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Abstract

It is a common misconception that shallow water biogenic carbonate
development is inhibited in areas of active siliciclastic input. However, an increasing
number of examples of ancient and modemn coral communities are being identified
which are affected by siliciclastic input and are developing in areas traditionally
regarded as unfavorable. Corals can develop in nearshore settings affected by high
sedimentation rates, turbidity, mobile substrates and episodic (storm-related)
discharges of freshwater and terrestrially-derived sediments. Coral reefs in these
systems are not necessarily impacted reefs, and represent natural states of
development with coral abundance and diversity comparable to clear-water systems.
Accepted models of shallow water carbonate production in clear water conditions
only represent one end-member in a diverse range of shallow coral-dominated
communities.

In order to investigate the development of shallow water, biogenic carbonate
development under the influence of siliciclastic input, two mixed carbonate-
siliciclastic successions have been studied from the Tertiary of Spain. The Vic Basin
(NE Spain) and the Fortuna Basin (SE Spain) provide contrasting examples of coral
reef development within siliciclastic shallow marine shelf environments bordering
temperate-humid and semi-arid land areas respectively. The methods employed in this
investigation were 1) high resolution sedimentary logging and sample collection, 2)
petrographic and palaeontological analysis of samples and 3) quantification of non-
carbonate content through acid digestion. The correlation of logged sections, and
development of a facies scheme for each study area, has enabled the temporal and
spatial relationships between carbonate development and siliciclastic sedimentation to
be deciphered.

The Calders study area is situated within the Vic Basin. The broad
environment of deposition was a moderate energy, northward-prograding siliciclastic
shelf where high sediment input and unstable substrates inhibited the development of
sessile calcareous biota. Carbonate development occurred following abandonment of
the siliciclastic substrate. Abandonment facies, which developed on dune foresets and
topsets, are dominated by large benthic foraminifera and coralline algae. Carbonate
development, as high-energy foralgal shoals and muddy coral-dominated sediments,
occurred down-slope. Carbonate units developed as very low angle clinoforms. Coral
development was variable, existing as metre-scale patch reefs with associated debris
and protected low-energy environments. Coral framework was only locally evident.
Six isolated carbonate intervals are identified within the siliciclastic-dominated
succession. The change from carbonate development to siliciclastic deposition is
abrupt.

It is proposed that sediments situated stratigraphically above the main Calders
section in the Sant Amanc area are part of the Terminal Complex. The broad
environment of deposition was a protected, inner-shelf that developed in the latest
stages of marine sedimentation in the Pyrenean foreland prior to regional deposition
of continental sediments. Nutrient-rich conditions persisted due to terrigenous input
and terrestrial run-off. Metre-scale patch reefs developed through the baffling effect
of the perennial seafloor vegetation that acted as a substrate for large benthic
foraminifera.

The Altorreal study area is situated within the Fortuna Basin. The environment
of deposition was a marginal marine, high-energy fan delta system. Only robust
organisms such as oysters were able to tolerate the periodic high-magnitude input of
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coarse-grained siliciclastics. The temporary abandonment of fan-delta lobes provided
a site for coral colonization. Abandonment facies are siliciclastic packstones with
laminar stromatolites in up-slope areas. Carbonates contain minor siliciclastic material
and form laterally restricted sigmoidal units. Corals formed a framework, with
variations in coral morphology a function of water depth. Carbonate production was
halted through the combined affects of freshwater input, emergence and erosion.
Eroded carbonate bodies were buried by fan-delta sediments as the locus of
sedimentation changed.

The main impacts of sediment input on photoautotrophs are physical burial,
reduction in rates of photosynthesis though increased turbidity and changes in
seawater chemistry, particularly salinity and nutrients. The amount and grainsize of
siliciclastic sediment input has influenced the biota in both study areas. Siliciclastic-
dominated sediments contain a low diversity fauna dominated by echinoids, molluscs
and burrowing organisms. The reduction of siliciclastic input created a new
environment that was initially colonized by organisms acting as r-strategists. These
transitional settings are dominated by larger benthic foraminifera at Calders. At
Altorreal, a prolonged period of non-deposition led to the formation of a hardground.
Coral development at Calders occurred during a constant input of clay to silt-grade
siliciclastics. In low-energy areas where sediment input was particularly high,
constratal growth of branching corals is inferred. In marginal marine reef areas at
Altorreal, coarse lithoclastic grains supported stick-like coral branches. Demise of
coral communities is attributed to a number of factors. At Altorreal, emergence and
erosion of the reef is inferred from erosional contacts. The development of columnar
stromatolites is associated with a prolonged period of non-deposition and possibly a
change in seawater chemistry that was detrimental to corals.

The development of coral communities in siliciclastic settings can be aided
through the existence of a protection mechanism. At Calders and Altorreal,
temporarily abandoned siliciclastic substrates provided sites away from silts of high
siliciclastic input. Autogenic factors such as delta lobe switching were the most
important controls on coral development in the studied areas although allogenic
factors such as climate and the tectonic regime influenced rates, magnitude and
grainsize of input were also important.
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Introduction

1. Introduction

1.1 Aims of study

Deposits of Eocene age from NE Spain and of Miocene age from SE Spain
allow the study of carbonate systems strongly influenced by siliciclastic input. The
presence of these carbonate systems within siliciclastic-dominated environments is
widely recognised. However, few studies evaluate the effects of siliciclastic sediment

input on facies development, biota and evolution of the environment.

The primary objectives of this research are:

1. To determine the depositional environments of the deposits from the Calders
area (Vic Basin, NE Spain) and the Altorreal area (Fortuna Basin, SE Spain),

and to construct a detailed facies model for their evolution.

2. To assess the effects of siliciclastic input as a control on the nature and
development of carbonate producing organisms within siliciclastic-dominated

environments.

3. To compare the characteristics of mixed carbonate-siliciclastic systems within

subtropical humid and semi-and settings.

4. To compare the mixed carbonate-siliciclastic settings of the study areas with

similar modern and ancient settings.

To meet these aims this study combines detailed field logging and sampling of
carbonate and siliciclastic lithologies within both study areas with detailed
petrographic, palaeontological and acid digestion analysis. Regional literature studies

were undertaken to establish the broader context of the carbonate systems studied.

1.2 Outline of thesis

Chapter I: Brief introduction to the thesis, including the aims and objectives of the

study.




Introduction

Chapter 2: Geological context of the Calders area in NE Spain and the Pyrenees. The
tectonic and sedimentary evolution of the SE Pyrenean Foreland Basin is discussed,
with particular emphasis on the Tertiary. The chronology and lithostratigraphic terms

for the Eocene of the Pyrenean Foreland are described.

Chapter 3: Detailed description and environmental interpretations of facies from the
Calders and Sant Amanc study area. A facies scheme is proposed for Eocene
(Bartonian) inner-shelf mixed carbonate siliciclastic environments. The temporal and

spatial evolution of facies is described and evaluated.

Chapter 4: Geological context of the Altorreal study area in SE Spain and the Betic
Cordillera. The tectonic and palaeogeographic evolution of the western Mediterranean
region from the Cretaceous to Recent is discussed, with particular emphasis on the

Miocene.

Chapter 5: Detailed description and environmental interpretation of facies of the
Altorreal study area, Fortuna Basin. A detailed facies scheme is proposed for
Tortonian/Messinian inner shelf mixed carbonate siliciclastic environments. The

temporal and spatial evolution of facies is described.

Chapter 6: An assessment of the effects of siliciclastic sediment input on biota in the

Calders study area.

Chapter 7: A comparison of the studied sediments from the Calders and Altorreal
areas with comparable modern and ancient examples. This chapter presents a detailed
discussion of the characteristics of carbonate production within siliciclastic-dominated
environments. The features of carbonate systems within different tectonic, climatic

and hydrodynamic settings will be discussed.

Chapter 8: Summary and future work



Introduction

Appendices:

Appendix 1: A review of the techniques and terminology used during this study.

Appendix 2: A review of benthic foraminifera palaecology, focusing on diagnostic

genera present in the study areas.

Appendix 3: Tabulated thin data data, Calders and Sant Amanc study area

Appendix 4: Tabulated thin section data, Altorreal study area

Appendix 5: Sedimentary logs, Calders and Sant Amanc study area

Appendix 6: Sedimentary logs, Altorreal study area
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2. Regional Geology and Field Areas, Northern Spain

2.1 Introduction

The aim of this chapter is to summarise previous work on the regional
geological and palaeoenvironmental evolution of the Pyrenees, in particular the
southeastern areas. In order to put the studied sections in the Vic Basin into regional
context, this chapter provides a detailed review of the South Pyrenean Foreland and

Vic Basin stratigraphy.

2.2 Regional Geology of the Pyrenean Region

The geology of the Pyrenean region has been influenced by a series of major
structural events (Figure 2.1). These are the Hercynian orogeny, which produced
major NE-SW structural lineaments reactivated during later tectonic episodes (Gisbert
et al. 1983) and the break-up of Pangea (and the formation of the Tethys Ocean). The
present tectonic configuration is attributed to oblique collision and shearing of the
Iberian microplate with the European plate during the Late Cretaceous to Miocene
Alpine Orogeny (Muiioz 1992, Puigdefabregas and Souquet 1986, Masson and Miles
1984). Although collision is related to the Alpine Orogeny, there is no continuity
between the Alpine Mediterranean and Pyrenean mountain belts, and there are distinct
differences in deformation style between the Pyrenees and other parts of the Alpine
orogenic belt (Banda and Wickham 1986). Therefore, the collisional event in the
Pyrenees is referred to herein as the Pyrenean Orogeny.

Between the Hercynian and Pyrenean Orogenies, sedimentation in the
Pyrenees was near continuous. The Pyrenees is an example of a polyhistory basin
where successive stages of development are recorded as Mesozoic and Tertiary
tectono-sedimentary cycles (Puigdefabregas and Souquet 1986, Kingston et al. 1983).
The chronology of these cycles is summarized in Figure 2.1.

The pre-Hercynian tectonic setting of the Pyrenees is uncertain although Zwart
(1986, 1979) provides an exhaustive review of Hercynian geology. The first grouping
of tectono-sedimentary cycles (Cycles 1 to 4, Figure 2.1) corresponds to major
periods of intra-continental rifting, lasting from the Permian to the Early Cretaceous.
Extension was controlled by inherited E-W, NE-SW and NW-SE orientated fractures,
and led to the formation of assymmetric fault-bounded basins that existed throughout

the Permian (Gisbert etal. 1983). Rocks of Permian age include alluvial fan
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Figure 2.1 Summary of Pyrenean Permian to Miocene Pyrenean tectono-sedimentary cycles.
Cycles 1 to 4 (shaded) represent a phase of intracontinental rifting. The final rifting phase was
marked by accumulation of Cycle 5. Cycles 6 and 7 (shaded) were deposited during the change
from a strike-slip to a convergent tectonic regime. Cycles 8 to 10 formed under a convergent
tectonic regime. After Puidefabregas and Souquet (1986). See text for discussion.
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conglomerates, red mudrocks, local slope breccias and volcanoclastics, with
associated andesites, rhyolites and basalts (Puigdefabregas and Souquet 1986 and
references within).

Extension continued through the Triassic and Jurassic. Triassic sediments are
red conglomerates and mudrocks (interpreted as braided fluvial systems) that grade
upward into fine-grained lagoonal and evaporite deposits (Puigdefabregas and
Souquet 1986 and references within). Puigdefabregas and Souquet (1986) interpret
this as a classic intra-continental rift succession. By the early Jurassic, a carbonate
platform influenced by eustatic fluctuations extended over most of the Pyrenean
region (Peybernes 1976, Faure 1980, 1984). By the Middle Jurassic (Dogger), shallow
water carbonate development was restricted by differential subsidence related to
faulting to a major horst structure known as the Occitan High (Puigdefabregas and
Souquet 1986). Shallow marine deposits covered the Occitan High while deeper
hemipelagic carbonates accumulated in the adjacent basins of the eastern and western
Tethyan domains (Peybernes 1976, Faure, 1980, 1984; Puigdefabregas and Souquet
1986). A deeper water area had formed to the west by the Late Jurassic (Malm),
indicated by condensed ammonite intervals and hemipelagic shales and mudrocks
exposed in the western Pyrenees. Eastern areas of equivalent age are characterised by
shallow marine carbonates (including limestone-dolomite complex collapse breccias
and dark lagoonal limestones and dolomites) exposed in the Central and Eastern
Pyrenees (Peybernes 1976, Faure, 1980, 1984; Puigdefabregas and Souquet 1986).

The change from extensional to transtentional tectonics at the base of the
Cretaceous is associated with a sudden relative sea level fall, resulting in
discontinuous sedimentation and localised erosion surfaces (Puigdefabregas and
Souquet 1986). Fracturing and erosion of the Jurassic carbonate platform was
followed by the deposition of a polymict carbonate breccia exposed in the central-
eastern Pyrenees. A NW-SE trending rift system evolved in response to initial rifting
in the Bay of Biscay and the neighbouring Cantabrian and Iberian mountain chains,
and created the Parentis, Adour and Pyrenees sub-basins. These basins increased in
areal extent in the Early Cretaceous (Neocomian) as a response to relative sea level
rise, although sedimentation rates were still low and influenced by the inherited
fracture systems (Puigdefabregas and Souquet 1986). In the Tethyan domain to the
east, relative sea level rise is inferred from the development of a westward-onlapping

eustatically influenced carbonate platform (the Urgonian Limestones). A Tethys-
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Atlantic Ocean connection via the rift system during the Early Cretaceous is inferred
from the lateral extent of marine facies (Peybernes 1982, Puigdefabregas and Souquet
1986).

Middle Albian-early Cenomanian sea-floor spreading in the North Atlantic
induced rotation and a change in a trajectory of Iberia, leading to the final break-up of
the Iberian and European plates (Puigdefabregas and Souquet 1986). Tectono-
sedimentary Cycle 5 (Figure 2.1) was deposited during the tectonic activity that
caused crustal stretching along the North Pyrenean Fault Zone (NPFZ), together with
the development of a deep wrench basin system (Debroas 1987). Crustal stretching at
the NPFZ was accompanied by alkaline magmatism, thermal metamorphism and
diapirism of Triassic evaporates (Puigdefabregas and Souquet 1986 and references
within). Progressive basin extension in the Mid- to Late-Cretaceous is associated with
the deposition of retrogradational turbidites in subsiding troughs with minor carbonate
platform development on the basin margins (Souquet 1985). Puigdefabregas et al.
(1986) infer a diachronous change from transtentional to transpressional tectonics.

The next grouping of tectono-sedimentary cycles (Cycles 6 and 7) was
deposited during the gradual change from strike-slip displacement to oblique plate
convergence during the Mid- to Late-Cretaceous (Figure 2.1). The change in tectonic
regime is interpreted as a direct result of the oblique collision of the Iberian and
Eurpoean plates during the Pyrenean Orogeny. Continent-continent collision resulted
in the northward subduction of the lower crust and lithospheric mantle of the Iberian
plate below the more stable European plate (ECORS-Pyrenees Team 1988, Roure et
al. 1989, Mufioz 1992). The onset of deformation was slightly earlier in the east than
the west, and initial collision resulted in emergence of compressive ridges in the
eastern Pyrenees (Plaziat 1981, Puigdefabregas and Souquet 1986). The Late
Cretaceous global sea level fall led to the exposure and erosion of the ridges and
widespread deposition of alluvial to shallow marine successions known as known as
the Garumnian Facies (Puigdefabregas et al. 1986, Puigdefabregas et al. 1992).
Fluvial and lacustrine red beds of the Garumnian Facies occur in the central and
eastern Pyrenees, both to the north and south of the Axial Zone of the Pyrenean
Orogen (Puigdefabregas et al. 1992). The Garumnian beds overlie Hercynian
basement in the north and Triassic sediments in the south (Jurado 1988). Deep-water
carbonate, siliciclastic and turbidite sedimentation similar to the earlier Mesozoic

wrench basins prevailed in the west until the late Paleocene (Pujalte et al. 1989).
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Convergent plate conditions also characterise the fourth grouping of tectono-
sedimentary cycles (Cycles 8, 9 and 10) (Figure 2.1). The transition from deep
marine wrench basin to foreland basin occurred during the Paleocene (Puigdefabregas
and Souquet 1986, Puigdefabregas et al. 1986). Migrating foreland basins were fully
established by the early Eocene, and their development was directly related to thrust
sheet emplacement (Puigdefabregas et al. 1986, Burbank et al. 1992). The preceding
wrench basin was systematically incorporated into the growing thrust-belt of the
mountain chain. The east-west trending orogen consists of a double-verging wedge
that developed by propagating thin-skinned, linked thrust systems in foreland areas
(Puigdefabregas et al. 1992 and references within). Progressive unconformities
developed during the Late Oligocene-Miocene in response to the final sub-aerial
emergence of the Pyrenean thrust sheets. A siliciclastic wedge comprising alluvial
fan, fluvial and lacustrine sediments accumulated ahead of the final thrust sheet
(Puigdefabregas and Souquet 1986, Tumer et al. 1984). The tectono-sedimentary

evolution of the foreland basin is described in more detail in Section 2.3.2.

2.3 The Pyrenean Foreland Basin System

From north to south, the Pyrenean Orogen comprises the Aquitain Retro-
Foreland Basin, the Northern Thrust Wedge, the Axial Zone, the South Pyrenean
Thrust System and the South Pyrenean Foreland Basin (Figure 2.2) (Puigdefabregas
and Souquet 1986, Vergés et al. 1995). The southeastern and southwestern margins of
the foreland are occupied by the Catalan Coastal Range and Iberian Range
respectively. The Vic Basin study area is situated in the undeformed southeastern part
of the Pyrenean Foreland Basin.

23.1 The North Pyrenean Thrust System and the Aquitain Retro-Foreland
Basin

The North Pyrenean Thrust System consists of an imbricate system of north-
verging thrust sheets (Muiioz 1992). Thrusting involved Hercynian basement and the
Mesozoic and Tertiary cover (Fischer 1984, Déramond et al. 1993). The Aquitain
retro-foreland basin evolved by flexure of the European plate in response to the load
of the north Pyrenean thrust sheets (Desegaulx et al. 1990). During Tertiary
compression, the thrust sheets were translated over the autochthonous parts of the

Aquitain Foreland (Camara and Klimowitz 1985, Williams 1985).
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Figure 2.2 Tectonic domains
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Figure 2.3 Summary sketch of the ECORS profile (the location of which is indicated on Figure 2.2),
illustrating the structure of the Pyrenean Axial Zone. NPF=North Pyrenean Fault. After Verges et al.
(1999).
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2.3.2 The Pyrenean Axial Zone

The Pyrenean Axial Zone comprises the central part of the orogen (Figure
2.2), and consists of Cambrian to Carboniferous-age rocks, affected by low- to high-
grade metamorphism during the Hercynian Orogeny and later intruded by granitic
bodies in the Permian (Zwart 1979, Vissiers 1992). Post-Hercynian rocks
uncomformably overlie the deformed basement (Vergés et al. 1995). The North
Pyrenean Fault (NPF), bounding the northern part of the axial zone (Figure 2.2), is
interpreted as the suture between the Iberian and European plates (Choukroue 1976,
Puigdefabregas and Souquet 1986, Muiioz 1992). Axial zone rocks are arranged in an
antiformal stack of three main tectonic units named, from top to bottom, Nogueres,
Orri and Rialp (Muiioz 1992). The present-day structure of the Axial Zone,
determined from the results of the Pyrenees ECORS profile (Choukroune et al. 1989,
Roure et al. 1989, Munoz 1992 and others) is illustrated in Figure 2.3. The
incorporation of post-Hercynian rocks into these thrust sheets confirms that thrusting
is Alpine in age (Mufioz 1992).

2.3.3 The South Pyrenean Thrust System and South Pyrenean Foreland Basin
The Southern Thrust System (Figures 2.2 and 2.3) extends laterally for over
1500 kilometres from east to west, measures up to 50 kilometres from north to south,
and is considered the more significant of the two thrust systems (Puidefabregas et al.
1986, Millan et al. 1995, Vergés et al. 1995). The Southern Thrust System comprises
a piggyback sequence of three major thrust sheets known as, in order of emplacement,
the Upper, Middle and Lower Thrust Sheets. The Upper Thrust Sheets were emplaced
in the Late Cretaceous to Early Eocene and are composed of Mesozoic sedimentary
rocks. The Middle Thrust Sheets were emplaced in the Eocene below the Upper
Thrust Sheets. The sheets contain Hercynian basement rocks, a reduced Mesozoic
cover and Paleogene foreland sedimentary sequences. The Lower Thrust Sheets were
emplaced in the late Eocene-Oligocene and comprise Silurian basement and a much
reduced Mesozoic cover section (Puigdefabregas and Souquet 1986). Based on
balanced cross-section data, the total estimated shortening across the eastern sector of
the Southern Thrust System is approximately 146 kilometres or up to fifty percent
(Puigdefabregas et al. 1986, Vergés et al. 1995). Shortening rates decreased from a
maximum of around 4.5 mm a”' in the early- to mid-Eocene to around 2.0 mm a™ by

the end of Pyrenean deformation (Vergeés et al. 1995).
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The South Pyrenean Foreland Basin (Figures 2.2 and 2.3), within which the
study area in NE Spain is situated, developed in the Tertiary as a direct result of the
tectonic loading and southward displacement of the southern thrust sheets over a
stable Lower Eocene carbonate platform. Overthrusting led to the fragmentation and
geographic isolation of what were previously interconnected parts of the relatively
depressed foreland (Puidefabregas et al. 1986, Molenaar et al. 1996). The foreland
basin developed on pre-Mesozoic basement and forms an irregular triangular shape
bounded by the Pyrenees to the north and the Catalan Coastal Range to the southeast
(Taberner et al. 1999). Sedimentation in the South Pyrenean Foreland Basin was
contemporaneous with development of the thrust system (Puigdefabregas et al. 1986,
Burbank er al. 1992). Palaecogene remnants of the foreland basin occur as
allochthonous thrust sheets (Figure 2.2). The Iberian and Catalan Coastal Ranges,
situated to the west and south-east respectively, bound autochthonous foreland strata
(Puigdefabregas et al. 1986, Puigdefabregas and Souquet 1986, Burbank et al. 1992).
Sediments along the northern margin of the Pyrenean Foreland are typically

deformed, while sediments on the southern margin are predominantly undeformed.

2.3.4 The Catalan Coastal Range

The intraplate Catalan Coastal Range delimits the active distal margin of the
Pyrenean Orogen and southeastern margin of the South Pyrenean Foreland Basin
system (Figures 2.2 and 2.3). The Catalan Coastal Range is an important geological
feature since it was a positive topographic feature in the Eocene shedding siliciclastic
material to the southern foreland margin, and into the study area in the Vic Basin
(Lopez-Blanco 1993, Monstad 2000). The Catalan Coastal Range affected the rates of
subsidence across southeast foreland basin and therefore played an important role in
the development of the basin stratigraphy (Vergés et al. 1998). The range developed
as a major reactivated strike-slip fault system during the Alpine Orogeny 41.5 Ma ago
(Anadon et al. 1985, Vergés et al. 1998). Structurally, the Catalan Coastal Range
consists of two major late Palaeozoic and Mesozoic fault systems (Lopez-
Blanco 1993). Alpine deformation reactivated these old fault lineaments within the
Coastal Range as a series of NE-SW stepping, left lateral strike slip faults which
extend laterally for about 200 kilometres (Lopez-Blanco 1993, Monstad 2000). A

series of SE-NW oriented thrusts and folds were generated, uplifting slices of Lower
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and Middle Triassic basement and Mesozoic cover as push-up blocks, folds and
flexures forming a zone of high relief in front of the relatively depressed foreland
(Monstad 2000).

A series of syntectonic alluvial and fan delta complexes (including the
Montserrat and Sant Lloreng del Munt complexes) formed on the down-thrown side
of the strike-slip fault system during the Lutetian to Priabonian (Lopez-Blanco 1993,
Busquets 1995). Proximal fan conglomerates stacked up along the basin margins
undergoing rapid uplift and erosion (Cabrera et al. 1986). Detailed studies of the
conglomerates has yielded up to four orders of cyclicity due to relative sea level
changes and variations in siliciclastic supply, both ultimately controlled by the
tectonic situation at the basin margin (Lopez-Blanco 1993).

Alluvial fan systems evolved into fan deltas following a major transgression in
the basal Bartonian (Lopez-Blanco 1993). In some areas, carbonate platform systems
with an areal extent up to 12 km® developed. Carbonates are Nummulites shoals and
bars, and barrier and coastal reef systems (Lopez-Blanco 1993, Monstad 2000).

The present day Catalan margin is characterised by Plio-Quaternary uplift, and
a well-developed horst and graben structure extending to the Valencia Trough in the
southeast (Millan ef al. 1995).

2.4 The Southeastern Pyrenean Foreland Basin: Development and Stratigraphy
The latest Maastrichtian to early Oligocene sedimentary evolution of the
Southeast Pyrenean Foreland Basin has been differentiated into nine depositional
sequences in the sense of Vail et al. (1977) (Figure 2.4) (Puidefabregas et al. 1986).
“Each sequence comprises a body of genetically related strata bounded by
unconformities, correlative conformities or by abrupt vertical changes in regional
facies distribution” (Puidefabregas et al. 1986). Table 2.1 summarises important
sedimentary formations within each depositional sequence. The Palacogene South
Pyrenean Foreland Basin-fill is broadly asymmetric in cross-section. The total
sediment thickness is up to 4.0 km in the north, thinning to a few hundred metres in
the south (Hirst and Nichols 1986). The most complete depositional record occurs in
the thrust sheets to the north and along the southeast basin margin bordering the
Catalan Coastal Range. In the centre and southeast, earlier depositional sequences are

known only from well log data (Puidefabregas et al. 1986).
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Tectono-sedimentary Units/Formations Authors
Sequence
. Riba 1976
Solsona Artes Formation Busquets ef al., 1985
Busquets et al., 1985
Cardona Cardona Formation Taberner et al., 1983
Puigdefabregas et al., 1975
Regaunt 1967
Folgueroles Formation Ferrer 1971
Collbas Formation Ferrer 1971
Igualada Formation Gich 1972
Milany Formation Palli 1972
Milany Roca Corba Formation Gich 1972
Santa Magdelana Formation | Anadon et al., 1975
Montserrat Formation Ferrer 1971
Tossa Formation Tabemer et al., 1999a
Collsuspina Formation Hendry et al., 1999
Alvarez et al., 1995
Banyoles Formation Rios and Masachs 1953
Barcons Formation Gich 1972
Bellmunt Bellmunt Format.ion Gich 1972
Tavertet Formation Regaunt 1967
Romgats Formation Colomba 1980
Beuda Beuda Formation Orti et al., 1985
Campdevanol Turbidite sequences Il?.;gts)ank and Puigdefabregas
Armancies PenyalFormation Estevez 1973
Pontils Group Anadon 1978
Sagnari Formation Gich 1972
Corones .
Corones Formation
. Cadi Formation Mey et al., 1968
Cadi Orpi Formation Fe?rrer 1971
Gich 1972

Table 2.1 List of important sedimentary formations and authors classified into relevant depositional

sequences in the Southeastern Pyrenean Foreland Basin.
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2.4.1 Tectonosedimentary Units of the Southeast Pyrenean Foreland

Cadi Sequence

Shallow marine platform carbonates dominate the Cadi tectono-sedimentary
sequence (Puidefabregas er al. 1986, Burbank et al. 1992). The sequence represents
the development of an extensive carbonate platform system on the continental red
beds and lacustrine deposits of the Late Cretaceous Garumnian Facies (Figure 2.4)

(Puidefabregas et al. 1986 and references within).

Corones Sequence

Basin inversion in the Llerdian-early Cuisian occurred as a consequence of
initial emplacement of the Upper Thrust Sheets (Figures 2.4). Deltaic sediments
derived from the uplifted area in the north prograded southwards (Puidefabregas et al.
1986 and references within). Minor tectonic uplift on the passive margin related to
thrusting is inferred from the development of unconformities and deposition of
southerly-derived siliciclastic material on the Llerdian carbonate platform (Burbank et
al. 1992).

Armancies Sequence

Rapid deepening in the foreland as a consequence of continued thrust sheet
emplacement during the Cuisian is recorded in the sediments of the Armancies
sequence (Figures 2.4). This sequence also coincides with a high global sea level
(Haq et al. 1987). The Armancies sequence is characterised by slope deposits
including shale, carbonate turbidites and megaturbidites. Within the megaturbidites
are Llerdian-aged limestone clasts (derived from the carbonate platform of the Cadi
sequence) within an upper-Cuisian Nummulites-rich matrix (Puidefabregas et al.
1986). In summary, this tectono-sedimentary sequence represents the destabilisation
of the carbonate shelf as a precursor to catastrophic shelf margin collapse during
submarine thrusting. A contemporaneous carbonate platform developed over the

southern passive margin as relative sea level rose.

Campdevanol Sequence
The tectonic load created as a result of Upper Thrust Sheet emplacement led to

the formation of a deep turbidite trough in the late-Cuisian (Figure 2.4) (Burbank et
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al. 1992). The turbidites of Campdevanol sequence indicate a sudden terrigenous
influx and a switch from carbonate to siliciclastic deposition (Puidefabregas et al.
1986, Burbank et al. 1992). Loading caused by emplacment of the Pedraforca and
Montgri Upper Thrust Sheets also led to development of a fore-bulge along the
southern passive margin of the foreland where carbonates and evaporates continued to

develop.

Beuda Sequence

Eustatic Sea level fall of around 50 metres and basin restriction occurred at the
Cuisian-Lutetian boundary (Haq et al. 1987). This coincided with final Upper Thrust
Sheet emplacement and emergence, and deposition of evaporates and red beds of the
Beuda Sequence (Figure 2.4) (Burbank et al. 1992).

Bellmunt Sequence

Middle Thrust Sheet (Cadi) emplacement commenced in the Lutetian
(Burbank et al. 1992). This coincided with a rapid relative sea level rise (Haq et al.
1987). Erosion of the recently emergent Pedraforca thrust sheet fed alluvial fans and
fan deltas of the Bellmunt Sequence, which prograded southward over the Beuda
evaporites (Figures 2.4) (Martinez et al. 1988). The development of the Freser Valley
antiformal stack below the Cadi thrust sheet (and consequent topographic
rejuvenation) increased siliciclastic input and accelerated delta progradation
(Puidefabregas et al. 1986). Consequently, the carbonate platform on the southern

basin margin retreated.

Milany Sequence

The transgressive base of the Bartonian succession in the southeast foreland
shows a switch from alluvial to the shallow marine depositional systems of the
Bartonian Milany Sequence (Figure 2.4) (Puidefabregas et al. 1986, Santesteban and
Taberner 1988). The Milany sequence is the final fully marine sedimentary succession
in the southeastern foreland (Taberner et al. 1999). Sediments of the southerly-
prograding delta systems of the Milany Sequence were sourced from granitic
basement rocks brought to the surface through the out of sequence thrusting behind
the Freser Valley antiformal stack. Reactivation of fault systems along the southern

foreland margin, and consequent uplift and erosion of Triassic basement blocks, fed
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numerous northward-prograding alluvial fan and fan delta systems (Anadon et al.
1985, Puigdefabregas et al. 1986, Lopez-Blanco 1993). High sedimentation rates, as a
consequence of north and south progradation, contributed to the gradual restriction of
the basin (Puigdefabregas ef al. 1986). The Calders study area within the Vic Basin is
situated within the northward prograding delta system of the southern foreland basin

margin (Section 2.5).

Cardona Sequence

Deposition of evaporites of the Cardona depositional sequence coincide with
the largest and most abrupt eustatic sea level fall of the late Eocene-Oligocene, and
are associated with final basin restriction (Burbank et al. 1992). Puigdefabregas et al.
(1986) attribute the diminshing siliciclastic influx in the late Eocene to the fact that
the Upper Thrust Sheets (including the Vallfogona thrust) had not yet emerged. The
Vallfogona thrust sheet moved along a ramp and was finally emplaced in the
Oligocene, defining the northern margin of the youngest South Pyrenean Foreland
Basin (Figure 2.4) (Puigdefabregas et al. 1996).

Solsona Sequence

The Solsona depositional sequence is the non-marine deposits that finally
filled the basin (Figure 2.4) (Riba 1976, Busquets et al. 1985). Progressive
unconformities developed within the continental conglomerates and red beds as a

result of movement of the Vallfogona thrust sheet (Puigdefabregas et al. 1986).

2.4.2 Controls on patterns of Pyrenean Foreland sedimentation

“Patterns of sedimentary infilling of a flexural basin respond to complex
interactions of subsidence, sediment supply, base level change, sediment sorting and
transport efficiency” (Burbank er al. 1992). Ultimately, basin geometry and patterns
of sedimentation in the southeastern Pyrenean foreland were controlled by
development of the thrust system. During the Pyrenean Orogeny, as deformation
progressed southward, the northern parts of the foreland were progressively
incorporated into the younger thrust sheets and basin depocentres migrated southward
(Puigdefabregas ef al. 1986). Figure 2.5 illustrates the massive depocentre migration
between deposition of the Cadi to the Cardona Sequences. Periods of decreasing

subsidence rates in the southern Pyrenean Foreland Basin are associated with the
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progradation of coarse-grained facies. Conversely, periods of accelerating subsidence
are times of fine-grained facies deposition according to Burbank et al. (1992). In
addition, topographic relief produced by thrusting and the structural development of
the neighbouring Catalan Coastal and Iberian Ranges, also played a fundamental role
in the final sequence geometry and sediment supply, particularly to the southern
margin of the southern foreland (e.g. Giménez -Montsant and Salas 1997,

Puigdefabregas and Souquet 1986 and Guimera 1984).

In summary, the late Cretaceous to early Oligocene history of the Pyrenean
Foreland Basin can be broadly divided into two stages. The first, lasting from the late
Cretaceous to the middle Lutetian (and consisting of the Cadi to the lower part of the
Bellmunt depositional sequences of Puigdefabregas and Souquet (1986)) is
characterised by low topographic relief, submarine emplacement of the thrust front,
fast shortening rates, widespread marine deposition and an erosion rate virtually equal
to detrital foreland accumulation. The second stage, lasting from the middle Lutetian
to the Oligocene and consisting of the upper Bellmunt to Solsona depositional
sequences, is characterised by increased topographic relief, sub-aerial emplacement of
the thrust front, decreased shortening rates, widespread continental sedimentation and

mountain erosion rates approximately three times basin accumulation.
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2.5 Study Area: The Paleogene Vic Basin

The Vic Basin is located in the eastern-most Catalan sector of the Southeast
Pyrenean Foreland Basin and is the only sector where both north and south-sourced
Eocene marine platform depositional systems are exposed (Taberner et al. 1999). The
sedimentary fill of the Vic Basin is Palaeocene to Oligocene in age, and the
sedimentary succession is interpreted to represent final open marine sedimentation in
the eastern foreland prior to widespread continental alluvial, lacustrine and evaporitic
deposition (Taberner 1983, Tabemer et al. 2000). The Vic Basin-fill spans the
Bellmunt, Milany, Cardona and the Solsona Sequences illustrated on Figure 2.4. The
basin deposits are largely undeformed and the present exposed margin of the basin is
approximate to that of the Palacogene margin (Taberner and Bosence 1985).

The Vic Basin existed in the Early Eocene as an east-west trending gulf that
connected the Mediterranean to the Atlantic via the Navarra-Basque zone in the north-
central Pyrenees (Alvarez et al. 1994). By the late Middle Eocene, the eastern
connection to the Mediterranean through this gulf was severed. Connections with the
Atlantic and Mediterranean remained open to the south (Figure 2.6). Thick marl
successions were deposited in distal and deeper areas of the Vic Basin during the
Middle Eocene, and north and south-sourced deltaic systems developed on the
shallow northern and southern margins (Figure 2.7) (Alvarez et al. 1994).

The final stages of marine sedimentation in the Vic Basin during the Bartonian
are known as the Marine Sequence (e.g. Taberner et al. 1999, Travé et al. 1996 and
Burbank et al. 1992). The Montserrat conglomerates deposited as alluvial fan
complexes on the northern margin of the Catalan Coastal Range (Section 2.3.4)
interfinger with the Marine Sequence (Busquets 1995). The duration of the Marine
Sequence was approximately 10 Myr, lasting from 46 Ma to 35 Ma (Tabemer et al.
1999). Sediments of the Marine Sequence were successively deposited within
increasingly southerly positions as the basin depocentre migrated from north to south
as a consequence of thrust emplacement (Section 2.4.2) (Puigdefabregas et al. 1986).
Strong basin-fill asymmetry is recognised during this time. Magnetozones in marginal
marine sediments in the north are considerably thicker than those in the south.
Continental and marine sediments derived from the Catalan Coastal Range onlap and
eventually overlap the Palacozoic and Mesozoic basement in an area known as the

Centelles high, which is suggested to represent the southem Pyrenean fore-bulge
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(Taberner et al. 1999). For the duration of most of the Marine Sequence (up to 38.11
Ma) the Vic Basin therefore existed as two sub-basins, a northern and southern sub-
basin, separated by the east-west trending Centelles high (Tabemer et al. 1999).
Time-equivalent units were deposited in each sub-basin, but similar facies types were
not always contemporaneous on each margin (Tabemner et al. 1999). Sediments in the
southerly back-bulge area were derived from the southern margin of the basin (the
tectonically re-activated Catalan Coastal Range), and sediments in the north were
derived from erosion of the Pyrenean thrust sheets. The studied section at Calders was
deposited in the southerly sub-basin.

The Middle Eocene marine and transitional sediments of the Vic Basin have
been described as seven sedimentary cycles: four Lutetian cycles, two Bartonian
cycles, and a final late Bartonian to early Priabonian cycle (Serra-Kiel et al. 1997).
Each cycle is identified as the package of sediments deposited in the basin from the
base of a transgressive system up to the base of the next transgressive system (Serra-
Kiel et al. 1997, following Bates and Jackson 1987). The sedimentary cycles are

summarised in the following sections.

2.5.1 Lutetian marine sedimentation in the Vic Basin

Lutetian marine sediments are only exposed in the eastern sector of the Vic
Basin. Lutetian sediments overlie the laterally extensive fluvio-alluvial facies of the
Pontils and Vilanova de Sau Formations (part of the Bellmunt Sequence). Total
sediment thickness is approximately 1300 metres on the northern margin, thinning to
only a few hundred metres in the south (Serra-Kiel et al. 1997). A summary of the
Lutetian stratigraphy of the Vic Basin is illustrated in Figure 2.8.

2.5.1.1 Lutetian Cycles 1 and 2

The first two sedimentary cycles, within the Tavertet Limestone Formation,
show deepening trends. Cycle 1 consists primarily of lagoonal deposits and Cycle 2
consists of siliciclastic nearshore facies with longshore bars and Nummulites banks.
The top of the second cycle is an intensely bioturbated limestone rich in Alveolina sp.,
Orbitolites sp., miliolids, echinoids, oysters and ferruginous concretions, and is

interpreted as a condensation layer by Serra-Kiel et al. (1997).
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2.5.1.2 Lutetian Cycle 3

The third Lutetian sedimentary cycle is interpreted as a transgressive and
regressive sedimentary package. Deposits at the base of the transgressive cycle onlap
the Tavertet Limestone (Figure 2.8). The transgressive system is characterised by a
1000 metre thickness of blue marl and bioclastic sands that constitute the lower and
middle parts of the Colla de Malla and Banyoles Formations. The marls interdigitate
with marly limestone condensation horizons. These layers are rich in Ophiomorpha
and Thalassanoides burrows, Nummulites and molluscs (Serra-Kiel et al. 1997).
Towards the south, the marls of the third cycle pass laterally into the continental
sediments of the Romagats Formation, which were deposited on the southern margin
of the basin (Colombo 1980, Serra-Kiel et al. 1997).

The regressive system of Cycle 3 consists of the upper portion of the Colla de
Malla and Banyoles Formations, and contains prodelta and distal platform sediments
coarsening upward into the fluvio-alluvial facies of the Bracons and Bellmunt
Formations (Figure 2.8). The thickness of the regressive portion of Cycle 3 is up to
around 450 metres in the north, thinning and fining considerably to the south (Serra-
Kiel et al. 1997).

2.5.1.3 Lutetian Cycle 4

The fourth Lutetian sedimentary cycle has an overall shallowing trend,
although sediments on the northern and southern margins of the Vic Basin are
considerably different at this time. On the southern margin, inner platform limestone
beds consisting of Nummulites and Alveolina packstones pass laterally and vertically
into the continental sediments of the Romagats Formation (Figure 2.8). The
sediments of Cycle 4 were the most southerly deposited marine sediments in the mid-
Eocene (Serra-Kiel et al. 1997). Siliciclastic input was more important on the northern

margin during deposition of Cycle 4, and limestones are relatively rare.

2.5.2 Bartonian marine sedimentation in the Vic Basin

Bartonian marine sediments of the Catalan sector of the Southeast Pyrenean
Foreland are exposed in the Vic and Igualada Basins (Serra-Kiel ez al. 1997). In both
basins, the Bartonian is represented by two transgressive-regressive cycles composed
of siliciclastics and carbonates (Romero et al. 2001). A summary of Bartonian

stratigraphy is illustrated in Figure 2.9.

22



Regional geology and field area, NE Spain

L ian ch igraphy of the SE Py Foreland Basin
>
i<}
g
L
M3
c
S N |2
—sevs __Folguweroles Frm - - 1E
R S AR i D i T NN L _Pugm;amr-'rm._ -.73ed
° Coll oe Malla Marl Frm Belimunt f:'lr‘r-nb
S e T
o-‘x’eoa 'o.oo T i x B
Romagats Frm Ooo.o: °~2° Goo s - - B2 19 Cycie 3 g
. - e
Continentai setgrmernts N : BRI 3
Cycle 2
i Cycie 1

Figure 2.8 Lutetian chronostratigraphy of the SE Pyrenean Foreland Basin. Note the strong basin
assymetry. After Serra-Kiel et al. (1997)

Bartonian chronostratigraphy of the SE Pyrenean Foretand Basin

Terminal

vt [2[3]s]

3 2
utper X 5
o|Centelles o === TEM e T 4
g
g * olg jm
> ~ w
Q - Z
-] <
o 0 g
T T La Guixa Frm. @ e
o ulgsawlm - <
sk simg—,l\ﬂas Blanc Ists Frm. —|<l= @
S - ||
o =< Vic Frm. ol
3 S Z~—FICerdallsts ~ "3 s
Seva sands § - . Folgueroles Frm. - 2 ' 2 &
s
Continental sediments Marine sediments 215
3
Conglomerates - T Bloclastlc - Nummulites
D Marls oxm ] Sandstones Reef le&stones Limestones Gypsum Bank

TS Transgressive System R S Regresive System

Figure 2.9 Bartonian chronostratigraphy of the SE Pyrenean Foreland Basin. The studied succession
exposed at Calders is part of the Collsuspina limestones (indicated), located within the regressive part
of the second Bartonian cycle. After Serra-Kiel et al. (1997)

23



Regional geology and field area, NE Spain

2.5.2.1 Bartonian Cycle 1

At 46 Ma, an isochronous transgression affected the Vic Basin. The
subsequent depositional conditions were open marine (Tabemner et al. 1999). The
transgressive beach facies of the Seva Sandstones and the El Cerda Limestone
Formation overlie continental late-Lutetian sediments on the southern basin margin
(Figure 2.9) (Taberner 1983). The sandwave system of the glauconitic Folgueroles
Formation overlies Lutetian marine sediments in the basin-centre, with the deltaic
Puigsacalm Formation on the northern margin (Gich 1969, Reguant 1967, Tabemner et
al. 1999). The larger-foraminifera (Nummulites, Operculina, Discocyclina) rich marls
of the Vic Formation in the basin centre, complete the transgressive part of this cycle
(Reguant 1967, Serra-Kiel and Travé 1995, Serra-Kiel et al. 1997).

On the southern basin margin, the regressive system of the first Bartonian
cycle consists of prograding siliciclastic sediments of the lower part of the Centelles
Formation that alternate with carbonate buildups of the El Mas Blanc Limestone
Formation (Figure 2.9) (Serra-Kiel et al. 1997). On the northern margin, the
regressive system consists of prograding sandstones of the Puigsacalm Formation that
change basinward into the upper part of the Vic Marl Formation (Serra-Kiel et al.
1997).

2.5.2.2 Bartonian Cycle 2

The transgressive system of the lower part of the second Bartonian cycle is
represented by a siliceous sponge rich marl in the centre of the Vic Basin (the Guixa
Marl Formation of Reguant (1967)). The marl becomes rich in bryozoa and larger
foraminifera towards the basin margins (Serra-Kiel ez al. 1997). The top of the
transgressive system consists of the Gurb Marl Formation, which is rich in bryozoa,
siliceous sponges, larger foraminifera, gastropods and decapods (Reguant 1967).

The northern and southern margins of the regressive system of the second
Bartonian cycle are characterised by delta-reef complexes (Taberner and Bosence
1985, Santisteban and Taberner 1988, Alvarez et al. 1994, Hendry et al. 1999). The
reef buildups of the Collsuspina Formation alternate with the sandstones of the upper
part of the Centelles Formation on the southern basin margin. The Calders study area
(Section 2.5.3) is situated within this regressive cycle and its stratigraphic location is

indicated on Figure 2.9. Deltaics and reef systems of the Sant Marti Xic Formation on
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the northern basin margin pass basinward into the non-fossiliferous marl of the

Vespella Formation (Serra-Kiel et al. 1997 and Reguant 1967).

2.5.3 Bartonian-Priabonian sedimentation in the Vic Basin

The Bartonian and Priabonian sediments of the Vic Basin record the very final
phase of marine sedimentation in the Pyrenean foreland, and the transition to
continental sedimentation as the foreland switched from the underfilled to overfilled

stage of its development (in the sense of DeCelles and Giles 1996).

2.5.3.1 The Terminal Complex

Defined by Travé (1992), the Terminal Complex is “an interval of sediments
overlying the Milany Depositional Sequence, bounded at the top and bottom by two
regional unconformities, exposed along the entire eastern margin of Southeast
Pyrenean Foreland Basin”. The Terminal Complex, accompanied by the Cardona
Evaporites, is the final interval of marine sedimentation in the Southeastern Pyrenean
Foreland Basin (Travé et al. 1996). Sedimentological analysis of a small portion of
the Terminal Complex in the Sant Amanc area (immediately to the east of the Calders

area) has formed a part of this study (Section 2.5.5).

The terminal complex facies shoal upward and accumulated during a gradual
change from mesotrophic to eutrophic conditions as basin restriction commenced
(Travé et al. 1996). The complex can be divided into three lower siliciclastic horizons
and three upper carbonate units (Serra-Kiel et al. 1997 and Travé et al. 1996). The
Lower Cabonate Unit was deposited in normal marine salinity in a mesotrophic
platform environment colonised by foraminifera and coralline algae. The Middle
Carbonate Unit, characterised by coralline algae bioherms alternated with
cyanobacterial mats, was deposited in a platform environment controlled more by
local variations in nutrient and organic resources, salinity and freshwater influx. The
Upper Carbonate Unit is characterised by an abundance of cyanobacterial mats
indicating more eutrophic conditions and a greater meteoric influence than in previous

units (Travé et al. 1996).
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2.5.3.2 The Cardona Evaporites

Evaporite deposition in the Vic Basin commenced 35 Ma and continued
through to the Priabonian (Taberner et al. 1999). During the earliest stages of
evaporitic deposition in the basin centre, the basin margins were areas of oolitic and
stromatolitic development (Travé 1992, Hendry et al. 1999, Taberner et al. 1999).
The sedimentary record of the Terminal Complex is considerably thicker in the north
than the south of the Vic Basin, suggesting a diachronous basin transition (Taberner et
al. 1999).

The evaporites of the Cardona Formation cover an estimated area of 700 km?,
and can be observed to in-fill marine depocentres after normal marine sedimentation
ceased (Taberner et al. 2000). Carbonate and sulphate deposits outcrop along the
Paleogene basin margins, and evaporitic facies (i.e. anhydrite, halite etc.) occupy the
relatively deeper areas. The evaporitic sequence comprises in ascending stratigraphic
order 1) laminated and selenitic gypsum pseudomorphs, 2) banded halite, 3) a potash
unit and 4) alternating cycles of halite, clay and thin laminated anhydrite (Taberner et
al. 2000). The potash unit was precipitated when the basin was virtually isolated from
the open sea, and the upper halite unit is representative of a continental regime

(Taberner et al. 2000).

2.5.4 Lateral correlation with the Igualada Basin

Bartonian sedimentary cyclicity is also recognised in the Igualada Basin,
which is located to the southwest of the Vic Basin (Figures 2.6 and 2.10). The first
Bartonian transgressive-regressive cycle in the Igualada Basin is referred to as the
Collbas Cycle, the second as the Igualada Cycle (Serra-Kiel et al. 1997, Romero et al.
2002). The stratigraphy of the Igualada Basin is dominated by marls and reefal
carbonates (the Igualada Marl Formation and the Collbas and Tossa Formations
respectively), and there is a markedly less-significant siliciclastic influence compared
to the Vic Basin as marls and reefal limestones dominate (Romero and Caus 2001).
The lateral equivalent of the Collsuspina Formation of the Vic Basin is the Tossa
Formation in the Igualada Basin (Serra-Kiel et al. 1997). These formations are time
equivalent, but are isolated systems (Figure 2.10). The late-Bartonian to Priabonian
sediments of the Igualada Basin is also represented by the Terminal Complex and
Cardona Evaporites which precede final basin emergence and infilling by fluvio-

alluvial sediments of the Artés Formation (Serra-Kiel et al. 1997).
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Figure 2.10 Correlation of Bartonian sedimentary cycles of the Igualada and Vic Basins. The
Calders study area (indicated) in situated towards the top of the second Bartonian cycle in the Vic
Basin. TRST= transgresive systems tract HSST=highstand systems tract, m.fl.s.=maximum
flooding surface, Sb=sequence boundary. SBZ=Shallow benthic zone. The Calders study area is
situated within SBZ 18, characterized by the larger foraminifera Nummulites bedai. Modified
from Romero and Caus (2002).

2,55 Study Area

The Calders and Sant Amanc study area is located on Figure 2.11. The study
area is covered by the 1: 50 000 Manresa topographic map (Sheet 363) published by
the Instituto Tecnologico Geominero de Espana (ITGE). In addition, the 1:20 000
Moia Sheet 363-I1, also published by the ITGE, was used.

2.5.5.1 Calders and Sant Amanc

The Calders section is situated immediately south of the village of Calders,
approximately half way between Manresa and Moia (Figures 2.11 and 2.12).
Exposure is as roadcut sections along the B 124 road running from Calders to
Monistrol de Calders between K36 and K38.5, and within adjacent small east-west
trending valley systems (Figure 2.12). The area of the Calders section is

approximately 4.0 km®. The stratigraphic thickness is 130 to 135 m. Calders is the
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type locality of Nummulites bedai, which is characteristic of Shallow Benthic Zone 18
of Serra-Kiel et al. (1998). The Sant Amanc section is located in the far northeastern
margin of the Calders area (Figure 2.12). The studied succession is situated within
the regressive system of the second Bartonian cycle (Figure 2.9) and was deposited

on the southern basin margin (Figures 2.6 and 2.7).

Lithological units exposed in the Calders section are (from base to top), the
Centelles Formation (including the Collsuspina limestones), the Complejos de Calders
Formation and the Artés Formation (after the terminology used by Hendry et al.
1999). The lithological units of the Calders section are part of the Milany and Solsona
depositional sequences of Puigdefabregas et al. (1986). The Sant Amanc section is an
exposure of the Teminal Complex (Section 2.5.3.1). Also exposed are the Complejos

de Calders Formation and the Artés Formation.
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3. Calders facies and palaeoenvironmental analysis

3.1 Introduction

The principal aims of Chapter 3 are to present and synthesize facies data from
the Calders and Sant Amanc areas, and to present a three-dimensional
sedimentological/palaeoecological depositional reconstruction. A summary of the
regional context of the studied sections and a description of sediments underlying and
overlying the Calders section is presented in Section 3.2. Sections 3.3 and 3.5
describe and interpret the different facies identified within the Calders and Sant
Amanc successions respectively. Facies associations and three-dimensional
palacoenvironmental evolutionary models are proposed in Sections 3.4 and 3.6. It has
not been the aim of this thesis to study the diagenesis of these sediments. However, a
summary of the main diagenetic phases present is included within the facies
descriptions. For a detailed review of the diagenesis of the Calders carbonates, refer to

Hendry et al. (1999).

The Tertiary units of the Southeastern Pyrenean Foreland system have been
described in detail by many authors, particularly in terms of sedimentary cyclicity in
response to the eustatic and tectonic evolution of the foreland system (Taberner et al.,
1999, Burbank et al., 1992, Puigdefabregas and Souquet 1986, Puigdefabregas et al.,
1986). The succession has also been studied with regards to the apparent juxtaposition
of shallow marine carbonate and siliciclastic facies (Hendry et al., 1999, Taberner and
Bosence 1995, Santisteban and Taberner 1988). For a complete review of the
stratigraphy and sedimentology of the Southeastern Pyrenean Foreland, refer to
Chapter 2. This chapter presents the first complete facies scheme for the Calders area
of the Vic Basin based on outcrop, petrological and micropalaeontological data. A
summary map of the studied area illustrating the locations of logged sections and
collected samples is presented on Figure 3.1. The logging, sampling and petrological
techniques used are described in detail in Appendix 1. Thin-section data is presented
in Appendix 3. Appendix S presents logged sections that encompass field and thin
section information. Samples have been classified using the limestone classification
schemes of Dunham (1962) and Insalaco (1998), and are summarised in Appendix 1.
The identification of larger benthic foraminifera assemblages has aided environmental
interpretation of facies. For detailed information on the palaeoecology of larger

benthic foraminifera, refer to Appendix 2.
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3.2 Regional context and associated sediments

Formations present in the study area, from oldest to youngest, are Vespella
Formation, Centelles Formation (including the Terminal Complex), Complejos de
Calders Formation and the Artés Formation. The Centelles Formation and the
Terminal Complex formed the focus of study for this thesis, thus less attention has
been paid to the other formations exposed. However, in order to clarify the
stratigraphic and palacoenvironmental context of the studied section, the facies
encountered in the sediments underlying and overlying the main Calders reef are
described in the following sections. The facies scheme for these sediments is

presented in Table 3.1.

3.2.1 Arenaceous marl
(Vespella Formation, Milany Depositional Sequence)

Lithologies: Marly sandstone

Occurrence and bed characteristics

Extensive thicknesses of this facies are encountered 2.5 km to the south of
Calders village between K 35 and K 34 along the B124 road (Figures 3.1 and 3.2a).
This facies is characterised by a succession of homogeneous diffusely laminated
marly sandstones. Bed thickness ranges from 10 cm to 1 m, although bedding is
poorly defined (Figure 3.2). The lateral extent of this facies cannot be determined due

to the lack of laterally continuous exposure.

Lithological description

The arenaceous marl facies is poorly consolidated. Exposed surfaces weather
to a light brown to pale-grey colour (Figure 3.2b). Fresh surfaces are a blue/grey
colour. This facies is very well sorted, comprising 50 to 70 % micrite matrix. Detrital
siliciclastic grains, comprising up to 50 % of this facies, are sub-spherical to sub-
angular. Grain size ranges from 0.1 to 1 mm. Siliciclastic grains are monocrystalline
quartz, lithics, orthoclase feldspar and calcite. Body fossils comprise up to 10 % of
this facies. Fossils include gastropods up to 4 cm in length, with oysters, pectinid

bivalves and undifferentiated skeletal debris.
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facies. Quartz grains are typically angular with a low sphericity. Lithic grains
compose up to 45 % of grains (siltstone with minor quartz-mica schist). Lithic grains
are typically very well rounded with moderate sphericity and micas have commonly
broken-down into yellowish clay observed in thin section. Angular calcite grains up to
0.25 mm comprise less than 1 % of grains within this facies. The matrix of the cross-
stratified gravelly litharenite facies comprises mixed carbonate siliciclastic mud to

fine sand. Matrix comprises up to 50 % of this facies.

Body fossils are absent in the cross-stratified gravelly litharenite facies.
Peloids up to 2 mm are relatively rare (less than 1 % of grains). Fugichnia and
Thalassanoides trace fossils are common in the upper, less pebbly parts of the cross-

stratified gravely litharenite facies (Figure 3.4b).

Interpretation: depositional environment

A high energy, marine depositional environment above fair weather wave base
is inferred for the cross-stratified gravelly litharenite facies due to the presence of
vertical burrows and trough cross-stratification. A proximal depositional environment
is inferred from the compositional immaturity of this facies. High sedimentation rates
are inferred from the presence of fugichnial escape burrows. Substrate instability due
to high sedimentation rates is interpreted to have inhibited colonisation by calcareous
benthic organisms. However, waning energy is inferred from the gradual change from
trough to planar cross stratification and the gradual fining upward within this facies.

In summary, deposition within a high-energy, fluvial-marine environment with
high sedimentation rates is interpreted for the cross-stratified gravely litharenite
facies. Hendry et al. (1999) have interpreted this facies as fluvio-deltaic. This facies is
part of the Complejos de Calders Formation (Taberner 1983, Hendry ef al. 1999).

3.2.3 Miliolid micritic arenite
(Terminal Complex, Milany Depositional Sequence)

Lithologies: Miliolid micritic arenite

Occurrence and bed characteristics
The miliolid micritic arenite facies is encountered in a single locality close to
the intersection of the N 141 and B 124 roads within Calders village (GR16322692-

Figure 3.1). This facies occurs stratigraphically below the peloidal wacke/grainstone
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facies (Figure 3.5a, Section 3.2.4). The lateral extent of this facies cannot be
determined due to the lack of laterally continuous exposure. Measured bed thickness
is consistently around 1 m. Upper and lower bed contacts are sharp and planar and
sedimentary structures are absent (Figure 3.5a). Skolithos burrows up to 5 cm are

common in the field.

Lithological Description

The exposed surface of this facies weathers to a buff/light brown colour
(Figure 3.5a). Bedding parallel, reddened horizons are visible in outcrop
(Figure 3.5a). These horizons are up to 35 cm in thickness. Fresh surfaces are a pale
blue-grey colour. Siliciclastic grains are monocrystalline unstrained and strained
quartz (35 %), with minor lithic grains (10 %) and orthoclase feldspar (10 %). Rare
calcite grains are also observed (< 1%). Siliciclastic grains are angular, moderately
well sorted with low sphericity. Maximum siliciclastic grainsize is 2 mm (Figure

3.5b).

This facies is characterised by a moderate abundance of miliolid foraminifera
(<5 %). Miliolids are very low diversity and may be large (up to 1 mm). Miliolids are
preserved intact although they are abraded and tests may be reddened (Figure 3.5b).
Other rare bioclasts associated with the miliolid micritic litharenite facies are small,
undifferentiated benthic foraminifera (<1 %) and heavily micritized and abraded silt
grade laminar coralline algae fragments (<1%). Internal structure is poorly preserved.

Up to 50 % of this facies consists of dark brown micrite with localised
microspar patches (Figure 3.5b). Intragranular microspar cements are observed
within miliolid tests and iron-rich clay-grade material can be seen to accumulate along

mm-scale dissolution seams.

Interpretation: depositional environment
The miliolid micritic arenite facies contains fauna characteristic of a marine
environment, although protected conditions, possibly with enhanced salinities, is
inferred from the very low faunal diversity and presence of miliolids
(Chaproniere 1975, Ghose 1977, Hallock and Glenn 1986, Murray 1991, Geel 2000).
Proximity to a siliciclastic source is inferred from the abundance of

siliciclastic material within the miliolid micritic arenite facies. The medium sand
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grade component would have been transported as bedload material. Limited abrasion
due to transport or reworking prior to deposition and lithification is inferred from the
angular nature of the siliciclastic grains. Low-energy conditions may be deduced by
the significant amount of fine-grained carbonate matrix. The micrite is interpreted, at
least in part, to be detritus from bioerosion and abrasion of bioclasts.

The bedding-parallel reddened horizons are interpreted to represent temporary
subaerial exposure of sediments and oxidation of the muddy matrix. These horizons
may be incipient palaeosol horizons, although no distinctive pedogenic structures are
observed in thin section and no erosive contacts are observed in outcrop. In
developing soil horizons, the patchy transformation of iron mobilized in pore waters
to iron oxides in areas with a variable redox potential of groundwater results in
mottled textures and red colouration (as well as green, brown and ochre). Red
pigmentation may also occur however in relatively humid conditions where the water
table is low resulting in oxidising conditions (Besly and Tumer 1983). Red
pigmentation as a consequence of groundwater evaporation/transpiration is highly
unlikely as the climate in this region during the late Middle Eocene was subtropical to
temperate (Plaziat 1981, Cavagnetto and Anadon 1996).

In summary, the miliolid micritic litharenite facies represents deposition in a
low- to moderate-energy paralic environment undergoing period exposure and
oxidation, in proximity to a siliciclastic source. This facies is comparable to the
porcellaneous foraminifera micrite arenite facies observed in the Sant Amanc area
(Section 3.6), although a direct correlation is not possible due to the lack of
continuous exposure. This facies is a candidate for a further exposure of the Terminal

Complex (see Section 2.5.3.1).

3.2.4 Pelletal wacke/grainstone

Lithologies: Pelletal wacke/grainstone

Occurrence and bed characteristics

The pelletal wacke/grainstone facies is encountered in a single locality close to
the intersection of the N 141 and B 124 roads within Calders village (GR16322692-
Figure 3.1). This facies occurs stratigraphically above the miliolid micritic arenite
and the main carbonate-siliciclastic succession described in Section 3.3. The pelletal

wacke/grainstone facies is well bedded with a measured bed thickness of 1 m (Figure
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3.5a). Observed bed contacts are sharp and planar. Lateral extent of this facies cannot

be determined due to lack of exposure.

Lithological description

Exposed surfaces of the pelletal wacke/grainstone facies weather to a buff to
grey colour and have a crystalline sugary texture (Figure 3.6a). Fresh surfaces are a
homogenous blue-grey colour. Pellets are 0.05 to 0.2 mm in diameter and comprise up
to 75 % of this facies. Pellets demonstrate ovoid ellipsoidal morphologies with
micritic to microcrystalline internal fabrics (Figures 3.6b and c¢). Green-brown
coloured micritic matrix is patchily distributed, constituting up to 20 % of this facies
(Figure 3.6b). Intergranular microspar cement is also present (Figure 3.6). Iron-rich
clays occur concentration long dissolution seams (Figure 3.6a). Fossils are very rare
in this facies. Small benthic foraminifera up to 0.1 mm comprise less than | % of this

facies (Figure 3.6b).

Interpretation: depositional environment

‘Difficult’ environmental conditions, with probable enhanced salinity, are
inferred from the low faunal diversity of the pelletal wacke/grainstone facies. Modern
pellets (and peloids) are a common constituent of Recent shallow subtidal to intertidal
environments (Fliigel 1972) where they are the product of gastropods or crustaceans.
Wilson (1975), Scoffin (1987) and Tucker and Wright (1992) suggest peloids/pellets
typify environments with moderate or restricted circulation, although agitated
conditions are inferred from the patchy preservation of micrite. Currents were not

strong enough however to remove small foraminifera tests.

In summary, the pelletal wacke/grainstone facies was deposited in a restricted
shallow water setting under low to moderate energy conditions. Due to its association
with the miliolid micritic arenite, it is inferred that this facies is also a component of
the Terminal Complex, although no similar lithologies are encountered in the Sant
Amanc area (see Section 3.6), or described from Terminal Exposure outcrops

described from the eastern Vic Basin (Travé 1992, Travé et al. 1996).
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Figure 3.6 Photomicrographs (PPL) of the pelletal wacke/gramstone facies (sample LCA 76, GR 16323692)
a) Iron-rich, clay-grade material (arrowed) concentrated along dissolution seams. Scale bar=5 mm. b)
Variable texture, with micrite (M) patchily distributed between pellets (P). Intergranular areas have been
cemented with calcite spar (S). Small, hyaline benthic foraminifera (F) are present but very rare. Scale bar
=2mm. c) Detailed view of pellets (P). The pellets are structurelss in PPL, and are interpreted to be faecal in
origin. Scale bar=1mm.
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3.2.5 Red mudstone
(Artes Formation, Solsona Depositional Sequence)
Lithologies: Red siltstone

Muddy quartz arenite

Occurrence and bed characteristics

The red mudstone facies is encountered in isolated outcrops along the N 141
road (GR 16052680) and isolated outcrops in the Sant Amanc area (GR 18062680).
This facies is stratigraphically the youngest present in the study area, and occurs
above the main Calders succession (described in Section 3.3) and above the Terminal
Complex sediments at Sant Amanc (see Section 3.6). It is stressed that the red
mudstone facies does not directly overlie the sediments of the main Calders
succession. It is inferred from occurrences in the Sant Amanc area and to the far west
of the study area, that this facies extends laterally for at least 3 km. This facies is
characterised by parallel-laminated red mudrocks with thin (< 10 cm) quartz arenite

interbeds (Figure 3.7a).

Lithological description

The fresh and weathered surfaces of this facies are a pale red to pink colour
(Figure 3.7a). Grains are angular, well sorted with low to moderate sphericity
(Figure 3.7b). Mean grainsize is around 0.1 mm. Siliciclastic grains are
predominantly detrital quartz (40 %) with relatively rare lithics (<5 %), mica (<1 %)
and calcite (<1 %). Lithic grains are siltstones. Muscovite mica occurs as rare platy
grains up to 3 mm, and is often altered to chlorite. Matrix comprises up to 50 % of the
red mudstone facies. Matrix consists of iron-rich, clay to fine silt-grade material.
Calcite spar intergranular cement is locally developed within samples of this facies.
Cement comprises less than 5 % of this facies. The red mudstone facies is
unfossiliferous, however, variability of the matrix and disturbance of fine laminae is

evident in thin section (Figure 3.7b).

Interpretation: depositional environment
Limited abrasion of grains due to transport or reworking prior to deposition
and lithification is interpreted from the angular nature of grains. A low energy

environment of deposition is inferred by the significant percentage of muddy matrix.
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A continental environment of deposition is interpreted by the abundance of iron-rich
matrix, the presence of potential pedogenic structures and the absence of marine
fauna. Hendry er al. (1999) have previously interpreted the red mudstone facies as

alluvial sediments. The red mudstone facies is assigned to the Artés Formation.

3.3 Calders facies

The Calders succession is exposed as a series of roughly east-west trending
valley systems located along the B 124 road to the south of Calders village
(Figure 3.1). Individual lithological units may be traced and sampled (where access

permits) for several kilometres (Figure 3.8).

Three facies groups are defined according to the dominant composition i.e.
predominantly carbonate, siliciclastic or mixed carbonate-siliciclastic composition.
The facies scheme for all identified facies in the Calders area is presented on Table
3.2. The facies scheme is necessarily complicated due to the diversity of components
identified in the succession. Limestones are classified according to the schemes
devised by Dunham (1962), Embry and Klovan (1971) and Insalaco (1998)
(Appendix 1). Six carbonate intervals, intercalated with siliciclastics, are identified in

the Calders sedimentary succession (Figure 3.9).

3.3.1 Carbonate-dominated facies group

Facies included in this grouping are predominantly carbonate in composition,
although they may contain a moderate to low siliciclastic component (0 to 34 %).
Facies included in this grouping contain a diverse biota dominated by corals, coralline
algae and benthic foraminifera. Subordinate biota include echinoids, molluscs,
sponges and serpulids. A diversity of carbonate textures identified within this facies

group include mixstone, rudstone, floatstone, grainstone and packstone (Table 3.2).






8

SWIAYODS $2108) SI9PIED) T'€ dqEL

Facies group and Dominant textures Bed Bedding Bed Lateral . Components Clastic Sedimentary Energy Environmental
facies thickness | characteristics contacts continuity P wt. % structures level interpretation
Carbonate-dominated facies (Section 3.3.1)
. . Corals, coralline
Mixstone Nodular Gradational > . .
Coral mixstone Pillarstone Upto weathering., lower. Sharp | Unknown algac, encrusting 1710 None Moderate 1". sifu coral growth.
. 35m - foraminifera, 275 Biostrome.
Platestone clay partings upper
molluscs.
Corals, coralline
Nodular Gradational 1;:)%:;;?;2"“8 11t In situ coral growth
Coral domestone Domestone ItolSm weathenpg, upper, sharp | Upto 10m miliolids, 12,5 None Moderate Biostrome.
clay partings lower .
serpulids,
texturaliids
Rudstone Sharp, non- Corals, coralline Bedding
Coral bioclastic Upto Nodular erosional alage, encrusting 7510 (inferred from Moderate .
Packstone . Upto 1 km L . Fore-reef debris
pack/rudstone 265m Crystalline upper and foraminifera 20.5 alignment of to low
Floatstone
lower molluscs nodules)
Constratal coral
Wacke/floatstone Sharp, non- . Bedding growth in a low-
Coral wacke/ Floatstone Nodular_ erosional Corals, coralline 1210 (inferred from energy, muddy
. Upto3m weathering, Upto2km algae, gastropods, . Low . .
floatstone Float/pillarstone marl interbeds upper and brvozoa 34 alignment of setting with
Float/platestone lower Y nodules) significant non-
carbonate input
Sharp, non- . Bedding Proximal fore-reef
Coralg_al_ 1210 NOdUlar. erosional Corals, cora]h_ne S5to (inferred from Moderate | debris with in situ
foraminifera Rudstone weathering, UptoS00m | algae, encrusting . .
rudstone 24m clay partin upper and foraminfiera 215 alignment of to high suprastratal coral
Y parungs lower nodules) growth
Diffuse, . Bedding .
Coralgal Floatstone 0510 Nodular gradational Corals, coralline | ¢ | icored fom | Moderate | Distdl forereef
foraminifera weathering, Upto500m | algae, encrusting . debris with patchy in
Float/rudstone 1.5m . upper and . 12.5 alignment of to low ;
float/rudstone clay partings lower foraminfiera nodules) situ coral growth

SISAppup (pJudUC.1au3020[Dd pup Sa1DS S1PIL)



6v

('u00) ' Aqe L

Facies group and . Bed Bedding Bed Lateral Clastic Sedimentary Energy Environmental
facies Dominant textures thickness | characteristics contacts continuity Components wt. % structures level interpretation
Carbonate-dominated facies (Section 3.3.1)
Encrusting and
Packstone o articulated Shallow water with
Foraligal pack/ Pack/grainstone Massive, . coralline algae, 55t0 High to .
. . Upto2m erosional > 1 km - . None open marine
grainstone Grainstone locally nodular r and diverse benthic 14.5 moderate circulation
Grain/rudstone uppe foraminifera, in
lower . .
situ coral colonies
Sharp but Gypsina, Shallow water with
Gypsina grainstone Grainstone 14to Massive, Zx?:s-io nal >1km Réztlzzlgnella, 7510 None High to open marine
ypsina gra Pack/grainstone 18m jocally nodular ring, 215 moderate | circulation, vegetated
upper and Amphistegina, shoals
lower coralline algae
S . Nodular - Bedding .
al\;[lllolld coralline Packstone weathering, Sharp _lower, Mlhglu%s, Tt0 defined by Shal}ow water with
gae pack/ p - Uptolm . gradational Upto 500 m | Orbitolites. - . Moderate | partially restricted
. ack/grainsione crystalline - 26.5 alignment of L .
grainstone texture upper coralline algae nodules marine circulation
Mixed carbonate-siliciclastic larger benthic foraminifera facies (Section 3.3.2)
Upper and
N ulites Packstone lower bed Nummulites, Moderate Reworked
siliciclastic Grainstone lto34m Tabular beds. contacts >2 km Gypsina, 14to Planar cross- to high, Nemmulites
K/erainstone Pack/grainstone ' Sandy texture with carbon- Discocyclina, 50 stratification quiet accumulation
packigr Pack/wackestone ates may be coralline algae periods
dissolutional
. Bedding, . .
Nummulites . ) . . Discocyclina
Discocyclina Packstone Upto Tabular beds. Sfa:?x;ggal >500m 2;‘:?3;5’:0 14to :::::;(t:; of Low accumulation
siliciclastic Wacke/packstone 1.7m Sandy texture PP shes. 385 8 reworked by low-
lower Operculina foraminifera
packstone tests energy currents

SIsQipup (pjuduI041AU2020[Dd puv $2100f S43PID))



0s

(w00) T°gAqe],

I
Facies group and . ‘ Bed Bedding Bed Lateral Clastic Sedimentary Energy Environmental
facies Dominant textures thickness | characteristics contacts continuity Components wt. % structures level interpretation
Mixed carbonate-siliciclastic larger benthic foraminifera facies (Section 3.3.2)
Op grcuIin_a, Low-energy open
Operculina Mudstone Upto Weathers Sharp, non- dellf:ate bw.alves’ 35to marine within the
. h 1km undifferentiated None Very low -
mudstone Wackestone 1.6m recessively erosional . . 375 lower portion of the
fine-grained fossil .
: photic zone
debris
. Nummulites, Moderate energy,
Nummulites coralline | Packstone 0.85 10 g::ft;?’nal coralline algae, 15 to Moderate | °PEM marine setting
algae siliciclastic Wacke/packstone l.m Sandy texture non-e;osiz:r? > 1 km foralgal 26.5 None to high with high clastic
packstone Pack/grainstone ubDer rhodoliths, ' input and unstable
PP siliciclastic grains substrates
. . Patchy coral
Cordga! Massive to Sharp, non- Corals, coralll_n ¢ Bedding development within
foraminifera erosional algae, encrusting 22to (defined by Moderate .
e Float/rudstone 1.5m locally nodular > 500 m o ) an open marine,
siliciclastic upper and foraminifera, 235 alignment of to low . : .
beds S . agitated setting with
float/rudstone lower siliciclastic grains nodules) a
a siliciclastic input
Bioclastic siliciclastic-dominated facies (Section 3.3.3)
Sharp, non- Gypsina, Shallow marine,
. . Sandstone Sandy texture, erosional Rotorbinella, 35.5t0 | M-scale cross- Moderate | high-energy,
Cypsina calcarenite Pack/wackestone lt25m bioturbation upper and > Lkm echinoids, 69 stratification to high vegetated siliciclastic
lower bryozoa shoal
. o . Shallow marine
Gradational Siliciclastic . g .
. . 1.15to Sandy texture, - Upto . agitated siliciclastic
Nummulites arenite Sandstone 165 bioturbation upper and 500 m grains, 55 Bedding Moderate shelf with sparse
lower Nummulites biota

S1ISApup |pJusUOA1AU202D]0d PUD $31D[ SIIPID)




16

(u02) 7'€ d1qeL

Facies group and Dominant tex tml'es Bed Bedding Bed Lateral Components Clastic Sedimentary Energy Eavironmental
facies thickness | characteristics contacts continuity po wt. % structures level interpretation
Bioclastic siliciclastic-dominated facies (Section 3.3.3)
Very low-energy,
Silt-grade open-marine setting
Siltstone Weathers l‘i‘»’\f’:r’;"d siliciclastic grains, | with a minor
Bioclastic siltstone Wackestone 04m recessively, and non_arp Unknown Nummulites, 45p Massive Very low | bioclastic and
locally nodular erosional coralline algae, siliciclastic input
© echinoids from high-energy
parts of the shelf
Siliciclastic-dominated facies (Section 3.3.4)
Quartz, lithics,
fe]dst.”’ ca.lf:lt;,_ Metre-scale
dolomite, micritic cross-
matrix. Rare . .
Upper and Lo stratification, .
Cross-stratified Sandstone 01to3m Sigmoidal and lower sharp, >4 km :;;E;a::;smc'l"de Upto swaley cross- Low to ngridslﬁlgcf:;'g::
calcarenite Siltstone ’ tabular bedding | often astr d’s 75 stratification, high shelf
erosional. gastropocs, symmetrical
coralline algae, rinple
small hyaline L ppc
benthic amination
foraminifera
Lower Poorly sorted
. . Conglomerate . contact lithic pebbles Lateral C
Lenticular polymict Conglomeratic Upto Lenucular: Up erosional. > 100 m supported by a Upto accretion High ( onglomerate-
conglomerate l4m to 20 m wide. Upper 100 infilled channels
sandstone contact coarse sand-grade surfaces
p calcarenite matrix
gradational

SISAQIDUD |DJUDWIUOL1AUB02D)Dd pUD SD1ODf S12PID))






Calders facies and palaeoenvironmental analysis

3.3.1.1 Coral mixstone
Lithologies: Coral mixstone

Coral platestone

Occurrence and bed characteristics

Stratigraphically, the coral mixstone facies is identified in the upper portion of
the studied succession at Calders (within carbonate intervals 5 and 6-Figure 3.9). This
facies is exposed along the B 124 road between GR 16402692 and 16502675
(log CA-4b, bed 13), and GR 16752642 (log CA-4a, bed 13) (Figure 3.1). The lateral
extent of this facies cannot be determined through the absence of laterally continuous
exposure. Measured bed thickness ranges from 3.25 to 3.5 m. Lower bedding contacts
with the coral domestone facies (log CA-4b, beds 12 and 13) are gradational over a
vertical distance of S0 cm. Upper contacts are not exposed in the study area.

The coral mixstone facies has a nodular weathered texture. Each nodule
typically corresponds to a coral colony with blue-green to brown mud surrounding
each nodule. This facies has a brecciated appearance towards the top of the exposure

due to post-depositional faulting.

Lithological description

Exposed surfaces of the coral mixstone facies weather to a light brown-grey
colour (Figure 3.4). Fresh surfaces are a pale blue-grey colour and with a crystalline
texture. This facies is characterised by an abundance of in situ coral colonies. The
total coral skeletal volume of this facies ranges from 50 to 55 %. Coral morphologies
observed are branching, head, platy, foliaceous and massive (Figure 3.10). Coral
colony size is highly variable (from 3 cm to 0.75 m). Platy coral colonies may
become increasingly abundant towards the top of this facies (log CA-4b, bed 13).
Coral genera identified are Porites, Goniopora, Acropora, Siderastrea, Astreopora,
Alveopora, Stylophora and Favites (cf. Vilaplana 1977). A pack/rudstone matrix
containing abundant angular coral debris is observed in between the in situ colonies.
Beds of this facies contain up to 30 % pack/rudstone matrix. Coral fragments up to

5 cm are poorly sorted.

Branching coral colonies are encrusted by coralline algae (Figures 3.11a and
b) and may be extensively bored by Lithophaga (Figures 3.11 ¢ and d). Borings are

cylindrical in cross section and almond shape in longitudinal section. Lithophaga tests
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may be preserved within coral colonies (Figure 3.11¢). Elliptical rhodoliths up to 5
cm in diameter are present in this facies (Figure 3.12). Bioclasts act as nuclei for
growth of tight, concentric algal laminae. Thin branches, up to 1 cm in length and 2-3
mm thick, often succeed this initial concentric layer (Figure 3.12). A final tight,
concentric layer is the latest growth phase. Large encrusting foraminifera are present
within coral debris. Foraminfera present are Haddonia (Figure 3.11b), victoriellids
(Figure 3.11e), Fabiania and acervulinids. Fabiania and Haddonia tests are up to 4

mm and are preserved intact.

Dark-brown muddy matrix comprises up to 50 % of this facies, and is
preserved locally in pockets between coral colonies. Seventeen to 27.5 wt. % of the
matrix is composed of clay-grade non-carbonate material. Relatively rare fine sand-
grade siliciclastic grains (<2 %) are monocrystalline and polycrystalline quartz,
orthoclase feldspar (1 %) and lithic grains (1 %). Lithic grains are siltstone and quartz
mica schist. Feldspars commonly have a brown, altered appearance in thin section.

Siliciclastic grains are angular, poorly sorted and have a low sphericity.

Other fossils present in the matrix of the coral mixstone facies include small
hyaline benthic (0.5 %) and texturaliid foraminifera (0.5 %), green calcareous algae
(0.5 %-Figure 3.11d) and molluscan debris (2 %). Rare specimens of Amphistegina
are also observed. Well-preserved, robust Amphistegina tests are up to 1 mm in

diameter.

Diagenesis

Originally aragonitic bioclasts, such as corals and green algae, have been
leached with the resultant mouldic pores completely occluded with inclusion-free,
drusy calcite spar cement (Figure 3.11b, d and e). Drusy calcite cements have also
occluded macroperes within Haddonia tests (Figure 3.11b). It was not possible to
distinguish intergranular cements from the muddy matrix using standard petrological
techniques employed in this study, although some degree of cementation and/or
matrix recrystallisation is inferred from the nodular appearance of this facies in
outcrop. Compaction of sediments is evident from dissolutional contacts between
nodules where clays are concentrated. This is evident in thin section with iron-rich

clays concentrated along dissolution seams between coral fragments (Figure 3.11d).
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Figure 3.11a) Coralline algae crust on a
branching coral (Cereiphyllia) (log CA-
4a, bed 13). Scale bar=5 cm. b)
photomicrograph (PPL) of the coral
mixstone facies. Corals (i) are composed
of secondary drusy calcite spar. Corals
are encrusted by Haddonia (ii) and
coralline algae (iii). The clay-rich matrix
(iv) is a brown-green colour in PPL.
(sample LCA 64, log CA-4b bed 13).
Scale bar=2mm. ¢) Lithophaga borings
(arrowed) with bivalves preserved
within. Scale bar=5cm. d) (PPL) Borings
(i) within a coral (ii). The boring has
been infilled with clay-rich, green-brown
matrix (iv). Green algae (iii), composed
of secondary calcite, are present in the
matrix (sample LCA 65, log CA-4b, bed
13). Scale bar=2mm. e¢) (PPL)
Victoriellid (ii)) encrusting a coral (i).
Iron-rich clays occur concentrated along
dissolution seams (arrowed) (sample
LCA 65, log CA4b, bed 13)
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Interpretation: Depositional environment
The coral mixstone facies contains a marine faunal assemblage. Open marine
conditions are inferred from the diversity of biota and the presence of in situ corals.
Deposition within the photic zone is concluded from the abundance of ir situ
coral colonies. Although tightly packed, no discernable topography developed. Large
encrusting foraminifera (Haddonia, Fabiania and victoriellids) colonized cryptic

environments within coral rubble (cf. Romero 2001, Romero et al. 2002).

Variable depositional energies are inferred from the changing growth forms of
rhodoliths. The switch from tight, concentric algal laminae to delicate branching
growth is consistent with a switch from relatively high to low energy conditions (cf.
Bosence 1983). It is postulated that fine-grained siliciclastic input accompanied the
higher-energy periods, and settled from suspension as water energy decreased. The
development of thin, laterally extensive coralline algae crusts on corals is consistent
with a lack of competition for space either due to enhanced nutrients or low incident
light (Minnery et al. 1985, Minnery 1990). The high incidence of bioerosion in the
coral mixstone facies may be an indicator for slightly enhanced nutrient levels
(Hallock 1988), although the abundance of corals indicates oligotrophic conditions

were the norm.

A progressive decrease in incident light in the final carbonate interval, related
to either increasing water depths or enhanced turbidity, is interpreted from the switch
from a diversity of coral morphologies at the base of this facies to the abundance of
platy coral morphologies at the top. The development of flat, platy morphologies is a
response of a photosymbiont-bearing organism increasing the surface area dedicated

to harvesting light for energy (Titlyanov and Latypov 1991).

In summary, the coral mixstone facies is interpreted as a biostrome influenced
by variable depositional energies and fine-grained siliciclastic input. Faunal
assemblages dominated by corals, coralline algae and large encrusting foraminifera,
comparable with the coral mixstone facies, are described from the Eocene of the
Igualada Basin (Romero 2001, Romero et al. 2002). These assemblages have been
interpreted as a barrier reef complex, and lack of significant topographic relief is

attributable to lack of wave exposure (Romero et al. 2002).
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3.3.1.2 Coral domestone
Lithologies: Coral domestone
Occurrence and bed characterisitics

The coral domestone facies is exposed at the top of the Calders section only
(carbonate interval 6-Figure 3.9) and can be traced laterally for 10 m. Measured
thickness ranges from 1 to 1.5 m. The lower contact of this facies with the foralgal
grainstone is sharp but non-erosional. The upper contact with the coral mixstone is
gradational, with a gradual diversification in coral colony morphology over a distance

of approximately 50 cm.

This facies has a nodular weathered appearance in outcrop. Nodules are up to
75 cm and often correspond to an individual coral colony. Green-grey coloured clays

occur between nodules.

Lithological description

The exposed surface of this facies weathers to a grey-brown colour. Fresh
surfaces are a blue-green colour. The coral domestone facies is characterised by an
abundance of small domal coral colonies (Figures 3.13a and b). Colonies are closely
packed apparently forming a framework. The total coral skeletal volume ranges from
50 to 55 %. Coral genera identified include Stylophora, Actinacis and undifferentiated
faviids. Coral colony size ranges from 15 to 50 cm and there is a noticeable vertical
increase in size. Lithophagid bivalve borings are evident on coral colonies (Figure

3.13b).

Beds of the coral domestone facies are composed of up to 30 % bioclastic
pack/rudstone rich in coral fragments. The pack/rudstone matrix occurs in pockets
between in situ coral colonies. The matrix contains abundant dark brown mixed
carbonate siliciclastic mud (11.5 to 53 %) (Figure 3.14a to c¢). Up to 25 wt.% of the
mud is non-carbonate in composition. The matrix contains coral fragments (20 to
50.5 %), molluscs (2.5%), coralline algae (2 to 11.5%), miliolids (0 to 5%),
texturaliids (0 to 1.5%), bryozoa (<1%) and echinoids (0.5 to 3%). All fossils in the
matrix are fragmented. Coral fragments are encrusted by coralline algae, larger

foraminifera (victoriellids) and serpulids (Figures 3.14a to c).
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Diagenesis

Originally aragonitic coral skeletons have been leached, with the resultant
mouldic pores completely occluded with coarse, inclusion-free, drusy calcite spar
cement (Figure 3.14a). Fine-grained intragranular calcite cements have also occluded
porosity within foraminifera tests (Figure 3.14a). Locally, the muddy matrix has been
recrystallised into inclusion-rich microspar (Figure 3.14¢). The concentrations of

green-grey clays around nodules are interpreted as macro-dissolution seams.

Interpretation: depositional environment

The coral domestone facies contains a marine faunal assemblage. Normal
marine conditions within the photic zone are inferred from the abundance of in situ
corals and the general diversity of stenohaline biota. The corals form a low-density
framework although there is no evidence of topographic relief. Victoriellid encrusting
foraminifera inhabited cryptic environments within coral debris (Romero 2001,

Romero et al. 2002).

Shallow water depths with high incident light are concluded from the
dominance of domal coral morphologies (Reiss and Hottinger 1984). Low-energy
conditions are inferred from the abundance of fine grained matrix and the presence of
texturaliid foraminifera that have a tendency to undergo post-mortem disaggregation
in high-energy conditions (Goureau and Goureau 1973). Fine-grained, non-carbonate
material was deposited from suspension. Enhanced nutrient levels, possibly related to
this non-carbonate input, are inferred from the high incidence of bioerosion in this

facies (Hallock 1988).

In summary, the coral domestone facies is interpreted as a low-energy,

shallow marine coral biostrome with a moderate fine-grained non-carbonate input.
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Figure 3.14a. Photomicro-
graph (PPL) of the coral
dome- stone facies. Corals
(Stylophora-i) are com-
posed of secondary drusy
W calcite, and may be
encrusted by coralline
ll algae (ii). Miliolids (iii) are
present in the matrix.
_ Porosity within miliolid
BN chambers has been

il occluded by drusy calcite
l cement (sample LCA 60,
log CA-4b, bed 13). Scale
il bar=2mm.

Figure 3.14b. Photomicro-
graph (PPL) of the coral
dome- stone facies. Corals
are encrusted by coralline
algae (i) and victoriellid
foraminifera (ii)). Worm
Ml tubes (iii)) and texturaliid
l foraminifera  (iv) are
‘<M present in the matrix
-4 (sample LCA 61, log CA-

f 4b, bed 13). Scale bar=
Rl 2mm

Figure 3.14c. Detailed
o view (PPL) of the coral
dome-stone facies
illustrating a large
} victoriellid foram (i) and a
3 Lithoporella crust (ii) on a
coral fragment (Actinacis).
W The matrix is locally
“| composed of neomorphic
calcite spar (iii) (sample
LCA 63, log CA-4b, bed
13). Scale bar= 0.5mm
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3.3.1.3 Coral bioclastic pack/rudstone
Lithologies: Coral bioclastic rudstone
Coral bioclastic pack/rudstone

Coral bioclastic wacke/packstone

Occurrence and bed characteristics

The coral bioclastic pack/rudstone facies is encountered in all of the carbonate
intervals illustrated on Figure 3.9. Measured bed thickness is up to 2.65 m, and beds
may be traced laterally (along strike) for several hundred metres. This facies has a
nodular weathered appearance. Nodules are up to 10 cm in diameter and are aligned.
Alignment of nodules is inferred to be remnant bedding, with beds dipping up 5°
consistently towards the northwest. Upper and lower bedding contacts are sharp and

non-erosional.

Lithological description

The exposed surface of the coral bioclastic pack/rudstone facies weathers to a
buff to grey colour. Fresh surfaces are a pale blue-grey colour. This facies is
characterised by sparsely distributed colonial corals situated within a bioclastic
pack/rudstone. The estimated coral skeletal volume of this facies is 25 to 30 % and
corals are not forming a framework. Coral colonies up to 35 cm occur in situ,
overturned (Figure 3.15a) and fragmented, and are often encrusted by coralline algae,
larger foraminifera (i.e. Gypsina, Haddonia and victoriellids) and bryozoa.

The bioclastic pack/rudstone matrix is dominated by coral fragments (2.5 to
34.5 %) that range from 2 mm to 15 cm in length (Figures 3.15b and ¢). Coral
fragments often form the nuclei for rhodoliths. Rhodoliths are up to 7.5 cm in
diameter, and show the same growth characteristics identified in the coral mixstone
and coral domestone facies (Figure 3.12) with an initial concentric laminar crust
succeeded by delicate branches. Elliptical rhodoliths up to 6 cm in diameter with thick
columnar branches are also present in this facies.

The coral bioclastic pack/rudstone facies contains a very diverse foraminifera
assemblage including Amphistegina (0 to 3 %), Gypsina (0 to 7.5 %), miliolids (0.5 to
2 %), texturaliids (0 to 1.5 %) and large encrusting foraminifera including
victoriellids, Haddonia, Fabiania and Chapmanina (0 to 4.5 %). Small, robust forms

of Amphistegina up to 1.2 mm in diameter have relatively thick test walls
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Figure 3.16 a) Small solitary coral
(arrowed) within the coral bioclastic
pack/rudstone facies (log CA-4a, bed 2).
Scale bar=5cm

b) Detailed photomicrograph (PPL) of a
foraminifera crust on a coral fragment
composed of Haddonia (i) and a victoriellid
(ii). Note the drusy calcite spar cement
within foraminifera chambers (arrowed)
(sample LCA 19, log CA-4a, bed 2). Scale
bar=1 mm

¢) Photomicrograph (PPL) of large coral
fragments and bryozoa (i) floating in a dark,
muddy matrix. Small microfractures
(arrowed) are cemented with drusy calcite
(sample LCA 205, log CA-7 bed 5). Scale
bar=2mm
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(Figure 3.15b). Amphistegina tests occur intact and as angular fragments in the
matrix. Gypsina tests, with rounded and laminar morphologies, up to 2 mm in
diameter, occur intact and as angular to highly abraded fragments (Figure 3.14c).
Victoriellid foraminifera are preserved intact, with tests up to 2.5 mm in diameter
(Figures 3.15¢ and 3.16b). Solitary corals (Figure 3.16a) are also present in this
facies but are considered an insignificant component of this facies.

Other bioclasts represented in this facies include detached, laminar crusts of
coralline algae (0 to 12.5 %), echinoids (1 to 5 %), molluscs (0 to 4.5 %), sponge
spicules (<0.5 %) and fenestrate bryozoa (Figure 3.16¢). In general, bioclasts are sub-
angular and poorly sorted. Peloids, interpreted as highly abraded coralline algae
fragments, are particularly common in some samples of this facies (up to 19 %).

A combination of micrite and non-carbonate mud comprises 25.5 to 65 % of
the coral bioclastic pack/rudstone facies. The total non-carbonate content ranges from
7.5 to 20.5 wt. %. Minor silt-grade quartz grains (<1 %) are angular and very well
sorted.

Diagenesis

Post-depositional cementation of this facies is inferred from the nodular
appearance in outcrop, although intergranular cements cannot be differentiated from
the muddy matrix. Green-grey clays locally preserved between nodules are interpreted
as macro-dissolution seams where non-carbonate material has become concentrated
through compaction and dissolution. Originally aragonitic organisms have been
leached with the resultant mouldic pores completely occluded with clear drusy calcite
spar cement (Figures 3.15¢ and d). Drusy calcite cements are also observed within

foraminifera tests (Figure 3.16b).

Interpretation: depositional environment

The coral bioclastic pack/rudstone facies contains a marine faunal assemblage.
Normal marine conditions are inferred from the abundance of stenohaline biota
(Murray 1991). Deposition within the photic zone is inferred from the presence of
symbiont-bearing foraminifera (Amphistegina) and in situ coral colonies (Hallock and
Glenn 1985 and Leutenegger 1984). Coral colonies have a low coral skeletal volume

in this facies and do not form a framework.
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Low depositional energies are inferred from the abundance of fine-grained
matrix and clay to silt-grade siliciclastic material that was deposited from suspension.
However, agitation of this environment is indicated from the presence of rhodoliths
(Bosence 1983), with energies high enough to fragment and disperse skeletal
organisms. The robust, lenticular morphology of Amphistegina is also indicative of
high-energy/agitated conditions within the shallow to intermediate parts of its depth
range (Hallock and Glenn 1985 and Leutenegger 1984). It is concluded that a
significant proportion of bioclasts are derived from a relatively high-energy reef
setting, probably in relative shallow water, and were transported into this fore-reef
setting during storm events and/or through the effects of gravity. Amphistegina,
moderately abundant in this facies, is commonly recorded in Recent fore-reef settings
(Hallock and Glenn 1986, Li and Jones 1997, Li et al. 1997). Large, encrusting
foraminifera (Haddonia, Chapmanina, Fabiania) lived within cryptic environments
within the coral debris (Franqués-Faixa 1996, Romero 2001, Romero et al. 2002).

In summary, the coral bioclastic pack/rudstone facies is interpreted as debris
derived from a nearby coral reef environment, deposited in a fore-reef setting. This
facies has similarities with SMF 6 of Wilson 1975, however the coral bioclastic
pack/rudstone facies contains a significant percentage of fine-grained matrix and

therefore may be the lower energy/distal equivalent.

3.3.1.4 Coral wacke/floatstone

Lithologies: Coral floatstone
Coral wacke/floatstone
Coral float/platestone

Coral float/pillarstone

Occurrence and bed characteristics

The coral wacke/floatstone facies is common, and is encountered in all of the
carbonate intervals illustrated on figure 3.9. This facies characteristically succeeds a
mixed carbonate-siliciclastic facies (described in Section 3.3.2).

This facies is characterised by poorly exposed units with a nodular weathered
appearance (Figure 3.17a). Measured bed thickness is up to 3 m (although the
contacts of this facies are poorly exposed), and beds may be traced laterally for up to

1 km. Visible upper and lower bedding contacts are sharp but non-erosional. Nodules
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are 5 to 15 in length and are often aligned (Figure 3.17a). Nodules are set within

blue-grey marl matrix that weathers to a pale grey/white colour.

Lithological description

The exposed surface of the coral wacke/floatstone facies has a finely
crystalline texture and weathers to a white to pale grey colour. Fresh surfaces are a
pale green-grey to blue-grey colour.

This facies is characterised by the occurrence of sparse in situ delicate coral
colonies up to 15 cm in diameter (Figure 3.17b and ¢). Coral skeletal volume is up to
10 %, and colonies do not make up a framework. Branching coral morphologies
predominate, although platy forms are identified in carbonate interval 2 (Figure 3.9).
In the western limit of the study area, the first carbonate interval is dominated by
laminar and branching forms of Cyathoseris (log CA-8, bed 2). Coral fragments,
comprising up to 20 % of the matrix, are up to 10 cm in length but more typically are
around 2 mm. /n situ corals and coral fragments may demonstrate thin (<1 mm),
laterally extensive, laminar coralline algae crusts (Figure 3.17¢). Crusts may also
comprise foraminifera (Gypsina), and bryozoa. Laminar fragments of coralline algae
are present in the matrix (0 to 2.5 %). Coralline algae fragments show good
preservation of internal structure.

Other bioclasts represented in this facies are Amphistegina (< 0.5 %), miliolids
(0 to 3.5 %), small benthic foraminifera (< 0.5 %), echinoids (0 to 2.5 %), bryozoa
(0 to 3.5 %) and undifferentiated bioclast debris (Figure 3.17d). Bioclasts may be
concentrated in millimetre-scale vertical and sub-horizontal burrows. Most fossils are
well preserved, although miliolids have an abraded appearance.

Fine-grained, green-brown matrix comprises up to 80 % of the coral
wacke/floatstone facies (Figures 3.11¢ and d). The matrix is composed of micrite
(48.5 to 62 %) and non-carbonate material (12 to 34 wt. %). Non-carbonate material

is largely clay grade, although rare (< 2 %) silt-grade quartz grains are evident.
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Figure 3.17a. Outcrop of the coral
wacke/floatstone facies (log CA-7. bed
7). This facies demonstrates a nodular
weathered appearance. Nodules are
often aligned (arrowed), with the
alignment a relict of bedding. Nodules
are surrounded by blue-grey marl. It is
postulated that the original depositional
texture of this facies was coralline
limestones interbedded with siliciclasitc
rich marls. Scale bar=50cm

Figure 3.17b In situ delicate branching
coral (log CA-7, bed 7 as shown in the
above photograph). Pencil = 14 cm

Figure 3.17¢ Photomicrograph (PPL) of
the coral wacke/floatstone  facies,
itlustrating a coral colony with a thin
coralline algae crust (arrowed). Note the
dark brown, homogenous matrix (sample
LCA 37, log CA-4a, bed 1). Scale
bar=5mm

Figure 3.17d Photomicrograph (PPL) of
the coral wacke/floatstone facies. This
facies contains a2 modest diversity of biota,
including fenestrate bryozoa (1), Cerithium
gastropods (ii) and miliolids (iii) situated
within a dark brown clay-rich micrite
matrix (iv) (sample LCA 50, log CA-4 bed
11). Scale bar=2 mm
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Diagenesis

Local recrystallisation of micrite into microspar is evident in most samples of
this facies. All originally aragonitic biota have been leached with the resultant
mouldic macropores completely cemented with inclusion-free, coarse drusy calcite
cement (Figures 3.17b and c¢). Echinoid spines often show poorly developed syntaxial
overgrowths. The nodular weathering is attributed to cementation of this facies,

although it is has not possible to differentiate intergranular cements from the matrix.

Interpretation: depositional environment

Alignment of nodules is interpreted to be a remnant of depositional bedding. It
is postulated from the preservation of bedding that the original depositional texture of
this facies was coralline limestones interbedded with non-fossiliferous, siliciclastic
rich marls. Deposition under normal marine conditions within the photic zone is
interpreted from the presence of in situ coral colonies (Hallock and Glenn 1985,
1986). Coral colonies are sparsely distributed and small in comparison to the coral
mixstone and coral domestone facies.

Low-energy conditions are inferred from the presence of delicate coral
colonies. This is consistent with the fine-grained matrix. It is concluded from the high
non-carbonate component of samples that this environment experienced a significant
siliciclastic input. The gastropod Cerithium is described from a number of brackish
settings in the Eocene of the Nummulitique (Pairis and Pairis 1975, Sayer 1995). It is
postulated that inputs of freshwater may have accompanied siliciclastic input, limiting
the growth potential of corals and other stenohaline biota. The thin, laterally extensive
laminar growth form of coralline algae is consistent with low-energy settings where
competition for space is limited (Minnery et al. 1985, Minnery 1990).

Clay to silt-grade siliciclastic grains would have been deposited from
suspension. Branching corals are relatively common in settings where sedimentation
rates are high, as steep upright faces are less susceptible to sediment settling (Grasso
and Pedley 1988). Steep surfaces will experience a lower degree of incident radiation,
thus would not be advantageous in turbid settings. It is suggested that turbidity was
within tolerable levels as sediment would have settled quickly from suspension in a
low energy setting, and clays may flocculate thus settle from suspension at higher
water energies. Relatively high turbidity is suspected for beds where platy
Cyathoseris corals developed rather than branching corals (i.e. log CA-7, bed 16).
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It is postulated that the delicate, branching coral colonies grew constratally i.e.
within the sediment with only a small proportion of the colony above the substratum.
A constratal growth fabric is one in which the vertical organic growth occurred at a
similar rate to sediment accumulation (Insalaco 1998). Constratal growth is supported
by the relative absence of a cryptic community that was well developed in the coral
mixstone and coral domestone facies (Sections 3.3.1.1 and 3.3.1.2).

In summary, the coral wacke/floatstone facies represents patchy coral
colonisation within a low-energy marine setting with a significant siliciclastic input.
Conditions within this environment favoured a limited biota in comparison to other
carbonate-dominated facies in the Calders study area. Similar facies are encountered
within coeval carbonate sediments on the northern margin of the Vic Basin (Alvarez
1991, Franques-Faixa 1996). Platy Cyathoseris corals developed directly on the slope
of delta lobe deposits, where incident light was low and horizontal growth was

favoured over vertical growth due to shallow water depths (Alvarez 1995).

3.3.1.5 Coralgal foraminifera rudstone
Lithologies: Coralgal foraminifera rudstone

Coralgal foraminfera rhodolithic rudstone

Occurrence and bed characteristics

This facies is encountered within carbonate intervals 1 to 6 (Figure 3.9) and
often occurs associated with the coralgal foraminifera float/rudstone and foralgal
grainstone facies. The coralgal foraminifera rudstone facies have a nodular weathered
appearance. Nodules are up to 15 cm in diameter and often include a colonial coral
colony. Beds dip consistently to the northwest. Nodules are surrounded by blue-grey
non-carbonate mud. Measured bed thickness ranges from 1.2 to 2.4 m. Upper and
lower bed contacts are sharp but non-erosional. This facies can be traced laterally up
to 500 m.

Lithological description

Exposed surfaces of this facies have a crystalline texture with a buff to light
grey colouration. Fresh surfaces are a light blue-grey colour with localised pink
patches. The coralgal foraminifera rudstone facies is characterised by in situ, toppled
and fragmented colonial corals with a rich encrusting community, situated within a

bioclastic rudstone matrix. The total coral skeletal volume of this facies ranges from
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20 to 40 %, and colonies do not form a framework. Coral colonies are up to 50 cm
and demonstrate branching, dome and foliaceous growth morphologies. Coral genera
identified include Acropora, Porites, Actinacis and Favites, although more genera are
likely to be present. Coralline algae, foraminifera and serpulids encrust in situ coral

colonies (Figure 3.18a).

Foralgal rhodoliths, comprising up to 8.5 % of this facies, have tight,
concentric laminar growth forms, often with thick columnar branches up to 0.5 cm in
length. Rhodoliths are up to 6 cm in diameter and nucleated on coral fragments
(Figure 3.19a). Foraminifera present within rhodoliths are Gypsina, Fabiania and
Haddonia. Laminar Gypsina nodules up to 1 cm in diameter are also present in this

facies (Figure 3.18b).

The rudstone matrix contains abundant angular coral fragments (4 to 25 %) up
to 10 cm in length (Figure 3.19b). Laminar coralline algae fragments (1.5 to 25 %),
detached from rhodoliths and corals, are up to 4 mm in length. The coralgal
foraminifera rudstone facies contains a diverse benthic foraminifera assemblage that
includes Amphistegina (0 to 7.5 %), Gypsina (0 to 4 %), Nummulites (0 to 2%),
Calcarina (0 to 3 %), miliolids (0 to 5%) and discorbids (0 to 4.5 %). Large
encrusting forms (Fabiania, Haddonia, Chapmanina and victoriellids) comprise up
15 % of this facies. Foraminfera are preserved intact and largely unabraded.
Amphistegina and Nummulites tests demonstrate robust, lenticular morphologies with
thick test walls. Test diameter ranges from 1 to 5 mm.

Other biota present are bryozoa (0 to 4 %), echinoids (0 to 4.5 %), gastropods
(0.5 to 3.5 %) and undifferentiated fine-grained bioclastic debris (Figures 3.19b and
¢). Most fossils are fragmented and poorly sorted.

Thirty two to 65 % of this facies is composed of dark brown micrite. The total
non-carbonate component ranges from 5 to 21.5 wt. %. Non-carbonate grains are clay

to very fine silt grade, and cannot be differentiated from the micrite (Figures 3.19a
and b).
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Figure 3.18a Photomicrograph (PPL) of the coralgal foraminfera rudstone facies. Coral fragments (i) are
encrusted by laminar coralline algae (ii) and acervulinid foraminfera (iii) (sample LCA 53, log CA-4 bed
7). Scale bar=2 mm.

I’u N ‘ ’ R e . ..
. os . W m——
Figure 3.18b Photomicrograph (PPL) of the coralgal foraminfera rudstone facies. Laminar Gypsina nodule

(i) that nucleated around matrix or sea grass, which later decayed. Texturaliid foraminfiera (ii) are also
present in this facies (sample LCA 54, log CA-4 bed 5). Scale bar=2 mm.
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Figure 3.19a Photomicro-
graph (PPL) of the coralgal
foraminfera rudstone facies.
Thick coralline algae (i) and
Haddonia (ii) crusts
developed around coral
fragments (iii) (Sample LCA
53, log CA-4b). Scale
bar=2mm.

] Figure 3.19b Photomicro-

graph (PPL) of the coralgal
1 foraminfera rudstone facies.
Replacement calcite spar
may be inclusion rich (i) or
relatively clear (ii). Other
foraminfera present include
Calcarina (i) and
discorbids (iv) (sample LCA
99e, log CA-11 bed 1).
d Scale bar=2mm.

Figure 3.19¢ Photomicro-
graph (PPL) of the coralgal
foraminfera rudstone facies.
Coral fragment @)
demonstrating multiple thick
coralline algae and Gypsina
crusts.  Fragmented and
abraded echinoid plates (ii)
Bl are present in the matrix. The
j matrix of this facies is
composed predominantly of
micrite that shows local
recrystallisation to microspar
(sample LCA 51, log CA-4b).
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Diagenesis

The micrite matrix has undergone patchy recrystallisation (Figure 3.19c).
Intragranular microspar (recrystallised matrix) is observed within foraminifera tests,
and echinoid spines demonstrate syntaxial calcite overgrowth cements. The original
skeletons of corals and molluscan fragments have been leached with the resultant
biomoulds occluded with equant and drusy calcite spar cement (Figure 3.19b and c¢).
Centimetre-scale dissolution vugs partially in-filled with coarse blocky calcite are
observed in the field. Blue-grey clay partings observed in outcrop are interpreted as
macro-dissolution seams that developed late in the diagenetic history as a

consequence of compaction.

Interpretation: depositional environment

The coralgal foraminifera rudstone facies contains a marine faunal
assemblage. Normal marine conditions are interpreted from the diversity of
stenohaline biota and the abundance and diversity of in situ coral colonies
(Ghose 1977, Hallock and Glenn 1985, Hohenegger et al. 1999, Geel 2000).

Deposition within the photic zone is inferred from the presence of symbiont-
bearing larger foraminifera such as Amphistegina, Calcarina and Nummulites
(Leutenegger 1984, Hallock and Glenn 1985, 1986). The robust lenticular
morphology of Amphistegina and Nummulites is indicative of the shallow to
intermediate part of their depth range in moderate to high-energy, agitated conditions
(Hottinger 1983, Hallock and Glenn 1985). Agitation is confirmed by the presence of
tight, laminar foralgal rhodoliths (Bosence 1983). Gypsina, Amphistegina and
Calcarina adapt to an epiphytic lifestyle, encrusting sea grass and macroalgae
(Hohenegger et al. 1999).

There is no evidence to suggest the coralgal foraminifera rudstone facies
possessed any topographic relief. It is inferred that the growth type tended towards
suprastratal (in the sense of Insalaco 1998), with coral colonies extending vertically
beyond the rudstone substrate. This is supported by the diverse, flourishing cryptic
community (e.g. Haddonia, Chapmanina, victoriellids etc). It is postulated that the
vertical development (and topographic relief) may have limited by the lack of
accommodation space i.e. the water was too shallow.

A moderate siliciclastic input is indicated from the significant percentage of

non-carbonate material in the matrix of this facies. Low-energy periods are inferred
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from the fine grainsize of siliciclastics that would have been deposited from
suspension. Alternatively, in situ corals that stand proud of the substrate may
influence and modify the hydrodynamic conditions trapping sediment in their
immediate vicinity (Insalaco 1998). Suprastratal growth fabrics have a high potential
for trapping sediments from suspension (Insalaco 1998).

In summary, the coralgal foraminifera rudstone facies is interpreted as coral
debris with patchy in situ coral development within a moderate to high-energy fore-
or back-reef setting. This facies is comparable to the Coralgal Packstone Bindstone
and Algal Bindstone facies of Sayer (1995), which are interpreted as patch reefs and
algal shoals that developed within an agitated inner-ramp setting. Repeated
overgrowth of corals by coralline algae as a consequence of changes in incident light
(through variations in water depth and turbidity) is described from the Early Eocene
Sabassona Reef situated on the northern margin of the Vic Basin (Taberner and
Bosence 1985).

3.3.1.6 Coralgal foraminifera float/rudstone
Occurrence and bed characteristics

The coralgal foraminifera float/rudstone facies is encountered within
carbonate intervals 1 to 6 (Figure 3.9). This facies is often interbedded with the

coralgal foraminifera rudstone and coral mixstone facies.

This facies demonstrates a nodular weathered appearance with blue-grey clay
partings that extend laterally less than 1 m. Nodules up to 10 cm in length may be
aligned and often include a coral colony. Measured bed thickness ranges from 0.5 to

1.5 metres. This facies can be traced laterally for several hundred metres.

Lithological description

Exposed surfaces of the coralgal foraminifera float/rudstone facies have a
crystalline texture and weather to buff to light grey colour. Fresh surfaces are a light
blue-grey colour with localised pink patches. This facies is characterised by sparsely
distributed in situ and overturned colonial corals situated within a bioclastic
float/rudstone matrix. The total in situ coral skeletal volume is less than 20 %. In situ
and toppled corals are mainly branching forms with rare domal and foliaceous
colonies. Coral genera identified are Porites, Actinacis, Cereiphyllia, Acropora and

Stylophora.
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The float/rudstone matrix contains a diverse biota including coral fragments
(0.5 to 48.5 %) that are encrusted by coralline algae and foraminifera such as
Fabiania (Figures 3.20a and b). Coral fragments are up to 5 cm and may act as nuclei
for rhodoliths (Figure 3.20c) that comprise up to 10 % of this facies. Coralline algae
crusts are less than 1 mm thick. Fragments of laminar coralline algae up to 0.5 cm are
quite common in the matrix, comprising 3 to 21 % of this facies. In addition, coralline
algae peloids up to 0.5 mm comprise up to 2 % of bioclasts within this facies (Figures
3.21a and b).

This facies contains a diverse foraminifera assemblage (Figures 3.21a and b)
including miliolids (0 to 2.5 %), Gypsina (0 to 5 %), Amphistegina (< 0.5 %) and
Nummulites (0 to 2.5 %). Large encrusting foraminifera such as Haddonia, Fabiania
and victoriellids comprise 1.5 to 9 % of this facies. Gypsina occurs as laminar forms
up to 2 mm in length. Miliolid tests are highly abraded and may be slightly reddened
(Figure 3.21b). Amphistegina and Nummulites tests are less than 2 mm in diameter,

and demonstrate robust, lenticular morphologies with thick test walls.

Minor components of the coralgal foraminifera float/rudstone facies are
echinoids (0 to 2.5 %), Cerithium gastropods (0 to 6.5 %), bivalves (< 0.5 %), sponge
spicules (<0.5 %) and fenestrate bryozoa (0 to 5.5 %). Most fossils are fragmented,
although Cerithium gastropods up to 20 cm in length are preserved intact (Figure
21c¢). In summary, most fossils in the coralgal foraminifera float/rudstone facies are

fragmented and poorly sorted.

Micrite comprises up to 50 % of this facies. Micrite is dark brown to grey
colour in thin section. The total non-carbonate content of this facies ranges from 8 to
12.5 wt. %. Non-carbonate grains are clay-grade and cannot be differentiated from

micrite.

Diagenesis

Patchy recrystallisation of the micrite is evident, with samples of this facies
containing 1 to 9.5 % replacement microspar. Intragranular calcite microspar cement
is observed within foraminifera tests, and echinoid spines have well-developed
syntaxial calcite overgrowth cements. Originally aragonitic organisms have been
leached with the mouldic pores later occluded with inclusion-free drusy and equant

calcite cement (Figures 3.20a and b).
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Figure 3.20a Photomicro-
" graph (PPL) of the coralgal
j] foraminifera  float/rudstone

facies. Corals such as
"‘ Actinacis (i) are encrusted by
f larger foraminfera such as
Fabiania (ii) (sample LCA
18, log CA-3 bed 3). Scale
bar=2mm.

i} eraph (PPL) of the coralgal
¥ foraminifera float/rudstone
facies. Fragment of
Stylophora (i) encrusted by
Fabiania (ii) and coralline

Y S WG | Figure 3.20b Photomicro-
: . %‘ ‘b\, ;@ gure otomicro
o '

Figure 3.20c (PPL)
Irregular, nodular rhodolith
(arrowed) within the coralgal
foraminifera float/rudstone
d (sample LCA 27, log CA-3
&Y bed 4). Scale bar=2 mm.
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Figure 3.21a Photomicro-
graph (PPL) of the coralgal
foraminfera float/rudstone
facies. The matrix contains
a diverse faunal
assemblage including
laminar  Gypsina (i),
Haddonia (ii), abraded
coralline algae (iii) and
coral fragments (iv)
(sample LCA 45, log CA-
4). Scale bar=2 mm.

Figure 3.21b Photomicro-
graph (PPL) of the coralgal
foraminfera rudstone facies.
Fossils in the matrix are
typically fragmented and
include fenestrate bryozoa
(i), peloidal coralline algae
(i) and miliolids (iii)
(sample LCA 43a, log CA-
4). Scale bar=2 mm.

Figure 3.21¢ Large

Cerithium gastropod
(arrowed) within the
coralgal foraminifera

float/radstone facies (log
CA-4a, bed 14). Pen=15c¢cm
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Interpretation: depositional environment

The coralgal foraminifera float/rudstone facies contains a marine faunal
assemblage. Normal marine conditions are inferred from the diversity of stenohaline
biota. Deposition within the photic zone is inferred from the occurrence of in situ
coral colonies and well-preserved symbiont-bearing larger benthic foraminifera (i.e.
Amphistegina and Nummaulites) (Ghose 1977, Hallock and Glenn 1985, Hohenegger et
al. 1999, Geel 2000).

There is no evidence to suggest the coralgal foraminifera float/rudstone facies
possessed any topographic relief. Suprastratal coral growth, with rare colonies
extending vertically beyond the float/rudstone substrate, is inferred from the diverse,
flourishing cryptic community (e.g. Haddonia, Fabiania). Suprastratal growth fabrics
have a high potential for trapping sediments from suspension (Insalaco 1998). Corals
that stand proud of the substrate may influence and modify the hydrodynamic
conditions trapping suspended sediment in their immediate vicinity (Insalaco 1998).
Due to the patchy nature of coral colonisation in this facies, it is postulated that an
overall low-energy hydrodynamic regime aided the deposition of fine-grained
sediments from suspension.

In addition to the factors described above, slight variations in the
hydrodynamic regime have also influenced the texture of this facies. The small, robust
morphology of Amphistegina is characteristic of the shallower parts of its depth range
in agitated waters (Leutenegger 1984, Hallock and Glenn 1985). An abundance of
Gypsina and miliolids may also be characteristic of shallow, high-energy, agitated
environments (Chaproniere 1975, Reid and Maclntyre 1988, Hallock 1998, Murray
1991, Geel 2000). It is suggested that these relatively high-energy fauna have been
transported into this environment during periods of high-energy. This is consistent
with the fragmented nature of most fossils in this facies, although the limited abrasion

demonstrates bioclasts have not been transported large distances.

In summary, the coralgal foraminifera float/rudstone facies is interpreted as
deposits of patchy coral development within a low-energy environment experiencing
a moderate siliciclastic sediment input. From its common association, it is postulated
that this facies represents the distal or partially protected equivalent of the coralgal

foraminifera rudstone facies (Section 3.3.1.5).
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3.3.1.7 Foralgal pack/grainstone

Lithologies: Foralgal packstone
Foralgal pack/grainstone
Foralgal pack/grainstone
Foralgal rhodolith grainstone

Occurrence and bed characteristics

The foralgal pack/grainstone facies is a very common facies and is
encountered in carbonate intervals 2 to 6 (Figure 3.9). This facies is characterised by
massive beds that locally demonstrate nodular weathering. Measured bed thickness is
up to 2 m. Beds can be traced laterally (along strike) for over 1 km. Upper and lower
bedding contacts are sharp but non-erosional. This facies is often intercalated with the
Gypsina grainstone, Gypsina arenite and the miliolid coralline algae pack/grainstone

facies.

Lithological description

The exposed surface of the foralgal grainstone facies has a crystalline texture
and weathers to a pale brown-grey colour. Fresh surfaces are a blue-grey colour with
localised pink-grey patches.

The foralgal pack/grainstone facies is characterised by sparsely distributed in
situ branching and domal coral colonies situated within a bioclastic pack/grainstone.
The total in situ coral skeletal volume ranges from 20 to 25 %. Coral colony size
ranges from 3 to 15 cm. Coral genera identified are Porites, Acropora, Cereiphyllia
and Favites. Coralline alage, foraminifera and bryozoa encrust corals (Figure 3.22).
Coral fragments up to 7 cm in length comprise 1 to 15 % of this facies.

Foraminifera and fragmented coralline algae dominate the foralgal
pack/grainstone facies. Coralline algae occur as fragmented and abraded laminar
forms up to 2 mm in length (6.5 to 21.5 %), sand-grade peloids (up to 20 %) and
articulated forms (Corallina) (Figure 3.23a). Foralgal rhodoliths up to 7.5 c¢m in
diameter are common in this facies (Figure 3.23b). Rhodoliths are subspherical to
elliptical with tight, concentric laminar crusts. Branching rhodoliths are rare. Where
present, branches are columnar and <5 mm long.

The foralgal pack/grainstone facies contains a diverse foraminifera assemblage

that includes miliolids (0.5 to 3 %), texturaliids (0.5 to 3.5 %), Gypsina (1 to 10 %),
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Calcarina (0 to 2 %), Rotorbinella (0 to 9.5 %), Amphistegina (0 to 2.5 %),
Nummulites (0 to 1 %) and Discocyclina (Figures 3.23¢ and 3.24b and c). Large
encrusting foraminifera (Fabiania, Haddonia, Chapmanina and victoriellids)
comprise up to 9.5 % of this facies. Miliolids (up to 0.75 mm in diameter) are
preserved intact but have an abraded appearance. Gypsina tests, up to 3.0 mm in
length, may show poorly developed micrite envelopes (Figure 3.23c). Amphistegina
and Nummulites are small (typically less than 5 mm) with robust lenticular test
morphologies. Discocyclina tests are up to 1 cm in diameter, and demonstrate
flattened discoidal test morphologies (Figure 3.24b). Spinose Calcarina tests, up to 2
mm in diameter, are preserved intact within samples containing a higher percentage of
micrite (Figure 3.24a).

Subordinate bioclasts represented in this facies are bryozoa (0.5 to 1 %),
echinoids (0 to 6.5 %), molluscs (0.5 to 1 %) and serpulids (0 to 1 %). Dark brown,
mixed carbonate-siliciclastic mud comprises 1.5 to 18 % of this facies. The total non-
carbonate content of this facies ranges from 5.5 to 14.5 wt. %. Siliciclastic grains are

clay to medium sand grade (Figure 3.22a).

Diagenesis

Intergranular areas have been cemented with equant -calcite spar
(Figure 3.23b). Intergranular calcite spar cement comprises up to 59 % of this facies.
Micrite has locally recrystallised into microspar. Originally aragonitic fossils have
been leached with the resultant mouldic macropores completely occluded with clear,
drusy calcite cement. Pores within foraminifera chambers have also been occluded
with calcite (Figure 3.23b). Syntaxial calcite overgrowth cements have developed on

echinoid spines.

Interpretation: depositional environment
The foralgal pack/grainstone facies contains a marine faunal assemblage.
Normal, open marine conditions are inferred from the diversity of stenohaline biota.
Deposition within the photic zone is inferred from the presence of in situ
corals and symbiont-bearing larger foraminifera such as Calcarina, Amphistegina and
Nummulites (Leutenegger 1984, Hallock and Glenn 1985, 1986, Hohenegger et al.
1999). Is inferred from the diverse cryptic community preserved in this facies that

corals were growing suprastratally (in the sense of Insalaco 1998). Large encrusting
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foraminifera (such as Haddonia, Chapmanina and Fabiania) inhabited cryptic
environments within coral debris (Franqués-Faixa 1996, Romero 2001, Romero et al.
2002). The presence of sea floor vegetation (sea grass) is inferred from the abundance
of epiphytic foraminifera (Gypsina and Calcarina) and articulated coralline algae
(Chaproniere 1975, Ghose 1977, Carbone et al. 1994, Travé 1996, Hohenegger et al.
1999).

The robust lenticular morphology of Amphistegina and Nummulites is
indicative of the shallow to intermediate part of their depth range in moderate to high-
energy conditions (Hottinger 1983, Hohenegger 1984, Hallock and Glenn 1986). An
abundance of Amphistegina and Gypsina is an indicator of current-swept conditions
(Hallock and Glenn 1985, 1986, Li and Jones 1997, Li et al. 1997, Hohenegger et al.
1999). This is consistent with the abundance of abraded miliolids and the highly
abraded nature of most bioclasts in this facies (Chaproniere 1975, Ghose 1977, Geel
2000). It is postulated that samples containing a more significant proportion of micrite
(i.e. LCA 231, log CA-15) were deposited within a relatively lower-energy setting.
This is consistent with the well-preserved spinose Calcarina tests (Figure 3.24a).

In summary, it is concluded that the foralgal pack/grainstone facies formed
within an agitated setting with open marine circulation in the shallow part of the
photic zone. This facies has affinities with the Algae Debris Packstone facies of Sayer
(1995), interpreted as a fore-bank wash-over shoal deposit. The foralgal
pack/grainstone facies is also comparable with bioclastic pack/rudstone sediments
described from the Eocene Qum Formation (Iran) that are interpreted as shallow water
shoals, although more restricted conditions are indicated from the absence of corals

(Okhravi and Amini 1998).
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Figure 3.22 Photomicrograph (PPL)
(a) and interpretation (b) illustrating
the sequential encrustation of corals
(in situ colonies and fragments) by
bryozoa, coralline algae and
Haddonia. This facies is characterised
by an abundance of epiphytic and

encrusting foraminifera such as
Gypsina (i), Fabiania (ii) and
Haddonia  (iii). Abraded coral

fragments (iv) are also present. Some
samples of this facies contain angular
siliciclastic grains (v) up to medium
sand grade (sample LCA 95, log CA-9
bed 2). Scale bar=2 mm.
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Figure 3.23a Photomicrograph
(PPL) of the foralgal
pack/grainstone  facies. This
facies is characterized by an
abundance of abraded coralline
algae fragments (i) situated
within a partially winnowed
matrix (sample LCA 37, log
CA-3 bed 17). Scale bar=5 mm.

Figure 3.23b (PPL) Foralgal
rhodolith composed of
Haddonia (1) and laminar
coralline algae (ii). Note the
Bl clear drusy calcite cement (iii)
i within Haddonia chambers
(sample LCA 41, log CA-4a).
Scale bar=5 mm.

Figure 3.23¢ (PPL) Abundant
4 Gypsina tests (i) associated with
serpulids (ii). An epiphytal
mode of life is inferred from the
4 rounded, elongated morphology
i of Gypsina. Note the dark
M outlines of foraminifera tests,
¥ interpreted as incipient micrite
envelope development (sample
LCA 87a, log CA-4b). Scale
bar=2 mm.
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Figure 3.24a Photomicro-
(] graph (PPL) of the foralgal
pack/grainstone facies. The
M symbiont-bearing  foram
i Calcarina is common in
[l some samples of this facies
(sample LCA 231, log CA-
15 bed 9). Scale bar=2
mm.

Figure 3.24b Photomicro-
graph (PPL) of the foralgal
pack/grainstone facies.
Larger benthic forams
'l present include Disco-
cyclina (i) and victoriellids
(i)). Gypsina is observed
encrusting coral fragments
(iii) (sample LCA 231, log
CA-15 bed 9). Scale bar=2
mm.

Figure 3.24c¢ Photomicro-
-] graph (PPL) of the foralgal
| pack/grainstone facies. In
addition to encrusting
forms, articulated coralline
algae (i) is common in this
facies. Coral fragments are
¥ cncrusted by coralline
algae  (ii). Texturaliid
foraminifera (iii). Note the
preservation of dark brown
micrite (iv) (sample LCA
231, log CA-15 bed 9).
Scale bar=2 mm.
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3.3.1.8 Gypsina grainstone
Lithologies: Gypsina grainstone
Gypsina pack/grainstone

Occurrence and bed characteristics

This facies is encountered throughout the studied section but is particularly
abundant in the upper half of the succession (carbonate intervals 4 to 6). Measured
bed thickness ranges from 1.4 to 1.8 m. Bedding contacts are sharp but non-erosional,
and beds can be traced laterally along strike for at least 1 km. Units are largely

massive, with a locally developed nodular weathered appearance.

Lithological description

Exposed surfaces of the Gypsina grainstone facies weather to a dark grey
colour. Fresh surfaces are a pale grey colour. Up to 25 % of this facies is composed of
intact and fragmented laminar Gypsina tests (Figure 3.25a). Tests are up to 5 mm in
length and may have a poorly developed micrite envelope. Other foraminifera present
in this facies are miliolids (2 to 2.5 %), texturaliids (0 to 5 %), Calcarina (0 to 6 %),
Amphistegina (0 to 8 %), Rotorbinella (0 to 3.5 %) and Nummulites (< 0.5 %).
Abraded miliolids and texturaliids are up to 1.5 mm in diameter. Calcarina is
typically fragmented, although rare intact specimens up to 2 mm in diameter are
present. Amphistegina and Nummulites tests have a robust lenticular morphology with
thick walls. Tests are typically fragmented.

Fabiania and Haddonia are typical constituents of spheroidal, concentric
laminar foralgal rhodoliths, although detached tests are also observed (Figure 3.25b).
Rhodoliths are up to 2 cm in diameter and are often fragmented. Rhodolith nuclei are
coral fragments. Coralline algae also occur as detached and fragmented laminar crusts
(1 to 9 %) and articulated forms (< 1 %). Fragments show moderate abrasion. Other
fossils present in this facies are corals (0 to 12.5 %), echinoids (1 to 5 %), molluscs (<
1 %), bryozoa (0 to 1.5 %) and serpulids (< 1 %) (Figure 3.25b). Fossils are
fragmented and poorly sorted, and show evidence of abrasion.

The matrix of the Gypsina grainstone facies is texturally variable, comprising
microspar with localised dark brown mixed carbonate-siliciclastic mud patches and

skeletal hash. The non-carbonate proportion of this facies ranges from 7.5 to
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Figure 3.25a Photomicrograph (PPL) of the Gypsina grainstone facies. This facies is dominated by
Gypsina (i) with subordinate Rotorbinella (ii). The contacts between foraminifera may be dissolutional
(arrowed). Clays occur concentrated along dissolution seams (sample LCA 181, log CA-12 bed 19). Scale
bar=2 mm.
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Figure 3.25b Photomicrograph (PPL) of the Gypsina grainstone facies. Subordinate biota present in this
facies include corals (i), Rotorbinella (ii), Fabiania (iii) and echinoids (iv). Corals are composed of a

secondary drusy calcite cement. Also note the calcite cements within chambers of Rotorbinella. (sample
LCA 98, log CA-9 bed 11). Scale bar=2 mm.
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21.5 wt. %. Non-carbonate grains are clay to fine silt grade, and may be concentrated

along dissolution seams (Figure 3.25a).

Diagenesis

Intragranular equant calcite cement is observed within foraminifera chambers
(Figure 3.25b) and echinoid spines have well-developed syntaxial calcite overgrowth
cements. Intergranular equant to locally drusy calcite comprises 23.5 to 30 % of this
facies. Patchy recrystallisation of micrite into microspar is evident in some samples of
this facies. Aragonitic fragments have been leached with the resultant porosity
completely occluded with coarse, drusy calcite cement (Figure 3.25b). Post-
depositional compaction of this sediment is evident from the dissolution seams, along

which clays are concentrated (Figure 3.25a).

Interpretation: depositional environment

The Gypsina grainstone facies contains a marine faunal assemblage. Normal
open marine conditions are interpreted from the abundance of stenohaline biota.
Deposition within the photic zone is inferred from the presence of symbiont-bearing
larger foraminifera such as Calcarina, Nummulites and Amphistegina (Leutenegger
1984, Hallock and Glenn 1985, 1986, Murray 1991, Hohenegger et al. 1999). The
robust lenticular morphology of Amphistegina and Nummulites is indicative of the
shallow to intermediate part of their habitat range in higher energy conditions
(Hottinger 1983, Hallock and Glenn 1985, 1986). This is consistent with the presence
of tightly concentric foralgal rhodoliths (Minnery et al. 1985, Reid and Maclntyre
1988, Minnery 1990) and the fragmented abraded bioclasts in the matrix. Large
encrusting foraminifera such as Fabiania and Haddonia are derived from the
rhodoliths, but also inhabited cryptic environments within coarse fossil debris
(Romero 2001, Romero et al. 2002). The presence of sea grass is inferred from the
abundance of Gypsina with miliolids, Orbitolites and Calcarina (Chaproniere 1975,
Kitazato 1988, Murray 1991, Hohenegger et al. 1999). Articulated coralline algae are
also known to have to have an epiphytic mode of life (Carbone et al. 1994).

Although grainstone textures imply high-energy conditions, the significant
clay component suggests low-energy periods where sediment was deposited from
suspension. It is postulated that the baffling effect of sea grass and flocculation of

clays, encouraged the deposition of suspended sediment.
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In summary, it is concluded that the Gypsina grainstone facies formed within
an open marine, agitated shallow-water setting in the upper part of the photic zone.
Fine-grained siliciclastic material was deposited from suspension during relatively

quiet periods, and was trapped by sea floor vegetation.

3.3.1.9 Miliolid coralline algae pack/grainstone
Lithologies: Miliolid coralline algae pack/grainstone

Miliolid coralline algae packstone

Occurrence and bed characteristics

The miliolid coralline algae pack/grainstone facies is identified in carbonate
intervals 5 and 6 only (Figure 3.9). This facies demonstrates a nodular weathered
appearance. Nodules are up to 10 cm in length and may be aligned. Measured bed
thickness is consistently around 1 m, and beds may be traced laterally up to 500 m.

Lower bedding contacts are sharp but non-erosional. Upper contacts are gradational.

Lithological description

Exposed surfaces of the miliolid coralline algae pack/grainstone facies has a
crystalline texture and weathers to a pale grey to buff colour. Fresh surfaces are a pale
blue/grey colour with pink patches. The miliolid coralline algae facies is characterised
by an abundance of miliolids (9.5 to 10.5 %), peloids (10 to 15 %) and coralline algae
(up to 12.5 %) (Figure 3.26a and b). The miliolid assemblage characteristic of this
facies is highly diverse. Miliolid tests up to 0.5 mm in diameter are reddened and
abraded (Figure 3.26b). Peloids, interpreted as abraded coralline algae fragments, are
up to 0.25 mm in diameter. Laminar coralline algae fragments are up to 0.5 mm in
length (Figure 3.26b).

Subordinate biota present in the miliolid coralline algae pack/grainstone facies
are fragmented corals (5 %), Gypsina (0 to 4.5 %), Orbitolites (< 0.5 %), texturaliids
(0 to 2 %), echinoids (0 to 1 %), bryozoa (0 to 1.5 %) and molluscs (0.5 to 2 %).
Encrusting foraminifera (Chapmanina and victoriellids) comprise up to 1 % of this
facies. Orbitolites and Gypsina tests are up to 0.75 mm in length. All bioclasts are
abraded. Micrite comprises 2 to 10 % of this facies, and is patchily distributed through

samples. Clay-grade non-carbonate material comprises 7 to 25.5 % of this facies.
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facies is characterized by an abundance of abraded miliolids and coralline algae with rare Orbitolites
(arrowed) (sample LCA 36, log CA-3 bed 16). Scale bar=2 mm.
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Figure 3.26b Photomicrograph (PPL) of the miliolid coralline algae pack/grainstone. Abraded miliolid
tests (i) have slightly reddened tests. Coralline algae are always fragmented (ii) (sample LCA 36, log CA-3
bed 16). Scale bar=2 mm.
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Diagenesis

Intergranular drusy calcite spar cement with localised equant spar cement
comprises 35.5 to 50 % of this facies. Intragranular microspar cements are observed
within foraminifera tests and echinoid spines demonstrate syntaxial cements.
Originally aragonitic bioclasts have been leached with the resultant mouldic
macropores completely occluded with clear, drusy calcite cement. Red-brown

coloured clay-grade material occurs concentrated along mm-scale dissolution seams.

Interpretation: depositional environment

Alignment of nodules is interpreted as a remnant of bedding. The miliolid
coralline algae pack/grainstone facies contains a marine faunal assemblage. Restricted
marine circulation is inferred from the relatively scarcity of stenohaline biota,
although the presence of texturaliids and Gypsina indicates a marine connection
(Chaproniere 1975, Ghose 1977, Hallock and Glenn 1986, Murray 1991, Geel 2000).
Deposition in a shallow marine setting with very high incident light is inferred from
the abundance of miliolids and dearth of rotaliid foraminifera such as Amphistegina
and Nummulites (Ghose 1977, Hallock and Glenn 1986, Geel 2000).

Moderate to high-energy, agitated conditions are inferred from the
pack/grainstone texture and the fragmented nature of bioclasts, although the presence
of clays (that would have been deposited from suspension) suggests (intermittent)
low-energy periods. In addition, current energies were not sufficient to remove small
foraminifera tests. Proximity to a reef-type environment is inferred from the presence
of reef-derived debris (corals, large encrusting foraminifera). This sediment would
have been too fine grained to supported large encrusting foraminifera such as
victoriellids and Chapmanina that would have inhabited cryptic environments within
coarse skeletal debris (Romero 2001, Romero et al. 2002).

In summary, the miliolid coralline algae pack/grainstone facies formed within
a very shallow marine setting characterised by variable depositional energies, and
received debris from nearby coral-rich areas. The comparable Skeletal Grainstone
facies from the Nummulitique of the French Alps has been interpreted as a winnowed
back shoal to lagoonal environment (Sayer 1995). Similar facies are also described
from the Qum Formation, Iran, and are interpreted as inner-shelf shallow lagoon

sediments (Okhravi and Amini 1998). However, true lagoon development in the
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Calders area is thought unlikely due to the absence of topographic relief within the

carbonate facies.

3.3.2 Mixed carbonate-siliciclastic larger benthic foraminifera facies group
Facies included in this grouping contain roughly equal amounts of carbonate
and siliciclastic components, and have a sandy texture in outcrop. Siliciclastic
material may constitute up to 50 % of facies within this group. Facies are
characterised by the presence of larger benthic foraminifera, in particular Nummulites,
Discocyclina, Operculina and Gypsina. Subordinate biota includes coralline algae,
smaller benthic foraminifera, molluscs, echinoids and serpulids. The dominant

textures observed are siliciclastic grainstone, packstone and wackestone (Table 3.2).

3.3.2.1 Nummulites siliciclastic pack/grainstone
Lithologies: Nummulites siliciclastic packstone
Nummulites siliciclastic wacke/packstone

Nummulites grainstone

Occurrence and bed characteristics

The Nummulites siliciclastic pack/grainstone facies is encountered in most
logged sections in the Calders area, but is more prevalent in the lower half of the
succession within carbonate intervals 1 to 4 (Figure 3.9). This facies occurs as
massive, apparently tabular units that can be traced laterally for at least 2 km (across
the extent of the studied area). Measured bed thickness ranges from 1 to 3.4 m. Lower
bedding contacts with the lenticular polymict conglomerate facies are gradational over
10 to 15 cm. The contact may be enhanced by dissolution, with dark-brown clays
concentrated along dissolution seams (Figure 3.27a). The upper contact with other
larger foraminifera siliciclastic facies is gradational. Upper contacts with carbonate-
dominated facies are sharp to gradational (over tens of centimetres), and may be
delineated by dissolution seams along which clays are concentrated (Figure 3.29¢).
Crude cross-stratification is locally present (Figure 3.27b). A north to north-west

directional dip direction (with dips up to 20°) is measured from cross sets.

92






Calders facies and palaeoenvironmental analysis

Lithological description

The exposed surface of the Nummulites siliciclastic pack/grainstone facies
weathers to a reddish-brown/grey colour (Figures 3.27b and ¢). Fresh surfaces are a
homogenous pale blue-grey colour. This facies is characterised by an abundance of
Nummulites (17.5 to 45 % of grains) (Figure 3.27¢). Nummulites tests have a robust
to lenticular morphology and are up to 3 cm in diameter (Figures 3.27¢ and 3.29a).
The typical diameter is around 0.5 cm (Figure 3.28a). Larger Nummulites tests are
more common towards the top of beds of this facies. Tests are locally imbricated and
may be concentrated and aligned in large vertical burrows. Tests are well preserved,
although fragments are present in the matrix. Fragments (up to coarse sand grade) are
angular to slightly abraded (Figure 3.29a).

The Nummulites siliciclastic pack/grainstone facies contains a diverse benthic
foraminifera assemblage that includes Gypsina (0 to 10.5 %), Discocyclina (0 to
6.5 %), Operculina (<1 %), Amphistegina (< 1 %), Calcarina (0 to 5.5 %), miliolids
(0 to 5 %), texturaliids (0 to 2 %) and undifferentiated small benthics (< 1 %).
Gypsina occurs as laminar forms (Figure 3.28b). Discocyclina and Operculina tests
have a flattened lenticular morphology, and are often fragmented. Angular fragments
are up to 1 mm in length. Miliolids and Gypsina have an abraded appearance. Large
encrusting foraminifera (Fabiania and Haddonia) are often constituents of foralgal
rhodoliths. Spheroidal rhodoliths are rare (<1 % of grains), and are composed of tight,
concentric alternating algal and foraminifera laminae.

Other biota present in the Nummulites siliciclastic pack/grainstone facies
includes coralline algae (0 to 10 %), echinoids (0 to 5.5 %), fenestrate bryozoa (0 to
7.5 %) and molluscs (0 to 3.5 %). Large robust oyster valves are observed in situ
within beds of this facies (Figure 3.29b). Coralline algae occur as rounded warty-
branching fragments that have good preservation of internal structure. Coarse sand-
grade coralline algae peloids (0 to 7.5 %) are very well sorted. Spheroidal to elliptical
structures composed of fabric destructive dolomite are interpreted as coprolites
(Figure 3.28b).

Micrite (0.5 to 44.5 %) is locally absent (Figure 3.28a and b). Micrite is grey
to dark brown in thin section (Figures 3.28¢). Non-carbonate material comprises 14
to 50 wt. % of this facies. Siliciclastic grains are clay to coarse sand-grade, and

comprise mono-and polycrystalline quartz, orthoclase feldspar and lithics (siltstone
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Figure 3.28a Photomicro-
graph (PPL) of the
Nummulites  siliciclastic
pack/grain-stone  facies.

| Nummulites tests (i) are

typically 2-5 mm in
diameter, and occur in
association with laminar
Gypsina (ii) and
Rotorbinella (iii) (sample
LCA 30, log CA-3 bed 7).
Scale bar=2 mm

Figure 3.28b Photomicro-
graph (PPL) of the
Nummulites  siliciclastic
pack/grain-stone  facies.
Dolomitised coprolites (i)
and rounded Gypsina tests
(ii). This facies contains
abundant fine to medium
sand-grade material (iii)
(sample LCA 30, log CA-
3 bed 7). Scale bar=2 mm

Figure 3.28¢ (PPL) Dis-
solutional grain contacts
(arrowed). Insoluble clays
are concentrated along the
dissolution seams (sample
LCA 230, log CA-15)
Scale bar=2 mm
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Figure 3.29a Photomicrograph
(PPL) of the Nummulites siliciclastic
J pack/grain-stone facies illustrating
the variability of Nummulites test
size. The matrix (grey-brown
I colour) contains abundant
d foraminifera debris (sample LCA
22, log CA-2 bed 7). Scale bar=2
mm

Figure 3.29b Large, robust oyster
within the Nummulites siliciclastic
pack/grainstone facies (bed 14, log
CA-7). Scale bar=5 cm

Figure 3.29c Field exposure of the
d upper contact of the Nummulites
siliciclastic  pack/grainstone and
coral wacke/floatstone facies (log
CA-7, beds 13 and 14). The contact
(arrowed) is enhanced by
dissolution with dark siliciclastic
grains concentrated along the
dissolution seam (arrowed). The
initial coral colonizers (i) have platy
morphologies. Scale bar=15 cm.
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and quartz-mica schist). The micas have commonly been altered to rusty-brown
coloured clay observed in thin section. Siliciclastic grains are angular, moderate to

well sorted and have a low sphericity.

Diagenesis

Intragranular microspar cements are observed within foraminifera tests and
echinoid spines demonstrate syntaxial calcite overgrowth cements. The contacts
between larger foraminifera tests may be sutured along dissolution seams along which
clays are concentrated (Figures 3.28c). Winnowed intergranular areas have been
cemented with equant calcite spar, and patchy recrystallisation of the micrite matrix is

evident.

Interpretation: depositional environment

The Nummulites siliciclastic pack/grainstone facies contains a marine faunal
assemblage. Normal open marine conditions are inferred from the diversity of
stenohaline biota. Deposition within the photic zone is inferred from the abundance of
symbiont bearing larger benthic foraminifera (Nummulites, Discocyclina, Operculina,
Amphistegina and Calcarina) (Ghose 1977, Hallock and Glenn 1985, 1986; Murray
1991, Geel 2000). The flattened test morphology of Discocyclina and Operculina are
characteristic of deeper parts of the photic zone, towards the lower parts of their
habitat range (Hallock and Glenn 1985, 1986). The intermediate, robust test
morphology of Nummulites is characteristic of moderately agitated conditions within
intermediate depths of their habitat range (Hottinger 1983, Hallock and Glenn 1985).
The robust morphology of large Nummulites (within the 1 to 3.5 cm range) is
suggestive of shallow waters with stressed environmental conditions, delaying
reproduction (Hallock 1988, Hallock and Glenn 1986, Purton and Brasier 1999).
Environmental stress may relate to a combination of limited nutrients, substrate
instability and turbidity (Hallock 1988).

Proximity to a siliciclastic source is concluded from the significant proportion
of siliciclastic material in this facies. It is suggested that fine-grained siliciclastic
material was deposited from suspension during relatively quiet periods. Agitated
conditions are confirmed from the presence of concentric, laminar rhodoliths and

warty coralline algae (Minnery et al. 1985, Minnery 1990).
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It is postulated that substrate instability, as a consequence of siliciclastic input
and a moderate to high-energy hydrodynamic regime, inhibited the development of a
sessile calcareous benthic community. Nummulites, inferred to have undergone
limited transport and reworking prior to deposition and lithification, is thought to have
been able to extract itself if buried (see Chapter 6 for discussion). Miliolids,
Amphistegina, Gypsina and Calcarina can adapt to an epiphytic mode of life (Ghose
1977, Reiss and Hottinger 1984, Kitazato 1988, Hohenegger et al. 1999). It is
postulated that these foraminifera were able to inhabit an environment with unstable
substrates through attaching themselves to sea floor vegetation. These foraminifera
have undergone more abrasion than Nummulites, thus are not preserved in situ.

In summary, the Nummulites siliciclastic pack/grainstone facies formed within
a moderate to high-energy marine environment with a high siliciclastic input and an
unstable substrate. This facies has similarities to the Nummulite Packstone facies of
Sayer (1995), which is interpreted as part of an authochthonous Nummulite-ramp
system. The Nummulites siliciclastic packstone grainstone facies contains a
significantly higher proportion of coarse clastic material than the Nummulite
Packstone facies. Similar nummulitic facies, interpreted as reworked nummulitic bank

deposits, are described from the Seeb Limestone of Oman (Racey 1988, 2001).

3.3.2.2 Nummulites Discocyclina siliciclastic packstone
Lithologies:  Nummulites Discocyclina siliciclastic packstone

Nummulites Discocyclina siliciclastic grainstone

Occurrence and bed characteristics

The Nummulites Discocyclina siliciclastic packstone facies is differentiated
from the siliciclastic Nummulites pack/grainstone facies by a relative abundance of
orthophragminids. This facies is particularly common in the lower portions of the-
Calders studied succession within carbonate intervals 1 to 3 (Figure 3.9). Measured
bed thickness is consistently around 1.7 m and upper and lower bedding contacts are
transitional. This facies can be traced laterally up to 500 m. The Nummulites
Discocyclina siliciclastic packstone typically succeeds the siliciclastic Nummulites

packstone grainstone facies.
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Lithological Description

The exposed surface of the Nummulites Discocyclina siliciclastic packstone
facies weathers to a buff/light brown red colour. Fresh surfaces are a light blue-grey
colour. This facies is characterised by an abundance of Nummulites (6 to 10 %) and
Discocyclina (3.5 to 25 %). Nummulites are robust/lenticular forms up to 3 mm in
diameter (Figures 3.30a and b). Nummulites are always fragmented. Fragments are
abraded and poorly sorted. Discocyclina tests are up to 2 c¢cm in diameter. Tests
demonstrate thin, discoidal morphologies (Figure 3.30b), and are typically preserved
intact. Larger foraminifera tests demonstrate chaotic stacking (Figure 3.30b).

Subordinate bioclasts present in this facies are miliolids (0 to 2.5 %),
texturaliids (< 0.5 %), Amphistegina (< 1 %), Operculina (0 to 2 %), Gypsina (0 to
2 %), echinoids (0 to 2 %), molluscs (0 to 3.5 %), corals (0 to 2.5 %), bryozoa (0 to
2.5 %) and small hyaline benthic foraminifera (< 0.5 %). Miliolids and Amphistegina
tests are preserved intact but are abraded. Operculina is always fragmented.
Fragments are < 1 mm in diameter (Figure 3.30b).

Micrite comprises up to 58 % of this facies (Figures 3.30a and b). The total
non-carbonate content of this facies ranges from 14 to 38.5 wt. %. Siliciclastic grains

are clay to silt grade.

Diagenesis

Intragranular microspar cement is observed within foraminifera tests.
Originally aragonitic bioclasts have been leached with the resultant mouldic pores
completely occluded with drusy calcite cement. Echinoid spines may have syntaxial
calcite overgrowths. In some samples the originally micritic matrix has recrystallised

into microspar (up to 64.5 %).

Interpretation: depositional environment

The Nummulites Discocyclina siliciclastic packstone facies contains a marine
faunal assemblage. Normal marine conditions are inferred from the abundance of
rotaliid foraminifera and the diversity of stenohaline biota.

Deposition within the photic zone is inferred from the presence of symbiont-
bearing larger formanifera (Nummulites, Discocyclina and Amphistegina). Moderate

to deeper-water depths and/or low incident light are inferred from the dominance of
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flattened and intermediate forms of Discocyclina over relatively small robust forms of
Amphistegina and Nummulites. In general, orthophragminid foraminifera such as
Discocyclina inhabited lower levels of the photic zone within mid- to outer shelf
environments (Aigner 1982, Ghose 1977, Hallock and Glenn 1986, Racey 1988,
Bryan 2001). This is consistent with the paucity and abrasion of miliolids, which are
more common in shallower water/inner shelf environments with high incident light
(Ghose 1977, Hallock and Glenn 1985). It is suggested that miliolids and the more
spherical forms of Nummulites and Amphistegina and coral fragments have been
transported into this environment from a high-energy, shallow part of the photic zone.

Low-energy conditions are confirmed from the significant percentage of clay
to silt-grade siliciclastic material that would have been deposited from suspension. It
is postulated that turbidity would have been high in this environment as a
consequence of this fine-grained input. Low amplitude in situ reworking of
foraminifera tests is interpreted from the localised stacking of tests (Figure 3.30b)
Chaotic stacking of large discoidal Discocyclina tests has been interpreted as low-
amplitude storm reworking within Eocene deposits of the Nummulitique
(Sayer 1995), Egypt (1983) and Oman (Racey 1988, 2001).

In summary, the Nummulites Discocyclina siliciclastic packstone facies
formed within an open marine, moderate to low-energy environmental setting within
the intermediate to deeper parts of the photic zone but quite close to the shoreline.
Similar facies are described from the Seeb limestone of Oman (Racey 1988, 2001)
and the Nummulitique of the French Alps (Sayer 1995). These facies are interpreted
as low-relief foraminiferal banks deposited within a mid-shelf shelf below fair

weather wave base.

3.3.2.3 Operculina mudstone

Lithologies:  Operculina mudstone

Operculina Nummulites wackestone

Occurrence and bed characteristics

This facies is difficult to identify and sample as it weathers recessively due its
muddy texture. This facies is identified in the upper portions of the Calders section at
the base of carbonate intervals 5 and 6 (Figure 3.9). This facies succeeds a

siliciclastic facies. Measured bed thickness ranges from 0.1 to 1.6 m. Beds have a
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muddy appearance in outcrop. Upper and lower bedding contacts are sharp and non-

erosive.

Lithological description

The exposed surface of the Nummulites Operculina siliciclastic wackestone
facies weathers to a light-brown/buff colour. Fresh surfaces are a buff colour with
dark grey patches. This facies is largely unfossiliferous but contains rare large
discoidal Operculina (up to 5 %) and Nummulites (< 1 %). Operculina tests have a
flattened lenticular morphology and are up to 7 mm in diameter (Figure 3.31a).
Operculina tests typically occur intact, but minor fragments up to 1 mm in length are
observed in the matrix.

Other bioclasts present in this facies are miliolids (< 1 %), Gypsina (< 1 %),
laminar coralline algae (< 0.5 %), echinoid spines (<1 %), corals (< 1 %), brachiopod
spines (< 0.5 %), bryozoa (0.5 %) and bivalves (1 %). Rare delicate bivalves are
preserved articulated (Figure 3.31b). Most fossils are fragmented and abraded.

Dark brown mixed carbonate-siliciclastic mud comprises up to 85 to 90 % of
this facies (Figures 3.31a and b). Rare (< 5 %) angular silt grade siliciclastic grains
are evident in thin section (Figure 3.31b). Grains are monocrystalline quartz (3 %)
and lithic grains (1 %) with relatively minor orthoclase feldspar (1 %). The total non-

carbonate content of this facies ranges from 37 to 37.5 wt. %.

Diagenesis

The matrix of the Nummulites Operculina siliciclastic wackestone facies
includes localised patches of neomorphic microspar. Intragranular calcite cements are
observed within foraminifera tests and echinoid spines occasionally have syntaxial

calcite overgrowths.

Interpretation: depositional environment

The Operculina mudstone facies comprises a marine faunal assemblage.
Normal open marine conditions are interpreted from the presence of Operculina and
Nummulites (Chaproniere 1975, Murray 1991, Hohenegger et al. 1999, Geel 2000),
and the diversity of stenohaline biota. Deposition within the photic zone is inferred

from the presence of symbiont-bearing foraminifera. Large, flattened discoidal
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Figure 3.31a » lina mudstoné fé&ies. This facie.s is
characterized by the presence of large discoidal Operculina (arrowed) (sample LCA 6, log
CA-6 bed 3). Scale bar=2 mm.

(arrowed) within the Operculina mudstone facies. (sample LCA 7, log CA-6 bed 5). Scale
bar=2 mm.
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Operculina tests are characteristic of the deeper parts of their habitat range, in the
lower part of the photic zone (Hottinger 1983, Hallock and Glenn 1985, 1986, Geel
2000). Low-energy conditions are inferred from the high percentage of fine-grained
material in this facies (which is interpreted to have been deposited from suspension)
and the preservation of articulated delicate bivalves. Operculina typically has a
preference for soft substrates in low-energy environments (Chaproniere 1975, Murray
1991, Hohenegger 1999).

It is inferred from the lack of abrasion of Operculina tests that they are in situ.
Nummulites tests in comparison are slightly abraded and commonly fragmented, and
therefore are interpreted to have been transported down-slope from a high-energy to a
lower-energy environment. Most bioclasts are fragmented and abraded, thus it is
inferred that they were also transported from a high to low-energy environment.

In summary, the Operculina mudstone facies is interpreted as a marine, low-
energy moderately deep-water environmental deposit, probably from below fair
weather wave base, in the lower part of the photic zone. Operculina is more-or-less in
situ but abraded bioclasts, including Nummulites, have been transported downslope
from a relatively shallow environment, accompanied by minor reef detritus. This
facies has affinities with the Larger Foraminifera Wackestone facies of Hallock and
Glenn (1985), interpreted as slope deposits and the Discocyclina Operculina
Wackestone facies of Sayer (1995), interpreted as a mid- to outer ramp, deep water

facies.

3.3.2.4 Nummulites coralline algae siliciclastic packstone
Lithologies: Nummulites coralline algae siliciclastic packstone
Nummulites coralline algae siliciclastic wacke/packstone

Nummulites rhodolithic siliciclastic pack/grainstone

Occurrence and bed characteristics

The Nummulites coralline algae siliciclastic packstone facies is common and is
present in carbonate intervals 1 to 4. This facies is always associated with the
Nummulites siliciclastic packs/grainstone. Measured bed thickness ranges from 0.85
to 1 m. Beds are largely massive but may have a nodular weathered appearance.
Lower bedding contacts are gradational over 5 to 10 cm. Upper bedding contacts are

sharp and non-erosional.
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Lithological description

Exposed surfaces of the Nummulites coralline algae siliciclastic packstone
facies weather to a pale brown-grey colour. Fresh surfaces are a blue-grey colour with
localised pink-grey patches. This facies is characterised by an abundance of
Nummulites (11 to 40 %) and coralline algae (5 to 25 %) (Figures 3.32a and b).
Nummulites tests up to 4 mm in diameter have a robust lenticular morphology. In
axial cross-section some Nummulites tests appear to have an enlarged (megalospheric)
proloculus (figure 3.32b). Nummulites tests occur intact and fragmented. Fragments
up to 1 mm are angular to abraded.

Coralline algae occur as fragmented thick, warty branches up to 6 mm
(Figure 3.32a), thin laminar crusts (Figure 3.32b), and small foralgal rhodoliths
(Figure 3.33). Thick branches demonstrate well-preserved internal structures and may
be bored by lithophagid bivalves (Figure 3.32a). Thin laminar coralline algae
fragments are up to 0.1 mm thick are abraded poorly preserved primary structures
(Figure 3.32b). Subspherical to elliptical rhodoliths with delicate, warty branches are
up to 5 cm in diameter. Rhodoliths may contain Gypsina and/or Fabiania
(Figure 3.33). Incorporation of foraminifera into rhodoliths has modified the
morphology, with stout branches developing on initially tight, concentric forms
(Figure 3.33c). Well-sorted, coarse sand-grade coralline algae peloids (0 to 7.5 %) are
present in this facies.

The Nummulites coralline algae siliciclastic packstone facies contains a
diverse benthic foraminifera assemblage that includes texturaliids (0 to 1 %), Gypsina
(0 to 13.5 %), Discocyclina (0 to S %), Amphistegina (0 to 2 %), Calcarina (0 to 5 %)
and miliolids (0 to 1.5 %). Encrusting foraminifera (Fabiania and Haddonia)
comprise up to 5 % of this facies. Discocyclina, Amphistegina and Calcarina are
always fragmented. Fragments up to | mm in length are angular to abraded.
Discocyclina tests demonstrate robust, lenticular morphologies. Miliolids are small (<
0.25 mm), typically fragmented and abraded. Subordinate bioclasts present in this
facies are echinoids (0 to 1.5 %), molluscs (0 to 1.5 %), brachiopod spines (< 0.5 %)
and bryozoa (0 to 3.5 %). In general, bioclasts are poorly sorted and show no
preferred orientation.

Micrite comprises up to 40 % of this facies. The total non-carbonate material

in this facies ranges from 15 to 26.5 wt. %. Siliciclastic grainsize ranges from clay to
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Figure 3.32a Photomicrograph (PPL) of the Nummulites coralline algae siliciclastic packstone facies. This
facies is characterized by the presence of thick, nodular coralline algae growths (i) and Nummulites (ii).
Coralline algae are often bored (arrowed). In this instance, the almond-shaped boring suggests a
lithophagid bivalve (sample LCA 31, log CA-3 bed 7). Scale bar=5 mm.

Figure 3.32b Photomicrograph (PPL) of the Nummulites coralline algae siliciclastic packstone facies.
Nummulites are often the megalospheric form (i), and occur in association with Gypsina (ii) and Haddonia

(iii). Coralline algae are also present as laminar crusts (iv). Sample LCA 31, log CA-3 bed 7). Scale bar=5
mm.
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“Microtopgraphy”

* f#""“\

Figure 3.33a Photomicrograph of the MNummulites coralline algae siliciclastic packstone facies.
Microspheric, lenticular Nummulites (i) are present in addition to megalospheric forms. Siliciclastic grains
(ii) are angular and well sorted. Sample LCA 88, log CA-7 bed 13 (top)). Scale bar=5 mm.

Figure 3.33b Interpretation of the foralgal rhodolith in a).
Figure 3.33c Stylized ‘encrustation history’ of the foralgal rhodolith. The initial warty coralline algae
branch was attached to a hard substrate, possibly a coral and became detached. The growth of encrusting

foraminfera (Fabiania and Gypsina) produced a small area of topography that provided a relatively stable
site for further crust development. These successive crusts developed into a stout branch.
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medium sand. Sand-grade siliciclastic grains identified are predominantly mono- and
polycrystalline quartz with lithics and orthoclase feldspar. Lithic grains are siltstone
and quartz-mica schist. The micas have commonly weathered to a yellow to rusty-
brown coloured clay observed in thin section. Siliciclastic grains are angular,

moderately well sorted and have a low sphericity (Figure 3.33a).

Diagenesis
Intragranular microspar is observed within foraminifera tests, and echinoid
spines commonly have well-developed syntaxial calcite overgrowths. Intergranular

areas are locally composed of neomorphic microspar (0 to 20.5 %).

Interpretation: depositional environment

The Nummulites coralline algae siliciclastic packstone facies contains a marine
faunal assemblage. Normal marine conditions are inferred from the abundance of
rotaline foraminifera (Nummulites, Amphistegina and Calcarina), and the diversity of
stenohaline biota (Murray 1991). Deposition within the photic zone is inferred from
the presence of symbiont-bearing larger foraminifera and coralline algae (Chaproniere
1975, Hottinger 1983, Hallock and Glenn 1985, 1986). The robust lenticular
morphology of Nummulites is indicative of moderate energy and intermediate to
shallow depths within their habitat range (Hottinger 1983, Hallock and Glenn 1985,
1986). It is suggested from the limited abrasion of Nummulites, and the well-
preserved nature of warty Mesophyllum branches, that they have undergone limited
transport and reworking prior to lithification

An agitated marine environment is deduced from abraded bioclasts, foralgal
rhodoliths and thick, warty coralline algae branches (Bosence 1983, 1985, Reid and
Maclntyre 1988, Minnery et al. 1985, Minnery 1990). It is suggested that thin,
laminar coralline algae fragments and larger encrusﬁng foraminifera floating in the
matrix (i.e. Fabiania, Haddonia and Gypsina) are derived from fragmented rhodoliths
(Minnery et al. 1985, Minnery 1990).

A siliciclastic input is inferred form the significant non-carbonate component
of this facies. It is postulated that unstable substrates, related to constant input of
siliciclastics and the moderate-energy hydrodynamic regime, inhibited the
colonisation of this environment by large sessile calcareous benthic organisms such as

corals. The presence of sea grass in this facies is inferred from the modest abundance
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of Amphistegina, Calcarina and miliolids (Chaproniere 1975, Murray 1991,
Hohenegger et al. 1999, Geel 2000). These foraminifera are preserved fragmented and
abraded and have undergone reworking prior to lithification. Sea grasses may also
have provided a substrate for coralline algae (Carbone et al. 1994), and may have
acted as a baffle, trapping suspended sediment.

In summary, the Nummulites coralline algae siliciclastic packstone facies
formed within an agitated, shallow marine environment within the shallow to
intermediate depths of the photic zone, and with a high siliciclastic input and unstable
substrates. This facies has similarities with the Nummulite-algal Packstone facies of

Sayer (1995), which is interpreted as debris locally derived from a shallow shoal area.

3.3.2.5 Coralgal foraminifera siliciclastic float/rudstone

Lithologies: Coralgal foraminifera siliciclastic float/rudstone

Occurrence and bed characteristics

The coralgal foraminifera siliciclastic float/rudstone facies is identified in
carbonate interval 5 (Figure 3.9). This facies is a massive unit with a local nodular
weathered texture. Nodules are up to 10 ¢cm in length and may contain a coral colony.
Alignment of nodules is a remnant of bedding. Measured bed thickness is consistently

around 1.5 m. Upper and lower bedding contacts are sharp and non-erosional.

Lithological description

The exposed surface of this facies weathers to a light brown colour. Fresh
surfaces are a buff colour. The coralgal foraminifera siliciclastic float/rudstone facies
is characterised by sparsely distributed, in situ branching and foliaceous coral colonies
situated within a siliciclastic float/rudstone matrix. Porites and Actinacis colonies up
to 15 cm in height dominate corals. The total coral skeletal volume ranges from 10 to
15 %, and corals do not make up a framework.

The bioclastic float/rudstone matrix contains abundant coral (18.5 to 28.5 %),
coralline algae (2 to 5%) and foraminiferal debris (Figure 3.34a). Abraded coral
fragments up to 1 cm form the nuclei for foralgal rhodoliths (Figure 3.34b). Tightly

concentric, elliptical rhodoliths range from 0.5 to 5 cm in diameter. Rhodolith laminae
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up to 3 mm thick are composed of a combination of coralline algae, Haddonia and
acervulinids (Figure 3.34). The incorporation of foraminifera into the rhodoliths has
led to the development of stocky branches. Abraded thin, laminar coralline algae
fragments and medium to coarse grade coralline algae peloids (21 to 28.5 %) are
present.

Foraminifera present in this facies are miliolids (0.5 %), texturaliids (< 0.5 %),
Gypsina (0 to 2 %), Nummulites (2 %), Amphistegina (< 0.5 %) and Calcarina (< 0.5
%). Large encrusting foraminfera (victoriellids, Haddonia and Fabiania) comprise 1.5
to 3.5 % of this facies. Miliolids are abraded with reddened tests. Lenticular, slightly
flattened Nummulites tests up to 3 mm and Amphistegina tests up to 0.5 mm are
preserved intact but slightly abraded. Calcarina tests are up to around 2 mm.
Subordinate biota present in this facies are echinoids (0.5 to 2 %), brachiopod spines
(< 0.5 %), Cerithium gastropods (1 %), bivalves (< 0.5 %), bryozoa (0.5 %) and
sponge spicules (< 0.5%).

Micrite comprises 2 to 7 % of this facies. The total siliciclastic content of this
facies ranges from 22 to 23.5 wt. %. Siliciclastic grainsize ranges from clay (up to
9 %) to coarse sand (up to 14.5 %). Siliciclastic grains are mono- and polycrystalline
quartz (< 8.5 %), lithics (< 6 %) and minor orthoclase feldspar (< 0.5 %). Lithic
grains are micaceous siltstones. The micas have commonly weathered to rusty brown
coloured clay and orthoclase feldspar grains have a dusky, altered appearance. Sand-
grade siliciclastic grains are angular, moderately well sorted with low sphericity
(Figures 3.34a and b).

Diagenesis

Coral and molluscan fragments have been dissolved out and the resultant
mouldic pores have been occluded with drusy calcite cement (Figure 3.34a).
Intragranular microspar cements occur within foraminifera tests and echinoid spines
have syntaxial calcite cements. Red-brown clays occur concentrated along dissolution
seams. The originally micritic matrix has locally recrystallised into microspar
(Figure 3.34a).

Interpretation: depositional environment
The coralgal foraminifera siliciclastic float/rudstone facies contains a marine

faunal assemblage. Normal open marine conditions are inferred from the diversity of
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Figure 3.34a Photomicrograph (PPL) of the coralgal foraminifera siliciclastic float/rudstone facies. This
facies is characterized by an abundance of corals (i) and coralline algae (ii) with abundant angular
siliciclastic grains (iii) in the neomorphic microspar matrix. Note that corals are composed of a replacive
drusy calcite spar cement (sample LCA 74, log CA-8). Scale bar=5 mm.

TR B NNk 2 —
Figure 3.34b Photomicrograph (PPL) of the coralgal foraminifera siliciclastic float/rudstone facies.
Rhodoliths are nucleated on coral fragments (i), and demonstrate thick, laminar coralline algae crusts (ii)
with additional Haddonia (iii) and acervulinid crusts (iv) that have developed into short, stout branches.
(sample LCA 43b, log CA-4a). Scale bar=2 mm.
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stenohaline biota (Blondeau 1972, Chaproniere 1975, Murray 1991). Deposition
within the photic zone is interpreted from the presence of symbiont-bearing larger
foraminifera such as Calcarina, Amphistegina and Nummulites, and the presence of in
situ coral colonies (Hottinger 1983, Hallock and Glenn 1985, Murray 1991,
Hohenegger et al. 1999).

The significant percentage of non-carbonate material within samples of this
facies indicates that this environment experienced a significant siliciclastic input. It is
postulated from the presence of cryptic fauna (e.g. Haddonia) that corals were
growing suprastratally, although there is no evidence to suggest the corals made up a
framework. Colonies that stand proud of the sediment can influence the
hydrodynamic conditions in their immediate vicinity, effectively trapping suspended
sediment (Insalaco 1998). It is suggested that the significant percentage of fine-
grained material is attributed to a combination of baffling by corals and/or low-energy
conditions at times.

Although most biota are fragmented, minor abrasion indicates limited
trénspon and reworking. The lenticular, robust morphologies of Amphistegina and
Nummulites are characteristic of the shallower parts of their depth range in agitated
waters (Leutenegger 1984, Hallock and Glenn 1985, Hallock 1988). Additionally, the
presence of tight concentric rhodoliths (Bosence 1983a, 1983b, Minnery et al. 1985,
Minnery 1990) and an abundance of Gypsina, Calcarina and miliolids may also be
characteristic of shallow, agitated conditions (Chaproniere 1975, Reid and
Maclntyre 1988, Hallock 1998, Murray 1991).

It is concluded that this environment experienced variable hydrodynamic
conditions, with fragmentation of fauna during high-energy incursions. High-energy
periods are associated with coarse siliciclastic input. Coarse siliciclastic input and
unstable substrates may have inhibited widespread colonisation of this environment
by corals.

In summary, the coralgal foraminifera siliciclastic float/rudstone facies is
interpreted to represent patchy coral development within a periodically agitated, open
marine environment experiencing a significant siliciclastic input. This facies was
deposited in a similar environment to the coralgal foraminifera float/rudstone (see

Section 3.3.1.6), but experienced a more significant siliciclastic input.
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3.3.3 Bioclastic siliciclastic-dominated facies group

Facies included in this grouping are predominantly siliciclastic in composition,
although they may contain a significant carbonate component as a combination of
bioclasts, cement and detrital carbonate grains. The dominant texture is sandstone,
and grains are well-sorted, sub-angular and sub-spherical. Biota are dominated by
benthic foraminifera including Gypsina, Nummulites and Amphistegina, with

molluscs, brachiopods, echinoids and serpulids (Table 3.1).

3.3.3.1 Gypsina calcarenite
Lithologies: Gypsina calcarenite

Gypsina siliciclastic pack/wackestone

Occurrence and Bed Characteristics

The Gypsina calcarenite facies is encountered in the upper part of the Calders
succession between carbonate intervals 5 and 6 (Figure 3.9). This facies occurs as
planar cross-stratified beds that may be traced laterally for over 1 km. Set height is up
to 5 m, and foresets dip consistently towards the north. Measured bed thickness
ranges from 1 m to 2.5 m, and beds can be traced laterally for at least 1 km. Upper
and lower bedding contacts are sharp and non-erosional. Bioturbation includes

vertical and horizontal Skolithos and Ophiomorhpa-type burrows.

Lithological description

The weathered surface of the foraminifera litharenite facies ranges from buff
to dark grey in colour. The total non-carbonate content of this facies ranges from 35.4
to 69 wt. %. Non-carbonate grains range from clay to coarse sand grade (Figure
3.35a). Maximum siliciclastic grainsize is 0.5 mm. Coarse grains are angular and
moderately well-sorted (Figures 3.35a and b). Siliciclastic grains are predominantly
mono- and polycrystalline quartz (up to 20.5 %), lithic grains (8.5 to 15 %) with
orthoclase feldspar (up to 4 %) (Figure 3.35b). Lithic grains are siltstones and quartz-
mica schist. The micas have commonly weathered to a yellow to rusty-brown
coloured clay observed in thin section and orthoclase feldspar grains have a brown
altered appearance (Figure 3.35b).

Carbonate material comprises up to 64 % of this facies as a combination of

bioclasts, detrital calcite grains, cement and micrite matrix. Micrite comprises up to
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28.5 % of this facies. This facies has a moderately diverse foraminifera assemblage
dominated by Gypsina (up to 21 %) with Rotorbinella (0 to 7.5 %), Amphistegina (0
to 1.5 %), Fabiania (up to 3 %), Calcarina (< 0.5 %), miliolids (0 to 1.5 %) and
Nummulites (0 to 3.5 %). Gypsina tests are rounded in thin section (Figure 3.35a).
Robust lenticular forms of Amphistegina and Nummulites tests are up to 0.8 mm and
are fragmented and abraded. Miliolids are small (less than 0.4 mm) and are abraded.
Fabiania tests up to 2 mm occur intact and as abraded fragments (Figure 3.35b).
Rotorbinella tests are always fragmented (Figure 3.35a).

Other biota present in this facies are coralline algae (0 to 11.5 %), peloids (1 to
7.5 %), echinoids (0 to 7.5 %), bryozoa (0 to 3.5 %), molluscs (0 to 2 %) and micritic
serpulid tubes (0 to 2.5 %) (Figures 3.35c¢ and d). Coralline algae are present as
abraded laminar fragments with poorly preserved internal structure. Peloids are very

well sorted and are interpreted as heavily abraded coralline algae fragments.

Diagenesis

Gypsina tests with a rounded morphology occasionally have thin micrite
envelopes (Figure 3.35b). Intragranular microspar cement is observed within
foraminifera tests and echinoid spines demonstrate well-developed syntaxial calcite
cements. Originally aragonitic molluscan fragments have been leached with the
resultant biomouldic pores completely occluded by clear, drusy calcite cement. Patchy

neomorphic microspar (5 to 10 %) is present in intergranular areas.

Interpretation: depositional environment

The Gypsina calcarenite facies contains a marine faunal assemblage.
Deposition is inferred to have taken place within the photic zone from the presence of
symbiont-bearing benthic foraminifera such as Amphistegina, Nummulites and
Calcarina although some transport and reworking of grains is deduced
(Leutenegger 1984, Hallock and Glenn 1985, 1986; Murray 1991, Hohenegger et al.
1999).

A moderate siliciclastic input, and consequent unstable substrates, is inferred
from the abundance of siliciclastic material in this facies. The sand grade component
would have been transported as bedload with finer-grained material deposited from
suspension. Limited abrasion due to transport or reworking prior to deposition and

lithification is interpreted from the angular nature of the siliciclastic grains. Moderate-
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Figure 3.35 Photomicrographs (all PPL) of the Gypsina calcarenite facies. a) Gypsina tests (i) associated
with fragmented Rotorbinella (ii). Siliciclastic grains (iii) up to coarse sand-grade are well-sorted (sample
LCA 49, log CA-4 bed 23) Scale bar=2mm. b) Intact Fabiania (i) test. Gypsina tests (ii) show incipient
micrite envelopes. Orthoclase feldspar (iii) is identified through its brown colour in thin section (sample
LCA 47, log CA-4a bed 21). ¢) Echinoids (i) and bryozoa are present in this facies (sample LCA 993, log
CA-10 bed 6). Scale bar=1 mm. d) Intact serpulid tube, interpreted to have encrusted sea grass or
macroalgae (sample LCA 49, log CA-4a bed 21). Scale bar=2mm.
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energy, agitated conditions are consistent with the presence of coralline algae peloids
(Wolf 1965, Friedmann et al. 1973).

The robust lenticular morphology of Amphistegina is indicative of the shallow
to intermediate part of its depth range in higher energy/agitated conditions
(Hottinger 1983, Hallock and Glenn 1985, 1986). The presence of sea grass is inferred
from the abundance of Gypsina, Amphistegina, Calcarina and miliolids (Chaproniere
1975, Ghose 1977, Parsons-Hubbard er al. 1998, Hohenegger et al. 1999, Walker
2001). It is postulated that the baffling effect of sea grass may have trapped suspended
sediment. The foraminifera assemblage characteristic of this facies contains
foraminifera that often have an epiphytic lifestyle. It is suggested that foraminifera
that were able to adapt an epiphytic lifestyle had an advantage in this environment as
siliciclastic input and unstable substrates would have inhibited colonisation by most
calcareous benthic organisms. Strictly benthic foraminifera (i.e. Nummulites) are
relatively rare.

In summary, it is interpreted that the Gypsina calcarenite facies represents
deposition in a siliciclastic-dominated, agitated, shallow marine environment with
unstable substrates. The Gypsina calcarenite facies is comparable to the back-reef
platform sediments of the Miocene Ziqlag Formation, Israel (Buchbinder 1977) and
the Quartzitic Grainstone facies of Sayer (1995). Comparable foraminifera
associations are identified in sandstones of Eocene outcrops in the northern Vic Basin
(Alvarez et al., 1995; Franqués-Faixa 1996). These sediments have been interpreted to

represent a back-reef and/or lagoonal depositional setting.

3.3.3.2 Nummulites arenite

Lithologies: Nummulites arenite

Occurrence and bed characteristics

The Nummulites arenite facies is only encountered underlying the first
carbonate interval (Figure 3.9). Measured bed thickness ranges from 1.15 m to
1.65 m, and can be traced laterally over 500 m. Upper and lower bedding contacts are
gradational. Bioturbation is evident in the form of slight blue mottling of fresh

surfaces of this facies.
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Lithological description

The surface of the Nummulites arenite facies weathers to a reddish-brown
colour. Fresh surfaces are a light brown to buff colour. This facies is composed of
well-sorted, angular to sub-rounded monocrystalline quartz (25.5 to 40 %), lithic (2.5
to 5 %) and orthoclase feldspar (up to 1 %) grains situated within a neomorphic
microspar matrix (Figure 3.36). Maximum siliciclastic grainsize is 1.75 mm. Mean
siliciclastic grainsize is 0.5 mm. Lithic grains are siltstone and quartz-mica schist. The
micas have commonly weathered to rusty-brown coloured clay observed in thin

section. Orthoclase feldspar grains have a brown, altered appearance in thin section.

The Nummulites arenite facies contains a low diversity foraminifera
assemblage dominated by intermediate lenticular forms of Nummulites (2.5 to 4 %)
with Gypsina (1.5 %) and miliolids (0.5 %) (Figure 3.36). Nummulites test size
ranges from 0.5 mm to 4 mm. Tests are typically fragmented and fragments are
abraded. Laminar Gypsina tests up to 3 mm in length are fragmented and abraded
(Figure 3.36). Miliolids are abraded with slightly reddened tests. Subordinate
bioclasts within the Nummulites arenite facies are fragmented echinoid spines
(< 0.5 %), bryozoa (< 0.5 %) and brachiopod spines (< 0.5 %). Fragmented bioclasts

are angular and poorly sorted.

Diagenesis

The originally micritic matrix of the Nummulites arenite facies has
recrystallised into microspar (Figure 3.28). Intragranular calcite cement is observed
within foraminifera chambers and echinoid spines show poorly developed syntaxial

calcite overgrowth cements.

Interpretation: depositional environment

The Nummulites arenite facies contains a marine faunal assemblage.
Deposition in a shallow marine environment within the photic zone is inferred from
the modest abundance of Nummulites (Ghose 1977, Hallock and Glenn 1986,
Hallock 1988). The intermediate, lenticular morphology of Nummulites is indicative
of the shallow to intermediate part of its habitat range in moderate energy conditions
(Hallock and Glenn 1985, 1986). It is suggested from the fragmented and slightly
abraded nature of foraminifera that they have undergone in situ reworking. Water

agitation was probably sufficient to remove smaller bioclasts.
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Rapid deposition prior to reworking and abrasion is inferred from the angular
nature of grains. It is postulated that high siliciclastic sedimentation rates and/or
unstable substrate inhibited colonisation of the sediment by calcareous benthic
organisms. This is supported by the scarcity of fauna in this facies. Varable
depositional energies are inferred from the locally present micrite matrix (that has
transformed into neomorphic spar). It is suggested that Nummulites colonized this

environment during relative quiet periods.

In summary, the Nummulites arenite facies formed within a shallow marine,
siliciclastic shelf setting characterised by unstable substrates. Similar poorly
fossiliferous facies are described from the Nummulitique (Sayer 1995). These

sediments are interpreted as shallow marine offshore sand shoals and bars.

3.3.3.3 Bioclastic siltstone
Lithologies: Bioclastic mudstone

Bioclastic muddy litharenitic siltstone

Occurrence and bed characteristics

The bioclastic siltstone facies is only encountered within carbonate interval 5
(Figure 3.9). Measured bed thickness is 0.4 m, although the lateral extent cannot be
determined due to poor exposure. Upper and lower bedding contacts are sharp and

non-erosional.

Lithological description

Exposed surfaces of the bioclastic siltstone facies weather to a buff colour.
Fresh surfaces are a grey-brown colour with blue-grey patches. This facies contains
clay to silt-grade siliciclastic grains floating within a muddy matrix (Figure 3.37).
Siliciclastic grains are mono- and polycrystalline quartz (5 %) with lithics (0.5 %) and
orthoclase feldspar (0.5 %). Lithic grains are micaceous siltstones. The micas have
commonly weathered to rusty brown clay. Grains are angular with a low sphericity,
and are very well sorted. The matrix of the bioclastic siltstone facies is a homogenous
dark brown colour in thin section. The matrix is composed of micrite (up to 47.5 %)
and non-carbonate clay (up to 40 %).

Poorly sorted bioclasts constitute a relatively minor percentage of this facies,

and include intermediate Nummulites (up to 2 %) and robust, lenticular Amphistegina
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(0.5 %). Nummulites tests up to 4 mm in diameter are preserved intact and slightly
abraded (Figure 3.37). Other bioclasts found in this facies are Gypsina (0.5 %), corals
(0.5 %), echinoid spines (1 %), bivalves (2 %) and coralline algae (0.5 %). Delicate
bivalves are preserved articulated. Coralline algae fragments are highly abraded, and
little internal structure is preserved. Bioclasts may be concentrated within small

Skolithos-type vertical burrows (Figure 3.37).

Diagenesis

Intragranular microspar cements are observed within foraminifera tests, and
originally aragonitic bioclasts have been leached with the mouldic pores completely
cemented with calcite spar. Patchy recrystallisation of the originally micritic matrix

into microspar (2 %) is also evident.

Interpretation: depositional environment

The bioclastic siltstone facies contains a marine faunal assemblage. Normal
marine conditions are inferred from the stenohaline biota (Chaproniere 1975, Hallock
and Glenn 1986, Murray 1991, Geel 2000). Low-energy conditions are inferred from
the fine-grained nature of this facies. It is interpreted that clay to silt-grade siliciclastic
material was deposited from suspension. Limited transport and abrasion prior to
deposition and lithification is inferred from the angular nature of siliciclastic grains.

Deposition within the photic zone is inferred from the presence of Nummulites
and Amphistegina (Leutenegger 1984, Hallock and Glenn 1985, Murray 1991). The
intermediate morphology of Nummulites and Amphistegina is indicative of the
intermediate part of their habitat range within moderate energy conditions (Hottinger
1983, Hallock and Glenn 1985, 1986). It is postulated that abraded bioclasts and
foraminifera tests have been washed-in from a relatively higher energy environment.

In summary, the bioclastic siltstone facies accumulated in an open marine, low
energy setting with a moderate siliciclastic and bioclastic input from high-energy
parts of the shelf. This facies has affinities with the Foraminiferal Mudstone facies of
Sayer (1995). These sediments were deposited within a very low-energy, offshore

environment unaffected by shallow marine currents.
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Figure 3.36 Photomicrograph of the Nummulites arenite facies. This facies contains large, lenticular
Nummulites (i) and laminar Gypsina (ii) tests. Highly abraded coralline algae fragments (iii) are also
present (sample LCA 17, log CA-2 bed 1). Scale bar=1 mm

coralline algae (ii) and echinoid spines (iii) occur aligned in burrows (sample LCA 46, log CA-4a). Scale
bar=2 mm.
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3.3.4 Siliciclastic-dominated facies group

Facies included in this grouping are predominantly siliciclastic in composition,
although they may contain a moderate carbonate component as a combination of
cement and detrital carbonate grains. The dominant texture is sandstone, and grains
are well to poorly sorted, sub-angular and sub-spherical. This facies grouping differs
from the bioclastic siliciclastic-dominated facies group in that bioclasts are very rare,

although bioturbation is typically evident (Table 3.1).

3.3.4.1 Cross-stratified calcarenite

Lithologies: Calcarenite
Muddy calcarenite
Calcarenitic siltstone

Interbedded calcareous litharenitic silt and sandstone

Occurrence and bed characteristics

This facies occurs throughout the succession (Figure 3.9). Measured bed
thickness ranges from less than 10 cm to 3 m. Beds of the cross-stratified calcarenite
facies have a planar to low-angle sigmoidal morphology, and are characterised by
metre-scale cross-stratification (Figures 3.38a and b). Foresets and topsets are
preserved, with set height ranging from 1 to 5 m (Figures 3.38a and c). Cross-sets
show clear progradational morphology, with foresets dipping 15° to 35° towards the
north. Upper and lower bed contacts are typically sharp and non-erosional. The upper
contact with the lenticular polymict conglomerate facies is always erosional (Figure
3.39a).

Swaley cross stratification is observed in some localities (Figure 3.39a).
Symmetrical ripple lamination is superimposed on swaly cross-beds. Small channel
structures are observed in the cross-stratified calcarenite facies (Figure 3.38¢).
Channels have an erosional base, and channel in-fills include lateral accretion
surfaces. Siltstone and shale interbeds, up to 10 cm in thickness, comprise up to 10 %
of this facies (Figure 3.38c). Vertical Skolithos and Ophiomorpha-type burrows are

present locally. Burrows do not cross upper bedding contacts.
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Lithological description

Fresh surfaces of this facies are a pale-brown to buff colour. Weathered
surfaces are a dark brown colour. Grains are angular, well sorted and subspherical
(Figures 3.39b and c). Grainsize ranges from clay to coarse sand. Siliciclastic grains
identified are monocrystalline strained and unstrained quartz (20 to 46 %), lithics (5 to
45.5 %), feldspar 0.5 to 2.5 %) and muscovite mica (up to 2 %). Lithic grains are
siltstones, quartz-mica schist and compacted clay grains (Figure 3.39c). Micas
commonly have a ‘rotted’ appearance, and are altered to a yellow to rusty-brown
coloured clay. Detrital carbonate (calcite and dolomite) comprises 2 to 30 % of grains.
Calcite grains and dolomite rhombs are interpreted to be reworked cements. Dolomite
is only abundant in sample LCA 229 (log CA-15 bed 10) (Figure 3.39¢). The matrix
of this facies is composed of a combination of micrite (6 to 20 %) and non-carbonate
clays (1.5 to 30 %).

The cross-stratified calcarenite facies is largely unfossiliferous. Large irregular
echinoids up to 8 cm are preserved intact (log CA-4a, bed17). In addition, Cerithium
gastropods up to 45 cm in length are abundant in one horizon (log CA-5, bed 7).
Subordinate biota present are fragmented echinoid spines (0 to 1.5 %), Gypsina (0 to
2 %), miliolids (0 to 1 %) and coralline algae peloids (0 to 5 %). Bioclasts are highly
abraded.

Diagenesis
Intergranular areas have been cemented with equant caicite spar (up to 40 %).
Originally aragonitic biota have been leached, although biomouldic macropores have

not been occluded. Echinoid spines may show syntaxial calcite overgrowth cements.

Interpretation: depositional environment

Deposition of this facies in a marine environment is concluded from the
marine biota and presence of symmetrical ripple lamination. Metre-scale cross-
stratified beds are interpreted as subaqueous dunes (Reading 1996). Deposition at
depths above fair weather wave base with a strong current influence is interpreted
from the presence of dunes. It is postulated that mudstone and shale interbeds were
deposited either during relatively low-energy periods or in inter-dune areas. Periodic
deposition between storm and fair weather wave base in the offshore transition zone is

concluded from the presence of swaley cross-stratification (Reading 1996).
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