversized) peloids in a medium sand grade
ooid-peloidal matrix

Structures: Inverse grading of oversized peloids and erosive bed base
Form/Geometry: Always forms the basal part to facies 3

Interpretation: Erosive base and coarsest part of proximal turbidites showing
R1+R2 divisions (Lowe, 1989}

3

Graded Peloidal
Ooid Packstone

Average tickness: 1-4m

Clasts: Very coarse wackestone clasts

Matrix: Coarse to medium ooid-peloid packstone grading to micrite matrix
Structures: A general fining-up character; stratified concentrations of peloids;
inverse grading of oversized peloids; stratification of wackestone clasts and

planar to wavy lamination

Form/Geometry: Beds that always sit on top of facies 2 and are both bounded
by facles 5

Interpretation: Proximal turbidite showing S1, $2 and 53 divisions (Lowe, 1989)

4

Graded Qolites

Average thickness: S0cm-1m

Clasts: Fine sand grade wackestone clasts

Matrix: Very fine ooid-peloidal to silt/mud matrix
Structures: Normal grading and subtle laminations
Form/Geometry: Beds encased in facies 5

Interp: ion: Distal turbidites

5

Calcilutites

Average thickness: 2-5 cm individual beds that commonly aggregate to form a
body of sediment average 2-5m thick

Clasts: None

Matrix: Silt and mud grade

Structures: Bioturbation; normal grading; siit lenses; planar laminations
Form/Geometry: Thick bodies of sediment bounded by facies 1,2, 3and 4

Interpretation: Winnowed current deposit

6

Coqunia

Average thickness: 4m

Matrix: None; the rock is made up almost completly of Posidonia bivalves
Structures: Pseudo-laminations created by accumulations of Posidonia bivalves
Form/Geometry: Isolated lenses up to 70m wide that thin and grade into facies 5

Interpretation: Cogunia banks

=

Cherty Mudstones

Average thickness: 2m

Matrix: None; the rock is made up almost completly of micrite
Structures: Chert nodules that occur parallel to bedding
Form/Geometry: Thin continuous body that caps the Cutri Formation

Interpretation: Deep water (pelagic) mud deposition

Figure 4.1 Facies types of the Cutri Formation.
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4.1.1 FACIES 1 (BOULDER PEBBLE CONGLOMERATE):

Field Description: Calcirudites occur in the Cutri Formation as parts of thicker
graded bed sequences, and individually as distinctive channel fills. The calcirudites
contain a variable size distribution of matrix supported tabular to subrounded clasts
ranging from 10 cm to 1.75 m in diameter within in a medium-to-coarse-sand grade
ooids and peloids matrix. Locally occurring mudstone-silt matrix is noted. This facies
is the coarsest facies type in the Cutri Formation and predominantly occurs within
the major oolitic channel at Puig Cutri (Figure 4.2 A; 30m thick by 240 m wide) and
smaller channels at Puig de Poloni and Puig de Ses Fites (see Figure 4.2 B and C;
5m thick by 50m wide). Pebble to boulder conglomerate calcirudites occur as
individual beds that form on top of the Puig Cutri and amongst other facies at Puig
de Ses Fites. This facies never exceeds 6 m in thickness.
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Figure 4.2 Examples of Facies 1 contained in channels. Image A photograph with corresponding field sketch of Puig Cutri
looking towards the SW. Image B looking at Puig Poloni and a small channel looking towards NE. C photograph and field
sketch of oblique view of a channel, looking towards the SW.

73



Sedimentary Structures: The pebble boulder conglomerate facies is a poorly
sorted, relatively structureless, fine to medium sand grade ooid-peloidal matrix-
supported rock. Clasts range from rounded granules to sub-rounded chips, rounded
and tabular pebbles and boulder sized clasts. Only clasts found within channels
show alignment which trends to the east, these have a tabular nature. The boulders
appear broken up and frozen in place, and they show no preferential settling or

gradation (Figure 4.2A).

Microfacies: The matrix is mainly packstone with some local grainstone; this
microfacies shows weak alignment when in proximity to a clast. The majority of
allochems in the matrix are made up of micritised ooids and peloids forming a poorly
sorted assemblage of medium to coarse sand grade matrix (Figure 4.3B; Apendix B
C001, 2300, 2350; C003, Oolitic Channel). Other minor allochems consist of
superficial ooids, coated, disarticulated and abraded shell fragments.

Boulder to coarse sand sized extraclasts (Figure 4.3C) characterise this facies and
are composed of two microfacies types. Clast type 1 ranges from mudstone to
wackestone where a relatively diverse assemblage of micro-ooids, fine echinoderm
fragments, sponge spicules and fine abraded shell material where the muddy matrix
is dark grey-green in plane-polarise light (PPL) (Figure 4.4; Appendix B C003s,
1150). Clast type 2 has an allochem suite that is almost completely dominated by
strongly aligned disarticulated and abraded thin shelled bivalves (?Posidonia) and
small quantities of fine micropeloids that appear light grey in PPL (Figure 4.5;
Appendix B C003 Oolitic Channel). In CL the clast types display different cements.
Clast type 1 has a dull orange luminescence whilst clast type 2 is brightly
luminescent. The matrix of the conglomerate is dull orange with patches of bright

orange.

The clasts contain cements that are not present in the host matrix, which suggests
that these clasts were incorporated as semi-lithified slope sediments and hence
probably originated from the shelf edge where marine cements and/or platform top

meteoric cements lithified the sediment.

74



Figure 4.3 An abundance of clasts types and sizes found in facies 1, and appear 'frozen' in flow (A). In image A note the
calcite filled fractures in the clasts (outlined in black) that indicate that they were lithified before resedimentation
(Hammer head is 15 cm across; Location C003, 2110 cm). (B) Thin section scan of a debris flow note that this is majority
matrix (Location C001, 2150 cm). (C) Thin section scan of a channel fill, note the abundance of tabular extraclasts
(arrowed) and chert (white clasts) (Location C003, Channel deposit).
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Figure 4.4 Clast typel. Mudstone that consists of tiny abraded fragments of thin shelled bivalves. Note the grainstone
matrix (from location C003s). FoV 5.78 x 4.31 mm.

Figure 4.5 Clast type 2. Dense assemblage dominated by disarticulated and abraded Posidonia bivalve fragments
that are commonly concentrated in regions (from channel deposit at location C003). Note the tabular nature of this
clast. FoV 5.78 x 4.31 mm.
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Interpretation: The variable clast size, poor sorting and matrix-supported nature of
this facies all point to a mixture of processes shared by gravity flow deposits (Mulder
and Alexander, 2001; Fligel, 2004; Amy et al., 2005; Felix et al., 2009). However,
based on field geometries, clasts size and morphology (whether rounded, tabular
etc), the coarsest calcirudites that contain boulder sized clasts are interpreted to be
debris flows as they form consistently thick beds and contain boulders that show no
orientation, whilst the calcirudites that fill channels contain tabular clasts (orientated
E-W) and are interpreted to be channel fills that carried coarse sand grade material

from the slope edge into the basin.

The matrix-supported nature of a debris flow is considered by Amy et al. (2005) to be
indicative of a proximal debris flow (e.g. Haughton et al., 2003; Amy and Talling,
2006). The interpretation herein is the rip-up clasts have a shelf edge to upper slope
provenance and this is further verified by evidence seen in CL where the clasts host
different cement to that found in the matrix. Structureless debris flows with a similar
sand grade matrix have been described by studies such as Pierson and Costa
(1987) and Amy et al. (2005) and are interpreted as resulting from
hyperconcentrated debris flow as modeled by Mulder and Alexander (2001). This is
characterised by the rapid en-masse freezing of a highly concentrated flow, which

explains the presentation of boulders appearing to be splitting up in transport.

In both channel fill and debris flows the clasts are all observed, through CL, to have
different cement to the matrix and therefore probably were cemented before they
were incorporated into either debris flows or channel fills. Early cements suggest that
the clasts were derived from upper slope to lower shelf edge environments.
Additionally, during transport within debris flows the clasts appear to have started to
break up, this is indicative of the semi-lithified composition of these intraclasts as
well as the forces involved during transport. As suggested by the hyperconcentrated
debris flow model the concentrated nature of the debris flow allowed, upon cessation
of flow, the matrix to rapidly freeze in place, preserving clasts preserved in the phase

of breaking up.
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Within both channel fills and debris flows, the coarser clasts would have been
supported with the body of the flow by a variety of mechanisms, including the
cohesive strength of the matrix, dispersive pressures (Lowe, 1982; Kessler and
Moorhouse, 1984; Amy et al, 2005) such as grain to grain contact, traction
turbulence within the matrix and fluid pore pressures. Since the flows are matrix-
supported, the intraclasts were not supported within the flow by clast to clast
collisions, rather the flows were supported by the finer constituent grain to grain
collisions that generated important dispersive pressures within the flow. These
dispersive pressures created frictional strength within the flow creating the preferred
orientation of tabular clasts (within channel fills), suggesting that dispersive pressure
orientated these larger clasts within the flow preferentially indicating the probable

direction of palaeoflow.

The incorporation of clasts signifies the importance of early lithification in the
carbonate shelf edge and upper slope environment as well as quantifying the
amount of energy produced within flows and channels needed to rip up segments of
the underlying strata. It is interpreted that the fluid in the flow had no cohesion but
grain to grain interaction created the energy to erode into the seafloor. Due to the
generally structureless nature of the debris flows they probably did not flow for a long
distance or have a high water content allowing for surging or sorting, whilst channel
fills contain finer intraclasts that probably travelled into distal environments i.e.
depositing their load further downslope. Gravity is the main factor that drives these
flows, whose velocity and character were a response to the steepness of the slope
that the flows ran down. This facies originated in the shelf edge environment where

early lithification allowed intraclasts to be incorporated into flows.
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4.1.2 FACIES 2 (GRADED PEBBLE CONGLOMERATE):

Field Description: The graded pebble conglomerate occurs as beds that as a whole
fine-up and is <45 cm in thickness and characteristically contains > 20% clasts and
very coarse peloids. The conglomerate is very poorly sorted and contains inverse
clast grading and coarse tail matrix grading. The main constituents are medium sand
grade allochems that form the matrix, and coarse sand sized to gravel sized peloids
and sub-rounded to rounded pebbles (which have a wackestone texture), which form
the remains of the sediment. The characteristic features of this facies are the
dominance of large peloids compared with matrix peloids creating a bimodal sorting,
the limit of clasts to the base of the facies and the occurrence of coarsetail grading.
The coarse peloids commonly show coarse tail grading that commonly occurs in the
basal 5 cm of the graded pebble conglomerates. This calcirudite is associated with

subtle erosive basal contacts with the underlying strata (Figure 4.6A and C).

Sedimentary Structures: A subtle erosive base characterises this facies type
(Figure 4.6A and C). Coarse tail grading of the coarsest peloids dominates the
facies, which shows normal grading of ooids and intraclasts whilst the matrix remains

massive in nature (Figure 4.6B).
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Figure 4.6. Outcrop image of Facies 2 in comparison to background sedimentation at location C002. B- graded pebble
conglomerate; note the hammer is 30cm in length (C002 approx 475-510 cm). Detail of erosive basal contact between
Facies 2 and finer background sediments (C001 approx. 600cm).

80



Microfacies: This is a bimodal, very poorly sorted, packstone-grainstone
assemblage of abundant very coarse to pebble sized, subrounded to subangular
clasts and coarse peloids, which are found within a finer, medium to fine sand grade
matrix of deformed radial-fibrous ooids, micritic ooids (with a tangential fabric
recognisable in peripheral parts) and aggregate grains (Figure 4.7). Bioclasts most
frequently occur as ooid nuclei which include rare poorly preserved microgastropods,
foraminifera, disarticulated and abraded bivalve fragments and other very rare fine
sand grade rounded shelly fragments (Appendix B, C001, 515).

Clasts have a similar composition to those in facies 1 and consist of two types. Both
clast types are wackestones with clast type 1 consisting of a relatively diverse
assemblage of micro-ooids and peloids, fine echinoderm fragments, sponge spicules
and fine abraded (unidentifiable) shell debris where the muddy matrix is dark grey-
green in PPL. Clast type 2 has an allochem assembly that is almost completely
dominated by well orientated disarticulated and abraded thin shelled bivalves
(?Posidonia), small quantities of fine micropeloids coated fine echinoderm debris and
silt sized abraded calcite debris. CL indicates that clast type 1 has a dull orange
luminescence whilst clast type 2 is brightly luminescent.

Within this facies, ooids have a variety of forms from being completely micritised to
showing clear internal structure. Many ooids and other grains have been broken, and
show changes in colour from alternating concentric ooid laminae and micritic

laminae.
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Figure 4.7 Thin section scan of typical Facies 2 microfacies (C001 515cm). Note the abundance of micritic clasts
throughout the sample and finer oolitic-peloid matrix.
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Interpretation: The variable clast size, poor sorting, matrix-supported nature of this
facies all point to mixture of processes shared by gravity flow deposits (Mulder and
Alexander, 2001; Flugel, 2004; Amy et al., 2005; Felix et al., 2009). This facies forms
the basal divisions of turbidites in the Cutri Formation representing the coarsest
section of turbidites, which show parts of the Bouma (Ta, Th) and Lowe (R2 and R3)

turbidite sequences.

This clast-dominated horizon conforms to the R2 and R3 divisions of Lowe’s (1982)
model for high density and coarse-grained turbidites. It represents deposition by the
head of turbidity flows, which were highly erosive and surging in nature (Aalto, 1976;
Lowe, 1982), capable of eroding fine-grained muddy slope sediments and integrating
them into the body of the flow both as unconsolidated sediment and as semi-lithified
slope clasts (e.g. Kano and Takeuchi, 1989; Middleton and Neal, 1989). The clasts
within the facies tend to be concentrated towards the base of the flow, though not the
very bottom, possibly due to clasts not being able to travel higher in the flow than the
turbidite’s highest rate of flow (Kano and Takeuchi, 1989), the boundary between
suspended turbulent flow and higher density grain: grain contacts. The orientation of
clasts (WNW-ESE) points to a possible easterly source for the turbidites.

The basal inverse and coarse tail grading may be due to hydrodynamic phenomena
creating a traction carpet (as visible in Lowe, 1982 classification. The inverse grading
and separation of finer and coarser clasts is typical of the R2 division and is
explained via dispersive pressures that stratified clasts creating a much coarser layer
(Lowe, 1982).

This facies is classified as a conglomerate due to its grain size, but forms the first
division of carbonate turbidites in the Cutri Formation, which is transitional with
graded calcarenites forming the rest of the Lowe sequence. This basal division is
interpreted in the same way as Lowe (1982) as R2 and R3, which involves frictional
freezing at the base which was driven along by shear strength of the flow, followed
by a bombardment of grain: grain suspension fall out leading to the overlying graded

features of the following facies type.

83



4.1.3 FACIES 3 (GRADED PELOIDAL OOID PACKSTONE):

Field Description: Facies 3 forms distinctive beds that commonly occur above
facies 2 but also occur indivdually. The beds weather proud and tend to fine up

section, ranging from 5 m to tens of centimetres in thickness.

Sedimentary Structures: The base of facies 3 iscommonly represented by a
gradational contact with the boulder-pebble conglomerate (Facies 2) or a very subtle
erosive base. Facies 3 characteristically consists of two principal alternating
sedimentary structures as well as an overall grain size decrease up section. The two
principal alternating sedimentary structures are concentrated layers of stratified
coarse peloids and fine to medium sand grade wackestone clasts which alternate
with coarse tail grading found amongst coarse peloids (ranging from 2.5 mm to <250
pgm). Flute marks, cross stratification and other sedimentary features common in

siliciclastic turbidites are not noted in this facies.

Microfacies: The calcarenites of this facies are characteristically wacke-packstones
to packstones that characteristically contain very little bioclastic material with the
exception of Posidonia bivalves which occasionally form aligned accumulations at
the very top of the calcarenite facies just below the finest portions of this facies
(Figure 4.8B and C; Appendix B, C001 560). Other bioclasts that form constituent
parts of the matrix are large benthic foraminifera, abraded echinoderm fragments
(that all have syntaxial calcitic overgrowths), microgastropods and other shelly
fragments. These bioclasts almost always have a micritic coat and commonly form
the nuclei of coated grains. This microfacies contains a general fining up sequence
that consists of very coarse to coarse sand grade ooid-peloidal sediment near the
base (where they contrast with facies 2) and grade normally to massive coarse-
medium to medium-fine sand grade muddy ooid-peloidal sediments where this facies
generally grades up to muds that limit the facies. The calcarenites have alternating
structures that consist of stratified medium to coarse sand grade mud, coarse sand
grade wackestone intraclasts and concentrated beds of stratified oversized peloids
of coarse sand grade size and are capped by fine laminations of coarse tail grading
and inverse grading of ooids and peloids.
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Interpretation: Divisions S1, S2 and S3 calcarenites consist of graded peloidal-ooid
packstones, which are interpreted to be of Lowe (1982) coarse-grained turbidite
classification (Figure 4.8). The presence of Lowe’s (1982) sequences, and less well
developed Bouma sequences, meets the criteria to characterise calcarenites
attached to graded pebble conglomerates as coarse grained proximal turbidite
deposits and much thinner graded low density ooid-peloid packstones. This facies

sometimes occurs on its own or grades up from the graded conglomerate.

These sediments are interpreted by their graded nature, succession of sedimentary
features including grading of peloids, inclusion of mud-wackestone clasts and
stratification of grains to reflect the deposition of sediments by high-density turbidity
flows. Suspension was by a combination of dispersive pressure and turbulence. This
facies is represented by the ‘S3’ division of Lowe’s (1982) classification of coarse-

grained turbidites.

The concentration of graded coarse peloids and other finer sand grade grains at the
base of this facies are related to the S1 division of the Lowe (1982) classification
(Figure 4.8). The S1 division is characterised by coarse tail grading and stratification
of peloids in the Cutri Formation and indicates the changing hydrodynamic
conditions after deposition of the graded pebble conglomerates. The S2 division
overlies S1 and consists of a massive fine to medium sand-grade ooid matrix with
continued inverse coarse tail grading of oversized peloids. The continuation of
coarse tail grading was probably caused by the increased dispersive pressures
created after initial deposition of the S1 division. The change in sedimentary
divisions associated with S1 and S2 indicate a change in energy levels within the
turbidity current, which probably represents surging. The S1 and S2 alternating
sequences are repeated up through the turbidite, becoming thinner up section
resulting in a gradual reduction in coarse peloids compared to the oolite portions that

themselves show little change in grain size.

The interpreted pulses of material can be seen in outcrop as thin traction carpets
(S1) overlain by thicker suspension sediment (S2) horizons which were deposited via
acceleration and deceleration of the turbidity current. This sequence grades, with
eventual loss of pulsing energy, into final deposits of finer grade subtly laminated
peloidal-oolitic material; this is interpreted as the S3 division of the turbidite and
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represents the dwindling of dispersive energy with the increasing dominance of
suspension as a depositional mechanism (Figure 4.8). Intraclasts that have a
composition similar to those described in the boulder pebble conglomerate are only
seen in the S1 and S2 divisions of this facies. They have a mudstone-wackestone
fabric and host an assortment of very fine to fine grade bioclastic material that
includes disarticulated bivalve fragments, foraminifera and shell material. The clasts
in this facies are aligned to the direction of flow and help define sedimentary

structures from their distribution.

The S3 division contains a subtly planar laminated to massive fine- to medium-sand
grade sediment with subtle water-escape features (noted by Abbots, 1989) and
subtle wavy laminations. This division is interpreted as the transition from high
density sediments to lower density of sediments within the turbidity current.
Suspension has overtaken other depositional mechanisms and accumulated rapidly
as the growing surface of the bed coincided with the suspended cloud leading to
very rapid deposition (Abbots, 1989), as suggested by water-escape features. The
planar laminations may have been created via the deposition of clouds of suspended
sediment that flowed by gravity downslope, influenced by the overall turbidity current,
and produced the force to cut into the underlying sediments (Abbots, 1989). The
remaining S3 division consists of a fining up sequence to a mudstone that caps the
turbidites, where sand to silt grade suspended particles ceased to be deposited and
the finest mud-grade sediments were deposited as a fissile mud.

Lack of sedimentary structures otherwise common in clastic turbidites (i.e. flute
casts, grooves, cross stratification etc) is likely due to the thixotropic (Flugel, 2004)
nature of carbonate mud and the relatively soft sediment the turbidites eroded, or the
structureless nature of these may be the result of liquefication or dewatering.
Proximal turbidite deposits within this facies are typically thick with grain-supported
fabrics. The coarsest grained deposits are usually distributed in proximal parts of a
carbonate apron (e.g. Cook, 1983; Melim and Scholle 1995; Whalen et al., 2000b;
Drzewiecki and Simo, 2002). The sequence of events and processes above is
indicative for the sequence first described by Lowe (1982) which indicates the
sediments of the Cutri Formation were deposited through high density turbidites. The
coarsest grains are deposited in this sequence and were therefore deposited first by

a decelerating flow.
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4.1.4 FACIES 4 (GRADED OOLITES):

Field Description: This calcarenite has a fine to medium sand grade oolitic-peloidal
matrix and occurs as thin beds (always <1 m). The beds are commonly less than half
a metre thick with both tops and bases being planar (Figure 4.9). Normal grading
occurs from a basal medium to coarse sand fining up to fine sand to silt-grade

sediment. This sequence is capped by a laminated mud.

Sedimentary Structures: Normal grading of the coarsest material (medium to fine-
sand grade allochems) and subtle dispersive grading of the coarse material has

blurred the clarity of normal grading.

Microfacies: This calcarenite is commonly a wackestone packstone and is
characterised by subtle normal grading of sparse fine sand to medium sand grade
peloids and ooids that consists of a micrite matrix, which often consists of 50-70% of
the rock. Allochems are laminated subparallel to bedding with the most widespread
bioclasts being fine to medium sand-grade disarticulated and abraded thin shelled
bivalves (?Posidonia), fine echinoderm debris, rare biserial foraminifera, and other

shelly debris. In CL these microfacies are always a dull brown-orange luminescence.

Figure 4.9 Outcrop of facies 4.
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Interpretation: This facies represents distal turbidites that consist of much finer
material than facies 3 and distribution grading, which indicates deposition by minimal
turbulence and dispersive pressures between grains (Lowe, 1982). This facies is
characterised by the upper part of the Bouma graded bed sequence and some
features of the Lowe S3 division. These turbidite sediments were most likely
deposited at the margins of submarine fans some distance from their source. The
bioclast assemblage is very similar to facies 3 suggesting that these facies may have

a similar source.

89



4.1.5 FACIES 5 (CALCILUTITES):

Field Description: Thick muddy beds intervene between the coarser facies of facies
1, 2, 3 and 4 and consist of silt to very fine to fine sand grade mudstones,
wackestones and fissile often cherty pelagic mudstones. They appear in outcrop as
accumulations of weathered grey, brown and orangey-brown lithologies. The units
range from 1 m to 2.5 m thick and are made up of 2-5 cm thick beds and laminations
of light brown-yellow and grey muds. Beds consist of fine wavy laminations (1-10
mm; Figure 4.10) and have common inverse grading, particularly within the coarsest

sediments.

Bioturbation is abundant in this facies typically consisting of distinct Chondrites and
Planolites type burrows as well as rarer Zoophycos. Other larger bioturbation
structures are noted that truncate laminations (Figure 4.10b). Amongst the wavy
laminations chert nodules are common, found following the bedding planes.

Sedimentary Structures: Normal grading (Figure 4.11A), lenticular and wavy
laminations, cross bedding, ripples and abundant bioturbation also characterise this
facies (Figure 4.10). The largest sedimentary structures are large ripples with a 1 to
2 metre wavelength and 10-30 cm amplitude (Figure 4.10C). Within these large
ripples are another set of smaller ripples that are between 20 and 30cm in

wavelength occurring subtly within individual beds (Figure 4.10A, B and D).

Microfacies: A variety of microfacies are found within the calcilutites of the Cutri
Formation. These vary from mudstones to well-orientated Posidonia dominated
wackestones (see Appendix B, C002: 320, 350) to strongly graded calcisilte (see
Appendix B, C002 480) that contain rare silt grade peloids, rare poorly preserved
foraminifera and other shelly fragments (Figure 4.11B). The majority of the
laminations consist of 50-70% micritic matrix with occasional accumulations of
Posidonia bivalves that make up >50% of the bed (Figure 4.11B; Appendix B 350).
All microfacies are commonly disrupted by bioturbation (Figure 4.11C). Fossil types
are most commonly Posidonia thin shelled bivalves with rare occurrences of single

foraminiferas and other thin shelled bivalve species.
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Figure 4.10 Sedimentary structures of facies 5. All Figures consist of part of a succession of subtle ripples (1-2m
wavelength) that dampen up section where planar laminations prevail (note D). Ripple features (10-40 cm wavelength).
Top left arrow in image B indicates a large burrow that truncates underlying laminations.

Figure 4.11 A and C Outcrop image of facies 5 note the very clear graded sequences in A and bioturbation, wispy
laminations and cross bedding in C. B is a photomicrograph of facies 5 note the change in orientation of allochems
in off centre position; this is due to bioturbation (FoV 5.78 x 4.31 mm).
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Interpretation: Normal grading, ripples, cross stratification and laminations
distinguish this facies as a contourite. The entire facies hosts a general fining-up
sequence with individual beds showing fining-up in grain size, suggesting an
decreasing influx of coarser sediment that may have been deposited via an
accumulation of dilute turbidity flows and suspended fines from the developing
carbonate apron complex higher up the carbonate platform, which resulted in the

deposition of turbidity flows that commonly overlie this facies.

The facies is distinguished by its large ripples containing laminations that have
preserved cross stratification and smaller ripples within the much larger ripples; this
deposit is characterised as C4 of Stow’s (2002) classification. Overlying these silty
deposits are massive and fissile structureless mudstones that are interpretated as
originating as pelagic mud deposits (Abbots, 1989) and as C1/C6 of Stow’s (2002)
classification, whilst the peloidal wackestones and packstones were likely derived
from a number of sources, that were mixed in a current swept basin are interpreted
as C5 of Stow’s (2002) classification. This mixture of sedimentary process probably
includes dilute low density turbidites as well as winnowing and redeposition of peri-
platform sediment in response to storms although this is not distinctly derived from
the classification of Stow, (2002) it is regarded as C5 due to its grain size and

granular/sandy nature.

Dominance of burrowing activity throughout the deposit is observed to have taken
place by Chondrites and Planolites. A hydrogen sulphide scent given off upon
crushing the rocks, indicating there is probably a relatively high organic content.
Large 2-7cm wide features that truncate underlying laminations filled by overlying
sediments (Figure 4.10b); could have been created by bottom-dwelling fish or other
large organisms (Pomar, 2011 Pers com). Facies 5 shows similarities to tidalites of
the Los Molles Formation of Chile (Bell and Suarez, 1995).
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4.1.6 FACIES 6 (COQUNIA):

Field Description: Notable accumulations of bivalves occur within this facies and
are found only within calcilutites deposits forming flat bottom lens-shaped banks with
dimensions of 30 m wide by 10 m height. These bivalve coquinas consist of
accumulations of the bivalve ?Posidonia and possibly ?Bositra (Figure 4.12), with a
matrix of dark brown to black carbonate mud and have a wackestone to packstone
texture (modified by compaction) and are found with rare echinoderm debris,
?aptychi, calcified radiolarian and occasional peloids. These accumulations are
commonly interbedded with thin beds of massive carbonate mud forming in
association with facies 5. These accumulations are moderately well-sorted and
occasionally show a rhythmic gradation with mud-rich laminations becoming more

frequent up section.

Sedimentary Structures: Pseudo-laminations characterise this facies; however, this

is caused by the alignment of bivalves within the rock.

Microfacies: Strongly-orientated parallel to bedding Posidonia or ?Bositra bivalves,
coarse ?apatchi and abraded echinoderm fragments that are lined with dark brown
to black mud forming laminations that this facies (Figure 4.12A). Note that the
packstone nature seen in Figure 4.12A is likely a product of compaction. The
Posidonia bivalve fragments are up to 1 cm in length and very thin, averaging about
0.05 mm, and are a uniform thickness along their length. The majority of bivalves are
broken and disarticulated, with boring being rare. Bioturbation is common and
disturbs the laminations most often being Chondrites and Planolites type burrows.
Compaction has been intense and made it difficult to judge how the bivalves were
orientated during deposition. The bivalves are preserved with calcite crystals oblique
to the outer and inner shell surfaces (Figure 4.13). The bivalves show an orientation

which is parallel to sub parallel to bedding.

93



i \ LN

Figure 4.12 Photomicrograph (FoV 2.89 x 2.15 mm) and outcrop photograph of facies 6.
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Figure 4.13 Photomicrograph and cathodoluminescence view of a Bositra bivalve amongst fine bivalve debris. A and 1
indicate the internal structure of a shell, consisting of calcite crystals oblique to the outer and inner shell surfaces. B
and 2 indicate matrix composition (FoV 1.16 x 0.86mm).
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Interpretation: Posidonia bivalves are characteristic of deeper water environments
(Navarro et al., 2009) and were probably nektonic in nature. In the Cutri Formation
they have been observed to occur alongside other faunal remains characteristic of
deep water environments such as radiolaria (Abbots, 1989), a planktonic fauna, and
?aptychi, which preserved in their original calcite form. The constituent grains are
commonly aligned parallel to the bedding (Figure 4.12B), this orientation was likely to
have been created by deposition and enhanced through compaction. These coquina
accumulations locally alternate with thin layers of pelagic mud (Figure 4.14). This
pelagic mud, found compacted between individual bivalves, gives the coquinas a
black colour in outcrop. Burrowing occasionally disturb the fine laminations, with
Planolites and Chondrites-type burrows occurring in outcrop, the low diversity of
ichnotraces suggesting a restricted environment within the area of deposition
(Seilacher, 2007).

Complete specimens of the bivalves were not found in the outcrop, only
disarticulated bivalves were seen. Posidonia are the most commonly reported in the
Subbetic (e.g. Colom 1962, Linares and Vera 1966; Azema et al., 1971, Gonzalez-
Donoso et al., 1971, Rivas 1975, Rivas et al., 1997) suggesting that the bivalve was

widespread across that part of the Tethys Ocean.

Rivas (1975) described the distinctive features of Bositra compared with Entolium.
Unfortunately, fossil characteristics were insufficient to identify the bivalves as either
Bositra or Entolium genera. However, Bositra is commonly found within
resedimented facies in this setting during the Jurassic (e.g. Portugal (Wright and
Wilson, 1984); Subbetic Cordillera (Mamet and Préat, 2006); France (Olivero and
Galillard, 1996); Southern Alps, Italy (Cobianchi and Picotti, 2001).
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4.1.7 FACIES 7 (MUDSTONES):

Field Description: Mudstones occur locally up to 2m thick (Figure 4.15), but more
commonly are cm thick. Consisting of micrites and rare wackestones this facies is
mainly found overlying the Cutri Formation, most notably at Puig Cutri. It is also

interbedded between the occurrences of facies 2 and 3, especially at location C001.

Sedimentary Structures: Chert nodules dominate the facies and follow bedding
planes. The nodules are commonly up to 10 cm in length. Subtle laminations are
noted in a few locations that run parallel to bedding often hosting chert nodules. The

mudstones have a planar contact with the underlying sediments.

Microfacies: Varying from well-orientated carbonate mud-wackestone that consists
mainly of well-rounded poorly-preserved silt-sized calcite grains (probably
disarticulated and eroded bivalve fragments) to complete mud-dominated
accumulations (see Appendix B; C001, 1450, 1848 C003, 1190). Abbots (1989)
noted the presence of radiolarian in this facies; however only rare quantities were
seen in this study. The microfacies often exhibit burrows and an abundance of
chalcedony grains. Bioturbation is common and consists of Planolites burrows and

other general mixing of the sediment.

Interpretation: The presence of radiolarians in this study and the inclusion of fine
grained poorly preserved calcite material, similar to grains in facies 5, suggests that
this facies may represent very fine sediments being transported into the deep basin
by suspension. These were therefore deposited alongside pelagic and periplatform
sediments rather than representing true pelagic deposition which characterise the

Puig de Ses Fites Formation.
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Figure 4.15 Outcrop of facies 7. Note the abundance of chert nodules that follow bedding planes. Hammer 30cm in
length.
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4.2 FIELD LOCATIONS

The Puig Cutri has been divided into geographical ‘regions’ (Figure 4.16) where
distinctive geometries differ, these are separated by the E-W strike-slip fault found
immediately north of Puig Cutri. South of this fault the area is divided into two. The
‘Puig Cutri Area’ is dominated by a massive oolitic gully fill that cuts into underlying
strata and is capped by resedimented rocks and a small quantity of the overlying
formation, whilst the ‘Puig Cutri Southern Section’ consists of a series of high density
turbidites; this has been coined ‘The Cutri Formation mega-sequence’ by Abbots
(1989). Areas north of the E-W strike-slip fault are divided into two areas nhamed after
their peaks; the ‘Puig Poloni to Puig de Ses Fites’ and the ‘Puig Poloni South’. The
‘Puig Poloni to Puig de Ses Fites’ has a very similar geology compared to the
southern section whilst the ‘Puig Poloni East’ is a unique outcrop which represents a

deposition within in more proximal settings when compared to the other outcrops.
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Figure 4.16 Location names found in this report with logging locations. Triangles indicate individual start log locations
(sedimentary logs are presented as composite). Based on CNIG (Division 672-1V Arta).
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4.2.1 Puic CUTRI AREA (C001)

The Puig Cutri Area is the area immediately surrounds the Puig Cutri, and is
dominated by a sub-vertical cliff of massive oolitic packstone grainstones that are up
to 30 m thick and is capped by separate turbidite deposits (Figure 4.17; Figure
4.18a-b). These pack-grainstones are observed to erode into the underlying Cuber
Formation (see 500, 600 and 1200 cm on Figure 4.18a), incorporating semi-lithified
clasts into turbidity currents. This erosional unit consists of compacted oolitic pack-
grainstones, and is 30 m wide and 20 m high with no large boulders or blocks being
observed and has a geometry showing a channel infilled with high-density turbidite
sands (Alvaro et al., 1984a; Abbots, 1989). This channel was interpreted to have
transported oolitic material out onto the inner apron (Abbots, 1989). The muddy
oolitic sediment was transported with the incorporation of slope-derived muds, which
supported dispersive pressures between the grains and dampened grain destruction
during transport. The channel is orientated E-W and cuts downwards in a westerly
direction, suggesting an eastward source direction. Additionally within facies 5 large
ripples and cross stratification are always orientated perpendicular to the overlying
orientation suggesting that currents were likely coming down the slope into deeper

water.

Similar U-shaped back-filled channels cutting across the proximal apron have been
described by Mullins et al. (1984), Phelps and Kerans, (2007), Noda and Toshimitsu
(2009), and Sami et al. (2010). Comparable gully fills that cut into slope mudstone
and which are similarly plugged with sediment coarser than the slope material are
described from the Oligo-Miocene Numidian Flysch, Tunisia, where the channels are
500-1500 m wide (Sami et al., 2010), the Devonian Prongs Creek Formation, Yukon,
where they are 50-100 m deep and 100-200 m wide (Mullins and Cook, 1986), and
other gully fills that have been described in other ancient apron sequences by Cook
(1979b), Cook et al. (1972), Hineke and Krienke (2004), and Noda and Toshimitsu
(2009). U-shaped gullies are also common on clastic aprons and often cut across the

proximal apron (Stow, 1985a).
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Figure 4.17 Photograph and field sketch of Abbots, (1989) Puig Cutri Area. Facing ESE.
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4.2.2 PuiG CUTRI SOUTHERN SECTION (C002)

The ‘Puig Cutri Southern Section’ (Figure 4.19) displays a complete succession
through the Cutri Formation (Figure 4.20). Normal faults serve to downthrow the
section progressively to the SE where a more complete apron sequence is
displayed. Proximal turbidites grade into more distal turbidite deposits and gradually
record greater quantities of muddy deposition (facies 5). The section is characterised
by thick packstone-grainstone turbidite units that thin up-section with a smaller
proportion of resedimented grains. This is represented as thin dilute turbidite
packages consisting of wacke-packstones that are interspersed with muddy facies

that consist of mud-wackestones and coquinas.

The succession records a progression from inner-apron proximal facies to distal
outer-apron and basin-plain facies. The facies of these apron-belt divisions
correspond to the apron models of Mullins and Cook (1986) with the notable
absence of debris flows in this part of the study area. The facies described are
interpreted as resulting from deposition within a sandy turbidite deposition apron,
dominated by the resedimentation of unconsolidated oolitic sands (Abbots, 1989;
Hineke and Krienke, 2004).
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Figure 4.19 Photograph of major turbidite units found in Puig Cutri Southern Section. Facing NE.

Each turbidite unit has been given a letter from A to Q (A bring the oldest Q being
the youngest) by Abbots (1989); Figure 4.19. The major turbidite units are letters A,
E, H and | as indicated in Figure 4.19, smaller, more dilute, turbidite units make up
the remaining intervals. As suggested above the units thin up section eventually
giving way to dark fissile mudstone pelagic facies (see composite log C002; Figure

4.21) of the Puig de Ses Fites Formation.
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4.2.3 PuiG PoLONI-PuIG DE SEs FITES (CO03)

This locality marks a SW-NE oriented extension of the Puig Cutri Area. It is
separated from the Puig Cutri by a WNW-ESE trending strike-slip fault and by similar
bounding faults to the NE, these faults allowing movement of the Puig Poloni-Puig de
Ses Fites further to the WNW.

At this location the Cutri Formation forms a series of well-exposed near vertical cliff-
type outcrops that sit on top of the bare Puig Poloni-Puig de Ses Fites ridge. These
outcrops present a similar sequence to that of the southern section. However, a
Posidonia coquina drift deposit characterises the location suggesting that the
palaeotopography differed to the southern section of the apron complex (Figure 4.22;
4.23). A debris flow is noted in the outcrop (2050-2150 cm Figure 4.24a) suggesting
slightly different sedimentary processes may have been in action in this area.

Due to the near vertical outcrop, and time constraints, as wells as parts of the
location coming under a protected area, detailed sedimentological study was not
carried out; particularly towards the north. These distinctive oolitic units characterise
the Puig Poloni-Puig de Ses Fites area and these units are also associated with

hyperconcentrated flows.
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Figure 4.22 Photograph and field sketch of the Puig Poloni-Puig de Ses Fites outcrop. Note the dark coquina facies
overlain by much lighter coloured turbidite packages. Facing NE.
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Figure 4.23 Photograph and field sketch of the Puig Poloni-Puig de Ses Fites. Facing NE.

112



Sedimentary log of location
C003

Location: 3"23G04°E  38%42'1.4"N

Legend 2150 [
General lithology
@ Qolitic/Peloidal Limestone

500 ~ = 2100 K
0 i
Argillaceous Limestone A
—
- . — I
Calcisiltite — -
= = St =
\:\:\, J.‘e 2080
Marl — A AN
= A
= 1250 LS
-— - N N
E ~ N
Cherty Limestone = 5 N~
~
A -~ 2000
~ N
N4 —
QOrganisation 1200 |~ ™

|

Bioturbation ~ond

~N
P
ik

1800
N o
Laminations 430 ~

Stratified grains )

> " ~o N :
% Graded gravel intraciasts 6 (St 1850

Oversized peloids ~
100 2

EWE ]
e
]|

Stylohtic contact o
- A

:
Y

i
H
t

14

2

Chert Nodules - A SR

Hardground =0 ~ A

M
[

|

gecse | [S3] | 1o PROX

260 * ~ 1700 ¢

g
©

Lowe, 1982 Classification
8
?
P

N A T

N
1650 5
<

Cutcrop thickness (¢m)
Sedimentary Structures
non-carbonate
mudstone

wackestone

packstone

granstone

Facies

Lithology

G0 |~

1600

Ul

100 P 1550

i
e

Figure 4.24a Sedimentary log of Puig Poloni-Puig de Ses Fites.

113



sl y _
* s Sedimentary log of location
0" % C003 continued
L
m 0.:":'\0'.
se [l P33
lé v —_—
2850 5 ] .n-"":"'
{2o Lor
et
3 1 52
g P
Latal b
=0 LR 5 1
.‘\- .‘\.
JRESER
SR
7% [ Q
(=1
0
3350
2000 3300
Pr———
5 —
——
2650 3250
. o
LS T
sl'a | =
Ak I 3200 T
e EF
AL ——==ni
2450 3150 ; 7
2400 3100
2350 3050
2300 3000
e,
...:' ,-;;?
I T
2250 265 e s35
‘.ll..q
*H '..QO.' E=T

Figure 4.24b Sedimentary log of Puig Poloni-Puig de Ses Fites continued.
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4.2.4 PuiG PoLONI EAST (C003s)

The outcrop is found to the south east of Puig Poloni-Puig de Ses Fites outcrops,
being thrust towards the NW, and has a unique composition compared to other
outcrops in the area as it gives a stratigraphic representation towards the east

(Abbots, 1989), and hence is a more proximal to source location.

This outcrop has a similar sequence to the southern section, showing a development
of proximal turbidites and debrites interbedded with deeper water type facies. This
outcrop has an overall coarser composition containing much more of facies 1, 2 and
3 in comparison to other areas (Figure 4.25, 4.26a and 4.26b). This is most likely

due to the more proximal location of this outcrop compared to other areas.

Figure 4.25 Polished slab of facies 1 in Puig Poloni east outcrop (Appendix B Hand Specimen 350). Note the variety of
clast colours indicating a shallow water origin.

115



Sedimentary log of location | 70 —— == 5
C003s = = =
Location: 3°23'51 25°E  39°42'46.68°N —
Legend
General lithology 650
E Qolitic/Peloidal Limestone
Argillaceous Limestone 600
.u:::u'
¥ ) -t
N calcisittite 854 v
LETE Cond
550 —t—
Mari
Cherty Limestone N 5
500 T
Organisation e PAS
U U sioturbation B
= . Ll
% Laminations 450 i
el
> . .
.. . e
Stratified grai x
i KR
-2t & .
Q“'q.gi ; Graded gravel intraclasts 100l q Jodf
2 '. .o‘o
Oversized peloids - .
... .
: e
Stylofitic contact b
[ty s <=
) '.c: 0 3
=] crenrosss b
wee ;:,‘.
a0(®lo & o
s [ d s go®
'. |
11 w5
® ﬂ N
- ..
E ! B
= 2 250 2
0 S T 1
@ 2 Texture e~ =
e & ., - ik
-~ |
g > 83 = == |§
S 8 Se00e b=~ e
a B § 25255 s =3
o o g 52e¢2 w 200~ ~ B
5§ 5 3 gggn? g -~ == -
o
8 b 0 cgggﬁ & ]
150
[
100
sy 3
felo] ° |°
D .u:"'
.
® aof? eoe
tadat?
c R =T
ot | cP*
° J?- e Aol 2

Figure 4.26a Sedimentary log of Puig Poloni east.

116

:

el Y bl
Saece

28;

o 1 Y
Reooeeea

mE=EaEsEaEaEn
Lot lelteletelelelolelole

EsE
o]
P

o o L L

T o o oy o Ty Ty e e T B P B 7 o 1 B = 7 = e
uauau ]
o} : o} a
M
-




Sedimentary log of location

< C003s continued
2000 121 3600
2850 3560
2500 3500
2750 A 3450

Al

[elol .fos

o - -CA:...'

I .

2 ﬂ o« b

AR —
2700 § ~ 2400

. . “E—_— :
2650 3350

2600

T

3250

2550

T

Ll g Lol el g ol

|

2500 —:_ 3200
—
e o b:

) | 310
3100

3
3050
L 3000

2
- 2050

Figure 4.26b Sedimentary log of Puig Poloni east continued.
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4.3 DISCUSSION

Overall, the Cutri Formation is a grain-rich turbidite system, with turbidites becoming
increasingly distal up section, whilst always being interbedded with silty bioclastic
mudstones and wackestones. The overall domination of muds and fine suspended
sediments suggests that this sedimentary body was probably formed on the
windward margin of the platform where sands from the platform top were being
deposited on-bank. This is a characteristic feature of windward margins where
transport of resedimented grains and finer muds and silts dominate the slope and
base-of-slope environment. Ancient examples of windward margins include the
eastern side of the Valles-San Luis Potosi; Minero, (1991) and Tuxpan Platforms;
Enos and Stephen, (1991).

Similar ancient examples of these types of successions are seen in the Los Molles
Formation, Chile (Bell and Suarez, 1995), Poza Rica field, Mexico (Janson et al.,
2011) and Wolfcampian/Leonard carbonates in the Midland Basin, U.S.A (Dutton et
al., 2004). The domination of muds and silts of facies 5 indicate an origin from either
from the platform edge (through fine-grained shedding), or from background
sedimentation from the water column. It is likely that these sediments were dispersed
via wave, tidal and storm currents that transport fine grained material off-bank into
the basin. Grain dominated elements (i.e. debrites and turbidites) are considered to
be derived from shallow platform-top environments which were generating
unconsolidated sands into the basin due to direct interaction with wave base and
storm events. It is this continuous wave action and regular storm that drove shallow

water sands into the basin.

The allochems found within debrites and turbidite facies suggest an origin in shallow
water, with a mix of high-energy and lower-energy type allochems, where the
development of ooids and aggregate grains took place in high energy settings and
peloids and micritised grains lower-energy settings. The high energy setting of the
sediment source is further suggested by the inclusion of semi-lithified intra- and
exoclasts that are abundant in more proximal deposits (see location C003s). Their

inclusion indicates that erosion due to both wave energy and gravity flows were
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eroding the slope. Other locations (C001, C002 and C003) represent those deposits

further downslope where a finer, although coarse grade sediment, is preserved.

Turbidity flows are interpreted to have been derived from a shallow water
environment to a base-of-slope environment. Without any of the platform being
preserved it is impossible to say, with a high degree of certainty, what was the
sediment source environment. However, it is discussed in Abbots (1989) that upper
slope deposits occur on the island of Cabrera, geologically part of the Sierra de

Levante but separated from Mallorca to the SSW.

Abbots (1989) reinterpreted what was described as a “conjugate olistolith” by Arbona
et al. (1984-1985) as being an upper slope gully fill, plugged with oolitic limestones,
forming part of the grain-rich succession of the Middle Jurassic and is recognised as
being equivalent to the Cutri Formation. This succession is interpreted to be the
upper slope environment of the platform. Furthermore, Abbots’ (1989) upper slope
deposits are described as consisting of “thin-bedded oolitic grainstones and
wackestones with Posidonia...overlain by... [erosive]...carbonate conglomerates”
forming gully fills and Aurell et al (2002) as having a wackestone packstone
microfacies rich in filaments of Boistra. This succession of oolitic grainstones and
wackestones characterises the studied strata. Additionally, Posidonia rich
wackestones are observed in this study as forming exoclasts within facies 1 and 2.
This suggests that the exoclasts are possibly the preserved upper slope/source area
of the Cutri Formation deposits. Since only exoclasts remain of the platform it is
assumed, due to the high proportion of ooids within the turbidites, that the source of
the Cutri Formation was probably from high-energy environments or from spill-over

of such environments near the platform top.

The predominance of ripples, fining-up sequences, strong alignment of allochems,
and parallel-laminated beds within facies 5 indicates a gentle reworking by bottom
currents and deposition of a muddy to sandy contourite. The inclusion of allochems
that characterise facies 1, 2 and 3 within these contourites suggests that mixing of
turbidity current material took place. These contourites are possibly deposited from a
mixture of suspended sediments, dilute turbidites and probable storm events that

incorporated platformal grains into the system. Posidonia bivalves form a bank in
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one location and are commonly found amongst facies 5; the bioclasts are sorted by
current reworking. These Posidonia coquina banks crop out at Puig de Ses Fites
suggesting this area had a combination of unique currents compared to the rest of
the area, which accumulated the bivalves into a bank.

Facies 7 was first interpreted by Abbots (1989) to represent the Puig de Ses Fites
Formation that overlies the Cutri Formation partly based on the occurrence of
radiolarians that reflect the continuous widening of the Neotethys Ocean. The
boundary between these two formations is represented by a hiatus during the
Bathonian-Oxfordian. However, the inability to correlate the boundary between the
Cutri and Puig de Ses Fites Formation by contact types or biostratigraphy (due to the
resedimented nature of these sediments) leaves open to interpretation the timing of
deposition and whether this facies was associated with the resedimented facies of
the Cutri Formation or the true pelagic sediments of the Puig de Ses Fites
Formation. The above mentioned relationships between facies types and their
geometries is summarised in Figure 4.27. Figure 4.27 illustrates the sedimentary
geometries and relationships between the above discussed facies. Note the
relatively extensive linear accumulation of turbidites between C001 and C002, this is
the Cutri Megasequences. Within these outcrops the strike-slip fault noted to occur
between C001 and C003 and C003s enables a view of more proximal deposits that

represent more proximal (hence coarser grained) sediments.

The Cutri Formation is suggested to be a base-of-slope apron where a mixed
turbidite/contourite system developed (e.g. Rebesco et al., 1996, 1997, 2002;
Pudsey, 2000; Escutia et al. 2002). The coarsest resedimented rocks are found in
the base of slope environment and the finer, more distal, deposits are found within
the toe-of-slope environment where they begin to incorporate basinal/pelagic type

sediments like those seen in facies 7.
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4.3.1 DEPOSITION MODEL

The slope characteristics and proximity to the slope break probably have the
greatest influence on what type of deposits occur at the base-of-slope and further
beyond at the toe-of-slope and basin floor. Steep, unstable slopes are ideal for
debrites, rock falls and coarse grain flows whilst gentle slopes are probably more
likely to produce turbidites and soft sediment slumps. The Cutri Formation consists of
debrites and turbidites, which contain two types of extraclasts of semi-lithified origin,
suggesting that these deposits were formed on a heterogeneous carbonate slope
dominated by the Posidonia bivalve, rather than further downslope in the probably

more homogeneous mud-rich lower slope and basinal areas.

The Cutri Formation is regarded here as a good example for “Walther’s Law of
Facies” (Stanley, 1999). Moving up the stratigraphic sections the rocks display
continuously deepening and increasingly distal sedimentary environments that are
related to the rifting Neotethys Ocean. The mixture of facies within the formation has
also being described in other examples (e.g. Mullins and Cook, 1986; Reading and
Richards, 1994) and points to the Cutri Formation most likely representing a base-of-
slope carbonate apron (Figure 4.28 and 4.29) rather than a fan type deposit (e.g.
Wright and Wilson, 1984), with its origin probably created by the changing tectonic
and palaeogeographical events. As discussed at the end of chapter 2 the Cutri
Formation is considered to have formed between 25-30°N suggesting that it had a
subtropical, seasonal climate where a high pressure zone is postulated to have sat
over the area, and most of western Tethys, during the northern hemisphere winter
(see section 2.8). During the northern hemisphere summer low pressure is
considered to have migrated south from Laurasia creating a more humid and wet
climate and possibly more unstable weather, with storms becoming common during
the season (Arias, 2008). The study area had a distinctively seasonal climate and a
sensible modern comparison is the subtropical Caribbean Sea, where winters are
dry and warm whilst winters are hot, humid and stormy (hurricanes). It is understood
that a NE prevailing wind swept the Tethys Ocean during this time. Hurricanes are
recognized to have played an important role in sediment transfer throughout the

region.
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In classic apron and fan models, sediments are transported via submarine canyons
forming a fan deposit at the canyons mouth. But an apron complex is differentiated
by the presence of a series of channels and small gullies that cut the slope (e.g.
Mullins and Cook, 1986; Huneke and Krienke, 2004), and feed sediment into a
distinctively linear apron complex that forms parallel to the platform (e.g. the modern
Bahamas slope, Mullins et al., 1984 and the Tuxpan Platform, Janson et al., 2011).
This apron system is characterised by multiple sources along a margin rather than a
single point source. This difference between point and linear source deposits have
been described by Mullins and Cook (1986) and Colacicchi and Baldanza (1986),
which has led to the development of carbonate apron models (e.g. Reading and
Richards, 1994).

Rifting of the Neotethys Ocean created unstable platform tops due to localised
subsidence causing oversteepening. Further, eustatic control and storm events
resulted in increased instability that encouraged gravity flow sedimentation into
current swept platform slope areas. The carbonate apron complex has slope
sediments that form an extensive; basinwards thinning accumulation of
resedimented carbonate sediment (see models in Figure 4.28 and 4.29). This
retrogradational pattern (overall decrease in coarseness and thickness) seen in the
Cutri formation is suggestive of a subsidence regime.
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Figure 4.28 Depositional model for final deposition of the Cutri Formation. Note the location of logs which have
been incorporated to indicate the spatial distribution of sedimentary geometries illustrated in 2D from Figure
2.27.

Schematic illustration of the
depositional environments
during resedimentation.
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was finally deposited as a
base-of-slope apron.

Basin currents lead to disper-
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Figure 4.29 Depositional models for periods during deposition with arrow indicators for flow directions. See key in
Figure 4.28.
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4.3.2 EUSTASY AND THE CUTRI FORMATION: A SEQUENCE STRATIGRAPHIC FRAMEWORK

Sequence stratigraphy provides the methodology for the analysis of sediments
based on a succession of units by chronostratigraphically defined surfaces such as
unconformities and flooding surfaces. The lithofacies of the Cutri Formation consist
of mainly coarse-grained platform-top derived detritus (ooids, peloids etc) and fine-
grained slope and basinal muds and calcisilts. The lithofacies form a characteristic
succession where a relationship between strata and sequence stratigraphy can be
seen. With Abbots (1989) study of the upper slope on Cabrera it is possible to show
that significant elements of deposition were created solely from sea level fluctuations
and local alterations to the sedimentary environment (e.g. tectonics, shifting

currents).

The Cutri Formation was deposited during a period of rising sea level as a part of the
Lower Zuni Il Megasequence, a period of long-term 1st-order rise in global sea level
(Figure 4.30). Significant continental margin flooding occurred, together with
submergence of both carbonate platforms and the central Laurasian rift basins
(Golonka et al. 1994). Sea level reached its Jurassic maximum during Oxfordian-
Kimmeridgian time (see Figure 4.30). Large continental shelves were established on
the Tethyan margins, in Europe and in the Arctic (Golonka et al., 1994, 1996, 2000)

of which Cutri Formation was deposited as patrt.
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Figure 4.30 Global relative sea level chart from Haq et al. (1987).

In Figure 4.30, 2"%-3" order sequences (sea level changes over 1-10 million years)
are seen forming within the Callovian (165-161Ma; Walker et al., 2009), when the
Cutri Formation is believed to have been deposited. These sea level falls are
temporary reductions in the rate of 1% order sea level rise throughout the late-Middle
Jurassic. These short-lived changes in eustasy may have had a control on the
deposition of the Cutri Formation. A brief summary of theoretical slope and base-of-
slope deposits is described for lowstands, highstands and transgressive system

tracts and applied to the Cutri Formation succession.

LOWSTAND

A lowstand is the lowermost depth reached by sea level during a specified period of
time. The composition of lowstand sediment gravity deposits differs from highstand
deposits and can be used as a key to interpreting the relative sea level during
deposition. Lowstand carbonate turbidites often contain skeletal grains and clasts
shed from older, possibly exposed, shelf edge. Schlager (1991) suggests that ooids
and peloids are scarce in lowstand turbidites because ooid and peloid formation

requires flooded well-circulated platform tops, whereas skeletal sands can be
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produced at shelf edges. It is these skeletal-rich sediments that are deposited
downslope (e.g. Vecsei and Sanders, 1997). The Cutri Formation is dominated by
ooid-peloidal rich and skeletal poor system only containing locally abundant
homogenous skeletal accumulations of Posidonia bivalves suggesting that the

turbidites and debrites were sourced from a well-circulated platform top.

TRANSGRESSIVE

A marine transgression is a period of time where sea level rises relative to land.
Posamentier and Vail (1988) postulate that the retrogradational succession of
parasequences would probably form during a transgression towards highstand in the
slope environment. This is a conclusion that Abbots (1989) reached for this
formation; and is possibly due to continual back stepping of the carbonate platform
during increasing sea level. Handford and Loucks (1990) imply that reaching
maximum sea level possibly leads to the development of condensed facies over the
slope and base-of-slope environments due to the deposition of hemipelagic and
pelagic sediments (i.e. the deposition of Puig de Ses Fites Formation). In the Cutri
Formation the youngest exposed rocks are of pelagic origin and have been identified
as representing the opening of the Neotethys and Proto-Atlantic when true basinal
environments prevailed over the region. It is possible that the platform associated
with the Cutri Formation migrated with the widening Neotethys leading to an
abandonment of the apron. This is seen in the deposits studied by a generally
increasing distal nature of resedimented carbonates and increasing pelagic influence

over deposition.

The type of deposits developed during a transgression depends on the type of
platform (rimmed, isolated) and climate (arid, humid) since climate effects the
deposits developed during exposure, if exposure occurred. However, no evaporites
(associated with arid conditions) were found nor any evidence of karstification since
no remains of the platform are preserved. This suggests that the platform was
probably not exposed but was strongly influenced the rifting of the Tethys Ocean and
the platform migrating away from the area of deposition.
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HIGHSTAND

Highstand deposits typically contain a progradational parasequence set. Since a
highstand is the period when sea level is at its highest, sediments consist of the
greatest carbonate production including the growth of shoals and sandbars
commonly made-up of ooids and other grains. It is noted that periplatform oozes
tend to form in these times, where storm events and other high energy events
transport suspended sediment into the basins covering the slope and basin floor
(Handford and Loucks, 1990). Furthermore basin currents are probably likely to push

into shallower water (i.e. higher up slope) increasing rates of erosion on the slope.

Both lowstand and highstand deposits represent the two extremes of relative sea
level. The Cutri Formation does not comply with either of these described deposits,
where the system has a general fining up sequence indicating a general deepening
of the sedimentary environment agreeing with the general sea level sea level rise

noted in Figure 4.30.

Palaeogeographical study of the depositional system points to other local controls
such as tectonics, which were active during this time. The rifting of the Neotethys led
to the segregation of platforms, with the remnants forming small isolated platforms
within the Neotethys Ocean. The continuing widening of the ocean pushed proximal
sources of resedimentation further away until pelagic sedimentation prevailed over
the region. This pattern of increasingly distal environments is clearly recognized, and
seems to be the best interpretation of the facies evolution within the sequence

stratigraphic framework.

TECTONIC INFLUENCE

The Jurassic of the Western Mediterranean is characterised by regional rifting of the
Neotethys Ocean and consequently localised subsidence. The retrogradational
pattern seen in the Cutri formation is indicative of a subsidence regime where an
overall decrease in turbidite coarseness and thickness is observed. Tectonic
influence is further signified by the abrupt sedimentological disparity between the

coarser facies (1, 2 and 3) and finer grained facies (5 and 7). This disparity is
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indicted by a sharp contrast between coarse and fine grained bodies suggesting that
resedimentation events occurred as single events rather than being an accumulation
of sediment derived from high-stand shedding for example (e.g. Adabi et al. 2010;
Gawthorpe et al., 1994). Furthermore, the inclusion of semi-lithified clasts within
facies 1 and 2 is evidence that the slope was unstable and debrites and turbidites
carried fragments of this unstable material down-slope. Oversteepening is the
probable reason for this instability, caused by tectonic activity on the platform edge.
Evidence discussed from Cabrera by Abbots (1989) suggests that the margin was
formed on a footwall and was tectonically active during the time of deposition. This
margin formed part of the rifting zone and therefore is characterised as a normal fault

where the base-of-slope apron formed at the bottom of the footwall.
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5. DIAGENESIS AND RESERVOIR
PROPERTIES

5.1 INTRODUCTION

The diagenesis and petrography of the Cutri Formation was investigated by means
of standard petrographic techniques including acetate peels, unstained polished thin

sections and cathodoluminescence.

5.2 DIAGENETIC HISTORY

5.2.1 MICRITISATION, MICRITE COATS AND SEAFLOOR MICRITE

In the Cutri Formation samples, most of the interparticle pore-space is filled by
micrite matrix. This is a combination of pelagic carbonate mud and carbonate silt
grade sediment that consists of abraded and disarticulated thin-shelled bivalve
fragments of benthic soft mud dwellers, micropeloids and other abraded grains of

shell material.

Micritised grains are the dominant allochems in the turbidite facies. Micritisation is
the first diagenetic process that occurs at the sediment water interface (Adams and
Mackenzie, 1998). It is essentially a near-surface process where grains have been
bored by algal and fungal fauna and flora in low energy shallow-marine
environments (Bathurst, 1975; Flugel, 2004). Commonly, internal structures have
been destroyed through the process. The composition of the calcirudites in the Cutri
Formation suggests that micritisation of grains was probably common prior to

transport.

Micritisation of grains ranges from pervasive (i.e. destroyed the internal structures of
grains) to a thin dark outer layer of micrite. The micritisation of these allochems
possibly started to develop in shallow water, high energy conditions where peloids
and ooids probably formed by being rolled around an accumulating material.
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Micrite coats are found only in calcirudite facies where the majority of coated grains

probably developed their coatings through transport (Fligel, 2004).

The Cutri Formation contains only small amounts of fossil material, which were
particularly susceptible to micritisation, these include: corals, foraminifera, molluscs
and bryozoan. Micritised grains commonly have a dull brown to orange

luminescence under CL (Figure 5.1).
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Figure 5.1. Photomicrograph (x10 obj.) and CL image illustrating host micrite matrix and micrite coats. A-
Microcrystalline matrix hosting calcisiltite sediment displaying a dull luminescence. B- A micritised abraded bivalve
fragment. C- Rip-up clast containing a different matrix to host deposit. D- Aggregate grains. E- Micritic ooid with a poor
concentric structure. 2-Darker micrite of ooids and other allochems 3-A much brighter luminescence found in other
allochems 4- intraclasts derived from the shelf edge. FoV 1.16 x 0.86mm. Appendix B C003 590cm.
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5.2.2 EARLY ISOPACHOUS FRINGE CEMENTS

Early fringing cements are only observed in one facies type, the Posidonia coquinas.
These early marine cements show a dull brown-orange catholuminescence and are
predominantly non-ferroan calcite (seen by means of peels). These cements have

reduced the severity of compaction in the bivalve-rich sediments.
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5.2.3 SILICIFICATION

Three morphologies of chert occur in the Cutri Formation, they include: nodule beds,
scattered nodules (which contain microquartz mosaics) and microquartz in the form
of replacive chalcedony, which is visible in thin section (Figure 5.2). Nodule beds and
scattered nodules are found amongst marls and calcisilts often following bedding
planes and are probably derived from the nucleation of chert nodules on some
allochems (e.g. Maliva and Siever, 1988).

Replacive chalcedony is highly selective and replaced only the cores of the coarsest
of ooids and peloids and few other biogenic carbonate fragments such as coarse
abraded and disarticulated oysters and other bivalves. Chalcedony forms only a
small fraction of the sediments being mainly restricted to calcirudites. In silicified
parts allochems are less compacted than in surrounding non-silicified regions,
indicating that silicification occurred prior to or at least synchronously with significant
compaction. With very minor quantities of quartz and no observable opaline silica it
is unlikely that replacive silica could have originated from these sources; however,
there are common radiolarian tests and less common sponge spicules found
amongst the rocks (e.g. Bustillo and Ruiz Ortiz, 1987; Hesse, 1987). The dissolution
of these tests and spicules is the likely source for replacive silica. Indeed,
silicification is noted to be more abundant stratigraphically towards the top of the
Cutri Formation, getting more abundant the closer to the overlying Puig de Ses Fites
Formation (radiolarian mudstones). Chalcedony commonly occurs as grains with a

grey-brown core in PPL. Chalcedony is non-luminescent (Figure 5.3).

Timing of silicification is noted in Figure 5.4 where fluids expelled from finer
sediments were enriched in silica, possibly due to their clay content, as well as
dissolution of radiolaria and sponge spicules, silicification was concentrated in the
grain-supported turbidites where the latter acted as flow conducts in a host poorly-

permeable sediment.

Radiolarians are now preserved with fine crystalline calcite. The majority of
radiolarians do not appear to have moved from their primary deposited location and
as such they must have been recrystallised without a void stage. In theory silica and

calcite must have exchanged sites simultaneously with calcite from those areas
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being replaced. The thin solution film can be seen in Figure 5.3 where an interface is

now found, this is likely the exchange site for silica and calcite.

Figure 5.2 Chert accumulations in the Cutri Formation. A (1175 cm C001), chert forms large isolated nodules (>30
cm in length) and B (1600, C001) forming nodular beds which are rarely over 2 cm thick. Chalcedony is relatively
common as replacement and detrital grains in thin section. XPL, FoV 2.89 x 2.15 mm, Appendix B C002 530cm
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Figure 5.3 Ooids (A), dissolved ooid (B) and silica (C) amongst a micrite matrix and pore filling cement (D).
Note the cements associated with styolite display a different luminescence compared to the host calcisiltite
matrix. A silica grain is found at (4) and (5) is the migrating replacing front between silica and calcite. FoV 1.16
x 0.86mm. Appendix B C003 590cm.
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Figure 5.4 Note the common calcite fringe that is the replacing front for calcite to silica and ghosts within some silica grains.
Dolomite postdates microfractures. A=Chalcedony B=Ghost of replaced allochem C=Microfracture D=Dolomite E=Calcite rim.
FoV 2.89 x 2.15 mm. Appendix B C001 1250cm.
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5.2.4 COMPACTION

INTRODUCTION

The most significant diagenetic feature of the Cutri Formation is the influence
compaction has had on the occlusion of porosity and the enhancement of pore water
chemistry due to dissolution by means of compaction. During the turbidites’
deposition via suspension into unconsolidated muds of deep water origin, and a lack
of evidence for either extensive early marine cements or fresh water cementation
and/or stabilisation, both mechanical and chemical compaction have been
maximised. As the sediment settled under its own weight and subsequent addition of
sediments on top of them, plastic deformation, seen as longitudinal contacts and
plastically deformed grains increased. Chemical compaction then took over
mechanical compaction as the characterising features of these rocks through the
abundance of sutured contacts and pressure solution seams. The small quantities of
total cement and the associated close packing of the grains indicate extensive
compaction (Figure 5.5) and seem to be a characteristic diagenetic feature of deep
water diagenesis (e.g. Scholle, 1971). Moreover, most of the observed burial
cements are closely associated with styolites, indicating a rather closed system

during diagenesis.

MECHANICAL COMPACTION

The quantity of plastic grain deformation seen in the Cutri Formation and the relative
rarity of brittle deformation (Figure 5.5) suggests that the sediment originally
contained mud that softened grain to grain impacts during transport. However, the
grains were slightly lithified as indicated by the presence of micro-fracturing (See
section 5.2.6).

The most considerable mechanical grain compaction effect is noted as plastic
deformation which forms as longitudinal grain contacts (Figure 5.5). This was
created by the slow increase in pressure from overburden, which promoted ‘bending’

of the allochems. Brittle ooid deformations, where ooids and other grains are split,
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buckled or crushed are relatively rare; however, internal fracturing is observed to be
frequent (See section 5.2.6). Broken grains are most often smaller allochems
associated with much larger allochems; this is possibly related to the poorly sorted
nature of the sediments and the effort associated with movement of larger rigid

grains compared to those of a smaller size leading to damage to smaller grains.

CHEMICAL COMPACTION

Sutured seams, styolites and solution seams, which originate from chemical
compaction, are common in the Cutri Formation. Chemical compaction is a
continuous process throughout burial; sutured grains are one of the earliest products
of chemical compaction, occurring in as shallow as 400 m of overburden in
carbonates (e.g. Moore, 2001). Sutured grain contacts are common with these
microstyolitic contacts (e.g. Figure 5.5) between individual grains and wackestone

clasts and oolitic packstone matrix being widespread.
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Figure 5.5. Mechanical compaction. A-Point contacts, B-Longitudinal contacts, C- concavo-convex contacts D- Deformed
grains. FoV 5.78 x 4.31 mm. Appendix B C001 560cm.
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5.2.5 BURIAL CEMENT 1 AND CONTINUED CHEMICAL COMPACTION

The earliest cement type within the Cutri Formation is a rare intergranular pore filling
cement that is associated with stylolites and microstylolites that have developed with
increased overburden (Figure 5.6). This cement, a calcite spatr, fills intergranular
pores and ranges from clear to cloudy calcite crystals up to 1mm across that fill
intergranular pore space. The cements were probably deposited via fluids issued
from chemical compaction. The dissolved carbonate would most likely have been
moved a tiny distance from their source, i.e. pressure-solution features, before being
reprecipitated, ‘autocementing’ the rock (Plummer et al., 1976).
- o e

Figure 5.6 Burial cement filling intergranular pore space in close proximity to styolites cutting across the matrix. FoV 2.89
x 2.15 mm. Appendix B C001 1450cm
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5.2.6 MICROFRACTURES

Microfracturing, associated with increasing pressure, pressure solutions and styolites
that cut indiscriminately through the rock are less common than minor sutured
contacts. They suggest that the development of pressure solution seams and
styolites occurred as part of a continuing process that continued into the later
diagenetic environment that carried pore fluids around the rock, leading to the
development of intergranular cements and final lithification of the sediment.

Microfractures commonly follow grain contacts and cut through grains and cements
(Figure 5.5). Internal microfracturing occurs most prominently within replacive silica
grains as well as other micritised allochems these microfractures are cemented with
a microcrystalline equant calcite that has a dull brown luminescence. These fractures
are always <0.5 mm in diameter and are filled with an equant calcite fill that is yellow
to brown luminescent. The fractures occur parallel and oblique to bedding and do not
persist for great distances. They are often associated with styolites that are found at
the margins of allochems. This suggests that at least part of these microfractures

could be interpreted as tension gashes.

A second microfracture set that cuts across the first fracture set and all allochems
and cements is much more persistent and can run the whole length of thin sections.
These microfractures occur both parallel and vertical to bedding, suggesting that
further burial of the sediment was characterised by increasing overburdening of the

rock, possibly from fluid overpressure.
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5.2.7 DOLOMITISATION

Dolomitisation in the Cutri formation occurs in coarse-grained sediments commonly
along fractures and dissolution seams. They are scattered inconsistently within fine-
grained samples as associated to dissolution seams and occur as individual very fine
to fine euhedral-anhedral grains. Dolomites display a clear core with calcified later
stages of dolomite growth (e.g. Taylor and Sibley, 1986; Figure 5.8). Dolomite
patches are commonly associated with iron oxide cement (Figure 5.8). Dolomites are

seen in CL as dull orange-red-brown coloured crystals (Figure 5.7).

Faults are known to control flow paths of dolomitising fluid, although the fluid source
is commonly not well known (e.g. Fu et al., 2008; Callot et al., 2010). In the case of

the Cutri Formation, dolomite crystals are most often associated with fracturing and
styolites, where dolomites have replaced patches of calcite cements and have

occluded porosity by overgrowing into remaining pore space (Figure 5.7).

The dolomites are possibly a product of the continuous process of chemical
compaction where calcite cements are first precipitated by the redistribution of
carbonates, and after a period of time and considerable pressure-solution resulted in
the concentration of significant amounts of insoluble material along solution seams

and stylolites, where dolomite precipitated.

The grain-dominated packstones and grainstones of the Cutri formation are typically
composed of coarse grains, so partial replacement by dolomite has not affected pore
sizes thus not altering/enhancing poor porosity and permeability observations
suggesting dolomitisation has no significant effect on reservoir quality in this

formation.
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Figure 5.7 Microfractures that cut the dolomites and any remaining porosity are often filled with dull to non-
luminescent calcite that rarely contains bright yellow micropatches. Note the predominance of dolomite
crystals along grain edges, microfractures and dissolution seams. FoV 1.16 x 0.86mm. Appendix B C001 2450 cm
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5.2.8 FRACTURING- CALCITE VEINS

Large calcite veins that are <5 cm thick cut across all components of the rocks and
form both obliquely and vertical to bedding. These calcite veins show evidence of
shear fracturing, through displacement and micro-brecciation within the fracture
cements. Calcite veins are associated with patches of calcified dolomites and
commonly contain intercrystal porosity and at hand specimen scale contain
unconnected intra-fracture vugs, which probably created through recent dissolution.

These calcite veins post date inter-particle cementation and dolomitisation of the
sediments and are dated to more recent tectonic events, (probably in the Tertiary
Alvaro et al., 1989). The calcite veins of the Cutri Formation were caused by brittle
failure of the rock during tectonic fracturing of the lithified rocks caused by stress and
shear displacement, where these fractures were filled with a coarse equant calcite

spar.
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5.2.9 CALCIFICATION (DEDOLOMITISATION)

Dedolomitisation is the diagenetic replacement or dissolution of dolomite, which may
occur under various conditions such as a near-surface process or in deep burial
diagenesis followed by precipitation of calcite (FItigel, 2004). Calcification, has partly
affected all dolomites in the Cutri Formation, and probably occurred during the flow

of calcite-saturated fluids in later fractures.

Calcification is an important process in the Cutri Formation as the cores of dolomite
rhombs are rarely preserved. Calcification affected the outer rims of dolomite,
releasing iron that precipitated as iron-oxides in the surrounding matrix. This signifies

why the dolomites are found hosted in an iron-rich outer rim (Figure 5.8).

The preferential occurrence of dedolomitisation along fractures and adjacent areas
as fracture/void-filling calcite indicates that dedolomitising fluids utilised fractures for
flow, suggesting that fractures probably acted as permeable conduits to channel
dedolomitising fluids, i.e. probably Tertiary fresh water during the Langhian when a
major orogenic phase occurred producing the Sierra Norte and Sierra de Levante
mountainous regions (Alonso-Zarza et al., 2002). Calcification has led to ferroan
calcite replacing patches where dedolomite rhombs were clustered. The replacive
calcite in these samples is bright yellow in CL.

146



Figure 5.8 Top image is a cross polar reflective photomicrograph indicating the dominance of iron oxide deposits
in the matrix. The middle image, PPL, and bottom image, CL, illustrate selective replacement of dolomite rims
has occurred giving the orange luminescence in CL. The cloudy luminescence of the outer bright orange rims is
due to the presence of small red spots that are dolomite remnants. FoV 5.78 x 4.31 mm. Appendix B C002 520
cm.
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5.3 DIAGENETIC CONCLUSIONS

The Cutri Formation is typified by the prevalence of oolitic-peloid sediments and a
very small quantity of skeletal debris making up the debrites and turbidites that
interrupt fine grained background sedimentation. Extensive micritisation throughout
the samples is interpreted to have been a shallow water process where allochems
acquired micritic coats in shallow-water environments. A seafloor micrite is
interpreted to have been present in the base-of-slope environment where the
resedimented allochems settled. Seafloor micrite is suggested to have originated
from suspended sediments being shed off the margin of the platform. This
succession (suspension-dominated) is characteristic of windward margins where net
on-bank transport of sands results in the majority of sediments on the platform
margin consisting of fine-grained accumulations that are only interrupted by

infrequent gravity flow deposits.

Furthermore, the platform margin was situated in a relatively open area of shallow
seas to the west and north and sheltered from the open Tethys Ocean to the south
and east (Figure 2.2 and 2.4). As suggested by the sedimentological characteristics,
this was a predominantly windward margin where winds and currents were coming

from the west through the opening “Nova Scotia-Gibraltar Corridor” (see Figure 2.2).

After resedimentation (eogenesis) a lack of early cementation allowed considerable
compaction to occur, at a shallow burial depth, which systematically reduced the vast
majority of porosity and created a close-packed texture with small quantities of
cement. Mechanical compaction reduced original porosity by rearrangement and
deformation of grains.

The mesogenesis stage is characterised by the continued compaction and
remobilisation of unstable silica, which was derived from radiolarian tests and
sponge spicules where larger, likely organic-rich allochems, were replaced by
chalcedony. Later mesogenesis includes the development of extensive calcite
cementation, interpreted to have been derived through autocementation processes

and associated with microfracturing and dolomite precipitation.
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Weathering has resulted in dedolomitisation and iron oxide deposition during

telogenesis. Minor karstification is common in the ourcrops.

Porosity within the formation was reduced most extensively by compaction and was
further reduced by intergranular pore filling cements, interpreted mainly to be derived
from chemical compaction. Dissolved carbonate from dissolution and chemical
compaction of allochems has locally reprecipitated forming calcite cement in
adjacent pore space leading to autocementation, which has completely occluded

porosity removing any reservoir potential.

A possible diagenetic history of these deep-marine sediments consistent with the
observed petrography is summarised in Figure 5.9. However the sequence is based
partly on petrographic relationships and party by comparison with literature reviews,
and so contains uncertainties. Many processes take place simultaneously and the

exact paragenetic sequence cannot be determined precisely.
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6. PETROLEUM RESERVOIR PROPERTIES AND
CONCLUSIONS

6.1 INTRODUCTION

Finding new hydrocarbon reserves is becoming increasingly difficult, risky and
expensive, due to the finite nature of hydrocarbon and fossil fuels and the economic
revival of smaller fields. However, high demand in the world today is forcing
exploration into deeper waters and smaller more subtle reservoirs due to these
resources becoming more economically viable. As exploration becomes more risky
research into new play types and new reservoir models are becoming more and
more common. One of the reasons for research into carbonate turbidites is the
success that siliciclastic turbidites have provided for hydrocarbon reservoirs and the

possibility that carbonate turbidites may prove a new play type.

6.2 DISCUSSION OF KEY PRODUCING FIELDS

There are few hydrocarbon reservoirs producing from resedimented carbonates
presently and these include such fields as: Apulia Field, Italy (Cretaceous); Tengiz
field, Kazakhstan (Devonian-Permian); and several fields in the U.S. Permian basin,

such as Central Glasscock, Credo and Triple-M fields (Permian).

MIDLAND AND DELAWARE PERMIAN BASINS

Forty-one fields produce from resedimented carbonates (Dutton et al., 2004) within
the Midland and Delaware basins in Texas and New Mexico (USA). These rocks are
associated with the Wolfcamp Platform during the Guadalupian Series and consist of
deposits that were derived from several processes including debris flows, turbidity
currents, and bottom currents on lower slope areas and the basin floor (Hobson et
al., 1985). In the Midland Basin, Pacht et al. (1995) concluded that the majority of
carbonate debris was deposited during highstand time, but porous debris flows were

best developed in lowstand systems tract.
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APULIA PLATFORM

The Apulia Platform is found in the SE of Italy near the Gargano Promontory. The
platform formed on the southern margin of the Tethys Ocean during the Jurassic-
Cretaceous. Resedimented facies are found on the Gargano Promontory where
resedimented rudists and megablocks were derived from several processes
including debris flows, turbidity currents, and bottom currents. Thick deposits of
breccias containing typically dolomitic megablocks represent lowstand deposits
whilst highstand bioclastic base-of-slope deposits represent highstand deposits

(Borgomano, 2000). These highstand deposits contain the best reservoir potential.

TENGIZ FIELD

The Tengiz field is found in Kazakhstan on the NE shore of the Caspian Sea. The
field produces from a Late Devonian isolated platform where resedimented facies
surround the platform. The most significant sediments derived from resedimentation
processes are found during the Late Visean and Bashkirian (Ulmishek, 2007) where
turbidite aprons form on seaward ramps as bioclastic turbidites. Other turbidites are
noted to occur within the lower slope of the platform which shows very little

permeability (Weber et al., 2008). It is noted that these rocks produce from fractures.

6.2.1 RESERVOIR PROPERTIES

MIDLAND AND DELAWARE PERMIAN BASINS

Conglomeratic carbonate debrites and calcarenite turbidites are reservoirs in the
Permian basin (Cook and Mullins, 1983). Clasts of shallow-water origin including
skeletal grainstones, wackestones and ooid grainstones (Hobson et al., 1985)
characterise the rocks. In addition to these components are large detached blocks
of dolomites which are particularly prevalent in proximal parts of debris flows
(Mazzullo and Reid, 1987). It is noted that porosity ranges from 6-22% in this play
where debrites having the highest porosity readings containing recrystallised
bioclast-lithoclast floatstones (Hobson et al., 1985). Porosity in these rocks includes

intercrystalline, solution enlarged biomouldic (primarily through lithoclast dissolution),
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intraskeletal and fracture. It is suggested that carbonate components were leached
from lithoclasts before the original sediment was broken up into lithoclasts and that
post-burial leaching also held some importance due to the preservation of a wide
variety of porosity.

APULIA PLATFORM

Around the Apulia Platform it is thick sheets of resedimented grainstones (dominated
by rudists) that present the highest hydrocarbon potential whilst megablock
dominated debrites have the lowest reservoir potential (Borgomano, 1987). The
grainstones are characterised by high percentages of intergranular and mouldic
porosities, Borgomano (1987) suggested that this high mouldic porosity is possibly
due to skeletal aragonite being deposited (i.e. radiolutid rudists). Interestingly, the
lowstand deposits have a low reservoir potential due to their diagenetic history which
resulted in a lot of compaction and cementation, which is similar to the situation in

the Cutri Formation.

TENGIZ FIELD

Resedimented carbonates surround the Tengiz Platform and are commonly found as
packstones (Weber et al., 2008) and bioclastic turbidite aprons rich in Tubiphytes-
algae and bryozoan accumulations (Ulmishek, 2007). However, resedimented upper
slope sediments (therefore probably coarser strata) are noted to have been heavily
influenced by marine cementation where it occurs as isopachous linings and
intergranular cements (Zempolich, 1995). This marine cementation limits primary
depositional porosity and therefore porosity-enhancing diagenetic processes or

fracturing contribute to any reservoir potential in these sediments.

6.2.2 CONCLUSIONS

In summary, it is notable that the prevalence of good reservoir quality within
highstand deposits makes this one of the important areas for further research.
Observations suggest the Cutri Formation likely belong to a transgressive system

where the oolitic units are deposieted into predominately mud-rich sediments and
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have been heavily compacted and cemented; occluding porosity almost completely.
These allochems may have originated as winnowed uncoated grains that only
gained a muddier texture through resedimentation into fine grained sediments
downslope. This would have removed almost any potential to have developed into a
reservoir since this blocked pore space. The Cutri Formation is an interesting study
for research into the hydrocarbon properties of resedimented carbonates because
carbonate turbidites are among the few carbonates that have been transported
significant distances that could potentially preserve reservoir properties far from

source within basinal environments.
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7. FINAL CONCLUSIONS

7.1 SYNOPSIS

The Cutri Formation is interpreted as a base-of-slope apron deposit characteristed
by a thinning up-wards sequence indicating increasing distiality from source. The
apron is composed of distinct oolitic turbidite units that are laterally extensive,

interbedded by mudstones and packstones interpretetd to be of contourite origin.

The turbidites are high-density turbidites that are identified to have been sourced
from an easterly location. Slope deposits are noted to occur further to the south on

the Island of Caberera suggesting that this platform was a significant size.

The apron is suggested to have formed during the Callovian, a period of sea level
rise which may explain the overall thinning-up sequence as the carbonate platform
migrated away from its orginal location as it increased the intensity of carbonate
growth towards the rising sea level. However tectonic control is considered to have
taken a more direct role in initiating deposition of the Cutri Formation where Abbots
(1989) investigation of the Island of Caberera indicated the proxmity of a normal fault

to the platform edge.

The overall fine-grained nature of the formation indicates that these deposits were
formed on the windward margin of a carbonate platform. The orientation of the
platform to winds (i.e. windward vs. leeward) provides a fundamental control on

sediment type being deposited and hence its diagenetic potential.

A diagenetic investigation suggests that reservoir potential for the Cutri Formation
was minimized by the rapid porosity loss due to compaction and autocementation
processes. In fact, it is noted that porosity in resedimented carbonates is formed
commonly due to mineralogical composition (i.e. aragonite vs. calcite dissolution) or

secondary porosity formation such as fracturing.
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7.1FURTHER STUDY

This study of the Cutri Formation has resulted in several ideas that are of interest for

future study including:

e Understand the regional context of contourite/turbidite systems in the Tethys
Ocean during the Mid-Late Jurassic.

e Comparison of other examples of resedimented carbonates that are or have
produced hydrocarbons with other non-producing rocks to determine the main
causes for reservoir properties being preserved in some resedimented
carbonates and not others.

e Review of all reservoirs producing from resedimented carbonates, these
include debrites, turbidites, contourites and other resedimented rocks to
determine their reasons for reservoir quality.

e Further diagenetic study is appropriate to determine actual timing of events
and therefore their impact on the reservoir properties within the Cutri
Formation and whether this can be developed into a diagenetic model
applicable to resedimented carbonates in general.

e Study into whether turbidite packages such as the Cutri Formation are visible
using current exploration technologies such as seismic technigues and

whether it is possible to map potential plays in carbonate slope deposits.
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APPENDIX A

A.1 PREPARATION TECHNIQUES AND OBSERVATION TECHNIQUES

A.1.1 PRODUCTION OF ACETATE PEELS AND THIN SECTIONS

Rock samples were cut perpendicular to bedding (when possible) and coarse saw marks were
removed with 80 grade carborundum powder, followed by increasingly fine powders (200, 400, 600
and 1000). The final polished surface was cleaned with distilled-water and not touched.

Two staining solutions were prepared: Alizarin Red S (ARS) with a concentration of 0.2g per 100 ml
of 1.5% HCl and Potassium Ferricyanide (PF) with a concentration of 2g per 100 ml of 1.5% HCI the
two solutions were then mixed ARS:PF = 3:2.

Then a shallow tray was filled with 1.5% HCI, a second with the combined ARSIPF solution and a third
with the ARS. The polished samples were first held in the HCI for 45 seconds, and then in ARS/PF
solution for 60 seconds and then rinsed with distilled water. Finally, the polished samples were
seconds and rinsed again with distilled water.

The samples were left to dry. Samples were positioned with the polished etched and stained surface
upwards on sand and flooded with acetone. Immediately the flooded surface was covered with an
acetate sheet. Samples were left to dry for 24 hours. The peel was then removed and labelled. The
acetate was trimmed as close to the impression of the sample as possible to prevent crinkling.

A.1.2 CATHODOLUMINESCENCE

Many petrographic and diagenetic features are revealed by cathodoluminescence, whereas they
often remain invisible using conventional transmitted light microscopy. The method of
cathodoluminescence (CL) microscopy involves electron bombardment of an uncovered thin section
or rock slab in an evacuated sample chamber. This results in emission of electromagnetic radiation
including visible light, which is characteristic for the material being bombarded.

The luminescence characteristics of the carbonate mineral are controlled primarily by the relative
abundances of manganese, REE and iron. The Mn** ion and some trivalent REE ions appear to be the
most important activator ions of extrinsic CL where as Fe" is the principal quencher (e.g. Richter et
al., 2003).

The CL characteristics of calcite are noted in the literature as being most commonly extrinsic
luminescence colours of orange-yellow, yellow-orange and orange. The Mn?" ion appears to be the
most important activator in calcite although some REE ions may also be activators. CL provides
information on the spatial distribution of trace elements, particularly Fe** and Mn%, in calcite,
dolomite and other grains and cements. CL was most useful at delineating dolomite crystals, the
wide variety of calcite cements and early marine fringes on such allochems as Posidonia bivalves.
Cathodoluminescence responses in the samples are poorly luminescent, indicating an incorporation
of Fe®* compared to Mn*".
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Poor and non-luminescent responses are a product of more oxidising environments in which the
reduced forms of both Mn and Fe are less available for incorporation into the crystal lattice of calcite
and dolomite precipitated. Oxidized forms of these elements are not incorporated into calcite or
dolomite crystals and therefore there is nothing in the crystals to excite luminescence a great deal.
Bright luminescence is not found in this location but is associated with relatively high Fe/Mn trace
elements ratios, typically achieved under reducing conditions during early to intermediate stages of
burial diagenesis.
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Location C001




OF C001170cm




C001-170cm

Texture

Ooid peloid grainstone

Description

Ooid peloid grainstone that contains a poorly sorted assemblage of
abundant rounded to sub-rounded, superficial and micritic ooids, peloids,
aggregate grains and fine sand grade mud-wackestone clasts. That consist of
an assemblage of silt sized bivalve fragments and rare radiolarians.

Bioclasts consist of common biserial foraminifera, abraded gastropod
fragments, disarticulated thin shelled bivalves that commonly occur in clasts
and rare echinoderm fragments that commonly have calcite overgrowths.
Almost all bioclasts have a micrite coating. The most common coating on
these bioclasts are concentric and micritic. Ooids are commonly completely
micritised showing very subtle internal structure however, there are several
ooids that have a clear fibrous internal structure. There is an abundance of
peloids and less frequently occurring aggregate grains that tend to contain
two or more ooids that are cemented by micrite.

Grain Sizes:

Max. 1,500um [Ooid 1,200um]
Mode. 300um [Ooid 600um]
Min. 60pm [Ooid 300um]

Palaeoenvironment
Interpretation

The dominance of rounded micrite coated grains and broken and abraded
bioclasts suggests these sediments were deposited in a moderate to high
energy environment.

Diagenesis

Compaction is widely seen with all allochems touching. These contacts are
commonly point, longitudinal, concavo-convex or sutured contacts.
Allochems rarely show micro-fracturing within the grain, suggesting
mechanical compaction was crushing the grains and that the grains were
not soft during deposition. This sample is cementated by a drusy calcite spar
that has occluded any remaining pore space.

A patch of recrystallised calcite is found the bottom left of the section scan.
This is filled by a coarse equant calcite spar with microspar regions showing
the shapes of allochems in the surrounding sediment. The areas of
microspar may be relic patches of microcrystalline cement.

A thin (<30um) wide fracture cuts across all grains in the thin section. This is
filled by microspar calcite.

Pore types

Intercrystal

Reservoir quality

None-Poor







C001-375

Texture

Posidonia peloidal grainstone

Description

This is a well orientated Posidonia and peloidal grainstone showing obvious
laminations. The Posidonia thin shelled bivalves dominate the thin section
and are cemented by a coarse calcite spar overgrowth in addition some
laminae consist of a dark brown-black micrite. There are occasional
unidentified larger bivalves that have small calcite overgrowths.
Accumulations of micro-peloids are found along occasional laminae.

The Posidonia bivalves are typically 2.4 mm in length.

Palaeoenvironment
Interpretation

The strong orientation of allochems and overall lack of mud indicates that
this sediment was probably deposited in a moderate to high energy
environment where currents winnowed mud away from the accumulating
bivalves. This may have been part of a coquina bank.

Diagenesis

The Posidonia bivalves have been compacted and are broken and deformed
along with peloids that have been deformed with long axis aligned to
bedding planes. Calcite spar cement developed on the bivalves and peloids
show a mottled appearance possibly due to micritisation.

There are denticular styolites that occur singularly and periodically widen
exposing areas of fine calcite spar within the styolites. These styolites run
parallel to the orientation of the Posidonia bivalves (and hence bedding) this
is probably due to overburden pressure leading to chemical compaction.

Thin 150 um fractures vertical to bedding are discontinuous and show
evidence of shearing suggesting these were created through shear stresses.
The largest fracturing is observed as single sharp edged equant calcite filled
900um wide fracture that cuts vertical to oblique to bedding (top right of
the thin section scan).

Pore types

None

Reservoir quality

None




OF C001 515 cm




C001 515

Texture

Dolomitised oolitic aggregate grainstone

Description

This is a bimodal poorly sorted assemblage of abundant very coarse sand to
fine gravel sized deformed peloids, aggregate grains, mud-wackestone clasts
and medium to coarse sand grade superficial ooids, echinoderm fragments,
peloids and mudstone clasts.

Bioclasts are rare and are poorly preserved; they are mainly found in
aggregate grains and rarely as ooid nuclei but there is a common occurrence
of coarse abraded echinoderm fragments. Only silt sized bivalve fragments
are preserved within clasts. Ooids occur as a mixture of completely
micritised to poorly developed ooids. The majority of allochems have been
deformed but are rarely broken. Ooids comprise a light grey micritic centre
and a darker laminate edge. There is an abundance of large peloids and less
frequently occurring aggregate grains that tend to contain two to three
ooids cemented by a micrite coat. These peloids and aggregate grains are
often an order of magnitude large than the ooid matrix.

Total grain sizes range:

Max. 1,500 um [Ooid 900 pum]
Mode. 300 pm [Ooid 600 pum]
Min. 60 um [Ooid 300 um]

Palaeoenvironment
Interpretation

The dominance of rounded coarse rounded peloids and finer superficial
ooids and abraded bioclasts suggests these sediments were deposited in a
moderate to high energy environment. The mixture of allochem types and
sizes suggest this sample represents an allochthonous limestone with the
larger peloidal component representing a higher energy of flow during
transport.

Diagenesis

Many of the grains are plastically deformed with point, longitudinal and
concave-convex contacts being common. There are rare broken grains.
Chemical compaction is evident through sutured contacts and evidence of
dissolution of grains.

Silica replacement occurs in two forms with chalcedony replacing grains
nuclei and microcrystalline quartz replacing small quantities of calcite
grains, particularly within patches associated with fracturing. Chalcedony
often contains the ghost of what it has replaced and has a spherical
replacive structure as the silica grew from a single point.

The rock is cemented with a dusty equant calcite spar. Dolomite has
replaced much of the original cement and selective parts of the replacive
chalcedony with rhombic crystal invading from the chalcedony grains edge.

Calcite veins cut across all grains and are seen in the bottom left of the thin
section sample. These veins consist of equigranular calcite and contain
breccias of the host rock.

The second fractures form a conjugate set and have a calcite fill of equant
calcite spar (and rare quartz) often lined with iron oxide. Patches of
neomorphosed inequigranular replacive quartz and calcite occur throughout
the sample. These patches are associated with thin fractures that cut across
all allochems and the calcite veins. Dedolomitization (calcification), found in
neomorphosed patches, where the outer edges of dolomite crystals are part
filled by calcite whilst retaining a dolomite core occurring as a late
diagenetic process. An iron oxide coats the calcified dolomites; this is likely
due to the release of iron from ferroan dolomite during calcification.




Pore types None

Reservoir quality None
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Microphotograph 2 The abundance of different types of ooids suggests ooids of different maturity were
incorporated into turbidites. FoV 2.89 x 2.15 mm.

Microphotograph 1 Assemblage of grains, with superficial, micritic and fibrous ooid structures. Note the
dominance of compaction as a diagenetic feature. FoV 2.89 x 2.15 mm.




C001 560cm

Texture

Ooid pack-grainstone

Description

This shows a moderately well sorted assemblage of whole, broken and
deformed superficial ooids and clearly defined ooids that are no more than
1 mm in diameter. Bioclasts are found most commonly as ooid nuclei or
rarely as fine debris. Bioclasts that do occur are commonly well rounded
grains of calcite, which are probably from abraded and disarticulated
bivalves and brachiopods as, in addition there are very rare poorly
preserved micrite coated ?uniserial foraminifera.

The ooids in this sample show a variety of ooid types from 450um mean
diameter superficial ooids with clear thin radial-fibrous outer coating with a
subtle micritic layered to structureless centre to 600pm mean diameter
micritic ooids that range from largely coated micrite spheres with pervasive
micritisation of the cortex to occurrences of subtle thinly laminated
tangential cortices.

Palaeoenvironment
Interpretation

The mixture of ooid type, sizes, and thicknesses of the cortices, associated
grains and abrasion of laminae is suggestive that the ooids are
allochthonous ooids. Some ooids that have a clear structure have a thick
micrite outer core; this may have been acquired during transport. The well
defined ooid structures are characteristic of formation in quiet-water low
turbulence environments (Flligel, 2004), this may possibly be due to ooids
being transported from below the wave base or a lagoonal environment.

Diagenesis

All allochems have been compacted leading to point contacts, sutured
contacts and plastic deformation between allochems. Thin stress fractures
run through cement and allochems. Chalcedony has replaced the centre of
several of the larger grains and has an iron oxide coat. A microcrystalline
calcite cements the rock. This micrite also contains micro-peloids and fine
accumulations of calcite. Dolomites are rare throughout the sample but are
found in patches associated with fractures.

These neomorphosed patches contain calcified dolomites are scattered
through the sample.

The sample has two sets of thin irregular calcite filled fractures that cut
across all allochems and features with some fractures moulding around
harder grains. The thinner fracture set runs obliquely to thicker fractures.

Pore types

None

Reservoir quality

None
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Microphotograph 3. An assemblage of ooids in this section, with superficial, micritic and fibrous ooid
structures visible. Note the neomorphosed patch of calcite that contains replacive microcrystalline quartz and
calcite. FoV 2.89 x 2.15 mm.

Microphotograph 4. The nuclei of ooids can be varied. A microgastropod forming the nuclei of superficial ooid.
Note microfractures cutting all allochems. FoV 1.16 x 0.86mm.




Microphotograph 5. A rare patch pore filling coarse equant calcite spar. FoV 2.89 x 2.15 mm.

C001 625
Texture Dolomitised oolitic aggregate grainstone
Description This is a poorly sorted bimodal pack-grainstone, which contains an

assortment of plastically deformed to rare broken radial-fibrous ooids,
superficial ooids, aggregate grains and much coarser micritic ooids (with a
tangential fabric recognisable in peripheral parts) and coarse peloids.

Bioclasts most frequently occur as ooid nuclei and include rare
microgastropods, poorly preserved biserial foraminifera and other very rare
fine rounded shelly fragments. Only echinoderm fragments are found as
individual grains.

Palaeoenvironment
Interpretation

The mixture of different ooid types and compaction features suggests this
sediment was transported downslope in a turbidity flow.

Diagenesis

Grains within this sample are plastically deformed with point, longitudinal
and concave-convex contacts being common. There are rare broken grains.
Chemical compaction is evident through sutured contacts and evidence of
dissolution of grains. The rock is cemented by locally common coarse calcite
spar, which has occluding porosity. However, the majority of the rocks
cement is microcrystalline. Styolites follow sutured grain contacts and cut
through the cements but around micritic ooids and larger clasts. This
styolite is filled with iron oxide.

Dolomitisation has replaced parts of recrystallised patches equant calcite
spar. A scattering of anhedral rhombic crystals are found amongst the rock
particularly close to fractures. A secondary ferroan dolomite has filled
regions of previous dolomitisation; this is coated in iron oxide. Many calcite
filled sharp edged fractures span the sample and cut across all allochems.

Two fracture sets are observed in the sample. Thin calcite filled fracture are
seen running parallel to bedding and likely represent compression fractures.
Thick calcite veins cut across the sample vertical to bedding, they consist of
equant calcite spar.

Pore types

None

Reservoir quality

None
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Microphotograph 7. Chalcedony only replaces large micritic grains, which were probably organic rich. Note the
lack of compaction around large chalcedony grains. Smaller grains may have been protected from full
compaction effects. FoV 2.89 x 2.15 mm.




Microphotograph 8. CL detail of replacive chalcedony that have been dolomitised. Note
the calcification of dolomite associated with fracturing. FoV 1.16 x 0.86mm.

Microphotograph 9. XPL of chalcedony detail. FoV 1.16 x 0.86mm.




Microphotograph 10. PPL of chalcedony detail. note the different fracture fill cements,
which suggest changing stress over time. FoV 1.16 x 0.86mm.

Microphotograph 11. PPL of over sized peloid characterise this section. Very coarse
peloids and exoclasts dominate the sediment texture; however, the oolitic matrix keeps a
constant grain size. FoV 2.89 x 2.15 mm.




1250 Coo1

Texture

Ooid aggregate grainstone

Description

This grainstone consists of a poorly sorted bimodal assemblage of medium
to coarse sand grade plastically deformed to broken superficial ooids, radial-
fibrous ooids and micritic ooids along with much coarser fine to medium
gravel sized aggregate grains that commonly consist of two or more
micritised ooids and wackestone clasts. A single subangular very fine sand
grade detrital quartz grain is noted. Wackestone clasts consist of sparse
bivalve fragments radiolarians and other silt particles that are rounded.

Bioclasts rarely occur as ooid nuclei. Those that do occur in the sample
include poorly preserved foraminifera, bivalves, and other very rare fine
rounded shelly fragments.

Palaeoenvironment
Interpretation

The mixture of different ooid types and compaction features suggests this
sediment was transported downslope in a turbidity flow. The incorporation
of detrital quartz suggests the proximity to shore.

Diagenesis

This sample was compacted as evidenced through the plastic deformities of
ooids, sutured and point contacts to broken ooids. Chalcedony occurs in this
sample in a spherical form, suggestive of radiolarians tests. It is of light
brown colour in plane polarised light and carbonate crystals that have a
rhombic shape are found amongst the chalcedony. An equant calcite spar
occludes porosity and cements the rock. Dissolution seams and styolites
frequently cut through both cement and around allochems.

Single calcite filled sharp edged fractures that span the sample and cut
across all allochems.

Pore types

None

Reservoir quality

None
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Microphotograph 13. Part of dissolution seam with patch of microcrystalline calcite cementing rocks
components. Note the prevalence of micro-peloids compared to microphotography 16 and the less severe
alignment of bioclast debris. FoV 2.89 x 2.15 mm.

Microphotograph 12. Orientated accumulations of thin shelled bivalves and other shell material. FoV 2.89 x
2.15 mm.




Microphotograph 14. Part of dissolution seam with calcite cement patch amongst strongly aligned allochems
that are cemented by a microcrystalline calcite spar. FoV 2.89 x 2.15 mm.

C001 1450

Facies ?Coquina

Texture Dolomitised Posidonia peloidal packstone

Description This is a well orientated Posidonia and peloidal packstone, which has

patches of micrite rich and lighter areas which have less micrite. The sample
includes abraded echinoderms and other fine shell fragments. Posidonia
thin shelled bivalves are well orientated and found throughout the thin
section with peloids commonly found between laminations. The Posidonia
bivalves are typically 2.4 mm in length.

Palaeoenvironment
Interpretation

This sediment was probably deposited in a moderate energy environment
where mud was winnowed out of parts of the rock whilst bivalves
accumulated on top of each other. Peloids probably entered the sediment
by high energy environments up slope.

Diagenesis

The bivalves have been compacted since they are broken and crushed under
weight. Styolites follow the contacts between some bivalves. Dissolution
seams cuts across the sample oblique-to-vertical to bedding. A scattering of
replacement subhedral-euhedral dolomite crystals are found throughout
the sample but are more densely populated in micritic areas and seem to
preferentially replace peloids and other micritic regions. The dolomite
crystals are polymodal (varying in size). A recrystallised patch is found
associated with a large dissolution seam; this suggests that younger
meteoric water may have used these dissolution seams as paths to alter the
mineralogy of the sample. The majority of dolomites have been completely
calcified only the largest dolomites have retained their dolomitic core and
have a calcified coat.

Pore types

None

Reservoir quality

None
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C001 1848

Texture

Bivalve Wackestone

Description

This wackestone is cemented by a micritic matrix. There is a strong
orientation of allochems that consist of thin shelled bivalves,
microgastropods, coral fragments and other fossil material. There is a
scattering of rounded peloids that have a mottled appearance.

Palaeoenvironment
Interpretation

The orientation of allochems may have been caused by gentle current flows
or compaction. Muddy composition suggests this was a low energy
environment of deposition.

Diagenesis A fine fracture cuts across part of the thin section and is infilled by
microspar calcite.

Pore types None

Reservoir quality None
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2150 cm Coo1

Texture

Ooid aggregate grainstone

Description

This grainstone a poorly sorted assortment of mostly uniformly sized,
plastically deformed to broken radial-fibrous ooids and micritic ooids (with a
tangential fabric recognisable in peripheral parts) along with much coarser
aggregate grains that commonly consist of two or more micritised ooids and
coarse peloids. Bioclasts consist of microgastropods, poorly preserved
foraminifera, green algae and other very rare fine rounded shelly fragments.

Palaeoenvironment
Interpretation

The mixture of different ooid types and compaction features suggests this
sediment was transported downslope as an allochthonous limestone.

Diagenesis

This sample was compacted as evidenced through the plastic deformities of
ooids, sutured and point contacts to broken ooids. Dissolution seams and
smooth styolites frequently occur around micritic ooids and larger clasts
indicating chemical compaction. Intergranular porosity was occluded by a
microcrystalline calcite spar. Discontinuous thin calcite filled stress fractures
cut through all allochems and cements.

Patches of neomorphosed calcite spar contain a equant calcite spar that is
similar to large fracture fills. Dolomitisation has altered equant calcite spar
regions and a scattering of anhedral rhombic crystals are found in patches
amongst the rock. This dolomite was further altered via calcification, which
explains the morphology of some rhombic calcite crystals. Ferroan dolomite
has lined regions of previous dolomitisation and lines some fractures, this is
probably the product of calcification.

Calcite filled sharp edged fractures that span the sample cut across all
allochems. These fractures often have thinner fractures branching off them
obliquely.

Pore types

None

Reservoir quality

None
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2150 cm Coo1

Texture

Peloidal grainstone

Description

This pack-grainstone a poorly sorted assortment of coarse sand to fine
gravel sized, coated grains than include radial-fibrous ooids, micritic ooids
(with a tangential fabric recognisable in peripheral parts) aggregate grains
and rounded peloids. Small clasts form part of the assemblage and consist
of a microcrystalline cemented assortment of micropeloids and fine sand
grained ooids and calcitic debris.

Bioclasts consist of large coated poorly preserved benthic foraminifera,
abraded, rounded coated shelly fragments and echinoderm fragments.

Palaeoenvironment
Interpretation

The mixture of different ooid types and compaction features suggests this
sediment was transported downslope as an allochthonous limestone.

Diagenesis

This sample was compacted as evidenced through grain contacts that
include point, concavo-convex and longitudinal contacts. Dissolution seams
and smooth styolites frequently occur around micritic ooids and larger clasts
indicating chemical compaction. Thin discontinuous calcite filled fractures
cut through allochems and are orientated vertical to bedding; these
probably originate from compaction stress.

Intergranular porosity was occluded by a microcrystalline calcite spar. A
conjugate fracture set that consists of thin calcite filled fractures cut
through all allochems and cements.

Calcite filled sharp edged fractures that span the sample cut across all
allochems running parallel to bedding. These fractures often have thinner
fractures branching off them vertically to bedding.

Pore types

None

Reservoir quality

None
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2295 cm Coo1

Texture

Ooid aggregate grainstone

Description

This is an ooid-peloidal grainstone which is a bimodal poorly sorted
assortment of fine to medium gravel sized plastically deformed to broken
aggregate grains and very coarse sand sized peloids and well rounded
wackestone clasts. The second, finer assemblage consists of medium to
coarse sand sized superficial ooids, radial-fibrous ooids and micritic ooids
(with a tangential fabric recognisable in peripheral parts).

The mud-wackestone clast consists of rounded dark green-grey clasts that
consist of principally mud with a sparse quantity of thin shelled bivalve
fragments and calcisiltite debris.

Bioclasts rarely occur as ooid nuclei. Those that do occur in the sample
include: poorly preserved foraminifera, green algae and other very rare fine,
rounded shelly fragments.

Palaeoenvironment
Interpretation

The mixture of different ooid type’s compaction features and grain sizes
suggests this sediment was transported downslope as an allochthonous
limestone.

Diagenesis

This sample was compacted as evidenced through the plastic deformities of
ooids, sutured and point contacts to broken ooids. Chalcedony has replaced
the centre of large micritic ooids. There are calcite microspar microfractures
that run at regular intervals parallel to each other; these are a result of
mechanical compaction. Any remaining porosity is occluded by coarse
equant calcite spar cement.

Calcite filled sharp edged fractures that span the sample cut across all
allochems. These fractures often have thinner fractures branching obliquely
off them.

Pore types

None

Reservoir quality

None
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Microphotograph 16. Very coarse peloids, aggregate grains within an oolitic host sediment. Note the quartz
grain that is forming the nucleus of a fibrous ooid. FoV 2.89 x 2.15 mm.

2300 €001 |
Texture Ooid aggregate grainstone
Description This grainstone is bimodal assortment of plastically deformed to broken

radial-fibrous ooids, micritic ooids (with a tangential fabric recognisable in
peripheral parts) along with much coarser medium grained to coarse sized
aggregate grains and well rounded coarse sand sized peloids and gravel
wackestone clasts clasts. The clasts contain fine abraded calcite shell
fragments, and other well rounded debris that includes micropeloids and
algae.

Bioclasts rarely occur as ooid nuclei. Those that do occur in the sample




include: poorly preserved foraminifera, bryozoan fragments, green algae
and other very rare fine rounded shelly fragments.

Palaeoenvironment
Interpretation

The mixture of different ooid type of compaction features and grain sizes
suggests this sediment was transported downslope as an allochthonous
limestone.

Diagenesis

This sample was compacted as evidenced through plastic deformities of
grains such as point, concavo-convex and longitudinal contacts as well as,
sutured contacts that indicate chemical compaction. The rock was
cemented by a microcrystalline calcite spar. Very fine calcite filled stress
fractures run through all allochem:s.

Dolomite has replaced much of the microcrystalline cement giving rhombic
shapes to crystals. These have been dedolomitised through calcification.
Patches of recrystallised calcite that contain rhombic crystals, are associated
with fractures that probably introduced calcifying water to the rock in
recent times. An iron oxide is deposited around the majority of dolomite
crystals.

Calcite filled sharp edged fractures span the sample and cut across all
allochems. These fractures often have thinner fractures branching off them
at an oblique angle.

Pore types

None

Reservoir quality

None
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2350 cm C001

Texture

Ooid aggregate grainstone

Description

This is a bimodal grainstone which consists of a poorly sorted assortment of
fine grained plastically deformed to broken superficial, radial-fibrous and
micritic ooids (with a tangential fabric recognisable in peripheral parts)
along with much coarser medium gravel to coarse gravel sized aggregate
grains and peloids and well rounded coarse sand sized wackestone clasts.
The clasts consists of micrite that hosts fine debris of rounded calcite grains
and disarticulated and abraded shells.

Bioclasts rarely occur in the sample but those that do occur include: poorly
preserved foraminifera, and other rare fine rounded bivalve and other
shelly fragments.

Palaeoenvironment
Interpretation

The mixture of different ooid type’s compaction features and grain sizes
suggests this sediment was transported downslope as an allochthonous
limestone.

Diagenesis

This sample was compacted as evidenced through plastic deformities of
ooids, point, concavo-convex and longitudinal contacts as well as sutured
contacts. Large peloidal grains have had their cores replaced by chalcedony.

Equant calcite spar has occluded intergranular porosity and cemented the




rock together.

Calcite filled sharp edged fractures that span the sample cut across all
allochems and run parallel to each other.

Pore types None

Reservoir quality None
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Microphotograph 18. Poorly sorted grainstone with coated echinoderm fragment. FoV 2.89 x 2.15
mm.

Microphotograph 17. Note the echinoderm fragment amongst a diverse suite of peloids and ooids.
FoV 2.89 x 2.15 mm.

2500cm coo1 | |
Texture Ooid aggregate grainstone
Description This grainstone a poorly sorted assortment of uniformly sized, plastically

deformed to broken radial-fibrous ooids and micritic ooids (with a
tangential fabric recognisable in peripheral parts) along with much rare
coarse sand sized grains these often contain chalcedony. Bioclasts rarely
occur in the sample but those that do occur include: poorly preserved green
algae, and other rare fine rounded bivalve and other shelly fragments.
Chalcedony forms the nuclei of some ooids.

Palaeoenvironment The mixture of different ooid type’s compaction features and grain sizes




Interpretation

suggests this sediment was transported downslope as an allochthonous
limestone.

Diagenesis

This sample was compacted as evidenced through the plastic deformities of
ooids which have point, concavo-convex and longitudinal contacts as well as
sutured contacts. Sutured contacts and dissolution seams occurred during
chemical compaction. A microcrystalline calcite spar filled porosity with
small patches of equant calcite spar. Styolites cut across both cements and
allochems.

Chalcedony has replaced the cores of large micritic ooids; in this sample one
grain is most prominent. It is light brown colour in plane polarised light and
contains replacive carbonate crystals that have a rhombic shape occur in the
chalcedony. Dolomites are very rare and are seen only to replace silica and
are scattered very sparsely throughout the sample.

Small patches of recrystallised calcite are found connected to fractures.
These patches contain equant calcite spar regions and anhedral rhombic
calcite crystals which are coated in iron oxide. Dedolomitisation has created
via calcification a release of iron from ferroan dolomite to create an iron
oxide coat.

Single fine calcite filled sharp edged fractures cut across all allochems in a
small section of the sample.

Pore types

None

Reservoir quality

None
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C002 | 320

Texture

| |
Bivalve wackestone

Description

This wackestone consists of calcite grains, very fine peloids, poorly
preserved rare foraminifera and other shelly fragments. The thin section is
dominated by the well orientated presence of two types of disarticulated and
abraded bivalves; a thin Posidonia bivalve (30 um) and a much thicker (300
pum) ?Aptychi mollusc bivalves. A strong orientation is indicated by the
bioclasts long axis direction. All of the allochems sit in a dark green-brown
micritic matrix.

Interpretation

The muddy nature of the sediment and strong orientation points to an
environment of moderate to high energy deposition where strong currents
further away have transported allochems into the sediment. Areas of a
chaotic organisation are possibly created by bioturbation. Evidence of
bioturbation indicates probable deposition in a low energy, aerobic
environment.

Diagenesis

The common orientation of allochems is partly due to compaction as
suggested by the presence of styolites. Styolites are irregular anastomosing
sets that cut through the matrix and are sometimes concentrated creating
stained brown regions. Some styolites and dissolution seams show porosity

There are a very few scattered calcite crystals with a rhombic morphology,
which suggests possible dedolomitization.

There are several single equant calcite filled fractures that cut across the thin
section.

Pore types

Styloporosity

Reservoir quality

None
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C002 | 350 cm

Texture

| |
Bivalve wackestone

Description

This wackestone is dominated by the presence of two types of disarticulated
and abraded bivalves; a thin Posidonia bivalve (30 pm) and a much thicker
Apytchi (150 pm) bivalves, there is also a common presence of finer calcitic
shelly debris, very fine peloids, micrite coated algae and rounded calcite
grains. The allochems and bioclasts are strongly orientation, which can be
picked out by the bioclasts long axis direction. All of the allochems sit in a
micritic matrix.

Interpretation

The muddy nature of the sediment and strong orientation points to an
environment of low energy deposition where strong currents further away
have transported allochems into the sediment. Areas of mixed bivalve
orientation may possibly have been created by bioturbation. Evidence of
bioturbation indicates probable deposition in a low energy, aerobic
environment.

Diagenesis

Compaction has lead to a strongly orientated sample and few broken
bivalves. There is a common occurrence of irregular broken anastomosing
sets of styolites that cut through the muddy matrix of the rock.

There are a very few scattered calcite crystals in the shape of rhombs, these
may be dedolomites.

Pore types

None

Reservoir quality

None
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C002 | 480

Facies
Texture Posidonia muddy pack-grainstone
Description This is a well orientated and normal graded Posidonia pack-grainstone. The

disarticulated Posidonia thin shelled bivalves are the main attribute of this
thin section. The laminations of Posidonia are intermediately interrupted by
concentrations of peloids, rare abraded brachiopod fragments and other
slightly coarser bioclasts such as silicified echinoderm fragments. The
Posidonia bivalves are typically 460 pum in length. Normal grading is clear in
this sample showing a change from muddy facies including >5% pellets and
other allochems to a more dominant calcite cemented Posidonia grainstone.
There are common interruptions of grading by homogeneous laminations of
highly spherical peloids. In the muddier sections of the sample Posidonia
bivalves appear to have a varied size and have a much more disordered
orientation compared to cleaner areas.

Interpretation

The lack of variety of bioclasts suggests this was an ecological niche
supporting a select few fauna. The gradation from muddier condition to a
cleaner texture suggests that a current may have increased winnowing out
fine mud-rich particles leaving a relatively mud-free fabric. If bioturbation
has created disordered orientation in the muddier section then a decrease up
the thin section would suggest a more limited environment of deposition over
time. The appearance of undulose quartz suggests a terrain that has been
eroded that has been tectonically deformed.

Interruptions of Posidonia deposition by laminations of highly spherical
peloids may be the result of distal resedimentation events.

Diagenesis

The Posidonia bivalves are broken up through compaction and have a strong
orientation, inside of laminations, forming the laminations seen in thin
section.

The rock is cemented with a calcite spar where the bioclasts have acted as
centres of calcite growth. Echinoderms commonly have calcite overgrowths
and rarely a silicified core. There is an increase in calcite cemented
Posidonia bivalves in the mud-free regions. Areas with more micritic
allochems are cemented by a microspar.

Dolomite crystals are evident throughout the sample as scattered anhedral-
euhedral rhombs to patches of anhedral rhombs binded in iron rich cement.

Some very thin fractures cut through all allochems except patches of
microspar and dolomite crystals.

Patches of calcite microspar have filled any remaining porosity. These
patches are associated with dolomites.

A wide (120 um) single fracture cuts perpendicular to laminations and is
filled by a calcite spar. Thinner fractures, which are broken cut through all
allochems parallel to laminations these are also filled by an equant calcite
spar.

Pore types

Intercrystal

Reservoir quality

None
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Microphotograph 19. CL and PPL microphotographs of Posidonia facies. Note the occurrence of early calcite
fringe cements that prevented destruction during compaction. FoV 2.89 x 2.15 mm.

C002 | 480 cm | [
Texture Posidonia muddy pack-grainstone
Description This is a well orientated Posidonia and bivalve mollusc pack-grainstone. The

Posidonia thin shelled bivalves are the dominate bioclasts. Laminations of
Posidonia are intermediately interrupted by much coarser abraded Aptychi
bivalve molluscs. The thin shelled Posidonia bivalves include other

introduced allochems of fine dark brown to black micritic rounded pellets.

The Posidonia bivalves are typically 2.4 mm in length.

Interpretation The lack of variety of bioclasts suggests this may have been an ecological
niche that only supported a select few fauna. The lack of mud indicates that a
current possibly winnowed out fine particles leaving a relatively mud-free
fabric.

Diagenesis The Posidonia bivalves are broken up through compaction and have a strong
orientation forming the laminations seen in thin section Aptychi bivalves are
abraded and disarticulated. Singularly occurring smooth styolites follow the

laminations and show no muddy infill showing some porosity.




The rock is cemented with a calcite spar where the bioclasts have acted as
centres of calcite growth. There is an increase in calcite cemented Posidonia
bivalves in the sheltered areas of the larger bivalves. Areas that include
micritic allochems are cemented by a microspar.

A wide (180 pm) single fracture cuts across the sample. The fracture is filled
by a coarse equant calcite spar. The calcite has a dusty appearance. There is
some minor intercrystal porosity in this fracture.

Pore types Intercrystal, styloporosity

Reservoir quality None
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Microphotograph 20. Calcified rhombohedral dolomite crystals. Calcite has replaced the outer zones of
dolomite with a brightly luminescent calcite. Note the compression fractures in the bottom right; CL. FoV 2.89
x2.15 mm.

Microphotograph 21. Calcified dolomites showing an iron rich coat, which probably formed during
dedolomitisation. PPL. FoV 2.89 x 2.15 mm.




Microphotograph 22. K-Feldspar grain discovered amongst the grainstone matrix. FoV

2.89x2.15 mm.
C002 | 520 cm | [
Texture Ooid aggregate grainstone
Description This is a poorly sorted grainstone. The main components are uniformly sized,

plastically deformed to broken, radial-fibrous, superficial and micritic ooids
(with a tangential fabric recognisable in peripheral parts) that are found
amongst medium to coarse sand grade peloids and aggregate grains that
commonly consist of two or more micritised ooids.

Bioclasts rarely occur as ooid nuclei. Those that do occur in the sample
include microgastropods, poorly preserved foraminifera and other very rare
fine rounded shell fragments. Coral fragments rarely occur as clasts in their
own right. Other ooid nuclei include chalcedony and dolomitised shell
fragments. One coarse (1mm diameter) K-feldspar grain is found in this
sample.

Interpretation

The assortment of different grains types suggest the rocks components were
developed in a high energy environment. This and plastic compaction
features suggest the rock is a allochonthnous limestone. The presence of K-




feldspar suggests the proximity of the shoreline.

Diagenesis

This sample was compacted as evidenced through the plastic deformities of
grains, which have point, concavo-convex, longitudinal and sutured contacts
as well as rare occurrences of broken ooids. Dissolution seams and smooth
styolites frequently occur around micritic ooids and larger clasts indicating
chemical compaction. Chalcedony has replaced the nucleus of larger micritic
grains. The rock is cemented by a microcrystalline calcite spar. A pore filling
equant calcite spar has occluded porosity.

Dolomitisation has altered equant calcite spar regions and a scattering of
anhedral rhombic crystals are found in patches amongst the rock. This
dolomite was further altered via calcification, which explains the
morphology of some rhombic calcite crystals. A secondary ferroan dolomite
has filled regions of previous dolomitisation; this is now an iron oxide
(haematite). Single calcite filled sharp edged fractures span the sample and
cut across all allochems.

Pore types

None

Reservoir quality

None
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Microphotograph 23 CL, PPL and XPL of a grainstone containing very coarse to gravel sand grade sized peloids
that have had parts replaced by chalcedony. Note the abundance of styolites that link up sutured grain
contacts. FoV 2.89 x 2.15 mm.




Microphotograph 24 CL and PPL of a neomorphosed cement that is host to
silica crystals. FoV 2.89 x 2.15 mm.




Pty £ .
Microphotograph 25 Scattered calcified dolomite crystals in an iron oxide matrix. Dedolomites clearly showing
iron oxide deposits that formed as a product of dedolomitisation. XPL reflective light. FoV 2.89 x 2.15 mm.




C002 | 530 cm

Texture

Ooid aggregate grainstone

Description

This is a bimodal grainstone with a poorly sorted assortment of
medium sand-sized, plastically deformed to broken radial-fibrous
ooids and micritic ooids (with a tangential fabric recognisable in
peripheral parts) matrix that hosts much coarser grain sized aggregate
grains that commonly consist of two or more micritised ooids and
coarse peloids. Bioclasts consist of large benthic foraminifera,
microgastropods, other poorly preserved foraminifera, green algae,
and echinoderm fragments and other rare fine rounded shelly
fragments.

Interpretation

The mixture of different ooid types and compaction features suggests
this sediment was transported downslope as an allochthonous
limestone.

Diagenesis

Compacted has created plastic deformities of the grains including;
point, concavo-convex, longitudinal and sutured contacts. Styolites
are rare and only occur with sutured contacts. Intergranular porosity
was occluded by a microcrystalline calcite spar. Discontinuous thin
calcite filled stress fractures cut through all allochems and cements.
Larger peloids and micritic grains have been replaced by chalcedony.

A large sheared calcite filled vein has cut across all allochems and has
similar composition to a coarse equant calcite spar that has filled
remaining intergranular porosity. There are small particles of iron
oxide found throughout the sample this is likely a product of
neomorphic alteration.

Pore types

None

Reservoir quality

Poor
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C002 | 550 cm

Texture

Ooid intraclastic pack-grainstone

Description

This grainstone is a poorly sorted assortment of plastically deformed to
broken radial-fibrous ooids, coarser micritic ooids (with a tangential
fabric recognisable in peripheral parts), aggregate grains and
intraclasts. The intraclasts are a dull green in colour and contain a
micrite that is hosting fine shell material.

Bioclasts include poorly preserved microgastropods, echinoderms, a
single bryozoan and fine abraded bivalves and other very rare fine
rounded shelly fragments. All of these allochems are found within a
micrite matrix that hosts a fine assortment of abraded calcite
fragments.

Interpretation

The mixture of different ooid types and plastic compaction features
suggests this sediment was transported downslope in a muddy turbidite
flow.

Diagenesis

Previously cemented wackestone clasts entered the sample through
transportation of unconsolidated sediment. The sample was compacted
as evidenced through the plastic deformities of ooids, sutured, point
and concavo-convex contacts. Echinoderms have developed calcite
overgrowths. The sediment was then cemented by a microcrystalline
calcite.

A calcite vein that is filled by coarse equant calcite cuts across the
section. It shows shear fracturing and contains breccia of the host rock.
Thinner fractures also span the sample and cut across the thicker
calcite vein.

Pore types

None

Reservoir quality

Poor
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555 cm | C002

Texture

Ooid Intraclast Pack-Grainstone

Description

This grainstone is a poorly sorted assortment of uniformly sized, plastically
deformed to broken radial-fibrous ooids and coarser micritic ooids (with a
tangential fabric recognisable in peripheral parts). There is a noticeable
presence of coarse wacke-packstone clasts, which appear plastically
deformed.

Bioclasts are rare and include poorly preserved microgastropods,
foraminifera and other very rare fine rounded shelly fragments. Other ooid
nuclei include rare chalcedony and common dolomitised shelly fragments.

Interpretation

The mixture of different ooid types and plastic compaction features suggests
this sediment was transported downslope in a turbidity flow, with larger
mud-wackestone clasts being incorporated into the sediment during transport.

Diagenesis

Previously cemented wackestone clasts entered the sample through
transportation of unconsolidated sediment. The sample was compacted as
evidenced through the plastic deformities of ooids, sutured and point contacts
to broken ooids. Dissolution seams and smooth styolites frequently occur
around micritic ooids and larger clasts.

The rock was then cemented by a micrite, which incorporates calcitic silt.

After micritic cementation equant calcite spar filled porosity and overgrew
some calcitic allochems. Dolomitisation has altered equant calcite spar
regions creating porosity. These porous regions were filled by iron oxide
cement. This dolomite was further altered via calcification, which explains
the morphology of some rhombic calcite crystals.

Single calcite filled sharp edged fractures span the sample and cut across all
allochems implying fracturing took place after lithification.

Pore types

Very rare intercrystal porosity created through dolomitisation

Reservoir quality

Poor
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C002 | 610 cm

Texture

Ooid aggregate grainstone

Description

This grainstone a bimodal poorly sorted assortment of plastically
deformed to broken radial-fibrous ooids and much coarser micritic
ooids (that have a tangential fabric recognisable in peripheral parts)
and wackestone clasts. Bioclasts commonly occur as ooid nuclei
including microgastropods, poorly preserved foraminifera and other
very rare fine rounded shelly fragments. Echinoderm debris and thin
shelled bivalves are found amongst the grains. Other ooid nuclei
include microcrystalline quartz grains.

Interpretation

The mixture of different ooid types and compaction features suggests
this sediment was transported downslope in a turbidity flow.

Diagenesis

This sample was compacted as evidenced through the plastic
deformities of ooids, sutured and point contacts. Echinoderm syntaxial
calcite overgrowths have filled intergranular porosity. Dissolution
seams and smooth styolites frequently occur around micritic ooids and
larger clasts indicating chemical compaction. The rock was then
cemented by a microcrystalline calcite spar.

Dolomitisation has altered patches of equant calcite spar and a
scattering of anhedral rhombic crystals are found in patches amongst
the rock. A secondary ferroan dolomite has filled regions of previous
dolomitisation; this is now an iron oxide (haematite). Calcite filled
sharp edged fractures that span the sample and cut across all allochems
parallel to bedding.

Pore types

Fracture

Reservoir quality

Poor
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Facies

Texture Bioclastic mud-wackestone

Description This is a mud-wackestone that contains a well orientated scattering of

fine bioclast debris including thin shelled bivalves, echinoderm debris
and a single occurrence of micrite walled uniserial foraminifera.

Interpretation

The fine grained nature of the sediment suggests this was deposited in
a low energy environment where mud was allowed to settle. However
a strong orientation may have been formed by a weak current, which
orientated the fine grained allochems.

Diagenesis

The allochems of this sample were deposited in a micritic matrix. The
strong orientation may have been caused by minor compaction. There
are few occurrences of echinoderm syntaxial calcite overgrowths.
Smooth styolites are only evident over a small distance. Fine fractures
cut across the thin section parallel to bedding; these are filled by a
microcrystalline calcite.

Pore types

None

Reservoir quality

None
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C002 [ 675cm

Facies
Texture Posidonia peloid packstone
Description This is a well orientated Posidonia pack-grainstone. Disarticulated and

broken Posidonia thin shelled bivalves are the dominate bioclast in this
thin section. Other allochems include widespread well rounded peloids,
fine echinoderm debris, green algae, rare poorly preserved triserial
foraminifera and other slightly coarser bioclasts such as heavily
abraded brachiopod fragments. The Posidonia bivalves are typically
160 um in length. Peloids are uniform in size, commonly 140 pm in
diameter. Some regions of the sample have the strong orientation
interrupted this may be due to bioturbation.

Interpretation

Due to this samples position in terms of sedimentary processes seen in
outcrop this is interpreted as a return from turbid conditions to
background sedimentation.

However, it is of note the higher quantity of rounded peloids compared
to below the turbidites. This may be due to continuing fallout from
turbid conditions suggesting this sample is not the truly ‘pure’
background sedimentation.

Diagenesis

The strong orientation is most likely caused by early compaction.
Posidonia bivalves are broken up through compaction and have a
strong orientation, forming the direction seen in thin section. Minor
smooth styolites partially cross the thin section, these only cut through
the muddy matrix.

The rock is cemented with a microcrystalline spar (micrite) where the
bioclasts have acted as centres of coarser calcite growth. Echinoderms
commonly have calcite overgrowths.

Some very thin incontinuous fractures (<5 pum in diameter) cut through
all allochems, these are filled by a micro-equant calcite cement.

A wide (900 pum) single fracture cuts across all allochems in the
bottom right of the thin section scan this is filled by a equant calcite
spar.

Pore types

None

Reservoir quality

None
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C003 20

Texture

Bivalve Peloid Packstone

Description

This is a strongly orientated laminated assortment of disarticulated abraded
shelly fragments, thin shelled bivalves, echinoderm debris, pellets and very
fine superficial ooids. Laminations alternate between a bioclasts assemblage
and a muddier micritic microfacies. The top of the thin section scan shows a
region of darker mud-wackestone texture. This is probably evidence of
bioturbation in the substrate.

The thin section cuts through a chert nodule that appears as the brighter
region in the top right of the scan. The nodule has a chalcedonic form with a
microcrystalline-quartz replacing a coarse mollusc fragment in the centre of
the nodule.

There are rare rusty red grains (<1 mm) of iron oxide that appear to show
dark black clay laminations.

Interpretation

The alterations of muddy to fine granular calcitic texture indicates this
microfacies represents an environment of alternating energy, probably
between low and a moderate to high energy environment.

Diagenesis

The allochems have clearly been compacted showing strong orientation
and very common dissolution grains and styolites that cut through the
micritic matrix. Echinoderm calcitic overgrowths and minor overgrowths on
other bioclasts have resulted in minor porous sections been infilled.

A nodule of crypto-quartz and chalcedony has selectively replaced a
spherical area of the thin section. This may be due to the mollusc acting as a
centre for chalcedony nucleation. Nodules of microcrystalline spar sit in an
iron oxide rich matrix that are probably a by-product of calcification where
dolomite crystals are observed.

A very thick fracture filled with coarse equant calcite cuts everything in the
section.

Pore types

Rare intercrystal

Reservoir quality

None
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C003 125

Texture

Bivalve mud-wackestone

Description

This is a well orientated mud-wackestone that consists mainly of
disarticulated thin shelled bivalves that measure a mean 160um in length as
well as other poorly preserved echinoderm fragments and other well
rounded shelly fragments. The thin section shows a concentration of
burrows or nodules towards the top of the thin section scan these regions
contain a packstone which consists of well orientated disarticulated bivalves
and similar bioclasts as above. But this section includes a coarser element of
well rounded chalcedony and dolomitised grains that may be superficial
ooids or peloids.

There are regions that may have resulted from bioturbation, which are
found inside the finer facies. This region is filled by the coarser element of
the thin section and disturbs the laminations created in the finer facies.
There is a large bivalve mollusc fragment that only slightly displaces the
surrounding laminations. The bioclast has been replaced by a micro-quartz.

Interpretation

This fine grained mud-wackestone was probably deposited in a low energy
environment and consists of particles being deposited from currents
distally.

Diagenesis

The strong orientation of bioclasts and allochems suggest mechanical
compaction occur early on when the sediment was unconsolidated. The
micritic matrix is has high concentrations of dissolution seams in both
microfacies types implying chemical compaction occurred.

Very fine bioclasts have been preserved with microcrystalline spar that
appears mottled. Coarser bioclasts commonly have been replaced by
chalcedony. Those allochems replaced with chalcedony often contain
dolomite crystals.

Pore types

Some minor intercrystal and intergranular porosity

Reservoir quality

None-Poor
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C003

Texture

Peloidal-ooid pack-grainstone

Description

Oriented poorly sorted assemblage of gravel to medium sand grade whole
and deformed ooids, peloids and fossil debris. Bioclasts include fine debris
of shell material, abraded and disarticulated bivalves, biserial foraminifera,
rare green algae and coated echinoderm fragments. A variety of allochems
are found including ooid types that include superficial ooids to micritised
ooids that containing a subtle thinly laminated tangential cortices.

Interpretation

The mixture of ooid type, sizes, and thicknesses of the cortices, associated
grains and abrasion of ooid laminae is suggestive that the ooids are
allochthonous ooids (Chow and James, 1987).

Diagenesis All allochems have been compacted leading to point contacts, sutured
contacts and plastic deformation. Dissolution seams and styolite cut across
the sample. Dissolution seams now contain anhydral dolomite rhombs that
sit in iron oxide. Microfracture set that contains a euhedral calcite fill.

Pore types None

Reservoir quality None
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Microphotograph 26. Note the separate phases of cementation. The lighter pale yellow orange grains were
probably deposited in a more porous state and are cemented via a younger phase compared to ‘darker’
cements, which appears to have had no porosity during resedimentation. FoV 2.89 x 2.15 mm.

Microphotograph 27. Note the fractured chalcedony grain. This suggest
redeposition. FoV 2.89 x 2.15 mm.

s that fracturing occurriﬁg before




Microphotograph 28. A thin cement lining of the chalcedony grain indicates that this was created previous to
resedimentation. FoV 2.89 x 2.15 mm.

Microphotograph 29 Detail of allochems composition. Note the different luminescence colours of each
allochems. FoV 1.16 x 0.86mm.




Microphotograph 30 Detail PPL of Microphotography 4. FoV 1.16 x 0.86mm.

Microphotograph 31 Detail of neomorphosed patch. Note the different colours suggesting that parts of the
burial cement have been altered from silica to calcite




Microphotograph 33 XPL FoV 1.16 x 0.86mm.

590 cm C003 |
Texture Dolomitised ooid aggregate grainstone.
Description This shows a poorly sorted assemblage of ooids, coarse aggregate grains,

intraclasts that consist of very coarse wackestone clasts that contain
Posidonia bivalves and other well rounded calcitic shelly fragments and a
single 1mm grain of K-feldspar. The allochems have been compacted
together creating sutured contacts and are commonly plastically deformed
and rarely broken. Bioclasts include rare coral fragments, poorly preserved
microgastropods, thin shelled bivalves and the possible remains of poorly
preserved biserial foraminifera.

The ooids in this sample show a mixture of ooid types and intraclasts
ranging from 10mm to 200um in diameter. Ooid types include superficial
ooids and spherical clearly structured ooids to larger micritic ooids showing
only subtle laminae as well as composite micritic ooids.




The outer structures of clear ooids consist of radial-fibrous structure.
Micritic ooids are a mean 900um in diameter and show obliterated
laminations due to pervasive micritisation of the cortex. Superficial ooids
and spherical clearly structured ooids are a mean 450um in diameter and
have a thin radial-fibrous outer coating with a subtle micritic layered to
structureless centre. Some very coarse grains have a micritic make-up with
several subtle laminae, this laminae is inclusion rich equant euhedral-
anhedral calcite. Chalcedony is often found at the nuclei of allochem grains.

Interpretation

The mixture of ooid type, sizes, and thicknesses of the cortices, associated
grains and abrasion of ooid laminae is suggestive that the ooids are
allochthonous ooids (Chow and James, 1987). The mixture of ooid types,
using the depositional sites in Fligel, 2004 [page 155] suggests that the
ooids originate from high-Mg calcitic, saline environments from a
moderately energetic environment such as a semi-open lagoonal
system/semi closed sand bar. However, micritic ooids have thinly laminated
tangential cortices and no fossils associated with them (possibly suggesting
a more lagoonal environment), whilst ooids with a few fine-radial laminae
occur as the dominant ooid type in this pack-grainstone.

Ooid source location: Well defined ooid structures are characteristic of
formation in quiet-water low turbulence environments (Fliigel, 2004).

Diagenesis

The grains in this sample show moderate compaction and plastic
deformation.

This sample is cemented by a micritic matrix, which consists of a scattering
of fine abraded calcite fragments and micro-ooids/pellets that often have a
radial-fibrous structure.

The nuclei of many this ooids appears mottled, due to early micritisation of
grains. Dissolution seams and denticular styolites occur frequently and span
the whole thin section; they form around grains and do not cut through
them.

Chalcedony occurs as the centre of larger ooids, they commonly have a thick
micrite coat and thin isopachous incomplete calcite coats of bladed calcite
crystals. Chalcedony is commonly inclusion rich and/or shows ghosts of
what it has replaced; it is possible that the chalcedony is associated with
pronounced silicification of fossils or another carbonate grains. It is not clear
if the chalcedony had formed previous to resedimentation or replaced
allochems forming the allochems nuclei.

Dolomitisation has selectively replaced areas of the sample creating
shadows of previous elements including chalcedony grains and micritic
grains. The dolomite does not luminous red and therefore suggest that
calcification of the dolomite has removed any dolomitic material, this may
have occurred during cementation of fracturing.

Calcite patches have replaced and filled porosity with an equant calcite.

Calcite filled fractures happen as sharp edged and occur regularly. These
were created after deposition as they cut through all grains and cements.

Pore types

None

Reservoir quality

None
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C003 600 cm

Texture

Ooidal-peloidal pack-grainstone

Description

Moderately well sorted assemblage of medium to coarse sand grade whole,
broken and deformed ooids, peloids and fossil debris. Bioclasts include a
fine debris of shell material, abraded and disarticulated bivalves, very rare
poorly preserved biserial foraminifera.

The ooids in this sample show a variety of ooid types that include superficial
ooids to micritised ooids that often contain a subtle thinly laminated
tangential cortices.

Interpretation

The mixture of ooid type, sizes, and thicknesses of the cortices, associated
grains and abrasion of ooid laminae is suggestive that the ooids are
allochthonous ooids (Chow and James, 1987). The dominance of micritic
ooids that have a thin tangential cortex and no fossils associated with them
(possibly suggesting a more lagoonal environment).

Diagenesis

All allochems have been compacted leading to point contacts, sutured
contacts and plastic deformation, and rarely breakages between allochems.
Micrite forms the matrix where a minor area of intergranular cement is
formed of equant calcite spar. Fine microfracture set that contains a
euhedral calcite fill. The fractures are parallel to each other.

Pore types

None

Reservoir quality

None
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860 cm C003

Texture

Dolomitised ooid pack-grainstone

Description

This shows a moderately well sorted assemblage of whole, broken and
deformed ooids and rare compound ooids (no more than 1 mm in
diameter). They have been compacted together creating sutured contacts.
Allochems are commonly plastically deformed and more rarely broken.

Bioclasts are only rarely found within ooids at their nuclei or rarely as fine
debris. Bioclasts are commonly well rounded grains of calcite, which are
probably from abraded and disarticulated bivalves and brachiopods; there
are very rare poorly preserved biserial foraminifera. Other common ooid
cortices include grains of chalcedony, micrite and euhedral-anhydral
dolomite crystals (which have been calcified).

The ooids in this sample show a variety of ooid types from 450um mean
diameter superficial ooids with clear thin radial-fibrous outer coating with a
subtle micritic layered to structureless centre to 600um mean diameter
micritic ooids that range from largely coated micrite spheres with pervasive
micritisation of the cortex to occurrences of subtle thinly laminated
tangential cortices.

Interpretation

The mixture of ooid type, sizes, and thicknesses of the cortices, associated
grains and abrasion of laminae is suggestive that the ooids are
allochthonous ooids. Some ooids that have a clear structure have a thick
micrite outer core; this may have been acquired during transport. The well
defined ooid structures are characteristic of formation in quiet-water low
turbulence environments (Fltgel, 2004), this may possibly be due to ooids
being transported from below the wave base or a lagoonal environment.

Diagenesis

All allochems have been compacted leading to point contacts, sutured
contacts and plastic deformation between allochems. A micrite cements the
rocks together. This micrite also contains micro-peloids and fine
accumulations of calcite. Dissolution seams and styolites have developed
between grains.

Inclusion rich euhedral to anhedral dolomites are scattered around the
sample and commonly occur in their finest form within the matrix. It
appears that the more euhedral dolomites are associated with the cores of
allochems particularly those with chalcedony nuclei. Dolomite had been
calcified.

The sample has some thick calcite filled fractures that cut across all
allochems and features as well as more common finer fractures. The
fractures are a regular thickness and occur singularly.

Pore types

None

Reservoir quality

None
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C003 1190 cm

Texture

Mud-wackestone

Description

Well orientated accumulation of shell fragments, micropeloids and
disarticulated bivalve fragments.

Interpretation

A strong orientation suggests this was deposited in current swept
environment. The fine grained nature suggests this was deposited distally
from the source of deposition.

Diagenesis Styolites and dissolution seams indicate chemical compaction followed
deposition. There are several wide fractures (750 um) that are infilled with
a coarse calcite spar, these fractures have sharp edges and occur singularly.
There are few thin factures (30 um) that branch off the larger fractures,
and are filled by coarse calcite spar.

Pore types None

Reservoir quality None
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1560 cm C003

Texture

Dolomitised ooid pack-grainstone

Description

This shows a moderately well sorted assemblage of whole, broken and
deformed ooids and aggregate grains. They have been compacted together
creating sutured and point contacts between grains. Grains are commonly
plastically deformed and more rarely broken.

Bioclasts are rarely found outside coated grains and are found as rare fine
coral fragments, coated echinoderm fragments, microgastropods and thin
shelled bivalves that occur within mud-wackestone clasts. Other bioclasts
are found within ooids at their nuclei. There are very rare poorly preserved
biserial, uniserial and involute coil type foraminifera. Other common ooid
cortices include grains of chalcedony, micrite spheres and euhedral-
anhydral dolomite crystals, that have been calcified

The ooids in this sample show a variety of ooid types from, coarse
composite ooids, 500um mean diameter superficial ooids with clear thin
radial-fibrous outer coating with subtle micritic laminae to structureless
centre to 820um mean diameter micritic ooids that range from largely
micrite spheres coated with a very thin fibrous coating amid a tangential
crystal structure of micrite and organic material.

Interpretation

The mixture of ooid type, sizes, and thicknesses of the cortices, associated
grains and abrasion of laminae is suggestive that the ooids are
allochthonous ooids. Some ooids that have a clear structure have a thick
micrite outer core.

Diagenesis

All allochems have been compacted leading to point contacts, sutured
contacts and plastic deformation, and rarely breakages between allochems.
A micrite cements the rock together. The micrite matrix also contains micro-
peloids and fine needles of calcitic material.

Inclusion rich euhedral to anhedral dolomites are scattered around the
sample and commonly occur in their finest form within the matrix. It
appears that the more euhedral dolomites are associated with the cores of
allochems particularly those with chalcedony cores. Dolomites have been
calcified as suggested by crystal morphology and catholuminescence.

The sample has some thick calcite filled fractures that cut across all
allochems and features as well as more common finer fractures. The
fractures are a regular thickness and occur singularly.

Pore types

None

Reservoir quality

None
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C003 1615

Texture Bivalve Peloid Packstone

Description This is a well orientated assortment of disarticulated thin shelled bivalves,
echinoderm debris, rare biserial foraminifera, fine coral fragments, abraded
brachiopod fragments, green algae and other shelly debris. Other allochems
include rounded peloids.

The thin shelled bivalves are typically 600pum in length.

Interpretation The mixture of allochem types suggests this originated in probably photic
moderate to high energy waters.
Diagenesis Minor compaction is evident through broken bivalve shells and rare point

contacts between grains. The sediment sits in a micrite mud. Common
dissolution seams and styolites anatomise through the muddy matrix and
have formed around grains and span the thin section; this is evidence of
chemical compaction.

There are several wide fractures (750 um) that are infilled with a coarse
calcite spar, these fractures have sharp edges and occur singularly. There
are few thin factures (30 um) that branch off the larger fractures, and are
filled by coarse calcite spar.

Pore types None

Reservoir quality None
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C003

Texture

Bivalve mud-wackestone

Description

This is a poorly sorted bivalve dominated mud-wackestone. The section cuts
through 2 facies types where the finer facies is a clast.

The first facies, the finest facies consists of very fine grained accumulation
of well oriented thin shelled bivalves and tiny shell fragments that are
abraded. The second facies contains a much coarser assemblage that is
strongly oriented containing thin shelled bivalves, and rare well rounded
shelly debris. These allochems sometimes accumulate forming laminations,
which can be seen in the thin section scan.

Interpretation

The strong orientation of allochems within both facies 1 and 2 suggest that
these sediments may have been deposited in a current swept environment,
that possibly, had the force to carry large clasts.

Diagenesis The strong orientation may in parts be due to compaction. Microfractures
cut across all allochems and are filled with an equant calcite spar.

Pore types None

Reservoir quality None
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C003 2125

Texture

A moderately well sorted assemblage of whole, broken and deformed ooids,
rare compound ooids and bioclasts with micrite envelopes. Allochems have
regularly have sutured contacts with an iron rich seam and common iron
coatings. Allochems are commonly plastically deformed. Bioclasts most
commonly form ooids nuclei and occur rarely as fine debris. Common
bioclasts include poorly preserved microgastropods, multichambered
foraminifera, abraded and disarticulated bivalves, brachiopods and
echinoderm debris.

Description

The mixture of ooid type, sizes, and thicknesses of the cortices, associated
grains and abrasion of laminae is suggestive that the ooids are
allochthonous ooids. Some ooids that have a clear structure have a thick
micrite outer core; this may have been acquired during transport. The well
defined ooid structures are characteristic of formation in quiet-water low
turbulence environments (Flligel, 2004); this may possibly be due to ooids
being transported from below the wave base or a lagoonal environment.
In outcrop this is interpretated as part of a debris flow however there is
much less mud in the assemblage compared to turbidite facies suggesting
this may in fact have been part of a grain flow or other grain supported
flow.

Palaeoenvironment
Interpretation

All allochems have been compacted leading to point contacts, sutured
contacts and plastic deformation between allochems. Dissolution seams and
styolites have developed between grains suggesting chemical compaction
took place. Calcite microspar (probably originating from calcite rich pore
waters due to compaction) cements the rocks together.

Inclusion rich euhedral to anhedral dolomites are scattered around the
sample and commonly occurring within the matrix. It appears that the more
euhedral dolomites are associated with silica. Dolomite has been calcified.

The sample has several thick, irregular sharp edged calcite filled fractures
that cut across all allochems and features as well as more common finer
fractures. The fractures are a regular thickness and occur singularly.
Dissolution seams and selective regions of ooids and other allochems have
been replaced by an iron oxide; this is possible due to neomorphism and
exposure of the formation to air.

Diagenesis

This shows a moderately well sorted assemblage of whole, broken and
deformed ooids and rare compound ooids (no more than 1 mm in
diameter). They have been compacted together creating sutured contacts.
Allochems are commonly plastically deformed and more rarely broken.

Bioclasts are only rarely found within ooids at their nuclei or rarely as fine
debris. Bioclasts are commonly well rounded grains of calcite, which are
probably from abraded and disarticulated bivalves and brachiopods; there
are very rare poorly preserved biserial foraminifera. Other common ooid
cortices include grains of chalcedony, micrite and euhedral-anhydral
dolomite crystals (which have been calcified).

The ooids in this sample show a variety of ooid types from 450um mean
diameter superficial ooids with clear thin radial-fibrous outer coating with a
subtle micritic layered to structureless centre to 600um mean diameter
micritic ooids that range from largely coated micrite spheres with pervasive
micritisation of the cortex to occurrences of subtle thinly laminated
tangential cortices.

Pore types

None

Reservoir quality

None
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Microphotograph 34 Mosaic of tabular clast that consist of fine abraded bivalve debris, echinoderm debris and

occasional disarticulated bivalve fragments ? Posidonia.

Ccoo3 Channel
deposit
Texture Intraclastic ooid pack-grainstone
Description Very poorly sorted assemblage of gravel to medium sand grade intraclasts,

micritised ooids, micritic ooids, peloids, disarticulated bivalves.

Two types of intraclast occur in this sample one is a mud-wackestone that
consist of sparse micropeloids and tiny disarticulated thin shelled bivalves.
The other intraclast type contains a much denser assemblage, the same as
type one.

Interpretation

The large variety in clast types and the coarse nature of this sample suggests
this is probably a allochthonous limestone. Field relationships indicate that
this sample come from a more proximal source when compared to other
samples, where coarser material was deposited.




Diagenesis Silica has preferentially replaced the internal parts of large micritic grains.
Anhedral-euhedral dolomite rhombs are concentrated along microfractures
and silica. Two microfractures set span the sample and are found running
perpendicular to each other and are filled with an equant calcite spar.

Pore types None

Reservoir quality None
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Microphotograph 35 Wécke-packstone clasts dominated by disarticulated bivalves ?Posidonia. Note the
echinoderm fragment in bottom left

o ¥ . \ J )
Microphotograph 36 Mudstone clast, consists of tiny abraded fragments of thin shelled bivalves. Note the
grainstone matrix.

C003

Texture Intraclastic ooid pack-grainstone




Description

Very poorly sorted assemblage of very coarse to medium sand grade
micritised ooids, micritic ooids, peloids, intraclasts, coarse echinoderm
fragments, disarticulated bivalves and much large oyster bivalves.

Two types of intraclast occur in this sample on is a Mud-wackestone that
consist of sparse micropeloids and tiny disarticulated thin shelled bivalves.
The other intraclast type contains a much denser assemblage, the same as
type one.

Interpretation

The large variety in clast types and the coarse nature of this sample suggests
this is probably a allochthonous limestone. Field relationships indicate that
this sample come from a more proximal source when compared to other
samples, where coarser material was deposited.

Diagenesis

All echinoderm fragments have overgrowths of calcite spar. Patches of the
sample, most notably within coarse allochems, silification has preferentially
replaced parts. Dissolution seams and styolites span the whole section and
cut across all allochems. Anhedral-euhedral dolomite rhombs are scattered
across the sample and mainly occur within the matrix of the rock. These
dolomites have been calcified, where the outer cores are speckled. An iron
oxide is common in association with dolomites.

Microfractures span the sample and are found running parallel to each
other and are filled with an equant calcite spar

Pore types

None

Reservoir quality

None




Polished Slab Descriptions

Hand samples were gathered to see sedimentary structures on a larger scale as well allowing the

author to analysis a larger area to improve understanding of the microfacies and diagenetic

enhancements to the rock.
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C002 | 525 cm | [

Texture Peloid intraclastic pack-grainstone

Description Poorly sorted crudely oriented accumulation of granule sized rounded
peloids and angular wackestone intraclasts. The matrix consists of very
coarse sand grade ooids and peloid. Intraclasts range from yellow-
brown to grey in colour and contain very little bioclastic material.
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C002 | 550 cm

Texture

Ooid intraclastic pack-grainstone

Description

This is an oolitic peloidal grainstone that has an assortment of
components that include subrounded to round radial-fibrous,
superficial and micrite ooids, peloids, subangular intraclasts of mud-
wackestone. The grainstone is poorly sorted with a wide range of grain
sizes between different components. The ooids and peloids form the
matrix of the rock that hosts much larger rip-up clasts of mud-
wackestone intraclasts that commonly host disarticulated thin shelled
bivalve fragments and other shelly material.

Intraclasts range in composition with some appearing a grey-green
whilst others have an almost pink appearance. Darker intraclasts are
muddier than lighter intraclasts.

Flakes of iron oxide are found amongst the sediment; iron oxide also
lines some ooid laminae.

The sample has two fracture sets. The finest fractures are filled with

calcite and occur parallel to bedding, with branching vertical micro-
fractures, these cut through both allochems and cement. The second

fracture type runs vertical to bedding and can be considered a calcite
vein; this cuts all allochems and cement.

Interpretation

This is interpreted as part of a turbidite that is hosting traction carpets
that contain intraclasts.




C002 645cm

5cm
C002 | 645 cm | [
Texture Peloidal ooid pack-grainstone
Description Poorly sorted assortment of very coarse sand grade peloids and coarse
sand grade ooids.
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C003 | 150 cm | [

Texture Posidonia grainstone Coqunia

Description This is a sample from the coquina bank that form a large part of
location C003. The rock is a well oriented accumulation of Posidonia
bivalve and peloids. The crinkly appearance is seen in outcrop and acts
as a characteristic of this facies.




C003 230cwm

C003 | 230cm | [
Texture Ooid intraclastic pack-grainstone
Description Poorly sorted assortment of components that include subrounded to

round radial-fibrous, micrite ooids and peloids. A grain rich matrix
hosts much coarser well rounded peloids. The coarse peloids are
evenly distributed across the sample.

The sample has two fracture sets. The finest fractures are filled with
microcrystalline calcite (appearing light brown) and occur oblique to
bedding, with branching micro-fractures, follow allochems. The
second fracture type runs horizontal to bedding and can be considered
a calcite vein; these are only intermittent and appear as shear fractures.
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C003 | 350 cm | [

Texture Ooid intraclastic pack-grainstone

Description Poorly sorted accumulation of coarse sand grade micrite ooids, peloids
and intraclasts that range from a light yellow to red orange colour. This
sample has two fracture sets which both cut all allochems one is <lmm
in diameter whilst the other, later fracture set is a very coarse calcite
vein.




HAND SPECIMEN IMAGE C003 350cm
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C003 | 350 cm | [

Texture Ooid intraclastic pack-grainstone

Description Poorly sorted accumulation of very coarse sand grade micrite ooids,
peloids and intraclasts (yellowish brown colour). This sample has three
fracture sets the first appears brown in appearance is inconsistent
following the path of dissolution seams. The other two fracture sets are
calcite filled and both cut all allochems one is <Imm in diameter
whilst the other, later fracture set is a >1.5mm thick tension fracture.




C003 1550cwm

C003 1550 cm
Texture Ooid intraclastic pack-grainstone
Description Poorly sorted assemblage of very coarse grade peloids to coarse sand

grade ooids. The majority of allochems are rounded to subrounded and
indicate a crude orientation from left to right in this sample.The bottom
of this sample appears to be more muddy containing coarser but
sparsely distributed allochems in comparison to the rest of the rock.
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Way up




C003 | 1700 cm | [
Texture Peloidal ooid pack-grainstone
Description Poorly sorted assortment of components that include subrounded to

round radial-fibrous, micrite ooids, peloids. A ooids rich matrix hosts
much coarser well rounded peloids that are often host a silica.

The sample has two fracture sets. The finest fractures are filled with
microcrystalline calcite (appearing light brown) and occur oblique to
bedding, with branching micro-fractures, follow allochems. The
second fracture type runs horizontal to bedding and can be considered
a calcite vein; these are only intermittent and appear as shear fractures.
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C003 | 1850 cm | |

Texture Ooid intraclastic pack-grainstone

Description Poorly sorted accumulation of coarse sand grade ooids, and very
coarse sand grade peloids with rare very coarse rounded intraclasts,
which range from black to orange in colour. This sample has a
generally lighter colour compared to other samples this may be due to
cements filling intergranular pore space.




C003s380cwm

C003s | 380 cm | [
Texture Intraclastic ooidal peloidal pack-grainstone
Description Very poorly sorted assemblage of a very coarse assortment of small

pebble sized intraclasts, granule sized peloids and very coarse sand
sized ooids. Intraclasts contain a light brown micrite and contain an
abundance of thin shelled bivalves. Other allochems are micritised.




C003s51350cm

C003s | 350 cm | [
Texture Intraclastic pack-grainstone
Description Poorly sorted well oriented grainstone that has an assortment of

components that include subrounded to round ooids, peloids,
subangular intraclasts of mud-wackestone texture with a variety of
components. Intraclasts commonly host disarticulated thin shelled
bivalve fragments and other shelly material. The intraclasts range from
bright red to light grey and yellow suggesting their overall composition
ranges greatly. Flakes of iron oxide are found amongst the sediment
iron oxide also lines some ooid laminae.

The sample has two fracture sets. The finest fractures are filled with
yellow-brown calcite and occur parallel to bedding, with branching
vertical micro-fractures, these cut through both allochems and cement.
The second fracture type runs vertical to bedding and cut all allochems
and cement.




AMMONITICO ROSSO

C003 | 350 cm | |

Texture Ooid intraclastic pack-grainstone

Description Well weathered Ammonitico Rosso. Very little is preserved, only iron
rich nodules are noted.




