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Summary

Combined outcrop and forward modelling studies have been used to
test and develop the current classification scheme for carbonate platforms.
End member platform types of ramp and flat-topped platform (FTP) are
typically defined by their depositional gradient. However, many examples exist
that do not conform to this simple classification. To investigate why this is and
to better understand likely controls on platform development a series of 2D
numerical forward models have been run to investigate how sediment
production, transport and other controls such as tectonic subsidence,
antecedent topography, and relative sea-level oscillation interact to determine
platform geometry.

The modelling results suggest that rates of offshore sediment transport
relative to rates of autochthonous production are a critical factor in
maintaining a ramp profile in stable cratonic settings under a constant rate of
relative sea-level rise. Type of carbonate production profile, for example
euphotic versus oligophotic, is not a significant control in the model cases.
Both euphotic and oligophotic production profiles produce FTPs when
sediment transport rates are low relative to production rates, and ramps when
sediment transport rates are relatively high. These results suggest a
continuum of platform types, ranging from transport-dominated, low-gradient
systems at one end of the spectrum, to in-situ accumulation dominated
systems at the other.

Time evolution is also likely to be an important control on platform
development. Initially low gradient systems will, in the absence of sufficiently
high sediment transport rates, tend to evolve towards a high-gradient flat-
topped steep-margined platform. Many observed or inferred platform
geometries are therefore likely to be transient forms, and this could
complicate interpretation.

Forward models investigating how basin bathymetry and style of
subsidence control platform geometry suggest that in transport dominated
systems strata simply drape the underlying topography, and that breaks of
slope and differential fault subsidence are a stronger control on platform
geometry for in-situ accumulation dominated systems. While rotational
subsidence tends to create low-gradient transport-dominated systems when
transport rates increase during rotation as topographic gradient increases and

transport rate outpaces in-situ production rate.
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Finally, forward models analysing the influence of relative sea-level
oscillations on platform development illustrate how high-amplitude glacio-
eustatic oscillations tend to move the locus of sediment production laterally
along any gradient present on the platform, distributing sediment
accumulation across the whole width of the platform, suppressing
progradation and steepening, and so favouring the development of low-
gradient ramp systems.

The forward modelling results suggest that carbonate platform
classification into ramp and flat-topped platform types can be useful, however
a more meaningful approach maybe to describe and predict platform strata in
terms of a multidimensional parameter space (MPS) containing a continuum
of geometries controlled by sediment production, sediment transport,
subsidence effects, and relative sea-level oscillations.

Synthetic seismic investigating this continuum of platform geometries
provides valuable information regarding potential hydrocarbon targets in these
carbonate systems. The tramline like seismic expression of the low-gradient
geometries precludes simple identification of reservoir prone facies. However,
the combined forward modelling and field studies suggest that the presence of
coarse, shallow water derived material in outer ramp wackestone/packstone
beds may present previously overlooked prospective targets in the distal
sections of these low angle carbonate geometries. High resolution seismic
specifically targeting these areas may therefore prove beneficial in future
assessments of a carbonate systems reservoir potential.

Outcrop and laboratory analysis of the South Wales carbonate ramp
validated the model hypothesis that a high rate of sediment transport is likely
a dominant control on the development of a low gradient carbonate geometry.
Several other ramp examples are also shown to portray diagnostic features
similar to the South Wales ramp example, implying significant magnitudes of
sediment transport in each case and further supporting the hypothesis that

ramps are transport-dominated systems.
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Chapter 1: INTRODUCTION

11  RATIONALE

The rationale of this study was to use numerical forward modelling
along with outcrop studies to gain a greater understanding for the controlling
parameters and seismic character of carbonate ramp systems.

Despite their abundance and undoubted economic importance
carbonate ramps have been the subject of surprisingly little focussed study
and are still commonly misinterpreted and poorly understood. In general
carbonate depositional systems are typically classified as one of a number of
different platform types dependent on their large-scale geometry. This
classification is important because many predictive elements of facies and
sequence stratigraphic models vary between the different types.
Unfortunately, as with many Earth surface systems, these definitions of
carbonate depositional type are often difficult to apply because they are
essentially simple geomorphic terms used to categorize potentially
complicated ancient strata.

Of the several fundamental problems surrounding our understanding of
the carbonate ramp system none are more poorly constrained than the
controlling parameters on their development. Despite significant study of
outcrop and subsurface examples there are limits to the insight that
stratigraphy and sedimentary successions can provide regarding depositional
conditions, and while the study of modern analogues can be informative
neither method is perfect in enhancing our knowledge of the controls on these
ancient environments. Numerical forward modelling provides a tool with which
the controlling parameters of carbonate deposition in ancient environments
can be evaluated in terms of their potential to produce recognisably equivalent
sections to modern outcrop and subsurface examples.

A further problem is the lack of unique seismic character commonly
portrayed by carbonate ramp systems, with successions typically appearing
featureless and too thin for sequence geometries to be seen. Additional
complications arise in the misinterpretation of slope breaks and platform
margins in highly compressed seismic and many examples may simply be
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missed all together due to the likely transitional nature of these systems into
flat topped platforms.

The importance of these academic issues should not be under-
estimated. Important hydrocarbon reservoirs within carbonate ramp
successions exist globally and an enhanced knowledge of their controlling
parameters and seismic character will advance our appreciation of the
distribution of reservoir prone facies in carbonate ramp systems. This study
attempts to address the controls on the carbonate ramp system using a

forward modelling approach.

1.2 AIMS
The individual objectives of every chapter are listed at the start of each, in
addition to which three fundamental aims will be addressed throughout this

study:

1.) To provide a new conceptual model (including terminology) of
carbonate ramp development based on the combination of its
controlling parameters.

2.) To produce a multidimensional platform parameter space for the
prediction of carbonate platform development.

3.) To assess the seismic character and visibility of a range of carbonate

platform geometries.

1.3 STRUCTURE

This thesis is organised into eight chapters, each of which initiate by
outlining the aim of the chapter and conclude by summarizing the chapters’
key results and outcomes. This Chapter introduces the fundamental themes
and aims for the thesis, while Chapter two provides a review of our current
knowledge of the carbonate ramp system, including a definition, global
examples, our existing understanding surrounding their controls, seismic
character, and their hydrocarbon and economic importance.

Chapter 3 discusses the use of stratigraphic forward models in
understanding carbonate platform development, before introducing the ‘APE’
modelling method which is utilised throughout the thesis. Chapters 4 and 5
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present a series of forward models which employ this method. Chapter 4
discusses model results illustrating the control sediment production and
transport exert on carbonate platform geometry, while Chapter 5 investigates
how platform geometry is influenced by additional controlling parameters
including bathymetric variations, tectonic regimes and sea-level oscillations.
Chapter 5 concludes with the construction of a multidimensional parameter
space for carbonate platform development which summarizes and
incorporates the forward modelling results of Chapters 4 and 5.

Chapter 6 tests the validity of these forward modelling results by
means of an outcrop analysis of the Arundian aged South Wales carbonate
ramp, while the Chapter 7 investigates the seismic visibility of the modelled
geometries by creating and analysing a series of synthetic seismograms.

Chapter 8 is the final chapter and concludes the thesis by listing the
major results and outcomes of the work, the wider implications of these

results, and discussing the potential for future research.



Huw D. Williams Chapter 2

Chapter 2: THE CARBONATE RAMP SYSTEM - OUR
CURRENT UNDERSTANDING

At present a carbonate ramp is typically defined as a carbonate system
which has a very low gradient depositional slope (commonly less than 1°)
from a shallow-water shoreline or lagoon to a basin floor (Burchette and
Wright, 1992). A large proportion of carbonate successions in the geological
record were deposited on ramp like settings. However, in contrast to rimmed
shelves and isolated build-ups where the factors which have controlled their
development are by comparison, better understood, the controls on ramp
development have rarely been clearly identified. The ramp setting therefore
remains one of the more contentious carbonate platform types.

This chapter aims to review our current knowledge of the carbonate
ramp system, including current definitions, providing numerous global
examples, discussions about the existing understanding surrounding controls
on ramp development, an outline of their seismic character, and their major

hydrocarbon and economic importance.

2.1 The history of the carbonate ramp concept

Bishop's (1969) study of the Gulf of Mexico Smackover Formation and
Purser's (1973) investigation in to the Persian Gulf prompted a critical review
of the different types of carbonate platform and their accompanying facies
patterns. This landmark study was conducted by Ahr (1973), in which the
carbonate ramp concept was conceived. Ahr identified the key differences
between the models for shelf and ramp environments, stating that the ramp
mode! facies patterns are opposite to the shelf model in lateral relationships,
whereby in the ramp model, grainstones and packstones outcrop as the
landward facies and the sediments become muddy as you move seaward.
This was in contrast to the shelf model, in which a muddy landward facies
typical passes seaward into shelf-margin grainstones and boundstones. Ahr
also noted the importance of the absence of continuous reefs, with patch

reefs more probable to be locally present on carbonate ramps.
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The carbonate ramp concept remained relatively unknown, probably
because of the limited circulation of the journal in which the definition was first
published. This was until Read (1982; 1985) made significant refinements to
the ramp concept by dividing it into two subdivisions on the basis of slope
gradient. The divisions were homoclinal and distally steepened ramps. Read
classified the homoclinal ramp as having a relatively uniform slope which
passes into basins with an absence of sediment gravity flow deposits or
slumps in deep-water facies. Furthermore he made initial attempts at
assigning a degree of slope to the surface, suggesting these relatively uniform
slopes would only change one to a few metres in gradient over a kilometre
(1982), and progressed (1985) to state that all ramps would generally have a
slope less than 1°. The homoclinal ramp was comparable with Ahr's original
ramp concept, however Read (1982; 1985) purposed a slightly different kind
of ramp morphology also existed in the form of a distally steepened ramp.
Read implied that such a ramp was in fact a transition between a ramp and
rimmed shelf environment due to it sharing facies characteristics from both.
He continued by stating that there was however a difference between the two
depositional settings in that unlike the shelf system the major break in slope in
a distally steepened ramp does not occur at the transition from wave-agitated
lime sands to subwave-base muds, but many kilometres seaward of this zone.

In Read’s 1985 study he also began to assess the relationship between
the two ramp types with respect to their controlling factors which lead to one
or the other being formed, these included sediment productivity, sediment
dispersal, climatic fluctuations, and tectonic controls. In addition he briefly
discussed ramp evolution, and stated the potential for a ramp to evolve into a
rimmed shelf if given enough time. As in Ahr’s initial paper (1973), Read also
states the importance of the ramp setting with regards to petroleum
exploration, notably their reservoir potential, and included examples such as
the oolitic ramp reservoirs of the Jurassic Smackover and the Jurassic Arab A

to D oolitic reservoirs of the Middle East.
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2.2 Carbonate ramp classification and facies

Numerous attempts at a further subdivision of the carbonate ramp
system have been made, with most classifications being based on the
location of two critical interfaces: fair weather wave base (FWWB) and storm
wave base (SWB). Using the Cambrian ramp in Virginia Markello and Read
(1981) made an early attempt at such a subdivision, defining three distinct
zones: peritidal platform, shallow ramp (located above FWWB), and deep
ramp (below FWWB). Similar schemes were adopted by Aigner (1984) to
describe the Triassic Upper Muschelkalk of Germany, Calvet and Tucker
(1988) to describe the Catalan Basin, and Buxton and Pedley (1989) in
reference to the Tertiary ramps of the Mediterranean.

In a synopsis of the ramp concept by Burchette and Wright (1992)
these critical interfaces were once again invoked, which combined with
recognition that ramps are morphologically and hydrodynamically similar to
siliciclastic shelves a subdivision was devised (Fig. 2.1). The ramp was
separated into four subdivisions: Inner ramp — the zone above FWWB, Mid
ramp — the zone between FWWB and SWB, Outer ramp — the zone from the
depth limit to which most storms influence to the basin plain, and the Basin.
This scheme has since become the standard for classifying ramp
subdivisions.

The typical facies associations found in carbonate ramps can also be
described with reference to the Burchette and Wright (1992) ramp
classification scheme. Carbonate ramp examples (Fig. 2.2) typically show the
following associations; inner ramp facies are commonly composed of
bioclastic or oolitic shoal, barrier, and back barrier sediments, with lagoonal
sediments consisting of a range of mud-, wacke-, or packstone lithologies.
Peritidal sediments are generally microbially laminated and any organic build
ups in the inner ramp setting tend to be biostromal. The Mid-ramp
environment is characterised by sediments deposited below FWWB and is
usually dominated by lime or terrigenous mud, with associated grain or
packstone sediments consisting of largely autochthonous bioclasts. While the
outer ramp is commonly composed of argillaceous carbonate and terrigenous

mud interbedded with event bed (packstone) deposits.



Chapter 2

Huw D. Williams

BYNgesS |
(ABUBIEPLL | 15 1eq/1ROYS |

‘9SBq SABM WLIOJS = GM\S ‘9SBq SABM Jayjeam Jie)
= GMM4 ‘[eraT eas ues|y = IS (z661) JUBUAA pue 8peyoing Jaye SuoISIAIpgns dwes [euljoowoy JO UONeolISSe|o ay] *| "z ainbiy

dIAVY A3NNI dAVY-AIN dNVY ¥31N0 NISvE

SEENE
IWeuns) ajey

I T

e

L-LELLLLL

" Bupuomal
| wioys Eo:ootc;

Bunjiomal

| wuo)s Juanbai4

ABisua jsaybiH |

\

ams

L LR L~ LR L)
T T T L L L L LTI LT T

IIII1 L L L P R R R R R Ll

aMM4
L~
\ IS
A . wy 001 - S0}

' uoobe | eas Jo uoneyibe |
IR PO

4

A\ 4




Chapter 2

Huw D. Williams

‘(£861) Joubiy ‘dwel pajeujwop-eoys UeIajiuiWIeIO)
obue| ‘Aeipa) (@ (€261) Juy ‘dwel pajeuiwop auojsuield (O *(G861) uojug pue apayaing pue (1861) eneying ‘duwes
pajeulwop-auojspunog [eje|aNsS (g (6861) Jobuizjois) ‘dwels pajeuIwop-8)i|0jewol)S 210Z018)0id U0 paseq saloe4 (y

"(Z661) WBuM pue aayoing woyy payips ‘sejdwexs dwel 8)euoqied 1o} SUOISSeooNs SaIoe) sAlejuasalday Z'Z ainbiy

W seuclSpNN w
A~
=) . s
1BINO ~ ¢v W
" = Bunpomal 3
=] spunow pnujeey ﬂ uuos asey 53 APy
= v
n“— 2
gm ARRERERREEN ml LA AR AR R R R R R ] ) m LR R R R R R R R R R R R R R R R R R T T T ) ~ “ IIIIII.I-l.l...l...'........l..%
—t = Buppomal f =
PIN 3 o] uuojs juenbaiy i
- E
m% LA AL R )] 4’“‘ LA AL R R R R R R R R R R ) l"||'| LR R R AR R R R R R L R R R R R R R R R R ) AL AL R R R R R R R R R R R R R R R R R T Y]
[y
(\7” Buppoma.
//// SABM JUBISUOD
Jauu| // sogjaIoyS
- uoobe| |leppgng — B
Mm — lepnued :
d 9) g




Huw D. Willlams Chapter 2

2.3 Controls on carbonate ramp development

The creation, development and lifespan of a carbonate ramp is the
result of a wide range of interacting controls. Among others these include the
tectonic setting in which the ramp is created, the subsidence regime, the rate
and type of carbonate production, the sediment dynamics of the system, and
the sea level history. Certain controls are more important in ramp
development than others but each is intrinsically important in the development
of a carbonate ramp environment. Similarly certain controls and their role in
the ramp setting are better understood and researched than others; the
subsequent sections briefly discuss the current level of knowledge on these
individual controls.

2.3.1 Carbonate productivity

An early study of the principal controls on carbonate ramp development
was conducted by Wright and Faulkner (1990). The rates and mechanisms of
both tectonic process, and eustatic sea level changes were becoming
increasingly understood, which had also therefore led to a greater
understanding with regards to the creation of space for sediment
accumulation. However, it was noted (Wright and Faulkner, 1990) that
sediment production is actually responsible for the sediment record and this
was far less understood than the other controls. Authors such as Schiager
(1981) and Kendall and Schlager (1981) stated that the rate of carbonate
production would typically be very high in shallow waters and much lower in
the deep. However, Wright and Faulkner (1990) pointed out that not all
ancient carbonate sequences are composed of very shallow water limestones
of platform affinity and many actually contain varied shallow-to-moderately
deep, offshore limestones formed on gently dipping slopes. They suggested
that ramp development would therefore be favoured in settings where
sedimentation was less strongly differentiated between production levels in
shallow and deep water, and would consequently have a different carbonate
productivity profile to that of the tropical system carbonate profile (i.e.
Bosscher and Schlager, 1993) which had been derived from modern case
studies. The production curve proposed by Wright and Faulkner (1990)
implied that shallow water carbonate production on ramps would be lower
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than that seen in modern reefal systems, and an elevated rate of production in
deeper water was probably present, therefore suggesting more widespread
carbonate production across the ramp system.

This idea of widespread carbonate productivity in ramp systems has
subsequently been addressed in the work of Luis Pomar (2001a; 2001b;
2004), based pfedominantly on the Lower Tortonian ramp of Menorca.
Pomar’'s approach at classifying the production across a ramp was by means
of an analysis of the representative biota. The variables analysed included the
type of sediment that was produced, the locus of sediment production, and
the hydraulic energy. From these three variants Pomar implied that three
carbonate-producing biota can then be distinguished (Fig. 2.3); (1) Euphotic in
shallow, wave agitated areas; (2) Oligophotic in deeper, commonly non-wave-
agitated areas; and (3) photo-independent biota in all water-depth ranges.
Pomar used these divisions to assign the representative biota to respective
platform types, be they rimmed or flat-topped platforms, and stated that
oligophotic gravel-producing biota, such as some larger foraminifera and red
algae are the most likely to generate distally steepened ramps, while mud-
dominated carbonate production, in either euphotic or oligophotic zones would
be likely to create a homoclinal ramp. Subsequently, Pomar (2004) suggested
that changes in these carbonate producing biota could actually result in
changes in the gross platform morphology, i.e. ramp to flat-topped platform
evolution. Examples of this process in which ramp to platform evolution is
ascribed to major changes in biota include the Lower to Middle Cambrian of
the Appalachians (Barnaby and Read, 1990) and the Triassic of Central
Europe (Torok, 1998). Pomar’'s genetic approach at classification may have
simplified the many possible scenarios of platform architecture; however it
was important in further emphasizing the potential for a varied carbonate-
productivity profile with carbonate production not limited solely to the shallow

waters.
In addition to the work of Pomar the role of the carbonate factory in

platform development has also been assessed by Schlager (2000; 2003). In
his re-analysis of the carbonate factory model Schlager proposed a new

10
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subdivision of the carbonate factory into three main types; tropical shallow
water, cool water, and mud-mound factory, and emphasized how the different
production rates and respective productivity profiles would produce very
different platform geometries in these three factories. This emphasis and
subdivision of the carbonate factory based on the influence of temperature
may however actually conceal a broader issue of the many other
environmental parameters which can affect carbonate production, including
salinity, light intensity, nutrient supply, localised temperature differences, and
thermal stratification. Several authors have documented the importance of
these other factors besides purely temperature in carbonate production (Mutti
and Bernoulli, 2003; Pomar et al., 2004; Wright, 1994). Studies such as these
suggest that a subdivision of the carbonate factory into three separate types
may not be satisfactory, but may more accurately be envisaged as a
continuum of carbonate factories which are part of a spatially and temporally
dynamic system, one which is capable of occurring at a range of depths,
depending on the environmental factors and the nature of the available biota
at a given time, a concept discussed in a study by Wright and Burgess (2005).

Most recently, in an attempt to assess the validity of this carbonate
factory continuum it has become apparent that there is a need to consider the
nature of the factory on a local scale. Studies by Yang et al. (2004) on the
Holocene of northern Belize and by Demicco and Hardie (2002) have
investigated this concept and have shown the complex nature of
sedimentation rates at the local scale, suggesting that shallow water areas
would most accurately be viewed as a system of facies mosaics. This concept
of facies mosaics was further discussed by Wright and Burgess (2005) during
which it was suggested that each element of the mosaic is likely to have its
own budget in terms of sediment gains, losses, transformations and
translocations. Unfortunately, at present we know little about such processes
and are some time off being able to quantify them.
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2.3.1.1. Carbonate productivity- The affects of early diagenetic

processes

An additional complication when assessing carbonate production in the
carbonate ramp setting are the affects of early diagenetic processes. The
previous section (2.3.1) examined the potential for variances in carbonate
production related to changes in the depth and location of the carbonate
factory, and hence the possibility of numerous depth-productivity profiles (e.g.
Bosscher and Schlager, 1993; Pomar, 2001a; 2001b). However, a study by
Wright and Cherns (2004) suggests that these variances within production
profiles may actually be due to early diagenetic processes, the likelihood
being that extensive dissolution of aragonite (and possibly high magnesian
caicite) takes place during very early burial, even in relatively shallow tropical
settings. If this is the case the established trends of diminishing carbonate
productivity with depth could, for some settings such as ramps, be in part an
artefact of selective, offshore dissolution more than simply due to reduced
benthic production. In such a situation to therefore refer to profiles as
‘production profiles’ would be misleading, and they would maybe be more
accurately described as net accumulation profiles, which have been affected
by dissolution of carbonates either produced in situ or transported to those
sites. Evidence for such processes have been shown (Cherns and Wright,
2000; Cherns et al., 2008) by massive skewing of the faunas through the
removal of diverse aragonite components in Silurian and early Jurassic ramp
successions. Hence, the possibility exists that what is now mud-grade
carbonate in low energy deposits may not represent original material
deposited from suspension but could actually represent transformed aragonite
from in situ production by the skeletal fauna. In addition, studies by Walter
and Bruton (1990) and Ku et al. (1999) have estimated that 50% of the annual
carbonate produced in the Florida Bay lagoons is lost by dissolution.

At present it is not clearly documented how widespread such
processes may be, although initial estimates would suggest it was possibly
very extensive. It would however seem apparent that it is of increasing
importance that we consider any effects of early diagenetic processes when
attempting to assign a carbonate productivity profile to a ramp environment.
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2.3.2 Organic influence

As important as the rate and location of carbonate production is
(section 2.3.1), the significance of the specific type of carbonate producer
should not be underestimated, as in all likelihood variations between
carbonate producers could be a major controlling factor in the development of
a carbonate ramp versus a flat-topped platform.

Carbonate ramps have developed throughout time but there are
geological periods when they have been the most prominent platform type.
Although the reasons for this are not clearly understood one explanation may
be that changes in the dominant type of shallow water carbonate producer
may control the development of platform architecture, whereby periods
dominated by frame-building organisms have the stiff, rigid components
required for the construction of a slope break on a flat-topped platform.
Conversely periods characterised by a lack of frame-building organisms
appear to have eliminated the ability of the carbonate system to develop steep
platform morphologies and favoured ramp development.

Burchette and Wright (1992) suggested that major extinctions,
oceanographic, or climatic factors may have been responsible for the
exclusion of these frame-building organisms during time periods of abundant
ramp development, with massive oolite production commonly occurring in
their place. A trend illustrated by the widespread oolite dominated ramp
examples of the Mississippian (e.g. Burchette et al., 1990, Al-Tawil et al.,
2005, Sivils, 2005) and Jurassic (eg. Cabaleri et al., 2003, Hanford and Baria,
2007, Kastner et al., 2008), both of which correspond to periods when
shallow-water framework reefs were globally absent or scarce. Furthermore
the appearance of more effective frame builders in the later Mississippian saw
a widespread transition to flat-topped platform morphologies (e.g. Cozar et al.,
2006, Graham and Sevastopulo, 2008).

A similar relationship between the dominant carbonate producer and
platform morphology can be seen in modern carbonate environments. The
low angle geometry and lack of a significant slope break in the Trucial Coast
ramp of the Arabian Gulf (Loiker and Steuber 2008) is to some extent likely
due to the scarcity of corals (a result of the high ambient salinity) and other
typical Late Cenozoic carbonate producers. Conversely the steep sided
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margins of the open marine flat-topped platforms of the Bahamas or the
Florida Shelf (Ginsburg et al., 2001) are characterised by rigid, framebuilding
corals.

2.3.3 Sediment dynamics

The importance of sediment dynamics in the carbonate ramp setting is
largely unevaluated. The earliest author to discuss the potential significance
of such a process was Aigner (1984), who pointed out that the dynamics of
ramp depositional systems make ramps extremely susceptible to the effects
of swell, waves and storms. He suggested that the stratification and overall
facies organisation of ramps are largely controlled by episodic high-energy
processes, which by analogy to the modern, are most likely storms.

The implication of longshore and storm-generated currents in
transporting sediment offshore from the inner to outer sections of the ramp
was once more iterated by Burchette and Wright (1992) in their synopsis of
the ramp system, during which they described these processes as ‘potentially
of major importance’. They continued in stating that detailed compositional
studies of mid and outer ramp sediments were clearly required.

The first such study was conducted by Aurell et al. (1998) on the
Kimmeridgian ramp from the Iberian Basin in northeast Spain. The
composition of sand-sized grains found in the proximal and distal tempestites
suggested that they had been produced in shallow ramp areas, while both the
muddy facies associated with tempestites in the mid ramp zone and the muds
and maris found in the outer ramp zone environment still contained quartz silt
and other fine-grained detrital particles, along with a small proportion of well-
preserved autochthonous skeletal grains. The presence of these continental-
derived grains within the muddy facies was viewed as evidence of offshore
transport, and Aurell et al. placed transport ranges as great as 10Km on these
individual grains. The two mechanisms attributed to this significant erosion
and resedimentation process were winter storm generated waves, and higher
amplitude waves, generated by occasional events such as hurricanes. If these
processes were responsible for the significant quantity of offshore transport in
the Kimmeridgian ramp it is likely they are not solely limited to activity within
this example but in all probability are a widespread processes which took
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place across a range if not all carbonate ramps. In addition it is also important
that lateral sediment transport is considered, as it is probable that processes
such as geostrophic flows parallel to the isobaths could also be responsible
for transporting considerable amounts of sediment (e.g. Hunter et al., 2007).

In contrast to studies such as Pomar's etc (refer to section 2.3.1)
whereby the type and location of the carbonate factory is invoked as the
dominant controlling parameter in the development of a carbonate ramp, the
work of Aurell et al. (1998), inclines towards the notion that erosion of shallow
water areas (these being the location of the dominant carbonate producing
factory) and resedimentation into deeper areas is in fact a major control on
the stratigraphic geometries and distribution of facies within the carbonate
ramp environment.

The quantification of the sediment dynamics in the carbonate ramp
setting is complicated by the potential for sediment production on each
subdivision of the carbonate ramp. Benthic production is likely to dominate the
shallow waters of the inner ramp, while pelagic sedimentation may take place
on the middle and in some instances (section 2.3.1) outer ramp sections. A
consequence of this potential for sediment production on each subdivision of
the ramp is that it becomes vital that we understand where the sediment
originated before we can assess where it may or may not have been
transported from, and by what process. '

2.3.4 Sequence stratigraphic controls on ramp development

The principle controls contributing to the initial growth of a carbonate
ramp are a combination of the parameters discussed throughout section 2.3.
However, it is probable that the most influential parameter on facies
development, and to some extent ramp geometry is the relative sea-level
history of the carbonate ramp. In contrast to the rapid flooding or exposure of
the platform surface in a rimmed shelf setting during a relative sea-level
change, the gentle depositional slope and absence of a slope break in the
carbonate ramp environment means the major exposure and flooding
surfaces are generally diachronous. A 1-2 metre fall in relative sea-level
would expose a significant portion of most flat-topped platforms (e.g. Great
Bahama Bank), but would have little effect on the character of a homoclinal
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ramp (e.g. Southern Arabian Gulf). Similarly a 10 metre fall in relative sea
level, the scale of many third-order cycles (Einsele et al., 1991), would likely
expose the entire platform interior in a rimmed platform environment, while the
same relative sea-level fall on a carbonate ramp would simply expose a 20-50
km tract of the former inner and mid ramp, with much of the mid and outer
ramp remaining in or entering a favourable environment for lowstand shallow-
water carbonate production. Therefore in comparison with carbonate flat-
topped platforms the sequence stratigraphy of carbonate ramps is less
complicated, whereby the somewhat simple geometry results in facies belts
moving up or down the ramp in response to long-term relative sea-level
changes.

The following paragraphs describe the response of depositional system
tracts in an idealised ramp sequence:

Transgressive system tracts (TST):

The response of the systems tracts in a carbonate ramp setting during
a transgressive phase varies according to the rate of sea-level rise when
compared to the sedimentation rate. In a ramp setting where sea-level rise is
much greater than the sedimentation rate, backstepping of the inner ramp will
take place and a new shoreline of barrier-lagoon or beach ridge will likely be
established. This facies jump will leave the former inner ramp sands drowned
on the new outer ramp, which in turn will be buried by pelagic or hemipelagic
muds, while much of the TST will be represented by condensed mid-outer
ramp facies. Aggradation will commonly take place at the new shoreline
before progradation during the HST. A sequence such as this is depicted in
the two Great Oolite sequences of the Middle Jurassic Wessex Basin (Wyatt
and Cave, 2002), where a thin, muddy TST is succeeded by a thick
prograding oolite HST.

In conditions where sea-level rise is only just greater than carbonate
sedimentation, retrogradation of the inner ramp sands will occur and the
stratal package will onlap the ramp. The parasequences of the TST will form a
parasequence set with a systematic upward change in character of the
parasequences at any one locality, with slightly deeper water facies occurring
in successive parasequences. An example of such a sequence is depicted in
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the High Tor Limestone of the Lower Carboniferous ramp of South Wales,
where a transgressive sheet grainstone is overlain by outer ramp mudrocks
which were deposited when the ramp shoreline migrated landwards in
response to a relative sea-level rise (Wright, 1986; Burchette et al., 1990).

Highstand systems tracts (HST):

In response to a HST, a ramp shoreline will likely undergo aggradation
followed by progradation as the stilistand is reached and sea-level begins to
fall. A lengthy phase of highstand deposition can lead to ramp carbonates
offlapping considerable distances, the stratal packages of which are
commonly seen in seismic as changing from oblique to sigmoidal in stratal
geometry due to the preferential progradation of the inner-ramp over the
outer-ramp facies. Numerous carbonate ramp examples exhibit well-
developed prograding HST grainstones, one of the better known being the
oolites of the Smackover Formation of the Gulf Coast rim (Hanford and Baria,
2007).

Lowstand systems tracts (LST):

There are no specific depositional environments created in relation to a
relative sea-level fall during a LST on a carbonate ramp. Insufficient gradient
on the ramp geometry is unlikely to generate slides, slumps, or rockfalls,
which in contrast would be expected features on a similar LST siliciclastic
shelf system (Van Wagoner et al., 1990). Generally there will be a basinward
shift in facies belts, with inner ramp facies developing at the new shoreline
over the previous mid-outer ramp setting, while exposure of the former inner-
ramp during the lowstand may subject the sediments to erosion, karstic
dissolution, calcretization, dolomitization or evaporite precipitation and

replacement, depending largely on the climate.

2.3.4.1 Greenhouse versus Icehouse carbonate ramp development

The aspects of sequence stratigraphy on an idealised ramp section
have been described in the previous paragraphs, however it is important to
understand that ramps that formed during differing global climatic conditions,
greenhouse, ice-house and transitional times are likely to have distinctive
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characteristics. The key differences of which may be presented by variations
in slope, component parasequence make-up, stacking patterns and
disconformitiy development.

An integrated field and modelling study by Read (1998) approached
some of the intrinsic differences seen in ramps formed at differing climatic
conditions. Read postulated that carbonate ramps formed during greenhouse
conditions likely developed under relatively small sea-level fluctuations, and
as a consequence were likely to develop relatively flat tops that almost
aggrade to sea level. In reference to ramps that formed under transitional
climate conditions Read (1998) proposed that these will have moderate
slopes, and consist of parasequences that are commonly a few metres thick,
grainstone dominated, and range from upward-coarsening in the outer ramp
to upward-fining in the inner ramp. While Ice-house ramps ascribed to
development during times of continental glaciation and therefore under large
sea-level changes are described as typically portraying relatively high
gradients on their tops resulting from the large fluctuation in water depth.

2.3.5 Tectonic setting

The uniform gently dipping geometry (commonly perceived to be less
than 1°; Ahr 1973, Read 1985) which defines the carbonate ramp setting is
likely a direct consequence of the initial bathymetry on which ramp
development/growth initiated. Therefore it is paramount that initial tectonic
conditions are suitable for the development of a carbonate ramp. Tectonic
controls understood to promote optimal ramp development are a slight
bathymetric gradient, and a relatively shallow basinal water depth (Burchette
and Wright, 1992). Basin subsidence rate is also a crucial process in
generating accommodation space for ramp development (e.g. Gilham and
Bristbw, 1998: Droste and Van Steenwinkel, 2004; and Contreras et al.,
2010). Such tectonic regimes are characteristically portrayed in passive
continental margins, and basins of extensional, compressional, and
intraplatform type (Fig. 2.4). Numerous ramp examples from each of these

settings are known.
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C

re 2.4. Cross sections of carbonate ramp locations attributed to differing tectonic settings. Diagram
fied after Burchette and Wright (1992). (A) Carbonate ramps forming within a passive margin
nic setting; 1 - ramps develop as prograding wedges over older post-rift sequences; 2 - Remnant rift
graphy maybe location for the development of mid and outer ramp isolated shoals and reefs: 3 -
p may depict a distally steepened character where it overlays the underlying shelf slope break. (B)
onate ramps forming within a extensional basin tectonic setting; 1 - ramps develop on the shallow
lopes of fault blocks. (C) Carbonate ramps forming within a foreland, compressional basin tectonic
1g; 1-ramps develop on the gentle slope of the margin of the depressed foreland.
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2.3.5.1 Passive continental margins

The passive continental margin tectonic regime is characterised by
large areas over the old rift shoulders with very gradual slopes, which
combined with the relatively uniform subsidence rates which decrease
exponentially as the margins mature, is favourable for the development of a
carbonate ramp (Fig. 2.4 A). The large extent of these margins can result in
ramps potentially hundreds of kilometres in width, while a lack of siliciclastic
input during the early development of the passive margin further promotes
widespread carbonate deposition.

Numerous examples of carbonate ramps which developed in such a
setting are known, notably much of the early Palaeozoic around the North
American craton (e.g. Ahr 1973; Read, 1989; Barnaby and Read, 1990), and
the Middle Cretaceous carbonate ramp of the northern Sinai (Bachmann and
Kuss, 1998) developed under such a tectonic setting. The Cretaceous strata
of the Sinai were formed along the northern rim of the passive continental
margin of northeast Africa, where sedimentation took place across a very
wide platform system which was influenced by major tectonic events during
the Mesozoic-Early Tertiary times, coeval with the opening and closure of the
Neotethys Ocean (Keeley, 1994).

2.3.5.2 Extensional basins

High subsidence rates combined with significant siliciclastic sediment
input typically inhibit the development of a carbonate ramp in an active
extensional basin (e.g. Perissoratis and Van Andel, 1991; Lachkar et al.,
2009). A consequence of this lack of shallow-dipping substrate is that ramps
which do develop in this tectonic setting are usually relatively small (a few
kilometres or tens of kilometres across). Therefore these ramps are typically
Iimitéd to development in transfer or fault tip-zones, where throws and
gradients are minimal (Burchette and Wright, 1992), or on the dip slopes of
tilted fault blocks where they prograde into the adjacent half-grabens (Fig. 2.4
B). Most ramps associated with extensional settings develop during quiescent
phases or in the post-rift stage when subsidence becomes largely flexural.

The Miocene deposits in the Gulf of Suez (Burchette, 1988) represent
one such example of a ramp developing in an extensional setting. The
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deposits were controlled by an extensional fault-block topography in which
they were deposited around the exposed block crests and in marginal half-
grabens. The Paleocene deposits of the Sirte Basin, Libya (Fiduk, 2009) also
represent a similar setting. Rifting of the Late Paleozoic age Sirt Arch
beginning in the Triassic led to its collapse in the Middle to Late Cretaceous,
forming the Sirte Basin (Anketell, 1996). The margins of the Sirte Basin
descend from the shoreline across a series of platforms, troughs, ridges and
slopes into deeper water. It is on these shallow, gently dipping surfaces that
carbonate deposition has taken place and the development of ramp like
carbonate geometries. These deposits are of significant economic importance
with the Sirte Basin petroleum provinence being ranked 13" in the world with
proven reserves of 43.1 billion barrels of oil equivalent (Alhbrandt, 2001).

2.3.5.3 Compressional basins

A low slope gradient and lack of subsidence commonly results in the
development of carbonate ramps (Fig. 2.4 C) as linear belts along the
peripheral bulge of marine foreland basins (Burchette and Wright, 1992). This
location in the compressional basin setting also experiences relatively low
rates of terrigenous siliciclastic input due to its separation by the foredeep
from the main siliciclastic source area in the thrust zone. Ramps developed
within this setting can be over a hundred kilometres across. The classic
modern example of a carbonate ramp formed within this tectonic regime is the
Arabian Gulf (Lokier and Steuber, 2008). Additionally ramps can also develop
in compressional back-arc basins where depositional gradients on the
cratonward side are gentle.

Numerous examples of carbonate ramps in the foreland basin setting
exist throughout the geological record including the Upper Ordovician Lourdes
Formation, Newfoundland, Canada (Batten Hender and Dix, 2008), the Lower
Mississippian Mission Canyon Formation, Montana and |daho (Reid and
Dorobek, 1993), the Upper Pennsylvanian Las Llacerias Formation, NW
Spain (Merino-Tome et al., 2009), and the Lower Eocene Sierra del Cadi of
the SE Pyrenees, Spain (Gilham and Bristow, 1998).
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2.3.5.4 Intraplatform basins

Intraplatform basins are a common feature within extensive, epeiric
carbonate platforms. Although no modern examples exist, epeiric carbonate
platforms were widespread in the past, particularly in the Middle East (Murris,
1980; Burchette, 1993; Van Buchem et al., 2002) where some of the world’s
largest hydrocarbon accumulations are to be found in carbonates deposited in
settings of this type. Epeiric platforms were vast entities, spanning hundreds
to thousands of kilometres across, covering millions of square kilometres, and
in the majority of cases developing on relatively stable cratonic interiors or on
wide, flooded continental shelves. Characteristically these extensive platforms
often portrayed one or in some examples a series of shallow depressions
within the boundaries of the platform. These shallow depressions are
commonly referred to as intraplatform basins.

The margins of these basins typically depict a gradual coarsening of
facies along the margin as it shallows progressively away from the basin
centre. The geometry of these basin margins can vary from flat-topped
platforms to both homoclinal and distally steepened ramps. These margins
commonly contain coarse grained facies of the shallow water shoals and
biostromes, which combined with their close proximity to potential source
prone strata in the restricted basin centre, results in this tectonic setting being
of considerable economic importance.

The margins of numerous intraplatform basins have been described as
displaying a carbonate ramp geometry, including the Mishrif Formation of the
Southern Arabian Gulf, which is commonly described as having a homoclinal
ramp geometry (Burchette, 1993). While the Natih Formation of Northern
Oman (Van Buchem et al., 2002), the Las Plias Formation of Northern Mexico
(Osleger et al., 2004), and the Southern Istria section of Croatia (Buckovic et
al., 2003), have all been described as distally steepened ramps on account of
the coarse grained, high angled clinoforms contained within each of the

formations.

2.4 Carbonate ramp seismic character
Field outcrops are rarely large enough to view major portions of ramp
depositional systems; therefore gross ramp geometries are predominantly
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50 Km 45 40 35 30 25 20 15 10 5 0

ure 2.6 . (A) Seismic profile of Paleocene and Eocene ramp like margins prograding into the Sirte Embayment Libya (Fiduk 2009).
aocene (Pal) interval depicts near horizontal reflectors, while clinoforms can be seen in the Southwest of the Eocene (EO) Strata.
2 clinoforms and steepening are a likely consequence of the underlying faulted topography and give the Eocene succession a
re distally steepened ramp like geometry. (B) Seismic profiles of Eocene successions on the margins of the extensional Sirte
sin, Libya ( Shell E&P, 2008). A homoclinal ramp geometry is illustrated by the lower of the highlighted intervals (Gir Fm), depicted
its near horizontal like strata. Underlying fault control is the probable cause for the development of a steepened margin in the
zrlying (Gialo) formation, illustrating a more distally steepened like geometry.
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only observable on regional seismic lines. Good-quality seismic data is
essential for the effective analysis of ramp geometry however many ramps
are extensive, featureless and too “thin” for sequence geometries to be seen.
Examples where geometries can be determined from seismic lines are
typically sheet or lens-like, up to several hundred meters thick and tens to
hundreds of kilometres across, thinning gently towards both the basin centre
and basin margin (Burchette and Wright, 1992).

Carbonate ramps have no unique seismic characters, and are
commonly referred to as portraying ‘tram-line’ like seismic (Fig. 2.5, 2.6).
Inner-ramp seismic reflectors tend to be parallel, relatively continuous and
regular, as are outer ramp reflectors which may diverge slightly towards the
basin margin. The outer ramp to basinal sections generally consist of parallel,
continuous character or may be a seismically unresolvable condensed section
(Burchette and Wright, 1992). Thicker sections of the ramp may display low-
angle, gently sigmoidal or shingled clinoforms (Fig. 2.5 C, 2.6 A) with distinct
toplap and little resolvable topset, as illustrated in many intraplatform basin
examples, e.g. The Natih (Van Buchem et al., 2002) and Smackover
(Handford and Baria, 2007) Formations. These clinoform geometries are
commonly misinterpreted as parallel or subparallel continuous reflectors
unless these subtle geometries are viewed on highly vertically exaggerated
data sets. Finally mid or outer ramps areas of reflection free, mounded, or
chaotic character are commonly associated with basement or salt highs and
indicate the probable presence of discrete organic buildups or grainstone

shoals.

2.5 The hydrocarbon and economic importance of carbonate ramps
Large isolated buildups and carbonate rimmed shelves have
tradifionally been key petroleum exploration targets, however carbonate
ramps also form major reservoir zones. They offer different, commonly more
subtle play types than many rimmed platforms, with wide opportunities for
stratigraphic and structural trapping and lateral variations in reservoir quality.
The reservoir potential in low-energy ramps is low unless outer ramp buildups
develop or they lie in situations where the timing of diagenesis in relation to
petroleum migration has been particularly favourable. Conversely high-energy
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ramps have significant reservoir potential, the location of which are
predominately found in either organic buildups or carbonate sandbodies.

Petroleum reservoirs located within organic buildups on carbonate
ramps are common and have been discovered within a wide range of organic
and sedimentary facies, of notable mention are the prolific mid—ramp
petroleum reservoirs attributed to the texturally varied phylloid and related
algae buildups of West Texas and New Mexico in the USA (Doherty et al.,
2002; Saller et al., 2005; Tinker et al.,, 2005) and the Timan Pechora and
North Caspian Basins in Russia and Kazakhstan (Weber et al., 2003).
Reservoirs also occur in the outer ramp coral-algal buildups in the Jurassic
aged Smackover Formation of the US Gulf Coast (Handford and Baria, 2007,
Mancini et al., 2008).

Hydrocarbon reservoirs composed of grainstones are widespread in
the carbonate ramp setting and occur in a number of configurations. Reservoir
facies can range from shoreline carbonate sandbodies to major detached
shoal complexes or shoal complexes over offshore highs, and are generally
characterized by a relatively thin or layered reservoir facies geometry which is
seldom more than a few tens of metres thick. Examples of such reservoirs
include the Early Cretaceous of the Neuquen Basin, Argentina (Hogg, 1993;
Urien and Zambrano, 1994), the Mississippian Mission Canyon Formation of
the Williston Basin (Lindsey and Kendall, 1985) and the Jurassic of the Paris
Basin (Purser, 1985; Mougenot, 1999).

The margins of intraplatform basins are commonly described as
carbonate ramps, and due the considerable reservoir prone potential of these
margins this setting is also of significant economic importance. The reservoir
quality of the margins, and their respective porosity and permeability are
largely facies dependent, with the highest reservoir potential again occurring
in the coarse shoal, biostromal, and uppermost-slope facies. Reservoir
heterogeneity tends to be very low due to the commonly localized distribution
of the coarse facies on basement highs, while reservoir quality is significantly
enhanced in highstand carbonates which have been exposed to meteoric
leaching, and hence potential formation of mouldic porosity. The coarse
molluscan (largely rudistid) packstone-grainstone slope facies of the Middle
East Mishrif Formation (Burchette, 1993) underwent such a process, in which
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large volumes of mouldic porosity (maximum 35 % , mostly 10-25 %) were
created during meteoric leaching. Furthermore, incomplete cementation by
meteoric cements in the Mishrif Formation resulted in excellent permeabilities
(maximum several darcys, mostly 10-1000 md). The development of mouldic
porosity by leaching of rudists and other skeletal fragments is also
documented in both the Natih (Van Buchem et al., 2002) and Shuaiba
(Alsharhan, 1995) Formations.

The intraplatform basin setting not only has proven reservoirs on its
margins but the potential for preservation of organic material within the basin
is also very high. The presence of poorly oxygenated to anoxic bottom water,
along with potential salinity stratification facilitates the preservation of organic
matter. Several authors (Kirkland and Evans, 1981; Sonnenfield, 1985;
Warren, 1986) have commented on the source rock potential of carbonates
deposited in restricted, saline to hypersaline settings, where the organic
productivity and the total organic carbon content can typically be very high.
The preservation potential of organic matter in these settings (typically
shallow evaporitic pans) is rather poor; as account of their shallow nature they
are typically subaerially exposed and/or exposed to oxidising fresh waters.
However, these sediments are less likely to be oxidised in
subsiding/deepening intraplatform basins. The result is very organic rich basin
sediments, which illustrate TOC values for example of 6% in the basinal
sediments of the Hanifa Formation (Droste, 1990) and as much as 15% in the
Natih E and B Members of the Natih Formation (Terken, 1999). This excellent
potential for the preservation of organic matter has resulted in numerous
intraplatform basins providing the hydrocarbon source to prospective plays.
These include the Basque Cantabrian Basin which is understood to provide
the source to Spain’s only onshore oil field, the Ayoluengo field (Quesada et
al., 1997), a minor hydrocarbon source is provided by the basinal facies of the
Middle East Shuaiba Formation (Alsharhan, 1985), while the Hanifa
Formation (Droste, 1990), Natih E and B Members of the Natih Formation
(Van Buchem et al.,, 2002), and the Shilaif basinal deposits of the Mishrif
Formation are all major hydrocarbon source providers in multiple plays in the
Middle East.
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It also significant that a major rise in sea level across the intraplatform
basin setting can result in the formation of an adequate seal to the basin
margin reservoirs by means of a basinal shale infilling the basin. Examples of
such a seal are the Nahr Umr shale which was deposited above the basin
slope reservoirs of the Shuaiba (Alsharhan, 1995) and Natih (Droste and Van
Steenwinkel, 2004) Formations, and the overlying Laffan Formation
(Burchette and Britton, 1985) which provides an adequate structural-
stratigraphic seal to the Mishrif Formation. It is this potential combination of
source (basin deposits), reservoir (basin margins), and seal (overlying shales)
triplet, and their close proximity to one another in the intraplatform basin
environment that provides this setting with excellent potential for hydrocarbon
accumulation and subsequent exploration. This triplet has been exploited with
major hydrocarbon production from the Mishrif Formation reservoirs in
offshore U.A.E., Oman, and Southern Iraq (Alsharhan, 1995), and significant
production from the intraplatform basin margin reservoirs of both the Natih
(Van Buchem et al., 2002) and Shuaiba (Alsharhan, 1985) Formations of the
Middle East.

2.6 Summary of our current understanding of the carbonate ramp
system

Our current level of knowledge with regards to the carbonate ramp
system has been outlined throughout chapter 2, while our present
understanding of the principle controls on these systems was summarized in
section 2.3. Many of these controls were originally defined from simple
cartoon like models and lacked proper investigation via quantitative testing.
The recent advances in stratigraphic forward modelling are beginning to offer
tools with which these controls can begin to be tested. The following chapter
examines some of these initial forward modelling investigations, before
introducing a new stratigraphic forward modelling procedure which aims to
quantifiably test if our current understanding of the controls on ramp growth
(outlined in this chapter), are in fact correct, and which controls (i.e. sediment
production, sediment transport, tectonic influence, changes in relative sea-
level etc) impart the most significant influence on overall ramp development.
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Chapter 3: FORWARD MODELLING CARBONATE RAMP
SYSTEMS

The previous chapter discussed the carbonate ramp concept and the
current level of knowledge of controls on ramp development. This chapter
aims to review how understanding of these controls has progressed in recent
years by the use of stratigraphic forward models. A brief synopsis of several
attempts at modelling the carbonate ramp system is provided, before a new
alternative modelling approach, used in the subsequent chapters of this
thesis, is introduced. A detailed description of the methods, inputs, outputs,
procedures and modelling package used in this new modelling approach is
presented.

3.1 Stratigraphic forward modelling and the carbonate environment

A forward model is defined as the simulation of a product from the
known response of a process to a given set of input parameters (Cross, 1990;
Watney et al., 1999). If this method is applied to stratigraphy the process is
commonly referred to as Stratigraphic Forward Modelling (SFM), a process
which combines various numerical and algorithmic methods to create
synthetic strata based on simulated tectonic and stratigraphic processes such
as subsidence, sediment supply variations, and the various processes of
sediment transport and deposition (Burgess, 2009 in press). Numerical SFMs
thus represent a quantitative expression of our ideas about how certain Earth-
surface systems work (Watney et al., 1999; Paola, 2000).

In contrast to siliciclastic systems much of the material that
accumulates and is preserved as strata in a carbonate system was produced
in-situ by living organisms, the skeletal elements of which are then commonly
disarticulated and broken down to create carbonate sediment. The production
of this sediment is therefore typically modelled to depict the depth
dependence of the production rate relating to known functions for light
attenuation in the ocean (Bice, 1991; Bosscher and Schlager 1992, 1993;
Bosscher and Southam, 1992; Galewsky, 1998). Other factors influencing
production rate including turbidity, temperature (Lerche et al., 1987) and rate
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of sea-level rise (Watney et al., 1991) have also been modelled, while
production rates have also been directly inferred from modern or ancient
carbonate accumulations (Pomar, 2001). The transport of this produced
sediment is a key process in carbonate systems, and SFM illustrating
variations in platform geometries typically account for such features by
including geometric treatment of sediment redistribution by physical transport.

The majority of carbonate stratigraphic forward models focus on either
replicating one type of carbonate platform architecture (e.g. a flat-topped
platform), which in many cases target individual examples (e.g. the Miocene
reef-rimmed platform of Mallorca, Bosence et al., 1994) or on replicating a
sub-system within a particular platform type (e.g. platform interior strata,
Goldhammer et al., 1987; Burgess et al., 2001; Burgess, 2006). Models
targeting platform architecture have generally concentrated on flat-topped
platform development. Of the numerous attempts at modelling a carbonate
platform depositional system one of the earliest was made by Bice (1988),
whose simple depositional system model attempted to analyse the role of a
depth dependant factory, crustal subsidence, and sea-level fluctuations on
platform development, with a series of simple synthetic cross sections
presented to illustrate the results (Figure 3.1 A). Refinements to Bices’ early
model were suggested by Bosence and Waltham (1990) whose model
differed by the introduction of subaerial and submarine erosion to the system,
and the potential for both lateral and vertical variability of the carbonate
system (Figure 3.1 B). These early models by Bice, and Boscence and
Waltham presented relatively simple results, however both were the starting
point for carbonate system modelling, highlighting the importance of computer
modelling as an experimental tool, to permit analysis of carbonate platform
evolution unavailable using more traditional outcrop and qualitative modelling
approaches.

Boscence and Waltham’s model was further modified during a study of
the Miocene carbonate platform of Mallorca, Spain (Bosence et al., 1994),
whereby the way in which erosion and the redeposition of sediment was
modelled were altered. Primarily the study modelled the Cap Blanc Platform
of Mallorca by integrating field data obtained from the well-exposed cliff
sections of the reef-rimmed platform. The modelled cross sections simulate
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lure 3.1. A - Synthetic cross-section of early carbonate depositional system modelling by Bice (1988). B - Refinement of

' Bice (1988) model by Bosence and Waltham (1990), whose model incorporated subaerial and submarine erosion, and

: potential for lateral and vertical variability of the carbonate system. C - Cross section models of the outcropping

atigraphy of the Miocene platform of Mallorca, Spain (Bosence et al., 1994). D - A model set used to illustrate the use of a
w 3D forward modelling program, CARBONATE 3D by Warrlich et al. (2002), the model displayed was used to investigate
' controlling mechanisms on the sequence stratigraphy of an atoll. (
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the outcropping stratigraphy (Figure 3.1 C) and try to bracket some of the
rates of the processes considered to control the development of this late
Miocene platform. This approach of inputting parameters into the model
derived from interpretations of field data to reproduce similar interpreted
geometries is best described as a ‘model-fit’ or ‘best-fit' approach. Numerous
additional examples following a similar model-fit approach, whereby the
models attempt to reproduce as close a match to outcropping geometries as
possible exist, including models replicating the Tertiary carbonate platforms of
the Gulf of Suez (Bosence et al., 1998), the Cenozoic carbonate platform of
the Mariou Plateau, North-east Australia (Liu et al., 1998), the Maastrichtian to
Paleocene carbonate platform in the Eastern Desert, Egypt (Scheibner et al.,
2003), and the Messinian carbonate platform of the Sorbas Basin, Spain
(Cuevas Castell et al., 2007).

A study by Warrlich et al., (2002) revisited many of these early
carbonate platform stratigraphic forward models, recognizing many had been
used to simply understand the development of specific stratigraphies. The
study also introduces a new 3-D forward model, ‘CARBONATE 3D’ which is
described as having the potential to simulate both open and restricted marine
carbonate production, pelagic production, siliciclastic input, erosion, transport
and redeposition of sediment, and dissolution of subaerially exposed
carbonate. The main objective for the model was to produce stratigraphic
simulations which were not dependant on data derived from direct
observation, but simulations from which predictions about unexposed
geometries and facies could be made. Their initial models attempt to
investigate the controlling mechanisms on the sequence stratigraphy of
isolated carbonate platforms and atolis (Figure 3.1 D).

A recent study by Warrlich et al., (2008), applied this same SFM
program to model a carbonate hydrocarbon reservoir, and attempted to
predict facies distributions and stratigraphic geometries between wells. The
program is also used to investigate the formation of two specific carbonate
platform examples; the carbonate platform of Nijar, south-east Spain in which
simulations were matched with mapped facies, and secondly a model
predicting new facies in areas without data on the Jurassic ramp of north-east
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Spain, which in doing so the authors suggest aid the understanding of
carbonate ramp evolution.

This SFM study of a carbonate ramp by Warrlich et al., (2008) helps
illustrate some of the key processes occurring within the ramp environment.
However, prior to this the carbonate ramp setting, with the exception of the
examples discussed in the subsequent section, has been the focus of very
few SFM studies, which may go some way to explaining why our
understanding of their formative processes has remained relatively poor.

3.2 SFM of carbonate ramp systems

The carbonate platform setting has generally been the dominant focus
of carbonate SFM studies, with few models investigating the ramp
environment. The reasons for this remain unclear, it may be that as early SFM
(e.g. Bice 1988; Bosence and Waltham 1990) focused on the platform
environment subsequent studies have simply refined and replicated these
concepts and models, or could be due the significant interest in the
hydrocarbon bearing potential of these platform systems, however as our
awareness of the hydrocarbon importance of the ramp setting grows our need
for a greater understanding on their controlling processes increases, hence a
SFM approach to the ramp system may prove beneficial in gaining a greater
appreciation for these controls.

Few studies have directly attempted to model the ramp environment;
work by Read (1998) using Scott Bowman’s basin modelling program Phil?,
was one of the earliest. The models were principally run to illustrate
parasequence packaging on greenhouse, transitional and ice-house ramp
systems (Figure 3.2 A), with generated geometries compared to field
examples, many of which were from Palaeozoic sequences in the United
States. The model set provides an interesting insight into the potential
stacking patterns of cycles in the ramp setting, and presents data to suggest
the presence of compartmentalization in carbonate ramp reservoirs, neither of
which significantly advance our fundamental understanding of ramp
development, but may however provide a useful tool in refining the sea-level

history under which specific ramp geometries developed.
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| Figure 3.2. A - Left model: Synthetic ramp stratigraphy generated with sea-level changes typical of greenhouse times.

+ for the Late Jurassic Iberian Basin ramp using the ‘SedTec2000’ SFM. Note the simulated facies output for the model is
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Right model: Synthetic ramp stratigraphy, analogous to Pennsylvanian cyclothem generated by ice-house dominated
eustasy (Read, 1998). B - Oxfordian modelled stratigraphy, and model run conditions for the Iberian basin ramp

(Aurell et al., 1995). C - Kimmeridgian modelled stratigraphy, and model run conditions for the Iberian basin ramp

(Aurell et al., 1995), note well defined slope breaks in both 3.2 B and C are defined as the ‘slope crest’ by authors.

D - Simulated stratigraphies for Zaragoza section NE Spain, displaying major processes of depostion as interpreted from
field data (Aurell et al., 1998). E - As for 3.2D but for Teruel section, NE Spain (Aurell et. al, 1998). F - An additional model

defined by a range of values for each of the controlling processes.
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The carbonate ramp example which has probably received the most
focused SFM is the Late Jurassic carbonate ramp of the Iberian basin, north-
east Spain (Aurell et al., 1995; 1998; Boylan et al., 2002). The initial models
(Aurell et al., 1995) were run using Bosence and Waltham’'s (1990)
‘CARBONATE’ computer model and analysed both an Oxfordian and
Kimmeridgian carbonate ramp. The input data was dominantly derived from
well exposed field sections and the simulated synthetic stratigraphies were
regarded as a ‘close match’ to the observed geometries. Two important
conclusions from the model set were that resedimentation by storms is an
important process in maintaining a ramp profile through time, and
proportionally higher outer-ramp production rates help maintain a ramp
geometry. It should however be noted that their simulated geometries (Figure
3.2 B & C) do not closely resemble a typical uniform, gently dipping slope
geometry as originally defined for the ramp system by Ahr (1973), and later
refined by Wright and Burchette (1992) (see Figure 2.1). The modelled
geometries actually portray well defined slope breaks which are typically more
synonymous with the flat-topped platform setting. The authors attribute these
geometries to the enigmatic ‘slope crest’ of ramps which they suggest are
consequence of a combination of higher, shallow water production and
erosion rates, together with loss of accommodation during highstands and
high-stillstands in their modelled sea-level curves. Furthermore the presence
of the ramp ‘slope crest’ in these examples highlights the potential difficulty of
maintaining low angle ramp profiles over significant periods of geological time.

The validity of the model matching technique used within this study is
discussed by the authors. The very well-constrained, outcrop derived time
frame, facies analysis and stratal thicknesses and geometries which act as
the input for the model are suggested to be the reason for such a close match
between the observed and modelled stratigraphies. However the authors do
suggest that whether they are correctly deducing the controlling parameters is
another question, and state that there “may be other solutions to our known
stratigraphy that we have not discovered, or that the program is not able to
model”.

A subsequent study (Aurell et al., 1998) on the same stratigraphies
further analysed the role of offshore transport in the carbonate ramp setting by
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means of investigating the origin of offshore carbonate mud. Synthetic
stratigraphies modelled to closely replicate two observed cross-sections
(Figure 3.2 D & E) near Zaragoza and Teruel in north-east Spain, implied that
most of the offshore mud was produced by resedimentation from inshore
areas, as opposed to pelagic sedimentation, and that offshore transport would
have been highest during periods of sea-level highstands. Further analysis of
the Jurassic carbonate ramp of the Iberian Basin was conducted by Boylan et
al., (2002), with the aid of a new SFM model, ‘SedTec2000’. The model is
able to output simulated facies which are defined by a range of values for
each of the controlling processes and thereby predict rock textures within
simulated stratigraphies (Figure 3.2 F). Applied to the Jurassic ramp example
it was suggested it could provide a more accurate output regarding the
processes that were simulated in these ramp models, therefore allowing more
direct comparisons to be made with the facies observed in the field and
providing potential for a more rigorous method for assessing the ‘goodness of
fit' of the simulated stratigraphies.

3.3 The model-fit approach and the introduction of an alternative, new
modelling method - ‘APFE’

The modelling method used for the analysis of the Iberian basin ramp,
along with the numerous carbonate platform SFM studies described in section
3.1 predominantly rely on data derived from direct outcrop observations and
measurements. This data is applied to the model in order to replicate the
observed stratigraphy as closely as possible, using a typical ‘model-fit’ or
‘best-fit' modelling approach. However, there is an outstanding question -
what are we gaining from using this approach? Are these methods advancing
our understanding of the ramp system as a whole or just replicating specific
examples under specific assumptions, with a significant danger of circular
reasoning? Moreover how could these methods be applied to subsurface or
poorly exposed ramp examples? This seems likely to be difficult. In general
best-fit modelling approaches have tended to suffer from issues of an overly-
simple objective function and potentially circular reasoning whereby
parameters derived from interpretations of data were input into the model,
which then rather unsurprisingly reproduced the same interpreted geometries.
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As stated in a recent review of SFM (Burgess 2009, in press) it remains
unclear what this modelling approach actually demonstrates, or what
predictive power a single best-fit model of this type actually has.

It would therefore seem that there is a need for an altemative modelling
approach in order to better understand the dynamics of a ramp system.
Experimental approaches constructing models to formulate hypotheses of the
form “if a carbonate system works as follows what resultant geometries will
we observe?” may represent a more useful approach to carbonate
morphometric modelling. Numerous, varied examples of experimental
modelling exist for siliciclastic systems (e.g. Gerber et al., 2008), suggesting
the technique has become well established and has yielded some important
results. While examples of such experimental modelling are sparse with
regards to carbonate systems (and non-existent with regards to ramps), two
notable examples exist. The first was a study conducted by Drummond and
Dugan (1999) whose experimental modelling approach used a cellular
automata to reproduce negative exponential thickness-frequency relationships
observed in outcrop successions, while Burgess et al., (2001), Burgess
(2001), Burgess and Wright (2003), Burgess and Emery (2004), and Burgess
(2006) used a 3D model to investigate interaction of auto and allocyclic
processes. This thesis proposes an additional example of carbonate
modelling using an experimental approach whereby the interplay of controlling
parameters on carbonate platform development will be investigated.

This new approach Assessing Platform controls using Experimental
modelling will be referred to from here in as the ‘APE’ method. The APE
method differs from the ‘model-fit approach in that the models run are
unconstrained by comparison to any specific example. The key point to this
new modelling method is that the models are not constrained by data derived
from specific outcrops, and are therefore not trying to replicate specific
geometries from which field data has been derived. The principal purpose and
importance of the APE method is that multiple model suites can be run with a
range of different controlling parameters to systematically test the response of
the model to these various parameter combinations and evaluate the
response in terms of generated stratal geometries. Importantly not only can
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the effect the various parameters have on platform generation be analysed,
but for each individual parameter a range of values can also be tested.

The APE method follows a three step procedure (Figure 3.3). Each
step is described in detail below. The example used for the APE method
description shall be referred to as Model 1 (M1), and is the model discussed
in Chapter 4 which investigates the role of sediment production and transport
on carbonate platform geometry. M1 is the principal model used throughout
this study on the controlling parameters of the carbonate ramp setting, and all
additional models are either derived from this model suite or are tested
against and compared with it. All models are listed in table 3.2 along with their
input parameters, their variation from M1, and a description highlighting the
purpose of each model suite.

APE method

& )

1. Construction of a Dionisos template -
Construct initial Dionisos project file from which
9 multiple model suites can be run )

4 i

2. Use of the Analyse program —
Multiple model suites runs, testing varying parameter
combinations and parameter value ranges )

%

4 3. Format and illustration of results —
Construction of multiple model matrices for

A analytical assessment J

Figure 3.3. The 3-step procedure for the APE method.
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3.3.1 The APE method 1 — Construction of a Dionisos template

The APE method uses the three-dimensional numerical stratigraphic
forward modelling program Dionisos. The program has been developed by the
Institut Francais Petrole, and includes a number of different sedimentary and
tectonic processes capable of producing complicated three-dimensional
models (Granjeon and Joseph, 1999; Granjeon et., 2002). Dionisos is based
on a generalized, modified diffusion formulation of sediment transport, where
transport rate is dependent on topographic slope, diffusion coefficient, and
water discharge volume. Gravity driven sediment flux is calculated per model
cell from

Qs =kS

where Qs is the sediment flux in square meters per year, k is the diffusion
coefficient in square meters per year, and S is the gradient of the topographic
surface at a point in the model grid. This equation is solved per modelled
strata surface using a fully implicit finite difference formulation with an internal
time-step self-adjusted for numerical stability.

The main function of the APE method is to run multiple model suites to
test how platform geometries develop with various parameter combinations,
and the method behind these multiple parameter model runs is discussed in
the subsequent section (3.3.2). The process however requires a starting
model from which the parameter combinations can be varied, and this model
is constructed as a single Dionisos project file. The parameters and process
of constructing this Dionisos project file are described here using M1 as the
example.

The input parameters for the M1 Dionisos project file were selected to
represent a generic cratonic ramp and basin system of the type interpreted to
occur at various points in the Phanerozoic history of North America, the
Middle East and Europe (Cutler, 1983; Aigner, 1984; Watts, 1990; Burchette,
1993). The model runs on a 1000 km long two-dimensional grid with 10 km
grid cells (Figure 3.4 A) for a total duration of 5 million years (Figure 3.4 B)
and starts with a 250 m relief 0.03° slope that passes distally into a 125 m
deep flat-bottomed basin. This configuration is broadly comparable with
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A - Initial basement bathymetry from which M1 is modelled. Dionisos interface image shows

formula used to create bathymetry.
Silt 5 0 B - M1 model duration.

C - Dionisos interface image shows three modelled lithologies, production curves depict
carbonate production versus time for each lithology, and production versus time interface
shows constant production rates throughout duration of model

Mud 25 0 D - Angle of repose values for each lithology. Grain sizes are derived from the Udden-Wentworth
scale (Nichols, 1998) and angle of repose values estimated from Kenter (1990).
E - Initial production and diffusion coefficient rates for M1
F - Resultant Dionisos geometry for M1. N
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gradients inferred from ancient cratonic interior systems and from the modern
Arabian Gulf ramp system (Purser, 1973; Walkden and Williams, 1998). A
spatially and temporally constant rate of subsidence of 20 mMy™ leads to a
total relative sea-level rise of 100 m during each model run.

Three carbonate grain sizes are modelled sand or coarser, silt and
mud-grade (Figure 3.4 C), the production rate of which can be seen in Figure
3.4 C and E. Each grain size is modelled with a different production-depth
profile to represent combined euphotic and oligophotic factories inhabited by a
range of different producers (Pomar, 2001), while all three grain sizes have an
angle of repose (Kenter, 1990) beyond which the sediment will become
unstable and collapse (Figure 3.4 D). Sediment transport is calculated using a
generalized modified diffusion formulation, and the diffusion coefficient values
used in M1 are shown in Figure 3.4 E. Previously deposited sediment can be
eroded at rates up to 100 m/My, depending on local topographic gradient S
and eroded material is then available to be transported by diffusion. It should
be noted that diffusion coefficients encompass both efficiency of sediment
transport processes, and the propensity of carbonate material to be
transported. Unconsolidated sediments in conditions of high-energy marine
currents are represented by high diffusion coefficients, and stiffer, resistant,
less transportable sediment, for example coral frameworks, stromatoporoid-
coral reefs and very early cemented sediment, are represented by lower
diffusion coefficients.

These input parameters combine to form the M1 Dionisos project file
and if run as a single model the output geometry can be seen in Figure 3.4 F.
The aim of the APE method is to see how this initial geometry will change with
varying parameter combinations, and section 3.3.2 describes how this

procedure is conducted.
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3.3.2 The APE method 2 - Use of the ANALYSE program

The single geometry output (Figure 3.4 F) provided by the M1 Dionisos
project file is the starting point for the muitiple model runs, the idea of which is
to investigate the role changing parameter and parameter values has on
platform architecture. If we use the parameters of carbonate production and
transport as an example, in order to investigate the control they impose on
platform development (and therefore in this example their impact on geometry
M1, Figure 3.4 F) it appears logical that increasing the rate of each parameter
by a fixed increment will provide a clear illustration of their influence on the
system. However if we manually increase the parameter rate in the Dionisos
interface and continue to run the model as single model sets, taking into
account model run time and the time spent manually changing the parameter
values the procedure will not only be extremely time consuming but is also
unlikely to be an exhaustive analysis of the parameters control. A program
was therefore written in the C programming language to automate this
process, and is called the ANALYSE program.

ANALYSE was written originally by Didier Granjeon (IFP), and
subsequently modified by Henne Lammers (Shell E&P), Peter Burgess (Shell
E&P) and the author. ANALYSE contains just over 1500 lines of code and its
main purpose is to automate the running of the multiple model suites. In
essence the program takes the original Dionisos project file and runs a series
of model runs, each of which is slightly different to the previous model run due
to an increased parameter value (either sediment transport or production
rate). A detailed workflow of how the ANALYSE program works is provided in
Figure 3.5. The program can run as many iterations of the model as specified
in the code by the user, however for ease of analysis end member values
should be identified and the number of model runs between these values
decided. To determine these end member values a systematic approach of
trial model runs can be conducted whereby parameter values are set
accordingly high that beyond which no major change in platform architecture
is likely to occur. For example, with regards to sediment transport the highest
diffusion coefficient should be a value which effectively transports the
majority, if not all of the sediment into the deepest distal parts of the system,
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ANALYSE program workflow

* Scan Dionisos project file
« Read main parameters

» Define initial transport value and increment to be increased by
» Define initial production value and increment to be increased by

« Define number of transport iterations
« Define number of production iterations

[ ot porarmetors 1o wiaring vai o s et o |

v ¥

mmmmwm i gradient location
+ Calculate Maximum gradient along depositional profile and gradient location

v

/mmdmmmmwmmmwm/

| Calculate difference in slope between adjacent points |

Open results file (results.dat), write to file:
Model

i

value by defined

Figure 3.5. Workflow depicting the ANALYSE program procedure.
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thus diffusion coefficient values higher than this value need not be considered
because they will produce the same basic geometry.

For M1 many (>1000) models were run to determine end member
values, the rates of which can be seen in Table 3.1, with diffusion coefficients
reaching 50 Km2/ky and combined sediment production exceeding 450 m/My,
a maximum rate which is comparable with modern production rates (Lokier
and Steuber, 2008).
member values set at Zero the number of iterations of M1 was set at 200, and

With high end member values identified and low end

value ranges divided by this to calculate the increment increases for each

parameter (Table 3.1).

M1 Grain | Sediment Production Rates m/My Diffusion Coefficient Km”/ky
Model type
Iteration
Minimum Maximum Increment Minimum Maximum Increment
200 rate rate increase rate rate increase
Sand or 10 280 13.5 0 5 0.25
Coarser
Silt 5 140 6.75 0 10 0.5
Mud 2.5 70 3.375 0 50 2.5

Table 3.1. Max and min Sediment Production Rates and Diffusion Coefficient values used for

M1.
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Once all values have been ascertained and the code edited to provide
the required number of model iterations the ANALYSE program is run via the
command terminal on a PC running a Linux operating system. The command
issued in the terminal opens the ANALYSE program, fetches the specified
Dionisos project file and must state the starting value and increment increase
for each of the three grain types. The Terminal command is formatted as
follows:

Open ANALYSE program

Fetch specified Dionisos project file

Define initial Sand Production rate

Define Sand Production increase increment
Define initial Silt Production rate

Define Silt Production increase increment
Define initial Mud Production rate

Define Mud Production increase increment

© ® N O O A~ 0N =

Define initial Sand Diffusion Coefficient
. Define Sand Diffusion Coefficient increase increment

P N N
- O

. Define initial Silt Diffusion Coefficient

-
N

. Define Silt Diffusion Coefficient increase increment

-
w

Define initial Mud Diffusion Coefficient

-
H

. Define Mud Diffusion Coefficient increase increment

The terminal command for example M1 would therefore be:

ANALYSE, Ml.pro, 10.0, 13.5, 5.0, 6.75, 2.5, 3.375, 0, 0.25, 0, 5.0, 0, 2.5
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If this procedure is followed the ANALYSE code will run the 200 model
iterations. The data which is output is also specified within the ANALYSE
program. If the data is output as a series of 200 platform geometry diagrams,
such as the one seen in Figure 3.4 F, these provide a visual component from
which platform architecture development can be assessed. However,
considering the scale of the models (1000 Km) and the vertical exaggeration
required to view the resultant geometries (at least x 320) such assessment
will be somewhat subjective dependant on the individual viewing the
geometries. Analysis of the resulting geometries based on their visual
character alone is therefore unsatisfactory and an alternative system is
required with which the resultant models can be numerically and quantitatively
assessed. The ANALYSE program provides this by systematically evaluating
each individual model and outputting a string of data derived from a series of
measurements obtained from the top surface of the resultant geometry. The

basic output measurements provided are:

The Model number

2. The Sand or coarser production rate (used to ascertain from which parameter
value the model is derived)

3. The Sand or coarser diffusion coefficient (used to ascertain from which parameter
value the model is derived)

4. The Minimum gradient observed within a cell across the top surface of the
resuitant geometry

5. The location of this minimum gradient on the top surface

6. The Maximum gradient observed within a cell across the top surface of the
resultant geometry

7. The location of this maximum gradient on the top surface

- The series of output data provides numerical values for each of the
resultant architectures, but does not directly infer the type of platform
geometry being created, for example either a ramp or flat-topped platform
system. As the purpose of the APE method is to evaluate what geometrical
type of carbonate system is created by varying parameter values, an
automated platform type classification system is also incorporated within the
ANALYSE program. The classification system is derived from the surface
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gradients of the resultant geometries, and three separate methods of
evaluation have been utilized:

Automated platform type classification 1 — Minimum gradient
Minimum gradient values of zero degrees indicates presence of a flat surface,
most likely a platform top, thus implying a flat-topped platform system. It
should be noted that this method is unreliable in high transport examples due
to potential distal ponding, so the position of the zero-gradient points should
also be considered to differentiate proximal flat-top platform from distal
sediment ponding.

Automated platform type classification 2 — Gradient ratio (R)
A significant difference between a carbonate ramp and a carbonate flat-
topped platform system is the difference between its Max (So) and Min (Si)
surface gradient (Figure 3.6). Using the gradient output data derived from the
ANALYSE program a gradient ratio (R) for each model can be calculated by:

R = Si
So

High ratio values indicate a relatively uniform gradient, indicating in turn a
possible homoclinal ramp system. Conversely a low gradient ratio will indicate
a large difference in maximum and minimum gradient, and thus a major
change in gradient within the system potentially indicating a flat-topped
platform environment. As with the minimum gradient method, the location in
which the maximum or minimum gradients occur should also be considered in

order to distinguish proximal flat-top platforms from distal ponded strata.

Automated platform type classification 3 — Maximum gradient
difference (Max AS)
The final and most accurate scheme for automated platform classification is
identifying the maximum gradient difference (Max AS) along the modelled
depositional profile. This method is incorporated within the ANALYSE
program, and systematically examines the gradient in each individual cell
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1 utomated platform type classification 2 - Gradient Ratio (R)

H+omoclinal Ramp Si = Minimum gradient
So = Maximum gradient
Si
So
Flat topped platform

«<igure 3.6. Automated platform classification system derived from calculating a gradient ratio between the Max (So) and Min (Si) gradient, which are
sscertained from the top surface of the modelled depostional profile.

ritomated platform type classification 3 - Maximum gradient difference (Max AS)

dentify point on modelled depositional profile with largest difference in slope gradient between two adjacent cells
s3radient of both adjacent cells is measured and difference between both calculated

Adja.cent cellsof Point of maximum
maximum topographic topographic gradient
ﬁgradnent change change (Max AS)

" N

Low (Max AS)
High (Max AS)

Homoclinal ramp
Flat topped platform /

u

dgure 3.7. Automated platform classification system derived from calculating the maximum gradient difference between adjacent cells along the modelled
aofile. The process can be viewed as identifying the lack, or presence of a slope break.

A B Cc D £ F G H | J K

n SandProd | SandDiffCoeff | MinGrad X MaxGrad X MaxGradD X GradientRatio {minimumwWD
0 91 0 0 39 |17.57888 M 175788784 40 0 0
1 91 0.25 0 36 | 3.40772 4 1.800675 40 0 0
2 91 0.5 0 36 |2.623206 42 1.762527 40 0 0
3 91 075 0 36 |2.138077 42 12291081 40 0 0
4 91 1 0 36 | 1.84329 43 0.934039 40 0 0
5 91 125 0 35 | 1.65345 43 0.752213 40 0 0
6 91 1.5 0 35 | 1.50552 43 0.625109 40 0 0
7 91 1.75 0 35 |1.394417 44 0.537467 40 0 0
8 91 2 0 35 |1.306522 44 0.469857 40 0 0
9 91 225 0 35 |1.232426 44 0.416946 40 0 0
10 91 25 0 35 |1.170828 44 0.375368 40 0 0
1 91 2.75 0 35 {1.116091 45 0.341799 40 0 0
12 91 3 0 35 (1.069551 45 0.314406 40 0 0
13 91 325 0 35 |1.028664 45 029168 40 0 0
14 91 3.5 0 35 |0.989581 45 0.271669 40 0 0
15 91 3.75 0 35 (0.954343 46 0.253881 40 0 0
16 91 4 0 34 |0.922535 46 0.25 4 0 0
17 91 425 0 34 [0.894556 46 0.25 4 0 0
18 91 4.5 0 34 |0.868739 46 0.25 4 0 0
19 91 4.75 0 34 |0.844612 46 0.25 4 0 0
20 91 5 0 34 |0.821722 47 0.25 4 0 0

iqure 3.8, Example of output data file from the ANALYSE program when following the APE method. Column values represent: A - Model number,

<- Sand production rate, C - Sand Diffusion coefficient, D - Minimum gradient along the modelled depositional profile, E - Cell number location of

nnimum gradient, F - Maximum gradient along the modelled depositional profile, G - Cell number location of the maximum gradient, H - The maximum

fra}t}!iaent difference value, | - Cell number location that the maximum gradient difference was measured, J - Gradient ratio value, K - Minimum water depth
the system.
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along the modelled depositional profile and determines the maximum change
in topographic gradient occurring between two adjacent cells in order to
identify presence or absence of a break of slope. A low Max AS value
indicates little change in gradient across the depositional profile, thus a
relatively uniform geometry and the probable presence of a carbonate ramp
system. Conversely, a high Max AS value indicates a major change in
gradient within the system, has identified the location of a break of slope, and
implies a flat-topped platform environment (Figure 3.7).

3.3.3 The APE method 3 ~ Formatting and illustration of results

The APE method outputs various data, including the automated
platform classification schemes listed in section 3.3.2. An example output data
file is given in Figure 3.8. Values from this data file can be formatted into a
series of tables, each of which displays increasing parameter values on its x
and y axis and the results of a corresponding third parameter, i.e. maximum
gradient, at that parameter range (Figure 3.9). The tables can be imported
into either Excel or Matlab and further manipulated to create graphical plots of
the matrices incorporating 3 colour formatted parameters. The matrices
integrate each of the 200 model results and display how changes in sediment
production and down-dip sediment transport affect the third plotted parameter
(typically one of the automated platform type classification schemes),

providing a clear dataset for analytical interpretation (Figure 3.10).

3.4 Utilizing the APE modelling method

. The subsequent chapters utilize the APE modelling method described
in this chapter to produce a series of models from which the control a
multitude of parameters and parameter ranges exert on platform development
can be analyzed. Table 3.2 lists each of these models, the purpose of each
model, and is the main reference table for specific input data values for each

of the models.
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00426 | 0.0479 | 0.0525 | 0.0567 | 0.0603 | 0.0637 | 0.0669 | 0.0698 | 0.0728 | 0.0750 | 0.0771 | 0.0797 | 0.0819 | 0.0837 | 0.0851 | 0.0868
0.0412 | 0.0463 | 0.0507 | 0.0547 | 0.0583 | 0.0616 | 0.0646 | 0.0675 | 0.0698 | 0.0727 | 0.0743 | 0.0764 | 0.0786 | 0.0803 | 0.0817 | 0.0828
0.0399 | 0.0447 | 0.0491 | 0.0529 | 0.0565 | 0.0596 | 0.0625 | 0.0651 | 0.0677 | 0.0698 | 0.0721 | 0.0735 | 0.0757 | 0.0772 | 0.0784 | 0.0795
0.0387 | 0.0434 | 0.0476 | 0.0513 | 0.0546 | 0.0576 | 0.0604 | 0.0630 | 0.0654 | 0.0674 | 0.0698 | 0.0708 | 0.0729 | 0.0742 | 0.0751 | 0.0756
0.0376 | 0.0422 | 00463 | 0.0498 | 0.0529 | 0.0561 | 0.0587 | 0.0612 | 0.0634 | 0.0655 | 0.0673 | 0.0686 | 0.0703 | 0.0712 | 0.0717 | 0.0721
00366 | 0.0411 | 00450 | 0.0484 | 0.0515 | 0.0543 | 0.0568 | 0.0592 | 0.0614 | 0.0634 | 0.0649 | 0.0664 | 0.0678 | 0.0681 | 0.068] E
0.0357 | 0.0400 | 00438 | 0.0471 | 0.0502 | 0.0529 | 0.0555 | 0.0577 | 0.0597 | 0.0614 | 0.0628 | 0.0643 | 0.0653 | 0.0654 | 0.0654

“igure 3.9. Formatted excel tables containing results for complete 200 model APE method model run. All tables have increasing Diffusion coefficient on
Y axis, and increasing production rate along X axis. Value illustrated within each table represents a different parameter but for the same model set:

A - Maximum gradient m/Km, B - Maximum gradient cell location number, C - Maximum gradient difference cell location number, D - Maximum gradient
fifference m/Km, E - Maximum gradient in degrees.
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Figure 3.10. Matrix plot incorporating 200 model results. Matrix illustrates how the Maximum gradient difference
(coloured parameter) of the modelled geometries vary with increasing rates of carbonate production (X axis), and
Diffusion coefficient (Y axis).

53







ST

Jo @sy |oAg|
-80S BAEI0Y

Jo osu |one)

pue ulejsem

0} pasedwod ‘614 0} .

JO pue uiejses
je epnjjubew
Xg @ouepisqns «

53



ST

S0

[’

SZ0

0s)

ST

S0

ST0

ST

S0

S20

woo}
40 88U jor9|
-20S BAIEIOY

wool
40 @51 [0Ae)|
-Bos aAlje|oy

wooL
Jo esy jene|

4o uoysnjouoo
Je uiseq desp
woo} Mojjeys
e
[enualeyp

WX0004 «

wpg deeq «
AnewAyjeq

w000} «




(0002)
leqnejg uo
- peseq sejel
snonesd Jo uoljonpold "(9661)
synsal oy pue “Ie jo weyong
anessy| ﬁ UBA woyy
hopmodoc woo} seyoeel usswn
uoReuLo4 yaeN ;i :
o uo pesnq |—= % 5e ge Ll wdop uiseq | = uidep uiseq
st dwey ‘Buges uejuewoue) Joj | wnuwixew ‘uiseq WINWIXE «
oMuoLs) Uiseq - BAIND WuIB} Joys sejenjueooe | Jequiew d yneN
S 2 8 59 & —¥5—{ “benuoposeq | oouopisans | o doy severnuis
dwe) s ) |oAS]-BOg « [enueieyiq « AnpwAygeg «
Bugenwis 1081800
18PON o€ € SZ0 0ST Jo pueg
(s661)
Neqoioq Jeye
Jhwwy jo ejes
wnwixew jnq
(8002) v se ewes (g
leqneig ‘(L661) HEpuIs (eL61)
— pue Jepjon Joye hww 0 Jajssey| woy
snowaud Jo woyj sejal 10 8B Wnwixew paoinos ejeq «
synse; oy pue uononpold ‘eouepisqns w ool
aimessy) ...Hu odA) uiseq = Yidep ujseq
ot puejeso} [eadky winuwixep «
“l.“ﬂso Bueinuwis ‘sojpedoid
ueiqelY 93 UO € 0e or PN eouepisqns | ouewAyyeq ynb
peseq si dwiey = lepuaieyiq (v |  ueiqely jusLnd
“Bumes ouoios pejiepoll i
= § BT 9 08 us sowibes Anousieg -
dues ajeuoqie souepisqns oML | W 00S X 00S
Bugejnuis 1981800
19POW 0€ € 091 Jo pueg
PN
€ ST SL Sl did
)
Zl S0 0S| 0g dld
1es1e0D)
10 pueg
o€ SZ0 00€ 09 did Jopow
1 o S!_H.H
Je ujseq
€ o€ SL Sl dwey woog Bujuwoy
ns S Bl
S..n.sﬁ 4 9 oS} 0e dwey wool [eluaieyp
souapisgns Jo esu |eAs) BAIOY «
reuoarsodepuls s -ees oAlje|ley wMo0oL -
Ty ———— swBIov

57



€ ST 0S 0 v prn | | | | :R O} Jojoy «
18y wsz|
[4) S0 0l 0 0S s ojui Buissed
wgd 0 adojs ,£0°0 +
obueyo Joljel
" otves enu] Wogz «
w000} *
. wh'e
€ X4 0s 0 sz PN _ , h 0} 10J0)
ey wsz|
(43 S0 0l 0 0S s 0z ojui Buissed
‘.—i‘i g 08.0 -
uo abueyd Jo181
e} WOSZ «
|onal-eas
sAgejel Jo Bjo! Jes1e0) | Ay 00}= poued wH00!
0 004 10 pueg
PN
€ ST 14 | did |
. ws | woz=epnyduy
o S0 0s did | Ay 00L=poued(ll
w oz=epnydwy
n.ﬁ A 00p=poued(’|
esnoyes| - 5 wb'e
= 22 00t 9| wpy =epnyjduy 614 0} Jojoy +
£ 00} =poLed(! ujseq pawojoq
‘@snoysdl
T | ¢ 0e < duny | W OZ=opnyduy 1oy wz)
!.ﬂ.z....a siepow A 00p=poned(l oju Bujssed
) esnoyes| - g edoys ,£0'0 «
e |21 ° 0s dumy | W2 = opniduy % o ' 3
10 suogipuoS A3 O =pouad (1 [BUIUI WOSZ -
S jomwos | W1Z = epnudury w001 +

58



‘pajsi| osje si |spow
yoes jo asodind |ediouud sy ‘Apnis siy} Ul paonpoid s|epoL pJemio} 8y} Jo yoes Joy sisjeweled jndul ay jo Bunsi| ye|dwod v ‘Z'¢ a|qel

€ sz 0S 0 sz
4} S0 0l 0 0s
uswdojersp
uuoge(d
uo abueyo
|os}-ees
Age|al Jo 30!
ol ayebaseaul o€ SZ0 S 0 00}
€ S 0s 0 ST
Zl S0 0l 0 0s
uswdojarap
uwuogeid
uo eBueys
e

59




Huw D. Willlams Chapter 4

Chapter 4: UNDERSTANDING CARBONATE PLATFORM
TYPES: USING ‘APE’ TO TEST THE ROLE OF SEDIMENT
PRODUCTION AND TRANSPORT ON PLATFORM GEOMETRY

Chapter 4 presents forward modelling results investigating the control
sediment production and transport exert on carbonate platform geometry. The
modelling is conducted using the APE method discussed in Chapter 3. The
chapter outlines the rationale behind the modelling before extensively testing
the role sediment production and transport play in carbonate depositional
systems, and concludes with a discussion surrounding the implications and
possible uses of the model results presented here.

4.1 Introduction — Our current understanding of carbonate platform
types

Carbonate depositional systems are typically classified as one of a
number of different platform types dependent on their large-scale (10’s kms)
geometry. This classification is important because many predictive elements
of facies and sequence stratigraphic models vary between the different types.
To classify a particular system its large scale depositional geometry can either
be observed directly, for example in modern settings such as the Arabian Gulf
(Purser, 1973), imaged by seismic data in subsurface examples (Chatellier,
1988; Droste and Van Steenwinkel, 2004; Handford and Baria, 2007),
reconstructed from large outcropping geometries such as the Sierra del
Cuera, NW Spain (Bahamonde et al.,, 2004) and the Mut Basin, Turkey
(Janson et al., 2007), or inferred from more indirect evidence such as outcrop
facies belt distributions and absence of diagnostic evidence such as a visible
platform margin geometry (Burchette and Wright, 1992).

The two main types of carbonate systems are flat-top platforms (FTPs)
and ramps. FTPs, as the name suggests, have a very low gradient top
surface that passes seaward into a much steeper slope (i.e. > 1°, typically
greater than 3°). Ramp systems, in contrast, lack the steep slope found
seaward of the platform margin on FTPs (Ahr, 1973; Read, 1982; Burchette
and Wright, 1992). Instead of flat-tops and steep margins, homoclinal ramps
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have a distally dipping surface with approximately constant regional gradients
of 0.1 to 1.0 degrees (Burchette and Wright, 1992). Distally steepened ramps
are less uniform and show a break of slope, with a distal steeper portion
(Read, 1985), but the gradient on this distal portion is assumed to be
significantly less than gradients on a rimmed margin slope (Burchette and
Wright, 1992). Ramps may also differ from FTPs in that the development of
high-energy facies belts in ramps is limited to the littoral zone close to the
shoreline, unlike rimmed flat-topped platforms which often have a high-energy
belt offshore on the platform margin (Burchette and Wright, 1992; Schlager,
2005).

Unfortunately, as with many Earth surface systems, these definitions of
homoclinal and distally steepened ramp are often difficult to apply because
they are rather simple geomorphic terms used to categorize potentially
complicated ancient strata. Direct observational evidence of large scale
geometry is often lacking, and where depositional systems are sufficiently
variable in space and time, for example in terms of facies belt development,
they often do not fit easily into one simple category. The original classification
of the ramp model (Ahr, 1973) cited the slopes of the Western Trucial Coast
(Southern Arabian Gulf) as a type example for the carbonate ramp model, but
several case studies of “low-relief’ deposystems have since shown numerous
geometrical variations on this uniformly dipping surface model. In fact many
carbonate platforms classified as ramps actually resemble “flattened” rimmed
shelves with a platform top with a subtle break of slope, for example the
Upper Jurassic to Lower Cretaceous strata of the Neuquen Basin, Argentina,
(Mitchum and Uliana, 1985), the Nisku Formation of the Western Canadian
Basin (Burchette and Wright, 1992), and the Smackover Formation of the U.S.
Gulf Coast (Handford and Baria, 2007). This change in gradient is commonly
referred to as the ramp slope crest which is also frequently the location of
seismically resolvable sigmoidal clinoforms with complex internal geometries,
for example the Banff Formation of the West Canada Basin (Chatellier, 1988),
the Natih Formation of Northern Oman (Droste and Van Steenwinkel, 2004),
and the Las Plias Formation of Northern Mexico (Osleger et al., 2004). Even
the Arabian Gulf, the classic example of a modern carbonate ramp, used by
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Ahr (1973) in his original classification, may not actually be a ramp system
(Walkden and Williams, 1998).

Part of the problem regarding identification and definition of ramp
systems is a lack of detailed understanding about what processes and
external controls determine ramp morphology (Wright and Burchette, 1998).
For example, it is likely that many ramp systems represent a transient phase
of accumulation between initial marine flooding of a topographic surface, and
evolution of a flat-topped platform (Burchette and Wright, 1992). In addition it
has long been hypothesized that a continuum of geometries exist between
these ramp and FTP end members, with numerous authors (e.g. Wilson,
1975; Read, 1982; Schlager, 2005) providing illustrative sketches attempting
to depict this evolutionary trend from ramp to FTP (Fig. 4.1). Moreover,
examples of lateral changes in geometry on modern platform margins have
been observed on the Quaternary margins of Western Australia (James et al.,
1999), Southeast Australia and Eastern Florida (Ginsburg and James, 1974).
However, there is no quantitative explanation of how and why this transition

from ramp to platform might occur.

AJ RAMP TO SHELF EVOLUTION
sL—

\_‘ ' ramp to rim (slope height generally increasing)

A. RAMP STAGE

Y S—
| 8. SHELF STAGE

Figure 4.1. A — Evolution of ramp to rimmed shelf after Read (1982). B — Transition
from ramp to rimmed platform with a sharp shelf break after Schlager (2005).
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It also seems likely that ramp systems differ from FTPs in that they
require an interaction of sediment production and sediment transport to
maintain their form, a principle previously invoked by Wilson (1975), and
James and Kendall (1992) to explain differences in platform geometries.
However, it is not clear what these sediment transport processes are, nor
exactly how they interact with sediment production in the various carbonate
factories to maintain a ramp profile. Furthermore, the importance of offshore
sediment transport has previously been highlighted by Aurell et al. (1998)
during the modelling of a Kimmeridgian ramp system.

An additional parameter commonly attributed to controlling platform
geometry is the carbonate production curve. Production curves define the
relationship between water-depth and carbonate production rate, and a large
variety of production curves have been published, and variations in platform
geometry are commonly ascribed to differences in curve morphology.
Euphotic production curves consisting of dominantly shallow water production
are generally thought to construct FTP geometries (e.g., Bosscher and
Schlager, 1992; Bowman and Vail, 1999). Conversely, oligophotic curves in
which production is more widespread, occurring at both shallow and deeper
water depths (e.g. Wright and Faulkner, 1990; Pomar, 2001) are frequently
stated to form ramp systems. Unfortunately many of these curves are
conceptual in nature, explained with simple illustrative diagrams, often without
scales, and are generally insufficient to properly investigate the interactions of

controls and dynamic processes likely involved.

4.2 Modelling rationale and aims

~ In an attempt to advance our understanding of how these multiple
controls determine carbonate platform geometry the models presented in this
chapter illustrate the investigation of a selection of dynamic processes that
lead to ramp formation. A stratigraphic forward model is used to determine
which combinations of sediment production and sediment transport generate
morphologies that can be quantifiably identified as ramp systems. The models
aim to for the first time, illustrate in a quantitative way the evolution of a ramp
to a FTP geometry, and demonstrate the continuum of geometries which until
now has been hypothesized exist in between. With the aid of the models the
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role of the carbonate production curve on platform evolution will also be
critically assessed.

The concept of in-situ accumulation versus transport dominated
systems controlling platform geometry has been suggested previously
(Burchette and Wright, 1992; Aurell et al., 1998; Pomar, 2001; Schlager,
2005) but it has not been systematically investigated in a quantitative way
using numerical experiments, nor defined with appropriate terminology. Thus
the overall aim of this chapter is to test some of these current ideas about
what controls carbonate platform geometry, and to enhance understanding of

ramp system dynamics.

4.3 Model Formulation, initial conditions and parameters

For a full description of the model formulation refer to the previous
chapter. The model results were compiled following the APE method outlined
in section 3.3, and the first model investigating the role of sediment production
and transport on carbonate platform geometry is referred to as Model 1 (M1).
All changes and parameter variations from the principle M1 model are

described where necessary.

The two key parameters being investigated in M1 are sediment
production and transport. Each of the three modelled grains types in M1 has a
different maximum rate (Table 3.2), each of which is comparable with modern
production rates (Lokier and Steuber, 2008; Warrlich et al., 2008). Non slope-
failure related sediment transport in M1 is calculated using a generalized
modified diffusion formulation of sediment transport where transport rate is
dependent on topographic gradient and diffusion coefficients (Granjeon and
Joseph, 1999; Granjeon et al., 2002). Diffusion coefficient are poorly
constrained due to a lack of data, particularly in carbonate systems, and this
often leads to doubts about the validity of a particular single diffusion
coefficient for replicating a specific stratal geometry. However, what matters in
M1 (and subsequent models) is the range of diffusion values used, not
specific values. The model runs for M1 span a wide range of values and
situations, from cases dominated by in-situ accumulation, with very little
transport, to transport dominated cases where all the sediment produced is
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transported into the basin. Estimates of diffusion coefficients from natural
systems range from 560km?ky™" in the Mississippi delta (Kenyon and Turcotte,
1985) to 0.007km®My™" in pelagic strata on the flanks of the Galapagos
spreading center (Mitchell, 1996), suggesting that the range used in M1
(Table 3.2) is reasonable, albeit poorly constrained by data from shallow-
marine carbonate systems. By spanning the range of transport rates likely to
be operating in different shallow-marine settings, and making simple general
observations about resulting geometries, it is possible to avoid drawing
conclusions that depend on specific diffusion coefficient values that would be
difficult to defend given the lack of available data, and hopefully gain some
insight into the likely controls on different types of platform systems.

4.3.1 Quantitative Measurement of Platform Geometry

The purpose of running many models (e.g. >1000 to generate Figure
4.2) with different production and transport values was to determine what
types of platform architecture result from the various combinations of
sediment transport and sediment production. The quantitative scheme used to
illustrate the results of M1 is outlined in section 3.3.2, with maximum
topographic gradient (max S), and the maximum change in topographic
gradient (max AS) selected for automated platform classification (type 3 —
refer to section 3.3). For each model run (in M1) after 5 My of elapsed model
time max S and max AS were measured from the output synthetic strata and
recorded to summarize the depositional geometry. Max S should be higher for
steep-margined FTPs, and low for lower-gradient ramp systems. Max AS
should be small for homoclinal ramps, which show little change in gradient
down dip, and high for FTPs, which show a pronounced change of gradient
between the platform top and the platform margin and slope. Running the
forward model systematically with a range of sediment production and
diffusion coefficient values allows creation of matrices (outlined in section
3.3.3) of max S and max AS values showing how they vary with changes in

sediment production and down-dip sediment transport rates (Fig. 4.2).
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4.4 Euphotic, grain-dominated systems (M1 resuits)

M1 incorporates two hundred model cases, with total sediment
production rates ranging from 17.5 to 466.375 mMy-1 (Table 3.2). The models
were run with a euphotic depth-production curve (Fig. 4.2D), and higher rates
for sand or coarser production than mud production (Table 3.2). Sand or
coarser diffusion coefficients in M1 range from 0 to 56 Km2ky-1, and mud
transport rates are an order of magnitude greater than sand transport rates
(Table 3.2). The value of max S and max AS was calculated at the end of
each model run and plotted in colour-coded matrices along with selected
depositional profiles (Fig. 4.2A & 4.2B).

The M1 results illustrate that at relatively low production rates transport
tends to move all sediment basinward preventing any aggradation in shallow
water (Fig. 4.2C profiles Il & Ill). Conversely, higher rates of production
combined with low transport rates lead to development of extensive FTPs with
progressive steepening of the marine portion of the profile as production rate
increases (Fig. 4.2C profiles, IV and VII). For higher rates of sediment
production, increasing the transport rate tends to decrease max AS by
enhancing development of platform margin slope clinoforms and increasing
progradation rates (Fig. 4.2C profiles VII, VIll and IX). Over the range of
production and transport rates modelled in this example, max S ranges from
0.01° to 12°.

All the examples with non-zero transport rates for the coarsest grain
type (sand or coarser grade), have maximum gradients less than 1° and
hence classify as ramps as defined by Burchette & Wright (1992). These low
gradients are also partly a consequence of the initial bathymetry (refer to
section 5.2 for a discussion on initial bathymetry), but the initial bathymetry
used here is realistic based on values calculated from the bathymetry of the
modern Arabian Gulf (Purser 1973; Walkden and Williams, 1998; Lokier and
Steuber, 2008). Grain repartition in these high-transport examples (Fig 4.2C
profiles Il and lll) illustrate a fining outward trend of grains towards the basin
(Fig. 4.3A), with the coarsest fraction (sand grade or coarser) dominantly
located in the shallows. High angled, steep-margin development in this coarse
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«gure 4.2. M1 results. A: Matrix representing topographic gradient (max S) obtained along the modeled depositional profiles. B: Matrix
gpresenting the maximum change in topographic gradient (maxSA), or break of slope, occurring between two adjacent cells on the
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fraction is inhibited by the high transport rates, thus favouring low angle
system development. These models simulate a shallow water factory
producing coarse, mobile grains (i.e. ooids) that can be dispersed across the
depositional system. Lacking a shallow water framebuilding factory, and with
transportable grains, they consequently tend towards ramp development.

Conversely grain repartition (Fig. 4.3B) in examples with zero to very
low transport rates of the coarsest fraction (Fig. 4.2C profiles IV and VII)
illustrate more of a differentiation in grain distribution. The coarse (sand grade
and coarser) shallow water factory forms high angled clinoforms, while the
finer silt and mud grade material is transported further into the basin. Models
such as these simulate a relatively immobile, shallow water framebuilding
factory (i.e. reefal), in which finer material (mud) is shed offshore, and favours
the development of high angled clinoforms forming steeped sided FTP’s with
well defined slope breaks.

An additional trend depicted in the results of M1 is that maximum
gradients in each modelled geometry tend to increase with increasing rates of
production (Fig. 4.2A), while the maximum gradient will also increase over
time during the duration of the model run due to depth-dependent sediment
production (Fig. 4.4). Models with parameters favouring ramp development
(i.e. high transport combined with moderate production, for example Fig. 4.2C
profile Il) exhibit a gradual increase in maximum gradient with time (Fig. 4.4A
and 4.4C), with gradients remaining well below the 1° ramp threshold as
defined by Burchette & Wright (1992). Models consisting of parameters more
suited to FTP development (i.e. low transport with moderate production, for
example Fig. 4.2C profile IV) also exhibit an increase in maximum gradient
with time (Fig 4.4B and 4.4D), beginning with a ramp like character (<1°
gradient) during their early development, and evolving into a steep sided FTP
with gradients exceeding 7° at their later stages. Development of this break of
slope (Fig. 4.4E) and major steepening through time illustrate the transient
nature of these ramp systems which, under these conditions, will tend to
evolve from a ramp to FTP geometry through time.
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It is likely that in the absence of sufficient sediment transport and
assuming a healthy carbonate factory, carbonate platforms will always tend to
evolve like this, from a ramp to FTP geometry because of in-situ
accumulation. How long this evolution takes will depend on the rate of
transport versus the rate of production, but it maybe that given enough time all
but the most transport-dominated ramps will tend to evolve to FTPs. This
evolution can usefully be thought of as a development from an initial condition
bathymetry towards a dynamic equilibrium state. In other words, carbonate
strata start accumulating on some bathymetry, and production and
accumulation modify the gradient and form of the bathymetry, depending, for
example, on rates of transport versus rates of production. At some point the
new bathymetry has a form that approaches a dynamic equilibrium state for
particular rates of transport and production, and may differ considerably from
the initial bathymetry (Fig. 4.4 B) or, particularly in high transport rate
systems, maintain a gradient similar to the starting gradient (Fig. 4.4 A). Note,
however, that if rates of production or transport change through time, the
situation could be much more complicated.

Concepts of dynamic equilibrium have been applied in siliciclastic shelf
models (Swift and Thorne, 1991; Thorne and Swift, 1991) and a similar
evolution of platform geometry towards a dynamic equilibrium state has been
described from carbonate outcrop studies. For example, the Lower Triassic
ramp sequence of Northern Hungary (Hips, 1998) evolved from a homoclinal
through distally steepened ramp to a Middle Triassic FTP, and a ramp to FTP
transition is preserved in Upper Triassic to Upper Jurassic Adriatic platform
strata, Southern Montenegro (Cadjenovic et al., 2008). Other examples of
steepening with time include the Upper Devonian Grosmont Formation of the
Alberta Basin (Cutler, 1983) and the Lower to Middle Cambrian of the Virginia
Appalachians (Barnaby and Read, 1990). A snapshot of platform geometry in
any of these cases could be misleading in terms of understanding and
predicting the overall system because it would represent a transition form, not

the dynamic equilibrium condition.

Based on the analysis and results of M1 alone (Fig 4.2, 4.3, and 4.4),

ramps develop when transport rates are high enough to prevent development
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of a steep platform margin. In other words, the essential process determining
distinction between platform geometries typically referred to as ramps and
FTPs is the effective action of sediment transport of sufficient magnitude and
over sufficient distance to move sediment away from its area of production
and prevent buildup of steep platform margin gradients. High sediment
transport rates relative to production rate remove carbonate sediment that
would otherwise accumulate in shallow water and prevent progradation and
steepening by redistributing sediment with a more even thickness across the
underlying topography (e.g. Fig. 4.2C Il). When transport of the coarser grain
types is ineffective, due to low energy, low gradients, or the resistance of
sediment grains due to being entrained, autochthonous accumulation will tend
to quickly build steep-margined flat-topped platforms. Maximum stable
gradient will depend on sediment composition, degree of sediment binding,
but also on rates and types of transport processes operating.

The results also suggest that in the absence of sufficiently high
transport rates, either due to low-energy conditions or presence of transport-
resistant sediment, platform margins will steepen as they prograde, and the 1°
gradient cut-off will be exceeded. If we define a ramp as a carbonate system
with a regional gradient of less than 1° (e.g. Ahr, 1973; Burchette and Wright,
1992), then these examples would not be classified as ramps, and
presumably therefore they would be flat-topped steep-margined platforms.
However, looking at the model results in more detail suggests that this
distinction between ramp and FTP may be an over simplification, because
many of the low-gradient examples in Figure 4.2 do show a distinct slope
break (e.g. Fig. 4.2C 1), often in a proximal position on the depositional profile,
and often prograding into deeper water and increasing in magnitude with time.
The existence and development of these slope breaks is addressed in the
following section.

4.4.1 Development of a slope break

Considering the development of slope breaks in M1, generally max AS
increases with increasing rates of sediment production and decreases with
increasing rates of sediment transport (Fig. 4.2B). Modelled profiles for all but
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the highest-transport lowest-productivity cases show proximal aggradation to
sea-level forming a break of slope and a seaward-dipping subtidal ramp (e.g.
Fig. 4.2C profile 1). This suggests that most carbonate platforms, even very
low-gradient systems, will commonly develop a break of slope (Mitchum and
Uliana, 1985; Chatellier, 1988; Handford and Baria, 2007). This will tend to
become more pronounced with time even in low-gradient systems (Fig. 4.4A),
making it problematic to use a break of slope as a feature to distinguish ramps
and FTPs. A break of slope feature will only be absent in ramp systems when
rates of sediment transport are very high relative to rates of production (e.g.
Fig. 4.2C profiles Il and Illl), or when relative sea-level rise outpaces
accumulation, for example during high-frequency high-amplitude glacio-
eustatic transgression (see section 5.5).

In outcrop examples, identification of a slope break where a flat surface
~ passes seaward into a surface dipping at >0.5° should be straight forward,
assuming time lines can be traced over a distance of 1km or more, because a
depositional surface with a gradient of >0.5° traced over 1 km will show a
water depth difference of >8.7 m and this should translate into observable
facies changes even accounting for substitutable facies in shallow water
(Rankey, 2004). Seaward dipping surfaces with a dip of less than 0.5° may be
more problematic, requiring tracing of assumed time lines over longer
distances to identify, and raising the issue that most correlations of this type
are model-driven interpretation, not fact-based observation.

In the subsurface, using seismic data, examining a typical seismic line
with a vertical resolution of ~30m over a distance of 10 km should allow
resolution of any surface dipping at 0.2° or more (Sheriff, 1991). Burchette
and Wright (1992) noted that some ramps possess subtle changes of slope,
recognizable on some regional seismic lines, which they termed the ramp
slope crest. Examples include the Nisku Formation, Frasnian, Western
Canadian Basin (Burchette and Wright, 1992), and the Upper Jurassic to
Lower Cretaceous carbonate platform of the Neuquen Basin, Argentina
(Mitchum and Uliana, 1985). These are large scale examples (>10 kms)
comparable with the modelling presented here, and should not be confused
with smaller meter-scale features visible in outcrop e.g. the bedforms of the
Lower Pérmian, San-Andreas of West Texas occur over length scales of a
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few kilometres (Kerans et al., 1994), while the clinoforms in the Upper
Jurassic Smackover carbonates of Louisiana are developed over a distance
of <10 km (Handford and Baria, 2007).

4.5 Testing Production Profiles (M2) - What kind of production profile
creates a ramp? _

Much previous work has ascribed formation of ramp geometries to
operation of a particular relationship between water-depth and production
rate, where carbonate production is more widespread across the system
occurring in both shallow (inner to middle ramp) and deeper (middle to outer)
waters (e.g. Wright and Faulkner, 1990; Pomar, 2001). These conceptual
models were derived from simple cartoon production profiles and the
proposed relationships have never been validated with a quantitative test. A
second model suite (M2) tests the influence of the production profile on
platform geometry by running Dionisos models with fifteen different types of
carbonate production curve (Fig. 4.5), each of which has been published by
various authors over the last twenty years. Curves vary from dominantly
euphotic based production (Fig. 4.5A — 4.5l), such as Bosscher and
Schlager's (1992) curve (Fig. 4.5B) in which production is focused to
shallower waters, to the more oligophotic type curves (Fig 4.5K — 4.50) in
which production occurs in deeper water and is more widespread across the
system, for instance Pomar's (2001) curve (Fig. 4.50).

Each of the fifteen production curves in M2 was modelled with the
same initial model conditions as M1 (refer to Table 3.2). However, a range of
production and transport rates was not modelled in M2, but two sets of values
were derived from the results of M1 depicted in Figure 4.2. The first parameter
combination represents high transport combined with moderate production,
conditions shown most likely to produce a ramp geometry in Figure 4.2. The
second parameter combination represents low transport rates combined with
moderate production rates that tend to generate a FTP. Maximum gradient
and break of slope position (based on maximum gradient difference) was
calculated at the conclusion of each model run and are plotted for reference
(Fig. 4.5P and 4.5Q).

74



SL

YEL'0LL = WQ PEID Xe
<6896 = JudIpeID XeN

. e

L£0°0 = JiQ peIO XeW
<BE0°0 = UBIPEID XBN

BEAE

o

|
saAINo uonanpoid G| Y} Jo yoes

Japun eale 8y} 10} J0|d Y "8ouaIayip jusipeld wnwixew W

Jojoid 81nq d Se Bwes ‘D "SuoIpucd suoid d14 |

2L0°T6} =W peI Xey
<EL8°0} = JuaipeIO Xe

. e

8¥0°0 = 4iQ PeIO XeW
+8€0°0 = JuapeI) XeW

e

e e l

=

pue duweJ yjog Japun ‘SaAINO uoRaNpoid G| BY} JO Yoea

40 jua| I 4010|d :d "uoponpoid |
‘uoisnyip moj ‘suonipuod auoid 41 4 pue ‘vononposd

8jesgpow ‘uoisnyip ybry ‘suonipuod suoid dwes |
Japun pajapoul St SAIND YB3 "SBAIND UO! d d

151°981 = 41Q eI Xey
«SPS0L =usipeiO Xe

A .

WasaYIp g1 Joj selyoid [eUONISOdEP ZIN {0V 'Sy anBLy |
,

£20°0 = 4 pei ey
<1£0°0 =juaipei) XeW

5

8|yoid uogonpald
ONMWI XTI HS 430028V

8L¥PL = HQ PEIO Xe
+8EZ'8 = JuaipeI9 el

e

Z10°0 = 410 PeJ9 xel
+420°0 = Juaipes xel

T

=

g8
ealy

oL

6Y'9S1 = 40 peio xe
<68'8=Jusipel9 xel

¥20°0 = 40 pes9 xely
+1€0°0= JuaIpes el

P

X

8AINd uonanpoud Japun ealy

tl

8lyoid UORINPOIY

18L°pPL = 41Q PeI) Xey
+BET'8 = JuaipeI e

¥10°0 = 4iQ pesO xew
+£20°0 = WaIpeID Xep

—~

:|

ONMWIT XTI HS 4300908V

S1'LL = 1Q pei9 xely
+LL0°G = WaIpeI) XeW

.

10°0 = 410 PeJO xe
+420°0 = JuaipeJ xew

ot

|

(wiyw) yip peio xew

6SL°L0} = 4iQ peIo xew
+051'9 = juaipes xew

D

1200 = 40 peio xeW
+820°0 = UaIpeIO Xew

T M R

E3

] |wyjjw - 8duBIaYIQ JUBIPEID WNWIXEN

8I40id UoRINPOIY

6SL°201 = #iQ peio xe\
«051°9 = Waipei) XeW

e

€200 = HQ PeIO X
28200 = aIpeID Xe

i

AR R MR AN =

©|

ONMWIIMXTF I HS 430008V

9Y0'6Z} = 410 PeIO XeW
-£GEL = JUBIpRID Xe

—

+10°0 = IQ eI xep
+620°0 = JuaipeI9 xew

T~

SLp'SS = HQ PeIO XeW
<ZLL'E =UBIpRI) Xe

| . .

110°0 = 41Q PeIO xey
+E20°0= WeipeI Xey

e

w w

_mo2aon - judipel wnuwixep

(1002) sewod - 0
, (r002) e 3e Jewod - N

86'6S = 410 PEIO Xe
<8L°E = JuaipeI e

e

+10°0 = 4iQ peI Xe
<5200 = JuapeI9 xep

—_—

ql

| (¥002) "|e 32 Jewod - W
(8661) 02o1WaQ - 7

(8661) peay - i

(1661) "[e 3@ Jowweypjo9 -

9Y6'LY = #IQ peIO Xe
.99L° = WaIpRIO ey

S .

110'0 = 410 peIo Xe
+820°0 = uapei e

—_—

o

(8861) @219 -/

(0661) weujem pue adsussog - H
(5661) ‘1238 |]2uny - O

(6661) IIeA pue uewmog - §

91°6S = JIg PeIO xe
«LSV'E = ueipeI xe

-

+10°0 = 4\Q PeIO Xe
+C20°0 = Jusipeio xew

L E e 85

1IN S

al

W (2002) uejfog - 3 7
7 (2002) “Ie 32 UdILLIEM - O
, (8002) "[e 3@ yd111EM - O
| (ze61) 196ejyag pue sayossog - g

(6002) "Ie 30 sweljm - v

ajyoid uopanpold

951°6 = JIQ PeIO Xey
+LS1'E = JueipeI xew

10°0 = 410 PeIO Xe
4200 = Wepes) ey

v Jedeyn

SWweliiM " mnH




Huw D. Williams Chapter 4

Results from these model runs (Fig. 4.5) demonstrate that the shape
and dominant production loci of the profile is not a significant control on the
large-scale platform geometry. Even strongly oligophotic profiles (Fig. 4.5M —
4.50) evolve towards FTPs when combined with low transport rate, and show
platform margin gradients as high as 10°. These oligophotic profiles, formally
thought to favour ramp development, actually produce FTP’s with better
developed slope breaks (maximum gradient differences between 170 to 192)
and higher maximum slope gradients (9 - 10°) than many of the euphotic
profiles. This occurs because magnitude of production of carbonate sediment
is determined by the area beneath the production profile, and oligophotic
profiles have a greater area under the curve than do euphotic profiles (Fig.
4.5R). Increased area results in a greater net production and increased
progradation rate for a given transport rate, and therefore a greater tendency
to create a steep-margin FTP. The increased net production and progradation
results in a steepening of the platform margin (Fig 4.6A), while the inflection
point or break of slope on the FTP will become more distal along the modelled
profile as the area beneath the production curve increases (Fig 4.6B). Some
support for rapid oligophotic progradation comes from outcrop examples
interpreted to represent strong upper-slope progradation driven by a microbial
carbonate (Della Porta et al., 2003 & 2004; Kenter et al. 2005).

Model runs with high transport rate combined with moderate production
rates tend to create ramp profiles with less variation of maximum gradient
than the lower transport rate examples (Fig. 4.5). The maximum gradient
displayed for the fifteen models under these higher transport rate conditions is
actually very close to 0.03°, the gradient of the initial topographic surface in
each example. This shows an important correlation between initial
bathymetric conditions and the overall ramp gradient, demonstrating that
ramp systems likely tend to drape the underlying topography (refer to section
5.2 for discussion on bathymetric controls).

In summary, model runs with high transport rate relative to production
rate tend to create ramp profiles, regardless of which production profile is
used (Fig. 4.5), suggesting that sediment transport rate, in this model
determined by diffusion coefficient and topographic gradient, is a more
dominant control on platform geometry than the type of production profile. The
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Figure 4.6. Letters correspond to production profiles of Fig. 4.5. A — Plot of
maximum gradient against area under production curve for the 15 curves of Figure
4.5. Gradient values are for examples modelled under FTP prone conditions (low
diffusion, moderate production). B — Same as A, but illustrating inflection point, or
break of slope location for each of the 15 modelled examples.
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model results presented in Figure 4.5 illustrate how shape and dominant loci
of production curves (e.g. euphotic versus oligophotic) are not a major control
on platform geometry. In the absence of high transport rates, the modelled
oligophotic production curves produce flat-topped steep-margin platforms
likely to be indistinguishable from platform geometries produced by euphotic

curves, at least in terms of their overall geometry.

4.6 Grain composition (M3, M4, M5) — What affect does it have on
platform development?

Quantitative analysis by Kenter (1990) showed that slope angle is
directly correlated to sediment fabric, and studies of submarine slope profiles
(Adams and Schlager, 2000) tend to support this view, suggesting that the
majority of profiles can be quantified using a series of mathematical equations
with a key governing parameter being sediment composition. A recent review
of carbonate slopes by Playton et al., (in press) proposed three main
categories of slope; debris, grain-dominated and mud-dominated. Playton et
al., suggest that differences in slope morphology can be attributed to
differences in the dominant transport process controlling the slope, with mud-
dominated systems (principally ramps) controlled by suspension and turbidity
flow processes, and grain-dominated slopes (steep-margined FTPs)
controlled by concentrated grain and debris flows derived from the shallow
platform top. Margin collapse features are also important components typically
present on high-angle grain-dominated platform slopes and are
characteristically absent on mud-dominated slopes. While Dionisos does not
explicitly represent all these processes, the combined diffusional transport
and critical-angle slope failure processes included in all the model runs are a
reasonable generalized representation for the temporal and spatial scales of
large-scale platform evolution. It is possible to use the model to further
investigate the Playton et al. (in press) classification scheme, and therefore
the role of grain composition on platform geometry development.

The models of M1 and M2 both use the same grain size component
(Table 3.2), with a composition dominated (567%) by the coarsest sand or
coarser grade grain type, therefore simulating a relatively coarse, grainy
system. Three additional model runs (M3, M4 and M5) have been conducted

78



Huw D. Williams Chapter 4

in which the composition of the system has been altered to simulate a finer
grained, muddier system (Table 3.2). The models become gradually finer; M3
is composed of 8% sand or coarser, 15% silt and 77% mud, M4 does not
have the coarsest fraction and is composed of 17% silt and 83% mud, while
M5 is a mud dominated system composed of 100% mud. The same
production curves used in M1 for each of the respective grain types are used,
as is the same range of diffusion coefficients. The 3 models were run
following the APE method (section 3.3) with both maximum gradient and
development of slope break (maximum gradient difference) calculated for
each and plotted as matrices (Fig 4.7, 4.8, 4.9). As the only change in
parameter from M1 is the grain composition percentage, the matrices (Fig 4.7,
4.8, 4.9) of M3, M4 and M5 can be directly compared with those representing
a grainer system (Fig 4.2).

The finer, muddier composition of M3, M4 and M5 results in the
generation of lower gradient geometries (Fig. 4.7A, 4.8A, 4.9A) when
compared with the grainer models of M1 of similar diffusion coefficient (Fig.
4.2A). The grainy geometries of M1 develop platform margin slopes
exceeding 10° (Fig. 4.2A); in contrast the maximum gradient observed in the
muddy model runs is a gradient of just 1.12° in M3, with gradients not
exceeding 1° in either M4 or M5. The maximum gradient of the modelled
geometries also decreases as the systems become gradually muddier from
M3 through to M5. The development of a slope break (Fig. 4.7B, 4.8B, 4.9B)
is also limited as a result of increased slope failure at the platform margin due
to a lower angle of repose of the dominant grain type (mud). This lack of slope
break development also increases as the systems become muddier from M3
through to M5, with the mud dominated system of M5 portraying very low
maximum gradient difference values (<40 m/Km), thus indicating little to no
slope break development in the geometries of M5 (Fig. 4.9B). These muddy
systems therefore tend towards the generation of ramp geometries. This
occurs, even at the lower end of the range of transport rates modelled, with
this tendency towards ramp generation a combined consequence of a greater
proportion of easily transported sediment being produced, thus leaving little
material to accumulate in situ, and the lack of a coarse, framebuilding grain

type inhibiting the development of a steep platform margin and slope break.
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The presence or absence of frame builders in a carbonate system and,
linked to this, the susceptibility of produced grains to transport are therefore
likely to be major control on the geometries of carbonate platform systems
(e.g. Aurell et al., 1998; Pomar, 2001; Schlager, 2005; Pomar and Hallock,
2008). Ramps appear to be more common during periods when frame-
building organisms were absent from shallow-water environments (Burchette
and Wright, 1992) and although ramps occur in all geological periods, there
have been times during the Phanerozoic when they constituted the most
prominent carbonate platform type. These periods of major ramp occurrence
commonly coincide with major extinctions, perhaps the reason for absence of
shallow-water frame builders. Ramp-dominated periods include the
Mississippian following the Frasnian-Famennian extinction (Chatellier, 1988;
Gutteridge, 1989; Burchette et al., 1990), the Triassic following the P-T
extinction (Aigner, 1984; Cadjenovic et al., 2008), the Early Jurassic following
the Triassic-Jurassic extinction (Quesada et al., 2005; Azeredo et al., 2009),
and the Late Jurassic following the Toarcian ocean anoxic event (Droste
1990; Moore 2001; Badenas and Aurell, 2010). Following extinctions at the
Paleocene-Eocene boundary many systems of Eocene and, to a lesser
extent, Oligocene age are also low-angle transport dominated geometries due
to the carbonate factory being dominated by larger benthic foraminifera
(Beavington-Penney et al., 2005). During each of these periods a lack of
prolific frame building organisms combined with dominance of a highly
transportable sediment type probably resulted in low-gradient transport-

dominated platforms (ramps) being the principal depositional system.

The results of M3, M4, and M5 (Figures 4.7, 4.8 and 4.9 respectively)
further illustrate the importance of sediment dispersion and transport on
controlling platform geometry. The results also highlight the effect that
sediment composition and transportability of the dominant grain type has on
platform geometry, and support the previous conclusions of Kenter (1990),
Adams and Schlager (2000), and Playton et al. (in press). Variations in
platform margin development and slope geometry caused by changes in the
grain composition are likely to be an important additional control on the

continuum of platform geometries (discussed in the subsequent section). At a
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fixed diffusion coefficient and production rate, the models of M3, M4 and M5
illustrate how dominant grain size is an additional controlling variable, with
grain-dominated and mud-dominated systems representing the end members

of a grain size continuum.

4.7 Discussion — Classifying a continuum of carbonate platform types
The model results presented throughout Chapter 4 suggest that the
essential process determining the distinction between a ramp and a FTP is
the effective action of sediment transport over a length scale of sufficient
magnitude to move sediment away from its area of production and prevent
buildup of steep platform margin gradients. The efficiency of sediment
transport is the main control on creating and maintaining a ramp profile (M1),
while the type of production profile appears to exert little influence on platform
development (M2). When transport of the coarser grain types is ineffective,
due to low-energy or the resistance of sediment grains due to being entrained,
autochthonous accumulation will tend to quickly build flat-topped platforms. It
is also important to note that gradients will tend to increase with time if
production gradually outpaces transport (Fig 4.4), and given sufficient time
many low-gradient ramp systems will likely evolve into steep-margined FTPs.
The profiles generated in the modelling cases presented in Chapter 4
represent a gradational series of geometries created by essentially the same
interacting processes of production and transport (Fig. 4.10). This process
continuum results in a continuum of platform geometries that extend beyond
the two end-members of a transport dominated ramp (Fig. 4.10, Geometry |,
comparable to Trucial Coast ramp) versus the low transport FTP (Fig. 4.10,
Geometry IV, comparable to Bahamian FTP) with in situ light-dependent
production. Intermediate geometries which are not comparable with these end
member geometries therefore likely exist (i.e. Geometries Il and Ill, Fig 4.10).
These geometries lack the high angle slope break of an FTP (i.e. Geometry
IV, Fig 4.10), however the presence of a less prominent slope break
(discussed in section 4.4.1) and the development of relatively flat tops that
almost aggrade to sea level (i.e. Geometry lll, Fig 4.10, akin to the Iberian

basin ramp) suggest it would be inaccurate to describe them as homoclinal
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igure 4.10. Upper parameter space illustrates representative gradational geometries created by interaction of production and transport
sing the APE forward modelling method. Lower parameter space illustrates outcrop geometries which are analogous to the modelled
eometries. Geometry I: The low angle homoclinal ramp is comparable with the Trucial Coast ramp (image modified from Purser, 1973).
ieometry II: Low angle ramp geometry akin to the Arundian aged South Wales ramp (image modified from Simpson, 1987). Geometry llI:
n intermediate geometry (flat-topped ramp) akin to the Kimmeridgian aged ramp of the Iberian basin (image modified from Aurell et al.,
998). Geometry IV: FTP geometry comparable with the Great Bahama Bank (image modified from Schlager, 2005).
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ramps either. The term ‘flat-topped ramp’ has been used by Read (1998) to
describe similar depositional geometries which are ramp like yet posses a
relatively flat-topped section in their most proximal regions, and this term may
therefore be useful when trying to describe geometries akin to Geometry il
(i.e. The Kimmeridgian aged ramp of the Iberian basin, Aurell et al., 1998) of
Figure 4.10.

The presence of this continuum of geometries suggests that a clear
distinction between ramps and FTPs may be problematic, especially on purely
geometric properties as would be seen on seismic. Either a new method of
making the distinction is required, and it will be difficult to make this
meaningful given the continuum of form, or the distinction should be replaced
with the recognition that ramps and flat-topped platforms are a process
continuum, representing different balances between sediment production and
sediment transport rates. Therefore a distinction between in-situ accumulation
dominated, and transport dominated systems (Table 4.1) may be more useful
than the differentiation of ramps from FTP systems based on a simple
gradient cut-off (Burchette and Wright, 1992).

Transport dominated Platforms where sediment is prone to be transported away from the
main sites of production. Favour low gradient ramp systems, normally
preventing the accumulation and aggradation of sediment to produce
FTP’s. Such systems are characterized by a paucity of organisms capable
of producing large in-situ buildups unless in deeper waters, and by

sediment types more easily dispersed by normal marine processes.

Platforms where enough sediment is produced and retained to lead to
In-situ accumulation | the development of flat-topped depositional profile separated from
dominated adjacent deeper water areas by a prominent break of slope beyond
which is a zone characterized by instability and gravity flows.
Deposystems are likely to also shed sediment into deeper water but
sufficient is retained to produce a topographically elevated margin. In-
situ accumulations are prominent feature of these systems such as reef
complexes, reef mounds and microbial mounds.

Table 4.1. New definitions for classification of large-scale carbonate deposystems.
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However, a critical consideration is that, although the modeling
produces a continuum of geometries, distinctly different processes may
operate in particular real cases. For example, on an FTP with high-angle
slope-margins sediment instability could result in erosion and collapse of the
margin and deposition down dip of slides, slumps, debris flows, and turbidity
currents, with the possible development of a significant bypass surface on the
slope (Schlager, 2005). Low-gradient ramp systems should lack such
collapse, erosion and bypass features but excluding pelagic and hemipelagic
deposits, subtidal ramp strata should be dominated by material transported by
any of a variety of down-ramp processes. For example, storm-triggered
density currents are commonly invoked as the means for redistributing
sediments from shallow waters to offshore settings (Aurell et al., 1998;
Pedley, 1998). Recognition of this transport may also be complicated in some
systems where mud-grade offshore strata are the product of diagenetic
remobilization of benthic skeletal aragonite (Wheeley et al., 2008). This is
then complicated further by other controlling factors such as initial bathymetry,
differential subsidence and relative sea-leve! oscillations that are also likely to

be important controls in any particular example.

The process continuum described in this chapter can usefully be
thought of as platform types that exist in a parameter space of controlling
variables. A parameter space is a space in which all possible combinations of
controlling variables for a system are represented. The space may have many
dimensions, depending on how many controlling variables or parameters it is
considered to have, but each possible parameter combination corresponds to
one unique point in the parameter space. A parameter space defining the
models presented in this chapter would consist of two axes; sediment
transport rate and sediment production rate (Fig. 410). End-members on
these axes would be a transport-dominated ramp (Fig. 4.10, Geometry |) and
an in-situ dominated FTP (Fig. 4.10, Geometry V), with a continuum of
geometries between (e.g. Fig. 4.10, Geometries Il and lll). However, as
mentioned previously this continuum of geometries are likely to be
complicated by other controlling factors such as initial bathymetry, differential

subsidence and relative sea-level oscillations. Therefore an accurate
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parameter space for overall platform development would not be constructed
from only the two controls discussed in this chapter (sediment production and
transport), but would likely incorporate these additional controlling factors in a
multidimensional parameter space. The concept and construction of a
Multidimensional Parameter Space for carbonate platform development,
referred to from here on as ‘MPS’ will be addressed in the subsequent
chapter. The controls factors such as relative sea-level oscillations exert on
platform development will be investigated and representative parameter
spaces constructed. These additional parameter spaces can be combined
with the parameter space for sediment transport and production presented

here to produce a MPS.
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Chapter 5: UNDERSTANDING CARBONATE PLATFORM
TYPES: THE ROLE OF BATHYMETRIC, TECTONIC AND SEA-
LEVEL VARIATIONS IN PLATFORM DEVELOPMENT

Chapter 5 presents forward modelling results investigating how
bathymetric variations, tectonic regimes and sea-level oscillations control
carbonate platform geometry. The previous chapter presented results
identifying optimal sediment production and transport regimes for ramp and
for FTP formation. The same approach continues in this chapter with analysis
of additional controls that may also affect the type of carbonate platform
generated. The chapter presents Dionisos models illustrating the influence
changes in bathymetric conditions, such as faulting and differential
subsidence, can exert on platform morphology. Dionisos models are also
presented demonstrating the optimal tectonic conditions for carbonate ramp
generation along with seismic and outcrop examples. Finally, sea-level control
on platform geometry is examined, with the influence exerted on platform
morphology by greenhouse versus icehouse global conditions investigated
using the APE method. The chapter concludes with the construction of a
multidimensional parameter space for carbonate platform development (MPS)

incorporating the results of chapters 4 and 5.

5.1 Introduction

The aim of the five model sets (M1-5) used in chapter 4 was to identify
the optimal sediment transport and production rates for the creation of ramp
and FTP systems, and the continuum of geometries between. In M1-M5 the
bathymetry, tectonic regime and sea-level history parameters were kept
constant (see table 3.2), so that influence of variations in sediment transport
and production on platform geometry could be assessed. However variations
in these parameters may also exert a control on platform development.
Therefore parameters fixed in model sets M1 to M5 in chapter 4 are varied in
this chapter in model sets 6 to 12 (M6 - M12) and the influence variations in
initial bathymetry, tectonic regime and sea-level oscillations exert on platform

geometry are analysed.
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Model Set 6 (M6) investigates the relationship between platform
geometry and the initial basement bathymetry, while model sets 7-12 (M7-12)
analyse how changes to this bathymetry, for example faulting or differential
subsidence, affect platform development. Results from each of these models
are then used to suggest the optimal bathymetric and tectonic conditions for
carbonate ramp development. The final section of the chapter uses the APE
modelling method to analyse how variations in sea-level can effect platform

development.

5.2 Investigating the role of bathymetry on platform development

A constant bathymetry (Fig. 3.4A) was used in each of the previous five
model sets (M1-5), with an initial basement bathymetry derived from the
basement structure of the Arabian Gulf (Fig. 5.1) and Purser (1973). The
average Arabian Gulf basement bathymetric gradient has been calculated as
0.03° (Fig. 5.1D). The initial basement bathymetry used for M1-M5 is
consistent with this, with a 0.03° slope over 250 Km slope giving 125 metres
of bathymetric relief passing into a flat bottomed basin at 125 meters of water
depth. In each of the ramp geometries seen in the results of M1 (Fig. 4.4A),
and particularly the fifteen models of M2 (Fig.4.5) simulating platform
development under ramp prone conditions (high diffusion rates, moderate
production rates), the value of the maximum gradient observed is very close
to the 0.03° gradient which was assigned to the initial basement bathymetry.
Several of the modelled geometries (e.g. Fig. 4.5 K and M) have a maximum
gradient of exactly 0.03°, while each of the remaining geometries deviate by
less than 0.01° from this value. There appears to therefore be a close match
between the gradient assigned to the initial basement bathymetry and the
maximum gradient observed in the modelled ramp geometries.

To investigate this match an additional set of model runs was
conducted; model set 6 (M6), in which the gradient of the initial basement
bathymetry was varied. The parameters used in M6 were identical to those of
M1 (refer to Table 3.2 for M1 and M6 parameters), while sediment production
and transport were set at ramp prone rates (high diffusion, moderate
production), and the initial basement bathymetry set at increasingly higher
gradients. The results of M6 (Fig. 5.2) show a very clear correlation between
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the gradient assigned to the initial bathymetry and the maximum gradient of
the modelled geometry (Fig. 5.2F). In each of the examples there is little
deviation between the values of these two gradients (Fig. 5.2A-E), with the
modelled ramps appearing to inherit the gradient of the initial bathymetry.
Furthermore the maximum ramp gradients never exceed the basement
gradient value due to high transport values precluding steepening and
development of a break of slope. These results suggest that gradient of ramp
systems reflect the geometry and gradient of underlying bathymetry,
commonly mimicking and inheriting the initial basement gradient, and that
ramp geometry can therefore reasonably be viewed in many cases simply as

a drape of the underlying topography.

5.3 Investigating the influence of faulting and subsidence on platform
development

The relationship outlined in section 5.2 is valid for the relatively low-
gradient, flat bathymetric conditions used in M1 to M6. However, carbonate
platforms also form on more complex bathymetries. Bathymetric features such
as basement highs or shallow depressions and basins commonly influence
carbonate stratal geometry. While syndepositional processes such as active
faulting and differential subsidence may also affect developing platform
geometries.

The models sets 7 to 12 (M7 to M12) investigate some of these
processes by identifying the control faulting, subsidence, antecedent
topography and syndepositional processes exert on platform development.

5.3.1 — Syndepositional Fault control on platform geometry (M7)

M7 models a developing carbonate platform with localized faulting
(Fig. 5.3). All other parameters are the same as those in M1 (refer to table
3.2), with ramp-prone sediment transport and production rates, and a
syndeposition fault developing at a fault slip rate of 0.02 m kyr" throughout
the model run resulting in a vertical downthrow of 100 meters at 5 My (Fig.
5.3). This scale of faulting is representative of several Quaternary extensional
faults, for example fault slip rates of 0.25 m kyr' have been calculated in the
Gulf of Corinth, Greece (Cowie and Roberts, 2001), and a rate of 0.62 m kyr‘1
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Figure 5.3. M7 results. Model depicting geometry
development of carbonate system affected by
faulting. Fault is occurring syndepositionally
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and has a downthrow at 5 My of 100m.
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in the Rukwa Rift of Tanzania (Kjennerud et al., 2001). This scale of faulting
appears to exert little control on overall platform geometry (Fig. 5.3). However,
small scale localized steepening of the deposited material can been seen in
close proximity to the faulted area. In a typical seismic line of 10 km length
(Sheriff, 1991) this localized steepening of the strata is probably recognizable
with high levels of vertically exaggeration. The high diffusion coefficient of M7
ultimately results in a draping of the basement bathymetry and quickly

eliminates any minor offset caused by the faulting.

5.3.2 — Platform geometry affected by rotational subsidence (M8)

M8 models a developing carbonate platform affected by
syndepositional differential subsidence (Fig. 5.4). All parameters were kept
the same as those for M1 (Fig.4.2), with the exception of a high rate of
rotational subsidence occurring for the duration of the model run (Table 3.2).
Rotational subsidence varies from 20 mMy™' at the proximal end of the model
grid to 100 mMy™' at the distal end of the grid, resulting in a subsidence rate at
the eastern end of the profile (Fig 5.4) five times greater than at the western
end. This magnitude of rotational subsidence is analogous to the subsidence
rates typically viewed in foreland basins (e.g. Sinclair, 1997; Allen & Allen,
2005; Allen et al., 2001, and refer to section 5.4.2). Nine model iterations were
run with varying sediment transport and production rates, using values from
models i-ix in M1 (refer to Figure 4.2), and so allowing analysis of the impact
of constant basinwide subsidence (Fig. 5.4A) versus rotational subsidence
(Fig 5.4B).

~ Differential subsidence influenced geometries of M8 (Fig. 5.4B) show a
notable deviation from the results of M1 (Fig. 5.4A). Laterally varying
subsidence appears to have two main influences on platform development.
The first is a backstepping of the facies within the geometries (Fig. 5.4B
profiles iv, v, vi, viii, and ix), caused by the rotational subsidence continually
deepening the shallow water portion of the profile, forcing retrogradational
migration of the coarse, shallow water facies (also seen in Fig. 5.7B).
Secondly the profiles (with the exception of profile vii) depict a more ramp like
character than the original models (Fig. 5.4A), with a more uniform, gently
dipping morphology and a less prominent slope break or ramp crest (i.e.
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Platform
trajectory _///

Figure 5.4. Comparison of depositional geometries under differing subsidence regimes.
A) Original depositional profiles from M1 (Fig. 4.2) with basin wide subsidence of

20 mMy". B) M8 depositional profiles depicting platform development with differential
subsidence. Subsidence is 5 times the magnitude at eastern east of profile compared 96
to western end. For production and transport values of profiles i - ix refer to Figure 4.2.
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profiles vi, viii and ix).

The results of M8 imply that settings influenced by rotational
subsidence tend towards generating low angle ramp like geometries. This is a
consequence of increased topographic gradients leading to higher rates of
sediment transport. In addition to sediment transport and production
(discussed in chapter 4) this syndepositional control can therefore be
considered as an additional parameter influencing platform development, as
the magnitude of rotational subsidence will influence the resulting platform
geometries. As with sediment production and transport (Fig. 4.10) a
continuum of geometries likely exist between systems significantly affected by
rotational subsidence and those which are not (Fig. 5.5). Platforms developing
in high rotational subsidence conditions will typically exhibit a backstepping of
the internal strata and an overall low angle ramp-like geometry (i.e. Geometry
[l and 1V, Fig. 5.5), whereas platforms developing under similar conditions but
with an absence of rotational subsidence will likely display a far more
progradational character (i.e. Geometry |, Fig. 5.5).

Rotational subsidence influenced ramp systems which display a
backstepping of the internal geometries are typically observed in fault block
ramps. Ramps of this type are discussed, and examples provided in section
5.4.3.

5.3.3 — Antecedent versus actively developing bathymetric geometries (M9-
12)

The results of M6 discussed in section 5.2 suggest that the gradient of
ramp systems reflects the geometry and gradient of underlying topography,
and that ramp geometries can therefore reasonably be viewed as a drape of
the underlying topography. This relationship is valid for relatively low-gradient
bathymetric conditions. However, carbonates also occur in areas with more
variable topographic-gradients, where bathymetric features such as basement
highs or shallow basins may also influence carbonate stratal geometry.

To understand how inherited gradient changes may control carbonate
systems, the evolution of stratal geometries under four different bathymetric
scenarios has been modelled in model sets 9, 10, 11, and 12 (M9 to 12)
(Table 3.2). M9 and M10 (Fig. 5.6A and 5.6B) simulate carbonate deposition
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Figure 5.5. Representative gradational geometries created by interaction of sediment
production rate and rotational subsidence. Subsidence values (mMy") represent
maximum rotational subsidence value at distal end of grid. Geometries | and Il display
a progradational character. As the magnitude of rotational subsidence increases
(Geometry Il and IV) geometries depict a retrogradational character as the strata
begin to backstep, resulting in an increasingly low angle geometry. The low angle
ramp geometries are a consequence of increased topographic gradients leading to
higher rates of sediment transport.
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upon an antecedent intraplatform bathymetry with 100 m and 500 m of relief
respectively. In contrast the initial bathymetry in M11 and M12 (Fig. 5.7A and
5.7B) is flat at the beginning of the model run, and an intraplatform
configuration develops syndepositionally through differential subsidence
during the 5 My of elapsed model time. These bathymetries are analogous to
various epeiric platform and related intraplatform basin settings common
throughout geologic history. For example the Cenomanian Mishrif formation of
the Southern Arabian Gulf (Burchette, 1993), the Albian Las Plias Formation
of Northern Coahulia, Mexico (Osleger et al., 2004) are interpreted to have
been deposited in very shallow intraplatform basins that seldom exceeded
100 meters in depth, while the Upper Jurassic Hanifa Formation is interpreted
to have been deposited in an intraplatform basin which did not exceed 60
meters in depth (Murris, 1980). All of the models were run with both ramp-
prone parameters (high transport rates) and FTP-prone conditions (low
transport rates), and with three sets of production rates (Table 3.2). Platform
margin trajectories (Helland-Hansen and Hampson, 2009) were plotted and
the geometrical differences under the varying bathymetric configurations
analyzed.

The model results suggest that antecedent topography exerts control
on platform geometry, but the degree of influence varies with differing rates of
production and transport, and for different amounts of basinal relief. For
example, under relatively low sediment production and sediment transport
conditions, rates of progradation of an FTP margin decrease markedly across
the 100 m relief intraplatform basin margin in Figure 5.6A but shows little
change when transport and production rates are higher. Increasing the relief
on the intraplatform basin margin (Fig. 5.6B) stalls FTP progradation in the
low transport rate case, and creates a bypass slope with little or no
accumulation, except in the higher production rate case. In all these low
transport cases, FTP progradation is stalled at the intraplatform basin margin.
This occurs because the euphotic production curve used in these models is
unable to create sediment in deeper water, so accumulation only occurs in
shallow water and progradation stalls at the basin margin.

All the examples modelled here are best considered as FTPs because
they all have a clear break of slope where the flat platform top passes
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Figure 5.6. Cross sections from M9 and M10 illustrating the impact of antecedent bathymetry on platform architecture.

Iin both A) and B) results from six models runs are shown. In each case three model runs have relatively low transport rates, and
three have high transport rates, and for each set of low or high transport cases sediment production rate is either 60, 135 or

300 m My-1. In A) from M9 an initial shallow-water platform bathymetry passes to the right into a 100 m deep basin. The
modelled architectures suggest that the basin margin has some influence on the final position of the carbonate platform margin,
but this influence is reduced with higher production and transport rates, both of which tend to facilitate progradation into the basin.
In B) the relief on the basin margin is 500 m and in these cases the platform margin is clearly influenced by the position of the
hasin margin, which, even under the high production and transport cases, inhibits progradation of the platform margin and forces

a change in stacking from progradation to aggradation.
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Figure 5.7. Cross sections from M11 and M12 illustrating the impact of syndepositional faulting on platform architecture.

Inboth A) and B) results from six models runs are shown. In each case three model runs have relatively low transport rates, and
three have high transport rates, and for each set of low or high transport cases sediment production rate is either 60, 135 or

300 m My-1. The initial bathymetry in both models is a flat substrate before syndepositional faulting throughout the duration of
the model forms the bathymetries viewed here. In A) syndepositional faulting creates a basin 100 m deep during the 5 My

duration model runs. As in Fig 5.6A, 100 m of bathymetric relief is insufficient to prevent progradation in all but the lowest
production rates modelled. In B) syndepositional faulting creates a 500 m deep basin during the 5 My duration model runs, and in
this case, as in Fig 5.6B accommodation creation across the fault is sufficient to prevent progradation.
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seawards into a platform margin slope. However, as in the ramp examples
modelled in the previous sections, draping of the antecedent bathymetry can
lead to clinoform slope gradients that closely mimic the initial bathymetry.
Draping of the antecedent bathymetry in both the high and low relief examples
under high transport conditions (Fig 5.6A and 5.6B) results in ‘ramp’ like
geometries which will closely resemble the initial bathymetry, and can
therefore be viewed as mimicking the original bathymetric conditions. To
some extent these ramps could also be described as ‘distally steepened’ as a
consequence of their interaction with the antecedent bathymetric features.
Conversely the low transport examples illustrate a constructional nature
whereby the development of a steep platform margin appears imminent
regardless of bathymetric variations; however the location of this margin may
well be governed by such variations.

The platform geometries generated under active faulting and
subsidence (Fig. 5.7A and 5.7B) largely depict very similar characteristics to
those formed with antecedent bathymetries (Fig . 5.6), and the draping and
constructional nature of the high and low transport systems is once more
illustrated. However, the platform margin trajectories of the high relief
examples (Fig. 5.7B) do show variation to those of the antecedent bathymetry
examples, in that there is retrogradation and backstepping of the carbonate
strata towards the end of the models. This is a consequence of continual
deepening of the platform (due to the continuous active subsidence in model

5.7B) forcing the shallow water facies in a proximal direction.

The initial models of chapter 5 (M6) illustrated the tendency towards
ramp generation on flat substrates, with maximum gradients mimicking the
gradient of the original bathymetry. The models (M7-12) analysing how
changes to this flat substrate effected platform development depicted the
draping nature of ramp systems, commonly inheriting underlying features, and
the constructional character seen in FTP geometries. These characteristics
may therefore provide a good indicator for the tectonic conditions in which
ramp development will succeed. It is evident from the models that ramp

systems require relatively low-gradient bathymetric conditions to develop,
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supporting the view of Burchette and Wright (1992) who suggested that ramp
development is most likely where gradients are slight, in tectonic locations
such as the dip slopes of extensional fault blocks, cratonic foreland basin
margins and epeiric seas in cratonic interiors. The following section addresses
this idea by incorporating the results of M7-12 into an investigation of the
optimal tectonic conditions for ramp development.

5.4 Optimal tectonic conditions for ramp development

A recent review of carbonate platform classification by Bosence (2005)
stated that “the basinal and tectonic setting of carbonate platforms is shown to
control their occurrence, the overall 3-D platform morphology, and
depositional sequences”’. Bosence continues by suggesting that the
occurrence and development of specific platform types, for example
carbonate ramps, is therefore directly correlated to the tectonic setting upon
which the carbonate is deposited. Hence specific tectonic environments will
favour ramp development, which according to the classification of Bosence
(2005) will be; upon fault blocks, subsiding or passive margins, and the
margins of foreland basins.

It is likely that ramp development will favour these tectonics settings;
however it is unlikely that the tectonic setting itself is actually a principle
control on platform type, as has been suggested by Bosence, but more
probable the set of characteristics shared by the tectonic settings commonly
attributed to ramp creation. The models presented earlier in this chapter and
those of chapter 4 have highlighted the controlling parameters which favour
ramp system development. These include a flat, low gradient substrate for the
sediment to drape, a lack of large scale fault influence, and a rotational
subsidence regime. Therefore any tectonic setting which possesses one or
more of these characteristics maybe prone to ramp development. The
presence of these controlling parameters does not however automatically
result in ramp creation, it simply facilitates development should other
parameters be suitable, and an important caveat to this relationship is the
sediment production and particularly transport regime influencing the tectonic
setting, because as was discussed in chapter 4 a lack of sediment
redistribution will likely result in the development of an FTP regardless of the
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other characteristics (i.e. a flat, low gradient substrate) present in the tectonic
setting.

The concept that the geotectonic setting provides a major control on
gross platform morphology has also been used prior to the classification of
Bosence. The idea was introduced by Read (1985) and further discussed by
Tucker and Wright (1990); however a major review of the carbonate ramp
concept by Burchette and Wright (1992) specifically discussed the key
tectonic settings for ramp development. The review reiterated the requirement
of a low gradient substrate, and continued by suggesting additional optimal
conditions for ramp growth would be provided in settings with relatively
shallow basinal water depths, and those in which subsidence is continuously
or episodically slow. Therefore suggesting ramp occurrence would favour the
dip-slopes of extensional fault blocks, passive margins, foreland basin
margins, and the margns of shallow intracratonic basins. These tectonic
settings suggested by Burchette and Wright (1992) correlate with the
classification of Bosence (2005), with the exception of the intracratonic setting
which was not directly addressed in Bosences' work.

The subsequent sections investigate the tectonic settings in which
ramp growth is commonly attributed using a series of Dionisos models. Each
of the models is based on either a modern or ancient example with data
sourced from both literature and the results and understanding gained from
the previous sections of this chapter and each of the sections of chapter 4.
The purpose of conduding these models is to ascertain why ramps may
favour development in these settings, and to test the tectonic settings
suggested by Bosence (2005) and Burchette and Wright (1992).

5.4.1 Passive margins

The passive margin tectonic setting (Fig 5.8) is characterised by low,
relatively uniform subsidence rates, which typically decrease as the passive
margin matures (Allen and Allen 2005). Once syn-rift relief has been buried or
denuded this tectonic setting typically portrays large areas with very gradual
slopes and little relief, which as shown in the previous models is ideal

conditions for ramp deveopment. The large extent of these margins can result
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jure 5.8. Ramp development on passive margins. A) Location of ramp growth in passive margin setting seen in green
d blue coloured region of diagram (modified after Burchette and Wright, 1992). B) Carbonate ramp growth in a passive

rgin setting modified after Bosence, (2005). Note relatively flat initial basement bathymetry, and evolution of ramp to FTP
ometry through time.
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in ramps potentially hundreds of kilometres in width.

Passive margin basins are generally considered to be the major site of
carbonate platform formation, thus some of the largest and to some extent
most extensively studied platforms are of passive margin origin; for example
the Florida-Bahamas region (e.g. Ginsburg et al., 2001) and the Great Barrier
Reef (e.g. Davies et al, 1989). There are also numerous well studied
carbonate ramps which have developed in this tectonic setting, a modern
example being Shark Bay of Western Australia (James et al., 1999), while
much of the early Palaeozoic around the North American craton also
developed upon a passive margin (e.g. Ahr 1971; Read, 1989; Barnaby and
Read, 1990). At a smaller scale, a Tortonian aged ramp outcrops on the
island of Menorca, which formed on the passive, subsiding margins of an
eroded Alpine basement (Pomar et al., 2002).

The characteristics present in the passive margin setting which
facilitate ramp development are a uniform subsidence and a low-relief initial
bathymetry for the carbonate to drape. These parameters were represented
throughout model sets 1-5 (M1-M5), therefore the stratal relationships seen in
these models are representative of a passive margin tectonic regime, and

additional models are therefore not required.

5.4.2 Foreland basin margins

Large carbonate platforms frequently accumulate on the distal margin
of low-latitude, underfilled foreland basins (Dorobek, 1995). Extensive areas
of shallow water, gently dipping marine shelf are commonly generated in the
foreland basin setting in response to flexural loading by an orogenic wedge
(Fig. 5.9). Rotational subsidence typically influences the setting, as increased
loading results in the distal portion of the shallow marine shelf subsiding at a
significantly greater rate than the proximal portion, commonly resulting in a
backstepping of the deposited strata. A low angle marine shelf for the
carbonate to drape, combined with a rotational subsidence regime has
previously been shown in model set 8 (M8, ‘Fig. 5.4 and 5.5) to favour ramp
growth when sediment transport and production rates are favourable. Hence
the presence of these two characteristics in the foreland basin tectonic setting
facilitates ramp development, many of which are frequently over a hundred
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qure 5.9. Ramp development on foreland basin margins. A) Location of ramp growth on a foreland basin margin is seen
green and blue coloured region of diagram. Ramps initiate on gentle slope at margin of depressed foreland and prograde
lothe basin. (modified after Burchette and Wright, 1992). B) Carbonate ramp growth on a foreland basin margin setting
odified after Bosence, (2005).
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kilometres across (Burchette and Wright, 1992).

The flexural loading which characterises this tectonic setting results in
rotational subsidence and a backstepping of the ramp strata, however
increased loading can ultimately result in a drowning of the entire ramp. It is
suggested that foreland basin ramps at any one site will drown within a few
million years, but that the composite platform will be diachronous, becoming
younger and younger towards the foreland (Dorobek, 1995).

Numerous examples of carbonate systems which formed in a foreland
basin tectonic setting exist throughout the geological record, many of which
(due to their lack of significant slope break and evidence to suggest significant
sediment redistribution) can be classified as carbonate ramps. Notable
examples include the Upper Ordovician Lourdes Formation, Newfoundland,
Canada (Batten Hender and Dix, 2008), the Upper Pennsylvanian Las
Llacerias Formation, NW Spain (Merino-Tome et al., 2009), and the late
Visean to early Moscovian aged ramps of the Western Urals, Russia (Proust,
1998) which depict the characteristic backstepping strata commonly
associated with ramps formed under a rotational subsidence regime.

An additional example of a ramp forming in the foreland basin setting is
the early Tertiary Perialpine carbonate ramps of France and Switzerland
(Allen et al., 2001), upon which a forward modelling study has also been
conducted. The study illustrates ramp development in a flexural subsidence
controlled foreland basin and provides an insight on the likely range of
geodynamical parameters affecting the tectonic setting.

5.4.2.1. Forward modelling carbonate ramps forming on the margins of
foreland basins — The Arabian Gulf

To some extent the models seen in M8 (Fig. 5.4) simulate carbonate
deposition under foreland basin conditions. The model initiates with a
relatively low gradient bathymetry which then rotates due to differential
subsidence; magnitude of the rotational subsidence occurring at the eastern
end of the profile is five times that of the subsidence occurring at the west.
This is analogous with increasing rates of subsidence towards the orogenic
load (e.g. Sinclair, 1997; Allen & Allen, 2005; Allen et al., 2001); in the model
example the loading would be taking place on the east end of the model
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profile. Results from M8 illustrate a backstepping retrogradational platform,
consistent with characteristics commonly seen in foreland basin ramps (e.g.
Sinclair, 1997; Allen et al. 2001).

A classic modern example of a carbonate ramp formed within a
foreland basin tectonic regime is the Arabian Gulf ramp (Purser, 1973; Lokier
and Steuber, 2008). The Arabian Gulf is a foreland basin lying between the
Arabian Shield to the southwest and the Zagros fold mountain belt to the
northeast (Fig. 5.10A). It is a small remnant of the northwest-southeast
Tethyan basin in which a thick series of hydrocarbon-rich deposits
accumulated, often in depositional environments very similar to those found in
the present Arabian Gulf (Murris, 1980). The Pleistocene-Holocene
bathymetric profile (Fig. 5.1) owes its origin to the Zagros Orogeny, which
began in Miocene time, the continuation of which is often given as the cause
of underthrusting along the Zagros line and consequently the earthquakes
and volcanoes in Iran (Glennie, 1995). The Hajar (Oman) Mountains, a
related orogen, exist across the Straits of Hormuz on the Arabian Peninsula,
while the UAE are essentially located on the peripheral bulge of this orogenic
belt (Loosveld et al., 1996).

The distribution of Holocene sediments in the Arabian Gulf depicts a
characteristic ramp grading of lithology, with grain types becoming
progressively finer towards the distal, deeper regions of the ramp (Fig. 5.10B).
The Arabian Gulf Sea floor grades from skeletal, oolitic and pelletoidal sands
and fringing reefs at its most proximal locations, passing into widespread
skeletal muddy sands, and finally into basin centre muds at its most distal
locations, where water depths do not exceed 100 m (Seibold et al., 1973). It is
likely that this sediment grading and the low angle ramp geometry displayed
by the present Arabian Gulf is due to significant sediment redistribution across
the system (as discussed in chapter 4). This sediment grading and
redistribution of grains in the Arabian Gulf is driven by several environmental
factors. The first is the regional and tidal currents which affect the Gulf. These
typically attain velocities exceeding 50 cm per second, and influence sediment
textures even in the deepest parts of the basin (Purser and Seibold, 1973). It
is these bi-directional currents which are attributed to the local development of
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the large oolitic tidal deltas (Loreau and Purser, 1973). However it is wind-
driven waves and surface currents which are the most important mechanism
of sediment transport in the shallow regions of the Arabian Gulf. These waves
and surface currents are driven by the Northwest Shamal winds. The
sediments affected by these winds are frequently dominated by high-energy
bioclastic and oolitic sands which can occur down to depths of 20 metres,
suggesting effective wave base may extend down to these depths (Purser
and Seibold, 1973). These waves and surface currents produced by the
Shamal winds commonly last several weeks in duration.

The Arabian Gulf ramp is still considered a very young carbonate
system, with the floor of the Gulf simply mantled by a ‘thin veneer of recent
sediment’ (Walkden and Williams, 1998). This sediment has inherited the
topography of the underlying low gradient substrate, providing the system with
its ramp like character. Several authors have hypothesized about the future of
the Arabian Gulf system with the work of Purser and Evans (1973) and more
recently Lokier and Steuber (2008) suggesting that if carbonate sedimentation
continues at its current rate much of the shallow water areas of the Arabian
Gulf will be infilled within 4000 years. However the work of Dorobek (1995)
would suggest that subsidence rates within the foreland basin setting would
prevent this and a more likely outcome would be a backstepping of the
carbonate strata, or even a complete drowning of the entire carbonate
system.

Forward modelling allows us to address some of these
hypotheses by producing simulations containing collected field data to test
these predicted outcomes. The Dionisos forward model presented in M13
simulates Arabian Gulf ramp development for the next 1 My. The parameters
used in M13 incorporate data derived from literature and findings from the
previous twelve model sets (Table 3.2). The Trucial coast section of the
Arabian Gulf was selected for the model (Fig.5.11A), with a modelled section
of 500 by 500 Km and bathymetric data (Fig. 5.1 and 5.11B) obtained from
Kassler (1973). The carbonate production rates were taken from Loiker and
Steubers (2008) recent investigation into carbonate ramp sedimentation rates
on the Abu Dhabi shoreline (Table 3.2), while the carbonate produAction
profiles used were the same as those of M1, since results of M2 illustrated the
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:ligure 5.11. Parameters for Arabian Gulf Dionisos forward model. A) Aerial view of Arabian gulf. Dashed box indicates
eclected region for forward model. Image courtesy of Google Maps (2010). B) Initial basement bathymetry simulated for
hrabian Gulf forward model using the Dionisos modelling package. Bathymetric data obtained from Kassler (1973).
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lack of control these production curves exert on overall platform geometry.

As described above, distribution of Holocene sediments displays a
marked distal fining of grain types, characteristic of ramp systems, and
interpreted to be due to transport by tidal and Shamal wind derived currents.
Given this evidence for operation of significant sediment transport processes,
M13 is assumed to have ‘typical’ ramp like sediment transport parameters,
and diffusion coefficient were derived from the results of M1, and fall within
the ramp-prone space of the parameter plots seen in the results and figures of
M1 (Fig. 4.2).

Unfortunately there is little constraint on the present subsidence rates
occurring within the Arabian Gulf foreland basin. Therefore subsidence rates
for other foreland basin types assumed to be similar were used, and two
separate models run, each simulating a differing subsidence regime. The first
run incorporates data derived from the work on underfilled foreland basins by
Posamentier and Allen (1993) and Sinclair (1997), and the second includes a
higher rate subsidence regime after the work of Dorobek (1995).

The models results (Fig 5.12 and 5.13) illustrate two quite different
potential outcomes for Arabian Gulf development over the next 1 My.
However, both models are in agreement with the predictions of Purser and
Evans (1973), and Lokier and Steuber (2008) that at present rates of
carbonate production much of the shallow water regions of the Arabian Guif
will be infilled. Analysis of the modelled geometries suggests that, if present
conditions persist, the entire ‘Pearl banks’ region of the Arabian Gulf will be
infilled within approximately 20ky. The modelled cross sections in M13 A and
B depict the homoclinal ramp-like character of the Trucial coast region of the
Arabian Gulf, with the deposited sediment draping the underlying low-gradient
substrate.

The predicted Arabian Gulf geometry at 1 My differs significantly
between the two models as a consequence of their differing subsidence
regime. The geometries modelled (Fig 5.12) with the foreland basin
subsidence rates of Posamentier and Allen (1993) and Sinclair (1997) predict
a total infill of the Arabian Gulf within 0.98 My if parameter values were to
continue at their current rates. The rapid infilling of the basin may however be

a consequence of the model parameters, in that the model simulates a closed
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system in which lateral transport of sediment is not incorporated. This results
in the transported material simply banking up against the eastern portion
(Iranian coastline) of the model and therefore a rapid infilling of the basin.
Furthermore a lower modelled subsidence rate (at a magnitude of 5 times
smaller) than that of models presented in chapter 4 results in the basement
laying within the zone of pelagic mud sedimentation (< 100M) for a longer
period of time, thus resulting in increased sedimentation across the basement.
Conversely in the models (Fig 5.13) with the higher basin subsidence rates of
Dorobek (1995) the Gulf remains relatively under filled. In this under filled
case the Trucial Coast region of the Gulf displays a homoclinal ramp
geometry. However, due to increased rates of differential basin subsidence,
the strata within the ramp exhibit a backstepping configuration (Fig 5.13, 1 My
model, also previously discussed in M8, Fig 5.4), consistent with a foreland
basin setting according to Dorobek (1995).

The results of M13 illustrate how carbonate ramp development can
occur within a foreland basin setting. The models, combined with data and
interpretation from the Arabian Gulf example display the parameters present
ih the foreland basin setting which facilitate ramp development. Firstly the low
gradient substrate is inherited and draped by the deposited sediment,
providing the system with its ramp like character, while the subsidence regime
has been shown as another controlling parameter (Fig 5.5) in the multi
dimensional parameter space for carbonate depositional system geometry
(refer to section 5.6.1). However the models suggest that sediment transport
is again the dominant process on ramp formation even in foreland basins, but
that rotational subsidence leading to gradient increases may increase rates of
sediment transport, making foreland basin settings a likely location for ramp

formation.

5.4.3 Extensional basins — Fault block ramps

Extensive carbonate ramp development in active extensional basins is
thought to be inhibited by high subsidence rates, high siliciclastic input (e.g.
Bosence, 2005) and a general lack of shallow dipping surfaces on which
carbonates can accumulate. This lack of suitable substrate contributes to the

characteristically small size (a few kilometres or tens of kilometres across) of
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ure 5.14. Ramp development in an extensional basin setting. A) Location of ramp growth within extensional basin is
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chette and Wright, 1992). B) Carbonate ramp growth in the extensional basin setting modified after Bosence, (2005).
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ramps formed in extensional basins. Ramp growth in extensional tectonic
settings is often restricted to development in fault transfer or fault tip-zones, or
on the dip slopes of tilted fault blocks (Fig. 5.14), where fault throws and
topographic gradients are lowest (Bosence, 2005). Elevated footwalls facing
the deepest portions of half-grabens may also be occupied by small rimmed
FTPs or by distally steepened ramps (e.g. Chatellier, 1988). Low gradient dip
slope examples may provide an excellent substrate for ramp development,
but antithetic faulting, or the development of sub-basins, may disrupt the
topography and limit the distance ramps can prograde, or may result in a
distal steepening of the ramp geometry as the carbonate deposystem
responds to the developing tectonic topography (Burchette and Wright, 1992).
The Miocene deposits in the Gulf of Suez (Burchette, 1988; Bosence et al.,
1998) represent one such example of a ramp developing in an extensional
setting. The deposits were controlled by an extensional fault-block
topography, in which carbonate ramps developed around the exposed block
crests and in marginal half-grabens.

A recent review by Dorobek (2008), on the tectonic and depositional
Controls on syn-rift carbonate platform sedimentation re-examined ramp
development in extensional basins. The review states that thin ramp
successions typically form after syn-rift fault-bounded highs have been initially
inundated by seawater; with the updip limit of the initial syn-rift ramp
succession commonly reflecting where sea-level intersected the hanging-wall
dip slope during progressive flooding. As with the reviews of Bosence (2005)
and Burchette and Wright (1992) Dorobek suggests the extent and thickness
of these onlapping and backstepping ramp packages will be typically thin (<
100m), indicating they are either short-lived systems that are terminated soon
after initiation by siliciclastic influx or relative sea-level rise, or they evolve into
isolated flat topped platforms.

The models presented in chapter 4 would suggest that a transition from
a ramp to FTP geometry is the most likely cause of these short lived ramp
systems. Chapter 4 (section 4.4) discussed the transient nature of ramps (Fig.
4.4), in that in the absence of sufficient sediment transport and assuming a
healthy carbonate factory, carbonate platforms will always tend to evolve from

a ramp to FTP geometry because of in-situ accumulation. How long this
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evolution takes will depend on the rate of transport versus the rate of
production. This evolution can be thought of as a development from an initial
condition bathymetry towards a dynamic equilibrium state. In the case of fault
block ramps, carbonate strata begins to accumulate on the low relief fault
block bathymetry, and production and accumulation modify the gradient and
form of this system until a certain point at which the new system has a form
that approaches a dynamic equilibrium state, which would appear to be a
FTP, differing considerably from the initial ramp like bathymetry. This ramp to
platform transition and attempt to reach a dynamic equilibrium state may
explain the short lived nature and relative thinness of fault block ramps. An
excellent example of this exact process can be seen in a Miocence outcrop
from offshore Vietnam (Dorobek, 2008). The syn-rift strata were constructed
on a half-graben high, and an interpretation of the stratal geometries viewed
on seismic (Fig. 5.15) allow us to interpret platform growth in this extensional
example. The near horizontal, tram like seismic viewed directly above the
‘base carbonate’ (yellow region in Fig. 5.15) suggests initial carbonate
deposition simply draped the underlying fault block, resulting in the early
System to have a ramp-like geometry. The transition of this ramp stage to a
more FTP like geometry (green region in Fig. 5.15) likely occurred as
production and accumulation modified the gradient and form of the geometry
as the system approached a dynamic equilibrium state.

5.4.3.1. Forward modelling carbonate ramps forming on fault blocks— The
Sirte Basin

In addition to the Vietnam example (Dorobek, 2008) the Paleocene
strata of the Sirte Basin, Libya (Fiduk, 2009) is another excellent example of a
carbonate ramp deposited within an extensional basin. Triassic rifting of the
Late Palaeozoic Sirt Arch led to its collapse in the Mid to Late Cretaceous,
forming the Sirte Basin (Anketell, 1996). The Sirte Basin margins are
composed of a series of platforms, troughs, ridges and slopes marking the
transition into deeper water (Fig. 5.16). Carbonate ramp development
occurred on this margin, and the ramp strata host some significant

hydrocarbon accumulations (Alhbrandt, 2001).
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Figure 5.16. Location of Libya and Sirte Basin shown in aerial photograph. (Image courtesy of Google maps, 2010).
Tectonic and structural elements map for Libya and surrounding offshore areas. Location and extent of the Sirte Basin
and its offshore extension; the Sirte Embayment, are shown by light brown colour. Map modified from Fiduk (2009).
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lure 5.17. Seismic line derived from southeastern region of Sirte Basin. A) Highlighted sections indicate extent and
leometry of the Eocene Gialo and Gir Formations. Red lines indicate location of fault lines, which are a potential cause for
fe steepening of the overlying strata. B) Eocene formations are deposited upon a basin, terrace and platform type

Kﬂnetry. Differential subsidence caused by underlying Late Cretaceous faulting has resulted in this present basement
onfiguration.
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A recent review of the Eocene carbonate plays of the Sirte Basin was
conducted by Shell International Exploration and Production (Williams, 2008).
The review included interpretation of several 2D seismic lines. The example
seismic line used here (Fig. 5.17) originates from the southeast corner of the
Sirte Basin, and images Eocene strata deposited on a tilted faulting block
situated on the margins of the Sirte extensional basin. The seismic line
highlights the distribution and geometry of two Eocene aged Formations, the
Gialo and Gir (Fig. 5.17). The Gir Formation is dominantly composed of fine
grained mud and chalk, interpreted to be of outer ramp pelagic origin, while
the coarser, clinoform-bearing Gialo Formation is of a shallower water origin.

The basement upon which these formations were deposited was not a
flat substrate due to Late Cretaceous faulting that formed a basin, terrace,
and platform type geometry (pers. comm. Baaske, 2008). This underlying
bathymetry affected the depositional geometries seen in both the Gialo and
Gir Formations. The Gir Formation, believed to be of outer ramp origin is likely
to have been subject to high rates of sediment transport (refer to chapter 4 for
reasoning), therefore the sediment was simply deposited across this change
in underlying gradient (as was shown in M9-12), in doing so inheriting and
mimicking the steepened geometry, and hence this ramp could be described
as portraying a distally steepened character. With regards to the Gialo
Formation the thickness appears to be significantly different in the ‘platform’
setting when compared to that seen in the ‘basin’ region. Furthermore the
Formation displays well developed clinoforms in the ‘platform’ setting, which
combined with the displayed geometries suggests a more FTP like deposition
when compared to the underlying Gir Formation. Similar to the results
displayed in the models of figure 5.6B and 5.7B the progradation of this FTP
appears to be limited by this change in underlying bathymetry, with steep
clinoforms developing directly above the location of this underlying steepening
(evidenced by the high amplitude reflectors) which fail to prograde into the
adjacent ‘basin’ setting.

The overall platform geometry of the combined Gir and Gialo
Formations is very similar to those seen in the offshore Vietham example (Fig.
5.15). As with the Vietnam platform the margins of the Sirte basin appear to
depict an initial period of ramp-like sedimentation (Gir Formation) before
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transition to a more FTP like mode of deposition (Gialo Formation). This ramp
to FTP evolution likely occurred as production and accumulation modified the
gradient and form of the geometry as the system approached a dynamic
equilibrium state, a similar process to that evoked from the evolution of the
Vietnam platform. The position of the FTP margin is dictated by the location of
underlying faulting, as progradation of the clinoforms appears to be halted by
the change in underlying bathymetry (as shown in M9-12, Fig. 5.6 and 5.7).

A forward modeling study of the geometries seen on the margins of the
Sirte basin was conducted by Shell International (Williams, 2008), the aim of
which was to investigate facies distribution and reservoir potential in these
Eocene carbonate ramps. The forward modelling was conducted using the
Dionisos modelling software, with the majority of data and parameters
obtained from internal Shell reports. These values included the recognised
durations for both the Gir and Gialo Formations, 6 My and 10 My respectively,
both Eocene and therefore deposited from 54.5 to 38.5 My (Ogg et al., 2008).
Initial basement bathymetry incorporated the Late Cretaceous faulting, and
the bathymetry was modified syndepositionally via differential subsidence to
create the current basin, terrace and basin configuration as observed on
seismic (Fig. 5.17).

The resultant Dionisos model and synthetic seismic created with these
parameters is a reasonable match to the geometries imaged on the seismic
line (Fig. 5.18). The model results suggest that the interpretation of initially
higher transport rates, decreasing with time, and significant control on
geometries by underlying fault-controlled bathymetry (Fig. 5.18, 2 and 4), are
reasonable if not a unique explanation of the observed geometry. The model
results illustrate the ramp to FTP transition as the system approaches
dynamic equilibrium. The results, including the synthetic seismic, also
demonstrate the occurrence and location of maximum flooding surfaces (Fig.
5.18, 1), backstepping sequences (Fig. 5.18, 3), and most importantly the
location, distribution and relationship to one another of both potential seal
(maximum flooding surfaces) and potential reservoir (coarser shallower water
facies) units.

The models and examples presented for ramp development on fault

blocks once more illustrate the requirement of a relatively flat substrate for the
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foure 5.18. A) Selected seismic line of Eocene strata from southeast margin of Sirte Basin. B) Dionisos model of geometries
£enin seismic (A). C) Synthetic seismic of Dionisos model seen in B. Numerical labels correspond to A, B and C -

-Maximum flooding surface at contact between Gir and Gialo Formations

G Formation displays near horizontal reflectors for entire Formation, note the steepening of the strata as it passes over the
the underlying faulted bathymetry

Minor backstepping sequence at conclusion of Gir Formation prior to major flooding
i Steep clinoforms within the Gialo Formation are consequence of progradation into adjacent basin
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initial carbonate deposition to drape. By definition this tectonic setting is
heavily influenced by faulting, with dip slopes prone to being broken up by
further faulting as the basin evolves, resulting in either a distal steepening of a
ramp or effecting clinoform progradation under FTP conditions. Furthermore
rotational subsidence of the fault block is once more shown to favour low
angle ramp development (Gir Formation, Sirte Basin), with the geometries
typically displaying backstepping strata. However, perhaps the most defining
characteristic of ramps formed on fault blocks is their relatively small scale
and short lifespan, with the models and examples presented here suggesting
this may be due to the initial condition bathymetry (ramp-like) evolving

towards a dynamic equilibrium state (FTP).

5.4.4 Intraplatform basins

Intraplatform basins are a common feature within epeiric carbonate
platforms. Although no modern examples exist, epeiric carbonate platforms
were widespread in the past, particularly in the Middle East (Murris, 1980;
Burchette, 1993; Van Buchem et al., 2002) where some of the world’s largest
hydrocarbon accumulations occur in carbonates deposited in settings of this
type. Epeiric platforms were large areas of carbonate deposition covering
millions of square kilometres, typically developed on relatively stable cratonic
interiors, and flooded during periods of high relative sea-level (e.g Burgess,
2008). Characteristically these extensive platforms often portrayed one or in
some examples a series of shallow depressions within the boundaries of the
platform. These shallow depressions are commonly referred to as
intraplatform basins.

The size of these depressions varied greatly from as broad as 800km
in diameter (Markello and Read, 1981) to examples just a few kilometres
across (Gutteridge, 1989), while the depth of the depression, even in the
larger examples typically never exceeded 100-200 m. The formation of these
shallow depressions has been interpreted to of been controlled by a major
rise in relative sea level combined with either solely or a combination of load-
induced isostatic sagging, salt tectonics, differential subsidence, localised
tectonism or spatially and temporally varying carbonate production.
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Intraplatform basin infill typically consists of storm generated, fine
grained sediments derived and transported from the surrounding shallow
platform environment. An excellent illustration is the basinal Hanifa Formation
(Droste, 1990) composed of laminated strata, interbedded with coarse
intervals and benthic bioclastic deposits interpreted as storm units. The
characteristics seen in the margins of these basins are not as homogenous as
in the basin centres, but vary greatly depending on the extent and shape of
the basin, as does the respective facies development. In general the smaller,
shallower basins portray a lack of margin facies development before passing
into the platform proper (Murris, 1980), while the larger/deeper examples
commonly depict a gradual coarsening of facies along the margin as it
shallows progressively away from the basin centre. These coarsening upward
sequences typically include the coarse grained facies of the shallow water
shoals and biostromes, of obvious hydrocarbon reservoir-prone potential. The
geometry of these margins have been interpreted to vary from rimmed
shelves to both homoclinal and distally steepened ramps, while frequently the
margins typicaily portrayed both shelf and ramp characteristic at one time or
another as the margins were continually evolving through the span of the
basins existence.

Intraplatform basins generally developed in stable tectonic conditions
and due to their relatively shallow nature their sedimentary successions were
highly dependent on high frequency sea-level changes. This dependency on
sea-level cyclicity meant the basins tended to be geologically short-lived, with
the basin often filled by fine grained basinal carbonates during a subsequent
sea-level cycle. Conversely a change to more arid conditions may have
resulted in extensive evaporite deposits within the basin, in doing so providing
a potential impermeable seal to the system. It is this source (basin deposits),
reservoir (coarse margins); seal (evaporites) triplet and their close proximity to
one another within the intraplatform basin environment which makes this
setting of such economic importance. The source rocks of the Hanifa
intraplatform basin show a comparative example, which combined with the
Arab A to D reservoirs, and sealing anhydrites of the Qatar and Hith
formations constitute one the worlds richest single oil habitats (Murris, 1980).
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Intraplatform basin deposits occur on a global scale within strata of various
ages. Figure 5.19 depicts the distribution of some of these deposits (14
examples), particularly concentrating on the location of the examples
discussed here. The distribution map illustrates how many examples are
concentrated around major hydrocarbon producing regions, particularly the
Middle East, further demonstrating the importance of this setting and its
association with hydrocarbon occurrence. A synopsis of the characteristics
depicted by the formations deposited in key intraplatform basin examples is
given in table 5.1.

5.4.4.1 Carbonate ramp development on the margins of intraplatform basins

The geometrical and platform type classification of the margins of
intraplatform basins varies significantly between basin examples, with authors
commonly describing these margins as portraying either an FTP, or a
homoclinal or distally steepened ramp geometry (refer to ‘Margin
development’ in table 5.1). Examples include the Mishrif Formation of the
Southern Arabian Gulf, which is commonly described as having a homoclinal
ramp geometry (Burchette, 1993), while the Natih Formation of Northern
Oman is frequently referred to as portraying a distally steepened ramp
geometry (Van Buchem et al., 2002) as a consequence of the steepening and
clinoforms which are present within the Formation. Additional examples
formed within the intraplatform basin setting and described as having a
distally steepened ramp character are the Las Plias Formation of Northern
Mexico (Osleger et al.,, 2004), and the Southern Istria section of Croatia
(Buckovic et al., 2003), both of which contain coarse clinostratified bodies at
the margins of the basin.

These classifications may however be unsatisfactory in light of the
work and models presented in this and the previous chapter. It is likely that
the classification of these systems has been based on a single component of
the system and does not account for the system as a whole, in that the
classification is made by analysing only the basin margins (commonly
clinoform foresets) and does not include the more proximal sections located
on the epeiric platform top (commonly platform interior facies) or the more

distal sections (commonly basinal) in the overall platform classification. It is
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important to assess the system as a whole before classifying it, and the origin
of the clinoforms may provide evidence for the controlling parameters in this
system. The clinoforms situated on the margins of these intraplatform basins
are commonly high angle, for example clinoform gradients of 8 to 15° have
been recorded in the Las Plias Formation of Northern Mexico (Osleger et al.,
2004), up to 35° in the Natih Formation of Northern Oman (Droste and Van
Steenwinkel, 2004), and 4 to 7° in the Smackover Formation of South Texas
(Handford and Baria, 2007). Their formation is commonly attributed to
decreased accommodation on the epeiric platform top leading to transport
and shedding of sediment into the subsidence created, adjacent intraplatform
basin. Therefore the magnitude of sediment redistribution in the system is
going to have a significant control on the overall platform geometry. While the
geometry of this deposited material will to some extent be influenced by the
underlying bathymetry upon which it is deposited.

The examples run in model sets 9, 10, 11 and 12 (M9 to M12, Fig 5.6
and 5.7) investigate this exact process of sediment being deposited upon the
margins of shallow basins, under a varying degree of transport (refer to
section 5.3.3 for full description of models). The model results illustrate
variances in bathymetry do exert a control on platform geometry, but the
degree of influence varies with differing rates of production and transport, and
for different amounts of basinal relief. The models run under low transport
conditions (Fig. 5.6 and 5.7) illustrate a constructional nature whereby the
development of a steep platform margin appears imminent regardless of
bathymetric variations; however the location of this margin appears to be
governed by such variations, in that FTP progradation is stalled at the
intraplatform basin margin forming high angle clinoforms at this location.
Conversely a draping of the underlying basinal bathymetry in the models run
under high transport conditions (Fig. 5.6 and 5.7) results in ‘ramp’ like
geometries which closely resemble the initial bathymetry, and can therefore
be viewed as mimicking the original bathymetric conditions. To some extent
these ramps could also be described as ‘distally steepened’ as a
consequence of their interaction with the antecedent bathymetric features.

The model results illustrate how the interaction of the underlying
bathymetry and magnitude of sediment redistribution can influence the
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geometry of the resultant platform. The results would suggest that if the entire
intraplatform basinal system (epeiric platform top, basin margins and basin) is
analyzed, it is highly unlikely that any sediment package deposited in this
setting could accurately be described as displaying a homoclinal ramp
geometry. By definition the intraplatform basin will display some degree of
steepening, which under ramp-prone (high sediment transport) conditions will
be draped and mimicked by the deposited sediment, which would therefore
more accurately be described as a distally steepened ramp, with this distal
steepening initiating at the break between the epeiric platform top and
intraplatform basin. Examples which have previously been ascribed as having
a homoclinal ramp-like character, therefore lacking high angled clinoforms
and a well defined break of slope, (e.g. the Nolichucky Formation, Markello
and Read 1982; the Mishrif Formation, Burchette 1993; the Hanifa Formation,
Droste 1990) are surely more accurately described as distally steepened
ramps due to this interaction with the -underlying bathymetry. Evidence to
verify the significant sediment redistribution in such examples is provided by
the fine grained storm units commonly found in the basinal sections of these
systems, which are interpreted to have been derived and transported from the
surrounding shallow platform environment by storm and wave reworking (e.g.
The Hanifa Formation; Droste, 1990).

In contrast, intraplatform basinal settings where sediment redistribution
is lower will be prone to FTP development, with the site of the high angled
clinoforms likely influenced by the steepening associated with the epeiric
platform top to intraplatform basin transition. It should be noted that many
intraplatform basins may well have experienced low rates of sediment
redistribution, evidenced by the high content of organic material often
associated with their deposits (e.g. the Shuaiba Formation, Alsharhan, 1995;
the Natih Formation, Van Buchem et al., 2002). The presence of the organic
material suggests that these sediments must have deposited in a restricted
regime in which turbulence and circulation was low, resulting in poorly
oxygenated waters. Therefore tidal exchange between the epeiric platform top
and intraplatform basin must have been minimal resulting in almost isolated
basin conditions. Under such conditions redistribution of any sediment
produced on the platform top would have been minimal, resulting in the
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formation of the coarse, high angle clinoforms which are viewed in many
intraplatform basin Formations (e.g. the Natih Formation, Van Buchem et al.,
2002; Droste and Van Steenwinkel, 2004; the Las Plias Formation, Osleger et
al., 2004, the Shuaiba Formation, Alsharhan, 1995: the Oberrhatkalk
Formation, Stanton and Flugel, 1995). In these examples if the entire system
(epeiric platform top, basin margins and basin) is considered the deposited
geometry will most accurately be described as an FTP, and not a distally
steepened ramp.

5.4.4.2. Forward modelling carbonate ramps formed on the margins of
intraplatform basins — The Natih Formation

As discussed the models of M9 to M12 are representative of sediment
deposition in the intraplatform basin setting. M9 and M11 (Fig. 5.6 and 5.7)
are representative of an intraplatform basin environment with shallow
depressions that do not exceed 100 metres in depth. The models (M9 and
M11) illustrate how a distally steepened ramp geometry can develop as
carbonate is deposited across the gently dipping basin margins. However, this
only occurs when sediment transport rates are sufficiently high to suppress
clinoform development. In model runs with lower transport rate, clinoforms
develop and prograde, possibly passing into aggradational stacking if the
gradient of the underling bathymetry increases (Fig 5.6 and 5.7).

Individual examples of Formations deposited in an intraplatform basin
setting can provide us with a more specific insight into the controlling
processes on platform development in these settings. The Albian to Turonian
aged Natih Formation (Van Buchem et al, 2002; Droste and Van
Steenwinkel, 2004) of Northern Oman formed within an intraplatform basin
setting, and the Formation is frequently described as displaying a distally
steepened ramp geometry. The Formation is of major eco<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>