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Summary

Deep-water siliciclastic systems are of great societal relevance as their deposits
in subsurface store hundreds of billions of barrels of hydrocarbons in different sed-
imentary basins worldwide. The sediment density flows that form these systems,
termed turbidity currents, are capable of destroying subsea installations, such as
telecommunication cables, due to their high volume and velocity at the ocean bot-
tom. Therefore, understanding what controls these systems is important in order
to make predictions of their occurrence and behaviour.

Because recent deep-water systems are hundreds to thousands of meters below
sea level, direct observation of the flow processes and deposits produced by them
is rarely possible. A few flow measurements have been obtained by instruments
installed on the ocean floor, but they are commonly destroyed by the violence of
the flows. Seismic and sonar imaging from the sea bottom are some of the tools
that permit the identification of deep-water deposits and their characteristics in
a relatively low-resolution scale. Therefore, most data are based on descriptions
of deposits from exhumed systems or through interpretations of seismic reflec-
tion data, which might be calibrated with well log and core data from subsurface
systems. From these datasets, hypotheses are usually proposed to explain the
formation processes of the deposits. Physical laboratory experiments and process-
based numerical models are supplementary study approaches that simulate these
sedimentary density flows and their deposits, thereby suggesting ties that relate
the flow processes to the deposits. These different approaches provide informa-
tion at different scales of observation. Comparing and integrating them is a useful
way to understand better the controlling processes of these deepwater depositional
systems.

One of the main controls on the depositional architecture of deep-water systems
is the relief of the seafloor over which turbidity currents pass, which influences the
location of erosion, bypass, and deposition. Seafloor topography can be compli-
cated, and subtle changes may influence flow behaviour and impact the geometry
and distribution of the deposits. Stepped submarine slope profiles (sensu Prather,
2003) are one of the most common types of slope-to-basin profiles observed in
modern and ancient deep-water systems. Many studies of stepped-slope systems
are based on seismic reflection data and a few based on outcrop observations,
which focus on the description of the geometries of the deposits. However, no
studies on this subject are reported in literature that uses numerical simulations.

In this thesis, two natural systems deposited on a stepped-slope were analysed.
The first from outcrops of the stratigraphic Units D and E of the Laingsburg-Karoo
Basin (South Africa), where it is possible to observe depositional patterns across
scale from beds to the depositional architecture in each system. The second case is
from a subsurface reservoir system offshore the Campos Basin (Brazil), where the
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depositional architecture was interpreted through 3D seismic reflection data, inte-
grated with well log and core data. To complement these studies, numerical simu-
lations of multiple flow events using the FanBuilder software (Groenenberg, 2007)
were performed using five different bathymetries, varying their slope gradients in
one set of simulations, and the degree of confinement in the other. The results
of these three data sources were compared with respect to their sand distribution,
their geometries, the vertical and lateral stacking patterns, and the connectivity of
the sand bodies. Based on these comparisons, conclusions were drawn regarding
the geological controls involved in the sediment distribution, from local controls
(autogenic processes) to external ones (allogenic processes).

The main results of the present study are as follows:

• Intraslope lobes are more channelized than basin-floor lobes and their stack-
ing patterns are less influenced by changes in slope gradient;

• Their sediment depocentre extends further on the intraslope step with in-
creasing slope gradients;

• Lobe compensation is scale-dependent and the shifts between depositional
units increase in distance from bed to lobe complex scale;

• The controls of the patterns in lateral shifts are mostly related to autogenic
processes at the smaller scale and tend to be more allogenically controlled at
larger scales;

• Slope confinement plays a stronger role than slope gradient in determining
whether a system is sand-attached or sand-detached;

• The spatial and temporal change from a sand-attached to a sand-detached
system depends on allogenic controls such as tectonics;

• The opposite change is likely to occur only through depositional processes;

• Stepped-slope systems differ from mini-basin fills in several aspects, such as
the mud content and the depositional architecture;

• The slope gradients control deposition on stepped-slope systems, while in
mini-basins this is primarily the slope confinement.



Samenvatting

Siliciklastische diep-water afzettingssystemen zijn wereldwijd van groot maatschap-
pelijk belang omdat hun afzettingen honderden miljarden vaten koolwaterstoffen
bevatten in verschillende afzettingsbekkens. De diep-water afzettingssystemen
worden gevormd door sediment dichtheidsstromingen, ook wel troebelstromen ge-
noemd, die in staat zijn om onderwaterinstallaties, zoals telecommunicatiekabels,
te verwoesten door hun grote volumes en stroomsnelheden op de oceaanbodem.
Het is daarom van belang om te begrijpen welke factoren deze afzettingssystemen
beïnvloeden zodat hun voorkomen en gedrag beter voorspeld kunnen worden.

Omdat de huidige diep-water afzettingssystemen zich honderden tot duizen-
den meters onder zeeniveau bevinden is het haast onmogelijk om directe obser-
vaties van de stromingsprocessen en afzettingen te verkrijgen. Er zijn slechts enkele
metingen beschikbaar van meetinstallaties op de zeebodem, maar deze installaties
worden over het algemeen vernietigd door de dichtheidsstroming zelf. Het op-
sporen van diep-water afzettingen op zeebodem vindt vaak plaats met behulp van
seismische en sonar gegevens die een lage resolutie hebben. Daarom worden er
ook vaak gegevens verzameld van ontsluitingen aan de aardoppervlakte die door
analoge processen gevormd werden. Daarnaast worden gegevens verzameld via
seismische reflectie toepassingen welke vervolgens gekalibreerd worden met onder-
grondse gegevens uit boorkernen en boorkernmetingen. Op basis van deze data
worden hypotheses geformuleerd die verklaren hoe deze diep-water afzettingen
gevormd worden. Aanvullende onderzoeksmethoden maken gebruik van stroom-
gootexperimenten in laboratoria’s en numerieke modelberekeningen die beide wor-
den gebruikt om dichtheidsstromingen en hun afzettingen te simuleren. Deze
aanvullende onderzoeksmethoden geven inzicht in de relatie tussen de dichthei-
dsstromingen en de bijbehorende afzettingen. Al deze onderzoeksmethoden leiden
tot gegevens op verschillende waarnemingsschalen. Het vergelijken en integreren
daarvan helpt om beter begrip te krijgen van de sturende factoren in de vorming
van diep-water afzettingssystemen.

Een van de belangrijkste sturende factoren voor de architectuur van de diep-
water afzetting is het reliëf van de zeebodem waarover de dichtheidsstroming be-
weegt. Dit reliëf beïnvloedt de locaties van erosie, doorstroming en sedimentatie.
De zeebodem topografie kan complex zijn, waarbij zelfs kleine veranderingen in-
vloed hebben op de geometrie en verdeling van de diep-water afzettingen. Ge-
trapte hellingen (hellingen met horizontale intervallen, volgens Prather, 2003) zijn
de meest voorkomende bekkenrandprofielen voor huidige bekkens en bekkens uit
het geologisch verleden. Veel studies van diep-water systemen langs een getrapte
bekkenrandprofiel zijn gebaseerd op seismische reflectie gegevens en slechts enke-
len zijn gebaseerd op studies van diep-water afzettingen die dagzomen. Echter is
er geen gepubliceerde studie bekend die gebruik maakt van numerieke simulaties.
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Dit proefschrift rapporteert de analyses van twee natuurlijke diep-water sys-
temen langs een getrapt bekkenrandprofiel. De eerste analyse is gebaseerd op
een studie van dagzomend gesteente (stratigrafische eenheden D en E) in het
Laingsburg-Karoo bekken (Zuid Afrika), waar het mogelijk is om het afzettingssys-
teem over verschillende ruimteschalen te beschrijven (van individuele laag tot de
hele systeem-architectuur). De tweede analyse is een studie van een offshore on-
dergronds reservoir in het Campos bekken (Brazilië) waar de diep-water afzettingsar-
chitectuur bestudeerd is met 3D seismische gegevens, geïntegreerd met boorgat-
metingen en boorkernen. Beide studies zijn aangevuld met numerieke simulaties
van een serie van dichtheidsstromingen waarbij gebruik werd gemaakt van de Fan-
builder software (Groenenberg, 2007). Vijf verschillende bathymetrieën, met een
variatie in helling gradiënt voor een set van simulaties, en een variatie in de ge-
traptheid van het bekkenrandprofiel voor een tweede set van simulaties, werden
onderzocht. De resultaten van deze drie bronnen van gegevens zijn met elkaar
vergeleken met betrekking tot de verdeling van zanden, hun geometrieën, de ver-
ticale en laterale stapelingspatronen, en de connectiviteit van de zandlichamen.
Vervolgens zijn er conclusies getrokken op basis van deze analyses met betrekking
tot de geologisch factoren die de verdeling van de sedimenten controlleren, var-
iërend van lokale factoren (‘autogene processen’) tot externe factoren (‘allogene
processen’).

De belangrijkste resultaten van deze studie zijn:

• Afzettingslobben op de horizontale intervallen van de getrapte hellingen tonen
meer geulen dan afzettingslobben in de abyssale vlakte, en hun stapelpatro-
nen zijn minder beïnvloedt door variaties in de hellingsgradiënt;

• Steilere hellingen schuiven het depositiecentrum op deze horizontale inter-
vallen verder naar voren;

• Laterale verschuivingen van de depocentra zijn schaal afhankelijk, ze nemen
toe voor hogere afzettingshierarchiëen;

• Autogene processen controlleren de patronen in laterale verschuivingen op
kleine schaal, maar op grotere schaal zijn allogene processen belangrijker;

• De dieptes van de geulen op de hellingen bepalen of de zandafzettingen met
elkaar verbonden zijn of niet (d.w.z. of de zanden op de vlakkere gedeelten
met elkaar in communicatie zijn);

• De overgang van zand-communicatie tot zand-separatie in de tijd en ruimte
wordt vooral gecontrolleerd door de tektoniek;

• De verschillen tussen getrapte hellingssystemen en mini-bekken systemen
betreft voornamelijk de hoeveelheid klei en de afzettingsarchitectuur;

• De afzettingspatronen op getrapte hellingen worden door de hellingsgradiën-
ten bepaald, terwijl dit in mini-bekken voornamelijk door de dieptes van de
geulen bepaald wordt.
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2 1. Introduction

1.1. Relevance

Deep-water depositional systems represent some of the largest and thickest sed-
iment accumulations on Earth (Talling el al., 2012). Their stratigraphic succes-
sions are dominated by turbidites (Kuenen, 1957), are of archives of environmental
changes, and form economically important resources, containing over 78 billion
barrels of oil and significant volumes yet to be found (Weimer & Pettingill, 2007).
Exploration and development of these reservoirs is costly because they are usually
sited far offshore in water depths of hundreds to thousands of metres. There-
fore, one of the main priorities of this petroleum industry is to improve reservoir
characterisation and prediction of turbidites, and to reduce uncertainties of these
predictions (McHargue et al., 2011).

The main problem in studying and understanding how these systems evolve is
that, one cannot observe directly the processes that produce these deposits in mod-
ern systems, in contrast to fluvial, glacial, aeolian, and deltaic systems. Typically,
sedimentary deposits preserved in outcrops or seismic reflection data are used as
analogues to the reservoirs identified in the subsurface. The ideal way to under-
stand these processes and how they are related to the deposits would be to monitor
turbidity currents in nature, thereby observing their spatial and temporal evolution.
However, monitoring turbidity currents use to be extremely difficult, since these
flows can reach such high velocities that they usually destroy the measuring in-
struments that are placed on the seafloor (Khripounoff et al., 2003), and because
of the difficulty to predict the exact locations where these flows may pass through
and when they may occur (Talling et al., 2012). Only more recently, a revolution
in the monitoring of natural turbidity currents have been permitting more frequent
and consistent flow measurements (Azpiroz-Zabala et al., 2017; Hage et al., 2018;
Maier et al., 2019), but it is not clear how representative these events are compared
to those that deposited sand-rich submarine fans from ancient systems.

Thousands of papers have been published on sediment density flows and their
deposits since one of the first turbidity currents was reported, the famous Grand
Banks event in 1929. The turbidity current event was triggered by an earthquake
of magnitude 7.2 that transported sediment over a distance of 1000 km (Kuenen,
1952) and estimated to remove 200 km3 of sediment from the original landslide
(Piper et al., 1988, 1999), destroying several telecommunication cables on the
seafloor. Initially, from the 1950s to the 1970s, these studies focused on proposing
models to explain the flow behavior using laboratory experiments (e.g. Bagnold,
1962; Middleton, 1966a, 1966b, 1967, Middleton & Hampton, 1973; Lowe, 1979),
or models based on outcrop studies to describe the facies distributions (Bouma,
1962) and geomorphologies of deep-water systems, the so-called fan models (Nor-
mark, 1970; Mutti & Ricci-Lucchi, 1972; Walker, 1978). In the 1980s, because
of the development of seismic reflection data, these conceptual models started to
include an evolutionary and genetic component, relating changes in depositional
architecture to changes in sea-level (Mutti, 1985) and to tectonic settings of the
basins (Shanmugan & Moiola, 1988). Classifications that are even more complex
related several parameters as controls to these systems (Reading & Richards, 1994),
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such as dominant grain-size of the system and the type of sediment source area.
These newer conceptual models, although more predictive than the original

ones, were based on scales too large and architectures too simple to resolve reservoir-
scale problems, such as internal permeability distribution, hydraulic communications
between reservoir units in the longitudinal and vertical direction. Additionally, the
models were usually based on a single source of data, making the model and its
parameters too biased by the data set studied and difficult to apply in other re-
gions. On the other hand, sediment density flow models describe in a finer scale
the internal turbidity current dynamics and their transformations and facies gen-
erated along simple depositional profiles. However, the link of these smaller-scale
processes and facies with depositional elements and the manner how the flows
interact with seafloor topographies are still not fully understood.

Since all data sources have strengths and weaknesses, some authors (e.g.
McHargue et al., 2011) attempt to study deep-water depositional systems by in-
tegrating different data sources and paying special attention to the scales of obser-
vation and how they are inter-related in terms of geological controls. Additionally,
process-based numerical models might be useful for integrating the different scales
of deposits observation with their formation processes. These models, although
being still a simplification of all the physical phenomena related to the sediment
density flows, due mainly to computational limitations, can help in testing hypothe-
ses coming from sedimentological studies. This seems to be a promising way to
answer the open questions and propose reliable predictable models as required by
Industry.

1.2. Research Questions and Objectives
Despite the advances in understanding deep-water depositional systems during

the past decades, many open questions remain. The aim of most of these questions
is to extract geological rules that explain which parameters control the vast variety of
depositional architectures observed in deep-water systems, or to make predictions
about deep-water systems based on the limited hard data information from deposits
and some few turbiditic flow measurements (Prior et al., 1987; Clarke et al., 1990;
Piper & Savoye, 1993; Mulder et al., 1997; Khripounoff et al., 2003; Symons et al.,
2017) available from modern deep-water systems.

A particularly complex question is how turbidity currents behave under changing
slope conditions and the resulting architecture. Sonar images and seismic reflec-
tion data from the modern seafloor show that slope-to-basin profiles are much
more complex than what the first conceptual models presented (e.g. Viana et al.,
1998; Prather, 2003; Samoza et al., 2003), and that subtle changes in topography,
sometimes fractions of a degree, can change considerably the sediment dispersal
patterns (Mignard et al., 2019). Understanding how these topographic variations
impact on the reservoir distribution, quality and connectivity are key for making
assertive predictions of hydrocarbon volumes and production behaviour for E&P
industry, as an example.

One of the most common slope-to-basin topographies, which depositional sys-
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tems represent more than 75% of global Tertiary deep-water reservoir discoveries
(O’Byrne et al., 2004; Brooks et al., 2018), are stepped slope profiles. These are
defined by Prather (2003) as above grade slopes that exhibit subtle changes in
slope gradient, forming a series of higher gradient ramps, where sediments prefer-
entially bypass and erode the substrate, connected to lower gradient steps, where
sediments accumulate. Differently from ponded mini-basins, they lack a 3D closure
and may form complex flow pathways due to the changing gradients and degrees
of lateral confinement that guide the flows, reason why these sediment distribution
systems are also named as connected tortuous corridors (Smith, 2004).

Many studies discussing the depositional architecture and topographic controls
in stepped slope profiles were done based on seismic reflection data (e.g. Prather,
2003; Smith, 2004; Deptuck et al., 2012; Hay, 2012; Prather et al., 2012; Ortiz-
Karpf et al., 2015) and few studies were published on exhumed examples of these
systems, due to the large extensions stepped profiles usually present (e.g. Brooks
et al., 2018a). Therefore, there is a lack of studies integrating these scales of
observation and, no study employing numerical modelling approaches to link the
transport and depositional processes and products occurring over these topogra-
phies is found in literature.

Therefore, the aim of this thesis is to understand how slope gradient and lat-
eral confinement variations on stepped-slope seafloor topography may impact the
reservoir thickness distributions and depositional architecture of deep-water sedi-
ments by integrating data from outcrops, subsurface and process-based numerical
modelling. Additionally, to constrain how turbidity currents interact with this com-
plex seafloor topography to form the sediment deposits by analyzing flow behaviour
along different stepped slope scenarios simulated in the numerical models.

The following are specific research questions emanating from this main topic:

1. How do slope gradient changes of a fraction of a degree influence depositional
and erosional processes and sediment dispersal patterns?

2. Which flow parameters are mostly affected by changes in the seafloor gradi-
ent? How do these parameters interact with seafloor topography to generate
the depositional architecture and stacking patterns observed in deep-water
systems?

3. In what way are changes in seafloor topography related to the deposits of
previous flows (autogenic control) enough to change the depositional pattern
from sand-attached to sand-detached, or is it necessary to invoke an external
tectonic influence (allogenic control) to generate these different patterns?

4. At which hierarchical scales (e.g. lobe element, lobe, lobe complex and/or
lobe complex set) do lateral compensation of lobes occur? What are the
controls and mechanisms related to these stacking patterns? Do lobe stacking
patterns differ depending on the slope setting position of a stepped slope
profile?

5. What controls the differences between the depositional architecture of stepped-
slope and mini-basin deposits?
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These research questions will be addressed by analysing three different datasets:
i) exhumed large-scale channel-levee to lobe systems in the Karoo Basin, South
Africa, ii) a subsurface reservoir system from offshore Brazil, and iii) results from
process-based numerical simulations of turbidity currents above a synthetic stepped
slope profile improved by parameters from the outcrop and subsurface datasets.
The integration of these different data sources, together with published literature,
is expected to provide a more profound understanding of deep-water depositional
systems along stepped-slope profiles and of the geological controls that help pre-
dicting the depositional architecture of these systems.

1.3. Thesis Outline
The storyline of this thesis is based on the chronology of the PhD activities and

starts with a review of published work related to turbidity currents and their de-
posits, and continues by presenting the three datasets studied, from the most pre-
viously studied by other authors (Karoo Basin outcrop system) to least published
data (Campos Basin reservoir system) and unpublished data (numerical simulation
results).

Chapter 2 presents the state-of-the-art knowledge on turbidity currents and their
deposits by reviewing scientific literature, explaining the concepts and most widely
used terminologies in this thesis, and by summarising the most controversial topics
of the past ten years. The influence of topographic confinement on flow behaviour
and depositional architectures is also reviewed as the last topic of this chapter.

Chapter 3 focusses on the study of outcrops from Laingsburg depocenter, Ka-
roo Basin, South Africa. Excellent results have been obtained during the past
two decades from the basin by a team of researchers led by professors Steve
Flint (Manchester) and David Hodgson (Leeds). The publications of their research
groups, and observations during fieldwork by the author to the area, focuses on
two specific stratigraphic units (Units D and E). This forms the basis for discussing
the stratigraphic stacking patterns and depositional architecture variations along
the slope-to-basin profile, as well as the internal sedimentological features of de-
positional elements on a reservoir scale of observation. Finally, the hypotheses on
what controls palaeo-slope gradients and other seafloor topography complexities
that shape the sediment distribution patterns are discussed.

Chapter 4 presents seismic and well data from an Oligocene deep-water depo-
sitional system, comprising a series of reservoirs in the subsurface of the Campos
Basin in offshore Brazil. The system is characterised by a complex slope-to-basin
profile, forming steps and mini-basins influenced by salt tectonics, with palaeo-
slopes steeper than the gradients interpreted for the Karoo case study. The anal-
ysis is focused on the depositional characteristics of each part of the depositional
profile (proximal channel-levees, intraslope basins, bypass-dominated zones, ter-
minal lobe zones) and tries to relate these characteristics to seafloor topography
and sediment supply variations.

Chapter 5 presents a series of results from numerical simulations of turbidity
currents using the FanBuilder software, developed by Remco Groenenberg at the
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TU Delft (Groenenberg, 2007). The aim is to study the flow behaviour and sedi-
ments distribution on conceptual stepped-slope bathymetric profiles with the main
variables being the slope gradient and the degree of lateral confinement. Deposi-
tional thickness, grain-size and erosion maps are analysed as a function of the main
flow parameter maps (flow concentration, flow thickness, flow velocity and Froude
number), aiming to link the processes with the products of the turbidity currents,
and to test some of the hypotheses developed in Chapters 3 and 4.

Chapter 6 integrates and synthesises the three data sets studied, and compares
the different systems with the purpose to extract common features between them
that may represent more universal parameter controls. Ultimately, this could result
in proposing general geological controls as opposed to depositional features in each
system that are caused by local controls.

Finally, in chapter 7, the main conclusions from previous chapters are summa-
rized and related to the research questions initially stated. Applications of results
are suggested and some recommendations for future work are proposed.

1.4. Datasets
The datasets from the Karoo Basin and Campos Basin are part of wider efforts to

which numerous other people have contributed. The author has greatly benefitted
from these larger projects and below a summary is given of the types of data, their
origins and authorships, with special emphasis on what the author’s contribution
was in each case.

1.4.1. Karoo Basin
All data and interpretations presented in the Karoo case study originate from the

Slope Project Group, led by Prof. Stephen Flint (University of Manchester) and Prof.
David Hodgson (University of Leeds). These results are available as thesis and
publications authored by the participating researchers (M.Sc. and Ph.D. students,
Post-doc researchers and all supervisors involved). They are all referenced in the
text of Chapter 3. The Slope Project involved detailed studies of the deep-water
stratigraphic units of the Laingsburg-Karoo Basin, including Units D, D/E and E, over
an area of more than 2500 km2. The data set includes: facies descriptions of 10’s
km of measured sections regularly spaced along the outcrops and correlation panels
derived from these sections; core and log data from six wells drilled behind the CD
Ridge outcrop; detailed isopach and palaeogeographic maps of the various units
and sub-units; 100’s of palaeocurrent measurements; as well as sediment volumes
calculated for each unit.

The author visited all outcrops mentioned in this study during one fieldwork
period in order to familiarise herself with the descriptions of previous studies. No
new primary data was generated, except for some relevant pictures of depositional
geometries and facies of the outcrops, one general sedimentary log for each visited
outcrop, and personal annotations to constrain the flow parameters to be used in
the numerical simulations. In two of the cored wells from the CD Ridge outcrop
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(BAV-1A and BAV-3) the decriptions were reviewed in order to obtain the number
of flow events.

1.4.2. Campos Basin
The Campos Basin system described in Chapter 4 comprises mature oil fields that

provide a larger amount of data, comprising 3D and 4D seismic datasets, hundreds
of perforated wells with log, core and grain size data, production data such as
formation tests, among others. These data were studied by numerous persons, who
are mostly affiliated with Petrobras. It resulted in some published and unpublished
work.

For this study, a 3D reflection seismic cube from 2010 was interpreted that
comprises regions 1, 2 and part of region 3 (for details refer to the section Dataset
and Methods in Chapter 4), focusing only the Oligo-Miocene reservoirs intervals.
This interpretation differs considerably from previous studies of the area, mainly
because here the mapping focused on the lobe scale (sensu Prélat et al., 2009)
and each region was interpreted by taking in account the correlation with adjacent
regions and the topographic control of the deposits.

Twenty three cored wells, made available by Petrobras and ANP for this study,
were reviewed, resulting in 930 m of core data. Of this, eleven wells with approx-
imately 690 m of cores that contained the reservoir section almost completely are
presented in Chapter 4. Most of the original descriptions made in Petrobras were
maintained and only some minor modifications to the descriptions were made. All
other well data (log and grain size analyses) were already available and no new
data were acquired from these wells.
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2.1. Sediment density flows
2.1.1. Definition
Sediment density flows (sensu Mulder & Alexander, 2001; Talling et al., 2012)

consist of flows formed by a mixture of fluid and sediments that move because of
their higher density relative to their ambient fluid (air or water) (Kuenen & Miglior-
ini, 1950). The force that moves the sediments in the mixture is gravity, and the
interstitial fluid is dragged together with the sediments, playing a secondary role on
the process (Middleton & Hampton, 1973). In the case of marine deepwater flows,
the ambient fluid is salt water.

Sediment density flow according to Talling et al. (2012) is a terminology appro-
priate to be used for an overall flow event that can comprise different types of flows,
both cohesive (mud and debris flows) and non-cohesive flows (hyperconcentrated
flows, concentrated flows and turbidity currents) (Mulder & Alexander, 2001), since
these flow events usually suffer transformations in behavior along their paths. Tur-
bidity currents in this case should be used to define a specific type of sediment
density flow that may occur within a flow event, with a dominant turbulent flow
state, a Newtonian rheology, where dominant sediment-support mechanism is tur-
bulence and sediment is deposited in a layer-by-layer fashion.

The different types of deposits found in deep-water systems are controlled
mainly by the characteristics of the sediment density flows and the topography
through which the flows move and deposit. In relation to the flows’ characteristics,
the main parameters that impact their behaviour are: the density of the interstitial
and ambient fluids; the sediment type, grain-size distribution and concentration in
the flow; and the clay content in the flow (Wang, 2015). Based on each of these
parameters there is at least one classification proposed in literature, and some clas-
sifications also combine more than one parameter to classify flow types.

2.1.2. Flow types classifications
Many classifications were proposed for sediment density flows and they vary sig-

nificantly in terminology, in the parameters considered for the classifications and
in their threshold values between classes. Many authors classified sediment den-
sity flows according to sediment concentration (also referred to as flow density by
some authors) (e.g. Kuenen & Migliorini, 1950; Middleton, 1967, 1970; Middleon
& Hampton, 1973, Mulder & Alexander, 2001). This term used to describe the
total amount of sediment a flow can carry is flow capacity. Mulder and Alexan-
der (2001) used flow concentration in their classification justifying that it includes
characteristics coming from the observation of flow deposits and it takes into ac-
count the flow transformation in space and time and its progressive dilution (Mulder,
2011). In their classification, the non-cohesive sediment density flows are subdi-
vided into hyperconcentrated flows, concentrated flows and turbidity currents (<
9% concentration), but the concentration thresholds between these classes are not
well defined.

Classifications according to the rheology divide flows into those with a plastic
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behaviour (cohesive flows) and those with a fluidal behaviour (frictional or non-
cohesive flows) (e.g. Dott, 1963; Mulder & Cochonat, 1996; Shanmugam, 2000).
This classification is based on the mud content of the flows. The mud content of
the flows is related to flow efficiency, which determines how far the sediments
can be carried on a longitudinal profile and how well sorted the grain sizes can be
distributed along the depositional profile (Mutti, 1979; Pickering et al., 1989). In
general, higher mud contents in the flows tend to produce more efficient flows,
but slope gradient and flow concentration might also influence in flow efficiency
(Hermidas et al., 2016).

Other classification criteria proposed by Sanders (1965) and later adopted by
Middleton and Hampton (1973), recognized the sediment-support mechanism as
a criterion for defining different flow behaviour. Sanders (1965) divided density
currents into two regions: a superior one where the main mechanism of sediment-
support is turbulence and a group of non-turbulent flows that includes slumps,
slides, flowing-grain layers and moving viscous suspension (debris flows). Middle-
ton and Hampton (1973) divided the sediment density flows into four categories ac-
cording to sediment-support mechanism: debris flows or mudflows (supported
by the cohesive strength and buoyancy of the mud matrix), liquefied and flu-
idized flows (supported by the upward escaping fluid), grain flows (supported
by the interactions between cohesionless grains), and turbidity currents (sup-
ported by fluid turbulence). This restricted the use of the term turbidites only to
the deposits generated by turbidity currents.

Lowe (1979) combined flow rheology and sediment-support mechanisms on his
classification scheme (Fig. 2.1), using the flow rheology types of Dott (1963) and
the sediment-support mechanisms of Middleton and Hampton (1973). He subdi-
vided the turbidity currents into high-density and low-density turbidity currents, and
the other sediment-support mechanisms as plastic flows. Lowe (1979) also stated
that, in the course of the flows, the flow types should change along the depositional
profile and with time, in part due to sediment being deposited or eroded. Later,
Lowe (1982) presented a study detailing high-density turbidity currents, where he
added other parameters to his previous classification scheme, which are the depo-
sitional mechanism and the grain-size population of flows. The four depositional
mechanisms being deposition by traction, deposition by suspension, frictional freez-
ing and cohesive freezing, and the grain-size populations being (I) mud to medium
sand, (II) coarse sand to small pebbles and (III) very coarse sediments (large peb-
bles to clasts). The low-density turbidity currents comprehend only grain-sizes of
type I and the high-density turbidity currents are able to transport all grain-sizes
populations, according to the author. The maximum grain size a flow can carry is
the flow competence (Mutti, 1979; Pickering et al., 1989).

More recent studies focused in proposing classifications that permit the link be-
tween flow types and the type of deposits they generate (e.g. Manica, 2012; Talling
et al., 2012). In these classifications, more than one flow parameter are considered,
as by Lowe (1979). The classification from Talling et al. (2012) was adopted in this
thesis, because beside the link between process and products, they also clarify the
terms adopted in previous studies and discuss the validity of the classes proposed
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Figure 2.1: Lowe’s (1979) classification for sediment density flows based on rheology and sediment-
support mechanism (figure modified from Middleton & Hampton, 1973; and Lowe, 1979).

based on physical experiments, numerical simulations and data from monitoring
seafloor currents (Fig. 2.2).

2.1.3. Initiation mechanisms
The initiation mechanisms that generate turbidity currents in deep-water basin

settings can be divided into two main groups, one related to more catastrophic
events (surge and surge-like) and another related to more continuous events (quasi-
steady)(Mulder, 2011).

The first type of mechanism generates turbidity currents from collapses of sedi-
ments on the shelf edge and slope, which may initiate as slides, slumps, debris flows
or high-density flows and transform into turbidity currents, or may initiate directly
as turbidity currents, transporting a large amount of sediment into the basin (Mul-
der, 2011). Earthquakes, volcanic eruptions, high sedimentation rates in the shelf
that causes shelf-edge over steepening, or tectonic events that change abruptly
the equilibrium profile of the basin (Mutti et al., 2009) can trigger these collapses.
These currents are usually surge-like flows (Mulder & Alexander, 2001) and have
relatively short durations that can vary from minutes to hours, depending on the
magnitude of the event. The flows commonly have an unsteady behavior and can
rapidly accelerate and decelerate (Fig. 2.3).

Turbidity currents generated from sustained events are related to the sediments
delivered directly from rivers, especially during river-flooding events (Kneller & Bran-
ney, 1995; Mutti et al., 2009). In these types of turbidity currents, the flow velocities
tend to be lower (Mulder, 2011) as well as the flow density, since the interstitial
fluid initially is fresh water. The duration of flows is longer in relation to surge-like
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Figure 2.2: Talling et al. (2012) classification for sediment density flows, with a more complete view
of the sediment transport phase, depositional phase and the deposit character commonly generated by
each flow process.
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flows, lasting from many hours to days. As the rivers flow continuously, these flows
have a quasi-steady behavior, showing low rates of acceleration and deceleration.
Some authors call the deposits generated from quasi-steady flows as “hyperpyc-
nites” (e.g. Mulder et al., 2003; Mutti et al., 2003; Zavala et al. 2006; Nakajima,
2006; Soyinka & Slatt, 2008).

2.1.4. Turbidity current anatomy
Turbidity currents have a complex anatomy, with internal divisions that separates

them into different flow zones longitudinally and vertically.
In a longitudinal view (Fig. 2.3), a turbidity current can be divided into three

parts: the head, the body and the tail (Middleton, 1966, 1967). The head is in
the front of the flow and usually has an arrow-like shape. This part of the flow
suffers most resistance to the downslope movement. At the base of the head there
is friction between the substrate and the flow, and at the front and top of the head
the resistance is from the ambient fluid. This resistance, opposing the gravita-
tional forces acting on the current are responsible for the expansion of the head,
distinguishing it from the body by its larger height. The head is mainly erosional, of-
ten leaving structures like grooves and flute marks (Allen, 1971; Middleton, 1993;
Wang, 2015), and coarser grains tend to concentrate in this part of the current
(Mulder, 2011). Water entrainment at the base and upper boundaries of the head
may form two other characteristic features of the head: the nose, which is a lifted
part at its base and the Kelvin-Helmholtz billows on top of the head (see Fig. 2.3).

The body is right behind the head and, therefore, protected by the frontal re-
sistance of the ambient fluid. It has an elongated shape with an approximately
constant thickness and vertical structure, usually divided into two layers. At the
basal part there is a thin and dense layer that carries the coarser grains, and in the
upper part there is a less dense region with more turbulent behavior that carries
the finer grains.

The tail consists of a thin and dilute part at the back of the flow that transports
the more fine-grained sediments contained in the flow.

There is also a stratification in velocity of the flow, where the lower zone has a
positive velocity gradient and the upper forms a negative velocity gradient. Usually
the upper velocity zone is 5 to 10 times thicker than the lower region (Stacey and
Bowen, 1988). This structure in velocity may vary or not with distance and time,
depending strongly on the slope gradient and confinement through which the flow
passes. When the flow velocity at a certain point in space does not change over
time, it is considered a steady flow, and if the velocity changes, it is considered
an unsteady flow. Unsteady flows that decelerate over time are called waning
flows and the ones that accelerate over time are called waxing flows. Flow
uniformity is a concept related to the changes in flow velocity with distance. A flow
is denominated uniform if its velocity is constant at all points along a longitudinal
profile over time and non-uniform, if the contrary occurs. Non-uniform flows can
be classified into depletive flows and accumulative flows. In the first case,
flows decelerate with distance, usually being related to passing through a concave-
up slope topography or to spreading at regions of lateral unconfinement. In the
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second case, flows accelerate with distance and are related to passing over convex-
up slopes or to being confined by channels. Kneller (1995) relates the changes in
velocity profile over time and with distance in a matrix to predict how deposits
grain-size trends may be in each combination (Fig. 2.4).

Turbidity currents can vary in their anatomy depending on the type of the flow.
Flows that start turbulently since their beginning (turbulent surge) have more promi-
nent heads and almost no body and tail, while the more steady-state flows, usually
associated with river-sourced initiation mechanisms, have almost no head, a very
continuous body and no tail. Only when supply stops does a tail form (Mulder,
2011) (Fig. 2.3). Surge-like flows are those in an intermediate situation in terms
of flow steadiness and may form more distinct head, body and tail flow structures.

2.1.5. Non-dimensional flow parameters
Since most of the knowledge developed in the hydrodynamics of turbidity currents

comes from laboratory experiments and theoretical models, which have limitations
in terms of scaling the flow dynamics and the basin space and duration of events
(Mulder, 2011), non-dimensional numbers are used to compare experiments with
the natural systems. The three main parameters used are the Froude number, the
Reynolds number and the Richardson number.

The Froude number (Fr) represents the ratio between the inertial and grav-
itational forces acting on the flow. This divides flows into supercritical (Fr > 1),
subcritical (Fr < 1) and critical (Fr = 1). Subcritical flows are dominated by the
inertial forces acting in the flows (downstream-controlled) and are slower flows
that tend to deposit sediments. Supercritical flows are dominated by gravity forces
(upstream-controlled) and are faster flows that tend to bypass sediment and erode
the substrate. When flows change from supercritical to subcritical due to a decrease
in gradient or confinement, a hydraulic jump can occur (Komar, 1971). The Froude
number can be expressed by the equation below. The densiometric Froude number
(Frd) is the term used for modelling purposes, since in submerged conditions the
action of gravity depends on the density difference between the flow (ρf) and the
ambient fluid (ρw).

𝐹𝑟 = 𝑢
√𝑔ℎ

𝐹𝑟d =
𝑢

√𝑔 ℎ 𝑔 = 𝑔 [𝜌f − 𝜌w𝜌w
] = 𝑔𝑅𝐶

where u is flow velocity, g is the gravitational acceleration, g’ is the gravitational
acceleration considering the submerged condition of the flows, h is the flow height,
R is the submerged specific gravity of the sediment and C is the volumetric concen-
tration of sediment in the flow.

The Reynolds number (Re) is the ratio between the inertial and viscous forces
in the flow, which determines the degree of turbulence within the flow. Reynolds
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Figure 2.3: A) Longitudinal cross-section of a turbidity current, showing its anatomy (modified from
Manica, 2012). Pictures from a laboratory experiment show the flow stratification at the head and
body regions. B) Classification of subaqueous turbulent flows showing how they may vary in anatomy
(modified from Mulder, 2011).
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Figure 2.4: Velocity matrix proposed originally by Kneller (1995) to relate how changes in veloc-
ity through time and with distance result in different vertical grain-size profiles of deposits. Waning
flows tend to form fining-upward sequences, while waxing flows might generate coarsening-upward
sequences. Flow uniformity shows that a reduction in velocity with distance makes deposits become
thinner and finer on distal positions, while an increase in velocity with distance will increase the mean
grain-size to distal positions, but deposits will become thinner or even not deposit or erode sediments
in the distal portions.
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numbers higher than 2000 (Lowe and Guy, 2000) indicate turbulent flow regimes
and Re < 500 characterizes laminar flow regimes. Flows within 500 and 2000
Reynolds numbers are considered transitional flows. From the Re equation below
it is observed that an increase in flow density helps increasing turbulence.

𝑅𝑒 = 𝜌f𝑢ℎ
𝜇

where µ is the flow viscosity.

The Richardson number (Ri) is the ratio between the potential and kinetic
energy of the flow, measuring the stratification in the flow and the stability of a
flow interface. Flows with Ri » 1 are dominated by buoyancy, being characterized
by a weak water entrainment and a stable density stratification, Ri « 1 are usually
supercritical flows with strong entrainment and less stratification, and Ri around
unity are buoyancy-driven flows (Wang, 2015). When flows have Ri lower than
0.25, entrainment may be associated to Kelvin-Helmholtz instabilities at the flow
stratification interfaces and interfaces with the ambient fluid (Simpson, 1997). The
equation that expresses the Richardson Number here is

𝑅𝑖 = 1
𝐹𝑟d2

= 𝑔ℎ
𝑢2

2.2. Deep-water deposits - facies, depositional ele-
ments and architecture

2.2.1. Facies
Deposits from sediment density flows can be divided into two main groups: tur-

bidites (generated by turbidity currents) and debrites (generated by debris flows)
(Talling et al., 2012).

In turbidites, deposition occurs incrementally in a layer-by-layer fashion where
larger grains preferentially are deposited first as the flow wanes, i.e. loses velocity
and capacity to maintain these grains in suspension. Usually turbidites form graded-
bed deposits, unless flow speed and sediment size are steady or if there is only
one grain-size available for the flow. Internal structures like cross-lamination and
planar-lamination can be formed if settling velocities are low enough to produce
them. The vertical structure of a turbidite in a specific location reflects the different
flow conditions experienced at that location through time (Talling et al., 2012).
Grain-size variations, internal structures, bed thicknesses and erosional features
indicate increases (waxing) and decreases (wanning) in flow energy through time.
As a turbidity current does not deposit all sediment in one location, but spreads the
deposits along its pathway, it is not possible to relate the size of a turbidity flow
with the size of its deposits at one location.
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The first classification of an ideal depositional sequence of turbidites was pro-
posed by Bouma (1962) based on statistics from his studies of the Annot Sandstone,
France, and is known as the Bouma Sequence (Fig. 2.5). This sequence consists of
a fining upward package divided into five different divisions (TA, TB, TC, TD and TE).
The basal division is formed by a massive sandy deposit, sometimes internally nor-
mally graded and with erosive features (flute marks, grooves) at the base (TA). TB
comprehends a parallel-laminated sandy division. TC is a ripple or climbing-ripple,
laminated or convoluted, sandy division. TD is a silty division with parallel-laminated
to massive internal structure. TE is a silt-clay division sometimes with an organic-
rich content. Actually, the complete sequence is very rare to be observed, and
even Bouma never stated that he observed a complete Bouma sequence on the
Gres d’Annot sandstones or on other outcrops studied by him.

Bouma interpreted each of these divisions, according to the variations in grain
size and internal structures, as the result of a specific process or flow condition
that occurs during deposition of a turbidity current. TA represents rapid deposition
of coarse sediments from high-density flows and erosion occurring in the current’s
head. TB and TC are interpreted as deposited by traction of grains in the lower
body part, where the concentration is higher and there is friction between the sea
floor and the flow. TB represents higher energy depositional conditions, forming
planar lamination of upper-flow-regime plane-bed conditions, while TC represents
the transition to lower-flow regime, forming sediment ripples with cross-lamination
(Mulder, 2011). TD is interpreted as being deposited in a turbulent condition, from
a more diluted part of the flow and under lower-flow-regime plane-bed conditions
(Mulder, 2011), as is the case in the upper part of the current’s body. TE is inter-
preted as a mixture of the sediments in suspension from the tail and uppermost
part of flow with pelagic material that forms the background sedimentation in the
basin.

The Bouma Sequence is still considered a classical depositional pattern in tur-
bidites, but with the experience from many outcrop studies, cores from subsurface
deep-water systems and piston cores from modern systems, there is a well-agreed
conclusion among sedimentologists that deepwater systems can form other types
of facies (Mutti, 1992). Moreover, as mentioned above, finding a complete Bouma
Sequence in nature has proven to be very difficult. This difficulty is comprehen-
sible, since turbidity currents can vary significantly in their initiation mechanism,
grain-size populations available, mud content, slope gradient, flow concentration
and bathymetric changes that can transform flows along their trajectories.

The other type of deepwater deposits is debrites. They are formed by en masse
settling, which means there is no sorting of grain-sizes during sedimentation. The
flow stops rapidly and continues to consolidate in situ. Normally, there is no grading
of beds because all grain sizes are deposited at the same time, but sometimes an
upward coarsening depositional pattern is observed due to shear being lowest at
the top. Mudclasts when present are usually chaotically distributed. In this case,
the flow sizes can be better compared to the deposit’s thicknesses. Usually debrites
are related to more cohesive flows where there is a higher percentage of mud in the
flow mixture, but this statement is controversial in literature. Many authors consider
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Figure 2.5: The Bouma Sequence (figure modified from www.paleo.bris.ac.uk).
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Figure 2.6: Mutti’s (1992) facies tract for deepwater deposits and the related process for each facies
(modified from Mutti, 1992).

that thick packages of massive sand can be deposited en masse, calling this specific
type of flow as ‘sandy debris flows’ (e.g. Shanmugam, 1996). Talling et al. (2012),
in their classification of deepwater deposits according to the depositional processes
that form them, consider the existence of sandy debris flows and sandy debrites and
explain in which situations they might occur. Two criteria for differentiating these
deposits from ungraded turbiditic sands can be the external shape of the deposit
and the lateral transition of facies. Debrites tend to pinch out more abruptly at their
margins, even with low seafloor relief (Amy et al., 2005). Turbidites seem to show
lateral transitions into other facies inside the deposit of a flow event.

Mutti’s (1992) facies classification for deepwater deposits (Fig. 2.6) compre-
hends debrites and turbidites. It shows how the different facies usually are dis-
tributed in a longitudinal profile (facies tract) and where flow transformations might
occur. In his classification, F1 consists of deposits from debris-flows, F2 and F3 are
conglomerates deposited from hyper-concentrated flows, F4 to F8 are deposited
from high-density turbidity currents and F9 are deposits from low-density turbidity
currents, which coincides with the TB to TE divisions from Bouma‘s Sequence.

As presented in the sediment density flows topic above, a more recent classi-
fication proposed by Talling et al. (2012) (Fig. 2.2) divides deepwater deposits
by relating physical characteristics of the deposits with the flow processes that
generate them. Their work clarify many terminology problems between previous
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classifications and suggest a new classification scheme and terminology for flow
types and resulting deposits. They also try to demonstrate that their deposit-based
classification almost equates to flow types classifications defined in terms of sedi-
ment support mechanism, flow state and flow rheology. Finally, they present which
links between flow types and deposits can be more relied upon from successfully
being reproduced in experiments and which are still more speculative. For this rea-
son, their nomenclature was adopted in this thesis. They propose two main types
of deposits: debrites and turbidites. On turbidites, Bouma’s facies terminology is
adopted, but sometimes these facies are subdivided into more groups. For debrites,
they create new terminologies that are not present in Bouma’s Sequence.

2.2.2. Depositional elements and architecture

Since the first conceptual models for deepwater deposits were presented in lit-
erature (e.g. Normark, 1970; Walker, 1978) the important geomorphic elements
of these systems were already described as map views and geologic sections. The
characterization of these elements in terms of shape, size, facies distribution and
stacking patterns is what is called Depositional Architecture (originally defined by
Miall (1995) for fluvial systems).

The architecture analysis of a sedimentary system is based on the proposition
that the systems are three-dimensional entities that contain basic elements that
form them. In marine deep-water systems, a limited number of geometric elements
characterized by their bounding surfaces and internal facies might occur in many
different proportions and distributions (Fig. 2.7), forming a wide range of possible
depositional architectures.

The most important depositional elements in terms of occurrence and/or of
forming reservoirs are channels, lobes, levees and mass-transport deposits (MTDs).
These elements can occur at many hierarchical scales (Fig. 2.8 and 2.9). Usually
the scales of a complex and complex set (see nomenclature definition on Figs.
2.8 and 2.9) are comparative in size to seismic scale and the individual channels
(sensu Sprague et al., 2005), lobe elements and beds (sensu Prélat et al., 2009;
Groenenberg et al., 2010) represent scale sizes that can be better identified and
characterized in outcrops. However, few outcrops from deep-water systems in the
world are extensive enough to be compared to seismic scale data, as for example
the Karoo Basin in South Africa (e.g. Grecula et al., 2003; Flint et al., 2011; van
der Merwe et al., 2014), the Brushy Canyon Formation in Texas (e.g. Beaubouef et
al., 2000; Gardner et al., 2003) and the Magallanes Basin in Chile (e.g. Hubbard et
al., 2010; Benhardt et al., 2011) (van der Merwe et al., 2014). Different terminolo-
gies are used in literature to describe the hierarchy of depositional elements, and
therefore it is important to attain to the size of the bodies described rather than
the names used to define them. In this thesis, it was adopted the nomenclature of
Sprague et al. (2005) for channels and the nomenclature of Prélat et al. (2009) for
lobes. These elements are described as follows.
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Figure 2.7: Depositional elements observed in deepwater sedimentary systems. The main el-
ements from these systems are channels, lobes (splays), mass-transport deposits, levees and
channel wings (both classified as levees in this report) (modified from Haughton, 2006; in:
http://www.sepmstrata.org/page.aspx?pageid=39).

Figure 2.8: Hierarchy scheme for channels proposed by Sprague et al. (2005).
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Figure 2.9: Hierarchy of lobes (Groenenberg et al., 2010, modified from Prélat et al., 2009).
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Channels

Submarine channels and channel complexes consist of regions on the seafloor
that are formed by and serve as conduits for sediment density flows, bypassing sed-
iments from the continental shelf into the basin during some periods and depositing
sediment during others (Mulder, 2011; Hodgson et al., 2016). The preference on
bypassing or depositing sediments will depend on the combination of many factors,
such as the local and regional slope equilibrium profile, the degree of external con-
finement and sediment supply rates (Covault et al., 2016). Submarine channels are
relatively straight to sinuous elongated features in a map view and lenticular when
observed in a cross-sectional view. Their confinement can be formed by incision,
with the channel thalweg being lower than the regional slope, or by construction,
where the channel thalweg is higher than the regional slope and channel is formed
and bounded by the growth of external levees (Hodgson et al. 2016), or pass from
erosion- to levee-confined (hybrid channels of Janocko et al., 2013). The relation
between channel width and thickness is called the aspect ratio, which can be quite
variable, ranging from 27:1 (Indus A, Kenyon et al., 1995) to 5:1 (Arguello, EEZ –
Scan Scientific Staff, 1988) (Kane et al., 2010). Lower aspect ratios indicate more
entrenched channels with a vertical stacking pattern of individual elements while
higher aspect ratios indicate more depositional and laterally stacked ones. Usu-
ally, the more erosive channels occur in proximal areas of the systems, where the
slope gradient is higher, and they become more depositional as the gradient de-
creases, turning into lobes where the gradient decreases considerably (mini-basins,
slope steps and basin plains). There is a classification from Campion et al. (2005),
based on seismic data of several deep-water systems that divide channel systems
into three types: confined channel systems, weakly confined channel systems and
unconfined distributary channel-lobe systems. The occurrence of each of these is
strongly related to the position on the basin profile and local topographic features
that might create different types of confinement (Fig. 2.10).

Channel/Canyon formation

One important question debated in literature is how a channel/canyon is formed,
whether from an initial erosional feature that evolves to channels with levees (Row-
land et al., 2010; Di Celma, 2011; Fildani et al., 2013; Covault et al., 2014; Weill et
al., 2014) (Fig. 2.11) or if from net deposition on the sides of the flow that gener-
ates the levees that define the channel/canyon pathway (Straub & Mohrig, 2009).
Fedele and Garcia (2009) conclude from laboratory experiments that the formation
of gullies on slopes are related to flow instabilities generated by unconfined turbidity
currents passing through areas of abrupt increase in the slope gradient, such as the
transition from shelf to slope, and can be formed either by erosion or differential
deposition, depending on the bottom shear stress.

Weill et al. (2014) conducted laboratory experiments to study channel formation
and relate it to erosion. They established relationships between slope gradient, rate
of erosion, speed of channel incision, flow discharge rate and channel geometry.
Their conclusions are that slope gradient controls the incision rate, the speed of
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Figure 2.10: Block diagram showing the relation between channel architecture and paleo-bathymetry
(modified from Campion et al., 2005; in Moody et al., 2012).

channel incision and the time needed to reach steady-state, while flow discharge
controls channel geometry.

Channel fills and stacking patterns

Channels can be filled by a varying assemblage of facies that may record both
periods of high-energy and low-energy flows (Fig. 2.12). The typical diagnostic
criteria for high-energy flows in channels are: erosive surfaces at the base of sand
deposits, conglomeratic lag deposits, the presence of mud intraclasts near the base
of sand packages, bed amalgamations, very coarse-grained beds in contact with
silty to muddy beds registering the bypass of intermediate grain-sized portions of
the flows, slumps and debrites related to the collapse of channel margins, etc.
Fine to very fine sands and interlaminated facies of sand and mud may also be
present in channels, usually in the upper parts of their infills, and recording channel
abandonment (Gardner & Borer, 2000; Gardner et al., 2003; Pringle et al., 2010;
Hodgson et al., 2011; Figueiredo et al., 2013).

Depending on how individual channels are stacked, different types of internal
architectures can be formed in channel complexes. In relation to the degree of
segregation of individual channels, channel complexes can be classified as amalga-
mated or discrete. In amalgamated channel complexes the individual channels are
mostly laterally stacked, forming a lobate to tabular external geometry that can be
erroneously interpreted as lobes in seismic sections. Internally, the difference from
a lobe complex, aside from the geometry of individual beds, is that amalgamated
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Figure 2.11: Schematic figure showing how channel-levee systems could be developed from net-
erosional cyclic steps that become connected over time, forming an initial broad channel that evolves to
a narrower channel with developed levees (figure from Fildani et al., 2013).
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Figure 2.12: Example of different types of channel infills, illustrating how channels can vary in geometry
and lithofacies. (a) amalgamated, typically structureless, sandstones; (b) structured sandstones, with
climbing ripple laminations; (c) thin-bedded, planar-laminated fine sandstones with low-angle erosional
surfaces; (d) thin-bedded, ripple-laminated fine sandstones; (e) thin-bedded heteroliths, comprising
sandstone, siltstone and occasional shale intervals; (f) mudstone clast-supported conglomerate com-
monly found in axial channel bases; (g) claystone; (h) slump, usually from collapses of channel margins
(from Pringle et al., 2010).
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channels usually do not preserve the fine sediments that separate individual ele-
ments, because this part of the deposit is usually eroded by subsequent channels.
Discrete channel complexes feature individual channels that occur spatially segre-
gated, with stacking often in an oblique to vertical trend due to vertical aggradation
(Deptuck et al., 2007)(Fig. 2.13).

Many studies try to address the evolution of channel stacking patterns in dif-
ferent basin settings (Di Celma, 2011; El-Gawad, 2012b; Figueiredo et al., 2013;
Macauley & Hubbard, 2013; Maier et al., 2013). These studies focus on understand-
ing the underlying parameter controls causing the different architectural styles, ei-
ther related to external factors (allocyclic control) like topography, sediment supply
and tectonism, or to the internal dynamics of the systems (autocyclic controls).

A typical evolution described for channel infilling (Figueiredo et al., 2013; Macau-
ley & Hubbard, 2013) starts with an erosive phase that carves the channel, usu-
ally by multiple erosive flows. The sediments that erode and form the channel are
by-passed to more distal regions of the basin, but normally leave discontinuous
lag deposits of coarse sand to conglomerates on the channel thalwegs in proximal
areas. During this erosive phase it is also common for slides and slump to be de-
posited on the channel margins due to the increase in steepness of these margins.
Subsequently, there is an infill phase that starts with deposits from high-density
flows that progressively show a decrease in the energy of flows towards the top.
This decrease in energy is marked by thinning- and fining-upward stacking patterns
in the channel, until it is abandoned and sedimentation is focused to another area
by avulsion. At the scale of channel complexes and composite channels (sensu
Moraes et al., 2004) the stacking patterns can diverge from this pattern of evolu-
tion, illustrating that allocyclic controls may be more important at these hierarchical
scales, while autocyclic controls play a more important role at the scale of individual
channels and beds (Fig. 2.14).

Distributary channels and lobes

Distributary channels and lobes develop in areas where unconfinement of the
flow is possible, usually at the transition of channel complexes to the basin floor
or in other regions with a significant reduction in gradient, for example in slope
mini-basins or in slope steps. In these regions, the flows lose velocity and their
capacity to sustain sediments in suspension, leading to increased deposition.

Lobe complexes are characterized by a lobate to tabular geometry in a transverse
section and a fan-shaped geometry on a map view that can reach hundreds of
km2. Prélat et al. (2010) studied the control on the dimensions and volumes of six
different lobes (nomenclature following the hierarchy scheme of Prélat et al., 2009)
from modern and ancient systems and identified two types of lobes according to
their areal extent and thickness. Lobe geometries associated to topographically
unconfined systems are large in area but thin, showing a compensational stacking
pattern. Lobes in more confined systems are limited in area but thicker and are
dominated by aggradational stacking patterns (Fig. 2.15). They also observed that
lobes and lobe elements from the Tanqua-Karoo Basin in South Africa consistently do
not exceed a maximum thickness of 20 m and 1.5 m, respectively. This is attributed
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Figure 2.13: Channel stacking patterns.

to an autogenic control mechanism that makes flows switch their direction after their
deposits reach these thicknesses, either by avulsion or migration. Lobe volumes do
not seem to show considerable variations, ranging in the order of 1 to 2 km3 (Fig.
2.16).

From the more proximal to the more distal parts within a lobe complex (also
termed ‘fan’ by Prelat et al., 2009 and Etienne et al., 2013), there is a tendency of
the individual elements to change from more channelized elements to unconfined
terminal lobes, thereby reducing the amount of erosional features with distance
(Etienne et al., 2013) (Fig. 2.17). The morphology and internal stacking of lobe
elements is more complex than the first models in literature proposed. Instead of
a very wide and rounded fan composed by many vertically stacked sheets of sand
separated by thin and continuous mud layers, detailed mapping of these complexes
from ancient deposits have revealed a much more complex architecture (Prelat et
al., 2009; Groenenberg et al., 2010). Lobes have a more elongated shape with
an axis of higher energy in the downslope direction, where it is possible to ob-
serve some erosion and amalgamation of sand beds (zones of amalgamation). Pre-
sumably because of these higher energy axes, the terminations of lobes are more
finger-shape (Prélat et al., 2009; Groenenberg et al., 2010) (Fig. 2.18). This fin-
gered pattern of lobe terminations was reproduced numerically by Groenenberg et
al. (2010), but these results lead to a different interpretation from the outcrops
studied in the Tanqua-Karoo deposits (Prélat et al., 2009). In the outcrops, the
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Figure 2.14: Figure from McCauley and Hubbard (2013) showing channel architectures from different
areas and different scales of observation (see legend on figure). All drawings are at the same scale
(bottom right of the figure). This shows that channel depositional architecture can vary considerably,
especially at larger scales, such as the seismic scale.



2

32 2. Literature Review

Figure 2.15: The relationship between lobe width and maximum thickness suggests that two typical
aspect ratios occur, one containing confined lobes and another one with unconfined lobes. The lobe
hierarchies are represented in the graph by differently sized symbols (Prélat et al., 2010).

prominent “fingers” are interpreted as flow and thus depositonal axes within fans.
These deposits have a concave base and a planar top in the outcrops while in the
experiments they exhibit a planar base and a convex top, being interpreted as de-
posits similar to levees in this case. This is an open question that can be better
investigated by recording facies transitions within these bodies or by tracking the
axis of deposition from a more proximal area to the terminations of lobes.

In seismic section view, lobe complexes exhibit extensive lenses that pinch out
gradually, sometimes giving the impression of a continuous tabular layer deposit.
In outcrop observation scale, it is common to see a lateral shift from one lobe
axis to another, showing a compensational stacking pattern of the individual ele-
ments. However, this compensational stacking style may occur in different hierar-
chical scales (Prélat et al., 2009; Straub & Pyles, 2012)(Fig. 2.19).

Lobes are generally composed of well-sorted sands, as opposed to channels,
usually with a massive to normally-graded internal sequence, but coarse-grained
sands can also occur in proximal areas of fan systems (Mulder et al., 2010; Etienne
et al., 2013). Some muddy intraclasts can occur in sand facies, usually encountered
at the top of beds due to their hydraulic equivalence to the grains there, suggesting
that deposition may have been slow. However, they can also occur near the base of
sand beds, along their erosive axis, normally on confined lobes where the deposits
are more amalgamated (Spychala et al., 2015). The degree of erosion and the
amount of mudclasts is considered by Spychala et al. (2015) to be some criteria
for differentiating terminal unconfined lobes from intra-slope confined lobes, which
are higher in the intraslope confined lobes. Silty to muddy intervals at the bed tops
are normally preserved in lobes. Linked debrites generated from slurry flows are
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Figure 2.16: Cartoon explaining the process of avulsion on lobe systems (Prelat et al., 2010). A) Lobe
initiation is characterized by a high gradient between the feeder channel and the lobe top; B) Lobe
growth generates a reduction in longitudinal gradient, an increase in lateral gradient and the channel
starts to aggrade; C) the system avulsion or migration occurs to find the lowest topography, and; D) all
the process starts again on the new depositional site.
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Figure 2.17: Conceptual fan (lobe complex) model proposed by Etienne et al. (2013), showing the
distribution of the main architectural elements (A to E). The model illustrates the gradual longitudinal
transition between the elements from more channelized to unchannelized.

Figure 2.18: Isopach and facies maps of Lobe 2 from the Permian Tanqua-Karoo outcrops. The facies
map is an extrapolation from outcrop data with finger-like shapes along the depositional axes interpreted
(Groenenberg et al., 2010).
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Figure 2.19: Figure from Straub & Pyles (2012) showing two possible types of lobe compensation:
(a) one scale-dependent compensation, where the lateral shift betwen elements is higher in larger
hierarchical units, and; (b) one scale-invariant compensation, where the same shift between elements
is observed in all hierarchical scales.

also commonly seen in the distal areas of fan systems (Kane et al., 2017).

Levees

Levees are depositional elements strongly associated with channels. They usu-
ally have an elongated shape that follows the channel or channel belt morphology
and occur on both sides of it. In spite of their close relation to channels, their
depositional mechanisms and characteristics are different from channels.

Turbidity currents flowing through channels sometimes have greater heights
than their conduits, causing part of the current to spill over and deposit sediment on
top of the channel margins, a process known in literature as flow stripping (Hiscott
et al., 1997). Depending on which portion of the turbidity current overflows, the
material deposited on the margin of channels axis can range from mud to silts
and sands, but it is usually finer than the deposit inside the channel. Typically,
these deposits show internal structures like ripples and sediment waves, since the
upper part of turbidity currents stays in suspension for a longer time as the grains
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sink slower than those in the basal part. Palaeocurrent directions measured on
ripples usually indicate transports oblique to the channel axis, following the general
direction of channels, but in some cases the palaeocurrents can diverge considerably
from the channel direction. Kane et al. (2010a) measured palaeoflow directions in
levee deposits from the El Rosario Fm., Baja California (Mexico). They noticed that
palaeocurrent directions are more variable in the basal levee deposits and become
more uniformly oriented with the channel axis towards the top. They attribute
this behavior to a dominance of gravity forcing in the early stages because of a
higher contrast of the flow with ambient fluid, directing the flow directly down the
local maximum slope. On later stage overspills, the presence of previous overspill
reduces the density contrast and the dominant force becomes the momentum from
the channelized flow.

Muddy levees usually have a wedged shape, forming a positive relief on both
sides of the channels. Such levees are built up by thick deposits of interlaminated
fine sand and mud, generally with a higher sand content closer to the channels axis,
becoming gradually muddier further away. In the outer bends of sinuous channels
it is also common to find more sand in the levees due to flow stripping.

Many studies focus their attention on the genetic relationship between chan-
nel deposits and their levee deposits. Generally, three models of evolution for
channel-levee deposits have been proposed (Khan & Arnott, 2011): 1) Channel-
levee growth, where both deposits are genetically related, occur concomitantly and
originate from the same flow (Khan & Arnott, 2011; Dykstra et al., 2012); 2) Cut-
and-fill model, where channel flows erode into underlying unrelated fine-grained
deposits (Coleman, 2000; in Khan & Arnott, 2011); and 3) More complex mod-
els where fine-grained interchannel and coarse-grained channel sediments are de-
posited concurrently by different flows or by the same flows that were decoupled
in a more upstream position of the system (Crane & Lowe, 2008; in Khan & Arnott,
2011).

Sandy levees are more commonly associated with less confined channels that
allow higher volumes of sand to overflow. Sandy levees form thinner wedges than
muddy levees, usually appearing like gull-wings on the sides of the channels or on
the top of them. Sandy levees also tend to be more discontinuous than muddy
levees.

A classification proposed by Kane & Hodgson (2011) recognizes two scales of
channel-levee systems (Fig. 2.20). Large scale, usually silty to muddy levee de-
posits are defined as ‘external levees’, while the overspill deposits that are contained
inside channel belts that are limited laterally by external levees are termed ‘inter-
nal levees’. These internal levees correspond to the sandy levees described above.
Table 2.1 summarizes the main differences between internal and external levees;
both are subdivided into inner and outer parts (inner-levee and outer-levee, sensu
Kane & Hodgson, 2011), the first comprehending the part between the levee crest,
which is the highest point of the levee (sensu Kane & Hodgson, 2011) and the limit
with the channel axial deposits and the latter comprehending the part between the
crest and the levee pinch-out on the opposite side of the channel axis. Inner lev-
ees have usually smaller lateral extensions than outer levees and decrease more
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Figure 2.20: Cartoon showing the scales, facies, stacking patterns and architectural features of external
(A) and internal levees (B) (from Kane & Hodgson, 2011).

abruptly away from the crest. Some authors (e.g. Armitage et al., 2012) use the
terms inner and outer levees to refer to internal and external levees, respectively.

Some studies (e.g. Dykstra et al., 2012; Ezz et al., 2014) propose mathematical
functions to describe the lateral thickness decay of inner and outer levees, as well
as for levees in different positions of a basin profile (Kane et al., 2010). Different
types of functions are suggested, depending on the slopes gradients (Nakazima &
Kneller, 2013) and if levees are from inner or outer bend of a sinuous channel (Khan
& Arnott, 2011). Dykstra et al. (2012) propose a power function to describe the
outer levee thickness decrease and a linear function to describe inner levees, based
on outcrop studies of a small proglacial channel-levee system of the Jejenes Fm.
(Argentina). By contrast, Ezz et al. (2014) determine that a third-order polynomial
function best describes the lateral thickness decrease of outer levees, as produced
in their laboratory experiments and from seismic data of levees from different ar-
eas. Kane et al. (2010), based on experimental results, consider different types of
functions for each portion of a levee in a longitudinal basin profile. According to
them, levees from proximal areas follow a power-law function, in transition areas a
logarithmic function and in distal areas an exponential function.

Morris et al. (2014a) suggest a stratigraphic evolution for the formation of exter-
nal levee systems based on observations from the the Fort Brown Fm., Laingsburg-
Karoo Basin (South Africa). Initially, a basal sand rich facies with structures indicat-
ing rapid deposition of unconfined flows is deposited as frontal lobes. Afterwards,
the propagation of the parental channel erodes the basal sands, generating flow
confinement and developing levees by flow overspill and flow stripping. This type
of evolution increases the flow confinement from base to top, usually resulting in
fining- and thinning-upward sequences in external levees deposits. Different char-
acteristics of channel-levee architecture can occur depending on modifications by
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Table 2.1: Comparison between internal and external levees (from Kane & Hodgson, 2011).



2

39

Figure 2.21: Model based on the results of numerical simulations of a channel-levee deep-water system
(Deptuck et al., 2003). This model is an example of how knowledge of the complexity and the details
in deep-water systems have substantially evolved with time.

allogenic and autogenic controls.
Event-based numerical models (Deptuck et al., 2003; Sylvester et al., 2011)

(Fig. 2.21) try to understand which aspects control the architectural evolution of
channel-levee systems and they demonstrate that channel migration is sufficient to
produce the complex architecture observed in these systems.

MTDs

Mass-transport deposits (MTDs) are gravity-induced units formed by en-mass
transport processes (slides, slumps and debris flows), generated by collapses of
the slope regions (usually mid to upper slope)(Posamentier & Martinsen, 2011) or
margins of canyons and channels that are very steep and unstable.

Probably the main depositional process in continental slopes (Nardin et al.,
1979), MTDs are recognized in modern and ancient deep-water stratigraphic suc-
cessions (Moscardelli & Wood, 2016). In ancient deep-water systems they can
represent up to 75% of slope strata in outcrop successions (Martinsen et al., 2000,
2003; Armitage et al., 2009) and more than 50% in subsurface successions (Posa-
mentier & Walker, 2006). Understanding these deposits morphologies, transport



2

40 2. Literature Review

and sedimentation mechanisms are therefore important for petroleum exploration
in deep-water settings, since they might act as seals and stratigraphic traps, as well
as they can create depositional topography that will control turbiditic sand distri-
butions in the system (Armitage et al., 2009). The main influence on subsequent
turbiditic successions being (Armitage et al., 2009): (1) accommodation created
by sediment evacuation on the slope, focusing turbidity currents to those regions;
(2) obstacles generated by MTD deposits, redirecting turbidity currents and; (3)
sediment ponding created by irregular surfaces left by MTDs.

MTDs are characterized in seismic (e.g. Posamentier & Kolla, 2003; Moscardelli
et al., 2006; Oluboyo et al., 2014) as low amplitude, transparent to chaotic facies,
that occur in different geometries and extensions (Fig. 2.22). Nelson et al. (2011)
recognize two main types of MTD geometries: sheets and wedges. MTD sheets
are common in base-of-slope to basin-floor settings and come from failures of up-
stream shelf margins and canyon walls. They can have several to 100s km run-out
distances and 100s km3. MTD wedges are usually smaller features of up to 100 km
extensions and few km3, which come from margin collapses of mini-basins. Several
MTD wedges stacked might generate MTD sheets ponded in mini-basin depocen-
tres (Nelson et al., 2011). In outcrop and core data (Tripsanas et al., 2008), MTDs
can be formed by a variety of lithofacies, depending mainly on the collapsed source
area´s composition. However, they commonly present a high mud content and
some degree of internal deformation structures. Erosional scours are also common
features of MTDs, such as striations and long linear grooves, which might reach up
to 750 m in width, 50 m deep, and extend for 10s km, according to Posamentier &
Kolla (2003) interpretations in seismic reflection data from offshore Indonesia.

MTDs can occur at any time of a stratigraphic cycle, but higher magnitude events
are more common during falling stage and transgressive systems tracts. In these
periods, a rapid change in the water column close to shelf margins and slopes may
alter the pore pressure of the deposits, that become unstable and collapse. In
addition, gas hydrates destabilization during lowering of the sea-level and rapid
sediment loading at the shelf margin during transgressive phases are explanations
for the higher incidence of MTDs during these phases (Nelson et al., 2011). Gardner
et al. (2003) attribute large MTDs to adjustment phases of deep-water basins that
may be considered as good stratigraphic markers of these basins, representing
the onset of a new turbiditic system. These might be especially useful in outcrop
studies and in active margin basins, where stratigraphic sequences are separated
by tectonic fault reactivations.

Armitage et al. (2009) proposed an hierarchical scheme for MTD surfaces, based
on their studies of the Tres Pasos Fm. outcrops (Chile), where they discuss the
impact of each scale on the control of turbidity currents and their deposits (Tab.
2.2). Moscardelli and Wood (2016) collected more than 300 morphometric data
points (including length, area, volume and thickness of each) of MTDs from different
places around the world and show good correlations between some parameters.
By this, they suggest that morphometric data associated with the architecture of
MTDs can be used as predictive tools for interpreting the geologic setting, deposit
geometry and potential causal mechanisms of MTDs.
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Figure 2.22: Example of MTDs from the modern seafloor of the Almirante Câmara Canyon, offshore
Campos Basin (Brazil), where arcuate scours are observed on the upper slope, elongated MTD sheets
(sensu Nelson et al., 2011) control sediment pathways in the middle slope and MTD wedges (sensu
Nelson et al., 2011)(zoomed image) collapse from canyon margins.
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Table 2.2: Hierarchical scale of MTD surfaces proposed by Armitage et al. (2009) and their impact on
subsequent turbiditic currents and deposits.
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2.3. Topographic confinement

Deep-water sediment flows are very sensitive to seafloor topography, which can
constrict, deflect, or reflect turbidity currents, resulting in a range of distinct de-
posits (Patacci et al., 2015). The general gradient profile in a deep-water basin is
a major control on the evolution of sediment density flows and the placement of
the different deposits. Images from the present-day seafloor topography, where
some turbidity currents are known to occur, show that the seafloor relief is very
complex, more than conventionally assumed (Fig. 2.23). Beside the general con-
figuration of shelf, slope and basin profile presented in the early conceptual models,
many obstacles with different orientations, heights and geometries can occur, con-
fining and constraining the flows and impacting their sediment deposition. Several
studies on modern systems (Machado et al., 2004; Normark et al., 2009; Bourget
et al., 2011), results from numerical models (Athmer et al., 2010; Albertão et al.,
2011, 2014, Wang et al., 2017), laboratory experiments (Stevenson & Peakall, 2010;
Eggenhuisen & McCaffrey, 2012) and interpretations from outcrops (Armitage et al.,
2009; Kane et al., 2010; Tinterri & Magalhaes, 2011; Moody et al., 2012, Spychala
et al., 2015, 2017, Brooks et al., 2018a) focused on understanding the flow interac-
tions with the bathymetric complexities and how they affect sedimentation. Some
of these studies (e.g. Brooks et al., 2018a; Mignard et al., 2019) show that even
very subtle changes in gradient (less than 0.5 degrees) are enough to change the
depositional architecture of turbiditic deposits.

A usual classification for large-scale slope configurations is the one from Prather
(2003). He classifies slopes according to the slope gradient in relation to the basin
equilibrium profile (sensu Pirmez et al., 2000) into graded, above-graded and out-of-
grade slopes (Fig. 2.24). Each slope configuration will form preferentially different
types and proportions of accommodation space for sediments to deposit, or even
no accommodation space, where erosion will occur (Fig. 2.25). The three types
of accomomdation space are: (i) ponded accommodation, which consist of three-
dimensionally closed areas in intraslope regions, where usually sediments are totally
captured inside these confinements; (ii) healed-slope accommodation, is the space
between the top of ponded accommodation and below a 3D convex hull fit to the
rugose seafloor topography (Steffens et al., 2003), forming wedge-shaped deposits
that taper landward and seaward (Prather, 2003), and; (iii) slope accommodation,
that comprises the space between the top of healed-slope accommodation and the
highest stable graded-slope angle, where usually there is little sand associated due
to a dependence on pore pressure within muds deposited on the slope (Prather
et al., 2003). A fourth type of accommodation is from incised submarine valleys,
that create space by erosion in a dip-oriented direction forming U- to V-shaped
geometries in cross-sections and are typically filled with channel deposits. This
type of accommodation can occur in any type of slope configuration, but is more
strongly related to out-of-grade slopes.

Graded slopes are those slopes in equilibrium between deposition and erosion,
therefore tending to generate lateral migration of the channels that are usually
sinuous. These slopes are characterized by smooth concave-up profiles with a
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Figure 2.23: Digital model of the seafloor topography from a portion of the Brazilian Atlantic margin
(figure from Schreiner et al., 2009), generated by the merge of several seismic datasets, multibeam
and sonar interferometry data and then applied an edge detection algorithm, showing considerable
complexity of the slope-to-basin depositional profiles. The lighter colours represent high edge detection
and the darker colours represent low edge detection.
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Figure 2.24: Diagram from Prather (2003), showing the three slope-type end members, the processes
controling their gradients and the main types of slope accommodation formed in each slope-type (figure
modified from Prather, 2003). Examples of each type of slope are from the East Gulf of Mexico (graded),
the Central Gulf of Mexico (ponded) and from the offshore Atlantic margin in Brazil (stepped).
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Figure 2.25: Schematic slope gradient profile showing the different types of slope accommodation pro-
posed by Prather, 2003 (figure modified from Prather, 2003).

stable slope angle and little to no tectonic influence. Sediments from these systems
tend to concentrate at the toe-of-slope and basin-floor regions, forming unconfined
deposits (lobes) that are the main reservoir types from these settings. Proximal
slope regions are usually dominated by bypass, but also levee deposits are common,
especially in muddy systems.

Out-of-grade slopes are similar in profile to graded slopes, but have very steep
gradients near the shelf edge (Prather et al., 2017). Proximal regions from above-
graded slopes that are very steep may also form locally out-of-grade profiles. These
regions are characterized by a predominance of erosion and bypass features, form-
ing canyons and gullies. Canyons and gullies are large elongated erosive features
that, in the case of canyons, cut the slope and can connect sandy source systems
that reach or get close to the shelf edge into deep-water settings. Jobe et al.
(2011) present a classification scheme using the term ”Type I Canyon System” to
what is named here as simply ”canyons”, and ”Type II Canyon System” to what
here is called ”gullies” (Fig. 2.26). Type I canyons are V-shaped and deeply incised
features in cross sections, usually associated with sandy flows and deposits. Type
II canyons are U-shaped and shallower then Type I canyons, generated by retro-
gressive sediment failures and associated to low sediment supplies, therefore filled
by muddy deposits.

Above-graded slopes are those which the topographic profile are out of equilib-
rium, tending to be eroded at steeper portions and deposit sediments on low relief
areas in order to reach the equilibrium profile. These type of slopes are subdivided
according to their degree and type of confinement into ponded mini-basin systems
and stepped-slope systems (Prather, 2003).

Ponded mini-basin systems are above-grade slopes characterized by three-dime-
nsionally enclosed depocentres separated downdip by local high topographies (sills),
usually related to mobile substrates underneath (salt or mud) and combined to
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Figure 2.26: Cartoon showing the canyon classification scheme from Jobe et al. (2011). Type I canyons
indent the shelf edge and are associated with high sediment supply, terminating into a submarine fan.
Type II do not indent the shelf edge, are mud-rich and have no submarine fan associated (Jobe et al.,
2011).
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episodic and/or relatively low sediment fluxx (Prather, 2003). The depocentres
dimensions are typically between 100 to 200 km2. Sediments in these settings are
deposited mainly by three different processes: (i) by hydraulic jumps at entry points
of ponded intraslope basins that deposit mainly the coarser grains on these regions;
(ii) by flow striping (sensu Piper & Normark, 1983; Sinclair & Tomasso, 2002) of
the finer sediments that stay in suspension within the flows, being deposited more
distally in lower mini-basins or sills, and; (iii) by collapse of flows encountering slope
reversals (downdip sills) (Haughton, 1994). Deposits associated to ponded mini-
basins are dominantly confined lobe sands and, in minor occurrence, slope wedges
consisting of mixed lobes and channels.

Most of the studies related to this type of system come from the Gulf of Mexico
basins (e.g. Winker, 1996; Prather, 2000; Toniolo et al., 2006; Prather et al., 2012).
A classical model for the sedimentary evolution of these basins was proposed by
Prather et al. (1998) called the fill-and-spill model(Fig. 2.27, which basically consist
of the filling of the more proximal mini-basin, until deposition reaches the longitudi-
nal spill point of this depocentre and starts spilling sediment to the next depocentre
of the ponded mini-basin system. Due to the usual uncertainty in correlation of
deposits from different depocentres in seismic data and outcrops, several studies
involving physical experiments (e.g. Brunt et al., 2004; Lamb et al., 2004; Patacci
et al., 2015) or numerical simulations (e.g. Aas et al., 2010b; Albertão et al., 2015;
Sylvester et al., 2015; Wang et al., 2017) have been conducted in order to test
these conceptual models and depositional processes involved. These studies have
also the advantage to constrain how specific flow or topographic parameters im-
pact on the evolution of deposits. The consensus among these studies is that the
fill-and-spill model is valid in certain flow and topographic conditions, but in others
it is not. The divergence from the fill-and-spill model occurs especially in terms of
the timing of depocentres deposition. In summary, the comparison between these
studies show that the concentration and/or grain-size in flows have an impact on
how the mini-basins are filled. From the papers analyzed, those who simulated
higher concentration flows and higher grain sizes fitted better to the fill-and-spill
model, while the lower concentrations and finer grain-sizes simulations, which prob-
ably have higher heights and higher turbulence flows, seemed to spill over the distal
confinements prior to completely filling the more proximal depocentre. Additionally,
topographic steepness seem to impact considerably the distribution of sediments.
This is proven on Aas et al. (2012b) simulations based on the Peira Cava outcrops,
where topography varied subtly from one simulation case to another, but the de-
position was slightly different. Sylvester et al. (2015) simulations with tectonically
active subsidence during sedimentation conclude that the fill-and-spill model cannot
correctly capture the age relationships between basin fills, but rather it seems that
the mini-basins are filled almost concomitantly when the sediment rate is similar to
the subsidence rate.

Stepped-slope systems, according to Prather (2003) are the more important type
of slope configuration in terms of oil and gas occurrences, with many examples of
fields in offshore Brazil and Africa. They are characterized by slope topographies
where there is an alternation of steeper segments (ramps) and flatter segments
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Figure 2.27: The fill-and-spill model for ponded mini-basins (figure modified from Prather et al., 1998).
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(steps) along the longitudinal profile, defining respectively, zones of preferential
bypass and zones of preferential deposition (Fig. 2.24). Differently from ponded
mini-basins, depocentres are connected to each other by turtuous flow paths and
not broken into separate discrete sub-basins (Smith, 2004). These paths and de-
pocentres are usually influenced by structural features in the basin, such as fault
lineaments, relay ramps or structural highs formed by mobile substrata underneath
the depositional surface, causing flow paths to assume different orientations that
may increase the complexity of sediments distribution (Fig. 2.28). These structures
are usually less mobile during sediment transport and deposition, and combined to
high rates of sediment flux in stepped-slope systems (Prather, 2003). Several stud-
ies (e.g. Athmer et al., 2010; Oluboyo et al., 2014) focus on understanding the
interaction of flows with individual structures and how they affect flow paths and
depositional architecture. In general, the angle of incidence of flows with struc-
tures and the size and geometry of structures play the most important impacts,
with higher angles tending to form spill of sediments over structures and lower in-
cidence angles with high structures generating deflection of the flows, that usually
run parallel to structures strike (Oluboyo et al., 2014). Beside these controls, the
regional slope gradient and gradient variations between ramps and steps are also
as important controls of depositional architecture in stepped-slope systems (e.g.
Barton, 2012; Pohl et al., 2019). Barton (2012) compare stepped-slope systems in
the offshore Niger Delta with different slope steepness, showing that steeper slopes
tend to form thicker and more vertically stacked deposits of distributive channel-lobe
complexes, while gentler slopes form units that erode and stack in a more laterally
stacked manner. They usually are formed by distributive channel-lobe complexes
that evolve upwards to channel complexes. The main deposits observed in stepped-
slope systems are MTDs, compensationally stacked lobes, overbank deposits and
bypass facies associated to channelized depositional elements. Recent studies fo-
cused on more subtle gradient changes in stepped-slope systems demonstrate that
changes in slope gradient of less than one degree can cause a profound impact on
flow behaviour and depositional architecture (e.g. Brooks et al., 2018a; Mignard et
al., 2019) and will be also the focus of this study.



2

51

Figure 2.28: Stepped-slope profile interpreted for the stratigraphic Unit E from the Laingsburg-Karoo
Basin. Two mechanisms to generate the steps on the slope are shown: Steps generated by tectonic
faulting on the left and scars from mass transport complexes on the right (Spychala et al., 2015).
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3.1. Introduction
In this chapter, an outcrop case study from Laingsburg depocentre, Karoo Basin,

South Africa, is presented. Here, the influence of subtle slope gradient changes
on the depositional architecture of turbidity current deposits has been constrained
by detailed mapping of stratigraphic units and sedimentological and architectural
descriptions over a 2500 km2 area.

These deposits have been studied for almost twenty years by an industry-
sponsored research programme, the Slope project, led by Professors Stephen Flint
(University of Manchester) and David Hodgson (University of Leeds). The project
had the advantage of bringing many geoscientists together to the field during its
development, from masters and PhD candidates to professionals from the main oil
and gas companies in the world, to discuss geological interpretations of the sys-
tems. The dataset and publications arising from investigation of this deep-water
depositional system are used here with the following objectives: (i) to character-
ize the depositional architecture, facies associations and stacking patterns of the
stratigraphic Units D and E in different positions of the slope to basin profile for
comparison with subsurface deep-water systems over topographically complicated
slopes; (ii) to infer from outcrop data the flow parameters and seafloor topogra-
phies for deposition of Units D and E for use in process-based numerical simulations
of chapter 5 of this thesis; and (iii) to postulate causes for the documented change
from sand-attached to sand-detached systems related to variations in bathymet-
ric profile through time interpreted from the sediment distributions of deep-water
stratigraphic units on the basin.

3.2. Geological setting
The Karoo Basin is located in the southernmost part of the African continent,

approximately 200 km northeast of Cape Town, South Africa. The southwest part
of the basin is subdivided in the Tanqua and Laingsburg depocentres (Fig. 3.1).

The tectonostratigraphic development of this region is related to the evolution
of the Gondwana palaeocontinent, from Paleozoic to early Mesozoic ages, marked
by periods of compressive tectonic events and periods of continental break-ups by
extensional events (De Wit & Ransome, 1992).

The Cape Fold Belt is an important tectonic feature that bounds the Karoo Basin
to the south and to the west (Fig. 3.1). The relationship between the timing of tec-
tonic compression that formed the Cape Fold Belt and the subsidence mechanism
of the Karoo Basin and deposition of the Karoo Supergroup has two different inter-
pretations. The first interpretation (Cole, 1992; De Wit & Ransome, 1992; Veevers
et al., 1994; Visser & Praekelt, 1996; Catuneanu et al., 1998; Catuneanu, 2004)
considers the whole Karoo Supergroup as deposited in a retro-arc basin setting,
with the fold-and-thrust belt (Cape Fold Belt) situated in the southern border of
the basin. More recent interpretations, based in provenance analysis (Johnson et
al., 1997; Andersson et al., 2004; Van Lente, 2004), radiometric dating (Fildani et
al., 2007, 2009) and tectonostratigraphic analysis (Tankard et al., 2009) indicate
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Figure 3.1: (A) Location of the Karoo Basin in the African continent. (B) Geologic map of the Western
Cape Province, showing the two branches of the Cape Fold Belt and the Laingsburg and Tanqua de-
pocentres of the Karoo Basin. It is possible to observe the higher deformation and shortening in the
Laingsburg sub-basin in relation to the Tanqua sub-basin (modified from Flint et al., 2011).

that the Cape Fold Belt drove flexural subsidence only in the Triassic during depo-
sition of the fluvial Beaufort Group. The implication is that the Karoo Supergroup
(Late Carboniferous to Early Jurassic) (Fig. 3.2): Dwyka Group (glacial deposits),
Ecca Group (marine clastic deposits) and the lower part of Beaufort Group (fluvial
deposits) were deposited previously to the formation of the Cape Fold Belt in a
thermal sag basin (Tankard et al., 2009). Therefore, the series of W-E oriented fold
limbs that form the outcrops of deep-water sandstones in Laingsburg depocentre,
the focus of this study, are post-depositional structures related to the Cape Fold
Orogeny.

The marine stratigraphic succession of the Ecca Group starts with basal mud-
stones, cherts and shallow marine carbonates of Prince Albert Fm., followed by black
carbonaceous mudstones of Whitehill Fm., and fine-grained turbidites, cherts and
ashes of the Collingham Fm. (Flint et al. 2011). In the Laingsburg depocentre, this
succession is overlain by an overall progradational marine deep-water succession
of approximately 1800 m-thick, described below from older to younger deposits:

1. Vischkuil Fm. – up to 270 m thick succession of undeformed hemipelagic mud-
stones with occasional thin-bedded siltstone turbidites, followed by regional-
scale debrites, forming two composite sequences. These two composite se-
quences also show a change in palaeoflow direction from NW to NE (van der
Merwe et al., 2014). The sequence stratigraphy of Vischkuil Fm. suggests
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Figure 3.2: (A) Litostratigraphy of the Western Cape area (modified from Wickens, 1994; in Flint et
al., 2011). (B) Detailed stratigraphy of the deep-water sandstone-dominated Units that occur in the
Laingsburg depocentre. The red box corresponds to the interval studied in this thesis, that comprise
Units D and E from Fort Brown Fm., and also the interfan unit D/E situated in the mudstone unit between
them.
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that the sand supply to the basin was established in an incremental, stepwise
manner (Flint et al., 2011).

2. Laingsburg Fm. – comprises stratigraphic Units A and B and a 40 m-thick
hemipelagic mudstone between the two units, that contain interfan Unit A/B.
Unit A ranges from 150-350 m of basin-floor turbidites characterized by stack-
ing of lobes (Sixsmith et al., 2004; Prélat & Hodgson, 2013). Unit B consists
of lobe and distributary channels of a base-of-slope setting (Grecula et al.,
2003; Flint et al., 2011; Brunt et al., 2013; Hofstra et al., 2018). Both units
show palaeocurrents with an overall NE direction.

3. Fort Brown Fm. – comprises five sand-prone units (Units C, D, E, F and G)
that are separated by regionally mappable hemipelagic units (Hodgson et al.,
2011; van der Merwe et al., 2014), eventually containing thinner packages
of sandstone near the top, interpreted as interfans (B/C and D/E)(Brooks et
al., 2018a). Units C and D correspond to lower and middle slope deposits
that transition basinward from channel-levees to lobes and the sands can
be tracked along the whole depositional profile (sand-attached system)(van
der Merwe et al., 2014). Units E and F correspond to middle to upper slope
deposits and are classified as sand-detached systems, because they present
intra-slope sandstone lobes and a sediment bypass-dominated zones (sensu
Stevenson et al., 2015) longitudinally to these lobes with no occurrence of
sands, followed again by sandstone lobes on what is interpreted the basin-
floor region. Instead of clean sands, the bypass zone comprises siltstones,
dirty sands and surfaces with scours and other erosive features (van der
Merwe et al., 2014; Brooks et al., 2018b).

The youngest deep-water system documented at outcrop, Unit G, has been
mapped from shelf through the slope to the basin-floor, and represented a com-
plete basin margin clinothem (Poyatos-Moré et al., 2019). Overlying the deep-water
deposits, the Waterford Fm. represents shelf-edge and shelf deltaic deposits (Jones
et al., 2015; Poyatos-Moré et al., 2016), following the progradational trend of the
deep-marine sequence.

Internally to each deep-water sand-prone unit (A to F) the deposits present an
organized stacking pattern that shows a progradational-to-retrogradational succes-
sion, with the exception of Unit E that does not show the retrogradational pattern
at the top (van der Merwe et al., 2014) (Fig. 3.3). This internal organization leads
to the interpretation of an external modulation in sediment supply, probably asso-
ciated to glacio-eustatic sea-level cycles (Flint et al., 2011).

Regional depositional thickness maps from Units C to F (van der Merwe et al.,
2014) (Fig. 3.4) show there are shifts of the depositional axis through time, inter-
preted as the combined effect of compensational stacking of composite sequences
(the lithostratigraphic ‘Units’) with changes in gradient and seafloor topography
across slope through time. Besides the change from sand-attached (Units B to D)
to sand-detached (Units E to G) longitudinal depositional pattern, Units B (not rep-
resented on the map of Fig. 3.4), C and D are more sand-prone to the south, while
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Figure 3.3: Schematic figure showing a map-view of the common stacking pattern of stratigraphic
units in Laingsburg depocentre. Depending on the position on the basin profile, different depositional
element stacking patterns can be observed. In the distal areas, it is common to not observe the first and
last fans that form the stratigraphic units. In the distal zones, where the terminal lobes occur, lateral
compensation is also an important mechanism controlling the stacking patterns of deposits. CSB and S1
to S4 in the figure are abbreviations for Composite Sequence Boundary and Sequence 1 to Sequence 4,
respectively (figure from Flint et al., 2011).
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Figure 3.4: Maps illustrating sediments stacking patterns of composite sequence sets C-D and E-F of
different settings of the slope-to-basin profile. The channel fairways locations show there is a shift to
the north of depositional axis from C-D to E-F (van der Merwe et al., 2014).

Units E and F are more sand-prone to the north (Grecula et al., 2003; Figueiredo
et al., 2010).

3.3. Dataset and methods
Outcrops of Units D and E from the Laingsburg depocentre were the focus of

this study, because they represent a change in the depositional profiles from sand-
attached systems (Unit D) to sand-detached systems (Unit E), which might repre-
sent the transition from a normal to a stepped slope bathymetric profile. Interfan
Unit D/E is also presented briefly, by revising the work of Brooks et al. (2018a,b),
since its more depositional expression and smaller sediment volumes favour the
interpretation of palaeotopographic basin configurations. Besides that, many data
have been collected from these units previously in several Masters, PhD projects
and other studies associated to the Slope Project (Grecula et al., 2003; Figueiredo
et al., 2010; Flint et al., 2011; Hodgson et al., 2011; Kane & Hodgson, 2011; Brunt
et al., 2013; Morris et al., 2014 a,b; van der Merwe et al., 2014; Spychala et al.,
2015; Brooks et al., 2018 a,b;) and will be revised as the basis for discussion (Tab.
3.1). This dataset comprises 10’s km of measured sections, borehole data from six
cored wells in the CD Ridge outcrop region, reliable isopach maps from stratigraphic
units and sub-units, facies and architecture descriptions from outcrops and 100’s
of palaeocurrent measurements.

Complementary data were collected during targeted fieldwork, with the main
objective to constrain input parameters of flows and seafloor palaeotopography
for numerical simulations presented in chapter 5 of this thesis, but also to re-
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Entrenched
channels

Channel-
levees

Intraslope
lobes

Bypass
regions

Basin-
floor
lobes

Unit D Flint et al.,
2011;

Hodgson et
al., 2011,
2016; van
der Merwe
et al., 2014;
Morris et
al., 2014b

Flint et al.,
2011; Brunt
et al., 2013;
van der
Merwe et
al., 2014;
Morris et
al., 2014a

- - van der
Merwe et
al., 2014

Unit D/E - - Brooks et
al., 2018a;
Spychala et
al., 2015

- Brooks et
al., 2018a

Unit E - - Flint et al.,
2011;

Spychala et
al., 2015;
Figueiredo
et al., 2010

Brooks et
al., 2018b;
van der
Merwe et
al., 2014

van der
Merwe et
al., 2014

Table 3.1: Publications revised on this chapter and the units and basin settings each one studied.

visit the outcrops studied previously by the Slope Project team and understand
interpretations proposed for these areas. The data acquisition was focused on ob-
taining parameters that could be compared later with the numerical simulation re-
sults. These include depositional thickness and grain-size distributions, stratigraphic
stacking patterns, depositional elements geometries including shape, width, length
and thickness, and erosion thicknesses along and laterally to the depositional pro-
file.

The stratigraphic Units D, D/E and E are described from outcrops on more prox-
imal settings (West) to outcrops located on more distal settings of deposition (East)
(Fig. 3.5). The facies and facies associations nomenclature (Tab. 3.2), as well
as the hierarchical scale of depositional elements adopted in this thesis, are the
same used in the Slope Project publications: Sprague et al. (2005) (Fig. 2.8) for
channels, Prélat et al. (2009) (Fig. 2.9) for lobes and Kane & Hodgson (2011) (Fig.
2.20) for levees.

3.4. Depositional architectures of Units D and E

The main studied outcrops of Units D, D/E and E in the Laingsburg depocentre
are here explained (Fig. 3.5). Outcrop descriptions and interpretations from the
data acquired in the field and from literature are presented below, from the more
proximal to the more distal outcrops on the overall depositional setting.
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Depositional setting Facies associations Predominant facies
Channel axis Mudstone-clast lag

deposits, medium- to very
thick-bedded structureless

sandstone with
amalgamation surfaces

Channel complex Channel margin Sand-prone thin-bedded
heterolithics

Internal levees Sand-prone thin-bedded
heterolithics, slightly
thinner and finer than
channel margin deposits

Levee complex External levees Thin-bedded siltstones
interbedded with very fine-

and fine-grained
sandstones

Crevasse and spill-over
lobes

Sand-prone thin-bedded
heterolithics interbedded
with eventual medium- to
thick-bedded, partially

amalgamated fine-grained
sandstones lenticular

packages
Bypass-dominated zones Bypass Lenticular mudstone clast

conglomerates and
sandstones, scoured

siltstones and sandstones
Lobe axis Thick amalgamated

structureless sandstones
intercalated with minor
structured sandstones

Lobe complex Lobe off-axis Stratified structureless and
structured sandstones and

sand-dominated
thin-bedded facies

Lobe fringe Thin
structured/structureless
sandstones with common
mudstone clast horizons,
bipartite beds (hybrid
beds) and debrites

Table 3.2: Facies and facies associations observed in the Karoo Basin, with nomenclature following
previous studies in the area (see table 3.1 for references).
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Figure 3.5: Google Earth map of the fieldwork area containing the main outcrops described in this
chapter. The outcrops studied were CD Ridge, Dome, Zoutkloof, Roggekraal, Geelbek, Slagtersfontein,
N1 Dome, Allemandsdrift and Floriskraal.

3.4.1. Unit D
CD Ridge outcrop

Unit D in the CD Ridge outcrop is interpreted as an entrenched channel complex
set that cuts through the mudstone unit between Units C and D and below Unit C,
to form an approximately 120 m deep and 2 km wide composite erosion surface,
bounded by external levees (Hodgson et al., 2011; 2016) (Fig. 3.6). The outcrop
is oriented obliquely to the main depositional axis, which has an E-NE trend. The
main architectural elements defined in this area are described below.

External levees

The external levee deposits (sensu Kane & Hodgson, 2011) from Unit D consist
of interlaminated packages of very fine sandstones with ripples and climbing ripples
mainly on bed tops, siltstone and very fine siltstone laminated beds. A log descrip-
tion from the western side of the outcrop and around 2 km from the channel axis
(location on Fig. 3.6) comprises 20 m of deposits (Fig. 3.7) that start at the base
with four packages of 40 cm-thick each of very fine sandstone to siltstone beds,
followed by a 7 m set of packages of thick-bedded very fine sandstones (approx.
50 cm- to 1 m-thick) that thicken upwards and in some packages also coarsens
upwards. Above this package the beds become thinner (approx. 20 cm-thick) and
finer with predominance of coarse laminated siltstones. The top 9.5 m of sedi-
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Figure 3.6: Interpreted cross section showing Unit D cutting completely Unit C in the CD Ridge outcrop.
The colours represent different facies associations inside the channel incision (yellow – channel axis,
green – chaotic deposits, light blue – channel margins and pale green – internal levees) and external
levee deposits (orange color) (from Hodgson et al., 2011). Sedimentary logs and wells shown on Figs.
3.7, 3.8 and 3.10 are positioned in the section.

ments are fine siltstones with less than 10 cm thick individual beds. At the top of
this package is an ash layer (20 cm thick).

According to Hodgson et al. (2011), external levee facies occur on both sides
of the channel entrenchment of Unit D, forming wedges that thin away from the
channelized deposits and are asymmetric in size and shape. The western side of
the proximal external levee comprise up to 70 m of deposits on its crest that thins
to 20 m within 7.5 km of distance away from the channel axis, while the eastern
external levee is up to 40 m-thick near the channel axis and thins to less than 4.5
m in 3 km distance away from the channel (Morris et al., 2014a).

A core section from well BAV-1A sampled the external levee of Unit D and was
originally described in Morris et al. (2014a) (Fig. 3.8) and re-described in this the-
sis in order to count the number of events and observe stacking patterns of the
deposits. The external levee corresponds to a 55 m-thick interval where 482 event
beds were counted. These beds were grouped at a higher hierarchical scale into
13 packages of 2 to 6 m-thick, based on changes in gamma ray log trends. In
terms of stacking patterns, the core (Fig. 3.8) has a similar stacking pattern to that
described at outcrop and presented in Fig. 3.7, with more proximal levee or axial
frontal lobe deposits at the base (80% sand; Morris et al., 2014b), external levee
deposits in the middle section (40-60% sand) and abandonment phase facies at
the top section (<10% sand, not described in the log section of Fig. 3.7).

Entrenched channel fills

The erosion surface that contains the channel fill deposits of Unit D consist of
an asymmetric composite surface that cuts 120 m of previous deposits with an
apparent width of 2 km (Hodgson et al., 2016). The surface is relatively flat along
the base, has a steep (80o) western margin and a gentler eastern margin (25o),
and is interpreted to be younger than the basal external levee deposits (Hodgson
et al., 2011).
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Figure 3.7: Sedimentary log described on the external-levee section of Unit D in the western side of
CD Ridge outcrop with photographs illustrating the facies and thickness variations through the section.
Levee log location on Fig. 3.6.
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Figure 3.8: Sedimentological description of well BAV-1A of the Unit D external levee interval. The
position of the well within the CD Ridge outcrop is shown on Fig. 3.6.
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The formation and filling of this confinement can be divided into three main
phases (Fig. 3.6). The initial phase comprises the incision of frontal lobe deposits,
deepening of the composite erosive surface (Hodgson et al., 2016), and the lower
quarter of the infill, which is characterized by several erosion surfaces cutting to the
west and east overlain by irregular bodies composed of slump deposits, mudclast
conglomerates and thin to thick-bedded massive amalgamated fine-grained sand-
stones. These initial phase deposits are mostly preserved along the easternmost
part of the main erosion surface. The second phase is characterized by laterally mi-
grating channels to the west that lie directly above the main erosion surface, prob-
ably responsible for widening the channel system (Hodgson et al., 2011). These
sands form discontinuous lenses that are separated laterally and vertically by thin-
bedded sandstones, interpreted as channel margins. Between this phase and the
upper sedimentation phase a series of slump and muddy debris flow deposits occur
close to the steep western margin and are related to collapses of channel mar-
gins (Hodgson et al., 2011b). The third phase is characterized by an aggradational
stacking pattern of channels filled by amalgamated massive fine sands bounded to
the west by the erosional major surface and to the eastern margin is bounded lat-
erally by internal levee deposits. It is possible sometimes to correlate laterally the
thick-bedded sandstones of meter scale (1 to 2 m) from channel axis with 30 to 50
cm beds of thin-bedded very fine sandstones and siltstones from internal levee de-
posits, which often show parallel laminations and ripples. The internal levee facies
association is the most significant portion of Unit D channel filling in the CD Ridge
outcrop in terms of volume (Fig. 3.9). The top surface of the channel fill is 20-30
m below the external levee crest, as described by Hodgson et al. (2011), who in-
terpret the channel-fills and internal levees to be formed by turbidity currents that
were underfit to the master composite erosional surface. They also interpret the
channels to have a certain degree of sinuosity due to its lateral migrating stacking
pattern and asymmetric composite erosion surface.

The western side of Unit D channel complex was core-sampled by the well BAV-
3. The core description (Fig. 3.10) shows similar lithologic stacking patterns than
the field descriptions, forming 14 packages defined by the gamma ray logs and by
lithofacies changes. Individual event beds that comprise around 461 events for the
entire Unit D form these packages. The number of packages is compatible with the
packages defined in the external levee deposits from BAV-1A well. The number of
individual beds are slightly less in the channel axis deposits due to amalgamation
or to non-deposition caused by lateral migration or sediment bypass that are likely
to occur in this region.

The stratigraphic relationship between the external levee deposits and the channel-
fill deposits show that most levees were formed during the deepening and growth
of the composite erosive surface, corresponding to a waxing phase where most
of the coarser sediments bypassed the slope region and were transferred farther
into the basin. The channel fill facies in their model (Hodgson et al., 2011, 2016)
occurred later during a waning depositional phase, where system decreased in en-
ergy and retreated leaving the coarser sediments inside the channel confinement
at the slope. Initially, channel deposition occurred in a more unconfined context,
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Figure 3.9: Facies proportions of Unit D at CD Ridge, showing the dominance of internal levee facies
inside the channel complex set (figure from Slope 2 Project unpublished report).

depositing more sand-rich deposits, and became increasingly finer and thinner with
the evolution of the entrenched channel system. Most of the levee facies deposits,
were therefore, equivalent in time to the deepening of the composite erosion sur-
face, with the channel fill deposits being slightly younger to levees and associated
to a waning phase of deposition. Hodgson et al. (2016) consider the erosive surface
that contains channel-fill deposits as time-transgressive, formed by multiple erosive
events. In their model, these multiple events make the channel deepen and widen
through time by erosion at the axis combined with the external levees growth at
the margins, increasing confinement and sediment bypass (waxing phase). Pro-
gressively, the system loses energy and starts backfilling, and the conduit in the
proximal slope position is filled in a fining upward manner (waning phase). These
waxing-to-waning phases are related by the authors to 4th order (LSTs), where
the equilibrium profile and accommodation change through time. Hodgson et al.
(2011, 2016) describe a stratigraphic evolution for this system divided into four
stages, relating each stage to changes in accommodation (Fig. 3.11).

Geelbek outcrop

The Geelbek outcrop (Fig. 3.12) is located 25 km east from CD Ridge outcrop,
where Unit D is exposed in an approximate strike view on a south-facing wall, com-
prising a 75 m-thick depositional succession that cuts into top of Unit C. Two levee-
confined channel complexes separated from each other by genetically unrelated
thin-bedded strata of external levee deposits are interpreted in this area (Brunt et
al., 2013). These erosional/depositional phases within Unit D are described below
(Fig. 3.13).

The first sedimentation phase (sub-unit D1 in Brunt et al., 2013) (Fig. 3.13A)
comprises a 10 m thick package of thick-bedded massive amalgamated fine-grained



3

68 3. Karoo Basin Outcrops Case Study

Figure 3.10: Sedimentological description of well BAV-3 in the Unit D channel complex western margin.
Well position is shown in Fig. 3.6.
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Figure 3.11: Stratigraphic evolution scheme for the CD Ridge entrenched channel system (Hodgson et
al., 2011), in a cross-section view (top figures) and a plan view (bottom figures).
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sandstones with a south to southeast palaeocurrent trend. This package thins to
the west turning into thin-bedded siltstones and over 20 km away to the east it
thickens up to 50 m thick. Hybrid beds are observed more frequently towards the
top of the sub-unit and are interpreted as linked debrites from lateral and/or distal
fringes of submarine lobes. The massive sandstones are interpreted as lobe axis
deposits (Brunt et al., 2013). The upward change from lobe axis to lobe fringe
can rather be explained as lateral compensation or as a backstep of the system.
The top of D1 is characterized by a 1200 m wide by 26 m thick high aspect ratio
channel complex that erodes most of the D1 lobe complex. This channel complex
is asymmetric, with a steeper western margin filled with slump deposits and 1 to 2
m thick structureless sandstones that fine and thin abruptly towards the margins.
The eastern margin is characterized by younger erosive surfaces than the western
margin that form wedges of interbedded siltstones and massive to ripple-laminated
sandstones inclined towards listric faults, interpreted as syn-depositional channel
margins collapses. Palaeocurrents from D1 present a south to southeast direction.

The second sedimentation phase (D2) (Fig. 3.13B) is characterized by interlam-
inated thin-bedded sandstones and siltstones that show a divergent palaeocurrent
from W to SW in relation to the S and SE palaeocurrent trend measured on the
deposits from D1 and D3, respectively below and above this sub-unit. This sub-unit
is interpreted to correspond to external levee deposits from a non-exposed channel
to the north, outside Geelbek area (Brunt et al., 2013).

The third sedimentation phase represents a low aspect ratio channel re-incision
(5:1, with maximum thickness and maximumwidth of 78 m and 400 m, respectively)
(sub-unit D3 in Brunt et al., 2013) (Fig. 3.13C) that cuts all Unit D, the mudstone
between Units C and D and the top of Unit C. This channel complex set is formed
by an asymmetric erosion surface that stacks vertically asymmetric fills of thick
amalgamated massive sandstones that become thinner and more tabular to the
top (Figs. 3.13D and 3.14). These deposits onlap the western margin (25o steep)
and grade to a heterolithic mixture of channel margin to the east (17o steep), being
interpreted as an outer to inner bend deposition from a sinuous channel (Slope 2
Project). Palaeocurrents show a southward direction of channel axis.

The top of the succession is characterized by a rough surface that erodes channel
deposits from D3 and is interpreted as a slide scar. This surface is filled by a thin,
but laterally continuous debrite.

Slagtersfontein outcrop

The channel-levee system of Unit D at Slagtersfontein represents a more distal
setting of these systems showing smaller erosion cuts that incises close to Unit C
underneath but do not erode this unit as in the more proximal system outcrops (CD
Ridge and Geelbek). Massive sandstone deposits that laterally transition to thin-
bedded very fine sandstones fill the channel axes. The vertical stacking of sands
vary from massive sandstones of meter-scale thickness to stratified sandstones with
ripples and parallel laminations on top. At the base of some sandstone bodies the
occurrence of lags of mudclast conglomerates is observed. Van der Merwe et al.
(2014) describe these facies to be from subunit D2 and also recognizes subunit D1
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Figure 3.12: Overview of Geelbek outcrop with interpretation of surfaces that limit depositional units
and interpretation of depositional settings internal to Unit D. The orientation of the photograph is NW
(on the left) to SE (on the right) (figure from Brunt et al., 2013).

in this outcrop, which consists of lobe axis, lobe off-axis and lobe fringe deposits.
D1 and D2 in Slagtersfontein show a progradational-stacking pattern of the base of
Unit D (Hodgson et al., 2016).

Allemandsdrift outcrop

Unit D in this location consists of lens-shaped packages of sandstones that are
approximately 5m-thick in the center of lenses that thin laterally in both directions
in 100 m to about 50 cm thick. At least three of these lenses are observed, and
they stack upon each other in a lateral compensating pattern (Fig. 3.15). Between
the sandstone packages there are thin layers of siltstones. The sandstones are fine
and massive, but also plane-parallel laminations and occasionally some ripples on
the top of beds are recognized. This outcrop is interpreted to represent distal lobes
from a basin-floor setting.

3.4.2. Unit D/E
The interfan Unit D/E (Flint et al., 2011; Brooks et al., 2018a) occurs stratigraph-

ically near the top of the regional hemipelagic mudstone that separates Units D
and E. It consists mainly of tabular fine to very fine sandstone beds that is thinner
and more discontinuous in Laingsburg depocentre than Units D and E. Brooks et al.
(2018a) classify these interfan units as disconnected lobes and consider their study
and mapping important for the interpretation of more accurate palaeotopographies
of the deep-water sandstone units, since they represent the first sand supply to the
basin after long periods of only hemipelagic sedimentation, and seafloor deforma-
tion. The more depositional character of these units passively fill the topography,
occurring discontinuously throughout the basin, evidencing the smaller scale slope
irregularities. Two main areas of sediment input are observed for Unit D/E, one
with an ENE trend in the Roggekraal and Zoutkloof outcrop areas (Figueiredo et al.,
2010; Spychala et al., 2015; Brooks et al., 2018a) and the other with a NE deposi-



3

72 3. Karoo Basin Outcrops Case Study

Figure 3.13: Cartoon showing the depositional evolution of Unit D in Geelbek outcrop. (A) Deposits from
Unit C and the frontal lobes from Unit D are incised by a channel with high aspect ratio. This channel
cut generates instabilities at the margins, generating local faults and mud-rich slope deposits (Unit D1).
(B) Later the channel is filled by a series of sands from channel deposits forming amalgamated beds of
sands that are later draped by external levee deposits from a channel which axis was probably 5 km
to the north of Geelbek area (Unit D2). (C) A younger incision erodes most of the sediments from the
channel. (D) This incision is filled by sands in an asymmetric fill related to channel sinuosity that forced
the thalweg to the outer bank of the channel (Unit D3). A thin and laterally extensive layer of debrite,
interpreted as a slide scar, marks the top of these deposits. The black box in the figure corresponds to
the location of the detailed section of Fig. 3.14 (figure from Brunt et al., 2013).
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Figure 3.14: Geological cross-section of sub-unit D3 at Geelbek (A) with detailed photographs showing
the transition of sandstone beds from a channel-axis position (B), a transitional zone (C) to a channel
margin position (D) (figure from Brunt et al., 2013).

Figure 3.15: Compensational stacking pattern of lobe elements in Allemandsdrift outcrop.
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Figure 3.16: Maps interpreted from Brooks et al. (2018a) showing Unit D/E distribution in the study area.
The top map represents depositional thickness and the bottom map represents the genetic interpretation
of facies associations. The upper left depocentre is in the Rogekraal and Zoutkloof outcrops, the lower
right depocentre is in the Floriskraal outcrops and the lower central depocentre is in the Geelbek area
(modified from Brooks et al, 2018a).

tional trend in the Floriskraal outcrops region (Brooks et al., 2018a) (Fig. 3.16). A
single debrite, < 2 m thick, corresponding to Unit D/E is also recognized in Geelbek
outcrop area.

Roggekraal and Zoutkool outcrops

The Roggekraal and Zoutkloof N outcrops are located at the northern and south-
ern limbs of the Heuningberg Anticline, respectively, and Zoutkloof S corresponds
to the southern limb of Zoutkloof Syncline, all located to the north of Laingsburg
(Fig. 3.5). The stratigraphic succession of these outcrops exposes Units D, D/E and
E. The D/E interfan consists of a tabular sandstone package with a basal interval
of interbedded very fine-grained sandstones and siltstones and a sharp top. This
unit has a maximum thickness of 10 m in the Zoutkloof N outcrop, where sands
are amalgamated, and its area was estimated by Figueiredo et al. (2010) to be 81
km2, with a lateral confinement of about 10 km. The palaeocurrent measurements
indicate an ENE direction of paleoflow, with some measures from climbing ripples
indicating W direction on the southernmost outcrop, probably related to flow de-
flection. The stacking patterns along strike to the north in Roeggekraal N consist of
lobe off-axis facies association overlain by lobe axis deposits, while on the Zoutkloof
S outcrop lobe off-axis deposits are overlain by lobe fringe deposits, indicating two
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lobes stacked in a lateral migrating pattern from S to N (Spychala et al., 2015). The
D/E interfan in this area pinches out to the S and E abruptly, and more gradually
to the W. The abrupt south pinchout is probably related to a north-facing slope
present at the time of deposition (Brooks et al., 2018a) and formed by differen-
tial compaction over underlying stratigraphy (Figueiredo et al., 2010). The eastern
lobe pinchout is more sandy and interpreted to be caused by a decrease in gradient
or even reversal slope that confined sands in an intraslope region (Brooks et al.,
2018a).

Floriskraal outcrops

Floriskraal outcrops are located SE of Slagtersfontein in a more distal position,
where Unit D/E was recognized and described in Brooks et al. (2018a). The unit
consists of an up to 14 metre thick lobe axis deposit oriented from SW to NE with
a sharp base and top, pinching out to the NE and E, and with a discontinuous
occurrence towards Slagtersfontein, transitioning to off-axis and fringe deposits
until it pinches out to the S and to the N (Brooks et al., 2018a). Clastic injectites
are also common on the eastern pinch out of the unit and where D/E thins abruptly
(Cobain et al., 2015; 2018). The orientation and pinchout in the Slagtersfontein
area indicate there was a SE-facing slope on the region, which probably represents
the regional base-of-slope of the Laingsburg depocentre. The southern pinchout
is related to a north-facing lateral basin margin, therefore situating Unit D/E from
Floriskraal outcrops on a basin-floor setting (Brooks et al., 2018a). The depositional
character, with sharp base and top of Unit D/E, suggest an abrupt initiation and
cessation of sand supply (Brooks et al., 2018b).

3.4.3. Unit E
Heuninberg Anticline outcrops

The Heuningberg anticline outcrop area comprises the Dome, Roggekraal and
Zoutkloof outcrops. Unit E was studied previously by Figueiredo et al. (2010) and
Spychala et al. (2015) in The Dome and Zoutkloof outcrops, respectively.

In the Dome, Unit E (Fig. 3.17) is exposed at the basal section and overlain by
Unit F, which locally erodes part of Unit E. In this area, the Unit E deposits were
interpreted as intraslope lobes, deposited due to a step on the slope that decreases
gradient and decelerates the flows in this region, causing deposition. These deposits
were interpreted to be the basal sub-unit of Unit E; named E1. Sub-unit E1 consists
of a 5 m package of thin-bedded fine sandstones at the base, followed by thick-
bedded massive sandstones with laminations and ripples on top of the beds that
are overlain by thin-bedded very fine sandstones. The middle package with thick-
bedded sands present irregular erosive base and show an aggradational stacking
pattern. Occasionally, mudstone chips occur in the base of these sandstone beds.

Subunit E1 is exposed at the top of the Zoutkloof outcrop section and sepa-
rated from D/E interfan by a 10 m-thick mudstone package. Three main deposi-
tional packages separated by heterolithic facies occur within Subunit E1, the top
one characterized by high aspect ratio channel fills (Fig. 3.18). The lower 0.6
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Figure 3.17: Outcrop of sub-unit E1 in The Dome area showing a detail photograph of the facies present
in this unit. Note that beds have an extensive lateral continuity without changing significantly the bed
thicknesses. Sand bodies are tabular, although their basal surfaces are commonly erosive in the thicker
beds. The left end of the outcrop in the photo is to the east and the right end is to the west. The
outcrop extension in the figure is approximately 1 km.

m-thick package consists of thin-bedded sandstones interbedded with siltstones
(Fig. 3.18A, lobe 1). The middle package comprises mostly thick-bedded massive
and structured sandstones that vary laterally in thickness becoming amalgamated
and thicker in some regions, where is also observed the presence of mud chips
intraclasts and thin layers of mudstone conglomerates (Fig. 3.18A, lobe 2). The
upper package is characterized by thin-bedded very-fine sandstones, with ripples
and climbing ripples (Fig. 3.18A, lobe 3). Spychala et al. (2015) observed rip-
ples that show opposite directions indicating deposition from reflective flows. This
suggests that there was some confinement also in the distal part of the deposits.

Geelbek outcrops

Unit E at Geelbek outcrop was described in detail by Spychala et al. (2015), who
consider these deposits to be from subunit E2. Spychala et al. (2015) subdivided
the depositional succession observed in this outcrop into three distinct packages
named as E2A, E2B and E2C (Fig. 3.19). E2A is characterized by heterolithic beds
of siltstone and thin-bedded sandstones followed by massive thick-bedded sands
with basal erosive surfaces of decimetric scale. Facies vary laterally along 10s of
meters. Palaeocurrents show opposing directions in different beds of this pack-
age. E2B consists of thick-bedded massive sandstones that transitions upwards to
stratified sandstones, but still massive. The base of this package consists of a com-
posite erosional surface that cuts 6m deep into unit E2A and was interpreted by
Spychala et al. (2015) as a scoured lobe axis setting, due to the rare occurrence
of mudclast conglomerate lags. Deposits inside this surface are tabular and the
erosion surface shallows in the direction of the main palaeocurrent measurements.
Filling this stepped erosive surface are massive sands that grade upwards to strat-
ified massive sands. In the axial zone, the sandstones are amalgamated forming
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Figure 3.18: (A) Correlation panel from Roggekraal N outcrop, showing internal lobes from Units D/E and
E, which are separated by internal siltstone intervals. (b and C) Photopanels from Zoutkloof N outcrop
with interpretation of Units D/E and E1. The erosive surfaces represented in red are low aspect ratio
channels from the top of E1, that cut down to siltstone interval that separates Units D/E and E (modified
from Spychala et al., 2015).
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Figure 3.19: Interpreted geological section of Unit E from Geelbek outcrop (Spychala et al., 2015).

a 6 m-thick package that appears like one bed, due to the uniform grainsize dis-
tribution and almost no mudclast or siltstone layer preserved. E2C is aerially more
extensive than the previous units and is separated from unit E2B by a thin package
of siltstones. The facies that compose this package are medium-bedded structured
sandstones and it is common the presence of injectites at the base of this package.
This depositional stacking pattern is consistent with depositional models for slope
accommodation zones (e.g. Booth et al., 2003; Hay, 2012; Jobe et al., 2017), with
an initial phase strongly confined and depositional followed by a second phase with
a progressively higher degree of erosion and sediment bypass, generating amalga-
mated deposits of sands. The final more unconfined channels phase could either
represent lateral avulsions of the system or a waning phase of the stratigraphic
cycle.

Slagtersfontein outcrop

Unit E at Slagtersfontein thins to less than 5 m-thick and comprises only sub-units
E2 and E3. These units show considerable difference in facies in relation to their
expression in more proximal areas. The sandstones are dirty (sands mixed with silt
and mud) and thin, but with scours on their bases and top and minor deformational
features. The top of Unit E is also eroded and features like megaflutes and mud-
stone rip-up clast horizons are recognized in this outcrop (Fig. 3.20). Brooks et
al. (2018b) present detailed descriptions of subunits E2 and E3 at Slagtersfontein
through five detailed sections based on closely spaced logged sections measured at
mm resolution and concludes that this region represents a channel-lobe transition
zone during the evolution of E3 subunit. Van der Merwe et al. (2014) through re-
gional mapping delimited the area of the bypass zone to occur along strike from N1
Dome to the south of Slagtersfontein outcrops (see Fig. 3.5 for outcrops location).

3.5. Palaeotopographic reconstructions
Regional mapping, palaeocurrent measurements, facies and architecture descrip-

tions of Units D, D/E and E (Figueiredo et al., 2010; Flint et al., 2011; Brunt et al.,



3

79

Figure 3.20: Characteristics of the bypass-dominated zone at Slagtersfontein outcrop. (A) E2 and E3
are characterized by thin-bedded dirty sandstones and multiple scour surfaces, (B) megaflute on the top
of E3, (C) mudstone rip-up clast horizons on the top of E3 (figure from van der Merwe et al., 2014).
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Figure 3.21: Thickness maps from Units D (on top) and E (on bottom) showing the distribution of sands
and main sediment routes (van der Merwe et al., 2014). In Unit D, sands are traceable along all the
depositional profile, while in Unit E there is a gap of sands between two zones of lobe deposition, one
zone updip and the other downdip of this gap, which is interpreted as a bypass region. Cold colours
represent thinner areas (greens), warm colours represent thicker areas (pinks) and contour numbers
are in metres (figure modified from van de Merwe et al., 2014).

2013; van der Merwe et al., 2014; Spychala et al., 2015; Brooks et al., 2018a,b)
evidence the impact of seafloor topography on deep-water sedimentation patterns.
Palaeogeographic maps are presented here in order to identify the most important
topographic features that controlled sedimentation of the units studied and build
synthetic surfaces to be used in process-based numerical simulations in Chapter 5.
The facies, unit thicknesses and architecture distributions shown in these maps will
be later compared with simulations results in Chapter 6.

The palaeogeographic maps with extensions of Units D and E deposits are ob-
tained from van der Merwe et al. (2014) and Brooks et al. (2018a) (Fig. 3.21).
The maps presented in their work show an approximate extension of 80 to 100 km
and a width of at least 20 km of sandstone deposits. Unit D/E palaeogeographic
map is presented in Brooks et al. (2018a) and show more restricted occurrence of
sands (Fig. 3.16), as disconnected lobes that form on local depressions or steps of
the bathymetric profile.

Unit D slope-to-basin profile can be divided into two main zones (Fig. 3.22,
3.23 and 3.24): (i) one slope with a higher gradient and 35 km of extension dom-
inated by entrenched channel systems that evolve longitudinally to channel-levee
systems as gradient decreases, and eventually crevasse lobes controlled by local
subtle depressions along the slope profile (for example, Geelbek sub-units D1 and
D3), and (ii) a basin-floor dominated by lateral compensating lobe complexes with
at least 48 km long. A sediment fairway, in CD Ridge, which was interpreted to
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Figure 3.22: Cartoon showing the typical architectural longitudinal evolution from an upper slope to a
basin-floor profile of Unit D. Unit D depositional profile shows connection between proximal and distal
sands, and evolve longitudinally from entrenched channels, to channel-levees that loses external con-
finement with distance until it turns into a terminal lobe depositional system (modified from Sprague et
al., 2002).

be approximately 2 km in width and 120 m in depth, based on the thickness of
sediments in this area. The external levees at the CD Ridge outcrop extend as
much as 10 km away from the valley. The degree of incision of the slope valley and
its channels decreases from the proximal entrenched channel system to the more
distal channel-levee systems and also the valley width widens with distance (3 km-
wide, 16 km away from CD Ridge), branching into smaller channels (up to 1 km
wide smaller branches 25 km away from CD Ridge) where slope gradient decreases,
reaching the base of slope. The slope gradient is estimated to be less than 1o and
reduces gradually in a rate of 4 m/km (0.3o) downdip (Slope 2 Project unpublished
report). Individual maps of sub-units D1, D2 and D3 (Fig. 3.24) indicate there were
possibly two main sediment entry points during Unit D deposition, one from WSW
with the longest extension, and one from S that enters the study area in a more
distal position of the basin. The abrupt lateral pinchout to the N of this last system
indicates there was probably a south-facing slope coincident with the regional base
of slope that restricted sedimentation to the north and also directed sedimentation
route to the E (Brooks et al., 2018a).

Interfan Unit D/E is restricted to local depressions on the slope that are ap-
proximately 30 km long and around 10 km wide each (Fig. 3.25). The lateral
pinchouts of deposits are related to topographic confinements detailed in Brooks et
al. (2018a) palaeotopographic map. Depositional trends are similar to the overlying
Unit E depositional trends.
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Figure 3.24: (Top) Schematic slope-to-basin profile of Unit D, projected from facies distribution map
(from Slope Project), divided into two gradient zones in order to operationalize the numerical simulations.
G1 is simplified in the picture, but should form a concave shape (gradual decrease in gradient). (Bottom)
Schematic slope-to-basin profile of Unit E, projected from facies distribution map (from Slope Project),
divided into four gradient zones in order to operationalize the numerical simulations. The G1 and G3
gradients are simplified and should follow a gradual decrease in gradient (concave shape). G2 is almost
horizontal in gradient, but presents a subtle lateral confinement (represented by the red circle). G4 is
flat and unconfined, representing the basin-floor terminal depositional region.
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Figure 3.25: Block diagram showing interpretation of unit D/E depositional context. Thickness map
of unit D/E, showing its restricted occurrence to local depressions and basin-floor region (figure from
Brooks et al., 2018a).

Unit E has a more complex slope-to-basin profile in relation to Unit D, because
lobes occur in different positions on the profile, and there is a zone between these
lobe regions where sand deposition is extremely reduced and characterized by a
sediment bypass-dominated facies association. This leads to an interpretation that
the slope comprised steps that partially trapped sediment on the steps (Fig. 3.23).
When the flows encountered a new increase in gradient above the ramp they reac-
celerated and reached the basin-floor, leaving a sediment bypass-dominated zone
at the higher gradient regions. In this case, the slope-to-basin profile should be di-
vided into four zones for simulations purpose (Fig. 3.24): an initial higher gradient
slope with 23 km of extension; a local step in the slope with 25 km of extension
and around 10 km in width where the intraslope lobes were mapped; a third zone,
consisting of a ramp with higher gradient that ranges from 5-30 km in length and is
more than 20 km in width across slope; a fourth zone representing the basin-floor
with more than 30 km of extension. The maximum thickness of Unit E in the updip
area is 100 m, so the slope valley might have been at least this deep. No significant
lateral confinement slope was identified for Unit E palaeotopography, only breaks
in slope along the depositional profile.

In terms of slope gradients, it is difficult to predict the gradients from outcrop
observations and that is one of the parameters to be varied in the numerical simu-
lations. Hodgson (verbal communication) believes the differences in gradient from
one zone to another were very subtle, and less than 0.5 degrees.
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3.6. Establishing the flow parameters for Units D
and E

The flow parameters of turbidity currents that probably cause the highest im-
pact on the depositional architectures of deep-water deposits are: flow magnitude,
flow concentration, inflow thickness, grainsize distributions, number of flows to be
stacked and inflow velocity. Each of these parameters will have their own ranges
of uncertainty depending on the dataset to be analysed. The Karoo outcrops from
Units D and E were analysed in order to constrain these parameters for numerical
simulations purpose and are defined and discussed below.

Flow magnitude is considered in this study as the initial sediment volume in the
flow, which can be estimated from bed thickness and areal extent of this bed, but in
such a large area it is difficult to track an individual bed with confidence. The best
approach to estimate flow magnitude might be calculating the volume of sediments
of an entire unit or sub-unit and dividing this volume by the number of beds counted
in levee deposits where there is almost no erosion and most of the events are
potentially preserved. This parameter will still have a high degree of uncertainty
because in nature the magnitude of flows will vary from one flow to another and the
number of events obtained from the levee deposits can be underestimated if some
of the flows did not overspill the confinement, which leads to an overestimation of
flow magnitude. From the quantitative data acquired in the field, the number of
beds counted in the levee deposits of Unit D from the core BAV-3 (Fig. 3.10) was
of 482 event beds, not considering the abandonment phase heterolithic deposits
from the top of the cored section. The whole volume of Unit D was estimated to
be 75 Km3 (Slope Project database) giving an average flow volume of 1.5 x 10-1
km3. This volume is more compatible with the average volume calculated for lobes
by Prélat et al. (2010) (Fig. 3.26), but by counting event beds the flow magnitude
expected would be of a lobe element at least. Considering 11 m of abandonment
phase on top of BAV-1A cored section, which silt-prone thin-bedded heterolithic
beds vary from < 1 to 5 cm (Morris et al., 2014a), the total event beds would be
between 702 and 1582 flow events. This gives a flow volume between 4.7 X 10-3

km3 and 1.7 X 10-1 km3 in average, more compatible with lobe elements volumes
calculated in Prélat et al. (2010).

For Unit E, this kind of estimation was not possible to be realized, because there
is no complete cored section of levees for this unit, but Brooks et al. (2018a) con-
sider it was deposited in a lower sediment supply period than Unit D sedimentation
period. Total sediment volume for Unit E is calculated in 32 km3 (Slope Project
database).

Inflow concentration can be estimated by considering the predominant facies,
especially grainsize distribution and internal structures, in the systems and relating
the processes that might have generated those facies to the type of flow (cohe-
sive flows, hyperconcentrated, high-density or low-density turbiditic flows). Units
D and E present a wide variety of facies that are distributed in different propor-
tions along the slope-to-basin profile and vertical stacking. In the proximal slope,
the predominant facies associations are from external levees, where silt grainsize
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Figure 3.26: Volume of lobe elements, lobe and lobe complexes from six systems studied in Prélat et al.
(2010).

dominates, and amalgamated fine to very-fine sandstones in the channel axis. The
degree of erosion is high in this area. Towards the distal zone, the proportion
of lobes increases and the deposits become sandier and less erosive, with almost
100% of sand. In Unit E, between the intraslope lobes and the basin-floor lobes
the percentage of very fine silt is high in the bypass-dominated zone and also mud-
clast conglomerates and dirty sands occur. The intraslope lobes also tend to be
more erosive than the distal lobes (Spychala et al., 2015). Despite the different
degrees of erosion and variation in facies associations, the grainsize distribution
of sediments in the entire Karoo Basin is quite homogeneous, varying from upper
fine sand to very fine silt, and very low to almost no occurrence of mud is pre-
dicted from the deposits. The predominant internal structures of sandstones are
massive, but commonly with normal grading (waning flows), and laminated to rip-
ple laminated. According to these observations the flows that formed the deposits
studied are mainly turbiditic flows that vary from high to low concentration. This
still leaves a high degree of uncertainty on concentration values. Therefore, the
range of inflow concentration to be used on simulation can go from 1 to 7%, this
higher limit being determined by the software concentration threshold. Assuming
the flows in the proximal region had a high erosion capacity, the values used for
inflow concentration might be the highest possible, which is approximately 5 to 7%.
Another way to define inflow concentration for the simulations would be to use as
reference measurements from natural flows. Indeed, despite several natural flows
being measured in recent years, direct measurement of sediment concentration at
the base of flows remains elusive.

Inflow thickness has been estimated by the relationship between the slope valley
depths and the relative timing of levee deposits in relation to erosion and channel
fills in the most proximal zone of the system. If the external levee deposits occurred
previously or concomitantly to the channels axis deposition, it is possible to consid-
ered that the flows thickness were higher than the channel depths, so they could
be flow stripped. Based on the interpretation of Unit D channel system in the CD
Ridge outcrop, two phases of filling occurred in this area. The first phase fills the
lower quarter (40 m) of the slope valley and is marked by erosion and levee con-
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struction that together created confinement to the flows. The top of this phase is
characterized by debris flows and slumps from collapse of the margins of the slope
valley. The difference between the basal erosive surface and the top of frontal
splays on the external levee area is approximately 95 m, so flows might have been
around this height or more to be able to deposit external levees. The second phase
is abundant in internal levees laterally connected to channel axis facies associations
that have an aggradational stacking pattern, meaning the turbidity currents were
underfit relative to the master conduit (Kane and Hodgson, 2011), and probably did
not spill much over the external levees areas in the beginning of this phase. The
fact that the top surface of Unit D inside the conduit is 20 to 30 m below the base of
the external levees on both sides also indicates that flow heights were smaller than
their conduits in the upper part of the channel system. In this case, the difference
between the base of phase 2 channels (approximately the debrite level that sepa-
rates the two channel phases) and some intermediate level of the internal levees
would be a representative height for the flows that generated the second phase
fill of the deposits, and this would be around 30 m. Unfortunately, no proximal
channel complex of Unit E was observed in the fieldwork or published in literature,
so the parameters constrained to Unit D in these areas might be adapted for Unit
E simulations.

Grainsize distributions in the Karoo basin-fill vary from upper fine sand to fine
silt. The proportions of each grainsize class were obtained from field observations
and from literature in each depositional setting and summed to represent the grain-
size distribution of the start of the flows, which is around 50% silt and 50% fine
sand and less than 5% of mud. This parameter is considered to have a satisfactory
degree of certainty for the simulations and will be a fixed parameter in simulations.

The number of flows considered is based on the event beds counted from the
external levee deposits of Unit D in the cores from well BAV-1A of the CD ridge
outcrop. Unit E number of flows was estimated from the number of event beds
counted in lobe off-axis deposits at the Zoutkloof outcrop. The number of flows for
each unit should be in the order of 400 to 500 flows in the numerical simulations.
Since the software do not show good stability for such a number of flows, the
simulations will probably be realized for a restricted number of flow events and the
complete stacking of units will not be possible to reproduce.

Flow velocity is a highly uncertain parameter in the simulations and might be
varied from the first simulation iterations. Even being an uncertain parameter it is
possible to assume that the velocities used have to be considered together with the
other flow parameters to produce Newtonian flows slightly higher than the equilib-
rium condition (supercritical flows close to equilibrium, Frd numbers slightly higher
than 1). This might be the condition that favours erosion in the more proximal
zones and a progressively depositional condition as the flows reach equilibrium and
then become subcritical in the distal zones. The Froude number of equilibrium con-
dition needs to be calculated according to the slope gradient. Having defined the
flow concentration, thickness, etc., it is possible to determine the flow velocity that
would produce a Froude number similar to the equilibrium condition and then vary
the velocity in the sensitivity analysis simulations according to this reference.
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Parameters Unit D Unit E
Estimated depositional

width (km)
20 18

Estimated depositional
length (km)

100 93

Average thickness (m) 55 16
Estimated area (km2) 1567 1589
Total volume (km3) 75 32
Average NTG 55% 47%

Average palaeocurrent
(azimuth)

080 077

Sandstone attached or
detached system

attached detached

Flow concentration 1 to 7% (maximum
concentration accepted in

software used)

1 to 7% (maximum
concentration accepted in

software used)
Grainsize distribution approx. 50% silt, 50% fine

sand, <5% mud
approx. 50% silt, 50% fine

sand, <5% mud
Inflow thickness approx. 95 m (base of the

unit), 30 m (upper part of
the unit)

?

Flow velocity Dependent of other
parameters (supercritical
Newtonian flow close to

equilibrium

Dependent of other
parameters (supercritical
Newtonian flow close to

equilibrium
Number of flows 702 to 1582 ?
Flow magnitude 4.7 x 10-3 to 1.7 x 10-1 ?

Table 3.3: Summary of the main input parameters of Karoo Basin units to be used as a reference for
the process-based numerical simulations.

In conclusion, it is possible to define, from the field data and interpretations
from the Laingsburg depocentre of the Karoo Basin, a set of flow and seafloor
topography parameters that can be used as input for the numerical simulations in
the FanBuilder software. Table 3.3 summarizes the parameters that can be inferred
from the geologic record.

3.7. Hypotheses for the geological controls of depo-
sitional stacking patterns of Laingsburg depocen-
tre deep-marine deposits: autogenic and/or al-
logenic controls?

Deep-marine stratigraphic Units A to G from Laingsburg depocentre, including
intrafan units A/B, B/C and D/E, mapped in previous studies (Grecula et al., 2003;
Figueiredo et al., 2010; Di Celma et al., 2011; Hodgson et al., 2011; Brunt et al.,



3

89

2013; van der Merwe et al., 2014; Morris et al., 2014 a,b; Spychala et al., 2015;
Morris et al., 2016; Brooks et al., 2018 a,b), show a variety of depositional and
stratigraphic stacking patterns with a certain level of organization, that deserve
being analysed and discussed in terms of their geological controls. Whether the
geological controls were topographically related or not, and if the topography was
conditioned by allogenic or autogenic controls, constraining the hypothesis for the
formation of such depositional patterns is of extreme importance for making pre-
dictions in other deep-water systems in subsurface. These patterns are presented
below and their possible geological controls are discussed in order to test some
hypothesis later using numerical simulations.

3.7.1. Stacking patterns of stratigraphic units
A progradational stacking pattern from basin-floor lobes of Unit A, base-of-slope

distributary channels and lobes of Unit B, entrenched channels and channel-levees
from middle slope of Units C and D, to upper slope intraslope lobes and sediment
bypass regions from Units E, F and G is observed on Laingsburg depocentre deep-
water deposits (Flint et al., 2011). In a finer scale, internal to each unit, sub-units
are organized in a consistent progradational-retrogradational stacking pattern, with
the retrogradational phase being less expressive than the progradational phase.
The repetitive patterns observed from composite sequences to composite sequence
sets and also the overall stratigraphy suggest control mechanisms that operated in
a regular timescale, consistent with astronomically induced glacio-eustatic sea-level
cycles from the Permian icehouse climatic regime (Flint et al., 2011). This allogenic
control is also described in other deep-water systems, showing similar stacking
patterns to Laingsburg depocentre. Some of these examples include the Tanqua
depocentre (Hodgson et al., 2006) and the Brushy Canyon Fm. (Gardner et al.,
2008), both from Permian age.

From the above observations, the reproduction of these stacking patterns in nu-
merical simulations would require a variation in sediment supply from one set of flow
events to another to compare with the stacking pattern evolution of a simulation
case with a fixed sediment supply.

3.7.2. Lateral shift of the main sediment entry point from S to
N of composite sequence sets C-D to E-F

The change of sediment entry points from S to N and the subtle change in
palaeocurrents from NE to E of composite sequence sets C-D to E-F on the slope
segment of the basin are described in van der Merwe et al. (2014) (Fig. 3.4). This
pattern would be caused by differential compaction of Units C-D sands, creating
relief and shifting Units E-F sedimentation axis to the north, thus related to an au-
togenic control in sedimentation. On the basin-floor segment, lateral compensation
is the stacking pattern observed for composite sequences and composite sequence
sets, which is also attributed to autogenic controls. Depositional system avulsion
caused by depositional relief is commonly described at finer scales, such as indi-
vidual channels and lobes and their internal elements (e.g. Armitage et al., 2012;
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Ortiz-Karpf et al., 2015; Morris et al., 2016), but not so clearly associated to the
composite sequence and composite sequence set scales. Therefore, the possibil-
ity of a subtle increasing north facing slope on the southern margin of the basin
formed between Units D and E deposition is not discarded as another important
allogenic control, with evidences such as more abrupt pinch-outs of Units E and F
to the south of the area.

Numerical simulations of multiple flows over a fixed surface would probably
show if depositional relief from previous deposits alone is able to drive avulsion or
if it is necessarily an external bathymetric modifying agent to produce this stacking
pattern.

3.7.3. Change from sand-attached to sand-detached systems
of units B-C-D to E-F-G

Some hypotheses are plausible to explain the change from sand-attached to sand-
detached systems of Laingsburg deep-water stratigraphic units. These controls
were previously discussed in van der Merwe et al. (2014) and Brooks et al. (2018a)
and could be related to changes in sediment supply, increase in slope confinement
or local increase in slope gradient (Van der Merwe et al., 2014). The first two
hypotheses are discarded mainly because they do not account for the occurrence
of intraslope lobes updip the bypass region formed on Units E and F. In this case,
the more reasonable explanation for such changes in depositional patterns is the
change in slope gradient and relief, which could be caused by different reasons
presented below.

1. Inherited seafloor topography – sediments previously deposited, especially
mass transport deposits (MTDs), can generate irregular seafloor topography
that defines depositional routes and depocentres. In Laingsburg depocentre,
the Vischkuil Fm. MTDs could have formed this kind of irregular topography,
but the turbiditic sedimentation would heal this topography through time, de-
creasing the topographic impact on sedimentation. Besides that, the Vischkuil
Fm. also follows the thickness trends of the other units with a thinning in the
central area of Laingsburg depocentre, which leads to the interpretation of a
pre-existing topographic influence on the basin before the deposition of the
MTDs (Brooks et al., 2018a,c). Finally, no mass transport deposits are recog-
nized between Units D and E to explain a change in seafloor topography.

2. Mobile shales or salt diapirism – these are very common topographic modify-
ing agents on sedimentary basins, especially in passive margins, and would
explain local higher gradients along slope-to-basin profile that could eventu-
ally increase even more with sediment deposition and continuous salt/shale
movement. However, no salt is present in the Karoo stratigraphy (van der
Merwe et al., 2014; Brooks et al., 2018a) and the regional mudstones that
exist between sandstone units do not show deformation structures and have
continuous thickness, thinning and pinching out gradually basinward (van der
Merwe et al., 2014).
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3. Syn-sedimentary tectonism – syn-sedimentary faulting and folding is common
in sedimentary basins and may steepen slopes with the formation of listric
faults, tilting blocks or blind thrust propagation into the basin, causing strong
impact on sediment dispersal patterns (van der Merwe et al., 2014). Although
no such structures are recognized in outcrops, these could be occurring at a
high angle with the fold structures from later Cape Fold Orogeny.

4. Differential subsidence or localized uplift – since no fault evidences are rec-
ognized in the deep-water sedimentary section, one strong possibility is that
differential subsidence along the basin profile, caused by localized uplifts of
basement blocks could affect the basin topography subtly, but sufficiently to
change the sedimentary pattern of units from sand-attached to sand-detached.
Tectonostratigraphic studies from Tankard et al. (2009) for the Karoo Basin
area and surroundings indicate there is an influence of basement faults and
blocks in the basins configuration and sedimentation and that the Upper crust
in the Karoo Basin is very irregular, reinforcing this hypothesis.

Numerical simulations using different gradients of slopes and steps along the
basin profile will help understanding the magnitude of changes in gradient neces-
sary to change a depositional pattern from sand-attached to sand-detached, which
can be applied to other systems in the future.
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4.1. Introduction
This chapter focuses on the analysis of a series of hydrocarbon reservoirs offshore

Brazil, which form part of an Oligo-Miocene deep-water sedimentary system in the
Campos Basin. The sandstones from this case study were deposited from turbidity
currents above a complex seafloor topography, with several ramps and steps formed
by salt tectonism and reactivated basement faults.

Each reservoir is located on a different part of the same stepped slope-to-basin
profile, which favours the analysis of the longitudinal and high frequency strati-
graphic evolution of the deposits. Part of the vast amount of reflection seismic
and well data acquired from PETROBRAS collected over more than 30 years of oil
field developments is presented and interpreted in this chapter to: (i) characterize
the depositional architectural styles from seismic data in different settings along
the depositional profile (proximal slope, intraslope depocentres, bypass-dominated
regions, and terminal deposits); (ii) relate the geometries from seismic data to sed-
imentology by analysing core and log data from wells; (iii) interpret the evolution of
the system and main geological controls of sedimentation patterns, such as slope
gradients and sediment supply; (iv) discuss the flow parameters of turbidity cur-
rents at the time of deposition, and (v) discuss the impact of seafloor topography
on the architectural patterns of reservoirs.

The novelty of this study was to map from seismic reflection data lobe deposits
(sensu Prélat et al., 2009) from an ancient intraslope depocentre, usually mapped
only on the lobe complex scale (sensu Prélat et al., 2009) (Hay, 2012; Oluboyo et
al., 2014), and often from near-surface seismic datasets (Hay, 2012; Barton, 2012;
Jobe et al., 2017), and calibrate the mapped geometries with well log and cored
data, rarely presented on other subsurface studies (Booth et al., 2003; Jobe et
al., 2017). Doughty-Jones et al. (2017) also mapped lobe deposits in detail, but
their study lacked calibration with well log and core data, and the intraslope lobes
are from a mini-basin context rather than a stepped-slope profile. In addition, the
high-resolution dataset presented here was contextualized with seismic and well
data from updip and downdip turbiditic deposits of the same depositional system,
making it possible to define a well-constrained depositional model and architectural
evolution for this complex stepped slope profile area.

4.2. Geological setting
The subsurface sedimentary system studied in this chapter is located offshore

Campos Basin, Brazil, and approximately 150 km from the present-day coastline in
the direction of Rio de Janeiro state (Fig. 4.1).

The formation of the Campos Basin is related to the break-up of Gondwana
palaeocontinent, and the consequent opening of the South Atlantic Ocean during
Late Jurassic/Early Cretaceous (Fetter et al., 2009). This evolution is characterized
stratigraphically and structurally by two main phases, a rifting and a drifting phase,
clearly separated by a detachment surface or zone (Figs. 4.2 and 4.3). The rifting
phase, from Early Cretaceous to Aptian, is characterized by mechanical subsidence
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Figure 4.1: Location map of the reservoirs that form the sedimentary system studied on this chapter
(highlighted in red).

related to reactivation of a Proterozoic basement fabric, intense magmatism, and a
regional E-W extensional regime that formed grabens and horsts bounded by steep
normal faults. The sedimentary fill is dominated by basalt extrusions at the base,
followed by continental and lacustrine deposits, which are around 3.5 km-thick (Fet-
ter et al., 2009). The drifting phase, from Aptian to Recent, is characterized by ther-
mal subsidence, and is divided stratigraphically into four megasequences (Bruhn et
al., 2003), which total 7 km in thickness (Fetter et al., 2009). In stratigraphic or-
der, these megasequences are (i) a transitional evaporitic megasequence (Middle
to late Aptian), which the base of the salt defines the detachment zone between
rifting and drifting phases observed on seismic; (ii) a shallow carbonate platform
megasequence (Early to Middle Albian); (iii) a marine transgressive megasequence
(Late Albian to Early Cenozoic) composed mainly of hemipelagic sediments (calcilu-
tites and marls) with eventual turbidite sandstones intercalated; and (iv) a marine
regressive megasequence (Early Cenozoic to present), which contains the turbiditic
system studied here. Structurally, the drifting phase is characterized by listric fault
rollover systems and raft tectonics related to extension on the more proximal zones,
and salt diapirism related to compression on the more distal zones of the basin
(Cobbold and Szatmari, 1991; Demercian et al., 1993). Salt movement is related
to thermal subsidence and sediment loading of carbonate and siliciclastic deposits
on top of the salt layers.
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Figure 4.2: Stratigraphic chart of Campos Basin, showing the marine regressive turbiditic deposits in-
terval studied on this thesis (red box) (modified from Winter et al., 2007).

The marine transgressive-regressive megasequences contain several turbiditic
systems, which vary in facies characteristics. Fetter et al. (2009) analysed these
turbiditic sand intervals in terms of quantitative petrography and integrated the re-
sults with structural analysis of regional 3D reflection seismic to define the main
controls on sediments deposition. For each turbiditic interval the authors dis-
cuss on whether sediment supply was more eustatically- (downstream control) or
tectonically-driven (mantle plume-related dynamic uplift, tectonic reactivation of
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Figure 4.3: Structural section from central Campos Basin area showing the main two struc-
tural/stratigraphic phases of the basin (rift and drift phases). Note the clear detachment zone (breakup
unconformity) on the base of salt (Aptian) that limits the two phases, the wide Neogene shelf and high
Serra do Mar mountain range near the coast (2700 m high), which has been present through all the
evolution of the basin (figure from Fetter et al., 2009). The red box indicate the relative position of the
studied area on the regional longitudinal profile (modified from Fetter et al., 2009).

basement fault-zones) (upstream control), or by a combination of these external
factors. In general, the turbidites from marine transgressive phase are more re-
lated to sea-level variations of stratigraphic 3rd order controlled by tectonic uplifts,
while turbidites from marine regressive phase show a more typical passive margin
evolution controlled mainly by eustatically-driven sea-level variations, with expres-
sive progradation of the overall sequence, building a wide continental shelf in the
Campos Basin, but still in some intervals influenced by tectonic events.

The late Oligocene/Early Miocene deep-water depositional system, which is the
focus of this chapter, was deposited during a relatively quiescent tectonic regime,
showing a high compositional and textural maturity (high quartz/feldspar and fine
sand grain size), low volcanic contribution and stable physiography and sediment
pathways along the shelf (low glaucony content) and the slope (low mud clast
content) according to Fetter et al. (2009). The slope-to-basin profile, although more
stable compared to other turbiditic systems of the basin, still had a complex seafloor
topography inherited from previous tectonic events, which conditioned the sediment
transport and deposition in two main ways (D’Ávila et al., 2008): (i) by canyons and
sediment conduits following the NW-SE trend of faults, which were responsible for
transferring sediments from shelf to basin, and (ii) by generating breaks in slope
due to NE listric faults related to salt movements, allowing flow acceleration and
erosion on ramps, and deceleration and sediment deposition on adjacent lower
gradient steps (Figs. 4.4 and 4.5). The source of sediments originated mainly from
outer shelf deltaic deposits brought by river systems during highstand sea-level
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cycles and resedimented on deep-water during lowstand sea level cycles.

Figure 4.4: Seismic amplitude map (maximum negative) from Oligo-Miocene sedimentary systems in
Campos Basin. The sedimentary system studied is indicated inside the white box and each region
studied is contoured in yellow. The yellow arrows show the sediments route studied and in red are
other sediments routes of the area. The light blue to red colours on the map indicate reservoir and
the purple to dark blue correspond to non-reservoir (Petrobras internal document) after calibration with
well data. The regions studied in this chapter are labelled on the picture. Section AA’ from figure 4.5 is
localized on the map (black line) (modified from Petrobras Internal Document).

The Oligo-Miocene to Miocene deep-water system is divided into five 3rd or-
der stratigraphic sequences of approximately 2.5 Ma each (Arienti et al., 2008,
Petrobras internal document), formed in deep-water settings by turbiditic deposits
from lowstand systems tract at the base, and by marls and shales of highstand
system tract at the top. The later are used as stratigraphic markers (Albertão et
al., 1998, Petrobras internal document). These five sequences show an overall
progradational-to-retrogradational stacking pattern and also lateral shifts related
to changes in sedimentation routes through time. The depositional system stud-
ied here is part of the third sequence, and represents the start of the maximum
progradation phase within the whole 2nd order sequence, and also shows internally
a progradational/retrogradational style of evolution.
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Figure 4.5: Non-interpreted and interpreted regional seismic dip section passing through the studied
regions (1 to 4). It is possible to observe the salt domes underneath the listric faults that separate
one region from the other and also the thicknesses variations of the turbiditic system studied along
the depositional profile. The four marine megasequences are indicated on the seismic section. Section
location is indicated on Fig. 4.4.

4.3. Dataset and methods
The Oligo-Miocene turbiditic system studied in this chapter were chosen because

they represent a continuum of reservoir types from different depositional settings
of a stepped slope profile influenced by salt tectonics. Thus, the range of configu-
rations is comparable in many aspects to the Karoo Basin case study (Chapter 3).
These turbiditic reservoirs developed since the 1990’s by the PETROBRAS Oil and
Gas Company, comprise one of the giant oil fields of the company, with original
reserves of 2.7 billion bbl (Bruhn et al., 2003). Due to its economic importance,
this depositional system has been densely imaged through 3D and 4D seismic re-
flection data, and contain hundreds of drilled wells with log data, such as gamma
ray, resistivity, density, neutron and sonic data, and several of these wells also
have core and grain-size data available. Part of this data was allowed to be pub-
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lished in this thesis by the Brazilian Petroleum Agency (ANP) and PETROBRAS, to
improve interpretation of the 3D seismic data, 27 cored wells with the basic log data
available and grain size distribution from core samples. The reflection seismic data
used in this study comprises streamer data from 2010, pre-stack depth migrated,
with an inline spacing of 12.5 m, crossline spacing of 6.25 m and record length of
6.55 seconds. The data was processed to zero phase and uses an inverted polarity
display in relation to SEG convention. The well data is distributed in the area as fol-
lows: four wells are from the proximal zone (region 1), 19 wells from the intraslope
depocentre (region 2), and three wells from the sediment bypass-dominated zone
(region 3). Seismic data include three of the depositional settings studied (regions
1, 2 and 3), but some seismic images from a different survey comprising region
4 were made available from Petrobras to illustrate the general architecture of de-
posits. The figures with data origin not referenced in this chapter were made using
the data cordially provided by PETROBRAS and ANP. The nomenclature adopted for
the oil fields, reservoirs and wells studied in this thesis, for confidentiality purpose
was changed and is presented on Fig. 4.6.

Data are not homogeneously distributed among the four depositional settings
presented here for two main reasons: (i) reservoir potential and maturity of the
fields are different to each other, therefore the amount of data acquired on each
field is also different, being more dense on the intraslope depocentre region, less
dense on the proximal slope and bypass regions, and with very limited data available
on the terminal basin region; and (ii) the data authorized for publication was more
complete for the proximal slope and intraslope depocentre regions, while the bypass
and distal regions had only few wells and incomplete seismic data available.

The method for characterization of the hydrocarbon reservoirs was to analyse
each depositional setting individually (regions 1 to 4). First, the reflection seis-
mic data was mapped at the top (positive amplitude signal) and base (negative
amplitude signal) horizons in Petrel Schlumberger software, and then the internal
reservoir horizons. These internal horizons were only identifiable on the intraslope
depocentre (region 2), where the reservoir is thicker. The difficulty of mapping
these internal horizons is that they are limited in lateral and longitudinal extent,
meaning it is easy to skip horizons from one seismic line to the other. To limit this
problem, interpretation was intercalated between inlines and crosslines to observe
if the correct horizon was being followed. Different seismic facies were identified
in seismic sections, which helped to distinguish depositional bodies (Tab. 4.1).
These seismic facies were classified according to external geometries and internal
reflection patterns from seismic sections. The next step was to extract isopach
and surface maps combined with seismic attributes to characterize the geometries
of each depositional body defined. In parallel to seismic interpretation, core data
from wells were redescribed here for consistency, and drafted as sedimentary logs
with facies (Fig. 4.7) and stacking pattern interpretations. Sedimentary facies were
defined in terms of grain size and sorting, internal structures, bed thicknesses and
top and basal surface characteristics of beds. The core descriptions were integrated
with well log and grain size data to interpret depositional energy trends. An increase
in grain size, bed amalgamation, erosion and bed thickness are interpreted as an
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Figure 4.6: Nomenclature used in this thesis for the reservoir depocentres (regions) and wells presented
in this chapter. A) Seismic pinchout of reservoirs from the regions studied in red (not the real sand
pinchout) and reflection seismic dataset area in yellow. B, C and D show well locations (positioned at
reservoir top) and nomenclature of regions 1, 2 and 3-4, respectively. Wells represented in black had
the reservoir partially cored and the ones in red are the wells with reservoirs completely cored. Wells in
blue have no core data and are not presented in this study, but some of them were used for stratigraphic
correlations.

increase in energy, and the contrary meaning a decrease in energy of the system
(as described in Gardner et al., 2008). Depositional elements (channels, lobes, lev-
ees, MTDs) were interpreted by integrating seismic facies and sedimentary facies.
A depositional model was interpreted for each region individually. Finally, all the
data from the four regions were integrated to build the depositional model of the
complete system. The results were then discussed in terms of gradient and con-
finements controls on deposition, internal stacking patterns, uncertainties on flow
parameters, etc.
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Table 4.1: Seismic facies identified on this study, showing its main characteristics in terms of external
geometry, internal reflection patterns and amplitude.



4

103

Figure 4.7: Sedimentary facies defined from core data. A) Conglomeratic sandstones with granules
and/or bioclast fragments dispersed on matrix; B) Intraclastic sandstones with mud clasts at bed tops or
dispersed in the sand matrix; C) Massive sandstones that vary from medium/coarse to fine grained; D)
Laminated sandstones, usually plane-parallel laminations, but also cross and ripple laminations; E) Nor-
mally graded sandstones; F) Interbedded sandstones and mudstones, with variation in proportions and
thickness of beds; G) Sandy/muddy slumps and debrites; H) Interlaminated sandstones and mudstones,
usually bioturbated; I) Interlaminated siltstone and mudstones, intensely bioturbated; J) Shales; and K)
Marls. The symbols in the lower right box represent internal structures of facies described in cores and
the colour boxes below sedimentary facies consist of the template used in core descriptions presented
in the Results.

4.4. Results
The reservoirs are described from the more proximal to the more distal depocen-

tre on the depositional profile, from NW to SE, first the seismic interpretation and
then well data.

4.4.1. Region 1 - Intraslope lobes cut by channel-levee / canyon
proximal zone

Seismic interpretation

Region 1 covers an area of approximately 35 km2, 8 km-long X 6 km-wide. The
stratigraphic interval of interest has an average thickness of 15 metres. The reser-
voir depositional trend is NW-SE, with lateral stratigraphic pinch outs to NE and
SW, and limited distally (to the SE) by a normal fault. The system is divided into
two blocks separated by a channelized erosive feature (1 km-wide and approx. 120
m-deep on the deepest portion), which completely removed the reservoir sands
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Figure 4.8: Reservoir isopach map showing its external fan-shape geometry, the canyon path that erodes
the reservoir and the thicknesses decrease away from the canyon margins.

along this path. Filling the erosive feature, seismic facies is characterized by diffuse
reflectors, with lower amplitudes than outside the incision. The channelized erosive
feature extends to the intraslope depocentre of region 2, where it partially erodes
the reservoir.

The reservoir is represented in seismic sections by a single reflector, making
it difficult to be characterized in terms of internal depositional architecture. The
external geometry is observed from a seismic isopach map between the reservoir
top and base (Fig. 4.8), forming a fan-shaped geometry cut through the middle by
the main erosion surface. In strike view of seismic sections (Fig. 4.9), the reservoir
package comprises a laterally continuous geometry with a wing-like shape that is
thicker close to the erosive canyon in both sides of it and thins away from it. In the
southwestern wing, an erosive feature almost parallel to the main erosive canyon
is observed and removes part of the reservoir in this area. This channelized feature
is 250 m-wide and 20 m-deep.
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Figure 4.9: A) Strike view seismic section of region 1 showing the reservoir position in relation to salt
underneath (coloured in pink). The yellow box indicates the location of detailed section B. B) Detailed
view of seismic section A showing the wing-shape geometry of the reservoir and an erosive feature that
cuts the SW compartment of the field (red arrow). Pink horizon represents reservoir top, and purple
horizon, reservoir base. Vertical scale in depth (metres).
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Core data description

Four wells were cored in the Region 1 depocentre, but only wells 1B (Fig. 4.10)
and 1C (Fig. 4.11) sampled the reservoir from base to top. Well 1D cored the base
of the reservoir section and well 1A cored the upper part. The completely cored
wells are described below.

Well 1B

Well 1B was drilled on the SW compartment of the field, close to the erosive
feature, where the reservoir is 11 m-thick followed by 6 metres of siltstone and
mudstone interlaminations on top that are not considered reservoir, but is part of
the turbiditic system. The facies stacking pattern consist of interbedded deposits of
well sorted laminated fine to very fine sandstone and mudstone. Sandstone beds
are thicker at the base of the sequence (approximately 10 to 20 cm-thick) and be-
come thinner (1 to 5 cm-thick) and more intercalated with mudstone to the top.
Levels of sandstone with mud intraclasts are common at the base of the succes-
sion. Contacts between sandstone and mudstone are usually irregular throughout
the section and mudchips are commonly present close to these contacts. Current
ripple cross laminations and climbing ripples are observed locally, close to the top
of cycles. Bioturbation increases in intensity in the top half of the succession.

Well 1C

Well 1C was drilled on the NE compartment of the field. The basal 5 metres
of reservoir is formed of 50 cm-thick sandstone beds intercalated with mudstone.
Sandstones present mud intraclasts, cross laminations and bioturbation. Above
this package is an interbedded centimetric sandstones and mudstones succession
(approx. 30 m thick). The interbedded facies are intensely bioturbated with some
ripple cross lamination preserved. Mud intraclasts are scarce in this part of the
succession. Density/neutron logs show porosity decrease from base to top of the
interbedded succession, with the upper half not being considered reservoir facies.
Gamma ray log also present a general increase in mud content from base to top of
the entire turbiditic deposition.

Seismic and well data integration

The interpretation of the deposits of Region 1 is that the massive sands from
the reservoir base correspond to fan-shaped lobes, observed in the isopach map,
that infill a local subtle intraslope depression. The system prograded and evolved
rapidly to a channel-levee context on this region, depositing levee facies, character-
ized by interbedded mudstones and laminated sandstones above the lobe deposits.
The wing shape external geometry of the reservoir package, observed on seis-
mic sections corroborate this interpretation. The channel acted as a conduit for
coarser grain sizes to bypass, and finer sediment overspilled into this area, and
was probably located in the same position as the main erosive channel observed
on seismic, with the channel cutting the center of lobe deposit. Considering this
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Figure 4.10: Well 1B log and core data. In core pictures, brown colours are sandstones impregnated
with oil and gray colours are mudstones. Each core box is 1 metre long.
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Figure 4.11: Core data from well 1C, showing a similar stacking pattern to well 1B. In core photos, white
colours are sandstones and gray colours are mudstone. Each core box is 1 metre long.
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interpretation, the channel became more erosive with time and deeper, overspilling
less and finer sands, forming a fining and thinning upward depositional stacking
pattern on external levees, as it is observed on cores. The intense bioturbation
and irregular sand/mud contacts observed on top of the reservoir package could
be associated with contour currents reworking part of the levee deposits (Mutti &
Carminatti, 2012). The main erosive channel in the area is filled by mud, which
would represent a backstepping or abandonment of the system.

4.4.2. Region 2 - Intraslope depocentre

Seismic interpretation

Region 2 is characterized by a wide and weakly confined intraslope depression,
approximately 18 km-long and 9 km-wide, controlled by salt diapirs, and containing
up to 120 m-thick deposits with very high sandstone percentage (>90%) (Fig.
4.12). The sandstones show a stratigraphic pinchout to SW and are limited by
normal faults on the other borders. These faults are post-depositional, because
there is continuity of the sandstone deposits onto the footwall of the faults, where
it pinches out stratigraphically. Because of tuning effects, reservoir thicknesses
below 15 m might not be imaged by seismic, meaning the extent of reservoir sands
could be greater. Even so, sandstone seem to pinch out in a relatively sharp manner,
rather than a transition to fringe facies.

The reservoir sandstones present a partially erosive base and an unconformable
top, which corresponds to an overlying incision surface (Fig. 4.13). This surface
forms a wide channelized incision (continuity of Region 1 incision) that reaches up
to 2 km-wide and cuts the area on a NW-SE direction and is almost 100 m deep in
the central region. Based on seismic amplitudes, this erosive feature is filled mainly
by non-reservoir facies, compartmentalizing the reservoir into two regions, one to
the SW and the other to the NE. Few cores taken inside the channelized incision
also show the presence of interbedded deposits of sandstone and mudstone and
little massive sandstones irregularly distributed along the incision. The reservoir
depocentre is on the NE region, reaching its maximum thickness, while the SW
region is thinner, reaching up to 50 m-thick. The reservoir also thins downdip
towards SE to around 35 m-thick (Fig. 4.14).

Seven seismic horizons were mapped in Region 2. Base and top of reservoir
were identified on the entire area, and internal to these surfaces, five horizons
were mapped, defining six sedimentary bodies (Tab. 4.2).

Bodies 1 to 3 are restricted to the NE field compartment, and comprise tabular
to lobate geometries on seismic cross sections (Fig. 4.15) and elongated fan shape
geometries in plan view (Fig. 4.16). The bodies vary from 5-7 km-long by 3-4 km-
wide and 70-80 m-thick on the depositional axis each, but the length and width of
these bodies could be higher, considering the pinch outs are outside the limits of the
area or bodies were cut by post-depositional faults. The depositional trend is from
NW to SE in general, but with a divergent depositional pattern between sedimentary
bodies, which are also evidenced on permeability maps originated from 4D seismic
data (Oliveira et al., 2007) (Fig. 4.17). Stratigraphic stacking patterns of these
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Figure 4.12: A) Salt isopach map with overlay of the structural map from the reservoir stratigraphic
level, showing the main faults that limit the area (black lines). B) Seismic cross section AA’ showing
the reservoir lateral extension and limits (inside the red box), stratigraphically pinching out to SW and
limited by normal fault to the NE. The section also evidences the influence of salt domes on depositional
confinement. Reservoir top is erosive and reservoir base is relatively flat on this position.
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Figure 4.13: Cross section in a relatively distal position of region 2 showing the irregular erosive reservoir
base on this portion (white horizon) and the erosive reservoir top (green horizon). Seismic section BB’
is located on Fig. 4.12 map.

Figure 4.14: Well and seismic reservoir isopach map showing the field depocentres (in purple to
blue/green) and the reservoir lateral compartmentalization by an erosive feature on top that erodes
partially the central part of the reservoir (in yellow on the right map). By these maps, it is possible to
notice that the late erosive incision avoided the thickest reservoir portion, contouring this area to SW,
while in Region 1 (Fig. 4.8), the incision cut through the basal lobe deposit.
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Table 4.2: Seismic horizons interpreted on the intraslope region with the respective colour code used
on seismic and well markers, and the areal extent of each surface. Horizons are presented in table on
stratigraphic order.

Figure 4.15: Seismic cross section showing the tabular lobe geometries of bodies 1, 2 and 3. Body 5
above them has a more erosive base, as well as Body 6 at the SW compartment of the field.
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bodies show a combination of progradation and lateral migration from north to
south. Spectral decomposition seismic attribute maps from reservoir base suggest
there could be several sediment entry points to region 2 during the initial phase
of sedimentary filling of this depocentre, but the main entry point coincides with
the position of the erosive channel that cuts the area and spreading in a diverging
manner as it entered the intraslope depocentre (Fig. 4.18).

Body 4 is also restricted to the NE field compartment and presents similar ge-
ometries to previous bodies. In terms of stacking pattern, it shows an abrupt shift
of the deposition to the north, and a more W-E depositional path (Fig. 4.16).

Body 5 is defined by a basal erosion surface that is traceable along the entire NE
compartment, with the depocentre located close to the main channel incision that
splits the field into SW and NE compartments, deviating slightly to SE from previous
bodies 1, 2 and 3 depocentres. Body 5 top is defined by the deep erosion surface
that defines the top of the reservoir. Internally, this body presents a distinctive
seismic facies, consisting of brighter reflectors (higher amplitude) forming concave-
up discontinuous surfaces that stack obliquely, migrating predominantly to the SW
(Fig. 4.19). The basal surface of Body 5, therefore, marks an important change
in depositional architecture of the system, from more lobate geometries to shallow
channelized geometries.

Body 6 is defined on the SW field compartment between the reservoir top and
an internal seismic surface that could be inferred as the continuity of the basal
composite surface of Body 5 on the SW compartment, but is mapped here as an
individual surface. This body has an elongate shape in map view that expands into
a fan shape on the distal portion (Fig. 4.20). This geometry is 12 km-long by 5
km-wide in the distal position, by 30 m-thick in the proximal part, and 5 m-thick in
the distal part.
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Figure 4.16: Isopach maps of sedimentary bodies 1 to 4 obtained from seismic interpretation. From
Bodies 1 to 3 there is a lateral compensation and progradation from N to S, while Body 4 shows an
abrupt shift northwards in depocentre position.
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Figure 4.17: Horizontal permeability map derived from 4D seismic data from region 2, suggesting lobe
geometries (black contours) and their depositional directions (red arrows). The contours of lobes are
interpreted from interruptions and variations in colours (permeability values) on the map, indicating
probably a permeability barrier in these regions. Permeabilities vary from zero (blue) to 15000 mD (red)
in the map (lobes interpreted on top of original map of Oliveira et al., 2007). Triangles, dots and bold
black lines from the original map represent, respectively, injection wells, production wells and horizontal
wells trajectories.
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Figure 4.18: Spectral decomposition seismic image from reservoir base interval, suggesting there could
be several sediment entry points to the intraslope depocentre (region 2).
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Figure 4.19: Seismic cross section on the proximal region showing the difference in seismic facies from
Bodies 1, 2 and 3 (reflectors below the red surface) to Body 5 (reflectors above the red surface). The
zoomed image of Body 5 shows the interpretation of internal channelized surfaces.
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Figure 4.20: Seismic spectral decomposition image of region 2 close to the reservoir top, evidencing
Body 6 external geometry. Wells 2C and 2D are represented by white circles and the yellow arrow
represents the probable sedimentation route of Body 6.

On the distal portion of the intraslope depression, the difference in architectural
patterns from Bodies 1, 2, 3 and 4 to Bodies 5 and 6 are not evident on seismic
sections, indicating the distal portion of region 2 is dominated by lobes throughout
the internal reservoir stratigraphy.

Core data description

Six wells (Wells 2A-F) from region 2 completely intersected the reservoir with core
(Fig. 4.6). The sedimentary facies from these wells are described below and inter-
preted in terms of depositional elements. The stratigraphic stacking patterns were
described in relation to the depositional energy phases of the system (Prograda-
tional, Aggradational and Retrogradational phases), interpreted with the integration
of sedimentary facies and the well log data. The sedimentary facies packages were
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then tied to the sedimentary bodies identified on seismic. Wells not described here,
but shown on the wells location map (Fig. 4.6) were also used to correlate log
patterns with the interpreted seismic bodies.

Well 2A

Well 2A (Fig. 4.21) was drilled on the thickest portion of the reservoir, which
comprises 120 m of amalgamated sandstone packages, with sandstone percentage
close to 100%. The normally graded moderately sorted medium- to fine-grained
sandstone beds contain dispersed coarse sand to granules, and are mostly mas-
sive. The individual beds are around 1 m-thick, forming amalgamated packages
of approximately 10 to 16 m-thick. The basal third of the reservoir sandstones
contain fluid escape structures, and the upper third of the reservoir show more
common plane parallel laminations. Log data and grain size profiles show an over-
all progradational-to-aggradational-to-retrogradational stacking pattern, although
the gamma-ray does not show clear stacking patterns because of its very limited
range of values (the sandstones are arkosic).

Well 2B

Well 2B (Fig. 4.22) has a total reservoir thickness of 107 m and sandstone per-
centage of 92%. The sandstones are medium- to fine-grained, moderately sorted
and massive. Very coarse sands and granules dispersed in the matrix are less
common than in Well 2A and there is also a higher silt and mud matrix component.
Sandstone beds are also amalgamated, but there is a slightly higher preservation of
very thin mudstone layers between sandstone packages. Packages range between
10 and 14 m-thick. The top 24 meters of reservoir contain more mud intraclasts
and evidence of bioturbation. The overall stacking pattern of facies and trends from
logs show an aggradational stacking pattern with a slight fining upward trend in the
upper quarter of the reservoir.

Well 2C

Well 2C (Fig. 4.23) reservoir section is 54 m-thick, with a sandstone percentage
of 99%. The cores sampled fine- to medium-grained massive sands at the base
and top of the section, which are characterized by bioturbations, laminations, the
presence of mud intraclasts on bed tops, and a better preservation of thin mud lay-
ers between sands. Normal grading trends within beds are rare on these sections.
In the middle part of the cored section, an abrupt increase in grain size occurs and
also a thickening of beds. These sand beds are coarse- to medium-grained, nor-
mally graded, show a large amount of granules and bioclasts dispersed on matrix,
and form an overall fining upward trend.

Well 2D
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Figure 4.21: Well 2A log chart with core description, representative facies images, position on seismic
section and map view. Note in detail picture B the presence of trace fossils. The abrupt break in Gamma-
Ray log at approximately 2710 m coincides with an abrupt increase in grain size and a thin layer of a
slump deposit in core. This change is interpreted as a local adjustment phase in the basin, marked by
an abrupt shift in sedimentation depocentre. Body 2 is interpreted in this well as lobe off-axis and its
thickness is not mapable in seismic.
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Figure 4.22: Well 2B log chart with core description, representative facies images, position on seismic
section and map view. Bodies 3 and 4 are interpreted as lobe off-axis in this well, although they are
below seismic resolution.
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Figure 4.23: Well 2C log chart with core description, representative facies images, position on seismic
section and map view.
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Figure 4.24: Well 2D log chart with core description, representative facies images, position on seismic
section and map view.

In Well 2D (Fig. 4.24) the reservoir thickness is 48 meters and sandstone per-
centage is 87%. The reservoir facies in this well are characterized by fine- to
medium-grained massive sandstones, moderately to well sorted, with several lev-
els of intense bioturbation through the cored section. Mudstone layers up to 5
cm-thick between sandstones are better preserved on this portion of the reservoir
than the other wells, as observed by the presence of multiple oil/water contacts on
this region, evidenced along the production history of the field (Petrobras commu-
nication). Log data of wells close to well 2D also suggest grain size variations from
axial (coarser) to lateral (finer) positions.

Well 2E

Well 2E (Fig. 4.25) core data did not sample the entire reservoir section, but from
well logs the total reservoir thickness is 26 m and sandstone percentage is 98%.
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The sampled section is from the middle part of the reservoir, where the porosity is
higher and the log profiles have a “blocky” stacking pattern. The sandstones are
dominantly medium grained, moderately sorted, and present plane parallel lami-
nation. At the base of this sandstone package, there are layers concentrated in
granules and pebbles, which are also dispersed through the sand matrix.

Figure 4.25: Well 2E log chart with core description, representative facies images, position on seismic
section and map view.

Well 2F
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In well 2F (Fig. 4.26), the reservoir section is approximately 35 m-thick and has
a sandstone percentage of 88%. The reservoir in this portion comprises heteroge-
neous facies, from very coarse sandstones with granules dispersed in a matrix, to
very fine bioturbated laminated sandstones and interbedded deposits of very fine
sandstone and mudstone on top. A general fining upward trend with abrupt grain
size breaks is observed.

Figure 4.26: Well 2F log chart with core description, representative facies images, position on seismic
section and map view.
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Seismic and well data integration

Combining core and log data from wells with the interpretation of geobodies
from reflection seismic data, three compartments are defined in region 2: the NE
compartment where the reservoir is thickest, the SW compartment and the central
erosive NW/SE channelized compartment. On each of these compartments, there
is core data available from two wells each, always one on a proximal depositional
profile position and another on a relatively distal position of region 2 depocentre.
The sedimentary fill of region 2 depocentre is interpreted on each of these com-
partments.

NE compartment

On the NE compartment, seismic mapping shows a stratigraphic evolution from
fan-shaped lobe geometries (bodies 1 to 3) to more channelized lobe geometries
(bodies 4 and 5). These changes in depositional element characteristics are re-
flected in well core data by an abrupt grain size increase from very fine / fine sands
to medium sands, sometimes even with a thin slump/debrite separating these two
phases. On well log data, these changes are characterized mainly by the inver-
sion in resistivity logs patterns from crescent to decrescent values and/or on sonic
logs by a clear change in frequency signal at this position. These changes are
interpreted as an inversion in depositional energy trends, from progradational to
aggradational/retrogradational stacking pattern. Wells 2A and 2B are located in
this compartment and a correlation of sedimentary cycles with the mapped seismic
geobodies is presented below.

On well 2A (Fig. 4.21), the first two sandstone packages at the base are inter-
preted as lobes from Body 1, followed by two sandstone packages of Body 2 (body
contours on map are not precise). They both have similar grain size distributions
and a progradational trend, suggested by resistivity log profile. Overlying Body 1
and Body 2 there is a thin layer of contorted strata, interpreted as a slump, which
separates these bodies from Body 4. Body 3 was not intersected by this well. Body
4 presents a noticeable shift to coarser grain size and a more aggradational stacking
pattern observed on the resistivity log. It is formed by four smaller packages that
thin upwards. The top sandstone package consists of a fining upward package of
medium to fine sands, presenting more frequent laminations, and interpreted to
represent the channel margins of Body 5.

Well 2B (Fig. 4.22) is from a relatively more distal region in relation to Well 2A.
From base to top, the first 10 m-thick package of sand is interpreted to be from an
initiation depositional phase, not associated to a specific body mapped on the area.
These deposits are observed on seismic as isolated bodies filling previous local de-
pressions of region 2 and have no good lateral continuity to be mapped, consisting
of lobes of well-sorted fine grained sands. This is overlain by lobe deposits from
Body 1 to 3, according to correlation with seismic horizons, which are moderately
sorted and slightly coarser than lobes from initiation phase. From grain size profile
and seismic sections, it seems that the lower lobe body was intercepted by the
well in a more axial position, while the upper lobe body was sampled in a relatively
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marginal position, where grain sizes are finer and seismic geobody is thinner. On
top of these sediments, a thin slump deposit marks the base of Body 4, where also
a grain size increment is observed. On top of Body 4, lateral marginal deposits from
the amalgamated channels of the later depositional phase (bodies 5, 6 and 7) are
interpreted on this position. The lobe sands are more massive, while the lateral
margin sands show laminations. Finally, the fining upward package from reservoir
top (from 2680 to 2704 m-deep) is interpreted as a retreat phase of the system,
characterized by a fining upward package with more bioturbation and muddy sands.

SW compartment

The SW compartment is characterized in seismic by a thinner reservoir package,
approximately 60 m-thick on the axis, with a channelized lobe geometry. This region
comprises well 2C and 2D, on a proximal and a distal position within the channelized
lobe geometry, respectively.

On Well 2C (Fig. 4.23), basal fine massive sands on the reservoir base are inter-
preted as lobe deposits from the initial phase of the intraslope deposition (Bodies
1, 2 and 3). Upon that, an expressive grain size increase to coarse sands with
bioclasts dispersed on matrix is interpreted as the proximal part of Body 6. The dif-
ferent composition of sands support the interpretation of a different source point of
sediments for this body, or an abrupt increase in energy of the system. The amal-
gamation of coarse sands suggest a more confined body, probably a channel axis.
Above this package, fine sands appear again representing a waning (retreat) phase
of deposition, with lobe deposits probably from Body 7. This body was not mapped
from seismic lines because of low resolution, and was only identified on the per-
meability maps from 4D seismic (Fig. 4.17). The presence of massive sandstones
with mud clasts on top observed both on the initial and retreat phases of deposi-
tion could be interpreted as linked debrites (hybrid beds), which are characteristic
of lobe fringe settings (Spychala et al., 2017).

Well 2D (Fig. 4.24) is on a more distal region relative to Well 2C, interpreted on
seismic as a region dominated by lobes. Even the whole interval being interpreted
as lobe deposits, the bodies observed on seismic were interpreted here using the
grain size profile as a guide. At the base, the more fine grained lobes are inter-
preted as part of the initial lobe deposition on the intraslope basin (Bodies 1 to 3),
probably Body 3 in this well, or even a younger lobe not identified on seismic as an
individual body. The middle slightly coarser grain size interval is interpreted here
as part of the channelized lobes context, as the distal portion of Body 6, and the
top interval is part of a backstepping phase of the basin or maybe lateral margins of
a younger channelized lobe. The multiple oil/water contacts observed after some
years of oil production (Petrobras information), show how significant very thin mud
drapes (less than 5 cm-thick) might be for the reservoir compartmentalization and
production efficiency. Log correlation with other wells on this area suggest that
there is an internal lateral compensating stacking pattern of internal sedimentary
bodies, with coarser grain size deposits in the axial positions of lobes that thin lat-
erally to lobe off-axis sedimentary facies (Fig. 4.27).



4

128 4. Campos Basin Reservoir Case Study

Central channelized compartment

Two wells were cored in the central part of region 2, where the main channel
incision interpreted on seismic data erodes the reservoir facies and compartmental-
izes the field. These wells cored sandstone facies, but with a much thinner reservoir
package (approx. 30 m-thick) than the rest of the area. The interpretation of these
deposits are presented below.

Well 2E is located in a proximal position of the intraslope depocentre. The basal
part of the reservoir in this well, where there are granules and pebbles, is interpreted
as channel axis lag deposits that infill the main erosion surface. The finely laminated
sands are interpreted to be from a waning depositional phase that partially infilled
the main erosion surface (Fig. 4.28). Alternatively, the sandstone deposits from well
2E could be part of Bodies 1 to 3 that were only partially eroded by the channel
incision, but the presence of coarse sands on the base with laminated sandstones
on top instead of massive sandstones favours the interpretation of these sediments
being part of the main erosive channel fill.

Well 2F is placed in a more distal position of the main erosive channel that cuts
the reservoirs. The coarse grained sandstone facies, with dispersed mudclasts and
contorted beds at the base and massive sandstones on top in a relatively distal po-
sition, could be interpreted as channel lag deposits or collapses of channel margins
followed by channel axis facies. Both interpretations include the reservoir facies of
this well as part of the main erosion sedimentary fill. Overlying these facies, the
very fine sandstones and interbedded sandstones and mudstones are interpreted
as waning phase deposits partially infilling the channel (Fig. 4.29). The abrupt
changes in facies that fill this incision indicate there was sediment bypass to more
distal regions of the basin profile.

4.4.3. Region 3 – Bypass-dominated zone

Seismic interpretation

Region 3 occupies an area distal to region 2, that extends approximately 10 km
longitudinally and 10 to 15 km laterally (Fig. 4.30). The reservoir in region 3 is
present on a structural high controlled by salt diapirs and is intensely disrupted by
post-depositional NE-SW and NNW-SSE-trending normal faults that segment the
reservoir into several blocks (Fig. 4.31). The top and base surfaces of the reservoir
are irregular, showing thickness variations ranging from 2 to 100 m-thick, with an
average thickness calculated from wells of 48 m. These thicker deposits are discon-
tinuous and normally occur either infilling channelized features identified on seismic
amplitude maps, which are slightly sinuous and approximately 300 to 500 m-wide,
or as small fans (maximum 3 km-wide x 5-km long) bordering the channels (Fig.
4.32). One of the channelized features observed correspond to the prolongation of
the main erosive channel from regions 1 and 2, but this one is larger (1 km-wide)
than other channels from region 3 and erodes the reservoir. Other smaller chan-
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Figure 4.28: Cross section interpreted from well log data (gamma ray presented in figure), showing well
2E cores as part of the main erosive channel filling. Besides the erosive surface (in orange) and the
reservoir base surface (in blue), an internal shale that compartmentalizes the reservoir (in green) and
the abrupt increase in grain size observed on cores (in yellow) are also shown in the correlation panel.
Core data from wells described in this study are shown beside their corresponding log data. Note that
the correlation surfaces interpreted from the wells section are probably from a higher scale of magnitude
than the bodies interpreted in seismic. The bodies are internal to these horizons and do not follow the
plane-paralel pattern of these higher magnitude events. The datum used in the figure is a stratigraphic
marker observed in almost all well logs from Campos Basin in this region and represents a maximum
flooding surface in the basin.

nels also erode part of the reservoir. The depositional trend of these channelized
features is NW/SE.

Core data description

In terms of sedimentary facies, three core descriptions from region 3 were made
available by Petrobras to be presented in this thesis, but were not available to be
redescribed for this thesis, and are used to illustrate the depositional characteristics
of region 3. These wells evidence how reservoir thickness is variable in this region,
from 14 m-thick in well 3A to 63 m-thick in well 3C. Sedimentary facies also vary
considerably within one well and from one well to another.

Well 3A

This well is located in a proximal portion of region 3. The reservoir in this well
(Fig. 4.33) consist of two intervals separated by a 14 m-thick marl succession,
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Figure 4.29: Cross section interpreted from well log data (gamma ray presented in figure), showing
well 2F cores as part of the main erosive channel filling, representing a waning phase of deposition.
Besides the erosive surface (in orange) and the reservoir base surface (in blue), an internal shale that
compartmentalizes the reservoir (in green) and the abrupt increase in grain size observed on cores (in
yellow) are also shown in the correlation panel. Core data from wells described in this study are shown
beside their corresponding log data. Note that the correlation surfaces interpreted from the wells section
are probably from a higher scale of magnitude than the bodies interpreted in seismic. The bodies are
internal to these horizons and do not follow the plane-paralel pattern of these higher magnitude events.
The datum used in the figure is a stratigraphic marker observed in almost all well logs from Campos
Basin in this region and represents a maximum flooding surface in the basin.
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Figure 4.30: Seismic isopach map of region 3 (bolded black contour) showing the reservoir distribution
in region 3. The main characteristics observed are the irregular and discontinuous thicknesses of sands
and the intense faulting in the area. Yellow arrows show interpreted sediment routes and the other
black contours indicate region 2 to the left and region 4 to the right.

which corresponds to 53% sandstone percentage, considering the marl between
the two intervals. The basal interval is 12 m-thick and consists of conglomeratic
sandstones at the base, followed by massive medium to coarse sandstones and
overlying intraclastic graded sandstones. Beds are amalgamated, with erosive con-
tacts between beds. The top reservoir interval is 4 m-thick and consists of very fine
massive sandstones.

Well 3B

Well 3B (Fig. 4.34) is located on a relatively longitudinal position of region 3
and the cored section represents the upper part of the reservoir interval. The total
reservoir thickness is 39 m, with a sandstone percentage based on density/neutron
log data of approximately 81%. The cored section comprises fine cross-laminated
sandstones with erosive contacts between beds. Load structures and bioturbation
are also common features observed. From gamma ray log data it is possible to in-
fer that sandstones from the basal interval are coarser and have less mud, because
radioactivity (gamma ray) increases slightly from base to top.

Well 3C
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Figure 4.31: Longitudinal seismic section showing reservoir on regions 2, 3 and 4. Note the occurrence
of salt domes below region 3 and the more intense post-depositional faulting on this region. Red surface
corresponds to reservoir top and yellow to reservoir base. Dark pink corresponds to salt top and light
green to salt base.

Figure 4.32: Acoustic impedance (IP-IS) map showing the main depositional features of the system on
region 3. Orange contours represent the channelized features and yellow contours the spill deposits.
Note the difference from region 4, where reservoir is much thicker and laterally more continuous.
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Figure 4.33: Well 3A core and log data with sedimentary facies description.
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Figure 4.34: Well 3B core and log data with sedimentary facies description.



4

136 4. Campos Basin Reservoir Case Study

Well 3C (Fig. 4.35) is located in a proximal position in relation to well 3B, ap-
proximately 3.7 km from this well. The cored section comprises almost the entire
reservoir interval, missing only the lower 20 m. Considering this basal part, the
total reservoir thickness is 63 m with a very high sandstone percentage, close to
100%. Sandstone beds are amalgamated and individual beds are from one to 5
m-thick. The basal part of the cored section consists of slumped facies with pebble
grain-size intercalated with fine to medium sand beds. On top of these facies, a
thick succession (43 m-thick) of massive amalgamated sandstones with basal ero-
sive bed contacts occur, overlain by conglomeratic graded sandstones, intraclastic
sandstones and laminated sandstones on top. From well log data, it is not possible
to interpret clearly progradation and retrogradation patterns, because logs show a
more irregular to “blocky” stacking pattern.

Seismic and well data integration

The interpretation for region 3 is that it corresponds to a higher gradient portion
of the slope profile where flows in shallow individual channels observed from seismic
data eroded and entrained the substrate, bypassing sediments, but still overspilling
a considerable portion of sands from the turbidity currents. Sinuous channels ob-
served at the top of the section may indicate this gradient profile became closer to
equilibrium through time. Wells show a variable thickness and facies distribution
from one to another, with recurrent indications of erosion, corroborating the inter-
pretation of a partial sediment bypass region, where the main characteristics are
conglomeratic facies in contact with fine to very fine laminated sandstones sepa-
rated from each other by erosive surfaces.

4.4.4. Region 4 - Terminal lobe zone

Region 4 represents the most distal region of sand deposition in the system and,
since it is not a developed area, it has only reflection seismic data available for this
study and one drilled well (not available for publication in this study).

A seismic amplitude map of region 4 is characterized by widespread fan-shaped
deposits, with an external distribution of approximately 18 km-wide X 18 km-long.
Deposits are partially confined in a NE-SW structural trough, accumulating an av-
erage of 80-m thick succession of sands with extensive lateral and longitudinal
continuity. In strike section, deposits show compensational stacking of lobes. The
lobe shifts are in the order of 1 km (Fig. 4.36).

In spite of being located on the slope/base of slope, the deposits of region 4
are considered to be the termination of the system studied, because no seismically
recognizable sand deposits are present distal to this position on the system and
also because no channels are observed to incise the lobe deposits from region 4 to
indicate bypass of sediments to more basinward positions.
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Figure 4.35: Well 3C core and log data with sedimentary facies description.
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Figure 4.36: Seismic amplitude map showing the fan-shaped geometry of terminal lobes (A) and 3D
seismic amplitude image showing the lateral migration stacking pattern of these bodies (B).

4.5. Depositional model of the studied Campos Basin
turbiditic system

On this topic, a depositional model for the turbiditic system of Campos Basin
is proposed and alternative models are discussed. The model is focused on the
intraslope depocentre (region 2), where depositional elements were mapped in a
higher resolution (Figs. 4.37 and 4.38). The updip (region 1) and downdip regions
(regions 3 and 4) studied are contextualized in the model (Fig. 4.39).

1. The initial phase of deposition in region 2 is characterized by fine sandstone
deposits that infill seafloor topographic irregularities, defined mainly by previous
mass-transport deposits and by salt tectonics, forming laterally discontinuous de-
posits (Fig. 4.37, basal deposit in blue). The initial lobe deposit from region 1 would
correspond also to this phase of deposition, since it shows the same sedimentary
facies characteristics and seem to fill as well a subtle depression of region 1.

2. Lobe deposits characterized by fine grained sandstones (bodies 1, 2 and
3) are deposited in the NE compartment of region 2, partially filling the intraslope
confinement depocentre. Depositional bodies migrate laterally from N to S, and
weakly prograde to SE. Internally to each lobe (body), lobe elements show nor-
mally graded beds and finning upward successions from wells (Fig. 4.26), that
could be interpreted either as a lateral compensation stacking pattern or as a back-
stepping pattern. This is also suggested on permeability map interpretations from
4D seismic data (Fig. 4.17). The lobes show a predominantly NW/SE depositional
trend, with an uncertainty if they originated from multiple source points (based on
seismic spectral decomposition maps) or from a single point that deposited lobes
in a dispersal pattern. During this phase of deposition, sediment bypass through
channel incision on region 1 was coeval with flow overspill and deposition of rela-
tively sand-rich levees because the incision was too shallow to contain the entire
flow. Interbedded sandstones and mudstones, with higher proportion of sands in
relation to muds, characterize these sandy levee deposits. Regions 3 and 4 were
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probably not receiving, or receiving little, fine sediments from the dilute part of
flows during this period.

3. An abrupt grain size increase recognized on most of the wells of region 2
marks a new sedimentation phase of the system. Sedimentation shifts abruptly to
the N with the deposition of Body 4, and then continues migrating southwards with
deposition of Body 5, deviating from the depocentre of bodies 1, 2 and 3. The oc-
currence of thin debrites, intraclastic sands, and/or slump deposits observed at the
base of this sedimentation phase in several wells could be related to local collapse of
channel margins, or be related to a local adjustment phase in the basin with change
of sedimentation routing, a progradation of the system, or elements of both. Bodies
4 and 5 have better defined internal axes, suggesting more channelized deposits,
and an increase in sediment bypass to more distal regions. These deposits are in-
terpreted as shallow distributary channels or channelized lobes. These distributary
channels probably propagated sediments to region 3 during this time, forming sev-
eral individual channels with sandy spill lobes on this region, which were partially
conditioned by NW-SE structural lineaments present on region 3, forming complex
sand-prone depositional architecture. Sediments were transferred to region 4, but
probably only fine sediments from dilute turbidity currents.

4. Body 6 is deposited on the SW compartment of region 2 following the lateral
migraton south from bodies 4 and 5. Body 6, however, shows a slight change
in depositional trend to a more NNW-SSE direction, and a more elongated external
geometry that evolves from channel deposits on a proximal position to lobe deposits
distally (channelized lobe). Sediment source came probably from the main channel
incision that cuts the reservoir in a later phase that probably already existed during
the body 6 depositional phase. Updip region 2, in region 1, channel incision became
deeper, overspilling less and finer levee deposits in this area. Downdip, in regions
3 and 4, sand deposition increased more and more with the increase in efficiency
of the system, forming small channel incisions on region 3, leaving eventual lag
deposits inside channels, and lobes being deposited on region 4.

5. The maximum energy of the system is reached, represented by the main
erosion surface that cuts the area and compartmentalises the reservoir into NE and
SW regions. This channel incision cuts regions 1, 2 and 3, delivering most of the
sand lobe deposits of region 4 during this period, reaching the maximum distance
of the system. Coarse grained lag deposits filling the channel axis, especially on
regions 2 and 3, also confirms the bypass of sediments to more distal regions of
the basin (e.g. Stevenson et al., 2015) and suggest that the incision is a compos-
ite surface (time transgressive) built and shaped by multiple erosive events (e.g.
Hodgson et al., 2016).

6. Above the basal lag deposits, the conduit is partially filled by waning deposits
of fine to very fine sands and interlaminated deposits of sand and mud, interpreted
as the system backstepping. The low energy of this period is evidenced by intense
bioturbation and influence of bottom currents on turbiditic deposits, especially on
region 1.

The basin-fill of Campos Basin turbiditic system shows many similarities with
other conceptual models proposed in the literature for stepped-slope depositional
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Figure 4.37: Seismic dip section showing the compensational stacking pattern of bodies 1 to 3, the
depositional shift backwards of lobe 4 and the more erosive characteristic of Body 5. The I and R letters
shown on the section are interpretations for an Initiation depositional phase at the base, formed by
isolated patches of sand, and a Retreat phase at the top, formed mainly by thin-bedded sitly to muddy
facies.

Figure 4.38: 4D seismic permeability maps with the interpretation of Bodies 1 to 6 positions. Bodies 1
to 4 represent lobe deposits, while bodies 5 to 7 are from shallow channelized deposits. Permeability
scale is the same of figure 4.17
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profiles (Booth et al., 2003; O’Byrne et al., 2004; Hay, 2012; Barton, 2012; Spychala
et al., 2015; Brooks et al., 2018a). Sedimentation starts by filling slope breaks
with lobe deposits and evolve to more channelized deposits as slope topography is
healed by sedimentation, causing the system to prograde with time. The maximum
energy and bypass of the system is reached and characterized by wide and deep
channel incision connected through several depocentres, delivering sands to lobes in
more distal positions. The sedimentation cycle ends with the retreat of the system,
infilling channel incision with sands and muds in a fining and thinning upwards
succession. This stacking pattern, similar to that Hodgson et al. (2016) propose for
the evolution of normal slope to basin depositional profiles, is an expression of an
increase in efficiency through time related to evolving equilibrium profile. However,
in stepped slope profiles, this model is complicated by the fact that local gradient
profiles may control sedimentation as well as the basin gradient profile (Fig. 4.40).

4.6. Establishing the flow parameters for Campos
Basin turbiditic system

As established for the Karoo case study (Chapter 3), the main flow parameters
of turbidity currents that generated the deposits of Campos Basin system are spec-
ulated here in order to be compared later on Chapter 6 with the Karoo system and
with numerical simulations from Chapter 5.

Flow magnitude was estimated first for the intraslope depocentre (region 2)
bodies 1, 2 and 3 mapped, by calculating their volume in Petrel software added
to the volume of sandy levees facies from region 1 and then dividing it by the
number of beds identified on cores. Since these bodies probably did not advance
to regions 3 and 4, this calculation should give a reasonable idea of flow volumes
for the initial sedimentation phases of the basin. Volumes of bodies 1, 2 and 3
together with sandy levee facies from region 2 were calculated as 3.11 km3. The
number of beds counted in cores of region 1 and 2 was around 408 beds. This
gives a flow magnitude of approximately 7.6 x 10-3 km3, comparable with lobe
element volumes described by Prélat et al. (2010) (Fig. 3.26). For the more
channelized and sediment bypass phase, the reservoir seismic volumes of regions
3 and 4 were calculated in Petrel and then divided by the number of muddy levee
beds from region 1 as an estimate of the number of flows to obtain flow magnitudes
for the latter sedimentation phase of the basin. For this phase, a total volume of
approximately 29 km3 was calculated in Petrel and around 480 beds were counted
from the muddy levee facies of region 1, giving a flow magnitude of 6 x 10-2 km3

for this sedimentation phase. Bodies 4, 5 and 6 would be from an intermediate
depositional phase, so they were considered to be in a range between the initial
less energetic sedimentation phase and the more energetic phase.

Inflow concentration can be estimated by considering the predominant facies,
especially grain size distribution and internal structures, in the systems and relating
the processes that might have generated those facies to the type of flow (cohe-
sive flows, hyperconcentrated, high-density or low-density turbiditic flows). In the
Campos Basin turbiditic system, a high percentage of sand is observed, varying
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Figure 4.39: Cartoons showing the evolution of the turbiditic system from Campos Basin and order of
depocentres filling.
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Figure 4.40: Matrix showing the evolution of deposits through time on the different positions of the
stepped slope depositional profile studied.
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Parameters Campos system
Estimated depositional width (km) 20
Estimated depositional length (km) 70

Average thickness (m) 80
Estimated area (km2) 1400

Volume (km3) 35 (inside reservoir limits), 112 (based on
the area and average thickness)

Average NTG 80%
Flow concentration High-density flows: 5 to 7% (maximum

concentration accepted in software used)
Grainsize distribution 15% silt, 80% very fine and fine sand, 4%

medium to coarse sand, <1% of very
coarse sand and pebbles

Inflow thickness 20 to <110 m-thick
Flow velocity Dependent on other parameters

(supercritical Newtonian flow that evolves
to close to equilibrium flows)

Number of flows Minimum 890 flows
Flow magnitude 7.6 to 60 x 10-3 km3

Table 4.3: Summary of the main input parameters from Campos Basin to be used as a reference for the
process-based numerical simulations.

from very fine to coarse sands with pebbles. Almost no mud is observed on depo-
sitional areas, only some silts on channel levees. Facies are dominantly massive to
laminated sandstones and a high degree of erosion and amalgamation is observed.
These characteristics classify flows mainly as high-density flows, with minor low
density turbidity currents (sensu Talling et al., 2012) related to overbank areas and
the tails of higher density turbidity currents.

Inflow thickness has been estimated by comparing channel incisions depths in
the area with the relative timing of levee deposits in relation to erosion and channel
fills in the most proximal zone of the system (region 1). Channel depth in region
1 had a maximum of 110 m-deep on its final phase, when almost all sediments
by-passed to distal positions and little to no sediment overspilled the channel con-
finement, and might had smaller depth during its initial phase of evolution, when
part of flows sediments overspilled region 1 channel to form the levee facies ob-
served. This can be affirmed because apparently channel didn´t move position
through time, always being an erosive site, which would only erode more through
time. Considering that, flows were certainly thinner than the 110 m-depth of the
final channel, because most of the sediments bypassed this region, but thicker than
the initial channels depth. The main uncertainty is on the depth of the initial channel
incision that is not preserved. This depth was estimated to be similar to the channel
erosion observed on top of region 1 SW compartment, which is approximately 20
m-deep. With this, flow thicknesses would be on a range of 20 to < 110 m-high.

Grain-size distributions in Campos Basin were obtained by the average distribu-
tion from all well grain size analysis available. This is not a precise number, since
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most of the wells are biased to be located on sandier portions of the basin, so it is
a value overestimated in sand content. The grain size distribution was estimated
as 15% silt, 80% very fine and fine sands, 4% medium to coarse sands, <1% of
very coarse sands and pebbles. For simulations it will be more realistic to increase
the percentage of fines, considering a considerable amount of these sediments are
deposited beyond of the reservoir limits, but are part of the turbiditic system.

The number of flows considered is based on the event beds counted on external
levee deposits of region 1 in the cores from well 1B and 1C, which was of at least
890 flows. Considering not all flows leave levee deposits on region 1, this number
should be higher.

Flow velocity is a highly uncertain parameter to be estimated from deposits,
but sedimentary facies internal structures should give an idea of settling veloci-
ties, which consequently tells something about the entire flow velocity. In Campos
Basin, the most common facies observed are massive sandstones, with eventual
fining upwards graded structures. These features are typical of rapid deposition,
reminding an abrupt change in velocity of flows, usually related to breaks in slope
gradient or decreased flow confinement. By this, flow velocities were expected
to be high originally and changing abruptly every time flows encountered a slope
gradient step.

Table 4.3 summarizes the flow parameters inferred from the geologic record.

4.7. Discussion on palaeobathymetries and controls
of sedimentation

The case study of a well constrained stepped slope turbiditic system (sensu
Prather, 2003) from subsurface Campos Basin, Brazil, is a good example of how
heterogeneous depositional architecture can be along a complex slope depositional
profile. This stepped slope configuration, defined by alternating higher gradient
ramps and lower gradient steps, usually related to salt diapirism and faults that may
also form lateral confinements for flows, affect the path of sediment density flows
and act as sediment traps. The possible controls on sedimentation patterns of this
type of slope configuration is certainly strongly related to the complexity of these
kind of seafloor topography, like slope gradient variations, lateral confinements and
timing of tectonism in relation to sedimentation. In this topic, the controls on de-
positional architecture are discussed, putting emphasis on the palaeobathymetry
controls.

The tectonic evolution of the Campos Basin is a typical passive-margin setting,
with bathymetries controlled mainly by basement fault reactivations and movement
of salt layers underneath the substrate, forming normal faults, salt pillows, domes,
diapirs and salt walls that affect the seafloor topography prior to turbiditic sand de-
position. One important aspect of bathymetric control is to know whether seafloor
topography changed configuration during deposition or if it remained relatively
fixed. According to Fetter et al. (2009), during the turbiditic sand deposition stud-
ied in this chapter, no important tectonism involving basement faults occurred and
petrographic data indicate seafloor topography did not change significantly during
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the Late Oligocene, when most of the sediments studied were deposited. The fact
that no MTDs are observed within the reservoir interval studied also indicate limited
seafloor adjustment occurred during sedimentation. Although tectonism was not so
important on changing slope configuration, it exerted a control on channel paths,
especially on region 3, which has small bypass channels oriented with NW/SE faults
that occur previous to deposition and also post-deposition.

In terms of gradient variations along the profile, 2D multi-section structural
restorations of regions 1 and 2 (da Costa, 2015, Petrobras internal document) show
gradients were approximately 3o on region 1 and 1o on region 2, and strike sec-
tions from structural restoration show lateral gradient was close to zero on region
2, with very subtle lateral confinement. However, these figures are uncertain given
parameters such as compaction and post-depositional modification. No palaeo-
reconstructions are available for regions 3 and 4 areas. Since no complete 3D
palaeobathymetry restoration is available for the area, an indication of slope gra-
dients can be obtained by comparing depositional architectures of Campos Basin
with other stepped-slope systems from literature (McGilvery et al., 2004; Barton,
2012; Almeida & Kowsmann, 2016; Prather et al., 2017). These published studies
show clearly that gradient changes down the slope are a crucial control parameter
on sedimentation. Barton et al. (2012) compares two modern systems from Niger
Delta, one with more abrupt gradient changes (steeper) and one with more subtle
gradient variations (Fig. 4.41) and conclude that steeper gradients produce more
laterally spread systems dominated by lobes on intraslope steps, while more subtle
stepped profiles produce more elongated systems, with a combination of lobes in
an initial phase that evolve to channels through time. In Campos Basin, deposits
evolved from lobes to channelized lobes and, finally to a bypass channel incision that
completely dissect the previous sands on the intraslope depocentre and extends to
all four regions studied. This type of evolution is similar to the shallow ramp model
described by Barton et al. (2012), which is compatible with the gradients obtained
for regions 1 and 2 structural restorations in Campos Basin. The gradient variation
from region 3 to 4, is not known and region 4, despite being on a slope position, is
considered the termination of the system studied in terms of sand deposition. Lobes
are more laterally spread and stack in a more distributive pattern, suggesting gra-
dient variation was steeper from region 3 to 4 than from region 1 to 2, according
to Barton et al. (2012) model. Region 3 was probably steeper than other regions
and considered a ramp on the stepped-slope profile, since most of the sediments
deposited there are related to sediment bypass facies, and seismic sections show
the presence of a salt dome underneath and some pre-depositional faults on this
region, which might have created a steeper ramp previous to sedimentation.

In terms of lateral confinement, the intraslope depocentre (region 2) is consid-
ered to have subtle lateral confinement, because there is onlap of seismic reflectors
in some parts of the reservoir limits with well-defined pinchouts of sand-rich char-
acter, sandstones have a certain degree of lateral compensation, but also aggrade
and amalgamate considerably on this region. Region 1 also seemed to have an
even more subtle topographic confinement on its initial phase, with the deposition
of the fan-shaped lobe of its base, but rapidly the system became auto-confined
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by a channel-levee system. In region 3, there is also a dominance of channels, but
in this case, these were probably controlled by fault lineaments instead of auto-
confinement. With the evolution of the system, when channels became more sinu-
ous, these faults are a less important influence on controlling channel pathways and
the gradient profile in equilibrium with sediment supply becomes more dominant.
Contrary to region 2, region 4 is considered to be laterally unconfined, because
lobe geometries show a more distributive pattern with dominance of lateral com-
pensation and less erosion evidences from seismic. Unfortunately, no well data
is available in this region to corroborate this interpretation with sedimentary fa-
cies evidences. Comparing regions 2 and 4 lobe dominated zones with conceptual
diagrams proposed by Jobe et al. (2017) (Fig. 4.42) for intraslope fans with by-
pass and base-of-slope fans, region 2 has the same characteristics described for
intraslope fans, only with more lateral compensation than expected on this model,
which was proposed for mini-basins instead of steps on slope. Region 4 is very
similar in terms of geometries and sediment dispersal pattern to the base-of-slope
fans, except for the fact that in region 4 there is some longitudinal confinement
by a big NE/SW trough structure on the basin. The relationship between lateral
confinement, flow sizes and stacking patterns of lobes should be investigated by
comparing the different case studies presented on this thesis, with the caution to
define exactly which hierarchical scale of the deposits is being analyzed.

Figure 4.41: Comparison of depositional characteristics of deposits from a steep ramp and a shallow
ramp of an intraslope depression of a stepped slope profile (modified from Barton et al., 2012).
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Figure 4.42: Conceptual models of the main depositional and geomorphic characteristics of intraslope
fan with bypass and base-of-slope fan proposed on Jobe et al. (2017).

One important point observed related to the bypass channel that cuts the entire
system is that it forms a different morphology depending on the region of the
stepped-slope profile. In region 1, the bypass channel cuts through the previous
lobe deposits at its axial position, while in region 2, the bypass channel deviated
from the lobes depocentre, instead of cutting through them to prograde. These
different patterns might be controlled by the slope depressions on each region
being healed or not by sediments. When a local depression is completely filled
with sediments as in region 1, the flows are governed by the regional gradient
profile and bypass cutting previous deposits. If a local depression is not completely
filled with sediments, local gradients generated by previous deposits become more
important and flows that come on top, tend to deviate from the thickest portions
of the depocentre.

Despite turbiditic reservoirs varying considerably in thickness and architecture
from one depocentre to another, sands are traceable along all the system on the
3rd order stratigraphic scale in Campos Basin, showing bypass is not complete on
higher gradient regions. Therefore, this system can be classified as a sand-attached
system (van der Merwe et al., 2014). Internally, on the 4th order stratigraphic scale,
depocentres were filled in different times, showing a general progradation of de-
posits followed by a retrogradation of the system, as described on the depositional
model. One important point to be compared with other datasets studied in this
thesis will be to analyse sand volumes, slope gradients and styles of sediment dis-
tributions (sand-attached or sand-detached) of each case to conclude which system
parameter, gradient or sediment supply, is more preponderant on the sediment dis-
tribution of stepped slope profiles.

The initial discussions presented above based on many observations of Campos
Basin system will be deepen in Chapter 6, where all the datasets studied on this
thesis will be compared. Discussions about which geological controls were more
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important on depositional architecture of stepped-slope profiles, if allogenic con-
trols, such as tectonism, climate or eustasy; or autogenic controls, such as channel
avulsions and sediment filling and spilling of consecutive slope depocentres, will be
presented, to distinguish the universal geological controls on stepped-slope profile
deposition from the case-by-case related controls.
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5.1. Introduction

Documenting the interactions between flow processes, seafloor topography and
deposits on a natural deep-water system scale is not possible. Therefore, one of
the best ways to understand these interactions is by reproducing numerically the
physical processes involved on the transport, erosion, bypass and deposition of
sediment. The demand for improved understand comes from the E&P industry.
The advances in computational fluid dynamics and increasing computing power
mean that several process-based stratigraphic models have been developed during
the last decades (Imran et al., 1998; Paola, 2000; Salles, 2006; Cantero et al.,
2009; Groenenberg et al., 2009; Sequeiros et al., 2009; Teles et al., 2016). Some
applications have also been documented in literature (Salles et al., 2008, 2010;
Athmer et al., 2010; Groenenberg et al., 2010; Albertão et al., 2015; Wang et al.,
2017). However, these process-based numerical models must contain mathematical
simplifications to deal with computational constraints, affecting the level of detail in
which the flows and deposits are represented. Nevertheless, they are an important
tool in informing the relationship between processes and products of deposition.

In this chapter, in order to complement the understanding of transport and
sedimentation across stepped-slope profile, a series of numerical flow simulations
traversing these types of seafloor topographies on a natural system scale (10s km-
long x 10s km-wide) is performed. The objective of this study is to analyse how
flow parameters during interactions with bathymetry respond to changes in slope
gradient and confinement, and how this is recorded in the depositional architecture
of turbiditic systems.

The initial plan was to use the numerical simulations for analysing the strati-
graphic evolution of deposits from hundreds of successive flows on a stepped-slope
bathymetry, with gradients and configurations similar to that interpreted from the
Karoo and Campos basins discussed in the previous chapters. Unfortunately, the
software available for the simulations did not support running such a high number
of consecutive flows on a large areal scale without incurring unacceptable volume
balance errors. Because of this, an alternative strategy was adopted that reduced
the number of successive flow-events to a maximum of 20. Since this number of
flows is not enough to examine the large-scale stratigraphic evolution of the de-
posits, the focus was aimed at understanding how seafloor topography impacts the
flow behaviour, and how flow-deposit interactions impact the evolving depositional
architecture of deep-water turbiditic systems. The flows were simulated under dif-
ferent bathymetry scenarios by varying the gradients along the profile, as well as
the lateral confinement at different positions along the depositional profile.

As a result, a unique dataset with maps illustrating the flow parameter evolu-
tions, the depositional architecture and their interaction with slope bathymetry from
different stepped-slope profile configurations was obtained and interpreted in this
chapter. The results are later compared with natural systems in Chapter VI.
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5.2. Methodology
The methodology of this part of the study consists of three important steps be-

fore analysing the results from the low-density turbidity currents simulations using
the “FanBuilder” software. The first step consists of building synthetic surfaces
with a stepped-slope configuration, by varying the slope gradients and the lateral
confinement along the profiles. This produced five different seafloor bathymetries,
to be used as input topographies for the numerical simulations. The next step is
to run simple simulations on one of the bathymetries and using flow parameters
constrained from the Karoo and Campos Basin case studies to adjust the flow and
tuning parameters of the model. This step is important to make the simulations
stable and to understand the sensitivity of each of these parameters. To under-
stand the impact of bathymetry on the depositional architecture of turbidity current
deposits, the cases of interest were performed using multiple flow-events with fixed
flow and tuning parameters for all simulations. The results are shown in the form
of maps and cross sections using the “Surfer 8” and “Petrel” software. This includes
the main flow parameters (flow concentration, flow thickness, Froude number and
flow velocity vectors and magnitude) and the deposits from each flow event (deposit
thickness, erosion and grain size distribution).

A brief description of the FanBuilder software is presented below, since de-
tailed explanations were already published (Groenenberg, 2007; Groenenberg et
al., 2009). This is followed by the description of the topographic surfaces and flow
parameters set-up procedures. The maps and cross-sections resulting from the
flow simulations are presented in section 4.3.

5.2.1. FanBuilder
FanBuilder is a process-based numerical model to simulate turbidity currents and

their deposits over any topographic surface and with a specified number of flow
events (Groenenberg, 2007; Groenenberg et al., 2009). It permits the observation
of flow evolution and flow interactions with topography, the resulting stacking pat-
terns of the deposits, and how the topography created by the deposit of one flow
event affects the deposition of subsequent flows.

The software is based on the mathematical model of Parker et al. (1986) for tur-
bid underflows, which solves the equations of conservation of fluid mass, sediment
mass and flow momentum (Navier-Stokes equation) during one flow event. This
set of equations describes variations in the primary flow variables in the streamwise
and transverse directions, while the vertical component is depth-averaged, mean-
ing parameters such as flow velocity and sediment concentration do not vary in the
vertical profile. FanBuilder is therefore classified as a 2D-H flow model, but with
a three-dimensional stratigraphic representation of the deposits (stratigraphic 3D
model). A convection-diffusion equation is combined into the model to include sed-
iment transport, comprising sediment exchange through erosion and deposition of
multiple grain size classes. Other important phenomena acting on the boundaries
of turbidity currents, such as sediment entrainment, bed friction and water entrain-
ment, are also incorporated into the model. As limitations, the model supports flow
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concentrations only up to 7%, which is more suitable for simulating turbidity cur-
rents exiting a confinement to spread out into a larger depositional setting (lobe
deposition), and the vertical stratification of flow velocity and concentration typical
of turbidity currents is depth-averaged, being treated as non-stratified flows.

The input parameters for the simulations include the flow magnitude (the bulk
sediment volume released by a flow), the initial flow height (also denominated flow
thickness), the initial flow concentration (in volume %), the initial flow velocity, the
grain size distribution of the flow (grain sizes classes and their proportions in the
flow), and the number of flow events. In addition, a rectangular regular grid surface
is required to represent the seafloor topography. There is an option to construct
bathymetries internally within the software, if the surface intended to be simulated
is a simple slope-to-basin profile with or without a channel on the slope region. A
series of other tuning parameters, such as the drag coefficient and bed shear stress,
which impact in substrate erodibility, are also adjustable and may have important
impacts on the simulation results. All these parameters can easily be changed and
visualised in a Windows-based computer application, where the evolution of the
flows and the resulting stratigraphy in 3D are instantaneously visualised during the
simulations.

FanBuilder software was validated (Groenenberg, 2007) using two sets of lab-
oratory experiments, where all parameters involved were known and the exper-
imental results could be directly compared with the numerical simulations. The
first experiments tested were from turbidity currents over a constant and smooth
ramp by Luthi (1980, 1981), depositing fan-shaped lobes. The other set of exper-
iments were of turbidity currents encountering various shapes of obstacles along
their path by Kneller & McCaffrey (1995). By comparing qualitatively and partially
quantitatively the deposits from the numerical results and the corresponding phys-
ical experiments in terms of geometries, thickness and grain size distributions, the
deviations between them were found to be small and FanBuilder was considered
reliable to be used for low-density turbidity currents flowing over different types of
topographies (Wang, 2015).

Three different studies using FanBuilder as a numerical modelling tool were
published (Athmer et al., 2010; Groenenberg et al., 2010; Wang et al., 2017) that
simulated large-scale turbidity currents and sediment stacking patterns over simple
to more complex seafloor topographies on a natural system scale. These results
encouraged the use of FanBuilder to simulate turbidity currents over stepped-slope
bathymetries in this study.

5.2.2. Input topography: seafloor bathymetry
The input seafloor bathymetries were obtained using a simple algorithm in MatLab

software where it is possible to define the initial gradient of the slope, the grid cell
size, and the lateral and longitudinal distances of the grid. The first and second
ramps of the stepped slope were built separately using this algorithm. Afterwards,
both grids were visualized and merged using the pointsets operations toolbox in
Petrel. The stepped slope was then edited manually to include a channel at the
entrance, and some lateral confinement at the intraslope depocentre and the second
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Table 5.1: Summary of the topographic elements characteristics of each bathymetry used on numerical
simulations.

ramp (Fig. 5.1). From the first topography built (also referred to as the base-
case bathymetry), two other topographies were constructed by varying the slope
gradients and by normalizing the pointsets to the angle desired. This maintained
the channel and depocentres shapes, but with minor changes to the channel and
other confinement depths. Additionally, two other topographies were generated
from the base-case topography, by maintaining the slope gradient but modifying
the channel size at the entrance, or removing/modifying the lateral confinements
on the slope step and second ramp. Finally, the pointset of each topography was
exported as a xyz file to be used in Fanbuilder.

The resultant topography grids are all 15 km wide by 50 km long. This is slightly
shorter than the depositional systems from the Campos and Karoo basins. The grid
cell sizes are 200 x 200m. Due to this configuration, a satisfactory resolution of the
deposit and an acceptable simulation time (approximately 30 minutes per flow) was
obtained. The first ramp is 14 km long and the intraslope depocentre is 14 km long,
with a lateral confinement of a maximum 10 km wide, when present. The second
ramp is 10 km long and the basin-floor is 12 km long. The feeding channel/canyon
is moderately sinuous, has a U-shape in cross-section, is narrower in the most prox-
imal part and expands at the intraslope depocentre entrance. The channel/canyon
depth is constant and the margins are symmetrical in all bathymetries used. Ta-
ble 5.1 summarizes the scales and properties of the topographic elements for each
bathymetric surface used in the simulations.

Five bathymetries were used in total in the study. The three first bathymetry
scenarios (Fig. 5.2) described in Tab. 5.1 show the same depositional elements
and lateral confinements, but with different slope gradients. The base-case is 1.2
degrees and the other two scenarios have 0.6 and 2.0 degrees of slope gradient,
at the 1st and 2nd ramps. The simulation results of the three scenarios were com-
pared in order to evaluate the impact of slope gradient on sediment dispersion and
depositional architecture.
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Figure 5.1: Contour map of the 1.2 degrees stepped slope topography, the base-case used for building
other bathymetries scenarios, showing the nomenclature used for each topographic element and region
of the bathymetries.
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A second set of bathymetry scenarios (Fig. 5.3) comprised bathymetries 1, 4 and
5 (Tab. 5.1). In this case, the objective was to understand the impact of lateral
confinement on sediment dispersion and depositional architecture. In the base-
case scenario (Bathymetry 1), there is a canyon-sized conduit at the first ramp,
followed by a confined intraslope depocentre and a wide and shallow channelized
confinement at the second ramp. This is the more confined case of the three
scenarios studied, denominated ”confined system” in the figures and the text. The
”unconfined system” scenario consists of a single to composite channel size conduit
on the first ramp, followed by an unconfined intraslope basin and second ramp. The
”moderately confined system” scenario has the same characteristics as the base-
case scenario on the first and second ramp, but is unconfined at the intraslope
depocentre, presenting an asymmetry at the channel mouth and a localised high
structure at the intraslope depocentre on one of the sides, near the second ramp.

5.2.3. Flow parameters

The flow parameters were defined based on the Karoo and Campos Basin case
studies of chapters 3 and 4. A sensitivity analysis was performed for the more
uncertain inflow parameters (inflow volume, concentration, flow depth and width,
velocity and drag coefficient) by testing two different values within the ranges de-
fined from the case studies for each parameter and by leaving other parameters
fixed. The values that produced deposits with the greatest similarity to the sedi-
ment distributions from the case studies was chosen to be used in all simulations.
The combination of flow parameters resulting from this analysis was adjusted to
attain a near-equilibrium inflow characteristic as described in Wang et al. (2017).
The final parameters set-up is shown in Tab. 5.2.

Table 5.2: Inflow parameters used on numerical simulations.
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Figure 5.2: Contour maps (on top) and dip angle maps (on bottom) of the three bathymetries used
to evaluate the impact of slope gradient changes. All three bathymetries have a canyon-size feeding
conduit, a confined intraslope depocentre and a subtle confinement on the second ramp.
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Figure 5.3: Contour maps (on top) and dip angle maps (on bottom) of the three bathymetries used
to evaluate the impact of lateral confinement on transport and sedimentation of turbidity currents. All
bathymetries have a 1.2 degrees slope gradient, but different confinement configurations at the first
ramp, intraslope depocentre and second ramp. The confined system is represented by Bathymetry 1,
the unconfined system by Bathymetry 4, and the moderately confined system, by Bathymetry 5.
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5.3. Simulation Results
The five different scenarios simulated in this study are visualized here for their

flow concentration, thickness and velocity vectors maps, as well as Froude number
maps to observe the flow evolution through time. Bed thickness, total deposit
thickness, mean grain size distribution maps and longitudinal and cross sections of
the stacked simulated beds are used to analyse the depositional architecture of the
deposits. Maps of the same parameters are presented in the same colour scale for
all figures to facilitate the comparisons between them.

The main aspects observed on the maps are: (i) the maximum longitudinal and
lateral extensions of deposits; (ii) the bed-scale stacking patterns; (iii) the deposit
thickness distributions along the depositional profile; (iv) the amount of erosion and
the location of these erosive features; (v) the grain size distribution in relation to
changes in slope gradients; (vi) flow directions and main axes; and (vii) changes in
flow behaviour from supercritical to subcritical (and vice-versa) in relation to slope
gradient and confinement changes.

5.3.1. Variations on slope gradient
Twenty consecutive flow events with the same flow and tuning parameter set-ups

were simulated on each bathymetry scenario in order to evaluate the impact of slope
gradient on the flows and the resulting depositional architecture. The results from
each slope gradient scenario are presented below separately and later compared in
the discussion section.

Flow evolution

The 20 flow events behaved very similarly to each other while passing through the
different parts of the seafloor bathymetry. All flows reached the basin-floor, but the
flow parameter values and the maximum distances and times for each flow reach-
ing the basin differed slightly from one flow event to another. To illustrate these
subtle changes, two representative flows of each scenario are described, one from
the initial flow events (flow 3), when little influence of the relief of previous deposits
is expected, and one from the middle of the flow events (flow 11), where previous
deposits might have affected the flow behavior. The flow evolution is shown in
four different time steps: at 8000s, 14000s, 20000s and 26000s. Flows normally
had longer durations than 26000s but later time steps are not shown because the
flows at these stages became very dilute and almost no transport of sediments was
observed, only suspension.

1.2 degrees (Bathymetry 1)

The flows that entered Bathymetry 1 were in equilibrium with the slope gradient
and slightly supercritical at the inflow point. In flow 3 (Fig. 5.4), right after enter-
ing the system through the channel, the flow became oscillating between subcritical
(Froude number <1) and supercritical (Froude number >1) (Fig. 5.4, 8000s). Ve-
locity was maintained around 5 m/s until reaching the intraslope depocentre and
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gradually reducing its thickness, while its concentration increased when reaching
the intraslope depocentre at the channel mouth. At this point, the flow spread
laterally, but still maintained a higher velocity at the center (Fig. 5.4, 8000s and
14000s). Towards the longitudinal margin of the intraslope depocentre, the velocity
decreased and the flow thickness increased again, but never reached higher values
than the initial inflow thickness of 30m. Some lateral flow reflection was observed at
the margins of the intraslope confinement (Fig. 5.4, 14000s) becoming stronger as
the flow reached the longitudinal margin of the slope, from where it rebounded (Fig.
5.4, 14000s velocity vectors map) leading to higher sedimentation there. On the
second ramp, the flow accelerated, becoming supercritical and more concentrated
in the direction of the basin-floor, where the slope gradient again decreased. The
flow stayed inside the second ramp confinement until arriving at the basin-floor and
loosing velocity again, but with the axial velocity remaining high. At the basin-floor,
the head of the flow increased due to the body feeding it (Fig. 5.4, 20000s). The ve-
locity vectors on the basin-floor at 20000s indicate convergences from the margins
towards the axis, an observation that is somewhat counter-intuitive, but the flow
thickness and concentration maps indicate some lateral expansion of the flow. At
26000s, the flow became more dilute and more dispersive (different velocity vectors
directions) at the intraslope depocentre. The Froude number in this region is zero,
indicating that there was no turbidity current but only ponding sediment. On the
second ramp at this moment, there was still flow acceleration and some increase
in the flow concentration at the basin entrance, indicating there might have been
sediment erosion at the second ramp that incorporated sediment into the current
and brought it to the basin-floor.

The evolution of flow 11 (Fig. 5.5) is similar to flow 3 in most aspects. One
of the main differences observed is that all flow parameters represented on maps
indicate a bifurcation of the higher energy part of flows into two axes when the
flow entered the intraslope depocentre (Fig. 5.5, 8000s and 14000s). Another
difference is that the oscillation of the Froude number from subcritical to supercrit-
ical, observed inside the channel in flow 3 (Fig. 5.4, 8000s), occurred in flow 11
later in time and inside the intraslope depocentre (Fig. 5.5, 14000s). The same
Froude number oscillation pattern is observed on the basin-floor in flow 11 (Fig.
5.5, 20000s) and not observed on flow 3 at this position. Coincidently, the flow
dispersion at the basin-floor is more laterally spread out in flow 11 than in flow 3.
The lateral bifurcation of the flow axis on the intraslope depocentre and the lateral
spread of flows on the basin-floor of flow 11 were probably related to the influence
of deposits from previous flows that were more concentrated at the axis, forcing
the younger flows to diverge from these depositional highs.

0.6 degrees (Bathymetry 2)

The flows that entered Bathymetry 2 were in equilibrium with the slope gradient
and slightly subcritical at the inflow point. The flow parameters maps from flows
3 and 11 (Figs. 5.6 and 5.7) show the same flow evolution as described for the
previously discussed flows (Bathymetry 1) with some minor differences outlined
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Figure 5.4: Flow evolution of event 3 (at 8000s, 14000s, 20000s and 26000s) of the Bathymetry 1
scenario is displayed as maps of flow thickness, velocity vectors (arrows point the flow direction and their
colours indicate the velocity magnitude), concentration and densiometric Froude number distribution.
All maps are superposed onto the contour map of the original bathymetry.
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Figure 5.5: Flow evolution of event 11 (at 8000s, 14000s, 20000s and 26000s) of the Bathymetry 1
scenario is displayed as maps of flow thickness, velocity vectors, concentration and densiometric Froude
number distribution. All maps are superposed onto the contour map of the original bathymetry.
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below.
Flow 3 reached the basin-floor faster (Fig. 5.6, 14000s) than the corresponding

flow of Bathymetry 1 (Fig. 5.4), and the flow concentration became dilute earlier
(Fig. 5.6, 26000s). On the second ramp, the flow slightly overspilled the lateral con-
finement, exhibiting higher flow velocities inside the confinement and lower veloci-
ties at its borders, but with similar flow directions as in the previous case (Fig. 5.6,
14000s, 20000s and 26000s). The densiometric Froude number values were lower
on the Bathymetry 2 case but followed the same trends of subcritical/supercritical
behaviour as in the Bathymetry 1 case.

During flow 11 (Fig. 5.7), the opposite of flow 3 occurred regarding the time
the flow took to reach the basin-floor. On Bathymetry 2, the flow was slower than
in the Bathymetry 1 scenario and this might be caused by the flow branching on
the intraslope depocentre and reducing its flow velocity because previous deposits
acted as flow barriers. This branching effect was stronger in the smaller slope gra-
dient scenario (Bathymetry 2), probably because its intraslope confinement depth
is smaller than in the Bathymetry 1 scenario, filling up and creating positive relief
earlier on. On the basin-floor, flow 11 flowed less distance than in the previous
scenario.

2.0 degrees (Bathymetry 3)

The flows that entered Bathymetry 3 were in equilibrium with the slope gradient
and slightly subcritical at the inflow point. Flow parameters maps from flows 3 and
11 (Figs. 5.8 and 5.9) show similar flow evolutions as in the corresponding flows
of the previous cases. The main difference is that the flow thickness took longer to
decrease and to thicken at the second ramp, but reaching flow heights exceeding
the input flow thickness in some flow events (Fig. 5.8, 8000s and 20000s; Fig. 5.9,
8000s and 14000s). In addition, the densiometric Froude number reached higher
values at the second ramp than in the previous cases. In flow 11 (Fig. 5.9, 20000s
and 26000s), the flows spread laterally less than in Bathymetry 1 (1.2 degrees) and
more than in Bathymetry 2 (0.6 degrees).

Depositional architecture

The deposits of the turbidity current simulations are described in terms of indi-
vidual bed thicknesses, the grain-size distributions, the erosional depths, the total
depositional thicknesses and the topographic changes with deposition/time. Char-
acteristics such as the maximum distance of each bed, the lateral expansion of
the deposits on the basin-floor, the depositional stacking patterns and the geome-
tries are illustrated with maps, graphs and cross-sections of the deposits, whereby
comparison is made between the three slope gradient scenarios.

However, in order to reduce the number of maps, a graphic with the longitudi-
nal extent of each bed, the lateral extent of each bed at the basin-floor entrance
and the total volume per bed helps visualise the stratigraphic evolution of deposits.
Some representative beds are used to illustrate the observations made from the
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Figure 5.6: Flow evolution of event 3 (at 8000s, 14000s, 20000s and 26000s) of the Bathymetry 2
scenario is displayed as maps of flow thickness, velocity vectors, concentration and densiometric Froude
number distribution. All maps are superposed onto the contour map of the original bathymetry.
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Figure 5.7: Flow evolution of event 11 (at 8000s, 14000s, 20000s and 26000s) of the Bathymetry 2
scenario is displayed as maps of flow thickness, velocity vectors, concentration and densiometric Froude
number distribution. All maps are superposed onto the contour map of the original bathymetry.
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Figure 5.8: Flow evolution of event 3 (at 8000s, 14000s, 20000s and 26000s) of the Bathymetry 3
scenario is displayed as maps of flow thickness, velocity vectors, concentration and densiometric Froude
number distribution. All maps are superposed onto the contour map of the original bathymetry.
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Figure 5.9: Flow evolution of event 11 (at 8000s, 14000s, 20000s and 26000s) of the Bathymetry 3
scenario is displayed as maps of flow thickness, velocity vectors, concentration and densiometric Froude
number distribution. All maps are superposed onto the contour map of the original bathymetry.
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simulation results.

1.2 degrees (Bathymetry 1)

Twenty flow event beds from Bathymetry 1 scenario simulations were plotted on
Fig. 5.10 to show how deposits advance longitudinally and laterally into the basin.
This graph shows the deposits prograded into the basin-floor initially (event 1 to 2)
and then maintained a maximum extent reached from event 3 to 10, showing an
aggradational stacking pattern of these event beds, to then backstep from event
11 until the end of the events simulated. The lateral extent of the beds on the
basin-floor increases from flow 1 to 10, and then begins to cyclically decrease and
increase in every three events (event 11 to 13, 14 to 16 and 17 to 19). The total
volume of each bed plotted on the graph shows a positive correlation between the
deposited volume and the lateral and longitudinal extension of the beds.

All the beds from the Bathymetry 1 simulation scenario have the thickest de-
posits concentrated at the channel mouth and at the second ramp exit to the basin-
floor, which are approximately 5 m, before being eroded by posterior flow events
(Fig. 5.11). The thick deposits observed at the channel entrance to the system
are not analyzed here, because as previously discussed on Athmer et al. (2010),
this feature might not be from a geological response, but related to an artefact of
numerical simulation, as the flow expand at the entrance from a point-source to a
three-dimensional flow, losing its capacity and depositing part of the sediments from
the flow. The coarser mean grain size of the deposits and the maximum erosion
depths coincide in position with the higher bed thicknesses, meaning most of the
sediments deposited were removed by erosion from a successive flow, generating
a zone of bed amalgamation and concentration of coarser grain-size sediments on
these sites. Analyzing the evolution of the deposit beds on Fig. 5.11, the following
observations are highlighted from each depositional setting.

At the channel position (Fig. 5.11), all sediments were deposited within the
channel, with no overspill deposits observed. The same depositional pattern oc-
curred from events 1 to 20, but also the erosion rates maintained similar on each
flow, causing the channel fill not to aggrade so much (Figs. 5.12 and 5.13). Grain-
size distributions do not change in pattern significantly from one event to another.
Grain sizes are mixed in the channel, with intercalation of predominance of fine
sand, very fine sand and silt along its path.

In the intraslope depocentre, the deposit thickness maps show a strongly dip
oriented axis where deposits are thicker, the erosion is concentrated and a predom-
inance of coarser sediments is observed (Fig. 5.11, beds 2, 3 and 6). Deposits are
not ponded in the intraslope depression, but concentrated at the flow path axis.
This linearity of the deposits is reduced from event bed 1 to 20. The beds become
more laterally consistent in thickness, and the thickest axis of deposits seem to be
more bifurcated on the final depositional events (Fig. 5.11, beds 14 and 19). In the
central part of the intraslope depocentre, depositional ridges transverse to the flow
direction formed with a difference of approximately 1 m in height between crests
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Figure 5.10: Graph showing the maximum longitudinal extent of deposits (blue columns) on each flow
event of the Bathymetry 1 scenario and the lateral width of deposits on the basin-floor entrance (orange
columns) (see position of measurements on bed 3 deposit thickness map). The black line shows the
volume deposited by each bed. The variation of volume could be related to sediments escaping from
the grid, to sediments incorporated by erosion or even to numerical simulation errors. The maps on
the bottom of this figure are deposit thickness maps to illustrate how depositional architecture varied
through time.
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and depressions. These features are also evidenced on the erosion and the mean
grain size distribution maps.

On the second ramp, the deposits dramatically reduce in thickness, to no more
than 1 m, and thicken as the ramp smooths towards the basin-floor. The deposits
stay restricted to the ramp confinement on the steeper initial portion, but near the
basin-floor, where gradient reduces, part of the sediments is deposited outside the
confinement. Little erosion occurred on the steeper portion of the second ramp,
where there is a predominance of silt deposits. Towards the basin-floor, the erosion
was higher and an increase in the mean grain size is observed. The almost complete
absence of erosion on the steep part of the second ramp indicates an efficient
bypass of sediments in this region.

In the basin-floor setting, fan-shaped deposits were formed. These are more
elongated on the first event beds (bed 1 to 3), and become more laterally spread
on the following event beds, forming more radially spread deposits, but still longer
bed lengths in the longitudinal direction. The final event beds show lobes with a
highly laterally spread shape (Fig. 5.11, bed 19). The erosion was stronger at the
basin-floor during the middle event beds (Fig. 5.11, beds 6, 11 and 14), where it
presented a downdip direction and irregular intensities along the flow path, forming
transverse ridges similar to the ones observed at the intraslope depocentre setting.
Grain size distributions also suggest a change in deposition from downdip axial
deposits concentrated in coarser grain size fraction (fine sands) to a more radially
spread erosion front, forming ridges with variations in thickness and grain size. The
lobe fringe terminations forms a slightly fingered shape on the more laterally spread
lobe deposits (Fig. 5.11, beds 14 and 19).

The comparison between the final deposit thickness after 20 flow events (Fig.
5.12) and the individual bed thicknesses and erosion maps (Fig. 5.11) of the
Bathymetry 1 scenario show how the erosion and deposition interacted on each
depositional setting to produce the final thickness and the stacking patterns ob-
served (Figs. 5.12, 5.13 and 5.14).

There was strong erosion and deposition at the channel mouth, where individual
flow events generated deposits of approximately 5 m thickness and incision of up
to 4 m in depth, resulting in relatively thin final deposit thicknesses in this region
(approx. 15 m), and probably amalgamated. Immediately after the channel mouth,
in the intraslope depocentre, individual beds were around 2 to 3 m thick, but the
erosion reduced considerably to <1 m in depth, generating a thick final deposit in
front of the channel mouth region (> 20 m thick), which probably caused the later
sediment flows to deviate laterally and/or bifurcate. The distal region of the intras-
lope depocentre shows minor depositional thickness of beds individually (approx.
1.5 m), but also less erosion than at the channel mouth, resulting in a thick final
deposit in this region (approx. 22 m). The second ramp had limited erosion or
deposition on the steeper part, and more erosion and deposition on the smoother
part of the slope. This resulted in a more uniform total deposit thickness distribu-
tion along the second ramp, with an average thickness of approximately 1 m, and
probably less bed amalgamation in relation to the channel mouth region. On the
basin-floor, the total deposit thickness map (Fig. 5.12) presents a fan shape geom-
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etry, similar to the event beds 6 and 11 geometries (Fig. 5.11), and do not show
the fingered termination pattern observed in some of the individual beds (Fig. 5.11,
beds 14 and 19). This suggests that fingered terminations are relative to individual
events and stacking of several events may compensate this geometry, resulting in
a regular composite lobe-shape unit. The depositional thickness decreases abruptly
from the basin-floor entrance to the distal areas in the individual beds, and the ero-
sion is relatively low across the entire region. This is reflected on the total deposit
thickness map (Fig. 5.12), where the aggradation of deposits occur at the basin
entrance and reduces radially and gradually with distance, from > 25m-thick to zero
in 10 km.

The longitudinal and cross sections, showing how the topography evolved from
one bed deposit to another, give an important insight of how the turbidity currents
and their deposits interacted with topography (Fig. 5.14). The general observa-
tion from Fig. 5.13 is that positive depositional relief was formed in the zones
with abrupt decrease in lateral flow confinement (channel mouth and basin-floor
entrance) during the initial flows, influencing the loci of deposition for subsequent
flow events. At the channel mouth (Fig. 5.14, section 7), after an initial phase of
bed aggradation forming a positive relief, flows deviate around the positive relief
(Fig. 5.5), eroding the deposit margins and transporting sediment farther bas-
inward. At the basin-floor entrance (Fig. 5.14, section 3), the flow axis caused
erosion at the center from the initial flows, and sediments were deposited later-
ally and symmetrically on both sides, similar to levees. These deposits stacked
up vertically, increasing the relative depth of the axis and narrowing it, every new
event bed was deposited. This happened up to flow 6, with the relief healed by
the following event deposits by spreading laterally to both sides until these lateral
positions reached the same height of the axial deposit (from bed 7 to 10). Then, a
new phase of “levee” aggradation occurred on top of the marginal deposit, forming
a wider depression/confinement at the center and at the same time as filling the
sides of the fan, making it grow wider. The last stage was the sediments filling of
the central part, in an aggradational stacking pattern, forming a mounded shape
lobe in cross-section, with some stepped deposits on its sides.

In the intraslope depocentre (Fig. 5.14, sections 5 and 6), surfaces were flatter,
filling in an aggradational stacking pattern on the slope confinement. This happened
up to the middle events (approx. event 10), when the bathymetric surfaces started
to form a channelized shape with the axis at the center of the slope confinement and
elevated deposits along the margins. The flow velocity vectors maps (Figs. 5.4 and
5.5, 14000s) corroborate the interpretation of channelisation showing the highest
velocity at the center with a downdip direction, and the lower magnitudes velocity
vectors on the margins pointing towards the sides, representing flow overspilling.

At channel axis of the first ramp and at the second ramp, little deposition occurs,
maintaining the depositional relief of these regions similar to the original topogra-
phy.

Longitudinally, the bathymetric evolution with deposition shows a backstepping
of depositional ridges on the basin-floor and on the intraslope depocentre (Fig.
5.14, section 1). This pattern has higher angles on the basin-floor than on the
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Figure 5.11: Maps showing deposit thickness, erosion depth and mean grain size distribution of the
individual beds formed in events 2, 3, 6, 11, 14 and 19 from Bathymetry 1 scenario simulations. Each
map is superposed on the pre-existing bathymetric map.
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Figure 5.12: Total deposit thickness map of 20 consecutive flow events over the Bathymetry 1 scenario.
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intraslope depocentre. The depositional pinchout also steps landward on the basin-
floor from event 16 up to the last event, but this is not observed on the intraslope
depocentre, where the event beds occupy the entire confinement from the first to
the last event simulated.

0.6 degrees (Bathymetry 2)

The deposits from Bathymetry 2 simulation scenario prograde from the first flow
events (from event 1 to 2, Fig. 5.15) and then gradually backstep, with the two
final beds (beds 19 and 20) not even reaching the basin-floor. The lateral spread
of sediments on the basin-floor grows from event 1 to 3, then stays relatively sta-
ble between events 4 and 12, after which the lateral spreading starts decreasing
abruptly, coinciding with the little to no transport of sediments basinward. The
total volume of each bed plotted on the graph shows a direct relation between the
deposited volume and the lateral and longitudinal extension of beds. The deposited
volume also shows a discrepancy with the volume released into the system, which
was much higher. Possible explanations for this include sediments that were de-
posited right at the entrance, sediments leaving the system, rounding errors within
the discrete model grid, and perhaps other unknown factors.

All the beds from the Bathymetry 2 simulation scenario show a relatively uniform
distribution of the bed thicknesses with a slightly higher thickness at the channel
mouth (approx. 3.8 m) and near the basin-floor entrance (approx. 3 m) (Fig. 5.16).
The coarser sediments (fine sand) are concentrated at the flow expansion points,
at the channel mouth and at the basin entrance. The erosion is concentrated at the
channel and at the end of the second ramp, coinciding in position with the higher
bed thicknesses. The main aspects in terms of depositional stacking, sediments
and grain size distribution of beds (Fig. 5.16) are discussed below.

Similarly to the Bathymetry 1 simulation scenario, in the channelized first ramp
region, the sediments were deposited within the channel confinement, but with a
higher rate of sediments accumulation in the Bathymetry 2 scenario, marked by
more than 6 m thick in some regions of the channel (Fig. 5.17).

The subsequent beds stacked aggradationally with a maximum deposit thick-
ness of < 4 m, but with erosion depths of the same order of magnitude for each
event, causing a slow aggradation of the deposits and a topography healing of ap-
proximately 15 cm in height for each event (Fig. 5.18). Grain sizes are mixed along
the channel path and distribution patterns are similar in all events.

In the intraslope depocentre, beds are up to 2 m thick each and the erosion
depths vary from zero to less than 2 m (Fig. 5.16), causing the aggradation of beds
(Figs. 5.18 and 5.1 sections 6 and 7). The erosion was more concentrated at the
channel mouth and gradually reduced to zero towards the step edge (Fig. 5.16.
The erosion seem to have advanced towards the basin and decreased in intensity
from one flow event to another (Fig. 5.16). After 20 events, the deposit thickness
reached a maximum of > 20 m at the channel mouth and around 12 m at the distal
portion of the intraslope depocentre (Fig. 5.17). In the central part of the intraslope
depocentre, depositional ridges are observed transverse to the main flow direction.
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Figure 5.15: Graph showing the maximum longitudinal distance of deposits (blue columns) on each flow
event of Bathymetry 2 simulation scenario and the lateral width of deposits on the basin-floor entrance
(orange columns) (see position of measurements on bed 3 deposit thickness map). The black line shows
the volume deposited by each bed. The variation of volume can be related to sediments escaping from
the grid, sediment incorporated by erosion or even numerical errors. The maps on the bottom of this
figure are deposit thickness maps to illustrate how depositional architecture varied through time.
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They have approximately 5 km of lateral extension and 1 m of height difference
between crests and depressions, conferring a cyclic variation in the bed thickness,
erosion and grain size distribution. The sediments are coarser at the ridges and
finer at the adjacent low thickness portions.

In the second ramp steeper proximal region, the deposits are thin, just a few
cm thick and dominated by silt. The deposits increase abruptly in thickness to
almost 3 m as the ramp reduces in gradient towards the basin, where fine sands
predominate (Figs. 5.17 and 5.18, inspection point 7). The deposits are mostly
restricted to the second ramp confinement, with some overspill deposits occurring
towards the basin-floor.

In the basin-floor setting, lobe deposits were formed. The deposits backstep
from one event to another. Lobes positions are fixed at the center, stacking on each
other (Fig. 5.19, section 3). Although no clear compensational stacking is observed,
a partial deviation of the sediments to both sides around the depositional relief of
previous deposits in an almost symmetrical dispersion pattern is noticed from the
middle to the final event beds. These lateral deposits are very subtle at the basin-
floor, probably because of the marked system backstepping (Fig. 5.19, section 1),
meaning little sediment reached this region from the final flow events. The erosion
and grain size present a cyclic pattern of distribution on the basin-floor, forming
circular ridges similar to what is observed in the intraslope depocentre and on the
previous case simulated.

The observations from the final deposit thickness after 20 flow events (Fig.
5.17), in comparison to the individual beds thickness and erosion maps (Fig. 5.16),
are similar to what was described for the Bathymetry 1 simulation scenario (Fig.
5.12). The main differences are the values of the total thickness on each region
that are smaller on the Bathymetry 2 scenario and the thickness distribution along
the slope profile that is more uniform in the Bathymetry 2 than in the Bathymetry
1 scenario.

2.0 degrees (Bathymetry 3)

Deposits from the Bathymetry 3 scenario show a continuous line of deposits from
20 flow events, and an oscillatory trend for the lateral extent of the deposits at the
basin-floor, with an overall increase of this extension over time (Fig. 4.20). The
deposited volume curve plotted on the graphic do not show direct correlation with
the longitudinal and lateral extensions variations of beds. Generally, as observed in
the numerous simulations performed during this PhD project, when volume balance
errors are big and influencing the deposits results, the deposits back step and also
straighten with the reduce in volume in relation to the original input volume set in
the simulations, and expand laterally and longitudinally when the volume is bigger
than the original volume set. Since this correlation did not occur in the 2.0 degrees
simulations, the deposits observed are considered to be representing real geological
features.

Beds deposited on the Bathymetry 3 scenario (Fig. 5.21) are thicker (29 m
at the intraslope depocentre and 34 m at the basin-floor entrance) (Figs. 5.22
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Figure 5.16: Maps showing the deposit thickness, erosion depth and mean grain size distribution of the
individual beds formed in events 2, 3, 6, 11, 14 and 19 from Bathymetry 2 scenario simulations. Each
map is superposed on the pre-existing bathymetric map.
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Figure 5.17: Total deposit thickness map of 20 consecutive flow events over the Bathymetry 2 scenario.
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Figure 5.20: Graphic showing the maximum longitudinal distance of deposits (blue columns) in each flow
event of Bathymetry 3 scenario and the lateral extent of deposits at the basin-floor entrance (orange
columns) (see position of measurements on bed 3 deposit thickness map). The black line shows the
volume deposited by each bed. The maps on the bottom of this figure are deposit thickness maps to
illustrate how depositional architecture varied through time.
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and 5.23) than in the previous cases simulated and have a more pronounced axis
of deposition, especially at the intraslope depocentre. Individual bed thicknesses
have a maximum of > 5 m that extends from channel mouth to the middle of
the intraslope depocentre (Fig. 5.21). Erosion was more intense in these regions,
reaching more than 5 m in depth. In the basin-floor, thickness of individual beds
are > 5 m at the basin entrance, but thin abruptly towards the basin-floor pinch-
out. Grain sizes are coarser in the channel, the channel-mouth, and the basin-floor
deposits. In the second ramp, grain sizes are mixed in a chaotic pattern, differently
from previous cases, but with predominance of coarser grains (fine sand). In this
region, it is also observed some anomalous thick deposits near the margins of the
second ramp confinement zone, which is interpreted to be an artifact of simulations,
usually more common to occur in steeper gradient scenarios, where flow velocity
tends to be higher.

Stacking patterns of the unconfined deposits of the basin-floor region seem to
aggrade if the external limits of beds are analyzed, but in the depocentre of beds
(thickest portion and with coarser grain size) there is a basinward advance from one
event to another (Fig. 5.21, bed 2 to 11), suggesting some progradation. Geome-
try of these deposits also change with succession of events, from more elongated
deposits (Fig. 5.21, bed 2 to 11) to more fan shaped ones (Fig. 5.21, bed 14 and
19). Bed 19 shows a deviation of the erosion axis and the bed thickness in relation
to previous events, where the deposit seems to have advanced more to the left side
of the map than to the center.

The ridge features observed in the previous scenarios studied also appear in the
intraslope depocentre of the Bathymetry 3 scenario (Fig. 5.21), although it is not
as evident in the basin-floor deposits of this scenario as it is in the previous ones.

Longitudinal and cross-sections showing changes in seafloor topography after
each depositional event (Fig. 5.24) illustrate that the Bathymetry 3 scenario had
a more marked lateral compensating stacking pattern on the basin-floor deposits
(Fig. 5.24, section 3) than in the other cases studied. Topography first grows at the
central position (approx. from event 1 to 7), than its growth shifts to the right on
figure (approx. from event 8 to 16), and finally shifts again to the central position on
the final four events. In longitudinal view (Fig. 5.24, section 1), depositional relief
is also thicker in the two slope breaks of the slope-to-basin profile (maximum 29
m at the intraslope depocentre and 34 m in the basin-floor) in relation to previous
cases.

In the intraslope depocentre (Fig. 5.24, section 6), deposits are relatively flat
in comparison to the ones from the basin-floor, but cycles of bed aggradation were
followed by shifts of depositional local highs through time. In relation to the other
cases studied, these deposits are more disorganized in terms of stacking patterns.

At the channel mouth (Fig. 5.24, section 7), little deposition occurred in relation
to the previous cases analyzed (8 m thick in comparison to 14 m and 15 m thick
for the Bathymetry 1 and Bathymetry 2 scenarios, respectively).
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Figure 5.21: Maps showing the deposit thickness, erosion depth and mean grain size distribution of
the individual beds formed in events 2, 3, 6, 11, 14 and 19 from Bathymetry 3 scenario. Each map is
superimposed on the pre-existing bathymetric map.
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Figure 5.22: Total deposit thickness map of 20 consecutive flow events over the Bathymetry 3 scenario.

5.3.2. Variations on lateral confinement

In this section, Bathymetries 1, 4 and 5 (Tab. 5.1, Fig. 5.3) were compared in
order to evaluate how flows evolve through the different depositional settings of
a stepped-slope profile under different degrees of lateral confinement. For these
simulations, only five consecutive flow simulations were run, because with higher
number of flow events the volume balance errors were higher than acceptable
(more than 15% of error and/or many spikes visually evident during simulations).
The unconfined system scenario (Bathymetry 4) produced the highest errors from
the three bathymetric scenarios, depositing more sediment than the initial sediment
volume.

The base-case confined system (Bathymetry 1) will not be described in this
section, since it was discussed in detail in section 5.3.1.

Flow evolution

One representative flow from each of the five flow events is discussed for each
of the three bathymetric scenarios in order to illustrate the flow evolution. This is
for all three scenarios flow 3.

Unconfined system (Bathymetry 4)
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Figure 5.23: Cross-sections showing the longitudinal (section AA’) and lateral (sections BB’ and CC’)
isochronous correlation of the stratigraphy of the Bathymetry 3 scenario simulation. Inspection points
(identified by numbers) display the mean grain size column and bed thickness profile. The distance
between points was respected in the section.
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Flow 3 (Fig. 5.25) expanded laterally almost immediately, overspilling the chan-
nel right after entering the system through the channel. This was because the
inflow thickness is greater than the channel depth (16 m depth of the channel and
30 m height of the flow).

At 8000s, as the flow reached the slope step, it had a fan shape with a lateral
extent of 10 km, increasing gradually downdip. The flow thickness decreased to
10-15 m at the head but was thinner in the other regions (6 to 8 m-high). However,
the most frontal part of the head was also thin (around 4 to 6 m) and slower in
velocity than the thicker portion following it. The maximum velocities were in the
centre of the flow head, following the channel direction, and all velocity vectors
pointed in the downdip direction. The flow concentration was similar to the original
inflow concentration (approximately 5%) while the densiometric Froude number
was supercritical in the flow body and subcritical at the flow head.

At 14000s, the flow reached the basin-floor. From the slope step throughout
the basin-floor, the flow occupied laterally the entire grid with some of the flow
exiting the simulation area. The velocity vectors maintained the downdip direction
and had higher magnitudes at the flow front, which was now more laterally spread.
The flow thickness was approximately 10-15 m at the flow front and around 6 m in
the body. The concentration reduced to approximately 3% at the flow head. The
Froude number was > 1 at the flow front, differing from the 8000s situation.

At 20000s, the flow became thinner and more uniformly distributed. The flow
vectors still pointed downdip, with higher velocity magnitudes at the second ramp,
near the limit with the basin-floor. The concentration at this moment of the flow
evolution increases to higher values than the initial inflow concentration of 5%. In
the other regions, the flow becamemore dilute, showing less than 1% concentration
at the basin-floor and almost zero at the slope step. The Froude number was
supercritical in the high concentration / high velocity region and oscillated between
supercritical and subcritical at the basin-floor.

At 26000s, the flow became completely dilute, subcritical, and with a maximum
thickness of 6 m. Velocity vectors started to diverge, indicating flow deflection,
turbulent suspension or perhaps even computational problems in some areas, due
to the occurrence of local depositional thickness spikes from previous flow events.
But overall this is the ponding phase of the flow.

Moderately confined system (Bathymetry 5)

Flow 3 (Fig. 5.26) at 8000s was already completely released into the system
and reached the slope step region. Its thickness increased in height to over 35m
and then thinned gradually downdip. The velocity vectors indicate diverging flow
directions inside the channel due to channel sinuosity, but at the channel mouth,
the velocity became downdip-oriented. The flow did not expand much laterally
when it entered the slope step. Instead, it deviated slightly to the left because of
asymmetry in the channel mouth margins, which is higher and longer on the right-
hand side. The concentration slightly reduced downstream, but increased again to
reach the initial flow concentration (5%) at the channel mouth. The densiometric
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Figure 5.25: Flow evolution of event 3 (at 8000s, 14000s, 20000s and 26000s) of the unconfined system
scenario is displayed as maps of flow thickness/velocity vectors, flow concentration and densiometric
Froude numbers. All maps are superposed onto the contour map of the original bathymetry.
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Froude number was predominantly subcritical until the channel mouth, where it
became supercritical.

At 14000s the flow passed the flow step and the second ramp, getting close to
the basin-floor. Because of localised elevations at the slope step, the flow partially
shifted to the left in this region, but the majority followed the downdip direction,
confined into the channelized feature of the second ramp. The concentration was
higher in the axial flow part than on the lateral ones. The densiometric Froude num-
ber oscillated from sub- to supercritical in the channel mouth and was supercritical
on the distal portion of the slope step and the second ramp.

At 20000s, the lateral part of the flow accelerated in the second ramp, following
the downdip direction and parallel to the main part of flow (second ramp confine-
ment). This lateral part increased considerably in concentration and the densiomet-
ric Froude number was mostly > 1. The flow reached the basin-floor and spread in
a fan shape on both paths. From the main second ramp confinement, the turbid-
ity current reached farther distances than from the lateral part of the flow, where
flow distance stayed limited to the basin-floor entrance. Overall, the flow assumed
an elongate fan shape, when passing through the second ramp and reaching the
basin-floor.

At 26000s, the flow reduced dramatically in concentration, with the densiometric
Froude number being fully subcritical and the velocities reducing drastically and
diverging.

Depositional architecture

Four of the five event beds simulated in the three lateral confinement scenario are
presented below (Figs. 5.27 and 5.28) and discussed in terms of their depositional
thicknesses, the rates of erosion and the grain size distributions. Erosion was not
computed for the first event bed because there was no underlying sediment. For
the lateral confinement evaluation, the impact of topographic changes by previous
deposits was not evaluated because of the limited number of events simulated.

Unconfined system (Bathymetry 4)

The first flow, after entering the basin, overspilled the subtle channel and in
Bed 1 formed ”levee” deposits that decrease in thickness away from the channel
(Fig. 5.27). This thickness decay is abrupt at the proximal position and becomes
more gradual towards the slope step. Thus, the thickness decays from channel axis
to the lateral pinch out over a distance of 1.9 km close to the channel entrance
and over 5.6 km where the channel axis is not pronounced anymore. On the slope
step, the thickness reduces to less than one meter and more or less persists with
this thickness along the second ramp and basin-floor. At the basin-floor and slope
step, the deposits expand laterally to the point of exiting the grid limits. The grain
size map of Bed 1 (Fig. 5.27) shows the coarser fraction to be concentrated at
the entrance of the channel and at the first ramp exit to the slope step. At the
slope step, the fine sand portion forms small elongated lobes that disperse from
the channel axis in a divergent pattern.
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Figure 5.26: Flow evolution of event 3 (at 8000s, 14000s, 20000 and 26000s) of the moderately confined
system scenario is displayed as maps of flow thickness/velocity vectors, flow concentration and densio-
metric Froude numbers. All maps are superposed onto the contour map of the original bathymetry.
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Beds 2 (Fig. 5.27), 3 and 5 (Fig. 5.28) are similar to each other in terms of
thicknesses, erosion rates and grain size distributions. The channel axis seems to
expand in width, as evidenced by thickness and erosion maxima occupying a wider
range than the original channel limits. The grain size maps show a progradation of
fine sand in the channel region and into the basin-floor, farther in relation to bed 1.
By-pass of sand is restricted to a short extent (3 to 4 km long) on the steeper part
of the second ramp. In Bed 2, the thickness and erosion maps suggest occurrence
of depositional axes coming from the lower part of the second ramp and forming
small lobes at the basin-floor, similar to features observed on the slope step in Bed
1. These features are not clear on the maps of Beds 3 and 5.

Moderately confined system (Bathymetry 5)

Differently from the unconfined system scenario, the moderately confined sys-
tem scenario exhibits many similarities with the deposits of the confined system
scenario (Figs. 5.27 and 5.28).

Beds from both the confined and moderately confined systems have a pro-
nounced depositional axis with higher thicknesses, erosion rates and grain sizes
at the centre, in an extension of the feeding channel. The thicker deposits on both
cases are concentrated in the channel, at the channel mouth and at the basin en-
trance. The lobe geometries are similar, but the lateral and longitudinal extents are
larger in the moderately confined system scenario. The grain size distributions are
also similar in the channel and channel mouth regions.

The main distinctive characteristics in depositional architecture of the moder-
ately confined system compared to the confined system are listed below.

• Inside the channel, the deposit thickness is higher and erosion slightly lower;

• The beds are thinner at the channel mouth and the deposits are more exten-
sive on the slope step;

• On the second ramp, the sediments are deposited in the confinement region
and in the unconfined part of the second ramp, either from confinement over-
spill (right-hand side of the confinement) or from overspill of the slope step
region (left-hand side of the confinement);

• The interpreted bypass axes on the second ramp (axes filled with predomi-
nance of silt-sized grains in beds 2, 3 and 5) show similar longitudinal extents
as the confined system bypass axes. However, in the moderately confined
system more bypass axes formed (at least two main bypass axes on the sec-
ond ramp) and part of fine sand is deposited lateral to the bypass axes;

• The basin-floor fan deposits are thicker, and higher erosion rates are observed.
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Figure 5.27: Maps showing deposit thickness, erosion thickness and mean grain size distribution of the
individual beds formed in events 1 and 2 from Bathymetries 1, 4 and 5 scenario simulations. Each map
is superposed on the pre-existing bathymetric map. Grid size of the maps is 15km wide X 50 km long.
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Figure 5.28: Maps showing deposit thickness, erosion thickness and mean grain size distribution of the
individual beds formed in events 3 and 5 from Bathymetries 1, 4 and 5 scenario simulations. Each map
is superposed on the pre-existing bathymetric map. Grid size of the maps is 15km wide X 50 km long.
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5.4. Discussion
The numerical simulations results generated realistic geological depositional fea-

tures, making it possible to analyse several aspects from deep-water deposits that
still remain uncertain regarding their formation processes and how these features
are impacted by changes in important input variables of the system, such as, in the
case studied here, slope gradients and lateral confinements of the systems. The
main aspects that this study aims to understand are discussed in the following on
the basis of the numerical simulation results.

5.4.1. Hydraulic jumps
The flow parameter maps indicate that flow criticality transformations occur in

zones of abrupt change in slope gradient and lateral confinement. These regions
include the channel mouth and the basin-floor entrance, where gradient and con-
finement reduce abruptly. At these positions, the flow velocities decrease, the flow
thicknesses and concentrations increase, and the flows expand laterally. These
abrupt flow decelerations cause hydraulic jumps and rapid deposition at the chan-
nel mouth, especially of the coarser fraction of sediments, as well as significant
erosion and formation of dune-like features (similar to deposits described in Wang
et al., 2017).

5.4.2. Lobes on confined versus unconfined depocentres
The simulations show significant differences in bed stacking patterns of lobe

deposits between the intraslope depocentre and the basin-floor regions. On the
basin-floor, lateral compensation is more evident, with deposits expanding later-
ally through time and depositional relief shifting position from one flow event to
another. On the intraslope depocentre, beds form an aggradational stacking pat-
tern. Features suggesting depositional channelisaton are also observed on the final
event beds in the intraslope depocentre. These differences in depositional pat-
terns are observed more clearly on the higher gradient slopes. Differences in de-
positional architecture are more evident on the basin-floor when comparing the
different slope gradient scenarios, whereas in the intraslope depocentre the differ-
ences are smaller, with the main difference being the higher linearity of deposits on
the 2.0 degrees (Bathymetry 3) than in the 0.6 degrees case (Bathymetry 2). On
the basin-floor, the bed-stacking patterns show higher lateral compensations in the
Bathymetry 3 scenario, where gradient change is higher in relation to the second
ramp, and more backfilling pattern is observed in the 0.6 degrees scenario, where
this gradient difference is smaller. The intermediate case (1.2 degrees) shows little
lateral compensation, but a progressive widening of the lobe in a more symmetri-
cal distribution of sediments reminiscent of lateral compensation when viewed in
cross-sections.

Because of the small number of simulated flows, the impact of confinement on
the depositional architectures of the lobes can only be evaluated from the thickness,
grain size and erosion distributions maps. These suggest that lateral confinement
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Figure 5.29: Total deposit thickness maps from the five first events of the scenarios simulated in this
study, evidencing an abrupt decrease in thickness at the second ramp, except for Bathymetry 4, where
sediment dispersion is more gradual.

plays an important role on the depositional architecture of lobes both on the slope
steps and on the basin-floor, especially concerning the grain size distributions.

5.4.3. Sand-attached versus sand-detached systems

Confined topographies formed sand-detached systems (sensu Van der Merwe et
al., 2014) independent of the slope gradient, but the higher-gradient bathymetry
scenario (Bathymetry 3) was the only one that showed complete bypass of sed-
iments on the second ramp. The bathymetry scenarios 1 and 2 can be consid-
ered sand-detached systems because their deposit thicknesses reduce drastically
on the second ramp to less than 1 m, and most of the deposits are composed of
silt. Lateral confinement also correlates with the degree of sand continuity in the
depositional profiles. Only the unconfined topography (Bathymetry 4) formed typ-
ical sand-attached system (sensu Van der Merwe et al., 2014) (Fig. 5.29). The
moderately confined topography (Bathymetry 5) showed intermediate behaviour,
with deposits thinning abruptly on the second ramp, but part of them formed by
fine sand, and thus potentially attaching sands from the intraslope depocentre with
sands from the basin-floor regions. In order to strengthen this conclusion, simula-
tions would need to be run on bathymetries with different degrees of confinement
also on the 0.6 and 2.0 degrees slopes scenarios.
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5.4.4. Mechanisms for laterally compensating stacking pat-
terns in lobes

Lateral compensation patterns were observed in some simulations on the basin-
floor (Fig. 5.30). Analysis of depositional topography evolution combined with the
flow parameter and bed thickness maps point to mechanisms for how these later-
ally compensating patterns formed. Two different ways of forming this depositional
architecture were observed. In the Bathymetry 1 scenario, the beds stack verti-
cally, creating a positive relief where the flows entered the basin. This positive
relief continues growing until the flows split laterally towards both sides of the pos-
itive relief, depositing sediments either side of the depositional relief. The second
mechanism, obtained from Bathymetry 3, consists of the flows deflecting from the
existing depositional relief towards one of the sides and filling that side to the level
of the relief, whereupon the flows shift to the other side in a process of bed switch-
ing. It is, however, difficult to determine what controls the occurrence of either of
these mechanisms. A discussion about these stacking pattern controls is presented
in Chapter 6.

5.4.5. Sediment stacking patterns versus slope equilibrium pro-
file

Graphs (Fig. 5.31) showing the relationship between longitudinal and lateral
expansion of the flows in the three scenarios where 20 consecutive flow events
were simulated show how the bed geometries vary for each scenario. The graph
highlights in different colours where deposits expand or contract laterally and/or
vertically. What is noticeable from this graph is that lateral expansion with a subtle
longitudinal contraction of the deposits dominates in a number of flow events on
the 1.2 degrees slope, while lateral and longitudinal expansion dominates in the 2.0
degrees slope scenario. In the 0.6 degrees scenario, backstepping dominates.

This may be related to the slope equilibrium profiles, as described in previous
studies (Ross et al., 1994; Ferry et al., 2005; Wang et al., 2017). When systems
prograde into the basin (as in the 2.0 degrees case) the slope gradients are higher
than the equilibrium situation, and the flows erode and bypass sediment towards the
basin-floor until an equilibrium profile is reached. The opposite happens when the
slope gradient is lower than the equilibrium profile. Backfilling occurs in the updip
direction, thereby steepening the slope profile. When it reached the equilibrium
profile, the deposits tend to migrate laterally, such as seen in the 1.2 degrees slope
scenario.

5.4.6. Autocyclic versus allocyclic controls of the depositional
architecture

Many stratigraphic and sedimentological patterns observed in nature were at least
partially reproduced in the numerical simulations performed in this study, and dis-
cussed above. One important stratigraphic pattern observed on many deep-water
turbiditic systems and proposed in several conceptual models (Mutti et al., 1994;



5

200 5. Process-Based Numerical Modelling of Turbidity Currents

Figure 5.30: Figure showing the two lobe stacking pattern mechanisms observed from simulations in the
basin floor region. Bed thickness maps from basin-floor region on top of cartoons are from representative
event beds of each phase illustrated. The cross sections show the evolution of depositional relief, from
depositional phase 1 to 4. 1) In this case, observed in Bathymetry 1 scenario, lobes aggrade vertically
and slightly expand laterally from the first to the third phase represented on cartoon. In the final phase,
sediments bifurcate to both sides of the topographic relief created from previous depositional phases.
2) This case, observed in Bathymetry 3 scenario, presents a more compensational stacking pattern of
lobes, with lobe axes switching position from one flow event to another.
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Figure 5.31: Graphs showing the development of the longitudinal and lateral reaches of the deposits for
the three slope gradients simulated (0.6, 1.2 and 2.0 degrees).
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Gardner et al., 2003; Hodgson et al., 2006; Hodgson et al., 2016) is the prograda-
tional to retrogradational stacking patterns of deposits.

With the maximum of 20 flows simulated in this study, the deposits did not
change significantly in their basinal positions. This could be because of an insuffi-
cient number of flows simulated, or that the geological control of such a sequence
stems from an allocyclic signal, which was not varied in the simulations. One of the
possible external signals is the sediment supply, which during a Lowstand System
Tract phase may form a waxing to waning signal (e.g. McHargue et al., 2011). With
the goal to test the possibility of sediment supply being the main control for this
phenomenon, ten consecutive flows were run on top of the 20 beds obtained from
the Bathymetry 1 scenario, increasing the sediment supply on every five successive
flow events (Fig. 5.32). The results show a considerable depositional progradation
at the basin-floor with the increase of sediment supply. Also, the external geom-
etry of the lobes became more complex with depositional evolution by increasing
the fingered-shape terminations of the lobes.
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Figure 5.32: Maps showing deposit thickness, erosion thickness and mean grain size distribution of the
individual beds formed in event 2, 20, 22, 25, 27 and 29 from Bathymetry 1 scenario simulations. Notice
on the left column of the figure the flow magnitude of the simulated flow events of the correspondent
rows. Each map is superposed on the pre-existing bathymetric map.
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6.1. Introduction

The study of natural deep-water depositional systems through comparisons and
analogies is an important method for building knowledge (e.g. Bouma & Wickens,
1991; Moraes et al., 2000) and establishing rules to explain the geological controls
of certain patterns observed in the geological record (e.g. Beaubouef & Friedman,
2000; Johnson et al., 2001; Gardner et al., 2003; Hodgson et al., 2006; Pyles,
2008; Flint et al., 2011). Additional approaches for understanding how depositional
systems develop are laboratory experiments (e.g. Luthi, 1980; Sumner et al., 2009;
Sequeiros et al., 2009, 2010; Stevenson & Peakall, 2010; Baas et al., 2011, 2014;
Cantelli et al., 2011; Eggenhuisen & McCaffrey, 2012; Luz Fernandez et al., 2014;
Hermidas et al., 2016, 2017, 2018; Pohl et al., 2019; Spychala et al., 2019) and
numerical modelling (e.g. Athmer et al., 2010; Groenenberg et al., 2010; Sylvester
et al., 2011; Cartigny et al., 2011, 2013; Cantero et al., 2012; Naszr-Azadini et al.,
2013; Aas et al., 2014; Dorrell et al., 2014; Covault et al., 2014; Wang et al., 2017)
to constrain the physical conditions observed in nature to form such deposits, and
by changing certain parameters, establish the relationships between processes and
products of these systems. Integrating results from these different approaches in
order to understand deep-water sedimentary system may help interpretation of the
phenomena studied at different scales as one data fills the gap of information from
another (Fig. 6.1).

In the previous chapters, three different types of datasets were analysed in
order to understand how turbidity currents behave and/or how their deep-water
deposits are distributed over stepped-slope depositional profiles. In Chapter 3,
rock exposures of an ancient deep-water turbiditic system from Fort Brown Fm. of
the Karoo Basin (South Africa) were described in terms of facies distributions, de-
positional element geometries and stacking patterns from mostly 2D outcrops, and
were correlated to form palaeogeomorphological maps of the system. In Chapter
4, a subsurface reservoir system from offshore Campos Basin (Brazil) was charac-
terized and interpreted through 3D seismic reflection data, well logs and core data.
In Chapter 5, numerical simulations of multiple turbidity current events flowing over
modelled stepped-slope bathymetries based on a natural system scale were per-
formed. In these simulations, deposit thickness and grain size distribution maps, as
well as maps for flow parameter evolution, were described and interpreted; also,
different slope gradients and degrees of lateral confinement were tested, using
always the same input flow parameters.

This variety of dataset types (outcrop, subsurface and numerical simulations)
with different scales of observation, but all featuring a similar topographic context
of a stepped-slope profile, are compared in this chapter. The objectives of this
comparison are to: (i) extract which depositional characteristics are common to all
datasets and which ones are specific for each case, (ii) understand how topographic
complexity affects the distribution of sands, the stacking patterns and the sand
connectivity of the systems, and (iii) identify which geological rules can be applied
for predictions on a reservoir scale.
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Figure 6.1: Scheme modified from Stevenson et al. (2015) showing the scale relationship between data
from seismic, outcrops and modern systems, including the scales typically used in numerical modelling
tools.
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6.2. Methodology

The three datasets studied in this thesis were compared in terms of facies, de-
positional architectures and palaeotopographies, attempting to analyse the same
hierarchic scale of deposits. The procedures for these comparisons are described
in more detail as follows.

First, the natural system case studies, i.e. the outcrops from Karoo Basin and
the reservoirs from the Campos Basin, were compared. The data of both systems
were relatively easy to compare, since they have similar areal extents, with seismic
maps from the reservoirs being equivalent in scale to palaeogeographic maps built
from outcrop data. Core data from wells of the Campos Basin are comparable to
sedimentological profiles logged from the outcrops of the Karoo Basin. The deposi-
tional element geometries, which are in the intermediate scale between the regional
distribution of the deposits (maps) and the 1D sections from wells/sedimentological
profiles, are more directly observed on outcrops, even if in 2D sections. However,
some of the bigger scale patterns observed on the outcrops (lobe scale) can be com-
pared to 2D seismic sections from the subsurface, and their 3D geometry obtained
through seismic mapping in the subsurface case.

The similarities and differences between the two systems were highlighted and
compared to the numerical simulations from Chapter 5. In topic 6.3.2, the differ-
ent gradient and lateral confinement scenarios simulated were compared with the
outcrop and subsurface datasets. This can help to constrain which bathymetric
scenarios resulted in more features common to each natural system studied, and
therefore inform which geological parameters were the dominant controls for the
different depositional architectures observed.

Thickness and grain size distributions of deposits generated through simulations
were compared with isopach maps and grain size distributions from the Campos and
Karoo basins in the different depositional settings of the stepped-slope systems.
Other characteristics, such as vertical and lateral stacking patterns, erosive features
and large-scale bedforms, were also analysed in the three cases.

In order to compare correctly the hierarchic scales of the simulated event beds
and of the total deposit from the multiple flows simulations with the datasets from
the Campos and the Karoo basins, lobe and lobe complex dimensions from intras-
lope step and basin-floor regions were plotted in a lobe width versus maximum
deposit thickness graph (from Prélat et al., 2010) (Fig. 6.2). The simulated event
beds, according to this graph, are in a zone of lobe elements tending to lobe scale,
while the total deposit from 20 flow events are situated in the lobe scale, tending
to lobe complex scale. Individual event beds, which correspond to the interface
between the lobe element and lobe scale, were compared to lobe deposits from
the Karoo and Campos basins. The total deposit thickness produced by multiple
flow events in the simulations was compared to the lobe complex scales of the
subsurface and outcrop systems.

In this chapter’s final discussion (topic 6.4), the more relevant open questions
of deep-water deposits from stepped-slope profiles will be discussed based on the
current observations and supported by other examples from literature, in order to
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Figure 6.2: Plot diagram for the aspect ratios of deposits, modified from Prélat et al. (2009), using their
hierarchical scheme as a reference for the datasets in this thesis.

evaluate the geological controls of these deposits.

6.3. Results
6.3.1. Comparison between outcrops and subsurface data
Exhumed Units D and E, from the Fort Brown Fm. (Karoo Basin), were com-

pared to the Oligocene reservoir system of the Campos Basin, from feeding chan-
nel/canyon positions through slope steps and sediment bypass zones to unconfined
terminal lobes. The general geological context of both systems is first compared
(Tab. 6.1), followed by more detailed comparisons within each systems.

The general geologic context might provide clues about how differences in sed-
iment supply, palaeotopography and/or tectonic events might explain the differ-
ences in the depositional architecture.

General geologic context

The geotectonic context of the Campos Basin during the deposition of the tur-
bidites was that of a passive margin (Fetter et al., 2009), while in the Karoo Basin,
the turbidites were deposited on a sag-basin context (Tankard et al., 2009). Despite
representing distinct geotectonic contexts, both systems were formed during a rel-
atively quiescent tectonic phase, where the glacio-eustatic control prevailed (Fetter
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et al., 2009; Tankard et al., 2009; Flint et al., 2011). The entire turbiditic succes-
sion of Campos Basin is considered part of a 2nd order marine regressive sequence
(Winter et al., 2007; Contreras et al., 2010) and, according to the time frame for the
Laingsburg depocentre succession (Fildani et al., 2007), the turbiditic succession of
Ecca Group is in the same stratigraphic order (Fig. 6.3). Each sand-prone strati-
graphic unit in both cases represents a composite sequence with a progradational-
retrogradational internal stacking pattern, separated by a regional mudstone of ap-
proximately 25-60 m thick in the Karoo Basin and 50 m thick in the Campos Basin.
Age control constraints using radiometric dating integrated with a magnetostrati-
graphic study in the Karoo (Fildani et al., 2007, 2009) and biostratigraphy in Campos
(Petrobras internal document) estimate an average duration of 300-500 ky for each
unit in the Karoo (D and E) and of < 1 Ma for the Campos. The sand-prone units
represent falling stages and lowstand systems tracts while the regional mudstones
on top of the sands represent marine transgressive and highstand phases of the
same stratigraphic order as the sand events (Fig. 6.3).

The sediment sources were similar in the Campos and Karoo basins, consisting
of deltaic deposits resting near the shelf edge and remobilized to deep-water set-
tings mainly through slope canyons and ravines. The sand volumes calculated for
the deposits are higher in the Campos Basin and Karoo Unit D systems, which are in
the order of >100 km3, while the Unit E contains approximately half of this volume
(Tab. 6.1). The transport distance from the source areas to the basin in Campos
Basin was approximately 100 km. The transport distance in the Karoo Basin is still
an uncertainty, but several 100s km distance is suggested, based on palaeogeo-
graphic reconstructions of routing systems, provenance studies (van Lente, 2004)
and the sediment maturity, with a predominance of well-sorted fine to very fine
sands indicating high maturity of deposits and consequently a long transport dis-
tance. In the Campos Basin, the sands are moderately sorted and the mean grain
size is higher due to the presence of minor percentages of medium sand to gran-
ules/pebbles dispersed in the fine sand matrix or of conglomerate beds at the base
of fining upward sandstone units (Fig. 6.4). These aspects indicate less maturity
of the deposits in the Campos Basin compared to the Karoo Basin, although a high
feldspar content is observed in the Karoo sandstones.

As for palaeobathymetry, there were no 3D structural restorations made in either
case, which makes this parameter more uncertain to be evaluated and compared.
However, reasonable interpretations can be done based on 2D structural restora-
tions in the Campos Basin (Petrobras internal document) and based on the study of
interfan thickness distributions (Unit D/E, for example, see chapter 3) in the Laings-
burg depocentre of the Karoo Basin (Brooks et al., 2018a). For the Campos Basin,
gradients are interpreted to be in the order of 1 to 2 degrees, slightly higher than
in the Karoo Units D and E system, which are interpreted to be in the order of less
than one degree (Van der Merwe et al., 2014; Brooks et al., 2018).

Thickness distribution

The sand distribution along the depositional profile show different patterns in the
Units D and E from the Karoo Basin compared to the reservoirs of the Campos Basin.
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Table 6.1: Comparison between the main geological characteristics of the Campos and Karoo basins.
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Figure 6.3: Stratigraphy of the Campos Basin (A) and the Karoo Basin (B) marine deepwater succession,
contextualizing the studied units in terms of hierarchic scale and stratigraphic energy phase (waxing
and waning trends). In the Campos Basin succession, Seq. 1 to 5 are defined in Arienti et al. (2008,
Petrobras internal document) and numbers 1 to 5 in the detailed succession refer to the bodies mapped in
this study. In the Karoo Basin succession, the abbreviations SB, CSB and CSSB correspond, respectively,
to Sequence Boundary (limit between sub-units), Composite Sequence Boundary (limit between units)
and Composite Sequence Set Boundary (limit between a group of units).
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Figure 6.4: Facies comparison between the Karoo (outcrops) and the Campos Basin (drilling cores) case
studies. (A) massive sandstone, (B) graded sandstones, (C) cross-laminated sandstones, (D) interbed-
ded sandstone and siltstone, (E) interlaminated sandstone and siltstone, eventually bioturbated, (F)
intraclastic sandstone, (G) slumps / debrites, (H) conglomeratic sandstone with bioclasts. (pictures C,
E, F and G are from the Slope Project reports).
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Unit D and the Campos Basin system present a continuity of sand deposits from
the proximal to the distal depositional settings (sand-attached systems), although
in the Campos Basin a significant reduction in sand thickness and abrupt lateral and
longitudinal variations of these thicknesses are observed in the bypass-dominated
region of the slope profile. In Unit D, these reductions and variations in thickness
are subtler. In contrast, Unit E shows an abrupt reduction in deposit thickness in
the bypass-dominated region, of less than 5 m of muddy sands in the CLTZs, which
classifies this system as sand-detached (Fig. 6.5).

Unit D has a relatively continuous increase in sand thickness basinwards, while
Unit E and the Campos Basin system have more sand preserved on the interpreted
slope steps and terminal regions while containing less sand and a predominance
of sediment bypass features on the ramps (proximal channel region and bypass-
dominated zone). Within the slope breaks of the Campos and the Unit E systems,
the deposits are thicker right at the channel mouth areas on the intraslope de-
pocentres, and at the basin entrance of the terminal lobe zones (Figs. 6.5 and
6.6).

Comparing Unit E with the Campos Basin, both systems have similar deposi-
tional distributions along the profile. However, Unit E has thicker deposits at the
intraslope step region than at the terminal basin region, approximately 70 and 55
m respectively. In contrast, in the Campos Basin this relationship is inverted: the
deposits are at a maximum 120 m thick at the intraslope step and more than 150 m
thick at the terminal region. However, part of the terminal region sediments could
be a contribution from another system, reducing then the sand thickness originated
from the system studied.

As for the lateral distribution of sands, the Unit E (Fig. 3.23) and the Campos
Basin (Fig. 4.36) have laterally spread terminal lobe complexes, while the Unit D
palaeogeomorphological maps (Fig. 3.23) show lobes forming a more elongated
lobe complex in the downdip direction. At the intraslope steps, the Unit E and
the Campos reservoirs have sand-filled confinements, showing a uniform lateral
distribution of sands within the confinements and abrupt terminations at Unit E and
laterally stacked to aggradational lobes at Campos.

Depositional architectures

The changes in depositional architecture along the slope-to-basin profile in the
Campos Basin are similar to the Unit E from the Karoo Basin. They start with a
proximal entrenched channel system that passes downdip into lobes that are cut
by channels in an intraslope step region, followed by channel-levee systems domi-
nated by sediment bypass facies on a steeper ramp, and finally into lobes in an un-
confined basin region in the most distal setting (Fig. 6.6). Unit D represents a more
continuous longitudinal distribution of depositional elements from confined to un-
confined. A proximal entrenched channel complex evolves downwards into smaller
channel-levee complexes that become less erosive and more laterally spread until
forming unconfined lobes on the most distal positions of the profile. The similari-
ties and differences between these three units within each depositional setting are
described in detail below.
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Figure 6.5: Isopach maps from Unit D, Unit E (modified from Slope 4 Project) and the Campos Basin
turbiditic systems. Note that Unit E and the Campos Basin have an area in the middle of the slope-to-
basin profile with a significant reduction in thickness (bypass-dominated region).
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Figure 6.6: Schematic block diagrams from Unit D, Unit E and Campos Basin turbiditic systems comparing
the grain size and architectural distribution patterns on the three cases.
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Proximal channel/canyon region

The Campos Basin and the Karoo Unit D and E systems are characterized in
their proximal regions by entrenched channel complexes with external levees form-
ing wing-shape geometries in cross-section that border the channel conduits (Figs.
3.6 and 4.9). In the Campos and Unit E systems, the basal turbiditic deposits are
characterized by tabular massive sands of decimetric-scale beds, interpreted as
lobes (transient fans sensu Adeogba et al., 2005), followed on top by a thin-bedded
levee facies. In Unit D, the basal lobe deposits have been interpreted at the base
of external levees (Morris et al., 2014), but not as extensive as in the other sys-
tems. In the Campos Basin and in Unit D, the external levees are completely cut
by channel complex incision that bypasses sediments farther into the basin. In Unit
E, the more proximal region consists of smaller channel-levees systems eroding
partially the basal lobe deposits and later cut by an entrenched channel complex
that erodes almost completely the underlying deposits (Figueiredo et al., 2010).
Crevasse channels sourced from the main channel complex on top of the levees,
and partially eroding them, are interpreted in Unit E (Figueiredo et al., 2010) and
in the Campos Basin region 1 (chapter 4, this thesis), but are not observed in Unit
D.

The main channel complex is about 1.5 km wide in the Campos Basin, and
2 km wide in Unit D, with incisions of more than 120 m thick in both examples
that erode completely the sands from previous deposits. Internal to the channel
complex incisions in Unit D, individual channel fills are observed, and their stacking
patterns migrate laterally initially, and are then stacked vertically towards the top
of the succession. Thin-bedded facies from internal levees dominate the channel
complex fill (> 60%, Slope 4 unpublished Report), but some massive sandstones
and debrites are also present near the base of the channel complex. The same
facies distribution is observed in the Unit E channel complex. In the Campos Basin,
no cored well was drilled inside the channel, but oil production in the area indicate
that the channel-fill is a permeability barrier to fluids, compartmentalizing the field
and thus being filled with non-reservoir deposits. Seismic facies inside the channel
shows several individual bodies of high amplitude intercalated with low amplitude
and diffuse reflections, indicating probably similar channel-fills as the Karoo case,
but more vertically stacked than the latter (Fig. 3.6).

The external levees are wing shaped in cross-sections with hundreds to thou-
sands of metres in width in the Karoo (Kane & Hodgson, 2011; Morris et al., 2014),
similar to the Campos Basin where lateral extents reach up to 3 km in width. In
terms of facies, thickness and depositional geometries, both systems are charac-
terized by interbedded fine- to very-fine laminated sandstones and mudstones at
the base that become progressively thinner to the top, turning into interlaminated,
usually bioturbated sandstones and mudstones. The thickness of the external lev-
ees at the levee crest is similar in the Campos and Karoo proximal regions, reaching
in the order of 50 to 60 m in thickness. In Units D and E, mapping of external levee
facies resulted in asymmetric geometries of the levees on both sides of the chan-
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nel, while in the Campos Basin, seismic amplitude maps indicate that the levees
bordering the channel are more symmetrical.

Intraslope depocentre

The slope depositional setting of Region 2 of the Campos Basin (see chapter 4)
is comparable to the ones of Unit E from the Heuninberg and Geelbek outcrop areas
(Figueiredo et al., 2010; Spychala et al., 2015). In general, both present a similar
depositional stacking pattern divided into three stages, forming a waxing-to-waning
trend from base to top.

In both cases, the basal portions comprise lobes (sensu Prélat et al., 2009)
deposited in a divergent pattern, and stacked in an aggradational to compensational
manner. In Campos Basin, lateral compensation is more pronounced than in the
intraslope step areas of the Karoo Basin. The lobe geometries are 5-7 km long, 3-5
km wide and 10-40 m thick in the Campos Basin, which is somewhat comparable
with confined lobe geometries described by Prélat et al. (2010), but the lateral and
longitudinal extents might be longer since the limits were obtained from seismic data
where the vertical resolution is approximately 20 m and post-depositional faults
might have displaced part of the longitudinal extent of the lobes. In the Karoo
Basin, the lobes are 15-25 km long, 6-10 km wide and 8-14 m thick, similar in
dimensions as the entire lobe complex system of Unit E as described by Spychala et
al. (2015) but thinner. In terms of facies, the deposits consist mostly of fine tabular
sandstone beds with amalgamated packages in some positions, and preservation of
thin siltstone beds in others, usually present in the distal settings of the intraslope
steps. Beds thicken upwards. Mud intraclasts within sandstone beds occur in both
systems, but they dominate at the bed tops in the Campos Basin and at the bed
bases in Unit E. In the Campos Basin, the sandstones are mostly massive, while
in the Karoo ripples in opposite directions indicating flow reflection and deflection
(sensu Edwards et al., 1994) are present at the base of Unit E (Spychala et al.,
2015). Soft-sediment deformation is observed in core data from the Campos Basin
and in outcrops at Geelbek in Unit E.

In the middle portion of the depositional succession (intermediate depositional
stage), the amalgamation, erosion, and grain size of beds tend to increase com-
pared to the basal depositional stage, forming channelized lobe geometries and
indicating an increase in the flow energy. These channelized lobes are mapped
seismically in the Campos Basin, with dimensions of 12 km-long by 5 km wide and
30 m thick, and consist of coarser amalgamated sandstone beds, forming individual
packages of up to 12 m in thickness. In the Karoo Unit E outcrops from the Heun-
inberg area, small channels incise up to 10 m into the basal lobe deposits and are
filled by massive thick-bedded sandstones characterising this as a higher-energy
depositional phase (Figueiredo et al., 2010, Spychala et al., 2015). In the Geelbek
area, no channel features are observed in outcrops, but abundant dm-scale erosion
surfaces filled by thick-bedded massive sandstones and medium- to thin-bedded
structured sandstones characterize this depositional phase.

The maximum energy of the system is expressed differently in the areas stud-
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ied, but all consist of composite erosion surfaces that erode, partially or completely,
previous depositional phases and are infilled by thin-bedded deposits of the waning
phase. In the Campos Basin, the main erosional feature forms a channel complex
(1.5 km wide by 120 m deep) that erodes the previous deposits at the intraslope
step region, but deviates from the previous lobe deposits depocentre, contouring
the axial portion of these deposits. This channel incision is filled by minor basal
sands and mainly by heterolithic deposits towards the top. Little sand seemed to
overspill from the channel limits, because the levee facies are thin (approximately
20 m thick) and muddy overlying the lobe deposits. In the Karoo Unit E, this de-
positional phase is expressed differently at the Heuninberg and Geelbek areas. At
Heuninberg, it is characterized by smaller high- to low-aspect ratio channels (100s
m wide by more than 25 m deep) filled by sandy and silty heterolithic deposits with
ripples and climbing ripples that spill over the channels limits and spread laterally
towards the top of succession (Spychala et al., 2015). At Geelbek, it is characterized
by a big scour approximately 6 m deep and completely filled with amalgamated tab-
ular lobe-axis facies, overlain by thin-bedded sandstones that spread out laterally,
becoming more extensive than the confinement created by the scour (Spychala et
al., 2015).

Bypass-dominated region

The systems where evidence of a bypass-dominated region occur in the central
slope areas between updip intraslope lobe deposits and downdip terminal lobes are
the Unit E from Karoo Basin and the Campos Basin reservoir system (Fig. 6.5).
Unit D does not present evidence of such a bypass-dominated region on the slope
but thinning of deposits is observed at the same profile position where the bypass
of sediments from Unit E occurs. The common characteristics observed in Unit
E and the Campos Basin in this region is a thinning and re-channelisation of the
sand deposits, a lateral and longitudinal abrupt facies and thickness variation, and
coexistence of fine-grained and coarse-grained deposits. These exhibit erosive fea-
tures that separate the beds, common facies assemblages of lag deposits (coarse
sands and mudclast conglomerates), structureless and structured sandstones with
common dewatering features, and thin-bedded silty deposits.

However, notable differences between the two cases are observed, especially in
relation to the sand percentage, thickness and volume. In Unit E, bypass-dominated
deposits are rich in mud, with the general background sediments being from silt-rich
spillover fringes and external levees deposits, and the average sand percentage is
30 to 40%. Many scours that erode < 2 m-deep are encountered in this region
and are usually filled with mudclast conglomerates related to lag deposits. Sandy
deposits also fill these scours on the more proximal positions of this region but
are at a maximum 3 m thick. Basinwards, the sandy deposits might be thicker,
reaching a maximum of 40 m but thinning again downdip to less than 20 m. The
discontinuous sand thicknesses with major gaps, especially in the proximal bypass-
dominated region, results in a sand-detached system in Unit E. There is a clear
channel-lobe transition zone (CLTZ) in the Unit E bypass region as described by
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Brooks et al. (2018b). It varies in extent (laterally and longitudinally) through time,
from 2 to 4 km long in the dip direction and a maximum of 11 km in width. No
clear channel-fill deposit or conduit is recognized in the outcrops, but the presence
of external levee deposits indicates that a main channel complex might exist but is
not exposed in the area studied (possibly as it is mud-filled).

In the Campos Basin, seismic images permit the observation of clear channel
elements with eventual spillover sands in the bypass-dominated region. The core
data from wells analysed in Chapter 4 were preferentially drilled in these sand-rich
sites. Therefore, sand percentages and thicknesses tend to be higher compared
to Unit E, but this could be related to a bias caused by the well locations. A sand
percentage estimate from combining seismic impedance data and core data was
calculated as approximately 50%, slightly higher than that observed in Unit E. As
in Unit E, the sand thicknesses vary considerably throughout this region, but the
total thicknesses are considerably higher, from 2 to 100 m thick (estimated from
seismic data) to 48 m thick on average (based on well data). Besides the lateral
thickness variations related to channel / out of channel sites, a longitudinal variation
in thickness is observed from seismic dip sections (Fig. 4.31), which coincides with
underlying salt domes. Sands are thicker in areas where salt is absent and thinner
above the salt domes. Unfortunately, it is difficult to recognize from seismic and
sparse well data, and the potential occurrence, extent and stratigraphic evolution
of a CLTZ cannot be compared with Unit E.

Terminal lobes region

Unconfined lobes that stack in a compensational style in the terminal lobes re-
gion are described here for the three examples studied. The highest sandstone
percentages are concentrated in this region in the cases of Units D and E, and
seismic amplitude data from the Campos Basin also indicate high sand percentages
in the terminal lobe region. The total deposit thicknesses of the terminal lobes
are similar to the intraslope depocentre deposit thicknesses in the Campos Basin
(approximately 100 m thick) and higher in Unit E (maximum 70 m at intraslope
step and 55 m at terminal lobe region). From the Campos Basin seismic data, it
is possible to interpret a more lateral migrating stacking pattern of lobes. Lobes
tend to migrate more persistently from N to S in the Campos Basin system, rather
than more randomly to both sides of the main depositional axis of the system as it
occurs in the Karoo units studied.

In terms of the dimensions of the depositional elements and architecture, seis-
mic amplitude maps from the Campos Basin (Fig. 4.36), when compared to palaeo-
geomorphological maps from the Karoo Units D and E (Fig. 3.23), show similar areal
extensions of the lobe complexes, 30-40 km-long by >20 km-wide. These lobe com-
plexes form fan-shape geometries, but lobes within lobe complexes mapped in the
Karoo-Tanqua depocentre can exhibit a finger-like pinchout pattern (Prélat et al.,
2009; Spychala et al., 2017). In the Campos Basin, the seismic resolution does not
allow lobe pinchouts to be visualized, but isopach seismic maps suggest fingered-
shape terminations internal to lobes and fan-shape terminations on the lobe/lobe
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complex scale. The lateral shifts of the lobe axes are in the order of 7 km in the
Campos Basin and 5 km in the Karoo Basin. Internal bed thicknesses, facies and
sandstone percentage of units could not be compared because of a lack of data
from the terminal lobes in the Campos Basin.

6.3.2. Comparison between natural systems and numerical sim-
ulations

Numerical simulations of turbidity currents performed over stepped-slope with
different gradients (0.6, 1.2 and 2.0 degrees) and variable degrees of lateral con-
finement (confined, moderately confined and unconfined) produced deposits (Tab.
6.2) that exhibit many similarities to the natural systems studied. Differences with
the natural systems can be understood by comparing them with the results of the
different simulation scenarios, providing insights into how topographic variations
may modulate depositional architectures and which flow parameters are more af-
fected by topographic changes.

Dynamic parameters, such as flow velocity, flow concentration, flow thickness
and the densiometric Froude number can be analysed from numerical simulations.
The same parameters cannot be obtained from ancient systems, but only inferred
from their lithofacies, and therefore could not directly be compared with each other.
Instead, the more important flow parameter changes are assessed using the de-
posits of the different datasets, providing a comparison between the flow parame-
ters, the flow interactions with topography, and the deposits.

The main depositional characteristics resulting from the simulations are com-
pared to the natural systems data in a table in Appendix A.

Thickness distribution
Thickness maps from the numerical simulation scenarios show some clear trends

of the thickness distributions. The first trends observed are in the role of the slope
gradient, where the thicker deposits tend to be located more distally in the intras-
lope step region the higher the slope gradient scenarios: the 0.6 degrees slope
scenario shows thicker deposits at the channel mouth, the 1.2 degrees slope has
approximately the same thickness at the channel mouth and at the slope step de-
pocentre and the 2.0 degrees slope is thicker in the slope step depocentre (Fig.
6.7). In the basin-floor region, all three scenarios show thicker deposits at the
basin entrance and thin downdip in an abrupt manner in the 1.2 and 2.0 degrees
scenarios but more gradually in the 0.6 degree case. In the bypass-dominated re-
gion, the deposits are thicker when the gradient is lower. Comparing these results
to the Campos and Unit E systems, the Campos Basin deposits are thicker at the
channel mouth of the intraslope step, similar to the 0.6 degree scenario, and Unit
E deposits are more uniformly distributed in thickness along the intraslope step re-
gion, as in the 1.2 degree simulation scenario. In the bypass-dominated region, the
Campos Basin data show relatively thicker sand deposits than Unit E, suggesting
a lower gradient in the Campos Basin bypass-dominated region versus Unit E. In
the basin-floor region, the basin lobe complexes of Unit E and Campos Basin are
thicker at the basin-floor entrance as observed in the simulations.
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Table 6.2: Depositional characteristics and flow parameters behaviour of the five scenarios simulated in
Chapter 5.
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Additional observations concern the lateral confinement on the slopes (Fig. 6.8).
The deposits of the confined simulation scenario exhibit less sediment in the prox-
imal channel than the moderately confined scenario, suggesting a more efficient
sediment bypass with increasing confinement. In the unconfined scenario, since
the channel is considerably shallower than the channels from the other scenarios,
the flows formed external levees in the proximal channel region and thin deposits
inside the channel conduit. In the intraslope step region, the confined system re-
tains more sand at the intraslope depocentre, while the moderately confined system
shows thicker deposits at the channel mouth. In the unconfined scenario, in the
proximal channel region there is overspill of sediments from the channel, generat-
ing a wider and more uniform thickness distribution along the slope step. These
observations suggest that deposits advance further downdip with higher slope con-
finement. In the basin-floor region, the lobe complex is more widely spread with
lower confinements of the system, but axial extent of the deposits is similar in all
three scenarios.

Comparing the observations from the confinement effects on the deposits to
the natural cases, the following is observed: Unit D has thicker and wider spread
deposits at the terminal region and there is no clear sediment bypass region in the
slope; only a subtle thickness reduction, as observed in the unconfined simulation
scenario. Unit E has thicker deposits at the intraslope step regions with relatively
abrupt lateral pinchouts (Spychala et al., 2017). The deposits are aggradational and
laterally well distributed on these steps, and the basin-floor lobe complex is elon-
gated, showing more similarities to the confined simulation scenario. The Campos
Basin deposits are thicker at the channel mouth of the intraslope step and exhibit
thick basin-floor lobe deposits that are laterally spread. In addition, the bypass-
dominated region contains a considerable amount of sediment, similar to what is
observed in the moderately confined simulation scenario.

Grain size distribution

All natural systems analysed, and the five simulation scenarios, share the pres-
ence of coarser sediments at the point of becoming unconfined, whether related to
an abrupt change in slope gradient or to a change from a channelized to an uncon-
fined setting (i.e. the channel mouths and the base-of-slope/basin-floor regions)
(Figs. 6.9 and 6.10). In other settings of the slope profile, such as at the prox-
imal entrenched channels, the channel-levee settings and the bypass-dominated
ramps, the grain size distribution of the deposits may vary according to degree of
confinement and gradient.

In the numerical simulations, within the proximal channel the grain size is coarser
the higher the gradient. The 0.6o scenario is predominantly silt and very fine sand
in the channel, the 1.2o has a mix of grain sizes from silt to fine sand, and the 2.0o

is dominantly filled with fine sand (Fig. 6.9). The degree of confinement also shows
a trend for grain size distribution, with the unconfined scenario being sandier and
the confined and moderately confined scenarios containing a mix of fine sand, very
fine sand and silt alternating along the channel (Fig. 6.10). The only simulation
scenario with deposits outside the channel margins in the proximal region is the
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unconfined case, with the levee deposits consisting mostly of fine sand. In com-
parison, the Campos and Karoo units present external levees on the proximal region
that are sandy at the base but enriched in silt towards the top of the successions.
Within the channel-fill, the deposits are coarser grained at the base and become
silty and muddy towards the top. Assuming sediment supply characteristics have
been constant, this suggests that these systems may have started with smaller and
more unconfined channels, depositing coarser sediments in both the channel and
the levees, as in the unconfined simulation scenario. With further erosional events,
the channels became deeper, and no sediment was deposited on the levees, but
more silt with patches of sand inside the channel, which is a situation similar to the
more confined scenarios and to the 0.6 to 1.2o channel-fill scenarios.

At the bypass-dominated regions, the simulations show that with more topo-
graphic confinement, the deposits are finer. This suggests an increase in sediment
bypass efficiency with confinement. Based on this, Unit D is comparable to the
unconfined scenario, the Campos reservoirs are similar to the moderately confined
scenario, and Unit E to the confined one (Fig. 6.10). Additionally, the 0.6o scenario
is sandier, as in Unit D, the 1.2o is siltier, as in Unit E, and the 2.0o shows a mix
of silt and sand at the bypass-dominated region, more similar to the Campos Basin
(Fig. 6.9).

Erosion distribution

In general, the simulation results show that erosion is concentrated along the
flow axis positions and in zones of unconfined flow, where the hydraulic jumps
occur. This observation is corroborated by the natural systems, where erosion is
concentrated in the entrenched channels, in the proximal regions of intraslope steps
and base of slope, and, to a smaller degree, in the bypass-dominated regions, where
it can be dispersed laterally if there is a low degree of lateral confinement on the
slope (Fig. 6.11).

Other trends observed in the erosion distribution of the simulations are related
as follows: (i) the erosion propagates towards the basin-floor and is deeper where
the slope gradient is steeper; (ii) at the basin-floor region, the erosion starts aligned
with the channel axis and becomes more dispersed with successive flow events (in
all simulated cases, except for the unconfined case) (Fig. 6.12); (iii) with less
confined slopes the erosion becomes more dispersed at the intraslope step, and
(iv) erosion at the bypass-dominated region is less intense in the confined scenario
and more intense in the moderately confined and unconfined scenarios. In the
moderately confined scenario, erosion is channelized and in the unconfined scenario
it is more widely spread and deeper near the base of slope (Fig. 6.11).

In the Campos Basin, erosion at the proximal region is concentrated in the
canyon and maintains a fixed position through time. At the intraslope step, the
erosion is initially dispersed and then becomes straighter and dip-oriented, forming
the axis of the late erosive channel that cuts the area, which is in a lateral position
from the depocentre of previous deposits. At the bypass-dominated region, erosion
is initially dispersed into several small channel axes and becomes more dip-oriented,
forming the main erosive channel of the area that propagates towards the basin
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Figure 6.9: Grain size distributions of the different slope gradient scenarios simulated in FanBuilder.
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floor (Chapter 4). Comparing to the numerical simulation results, the distribution
of erosion in Campos Basin is similar to the moderately confined scenario with a
probable steeper slope gradient, because erosion in these scenarios are deep and
propagate to distal positions of the basin, as observed in Campos Basin. Besides
these aspects, the evolution of erosion with time at the intraslope step region in
Campos is the opposite of that observed in all confined scenarios (0.6o, 1.2o and
2.0o) which start channelized and become more disperse (Fig. 6.12). This suggests
the system was not totally confined, or another external control might have driven
the observed stacking pattern, such as sediment supply or tectonic factors.

In the Karoo Unit D, erosion is focused along the entrenched channel axis of the
proximal region, but internally to this composite erosional surface, the deposits in-
dicate a lateral migration of the individual channels that build the complex. Towards
the top of the system, the channels become more vertically stacked, indicating a
lower degree of erosion, in a more or less fixed position. In the middle to lower slope
positions, which would correspond to the bypass-dominated zones of the Unit E and
the Campos Basin systems, channel-levees disperse from the entrenched channel
system updip and become progressively less erosive until passing into lobes at the
basin-floor. This erosional dispersion of the system matches a moderately confined
to unconfined scenario, but regarding the erosion depth and longitudinal propaga-
tion, Unit D has more similarities with the higher gradient simulations (2.0o).

In the intraslope step of the Heuninberg outcrop depocenter (Unit E), the erosion
is initially more focused along the lobe axes, and towards the top of the succession
it becomes more dispersed into several axes with small erosive channels (100s m
wide by 10 m deep (Figueiredo et al., 2010; Spychala et al., 2015). At the Geelbek
depocentre, the erosion comprises a 7 m deep scour (Spychala et al., 2015), but
does not propagate longitudinally as a channel. At the bypass-dominated region,
the area of erosion widens on the slope, forming irregular and shallow scours along
the profile. From these observations, Unit E could be classified as a confined system
based on the erosional evolution and depth at the bypass-dominated region, and
with a relatively low gradient slope (similar to the 1.2 to 0.6o scenarios) based on
the lower erosion depth at the intraslope step region.

Depositional architecture and stacking patterns of lobes

The numerical simulation results show some architectural trends regarding the
slope gradient and the lateral confinement. The external lobe complex geome-
tries show the final deposit after 20 events at the basin-floor region to be more
elongated above lower gradients, and more laterally spread above higher gradients
(Fig. 6.7). This is in agreement with observations and interpretations from the Ka-
roo and the Campos Basin systems. In the Campos Basin system, where structural
2D restorations indicate slightly higher slope gradients than in the Karoo Basin, lat-
erally spread lobes are formed in the terminal region, while in Unit D of the Karoo
Basin, the lobes are more elongate and connected to proximal sand deposits. Unit
E shows characteristics from an intermediate situation between the Campos Basin
and the Unit D cases in terms of the lobe complex geometry.

Lateral thickness variations in the basin-floor lobes indicate abrupt pinchouts in
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Figure 6.12: Maps showing the erosion from initial flow events and from final flow events of three
different simulations illustrating how erosion becomes more disperse with time. In the Campos Basin,
the opposite pattern of flow erosion is observed, with a more dispersed pattern at the initial stage but
becoming more linear with time.
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the higher gradient scenarios (1.2o and 2.0o) and a more gradual thickness de-
crease in the lower gradient scenario (Fig. 6.7). This is also demonstrated for lobe
elements in physical experiments from Spychala et al. (2019). The fingered-shape
of lobe terminations in the basin-floor, described in Prélat et al. (2009) from the
Tanqua-Karoo fans and from simulations by Groenenberg et al. (2010) are observed
in individual simulated beds, especially in the final events of the simulations of this
thesis. However, the total deposit shows a regular, radial fan-shaped geometry
after 20 flows (Fig. 6.13). When increasing the flow magnitudes on top of the
previous 20 event beds, both the individual beds as well as the total deposit thick-
ness maps show a fingered shape (Fig. 6.13). In the Campos Basin system, bodies
1 and 2 (equivalent to lobes), as interpreted on the seismic isopach map of the
intraslope step region, suggest fingered-shape terminations. Body 6 is longer and
wider than the other mapped bodies, has an overall radial fan-shaped geometry,
but internally thickness variations also present a fingered-shape pattern. In Units
D and E, lobes were not mapped in detail; hence, no comparison can be made for
the lobe terminations at the basin-floor.

In the intraslope step and sediment bypass-dominated region, a laterally dis-
persed depositional pattern is formed, preferably in increasing elongated lobes with
lower confinements (Fig. 6.8). In a confined scenario, the lateral thickness varia-
tions are subtler at the intraslope step regions the lower the gradient (Fig. 6.7). In
the Campos Basin, the lobes exhibit a divergent geometry at the base of the succes-
sion at the intraslope step and several overspill deposits in the bypass-dominated
region, similar to the moderately confined scenario. In Unit E, the lobes are more
laterally continuous and elongated on the intraslope step. In the bypass-dominated
region, they do not often exhibit sandy overspill deposits as in Campos, which is
similar to the deposits observed in the confined system scenario. Unit D has a
sand-dominated middle slope with no clear bypass-dominated zone within it. This
region is formed by laterally expanded flows that evolve from channel-levee to lobes
architecture downdip, similar to the unconfined simulation scenario.

The depositional stacking patterns from the simulations (Fig. 6.14), show ini-
tially an aggradational system but may change towards the top of the succession,
depending on the slope gradient and the depositional setting. In the intraslope
depocentres, after a certain number of events, the flows tend to spread laterally
or bifurcate from the initial axial lobe deposits. These paths are usually erosional,
forming channels or channelized lobes on top of the aggradational lobes (Figs. 6.12,
6.14 and 6.15). In the Campos Basin and in the Unit E intraslope step regions, this
passage from depositional lobes to channels is also observed. It is characterized
by three stages of depositional architecture, i.e. depositional lobes at the base,
channelized lobes in the middle and erosive channels at the top of the succession.
The top erosional phase in the natural systems cannot be clearly seen in the 20
event simulations, but higher flow magnitude events simulated on top of the 20
events suggest an initiation of an erosive channel with similar characteristics to the
feature observed in Campos Basin (Fig. 6.15). In the basin-floor lobes (Fig. 6.16),
lateral compensation is seen in the steeper gradient simulations, while in the inter-
mediate gradient scenario, flows tend to bifurcate by deviating from the initial axial
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Figure 6.13: Fingered shape from individual beds versus the lobe-shape created by multiple event beds
from the Bathymetry 3 scenario (top). The same behaviour is suggested in the Campos Basin as seen
from the intraslope lobes thickness maps (lower left). Fingered shape geometry interpreted through
field mapping of lobe 2 in Tanqua-Karoo and also reproduced by Groenenberg et al. (2010) simulations
(lower right).
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deposit, forming smaller lobes on both sides. In the lower gradient scenario, the
predominant stacking pattern is backstepping of the deposits (Fig. 6.17). In the
natural systems, the Campos reservoirs show a lateral compensational stacking of
the lobes, but with a preferential direction of migration from N to S. This is similar
to the higher gradient simulation, but probably with a moderately confined intras-
lope step, for which lateral migration of lobes was observed in the five consecutive
events simulated in that case. The Karoo Unit D and E lobes were not mapped indi-
vidually, and cannot be compared with the numerical simulation results. However,
observations at the lobe element scale from the Allemandsdrift outcrop suggest
lateral compensation (Fig. 6.16).

All simulation cases show some degree of backstepping at the intraslope step
and basin-floor regions (Fig. 6.17), but this is more accentuated in the lowest
gradient scenario (0.6o), probably because the flows are weaker in lower gradient
slopes, reaching shorter distances across the basin-floor. Backstepping is also sug-
gested to occur within the Campos Basin system lobes in the intraslope step region
(Fig. 6.17). This depositional pattern has also been recognized in other systems,
and is interpreted to occur at a high-order stratigraphic level. An example is the
study by Amy et al. (2007) of the outcrops from the Grés de Peira Cava, Annot
Basin (France). They claim that this landward shift is likely to have resulted from
basin-floor aggradation and a landward migration of the slope break.

Sediment waves

Depositional ridges transverse to the main flow direction, forming sediment waves,
are observed in the simulated deposits of the moderately confined scenario as well
as in all confined scenarios (0.6o, 1.2o and 2.0o slopes). They are akin to the cyclic
steps reported by Wang et al. (2017) based on numerical simulations of flows into
mini-basins. They occur in the zones of decreased flow confinement, i.e. the in-
traslope step and the basin-floor regions. These features intensify in height and
expand their occurrence basinwards after several flow events, but the ridge crests
show that there is an updip migration through time. The higher the slope gradi-
ent, the longer the domain of occurrence of these features at the intraslope step
becomes (Fig. 6.18).

The wavelengths of the sediment waves are in the order of 600 m in the 2.0o

and 1.2o scenarios, and become more widely spaced and decrease in height in the
0.6o gradient scenario (up to approx. 1000 m wavelength). The shape of their stoss
and lee sides show slightly different patterns depending on the slope gradient and
whether they occur in the intraslope step or in the basin-floor regions. In general,
all gradients show irregular ridges, either with relatively symmetrical stoss and lee
sides, with longer stoss sides than the lee sides, or with shorter lee sides than the
stoss sides. On the basin-floor, the higher gradient scenarios (2.0o and 1.2o) have
a predominance of symmetrical, undulated surfaces, while the 0.6o gradient shows
a predominance of longer undulated stoss side surfaces. In the intraslope step
region, there is a more frequent occurrence of short undulated stoss side surfaces
in the higher gradient scenario, while in the 1.2o and 0.6o cases, the undulated
surfaces are more irregular (Fig. 6.19).
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Figure 6.14: Lobe stacking patterns at the intraslope step from the different simulated scenarios show
an evolution from an initial aggradational phase to a more channelized phase towards the top, due to
flow deviations caused by the reliefs of the underlying deposits. The depositional result from this flow
behaviour is similar to the stacking patterns observed in the Campos Basin and in the Unit E intraslope
step regions.
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Figure 6.15: Simulations using higher flow magnitude on top of the 20 events suggest that a bypass
channel is being formed, as is also observed in the Campos Basin intraslope step region. Note that the
channel dimensions are very similar in the Campos and the simulated case.
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Figure 6.16: Depositional stacking patterns of basin-floor lobes observed in simulations show different
evolutions (colours in sections represent groups of event beds to form a lobe/lobe element). Units
E (bottom) and the Campos systems (top and middle) show more similarities to the higher gradient
simulation, but in Campos, a more persistent lateral migration from N to S of the lobes indicate a
moderately confined slope (confinement on one side only) or a migration of sediment source point in
the area. High amplitudes (yellow to orange colours in the map and section) represent high sandstone
percentage in this area.
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Figure 6.17: Backstepping is observed in all simulation scenarios, but more pronounced in the 0.6 degree
scenario (in this case, also probably related to a more accentuated mass balance problem in simulations).
This pattern is also suggested in the Campos Basin 3D and 4D seismic maps, as well as from grain size
trends of core data from lobes at the intraslope step region. See Fig. 4.17 for map interpretation.
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In the Karoo Basin, these types of features are described in detail from outcrops
of Unit B in the Laingsburg sub-basin (Hofstra et al., 2018), but they are also rec-
ognized in the Unit E channel-lobe transition zones exposed at the Slagtersfontein
outcrop (Brooks et al., 2018b). The main characteristics, used as diagnostic of sed-
iment waves, are hummock-like structures, upper undulated surfaces with subtle
reliefs and crests spaced 10s to 100s of metres apart. Additionally, small-scale
scours and climbing ripples are reported (Hofstra et al., 2018).

In the Campos Basin system, the seismic resolution does not permit the obser-
vation of sediment waves. However, core data from well 3B (Fig. 4.34), located in
the bypass-dominated region near the limit with the terminal lobe region, exhibit
sandstone facies structures such as climbing ripples, micro-undulated laminations
and basal bed erosions (Hofstra et al., 2018) i.e. diagnostic criteria of the CLTZs
in the Karoo Basin. Although not observed in the seismic data from the Campos
Basin, many studies using seismic reflection data have interpreted the occurrence
of sediment waves in their datasets (e.g. Stow & Mayall, 2000; Wynn et al., 2000;
Posamentier & Kolla, 2003; Oluboyo et al., 2014). In Oluboyo et al. (2014) these
features are described as 30-50 ms in height, a maximum 500 m in wavelength
(similar to the numerical simulation results), and occur in areas up to 6 km by 10
km and their crests indicate an updip migration in cross-sections.

6.4. Discussion
6.4.1. Interaction of flows and their deposits with seafloor to-

pography

Numerical simulations permit the observation of turbidity current evolution and
interaction along the stepped slopes, demonstrating the impact that seafloor to-
pography has on the transport and deposition of sediments, and consequently also
on the depositional architectures. Direct comparisons between the observed flow
behaviour in numerical simulations and flows that generated the studied ancient
deep-water deposits are impossible, but some inferences of the palaeotopography
and the flow characteristics of the natural systems can be made by comparing the
changes in flow parameters and the generated deposits in each region of the nu-
merical simulations with the deposits of the natural systems in the correspondent
depositional settings.

The more significant changes in flow behaviour observed in the simulations
occur in zones where there is an abrupt change in slope gradient and confinement,
either a decrease in slope gradient where hydraulic jumps occur (Komar, 1971), or
by an increase in slope gradient where flow rebounds, sediment overspill involving
sediment grain size partitioning, and sediment bypass might occur (Fig. 6.20). The
first zones correspond to the channel mouth and basin entrance, where a reduction
in gradient and a decrease in lateral confinement occur. The second zones occur on
the upper part of the internal slope ramps, where an increase in gradient occurs due
to the passage from a low gradient intraslope step to a higher gradient ramp. At
these locations, important changes in the depositional architecture occur, impacting
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the thickness and grain size distributions, and connectivity between the beds and
depositional elements in all directions.

At the channel mouth and basin-floor entrance, as soon as the turbidity current
head reaches these positions, the flow velocities normally decrease, the flow thick-
nesses and concentrations increase, and the flows expand laterally. These abrupt
flow decelerations, marked by a change in flow behaviour from supercritical (Fr >
1) to subcritical (Fr < 1), usually cause rapid deposition of the coarser grain sizes
because of their lower capacity to stay in suspension, but erosion may also oc-
cur, causing local scours. These changes in flow behaviour occur in all simulation
scenarios, but the higher slope gradient scenarios seem to maintain the hydraulic
jumps for a longer period (Fig. 6.21). This is interpreted to be caused by two
factors. First, in the higher gradient scenario, more sediment is necessary to be
deposited at the slope breaks so that the gradient gets reduced and the hydraulic
jumps stop. Second, the higher velocities reached by flows in the higher gradient
slopes cause more sediment bypass and therefore less deposition. This, conse-
quently, maintains a higher gradient for a longer period of time. The same controls
are suggested by Lee et al. (2002) for the formation of plunge pools (approx. 400
m wide and 21 m-deep circular scours) at the base-of-slope of high angle slope
breaks (higher than 4 degrees) in modern systems.

Another important and potential diagnostic depositional feature recognized in
these regions of abrupt gradient decrease is the formation of transverse deposi-
tional ridges (sediment waves) downdip of the channel mouth and basin-floor en-
trance thick deposits. These features form 1 to 2 m high crests along the flow path,
and have a considerable impact on the flow paths of subsequent turbidity currents,
and on the thickness distribution of sands. These features are more common in
the confined slope scenarios, but less frequent in the moderately confined scenario
and do not occur in the unconfined scenarios This coincides with observations by
Pattaci et al. (2015) who performed physical experiments in ponded mini-basins
that suggest that internal waves related to flow pulsing are enhanced by confine-
ment. Slope gradient may also control the area of sediment waves occurrence.
Simulation results show that higher gradient slopes have longer extensions of sedi-
ment waves in the intraslope step region, in agreement with numerical simulations
by Kostic and Parker (2006) that suggest that an increase in the slope angle updip
of a break in slope will lengthen the zone over which hydraulic jumps occur.

Significant flow and associated depositional features are also observed in the
regions where an increase in gradient is observed. One of them occurs in the distal
limit of the intraslope step, where there is a rebound of the velocity vectors due
to the flows hitting a topographic barrier. This is interpreted as flow reflection and
deflection, and it interferes with the normal direction of the flows at the centre of
the intraslope step region, influencing the depositional characteristics in this region
(Fig. 6.20). This flow behaviour occurs in all confined scenarios, independently of
the slope angle, and much less intensely on the unconfined and moderately con-
fined scenarios. The deposits resulting from these flow reflections and deflections
are expected to be relatively thick structured sandstones with ripples in different
directions. The more confined the slope depocenter is, the higher the concentration
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Figure 6.21: Maps comparing the evolution of flow event no. 3 for the different slope gradient scenarios,
illustrating that the higher gradient case maintains the hydraulic jump at the channel mouth for a longer
period and distance than the other cases.
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of sands at this position and less sediment might pass downdip, with more (par-
tial) ponding of flows. In Unit E, the sandstone facies with bidirectional ripples and
climbing ripples are common in the distal portions of the intraslope step region.
Reflected and deflected flows may also contribute to the reworking of sediment
wave crests, tending to form more symmetrical to irregular shapes with increasing
flow reflections. This also explains why sediment waves are more irregular on the
intraslope step region than on the basin-floor, and why in the higher slope gradient
scenario (where the intraslope depocentre is deeper) these features are more pro-
nounced (Fig. 6.19). In the basin-floor region, a more normal pattern of stoss sides
that are longer than the lee sides is observed in the sediment waves, quite similar
to cyclic steps (e.g. Wang et al., 2017). This seems to occur because there are no
barriers to the flows in these settings to generate flow reflection and deflection. In
Campos Basin, the limited core data analysed does not contain bidirectional rippled
sandstones that are observed in Unit E of the Karoo Basin, lending support to the
interpretation that the Unit E topography was initially more confined than Campos.

At the upper part of the second ramp, the part of the flows that are not reflected
to the intraslope depocentre from its distal margin is transformed from subcritical
to supercritical (Fig. 6.20), increasing progressively in velocity. It becomes more
focused in the confined scenarios, and in concentration, due to the progressive in-
crease in erosion downdip. This flow behaviour results in sediment bypass at the
upper part of the second ramp, where normally deposits are very thin silts with
little erosion. This becomes more erosive, coarse grained and with very thin de-
posits towards the lower part of the second ramp (particularly in the lower gradient
scenarios), where normally the channel-lobe transition zones (CLTZs) (sensu Mutti
& Normark, 1987) occur. The different simulations show that the higher the slope
gradient, the longer and more efficient the sediment bypass region at the second
ramp, and the more repetitive the flow behaviour from one flow to another. In the
lower gradient scenario, the flow behaviour maps from flow 3 (Fig. 5.6) and flow
11 (Fig. 5.7) exhibit considerable differences in the time that flows take to reach
the basin, which are longer in the middle to final flows than in the initial flows.
This indicates that lower gradient slopes tend to have a stronger landward shift
(backstepping) of depositional elements with time than higher gradient slopes.

At a higher order scale, topographic changes will cause changes in flow pa-
rameters, and thus define the limits between zones where channels will be form
preferentially (in regions after an increase in slope gradient) and zones where lobes
will be deposited (after breaks in slope). As for lateral confinement, the lower the
lateral confinement the more flows spread laterally, forming levees when combined
with a high gradient slope and lobes at lower gradients or flat bathymetries.

6.4.2. Lobe depositional architectures and stacking patterns
controls

Lobe shapes and dimensions

The dataset studied in this thesis revealed that lobe and lobe elements vary in
shape and in dimensions from the intraslope step regions to the basin-floor, as well
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as within these settings, provided there are changes in the slope angle (Fig. 6.7)
and in the degree of lateral confinement (Fig. 6.8). Longitudinal extents, maximum
lateral widths and thicknesses, as well as the positions of the lobe depocentres
in the studied natural systems at the intraslope step regions are compatible with
dimensions described in literature for confined lobes (e.g. Deptuck et al., 2008;
Prélat et al., 2010; Zhang et al., 2016) (Fig. 6.2). Yet these dimensions are still
quite variable. In Campos, the lobes are smaller and thicker (> 7 km long, 3-5 km
wide, 10-40 m thick) than in the Karoo Unit E system (15-25 km long, 6-10 km
wide, 8-14 m thick). This is attributed to a higher lateral confinement associated
with a lower sediment supply in the Unit E case compared to the Campos Basin
system. For a given flow magnitude, the control of the lobe shape and dimension
seem to be more a function of the slope confinement degree rather than of the slope
angle of the basin profile, as observed in the simulation results as well as previously
discussed in literature (e.g. Prélat et al., 2010; Zhang et al., 2016). The simulation
results show that lobes tend to be more elongated in more confined intraslope
steps (Figs. 5.27 and 5.28), as observed by de Leeuw et al. (2016). A previous
study from Prélat et al. (2010) concludes that, although lobe dimensions are quite
variable (particularly between confined and unconfined systems), the volumetric
ranges of them are similar, between 1 to 2 km3. This is supported by this study
and other studies in literature (e.g. Zhang et al., 2016). On the basin-floor, the
results of the simulation show that lobe dimensions do not vary much by changing
the slope gradient, but they show significant changes in dimensions by varying
the lateral confinement on the slope, with the unconfined slopes tending to form
considerably larger lobe systems at the basin-floor (two to three times wider, but
just a few km longer). The increase in sediment supply in the final events of a
confined slope scenario also shows that there is a considerable increase in the lobe
system dimensions, albeit more in width than length (Fig. 5.29). This suggests
that progradation on the basin-floor, as observed in the natural systems, is difficult
to occur by only autogenic controls or even by waxing sediment supply. Possible
controls for progradation to happen then could be tectonic movements in the basin,
a higher number of flow events, or different grain sizes and rheological properties
of the flows, including higher mud contents to increase the flow efficiency (which
is not possible to simulate in FanBuilder).

Regarding the position of the lobe depocentre, the simulations show that higher
slope angles generate lobe depocentres in a more distal position at the intraslope
step (Fig. 6.7), probably because flows accelerate more on higher gradients and
thus take more time to loose inertia. Therefore, they carry their sediments longer
distances, similar to that observed in the physical experiments by Spychala et al.
(2019). Deptuck et al. (2008) attribute peak thicknesses of lobes further into the
basin as characteristic for larger lobes. This is related to the higher flow velocities
and efficiencies, as proposed here. In the basin-floor lobes, the peak thickness
is more proximal, as observed in all simulations and natural systems, and it de-
creases more gradually downdip, similar to what Deptuck et al. (2008) describe as
a common feature for most of the lobes.
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Lobe stacking patterns

One of the first studies to propose criteria for differentiating intraslope lobes from
basin-floor lobes was from Spychala et al. (2015) in the Unit E outcrops from the
Karoo Basin. This was reviewed and discussed in Chapter 3 of this thesis. The
comparison between this dataset with the Campos Basin reservoirs and numerical
simulations performed in this study permit a better understanding of how the archi-
tectural differences between intraslope and basin-floor lobes are related to internal
(autogenic) and external (allogenic) geological controls.

All datasets studied show significant differences between the depositional ar-
chitecture of intraslope and basin-floor lobes. In the intraslope lobes case, the
stratigraphic evolution of the depositional architecture does not change much, and
consists of three depositional stages. The stratigraphic succession starts with de-
positional lobes that evolve into channelized lobes, which are then partially eroded
by channels (e.g. figs. 3.18, 4.19 and 6.14). The basin-floor terminal systems, in
contrast, do not show an evolution from lobes to channels, but are formed only by
lobes that stack in a lateral compensational manner (Fig. 6.16), similar to what is
observed by Spychala et al. (2015).

A closer look at the intraslope step region helps see the major differences in
the studied datasets, specifically the characteristics of the final channelized bypass
stage and the initial stacking patterns of the lobes. The simulations show a tendency
of flows to deposit initially in an axial position and then to bifurcate after a certain
number of events, deviating from previous deposits. This seems to generate more
channelized surfaces with time on top of the depositional lobes, causing a transition
to channelized lobes, as observed in the natural systems and previously proposed
by Booth et al. (2012). Autogenic processes, as shown by simulations where no
flow and seafloor topography change was imposed during the runs, can therefore
lead to this feature. In the case of the final bypass phase observed on top of the
successions, a clear erosive feature (Fig. 6.15) with dimensions similar to the main
erosive channels from proximal regions (1-2 km wide) is observed in the Campos
and the Unit D systems. In the simulations, this was formed only after increasing
the flow magnitude, suggesting that bigger erosive events such as this are more
related to allogenic processes, or could be formed autogenically, but with a higher
number of consecutive flow events than the ones simulated. Since the allogenic
processes may vary from basin to basin, this final bypass phase of the stepped
slope systems will also be quite variable in characteristics according to what control
operates in a particular basin (e.g. an increase in sediment supply, tectonism or
continuous flow events).

Regarding the differences observed in the initial stages of the depositional lobes,
an aggradational stacking pattern forming tabular beds is observed in the Unit E
system (Fig. 3.17) and in the confined simulation scenarios. Alternatively, in the
Campos Basin (Figs. 4.15 and 4.16) and in the moderately confined simulation
scenarios, the lobes and lobe elements stack in an aggradational manner too, but
with an important component of lateral migration from one lobe or lobe element
to another. It is suggested here that the control on these differences in stacking
patterns is the degree of confinement. In the Campos Basin case, salt domes
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underneath the reservoir systems elevated one side more than the other, creating
an irregular and complex style of confinement. Liu et al. (2018) conclude that
in addition to the degree of confinement, the flow magnitude relative to the size
of the confinement will control these depositional architectures. Thus, high flow
magnitudes relative to a given confinement produces preferentially aggradational
stacking while low flow magnitudes relative to the same degree of confinement
produce mostly laterally stacked lobes. This hypothesis was not tested in this thesis
using the simulations because the flow magnitude was not varied for all topographic
scenarios. The Campos Basin has almost twice more sediment volume accumulated
along the slope-to-basin profile than Unit E. Additionally, the intraslope lobes are
more laterally stacked than in Unit E. This contradicts the hypothesis of Liu et al.
(2018) but it does not discard this concept. For this, the sediment volume of the
initial stage of deposition relative to the degree of confinement should be evaluated
and not the sediment volume of the entire system.

On the basin-floor, the stacking patterns do not show significant changes in
depositional architecture, for example, from lobes to channels, through time com-
pared to the intraslope step regions. In general, the entire succession consists
of lobes that mostly stack in a compensational manner. The simulation results
show that progradation only occurs during the first events and afterwards the ten-
dency is to aggrade and/or compensate laterally and finally backstep through time
(e.g. Fig. 5.10). A different pattern was observed in the physical experiments
of Pohl et al. (2019), where consecutive flows entering a basin-floor deposited
lobes that backstepped through time until a point where the channelized portion
updip started being filled and caused lateral avulsion of the system. Based on
the simulations, higher gradient slopes need more events to start backstepping
while before this, they stack in a lateral compensational style. At lower gradient
slopes the system may start backfilling from the first events onward. The lateral
compensational stacking pattern of lobes is formed and organized mainly in two
different ways, depending on the slope-to-basin profile gradient (Fig. 5.31). The
higher slope gradient simulation scenario shows a more disorganized stacking of
lobes that progressively evolves into a bifurcation of flows that deposit lobes sym-
metrically on both sides of the previous axial lobe deposit. The intermediate slope
gradient scenario shows an aggradational stacking pattern that evolves into flow
bifurcation. The lower slope gradient scenario shows predominant stacking in a
backstepping manner. The different patterns observed in the simulations suggest
different evolutions for the lobe stacking patterns depending on the initial slope
gradient, which starts with progradation, continues with aggradation at the axial
position, then evolves to lateral compensation, first in a disorganized manner and
then by bifurcation, and finally to a backstepping pattern. Depending on the initial
slope gradient, each of these phases will be more or less pronounced or might even
be absent. Further complications might arise from external factors that change the
slope gradients during the sedimentary evolution of the system.

Additionally, none of the simulations show a channel propagating through the
lobes through time in the basin-floor region, suggesting that progradation of the
system through channelization at the basin-floor is more difficult to occur only from
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autogenic processes (e.g. depositional relief), at least with the number of flows
simulated.

Hierarchical scales of lateral compensation

Lateral compensation of lobes is observed in many ancient and modern deepwater
sedimentary systems at different hierarchic scales (Mutti & Normark, 1987; Gardner
et al., 2003; Deptuck et al., 2008; Prélat et al., 2009; MacDonald et al., 2011; Terlaky
et al., 2016). A discussion by Straub & Pyles (2012) questions if this phenomenon
is scale-invariant, i.e. a fractal model, or if it is scale-dependent, where the lateral
shifts do not happen in the same way at the different hierarchical scales. The
present study favours a scale-dependent model, where different distances of lateral
shifts are observed for each hierarchical scale (Fig. 6.22). Simulations show that,
at the bed-scale, events are more aggradationally stacked. From the lobe element
scale to the lobe complex scale, lateral compensation is observed, but the shifts are
proportionally larger the higher the hierarchical level of the deposits. The natural
systems also seem to support the scale-dependent model, because in the Karoo
outcrops the lateral shifts between lobe elements are in the order of 50 to 200 m,
while at the lobe scale the lateral shifts are in the order of approximately 5 km. The
same scale of lateral shift is observed in the lobes of the Campos Basin intraslope
step region. For the lobe complexes and lobe complex sets, even bigger lateral
shifts of the depocentres are observed in both basins. In the Karoo Basin, the shift
from Unit D to E is in the order of 10 km and similar to the distances of the system
studied in the Campos Basin from other younger and older systems in the basin.

Therefore, the origin of lateral compensation at the different hierarchic scales
might be explained by different geological controls, which probably relates to a
combination of allogenic and autogenic processes. The bed-scale aggradational
pattern is mostly controlled by the axis of the updip channel and the accommoda-
tion in the unconfined region. A possible threshold in thickness from 6 to 10 m is
observed from the dataset studied (Fig. 6.23) and might be the control for a minor
lateral shift that forms a new lobe element laterally, but with a considerable super-
position between lobe elements. The major shifts between the lobe scale elements
have different controls as suggested in literature, such as the frequency of flow
events, the long-term sediment supply, the subsidence rate, the size and shape of
the basin, and autogenic processes (Straub et al., 2009; Prélat et al., 2010; Mac-
Donald et al., 2011; Straub & Pyles, 2012). In this thesis, it is shown that autogenic
processes are sufficient to produce a compensational stacking pattern of lobes. Yet
the size and shape of the basin confinement will also influence the stacking pat-
tern style, generating avulsions in the updip channels of approximately 1 to 5 km.
The lobe complex to lobe complex set scales show bigger avulsions between units
(approx. 10 km), with similar distances observed in the Campos and Karoo basins,
as well as in a Miocene system from the Congo Basin (Oluboyo et al., 2014) and in
modern systems offshore Brazil. This large scale of avulsion involves not only the
lobe deposits, but also the entire sediment pathways, generating laterally weakly
to unconnected sand deposits, often involving changes in the source characteris-
tics of the sediment. These magnitudes of the lateral shifts are likely controlled by
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Figure 6.22: The hierarchic scales of lateral compensation of lobes proposed in this thesis. The figure
is schematic, so bed thicknesses are not scaled. For thickness of beds and lobe elements, refer to the
text of section 6.4.2.

external factors such as changes in the source river-delta positions updip created
by higher magnitude stratigraphic cycles.

6.4.3. Sand-attached versus sand-detached systems
One of the first questions raised in this study and in previous research from

deep-water stratigraphic units in Laingsburg sub-basin (van der Merwe et al., 2014;
Brooks et al., 2018) was to understand which geological controls changed deposi-
tional systems from sand-attached to sand-detached in the basin. More specifically,
whether autogenic controls, such as depositional relief, would be able to cause this
change in longitudinal sand distributions in the slope-to basin profile.

The integrated study developed show that lateral confinement of slope depocen-
tres along the slope-to-basin profile has the greatest impacts on the longitudinal
connectivity of a system. The less lateral confinement in these settings, the more
sand is deposited in the proximal regions, and the more continuous is the downdip
evolution of the systems, from channels that evolve progressively to lobes. Higher
slope gradients will form more efficient bypass-dominated zones, but the degree of
lateral confinement is still the more important control. From this observation, the
main question becomes knowing if depositional dynamics (combined to differential
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Figure 6.23: Cross-sections from the 1.2 degree (A) and 2.0 degrees (B) gradient scenarios from nu-
merical simulations showing that lobe axes shift in position after a determined thickness of depositional
axis is reached (6 to 10 m thick, after 4 to 7 flow events).

compaction) would by itself be able to generate or change the lateral confinement or
slope gradient of a system to a degree where systems change the sand distribution
patterns from sand-attached to sand-detached.

From numerical simulations, all scenarios show a tendency to backfill the basins
with time, healing topography and progressively reducing the confinement and de-
gree of slope gradient. Therefore, a change from sand-detached to sand-attached,
rather than the opposite, is more expected to happen where there is no impacts
from allogenic processes. Although, channelisation is observed to happen sponta-
neously in the final events of multiple-flow events simulations, suggesting that a
higher number of flow events would be able to generate channels in the slope. But
these tend to cut through continuously the entire slope down to the basin-floor;
not creating detached lobe depocentres along the slope-to-basin profile.

The allogenic controls that are more prone to create confinement, or an increase
in slope angles, are those related to tectonics, such as faults reactivation and move-
ment on mobile salt or shale substrates. Regional subsidence would increase slope
gradient, but would not likely create steps along the slope profile.

6.4.4. Differences between stepped-slopes andmini-basins de-
positional architectures

Comparing the depositional architectures and sand distributions observed in the
stepped-slope systems studied with published work that studied mini-basins sys-
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tems complex topographies, important differences are observed, which impacts
significantly on reservoir occurrences, extensions and quality predictions for these
systems. The main differences are highlighted here and the impact on reservoir
prediction is discussed.

The main morphologic difference between stepped-slope and mini-basin to-
pographies is the presence of relatively high counterslopes separating contiguous
mini-basin depocentres, which are also laterally more confined; and the absence
or very subtle counterslopes in stepped-slope profiles, as well as varied degrees of
lateral confinement of intraslope steps. This fundamental difference between these
two types of systems, also defined as ponded slopes and healed slopes (sensu
Prather, 2003), respectively, generate distinct characteristics in deposits, presented
below.

Both types of slope profile record an evolution from older depositional lobes
to younger channelized deposits, but internal to these depositional phases some
differences are observed (Booth et al., 2003). Most authors describe higher fill
rates with more mud cap preservation in mini-basin systems due to the higher
confinement that isolate the mini-basin depocentre from downdip regions, capturing
all the sediment from flows into this depocentre (Booth et al., 2003; Marini et al.,
2016). The stepped-slope profiles tend to be sandier in general and with almost no
mud preserved, since lower confinement heights might permit flows to overcome
these confinements and deposit finer sediments on levees and concentrate stepped-
slope depocentres with sands. For hydrocarbon exploitation, for example, these
differences will implicate in different reservoir production strategies. Mini-basin
depocentre will have more compartmentalized reservoirs, requiring vertical wells
with canyoning in many stratigraphic levels, while stepped slope systems could
maybe produce with deviated wells with less canyoning stratigraphic levels.

Another important difference is that the fill-and-spill process of filling depocen-
tres usually described for mini-basin slopes (Prather et al., 1998) tend to form dis-
connected sand accumulations along the slope, generally with different ages, while
stepped-slope systems have their steps and basin-floor regions filled continuously
in every flow event, increasing the probability of forming sand-attached systems.
Therefore, the occurrence of sandy deposits downdip of an intraslope step is more
guaranteed than in a mini-basin slope configuration, since sediments in this last one
will tend to reach more distal areas only after filling the depocentres updip. This
also may result in stronger backstepping stacking pattern in mini-basin slope profiles
(Amy et al., 2007; Wang et al., 2017) and a more laterally stacked to aggradational
profile in the intraslope depocentres of stepped-slope bathymetries. As discussed
previously, sand-attached systems generated in some stepped-slope accommoda-
tions will need more attention in terms of trapping effectiveness, while the risk of
trap in sand-detached systems, more common in mini-basin profiles, will be reduced
in relation to the previous case.

Comparing to Wang et al. (2017) numerical simulations in a mini-basin bathymetry,
lobe depocentres on their simulations lies always at the lowest point of the origi-
nal bathymetry, while in stepped-slopes simulations from this thesis, the depocen-
tre position may vary in the intraslope step region, depending on slope gradient.
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This shows that the regional slope gradient has a higher control in stepped-slope
bathymetries, while the local mini-basin gradients are a more important control in
these systems.
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7.1. Conclusions
This study characterised in a systematic way the geological context and deposi-

tional features of two natural ancient turbiditic systems on stepped slope profiles:
1. Outcrops from two stratigraphic units of Karoo Basin, South Africa, and 2. A
reservoir system from the Campos Basin, offshore Brazil. Complementary to these
datasets, numerical simulations were performed by varying the slope gradient and
the lateral confinement, resulting in equivalent topographies to the two natural
datasets. Comparisons of these datasets led to an understanding of some issues
related to the geological controls involved in the formation of different depositional
architectures and sand thickness distributions along stepped slope profiles. From
this analysis, the following conclusions are derived.

1. Seafloor topography showed to be a fundamental control on the depositional
architecture of deepwater sediments, since consistent and repetitive changes
in the different datasets occur in regions where there is a change in slope
gradient and/or lateral confinement.

2. The investigation of stepped slope systems from reservoir and outcrop data
at different scales of observation and comparing them with numerical simu-
lations of turbidity currents proved to be a useful way to test interpretation
hypotheses of these systems. This additionally helped constraining the un-
certainties on the controls behind certain depositional patterns.

3. Intraslope and basin-floor lobes were found to have distinct depositional ar-
chitectures. Stacking patterns within intraslope depocentres normally show
an evolution from depositional lobes at the base to channelized lobes and by-
pass erosive channels at the top. Lobes tend to be aggradationally stacked
to slightly laterally compensated in these settings, with the vertical stacking
component prevailing in the more confined slopes. Slope gradient impacts the
locus of the sediment depocentres in the intraslope step. Basin-floor regions,
on the other hand, are dominated throughout the successions by depositional
lobes that stack in different styles of compensation as a function of the slope
gradient. Higher slope gradients tend to form semi-random lateral stacking of
lobes, while intermediate slope gradients form a combination of lobe aggra-
dation and bifurcation, and gentler slopes form backstepping patterns. These
patterns are interpreted to be controlled by the deposits from previous flows
that work as barriers, as well as by the changing flow efficiency upon encoun-
tering these obstacles. Higher slope gradients will generate higher velocity
flows that will maintain their inertia and flow more easily over the obstacles.

4. Laterally compensational stacking patterns in lobes occur in at least four hier-
archic orders, but the magnitude and causes of lateral shifts vary with scale.
Beds may be more or less vertically stacked, lobe elements may have lateral
shifts of 500 m to 2 km between lobe element axes, lobes may shift from
1 to 5 km in distance, and lobe complexes/lobe complex sets may be sepa-
rated by approximately 10 km in distance. Geological controls of the lateral
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stacking are generally related to autogenic controls in the smaller-scale hier-
archies, such as the depositional relief and updip channel avulsions caused
by a backstepping infill of channels. Larger-scale lateral compensations are
more related to allogenic controls or a combination of allogenic and autogenic
controls, such as changes in sediment supply, the size and shape of basin con-
finement and differential compaction causing depositional reliefs that deflect
subsequent flows.

5. Whether the sand distribution patterns are sand-attached or sand-detached
depends mainly on lateral confinements of the slopes, and secondarily on
slope gradients. Simulations results show that autogenic controls such as
the depositional relief rarely cause a change from sand-attached to sand-
detached systems, but the opposite might occur because of slope topography
becoming progressively smoothed with sedimentation, therefore connecting
the deposits from upper slope to basin-floor regions. Therefore, allogenic
controls are invoked to explain an increase in confinement and slope gradi-
ent, and consequently, an evolution from sand-attached to sand-detached
systems. This would suggest tectonic causes such as faults reactivations and
mud or salt diapirism.

6. Mini-basin models are not applicable to stepped-slope bathymetry profiles.
The main differences between these types of slope accommodation are: (i)
the higher mud content in mini-basins, especially at the base of the depocen-
tre fills; (ii) the control in deposition by the equilibrium profile in stepped-
slopes while in mini-basins this control is exerted by internal confinement
gradients; and, (iii) sediment depocentres in mini-basins usually coincides
with the original bathymetry depocentre, while on stepped-slopes the depo-
sitional depocentre may vary its position according to the slope gradient.

7. Depositional processes are always the result of a combination of allocyclic
and autocyclic processes, which interact with each other. Therefore, studies
should focus on understanding how each of these controls impact the de-
posits, but keeping in mind that in nature these act concomitantly. Process-
based numerical simulation is a suitable tool to evaluate the impact of each
controlling parameter. In general though, smaller-scale patterns are more
related to autogenic processes while the larger features are more controlled
by allogenic processes.

7.2. Application to reservoir modelling
Several aspects regarding the depositional architecture of stepped slope systems

discussed in this thesis may have direct applications in the E&P industry exploration,
reservoir characterisation and reservoir modelling activities.

Lobe geometries and sizes were shown to vary according to the depositional set-
ting and to the slope gradient of a stepped-slope profile. Lobes tend to be longer
in the intraslope steps and more laterally spread (fan-shaped) in the basin-floor
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region. Gentler slopes tend to form more uniform thickness distributions of lobes in
confined intraslope settings in relation to the steeper slopes. Predictions regarding
lobe geometries relative to their position in the slope-to-basin profile and/or to the
regional slope gradient can be useful for modelling these reservoirs in a more repre-
sentative way. Object sizes and variogram ranges in geocellular reservoir modelling
can be determined according to these parameters. For example, intraslope step
regions can be modelled using more anisotropic variograms or more elongated ob-
jects, while basin-floor lobes can be better represented by round-shaped objects or
by more isotropic variograms, or even by multiple direction variograms to represent
the dispersed manner of basin-floor lobe deposits.

The pinchout of sands also showed to change according to the slope confine-
ment and gradient, and it also will be different depending on the depositional set-
ting. Intraslope depocentres will form more abrupt lateral pinchouts in the higher
gradient and steeper slope scenarios. At the basin-floor, lateral pinchout of lobes
tend to be similar in any slope gradient simulated, since all cases were totally un-
confined, but longitudinal pinchout is more abrupt in the steeper slope scenario.
These observations may be considered when defining reservoir extensions that are
below seismic resolution scale, giving more precise estimatives of hydrocarbon vol-
umes. In the scenarios simulated in this thesis, the 1.2 and 2.0 degrees scenarios
had similar types of pinchout, more abrupt in the lateral margins of intraslope steps
and in the distal terminations of basin-floor lobes. The opposite was observed in
the 0.6 degree scenario, indicating that a threshold value might occur between 0.6
and 1.2 degree of the regional slope.

Depositional stacking patterns are important for predicting permeability barriers
and heterogeneities inside reservoirs. This study shows that more intraslope de-
pocentres in stepped-slope systems are different from ponded mini-basins in this
manner. Stepped-slope depocentres stack in a more laterally migrating fashion,
while ponded mini-basins are more vertically stacked. These different stacking pat-
terns imply, for example, different well trajectories and distributions of injectors
and producers wells in a hydrocarbon field.

The stratigraphic and longitudinal evolution in different stepped-slope configu-
rations tested in this study show that slope gradient and confinement are important
controls on the lateral and vertical distributions of sand within a depositional system.
The more confined is the system, closer to the ponded mini-basins configuration,
the more disconnected and grain-size partitioned will be the deposits within the
system and; the more unconfined and gentler the slope, more continuous will be
the deposits longitudinally. These kind of predictions may guide explorationists
in choosing areas in a basin with the best probability of containing good quality
reservoirs.

Finally, less conventional reservoir modelling approaches could also benefit from
the conclusions of this thesis. All the relationships between gradient, confinement
controls and the depositional result from different topographic scenarios that were
observed in this study could be used as rules in the construction of event-based
numerical simulation softwares (e.g. Sylvester et al., 2011; McHargue et al., 2011;
Pyrcz et al., 2012, 2015; Stright et al., 2013). These type of simulations, where ge-
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ological rules are established to build and stack depositional geometries (objects) or
stratigraphic surfaces, seem to be promising for reservoir modelling in areas where
sparse data is available and reservoir models are strongly driven from geologic
concepts (Pyrcz et al., 2015). In this way, the depositional patterns observed in
the natural systems and constrained in terms of geologic controls through process-
based numerical simulations could be integrated through event-based simulations
for reservoir modelling purpose.

7.3. Recommendations
In order to improve on the studies in this thesis and to confirm some of the

interpretations, the following recommendations are suggested:

1. For more trustful and accurate simulation results and, as a more ambitious
goal, to use these simulations in a more quantitative way to build geocellular
models to be used for field development in the E&P industry, two main aspects
of the numerical modelling process are crucial and still have room for consid-
erable improvements. The first relates to the seafloor palaeotopography of
the natural system to be studied. This should be carefully constructed using a
3D structural restoration software, since subtle changes in the seafloor topog-
raphy proved to cause large impacts on the sediment deposition. The second
is related to the process-based algorithm itself. Some important features of
sediment-laden density flows should be incorporated in these softwares: (1)
The flow density and velocity stratification; (2) the wider range of flow concen-
trations than most softwares can handle (max. 7% in volume in FanBuilder);
and (3) the flow transformations that occur through these flows paths (from
turbidity currents to cohesive flows and vice-versa). It is recommended to
follow this order of priority and to attempt obtaining a stability in the simula-
tions such that at least one hundred of flow events can be stacked. All efforts
by Industry and research groups in machine learning and artificial intelligence
for Geosciences will not resolve the problems in predicting reservoir quality
and geometries if the controls on these properties are not well constrained
and understood. Before investing in these powerful tools for Geosciences, a
significant improvement of process-based numerical simulators would bring
important new knowledge of turbiditic systems and, therefore, permit estab-
lishing more precise geological rules as input for artificial intelligence tools.

2. Run more simulation scenarios to fill the matrix of combinations between slope
gradient, lateral confinement and sediment supply volume. In other words,
extend the scenarios presented here to a wider range of parameters.

3. Compare the results of the work in this thesis with modern systems that were
not contemplated in this study.

4. Perform statistical analyses of bed thicknesses and of lobe elements in the
different scenarios to evaluate whether there is a typical range of lobe thick-



7

260 7. Conclusions and Recommendations

nesses and to see if some patterns emerge that may help in differentiating
deposits as a function of changes in seafloor topography.



References

Aas, T.E., Howell, J.A., Janocko, M., Jackson, C.A.L., 2010a. Control of Aptian
palaeobathymetry on turbidite distribution in the Buchan Graben, Outer Moray Firth,
Central North Sea. Mar. Pet. Geol. 27, 412–434.
https://doi.org/10.1016/j.marpetgeo.2009.10.014

Aas, T.E., Howell, J.A., Janocko, M., Midtkandal, I., 2010b. Re-created Early
Oligocene seabed bathymetry and process-based simulations of the Peira Cava tur-
bidite system. J. Geol. Soc. London. 167, 857–875. https://doi.org/10.1144/0016-
76492009-005

Aas, T.E., Basani, R., Howell, J., Hansen, E., 2014. Forward modelling as a
method for predicting the distribution of deep-marine sands: an example from
the Peira Cava Sub-basin. Geol. Soc. London, Spec. Publ. 387, 247–269.
https://doi.org/10.1144/SP387.9

Abd El-Gawad, S., Cantelli, A., Pirmez, C., Minisini, D., Sylvester, Z., Imran, J.,
2012. Three-dimensional numerical simulation of turbidity currents in a submarine
channel on the seafloor of the Niger Delta slope. J. Geophys. Res. Ocean. 117.

Adeogba, A.A., McHargue, T.R., Graham, S.A., 2005. Transient fan architecture
and depositional controls from near-surface 3-D seismic data, Niger Delta continen-
tal slope. Am. Assoc. Pet. Geol. Bull. 89, 627–643.

Albertão, G.A., Mulder, T., Eschard, R., 2011. Impact of salt-related palaeoto-
pography on the distribution of turbidite reservoirs: Evidence from well-seismic
analyses and structural restorations in the Brazilian offshore. Mar. Pet. Geol. 28,
1023–1046. https://doi.org/10.1016/j.marpetgeo.2010.09.009

Albertão, G., Eschard, R., Mulder, T., 2015. Modeling the deposition of turbidite
systems with Cellular Automata numerical simulations: A case study in the Brazilian
offshore. Mar. Pet. Geol. 59, 166–186.

Allen, J.R.L., 1971. Mixing at turbidity current heads, and its geological implica-
tions. J. Sediment. Res. 41, 97–113.

Almeida, A.G., Kowsmann, R.O., 2016. Geomorphology of the continental slope
and São Paulo Plateau, in: Kowsmann, R.O. (Ed.), Geology and Geomorphology.

261



262 References

Elsevier, Rio de Janeiro, pp. 33–66.

Amy, L.A., Peakall, J., Talling, P.J., 2005. Density-and viscosity-stratified gravity
currents: Insight from laboratory experiments and implications for submarine flow
deposits. Sediment. Geol. 179, 5–29.

Amy, L.A., Kneller, B.C., McCaffrey, W.D., 2007. Facies architecture of the Gres
de Peira Cava, SE France: landward stacking patterns in ponded turbiditic basins.
J. Geol. Soc. London. 164, 143–162.

Andersson, P.O.D., Worden, R.H., Hodgson, D.M., Flint, S., 2004. Provenance
evolution and chemostratigraphy of a Palaeozoic submarine fan-complex: Tanqua
Karoo Basin, South Africa. Mar. Pet. Geol. 21, 555–577.

Armitage, D.A., Romans, B.W., Covault, J.A., Graham, S.A., 2009. The Influence
of Mass-Transport-Deposit Surface Topography on the Evolution of Turbidite Archi-
tecture: The Sierra Contreras, Tres Pasos Formation (Cretaceous), Southern Chile.
J. Sediment. Res. https://doi.org/10.2110/jsr.2009.035

Armitage, D.A., McHargue, T., Fildani, A., Graham, S.A., 2012. Postavulsion
channel evolution: Niger Delta continental slope. Am. Assoc. Pet. Geol. Bull. 96,
823–843. https://doi.org/10.1306/09131110189

Athmer, W., Groenenberg, R.M., Luthi, S.M., Donselaar, M.E., Sokoutis, D., Will-
ingshofer, E., 2010. Relay ramps as pathways for turbidity currents: a study com-
bining analogue sandbox experiments and numerical flow simulations. Sedimentol-
ogy 57, 806–823. https://doi.org/10.1111/j.1365-3091.2009.01120.x

Azpiroz-Zabala, M., Cartigny, M.J.B., Talling, P.J., Parsons, D.R., Sumner, E.J.,
Clare, M.A., Simmons, S.M., Cooper, C., Pope, E.L., 2017. Newly recognized tur-
bidity current structure can explain prolonged flushing of submarine canyons. Sci.
Adv. 3. https://doi.org/10.1126/sciadv.1700200

Baas, J.H., Best, J.L., Peakall, J., 2011. Depositional processes, bedform de-
velopment and hybrid bed formation in rapidly decelerated cohesive (mud-sand)
sediment flows. Sedimentology 58, 1953–1987. https://doi.org/10.1111/j.1365-
3091.2011.01247.x

Baas, J.H., Manica, R., Puhl, E., Verhagen, I., Borges, A.L. d. O., 2014. Pro-
cesses and products of turbidity currents entering soft muddy substrates. Geology
42, 371–374. https://doi.org/10.1130/G35296.1

Bagnold, R.A., 1962. Auto-suspension of transported sediment; turbidity cur-
rents. Proc. R. Soc. London. Ser. A. Math. Phys. Sci. 265, 315–319.



263

Barton, M.D., 2012. Evolution of an Intra-Slope Apron, Offshore Niger Delta
Slope: Impact of Step Geometry on Apron Architecture. Appl. Princ. Seism. Ge-
omorphol. to Cont. Base-of-Slope Syst. Case Stud. from Seafloor Near-Seafloor
Analog. 181–197. https://doi.org/10.2110/pec.12.99.0181

Beaubouef, R.T., Friedmann, S.J., 2000. High resolution seismic/sequence strati-
graphic framework for the evolution of Pleistocene intra slope basins, western Gulf
of Mexico: depositional models and reservoir analogs, in: Deep-Water Reservoirs of
the World: Gulf Coast Section SEPM 20th Annual Research Conference. pp. 40–60.

Bernhardt, A., Jobe, Z.R., Lowe, D.R., 2011. Stratigraphic evolution of a sub-
marine channel–lobe complex system in a narrow fairway within the Magallanes
foreland basin, Cerro Toro Formation, southern Chile. Mar. Pet. Geol. 28, 785–806.

Booth, J.R., Dean, M.C., DuVernay, A.E., Styzen, M.J., 2003. Paleo-bathymetric
controls on the stratigraphic architecture and reservoir development of confined
fans in the Auger Basin: central Gulf of Mexico slope. Mar. Pet. Geol. 20, 563–
586. https://doi.org/10.1016/j.marpetgeo.2003.03.008

Bouma, A.H., 1962. Sedimentology of some flysch deposits: A graphic approach
to facies interpretation 168.

Bouma, A.H., Wickens, H. de V, 1991. Permian Passive Margin Submarine Fan
Complex, Karoo Basin, South Africa: Possible Model to Gulf of Mexico. Trans. - Gulf
Coast Assoc. Geol. Soc. 41, 30–42.

Bourget, J., Zaragosi, S., Ellouz-Zimmermann, N., Mouchot, N., Garlan, T., Schnei-
der, J.L., Lanfumey, V., Lallemant, S., 2011. Turbidite system architecture and sed-
imentary processes along topographically complex slopes: The Makran convergent
margin. Sedimentology 58, 376–406.
https://doi.org/10.1111/j.1365-3091.2010.01168.x

Brooks, H.L., Hodgson, D.M., Brunt, R.L., Peakall, J., Poyatos-Moré, M., Flint,
S.S., 2018a. Disconnected submarine lobes as a record of stepped slope evolution
over multiple sea-level cycles. Geosphere 14, 1753–1779.
https://doi.org/10.1130/GES01618.1

Brooks, H.L., Hodgson, D., Brunt, R.L., Peakall, J., Hofstra, M., Flint, S., 2018b.
Deepwater channel-lobe transition zone dynamics — processes and depositional ar-
chitecture, an example from the Karoo Basin, South Africa. Geol. Soc. Am. Bull.
130, 1723–1746. https://doi.org/10.1130/B31714.1

Brooks, H.L., Hodgson, D.M., Brunt, R.L., Peakall, J., Flint, S.S., 2018c. Exhumed
lateral margins and increasing flow confinement of a submarine landslide complex.
Sedimentology 65, 1067–1096.



264 References

Bruhn, C.H.L., Gomes, J.A.T., Del Ucchese Jr, C., Johann, P., 2003. Campos
Basin: Reservoir characterization and management – Historical overview and fu-
ture challenges. Proc. Offshore Technol. Conf. https://doi.org/10.4043/15220-ms

Brunt, R.L., McAffrey, W.D., Kneller, B.C., 2004. Experimental modeling of the
spatial distribution of grain size developed in a fill-and-spill mini-basin setting. J.
Sediment. Res. 74, 438–446.

Brunt, R.L., Di Celma, C.N., Hodgson, D.M., Flint, S.S., Kavanagh, J.P., van der
Merwe, W.C., 2013. Driving a channel through a levee when the levee is high:
An outcrop example of submarine down-dip entrenchment. Mar. Pet. Geol. 41,
134–145. https://doi.org/10.1016/j.marpetgeo.2012.02.016

Campion, K.M., Sprague, A.R.G., Sullivan, M.D., 2005. Architecture and litho-
facies of the Capistrano Formation (Miocene-Pliocene), San Clemente, California.
Pacific Section SEPM.

Cantelli, A., Pirmez, C., Johnson, S., Parker, G., 2011. Morphodynamic and
Stratigraphic Evolution of Self-Channelized Subaqueous Fans Emplaced by Turbidity
Currents. J. Sediment. Res. 81, 233–247. https://doi.org/10.2110/jsr.2011.20

Cantero, M.I., Balachandar, S., Cantelli, A., Pirmez, C., Parker, G., 2009. Tur-
bidity current with a roof: Direct numerical simulation of self-stratified turbulent
channel flow driven by suspended sediment. J. Geophys. Res. Ocean. 114.

Cantero, M.I., Cantelli, A., Pirmez, C., Balachandar, S., Mohrig, D., Hickson, T.A.,
Yeh, T., Naruse, H., Parker, G., 2012. Emplacement of massive turbidites linked to
extinction of turbulence in turbidity currents. Nat. Geosci. 5, 42.

Carminatti, M., Scarton, J.C., 1991. Sequence stratigraphy of the Oligocene tur-
bidite complex of the Campos Basin, offshore Brazil: An overview, in: Seismic Facies
and Sedimentary Processes of Submarine Fans and Turbidite Systems. Springer, pp.
241–246.

Cartigny, M.J.B., Postma, G., van den Berg, J.H., Mastbergen, D.R., 2011. A
comparative study of sediment waves and cyclic steps based on geometries, inter-
nal structures and numerical modeling. Mar. Geol. 280, 40–56.
https://doi.org/10.1016/j.margeo.2010.11.006

Cartigny, M., Eggenhuisen, J., Hansen, E., Postma, G., 2013. Concentration-
Dependent Flow Stratification In Experimental High-Density Turbidity Currents and
Their Relevance to Turbidite Facies Models. J. Sediment. Res. 83, 1046–1064.

Catuneanu, O., Hancox, P.J., Rubidge, B.S., 1998. Reciprocal flexural behaviour



265

and contrasting stratigraphies: a new basin development model for the Karoo
retroarc foreland system, South Africa. Basin Res. 10, 417–439.

Catuneanu, O., 2004. Basement control on flexural profiles and the distribution
of foreland facies: the Dwyka Group of the Karoo Basin, South Africa. Geology 32,
517–520.

Clarke, J.E.H., Shor, A.N., Piper, D.J.W., Mayer, L.A., 1990. Large-scale current-
induced erosion and deposition in the path of the 1929 Grand Banks turbidity cur-
rent. Sedimentology 37, 613–629. https://doi.org/10.1111/j.1365-3091.1990.tb00625.x

Cobain, S.L., Peakall, J., Hodgson, D.M., 2015. Indicators of propagation direc-
tion and relative depth in clastic injectites: Implications for laminar versus turbulent
flow processes. Geol. Soc. Am. Bull. 127, 1816–1830.

Cobain, S.L., Hodgson, D.M., Peakall, J., Wignall, P.B. and Cobain, M.R.D., 2018.
A new macrofaunal limit in the deep biosphere revealed by extreme burrow depths
in ancient sediments. Scientific reports, 8, p.261.

Cobbold, P.R., Szatmari, P., 1991. Radial gravitational gliding on passive mar-
gins. Tectonophysics 188, 249–289.

Cole, D.I., 1992. Evolution and development of the Karoo Basin, in: De Wit,
M.J., Ransome, I.G.D. (Eds.), Inversion Tectonics of the Cape Fold Belt, Karoo and
Creatceous Basins of Southern Africa. A.A. Balkema, Rotterdam, pp. 87–99.

Contreras, J., Zühlke, R., Bowman, S., Bechstädt, T., 2010. Seismic stratigra-
phy and subsidence analysis of the southern Brazilian margin (Campos, Santos and
Pelotas basins). Mar. Pet. Geol. 27, 1952–1980.
https://doi.org/10.1016/j.marpetgeo.2010.06.007

Covault, J.A., Kostic, S., Paull, C.K., Ryan, H.F., Fildani, A., 2014. Submarine
channel initiation, filling and maintenance from sea-floor geomorphology and mor-
phodynamic modelling of cyclic steps.
Sedimentology 61, 1031–1054. https://doi.org/10.1111/sed.12084

Crane, W.H., Lowe, D.R., 2008. Architecture and evolution of the Paine chan-
nel complex, Cerro Toro formation (Upper Cretaceous), Silla syncline, Magallanes
Basin, Chile. Sedimentology 55, 979–1009.

D’Avila, R.S.F., Arienti, L.M., Aragão, M.A.N.F., Vesely, F.F., Santos, S.F., Voel-
cker, H.E., Viana, A.R., Kowsmann, R.O., Moreira, J.L.P., Coura, A.P.P., Paim, P.S.G.,
Matos, R.S., Machado, L.C.R., 2008. Ambientes marinhos profundos: sistemas
turbidíticos, in: da Silva, A., de Aragão, M., Magalhães, A. (Eds.), Ambientes de
Sedimentação Siliciclástica Do Brasil. Beca-BALL Edições, São Paulo, pp. 244–301.



266 References

De Leeuw, J., Eggenhuisen, J.T., Cartigny, M.J.B., 2016. Morphodynamics of sub-
marine channel inception revealed by new experimental approach. Nat. Commun.
7, 10886.

De Wit, M.J., Ransome, I.G.D., 1992. Regional inversion tectonics along the
southern margin of Gondwana, in: De Wit, M.J., Ransome, I.G.D. (Eds.), Inversion
Tectonics of the Cape Fold Belt, Karoo and Cretaceous Basins of Southern Africa.
Balkema, Rotterdam, pp. 15–21.

Demercian, S., Szatmari, P., Cobbold, P.R., 1993. Style and pattern of salt di-
apirs due to thin-skinned gravitational gliding, Campos and Santos basins, offshore
Brazil. Tectonophysics 228, 393–433.

Deptuck, M.E., Steffens, G.S., Barton, M., Pirmez, C., 2003. Architecture and
evolution of upper fan channel-belts on the Niger Delta slope and in the Arabian Sea.
Mar. Pet. Geol. 20, 649–676. https://doi.org/10.1016/j.marpetgeo.2003.01.004

Deptuck, M.E., Sylvester, Z., Pirmez, C., O’Byrne, C., 2007. Migration–aggradation
history and 3-D seismic geomorphology of submarine channels in the Pleistocene
Benin-major Canyon, western Niger Delta slope. Mar. Pet. Geol. 24, 406–433.

Deptuck, M.E., Piper, D.J.W., Savoye, B., Gervais, A., 2008. Dimensions and
architecture of late Pleistocene submarine lobes off the northern margin of East
Corsica. Sedimentology 55, 869–898.

Deptuck, M.E., Sylvester, Z., O’Byrne, C., 2012. Pleistocene Seascape Evolution
Above a “Simple” Stepped Slope—Western Niger Delta. Appl. Princ. Seism. Ge-
omorphol. to Cont. Base-of-Slope Syst. Case Stud. from Seafloor Near-Seafloor
Analog. 199–222. https://doi.org/10.2110/pec.12.99.0199

Di Celma, C., 2011. Sedimentology, architecture, and depositional evolution of
a coarse-grained submarine canyon fill from the Gelasian (early Pleistocene) of the
Peri-Adriatic Basin, Offida, central Italy. Sediment. Geol. 238, 233–253.

Di Celma, C.N., Brunt, R.L., Hodgson, D.M., Flint, S.S., Kavanagh, J.P., 2011.
Spatial and temporal evolution of a Permian submarine slope channel–levee sys-
tem, Karoo Basin, South Africa. J. Sediment. Res. 81, 579–599.

Dorrell, R.M., Darby, S.E., Peakall, J., Sumner, E.J., Parsons, D.R., Wynn, R.B.,
2014. The critical role of stratification in submarine channels: Implications for chan-
nelization and long runout of flows. J. Geophys. Res. Ocean. 119, 2620–2641.

Dott Jr, R.H., 1963. Dynamics of subaqueous gravity depositional processes.
Am. Assoc. Pet. Geol. Bull. 47, 104–128.



267

Doughty-Jones, G., Mayall, M., Lonergan, L., 2017. Stratigraphy, facies, and
evolution of deep-water lobe complexes within a saltcontrolled intraslope minibasin.
Am. Assoc. Pet. Geol. Bull. 101, 1879–1904. https://doi.org/10.1306/01111716046

Dykstra, M., Kneller, B., Milana, J.P., 2012. Bed-thickness and grain-size trends
in a small-scale proglacial channel-levée system; the Carboniferous Jejenes Forma-
tion, Western Argentina: Implications for turbidity current flow processes. Sedi-
mentology 59, 605–622. https://doi.org/10.1111/j.1365-3091.2011.01268.x

Edwards, D.A., Leeder, M.R., Best, J.L., Pantin, H.M., 1994. On experimental re-
flected density currents and the interpretation of certain turbidites. Sedimentology
41, 437–461.

Eggenhuisen, J.T., McCaffrey, W.D., 2012. The vertical turbulence structure of
experimental turbidity currents encountering basal obstructions: implications for
vertical suspended sediment distribution in non-equilibrium currents. Sedimentol-
ogy 59, 1101–1120.

Etienne, S., Mulder, T., Razin, P., Bez, M., Désaubliaux, G., Joussiaume, R., Tour-
nadour, E., 2013. Proximal to distal turbiditic sheet-sand heterogeneities: Charac-
teristics of associated internal channels. Examples from the Trois Evêchés area,
Eocene-Oligocene Annot Sandstones (Grès d’Annot), SE France. Mar. Pet. Geol.
41, 117–133. https://doi.org/10.1016/j.marpetgeo.2012.03.007

Ezz, H., Cantelli, A., Imran, J., 2014. A Polynomial Model for Lateral Thickness
Decay of Submarine Channel-Levees. J. Sediment. Res. 84, 51–57.
https://doi.org/10.2110/jsr.2014.7

Fedele, J.J., García, M.H., 2009. Laboratory experiments on the formation of
subaqueous depositional gullies by turbidity currents. Mar. Geol. 258, 48–59.
https://doi.org/10.1016/j.margeo.2008.11.004

Fernandez, R.L., Cantelli, A., Pirmez, C., Sequeiros, O., Parker, G., 2014. Growth
Patterns of Subaqueous Depositional Channel Lobe Systems Developed Over A
Basement With A Downdip Break In Slope: Laboratory ExperimentsGrowth Pat-
terns Of Depositional Channel Lobe Systems. J. Sediment. Res. 84, 168–182.

Ferry, J.N., Mulder, T., Parize, O., Raillard, S., 2005. Concept of equilibrium pro-
file in deep-water turbidite system: effects of local physiographic changes on the
nature of sedimentary process and the geometries of deposits. Geol. Soc. London,
Spec. Publ. 244, 181–193.

Fetter, M., De Ros, L.F., Bruhn, C.H.L., 2009. Petrographic and seismic evi-
dence for the depositional setting of giant turbidite reservoirs and the paleogeo-
graphic evolution of Campos Basin, offshore Brazil. Mar. Pet. Geol. 26, 824–853.



268 References

https://doi.org/10.1016/j.marpetgeo.2008.07.008

Figueiredo, J.J.P., Hodgson, D.M., Flint, S.S., Kavanagh, J.P., 2010. Deposi-
tional environments and sequence stratigraphy of an exhumed Permian mudstone-
dominated submarine slope succession, Karoo Basin, South Africa. J. Sediment.
Res. 80, 97–118.

Figueiredo, J.J.P., Hodgson, D.M., Flint, S.S., Kavanagh, J.P., 2013. Architecture
of a channel complex formed and filled during long-term degradation and entrench-
ment on the upper submarine slope, Unit F, Fort Brown Fm., SW Karoo Basin, South
Africa. Mar. Pet. Geol. 41, 104–116.
https://doi.org/10.1016/j.marpetgeo.2012.02.006

Fildani, A., Drinkwater, N.J., Weislogel, A., McHargue, T., Hodgson, D.M., Flint,
S.S., 2007. Age controls on the Tanqua and Laingsburg deep-water systems: new
insights on the evolution and sedimentary fill of the Karoo Basin, South Africa. J.
Sediment. Res. 77, 901–908.

Fildani, A., Weislogel, A., Drinkwater, N.J., McHargue, T., Tankard, A., Wooden,
J., Hodgson, D., Flint, S., 2009. U-Pb zircon ages from the southwestern Karoo
Basin, South Africa—Implications for the Permian-Triassic boundary. Geology 37,
719–722.

Fildani, A., Hubbard, S.M., Covault, J.A., Maier, K.L., Romans, B.W., Traer, M.,
Rowland, J.C., 2013. Erosion at inception of deep-sea channels. Mar. Pet. Geol.
41, 48–61. https://doi.org/10.1016/j.marpetgeo.2012.03.006

Flint and, S.S., Hodgson, D.M., Sprague, A.R., Brunt, R.L., Van der Merwe, W.C.,
Figueiredo, J., Prélat, A., Box, D., Di Celma, C., Kavanagh, J.P., 2011. Depositional
architecture and sequence stratigraphy of the Karoo basin floor to shelf edge suc-
cession, Laingsburg depocentre, South Africa. Mar. Pet. Geol. 28, 658–674.

Gardner, M.H., Borer, J.M., 2000. Submarine channel architecture along a slope
to basin profile, Permian Brushy Canyon, West Texas, in: Bouma, A.H., Stone, C.G.
(Eds.), Fine-Grained Turbidite Systems. American Association of Petroleum Geolo-
gists, Memoir 72 and SEPM, Special Publication 68, pp. 195–215.

Gardner, M.H., Borer, J.M., Melick, J.J., Mavilla, N., Dechesne, M., Wagerle, R.N.,
2003. Stratigraphic process-response model for submarine channels and related
features from studies of Permian Brushy Canyon outcrops, West Texas. Mar. Pet.
Geol. 20, 757–787.

Gardner, M.H., Borer, J.M., Romans, B.W., Baptista, N., Kling, E.K., Melick, J.J.,
Wagerle, R., Carr, M.M., Schofield, K., Rosen, N.C., 2008. Stratigraphic models for
deepwater sedimentary systems, in: Answering the Challenges of Production from



269

Deep-Water Reservoirs: Analogues and Case Histories to Aid a New Generation:
28th Annual Gulf Coast Section–SEPM Foundation Bob F. Perkins Research Confer-
ence, Houston, Texas. pp. 77–175.

Grecula, M., Flint, S.S., Wickens, H.D. V, Johnson, S.D., 2003. Upward-thickening
patterns and lateral continuity of Permian sand-rich turbidite channel fills, Laings-
burg Karoo, South Africa. Sedimentology 50, 831–853.

Groenenberg, R., 2007. Process-Based Modelling of Turbidity-Current Hydrody-
namics and Sedimentation. PhD Thesis. TU Delft.

Groenenberg, R.M., Sloff, K., Weltje, G.J., 2009. A high-resolution 2-DH numer-
ical scheme for process-based modeling of 3-D turbidite fan stratigraphy. Comput.
Geosci. 35, 1686–1700. https://doi.org/10.1016/j.cageo.2009.01.004

Groenenberg, R., Hodgson, D., Prélat, A., Luthi, S., Flint, S., 2010. Flow–Deposit
Interaction in Submarine Lobes: Insights from Outcrop Observations and Realiza-
tions of a Process-Based Numerical Model. J. Sediment. Res. 80, 252–267.

Hage, S., Cartigny, M.J.B., Clare, M.A., Sumner, E.J., Vendettuoli, D., Clarke,
J.E.H., Hubbard, S.M., Talling, P.J., Lintern, D.G., Stacey, C.D., 2018. How to rec-
ognize crescentic bedforms formed by supercritical turbidity currents in the geologic
record: Insights from active submarine channels. Geology 46, 563–566.

Haughton, P.D.W., 1994. Deposits of deflected and ponded turbidity currents,
Sorbas Basin, Southeast Spain. J. Sediment. Res. 64, 233–246.

Hay, D.C., 2012. Stratigraphic Evolution of a Tortuous Corridor From The Stepped
Slope of Angola. Appl. Princ. Seism. Geomorphol. to Cont. Base-of-Slope Syst.
Case Stud. from Seafloor Near-Seafloor Analog. 163–180.
https://doi.org/10.2110/pec.12.99.0163

Hermidas, N., Luthi, S., Eggenhuisen, J., Silva Jacinto, R., Toth, F., Pohl, F., de
Leeuw, J., 2016. Experimental and theoretical investigation of the role of clay in
subaqueous sediment flows and its effect on run-out distance, in: EGU General
Assembly Conference Abstracts.

Hermidas, N., Eggenhuisen, J., Luthi, S., Silva Jacinto, R., Toth, F., Pohl, F., 2017.
A Classification of Subaqueous Density Flows Based on Transformations From Prox-
imal to Distal Regions, in: EGU General Assembly Conference Abstracts. p. 19069.

Hermidas, N., Eggenhuisen, J.T., Jacinto, R.S., Luthi, S.M., Toth, F., Pohl, F.,
2018. A Classification of Clay�Rich Subaqueous Density Flow Structures. J. Geo-
phys. Res. Earth Surf. 123, 945–966.



270 References

Hiscott, Richard N., Frank R. Hall, and Carlos Pirmez, 1997. Turbidity-current
overspill from the Amazon Channel: texture of the silt/sand load, paleoflow from
anisotropy of magnetic susceptibility, and implications for flow processes, in: Proceedings-
Ocean Drilling Program Scientific Results, pp. 53-78. NATIONAL SCIENCE FOUN-
DATION.

Hodgson, D.M., Flint, S.S., Hodgetts, D., Drinkwater, N.J., Johannessen, E.P.,
Luthi, S.M., 2006. Stratigraphic Evolution of Fine-Grained Submarine Fan Systems,
Tanqua Depocenter, Karoo Basin, South Africa. J. Sediment. Res. 76, 20–40.
https://doi.org/10.2110/jsr.2006.03

Hodgson, D.M., Di Celma, C.N., Brunt, R.L., Flint, S.S., 2011. Submarine slope
degradation and aggradation and the stratigraphic evolution of channel–levee sys-
tems. J. Geol. Soc. London. 168, 625–628.

Hodgson, D.M., Kane, I.A., Flint, S.S., Brunt, R.L., Ortiz-Karpf, A., 2016. Time-
transgressive confinement on the slope and the progradation of basin-floor fans:
Implications for the sequence stratigraphy of deep-water deposits. J. Sediment.
Res. 86, 73–86.

Hofstra, M., Peakall, J., Hodgson, D.M., Stevenson, C.J., 2018. Architecture and
morphodynamics of subcritical sediment waves in an ancient channel–lobe transi-
tion zone. Sedimentology 65, 2339–2367.

Hubbard, S.M., Fildani, A., Romans, B.W., Covault, J.A., McHargue, T.R., 2010.
High-Relief Slope Clinoform Development: Insights from Outcrop, Magallanes Basin,
Chile. J. Sediment. Res. 80, 357–375. https://doi.org/10.2110/jsr.2010.042

Imran, J., Parker, G., Katopodes, N., 1998. A numerical model of channel incep-
tion on submarine fans. J. Geophys. Res. Ocean. 103, 1219–1238.

Jobe, Z.R., Lowe, D.R., Uchytil, S.J., 2011. Two fundamentally different types of
submarine canyons along the continental margin of Equatorial Guinea. Mar. Pet.
Geol. 28, 843–860. https://doi.org/10.1016/j.marpetgeo.2010.07.012

Jobe, Z.R., Sylvester, Z., Howes, N., Pirmez, C., Parker, A., Cantelli, A., Smith,
R., Wolinsky, M.A., O’Byrne, C., Slowey, N., Prather, B., 2017. High-resolution,
millennial-scale patterns of bed compensation on a sand-rich intraslope submarine
fan, western Niger Delta slope. Bull. Geol. Soc. Am. 129, 23–37.
https://doi.org/10.1130/B31440.1

Johnson, M.R., Van Vuuren, C.J., Visser, J.N.J., Cole, D.I., Wickens, H. de V,
Christie, A.D.M., Roberts, D.L., 1997. The Foreland Karoo Basin, South Africa, in:
Sedimentary Basins of the World. Elsevier, pp. 269–317.

Johnson, S.D., Flint, S., Hinds, D., De Ville Wickens, H., 2001. Anatomy, ge-



271

ometry and sequence stratigraphy of basin floor to slope turbidite systems, Tanqua
Karoo, South Africa. Sedimentology 48, 987–1023.

Jones, G.E.D., Hodgson, D.M., Flint, S.S., 2015. Lateral variability in clinoform
trajectory, process regime, and sediment dispersal patterns beyond the shelf-edge
rollover in exhumed basin margin-scale clinothems. Basin Res. 27, 657–680.

Kane, I.A., Hodgson, D.M., 2011. Sedimentological criteria to differentiate sub-
marine channel levee subenvironments: exhumed examples from the Rosario Fm.
(Upper Cretaceous) of Baja California, Mexico, and the Fort Brown Fm.(Permian),
Karoo basin, S. Africa. Mar. Pet. Geol. 28, 807–823.

Kane, I.A., McCaffrey, W.D., Peakall, J., 2010. On the Origin of Paleocurrent
Complexity Within Deep Marine Channel Levees. J. Sediment. Res. 80, 54–66.
https://doi.org/10.2110/jsr.2010.003

Kane, I.A., McCaffrey, W.D., Peakall, J., Kneller, B.C., 2010. Submarine channel
levee shape and sediment waves from physical experiments. Sediment. Geol. 223,
75–85. https://doi.org/10.1016/j.sedgeo.2009.11.001

Kane, I.A., Pontén, A.S.M., Vangdal, B., Eggenhuisen, J.T., Hodgson, D.M., Spy-
chala, Y.T., 2017. The stratigraphic record and processes of turbidity current trans-
formation across deep-marine lobes. Sedimentology 64, 1236–1273.

Kenyon, N.H., Amir, A., Cramp, A., 1995. Geometry of the younger sediment
bodies of the Indus Fan, in: Atlas of Deep Water Environments. Springer, pp. 89–
93.

Khan, Z.A., Arnott, R.W.C., 2011. Stratal attributes and evolution of asymmet-
ric inner- and outer-bend levee deposits associated with an ancient deep-water
channel-levee complex within the Isaac Formation, southern Canada. Mar. Pet.
Geol. 28, 824–842. https://doi.org/10.1016/j.marpetgeo.2010.07.009

Khripounoff, A., Vangriesheim, A., Babonneau, N., Crassous, P., Dennielou, B.,
Savoye, B., 2003. Direct observation of intense turbidity current activity in the Zaire
submarine valley at 4000 m water depth. Mar. Geol. 194, 151–158.

Kneller, B.C., 1995. Beyond the turbidite paradogm: physical models for depo-
sition of turbidites and their implications for reservoir predictions, in: Hartley, A.J.,
Prosser, D.J. (Eds.), Characterization of Deep Marine Clastic Systems. Geological
Society, London, pp. 31-49.

Kneller, B.C., Branney, M.J., 1995. Sustained high-density turbidity currents and
the deposition of thick massive sands. Sedimentology 42, 607–616.



272 References

Kneller, B.C., McCaffrey, W.D., 1995. Modelling the effects of salt-induced topog-
raphy on deposition from turbidity currents, in: Salt, Sediment and Hydrocarbons:
Gulf Coast Section SEPM. pp. 137–145.

Komar, P.D., 1971. Hydraulic jumps in turbidity currents. Geol. Soc. Am. Bull.
82, 1477–1488.

Kostic, S., Parker, G., 2006. The response of turbidity currents to a canyon-fan
transition: Internal hydraulic jumps and depositional signatures. J. Hydraul. Res.
https://doi.org/10.1080/00221686.2006.9521713

Kuenen, P.H., 1952. Estimated size of the Grand Banks [Newfoundland] turbid-
ity current. Am. J. Sci. 250, 874–884.

Kuenen, P.H., 1957. Sole markings of graded graywacke beds. J. Geol. 65,
231–258.

Kuenen, P.H., Migliorini, C.I., 1950. Turbidity currents as a cause of graded bed-
ding. J. Geol. 58, 91–127.

Lamb, M.P., Hickson, T., Marr, J.G., Sheets, B., Paola, C., Parker, G., 2004.
Surging versus continuous turbidity currents: flow dynamics and deposits in an ex-
perimental intraslope minibasin. J. Sediment. Res. 74, 148–155.

Lee, S.E., Talling, P.J., Ernst, G.G.J., Hogg, A.J., 2002. Occurrence and origin of
submarine plunge pools at the base of the US continental slope. Mar. Geol. 185,
363–377.

Liu, Q., Kneller, B., Fallgatter, C., Valdez Buso, V., Milana, J.P., 2018. Tabularity
of individual turbidite beds controlled by flow efficiency and degree of confinement.
Sedimentology 65, 2368–2387.

Lowe, D.R., 1979. Sediment Gravity Flows: their classification and some prob-
lems of application to natural flow deposits. SEPM Spec. Publ. 27, 75–82.
https://doi.org/10.1016/j.ecoenv.2017.06.045

Lowe, D.R., 1982. Sediment gravity flows; II, Depositional models with special
reference to the deposits of high-density turbidity currents. J. Sediment. Res. 52,
279–297.

Lowe, D.R., Guy, M., 2000. Slurry�flow deposits in the Britannia Formation
(Lower Cretaceous), North Sea: a new perspective on the turbidity current and
debris flow problem. Sedimentology 47, 31–70.

Luthi, S., 1980. Some new aspects of two-dimensional turbidity currents. Sedi-



273

mentology 28, 97–105.

Luthi, S., 1981. Experiments on non-channelized turbidity currents and their
deposits. Mar. Geol. 40, M59–M68.

Mac McGilvery, T.A., Haddad, G., Cook, D.L., 2004. Seafloor and shallow sub-
surface examples of mass transport complexes, offshore Brunei, in: Offshore Tech-
nology Conference. Offshore Technology Conference.

Macauley, R. V., Hubbard, S.M., 2013. Slope channel sedimentary processes
and stratigraphic stacking, Cretaceous Tres Pasos Formation slope system, Chilean
Patagonia. Mar. Pet. Geol. 41, 146–162.
https://doi.org/10.1016/j.marpetgeo.2012.02.004

Macdonald, H.A., Peakall, J., Wignall, P.B., Best, J., 2011. Sedimentation in
deep-sea lobe-elements: implications for the origin of thickening-upward sequences.
J. Geol. Soc. London. 168, 319–332.

Machado, L.C.R., Kowsmann, R.O., Almeida Jr., W., Murakami, C.Y., Schreiner,
S., Miller, D.J., Piauilino, P.O. V, 2004. Geometria da porção proximal do sistema de-
posicional turbidítico moderno da Formação Carapebus, Bacia de Campos; modelo
para haterogeneidades de reservatório. Bol. Geociências da Petrobras 12, 287–315.

Maier, K.L., Fildani, A., Paull, C.K., McHargue, T.R., Graham, S.A., Caress, D.W.,
2013. Deep-sea channel evolution and stratigraphic architecture from inception
to abandonment from high-resolution Autonomous Underwater Vehicle surveys off-
shore central California. Sedimentology 60, 935–960. https://doi.org/10.1111/j.1365-
3091.2012.01371.x

Maier, K.L., Gales, J.A., Paull, C.K., Rosenberger, K., Talling, P.J., Simmons, S.M.,
Gwiazda, R., McGann, M., Cartigny, M.J.B., Lundsten, E., Anderson, K., Clare, M.A.,
Xu, J., Parsons, D., Barry, J.P., Wolfson-Schwehr, M., Nieminski, N.M., Sumner, E.J.,
2019. Linking direct measurements of turbidity currents to submarine canyon-floor
deposits. Front. Earth Sci. 7. https://doi.org/10.3389/feart.2019.00144

Manica, R., 2012. Sediment gravity flows: Study based on experimental simu-
lations, in: Hydrodynamics - Natural Water Bodies. IntechOpen.

Marini, M., Patacci, M., Felletti, F., McCaffrey, W.D., 2016. Fill to spill strati-
graphic evolution of a confined turbidite mini-basin succession, and its likely well
bore expression: The Castagnola Fm, NW Italy. Mar. Pet. Geol. 69, 94–111.

Martinsen, O.J., Lien, T., Walker, R.G., Weimer, P., 2000. Upper Carboniferous
deep water sediments, western Ireland: Analogues for passive margin turbidite
plays, in: Deep-Water Reservoirs of the World: Gulf Coast Section SEPM Founda-



274 References

tion 20th Annual Research Conference. pp. 533–555.

Martinsen, O.J., Lien, T., Walker, R.G., Collinson, J.D., 2003. Facies and se-
quential organisation of a mudstone-dominated slope and basin floor succession:
the Gull Island Formation, Shannon Basin, Western Ireland. Mar. Pet. Geol. 20,
789–807.

McHargue, T., Pyrcz, M.J., Sullivan, M.D., Clark, J.D., Fildani, A., Romans, B.W.,
Covault, J.A., Levy, M., Posamentier, H.W., Drinkwater, N.J., 2011. Architecture of
turbidite channel systems on the continental slope: Patterns and predictions. Mar.
Pet. Geol. 28, 728–743. https://doi.org/10.1016/j.marpetgeo.2010.07.008

Miall, A.D., 1995. Description and interpretation of fluvial deposits: a critical
perspective. Sedimentology 42, 379.

Middleton, G. V, 1966a. Experiments on density and turbidity currents: I. Mo-
tion of the head. Can. J. Earth Sci. 3, 523–546.

Middleton, G. V, 1966b. Experiments on density and turbidity currents: II. Uni-
form flow of density currents. Can. J. Earth Sci. 3, 627–637.

Middleton, G. V, 1967. Experiments on density and turbidity currents: III. De-
position of sediment. Can. J. Earth Sci. 4, 475–505.

Middleton, G.V., 1970. Experimental studies related to flysch sedimentation.
Flysch sedimentolgy North Am. 7, 253–272.

Middleton, G. V, 1993. Sediment deposition from turbidity currents. Annu. Rev.
Earth Planet. Sci. 21, 89–114.

Middleton, G. V, Hampton, M.A., 1973. Part I. Sediment gravity flows: mechan-
ics of flow and deposition. Turbid. Deep Water Sediment. 1–38.

Mignard, S., Mulder, T., Martinez, P., Garlan, T., 2019. The Ogooue Fan (off-
shore Gabon): a modern example of deep-sea fan on a complex slope profile. Solid
Earth 10, 851–869. https://doi.org/10.5194/se-10-851-2019

Moody, J.D., Pyles, D.R., Clark, J., Bouroullec, R., 2012. Quantitative outcrop
characterization of an analog to weakly confined submarine channel systems: Mo-
rillo 1 member, Ainsa Basin, Spain. Am. Assoc. Pet. Geol. Bull. 96, 1813–1841.
https://doi.org/10.1306/01061211072

Moraes, M.A.S., Blaskovski, P.R., Joseph, P., 2004. The Grès d’Annot as an
analogue for Brazilian Cretaceous sandstone reservoirs: comparing convergent to
passive-margin confined turbidites. Geol. Soc. London, Spec. Publ. 221, 419–437.



275

https://doi.org/10.1144/GSL.SP.2004.221.01.23

Morris, E.A., Hodgson, D.M., Brunt, R.L., Flint, S.S., 2014a. Origin, evolution and
anatomy of silt-prone submarine external levées. Sedimentology 61, 1734–1763.
https://doi.org/10.1111/sed.12114

Morris, E.A., Hodgson, D.M., Flint, S.S., Brunt, R.L., Butterworth, P.J., Ver-
haeghe, J., 2014b. Sedimentology, Stratigraphic Architecture, and Depositional
Context of Submarine Frontal-Lobe Complexes. J. Sediment. Res. 84, 763–780.
https://doi.org/10.2110/jsr.2014.61

Morris, E.A., Hodgson, D.M., Flint, S., Brunt, R.L., Luthi, S.M., Kolenberg, Y.,
2016. Integrating outcrop and subsurface data to assess the temporal evolution of
a submarine channel–levee system. Am. Assoc. Pet. Geol. Bull. 100, 1663–1691.

Moscardelli, L., Wood, L., 2016. Morphometry of mass-transport deposits as a
predictive tool. Bull. Geol. Soc. Am. 128, 47–80. https://doi.org/10.1130/B31221.1

Moscardelli, L., Wood, L., Mann, P., 2006. Mass-transport complexes and asso-
ciated processes in the offshore area of Trinidad and Venezuela. Am. Assoc. Pet.
Geol. Bull. 90, 1059–1088.

Mulder, T., 2011. Gravity processes and deposits on continental slope, rise and
abyssal plains, in: Developments in Sedimentology. Elsevier, pp. 25–148.

Mulder, T., Cochonat, P., 1996. Classification of offshore mass movements. J.
Sediment. Res. 66, 43–57. Mulder, T., Savoye, B., Syvitski, J.P.M., 1997. Numerical
modelling of a mid-sized gravity flow: The 1979 Nice turbidity current (dynamics,
processes, sediment budget and seafloor impact). Sedimentology 44, 305–326.
https://doi.org/10.1111/j.1365-3091.1997.tb01526.x

Mulder, T., Alexander, J., 2001. The physical character of subaqueous sedimen-
tary density flows and their deposits. Sedimentology 48, 269–299.
https://doi.org/10.1111/phpp.12298

Mulder, T., Syvitski, J.P.M., Migeon, S., Faugères, J.C., Savoye, B., 2003. Marine
hyperpycnal flows: Initiation, behaviorand related deposits. A review. Mar. Pet.
Geol. 20, 861–882. https://doi.org/10.1016/j.marpetgeo.2003.01.003

Mulder, T., Callec, Y., Parize, O., Joseph, P., Schneider, J.L., Robin, C., Du-
joncquoy, E., Salles, T., Allard, J., Bonnel, C., Ducassou, E., Etienne, S., Ferger,
B., Gaudin, M., Hanquiez, V., Linares, F., Marchès, E., Toucanne, S., Zaragosi, S.,
2010. High-resolution analysis of submarine lobes deposits: Seismic-scale out-
crops of the Lauzanier area (SE Alps, France). Sediment. Geol. 229, 160–191.
https://doi.org/10.1016/j.sedgeo.2009.11.005



276 References

Mutti, E., 1979. Turbidites et cones sous-marins profonds. Sédimentation détri-
tique (fluviatile, littorale Mar. 1, 353–419.

Mutti, E., 1985. Turbidite systems and their relations to depositional sequences,
in: Provenance of Arenites. Springer, pp. 65–93.

Mutti, E., 1992. Turbidite sandstones. Agip, Istituto di geologia, Università di
Parma.

Mutti, E., Ricci-Lucci, F., 1972. Le Torbidite Dell’Appennino Settentrionale Intro-
duzione All’Analisi Di Facies. Soc. Geol. Ital. Mem.

Mutti, E., Normark, W.R., 1987. Comparing Examples of Modern and Ancient
Turbidite Systems: Problems and Concepts, in: Marine Clastic Sedimentology. pp.
1–38. https://doi.org/10.1007/978-94-009-3241-8_1

Mutti, E., Carminatti, M., 2011. Deep-water sands of the Brazilian offshore
basins. AAPG Int. Conf. Exhib. Milan.

Mutti, E., Davoli, G., Mora, S., Papani, L., 1994. Internal stacking patterns of
ancient turbidite systems from collisional basins, in: Submarine Fans and Turbidite
Systems: Gulf Coast Section SEPM Proceedings, 15th Annual Research Conference.
pp. 257–268.

Mutti, E., Tinterri, R., Benevelli, G., di Biase, D., Cavanna, G., 2003. Deltaic,
mixed and turbidite sedimentation of ancient foreland basins. Mar. Pet. Geol. 20,
733–755.

Mutti, E., Bernoulli, D., Lucchi, F.R., Tinterri, R., 2009. Turbidites and turbidity
currents from alpine “flysch” to the exploration of continental margins. Sedimen-
tology 56, 267–318. https://doi.org/10.1111/j.1365-3091.2008.01019.x

Nakajima, T., 2006. Hyperpycnites deposited 700 km away from river mouths
in the central Japan Sea. J. Sediment. Res. 76, 60–73.

Nakajima, T., Kneller, B.C., 2013. Quantitative analysis of the geometry of sub-
marine external levées. Sedimentology 60, 877–910.
https://doi.org/10.1111/j.1365-3091.2012.01366.x

Nardin, T.R., Hein, F.J., Gorsline, D.S., Edwards, B.D., 1979. A review of mass
movement processes sediment and acoustic characteristics, and contrasts in slope
and base-of-slope systems versus canyon-fan-basin floor systems, in: Doyle, L.J.,
Pilkey, O.H. (Eds.), Geology of Continental Slopes. Special Publications of SEPM.



277

Nasr-Azadani, M.M., Hall, B., Meiburg, E., 2013. Polydisperse turbidity currents
propagating over complex topography: Comparison of experimental and depth-
resolved simulation results. Comput. Geosci. 53, 141–153.
https://doi.org/10.1016/j.cageo.2011.08.030

Nelson, C.H., Escutia, C., Damuth, J.E., Twichell, D.C., 2011. Interplay of Mass-
Transport and Turbidite-System Deposits in Different Active Tectonic and Passive
Continental Margin Settings: External and Local Controlling Factors, in: Mass-
Transport Deposits in Deepwater Settings. pp. 39–66.
https://doi.org/10.2110/sepmsp.096.039

Normark, W.R., 1970. Growth patterns of deep-sea fans. Am. Assoc. Pet. Geol.
Bull. 54, 2170–2195.

Normark, W.R., Paull, C.K., Caress, D.W., Ussler, W., Sliter, R., 2009. Fine-
scale relief related to late holocene channel shifting within the floor of the up-
per Redondo Fan, offshore Southern California. Sedimentology 56, 1690–1704.
https://doi.org/10.1111/j.1365-3091.2009.01052.x

O’Byrne, C.J., Prather, B.E., Steffens, G.S., Pirmez, C., 2004. Reservoir archi-
tectural styles across stepped slope profiles: Implications for exploration, appraisal
and development, in: Proceedings of the AAPG International Conference, Cancún,
Mexico: American Association of Petroleum Geologists, Abstracts CD A.

Oliveira, R.M., Bampi, D., Sansonowski, R.C., Ribeiro, N.M.S., Johann, P.R.S.,
Dos Santos, M.S., Ferreira, D.M., 2007. Marlim field: Incorporating 4D seismic in
the geological model and application in reservoir management decisions, in: Pro-
ceedings of the SPE Latin American and Caribbean Petroleum Engineering Confer-
ence. pp. 1497–1503. https://doi.org/10.2523/108062-ms

Oluboyo, A.P., Gawthorpe, R.L., Bakke, K., Hadler-Jacobsen, F., 2014. Salt tec-
tonic controls on deep-water turbidite depositional systems: Miocene, southwestern
Lower Congo Basin, offshore Angola. Basin Res. 26, 597–620.
https://doi.org/10.1111/bre.12051

Ortiz-Karpf, A., Hodgson, D.M., McCaffrey, W.D., 2015. The role of mass-
transport complexes in controlling channel avulsion and the subsequent sediment
dispersal patterns on an active margin: The Magdalena Fan, offshore Colombia.
Mar. Pet. Geol. 64, 58–75. https://doi.org/10.1016/j.marpetgeo.2015.01.005

Paola, C., 2000. Quantitative models of sedimentary basin filling. Sedimentology
47, 121–178.

Parker, G., Fukushima, Y., Pantin, H.M., 1986. Self-accelerating turbidity cur-
rents. Journal of Fluid Mechanics 171, 145–181.



278 References

Patacci, M., Haughton, P.D.W., Mccaffrey, W.D., 2015. Flow behavior of ponded
turbidity currents. J. Sediment. Res. 85, 885–902.

Pickering, K.T., Hiscott, R.N., Hein, F.J., 1989. Deep-marine environments: clas-
tic sedimentation and tectonics. Allen & Unwin Australia.

Piper, D.J.W., Savoye, B., 1993. Processes of late Quaternary turbidity current
flow and deposition on the Var deep-sea fan, north-west Mediterranean Sea. Sedi-
mentology 40, 557–582. https://doi.org/10.1111/j.1365-3091.1993.tb01350.x

Piper, D.J.W., Shor, A.N., Hughes Clarke, J.E., 1988. The 1929 Grand Banks
earthquake, slump and turbidity current.

Piper, D.J.W., Cochonat, P., Morrison, M.L., 1999. The sequence of events
around the epicentre of the 1929 Grand Banks earthquake: initiation of debris
flows and turbidity current inferred from sidescan sonar. Sedimentology 46, 79–97.

Pirmez, C., Beaubouef, R.T., Friedmann, S.J., Mohrig, D.C., Weimer, P., Slatt,
R.M., Coleman, J., 2000. Equilibrium profile and baselevel in submarine channels:
examples from Late Pleistocene systems and implications for the architecture of
deepwater reservoirs, in: Global Deep-Water Reservoirs: Gulf Coast Section SEPM
Foundation 20th Annual Bob F. Perkins Research Conference. pp. 782–805.

Pohl, F., Eggenhuisen, J.T., Tilston, M., Cartigny, M.J.B., 2019. New flow re-
laxation mechanism explains scour fields at the end of submarine channels. Nat.
Commun. 10, 1–8.

Posamentier, H.W., Kolla, V., 2003. Seismic Geomorphology and Stratigraphy of
Depositional Elements in Deep-Water Settings. J. Sediment. Res. 73, 367–388.
https://doi.org/10.1306/111302730367

Posamentier, H.W., Walker, R.G., 2006. Facies models revisited. Society for Sed-
imentary Geology.

Posamentier, H.W., Martinsen, O.J., 2011. The Character and Genesis of Sub-
marine Mass-Transport Deposits: Insights from Outcrop and 3D Seismic Data, in:
Mass-Transport Deposits in Deepwater Settings. pp. 7–38.
https://doi.org/10.2110/sepmsp.096.007

Postma, G., Nemec, W., Kleinspehn, Karen, L., 1988. Large floating clasts in
turbidites: a mechanism for their emplacement. Sediment. Geol. 58, 47–61.
https://doi.org/10.1128/JVI.80.6.2631

Poyatos-Moré, M., Jones, G.D., Brunt, R.L., Hodgson, D.M., Wild, R.J., Flint, S.S.,
2016. Mud-dominated basin-margin progradation: processes and implications. J.



279

Sediment. Res. 86, 863–878.

Prather, B.E., 2000. Calibration and visualization of depositional process models
for above-grade slopes: a case study from the Gulf of Mexico. Mar. Pet. Geol. 17,
619–638.

Prather, B.E., 2003. Controls on reservoir distribution, architecture and strati-
graphic trapping in slope settings. Mar. Pet. Geol. 20, 529–545.

Prather, B.E., Booth, J.R., Steffens, G.S., Craig, P.A., 1998. Classification, litho-
logic calibration, and stratigraphic succession of seismic facies of intraslope basins,
deep-water Gulf of Mexico. Am. Assoc. Pet. Geol. Bull. 82, 701–728.

Prather, B.E., Pirmez, C., Winker, C.D., Deptuck, M.E., Mohrig, D., 2012. Stratig-
raphy of linked intraslope basins: Brazos-Trinity system western Gulf of Mexico.
Appl. Princ. Seism. Geomorphol. to Cont. base-of-slope Syst. Case Stud. from
seafloor near-seafloor Analog. SEPM, Spec. Publ. 99, 83–109.

Prather, B.E., O’Byrne, C., Pirmez, C., Sylvester, Z., 2017. Sediment parti-
tioning, continental slopes and base-of-slope systems. Basin Res. 29, 394–416.
https://doi.org/10.1111/bre.12190

Prélat, A., Hodgson, D.M., 2013. The full range of turbidite bed thickness pat-
terns in submarine lobes: controls and implications. J. Geol. Soc. London. 170,
209–214.

Prélat, A., Hodgson, D.M., Flint, S.S., 2009. Evolution, architecture and hi-
erarchy of distributary deep-water deposits: a high-resolution outcrop investiga-
tion from the Permian Karoo Basin, South Africa. Sedimentology 56, 2132–2154.
https://doi.org/10.1111/j.1365-3091.2009.01073.x

Prélat, A., Covault, J.A., Hodgson, D.M., Fildani, A., Flint, S.S., 2010. Intrin-
sic controls on the range of volumes, morphologies, and dimensions of submarine
lobes. Sediment. Geol. 232, 66–76. https://doi.org/10.1016/j.sedgeo.2010.09.010

Pringle, J.K., Brunt, R.L., Hodgson, D.M., Flint, S.S., 2010. Capturing strati-
graphic and sedimentological complexity from submarine channel complex outcrops
to digital 3D models, Karoo Basin, South Africa. Pet. Geosci. 16, 307–330.

Prior, D.B., Bornhold, B.D., Wiseman, W.J., Lowe, D.R., 1987. Turbidity current
activity in a British Columbia Fjord. Science (80-. ). 237, 1330–1333.
https://doi.org/10.1126/science.237.4820.1330

Pyles, D.R., 2008. Multiscale stratigraphic analysis of a structurally confined
submarine fan: Carboniferous Ross Sandstone, Ireland. Am. Assoc. Pet. Geol.



280 References

Bull. 92, 557–587.

Pyrcz, M.J., McHargue, T., Clark, J., Sullivan, M., Strebelle, S., 2012. Event-
based geostatistical modeling: description and applications, in: Geostatistics Oslo
2012. Springer, pp. 27–38.

Pyrcz, M.J., Sech, R.P., Covault, J.A., Willis, B.J., Sylvester, Z., Sun, T., 2015.
Stratigraphic rule-based reservoir modeling. Bull. Can. Pet. Geol. 63, 287–303.

Reading, H.G., Richards, M., 1994. Turbidite systems in deep-water basin mar-
gins classified by grain size and feeder system. Am. Assoc. Pet. Geol. Bull. 78,
792–822.

Ross, W.C., Halliwell, B.A., May, J.A., Watts, D.E., Syvitski, J.P.M., 1994. Slope
readjustment: a new model for the development of submarine fans and aprons.
Geology 22, 511–514.

Rowland, J.C., Hilley, G.E., Fildani, A., 2010. A Test of Initiation of Subma-
rine Leveed Channels by Deposition Alone. J. Sediment. Res. 80, 710–727.
https://doi.org/10.2110/jsr.2010.067

Salles, T., 2006. Modélisation numérique du remplissage sédimentaire des
canyons et chenaux sous-marins par approche génétique. Bordeaux.

Salles, T., Lopez, S., Eschard, R., Lerat, O., Mulder, T., Cacas, M.C., 2008. Tur-
bidity current modelling on geological time scales. Mar. Geol. 248, 127–150.
https://doi.org/10.1016/j.margeo.2007.10.004

Salles, T., Marchès, E., Dyt, C., Griffiths, C., Hanquiez, V., Mulder, T., 2010.
Simulation of the interactions between gravity processes and contour currents on
the Algarve Margin (South Portugal) using the stratigraphic forward model Sedsim.
Sediment. Geol. 229, 95–109.

Sanders, J.E., 1965. Primary sedimentary structures formed by turbidity cur-
rents and related resedimentation mechanisms, in: Primary Sedimentary Structures
and Their Hydrodynamic Interpretation. Society of Economic Paleontologists and
Mineralogists Special Publication, pp. 192–219.

Schreiner, S., de Souza, M., Migliorelli, J.P.R., 2009. Modelo digital da geomor-
fologia do fundo oceânico do centro-sul da Bacia do Espírito Santo e norte da Bacia
de Campos. Bol. Geociências da Petrobras 17, 365–369.

Sequeiros, O.E., Cantelli, A., Viparelli, E., White, J.D.L., García, M.H., Parker, G.,
2009. Modeling turbidity currents with nonuniform sediment and reverse buoyancy.
Water Resour. Res. 45.



281

Sequeiros, O.E., Spinewine, B., Beaubouef, R.T., Sun, T., Garcia, M.H., Parker,
G., 2010. Bedload transport and bed resistance associated with density and tur-
bidity currents. Sedimentology 57, 1463–1490. https://doi.org/10.1111/j.1365-
3091.2010.01152.x

Shanmugam, G., 1996. High-density turbidity currents; are they sandy debris
flows? J. Sediment. Res. 66, 2–10.

Shanmugam, G., 2000. 50 years of the turbidite paradigm (1950s—1990s):
deep-water processes and facies models—a critical perspective. Mar. Pet. Geol.
17, 285–342.

Shanmugam, G., Moiola, R.J., 1988. Submarine Fans: Characteristics, Models,
Classification, and Reservoir Potential. Earth Sci. Rev. 24, 383–428.

Simpson, J.E., Britter, R.E., 1979. The dynamics of the head of a gravity current
advancing over a horizontal surface. J. Fluid Mech. 94, 477–495.

Sinclair, H.D., Tomasso, M., 2002. Depositional evolution of confined turbidite
basins. J. Sediment. Res. 72, 451–456.

Sixsmith, P.J., Flint, S.S., Wickens, H.D., Johnson, S.D., 2004. Anatomy and
stratigraphic development of a basin floor turbidite system in the Laingsburg For-
mation, Main Karoo Basin, South Africa. J. Sediment. Res. 74, 239–254.

Smith, R., 2004. Silled sub-basins to connected tortuous corridors: Sediment
distribution systems on topographically complex sub-aqueous slopes. Geol. Soc.
Spec. Publ. 222, 23–43. https://doi.org/10.1144/GSL.SP.2004.222.01.03

Somoza, L., Díaz-del-Río, V., León, R., Ivanov, M., Fernández-Puga, M.C., Gard-
ner, J.M., Hernández-Molina, F.J., Pinheiro, L.M., Rodero, J., Lobato, A., Maestro,
A., Vázquez, J.T., Medialdea, T., Fernández-Salas, L.M., 2003. Seabed morphol-
ogy and hydrocarbon seepage in the Gulf of Cádiz mud volcano area: Acoustic
imagery, multibeam and ultra-high resolution seismic data. Mar. Geol. 195, 153–
176. https://doi.org/10.1016/S0025-3227(02)00686-2

Soyinka, O.A., Slatt, R.M., 2008. Identification and micro-stratigraphy of hyper-
pycnites and turbidites in Cretaceous Lewis Shale, Wyoming. Sedimentology 55,
1117–1133.

Sprague, A.R., Garfield, T.R., Goulding, F.J., Beaubouef, R.T., Sullivan, M.D.,
Rossen, C., Campion, K.M., Sickafoose, D.K., Abreu, V., Schellpeper, M.E., Jensen,
G.N., Jennette, D.C., Pirmez, C., Dixon, B.T., Ying, D., Ardill, J., Mohrig, D.C., Porter,
M.L., Farrell, M.E., Mellere, D., 2005. Integrated slope channel depositional models:



282 References

the key to successful prediction of reservoir presence and quality in offshore West
Africa. CIPM, cuarto E-Exitep 1–13.

Spychala, Y.T., Hodgson, D.M., Flint, S.S., Mountney, N.P., 2015. Constraining
the sedimentology and stratigraphy of submarine intraslope lobe deposits using ex-
humed examples from the Karoo Basin, South Africa. Sediment. Geol. 322, 67–81.

Spychala, Y.T., Hodgson, D.M., Stevenson, C.J., Flint, S.S., 2017. Aggradational
lobe fringes: The influence of subtle intrabasinal seabed topography on sediment
gravity flow processes and lobe stacking patterns. Sedimentology 64, 582–608.

Spychala, Y., Eggenhuisen, J., Tilston, M., Pohl, F., (in press). The influence of
basin settings and flow properties on the dimensions of submarine lobe elements.

Stacey, M.W., Bowen, A.J., 1988. The vertical structure of density and turbidity
currents: theory and observations. J. Geophys. Res. Ocean. 93, 3528–3542.

Steffens, G.S., Biegert, E.K., Sumner, H.S., Bird, D., 2003. Quantitative bathy-
metric analyses of selected deepwater siliciclastic margins: receiving basin config-
urations for deepwater fan systems. Mar. Pet. Geol. 20, 547–561.

Stevenson, C.J., Peakall, J., 2010. Effects of topography on lofting gravity flows:
Implications for the deposition of deep-water massive sands. Mar. Pet. Geol. 27,
1366–1378. https://doi.org/10.1016/j.marpetgeo.2010.03.010

Stevenson, C.J., Jackson, C.A.-L., Hodgson, D.M., Hubbard, S.M., Eggenhuisen,
J.T., 2015. Deep-water sediment bypass. J. Sediment. Res. 85, 1058–1081.

Stow, D.A. V, Mayall, M., 2000. Deep-water sedimentary systems: New models
for the 21st century. Mar. Pet. Geol. 17, 125–135.
https://doi.org/10.1038/118284a0

Straub, K.M., Mohrig, D., 2009. Constructional Canyons Built by Sheet-Like Tur-
bidity Currents: Observations from Offshore Brunei Darussalam. J. Sediment. Res.
79, 24–39. https://doi.org/10.2110/jsr.2009.006

Straub, K.M., Pyles, D.R., 2012. Quantifying the hierarchical organization of
compensation in submarine fans using surface statistics. J. Sediment. Res. 82,
889–898.

Straub, K.M., Paola, C., Mohrig, D., Wolinsky, M.A., George, T., 2009. Com-
pensational stacking of channelized sedimentary deposits. J. Sediment. Res. 79,
673–688.

Stright, L., Bernhardt, A., Boucher, A., 2013. DFTopoSim: Modeling Topographical-



283

ly-Controlled Deposition of Subseismic Scale Sandstone Packages Within a Mass
Transport Dominated Deep-Water Channel. Math. Geosci. 45, 277–296.

Sumner, E.J., Talling, P.J., Amy, L.A., 2009. Deposits of flows transitional be-
tween turbidity current and debris flow. Geology 37, 991–994.
https://doi.org/10.1130/G30059A.1

Sylvester, Z., Pirmez, C., Cantelli, A., 2011. A model of submarine channel-levee
evolution based on channel trajectories: Implications for stratigraphic architecture.
Mar. Pet. Geol. 28, 716–727. https://doi.org/10.1016/j.marpetgeo.2010.05.012

Sylvester, Z., Cantelli, A., Pirmez, C., 2015. Stratigraphic evolution of intraslope
minibasins: Insights from surface-based model. Am. Assoc. Pet. Geol. Bull. 99,
1099–1129.

Symons, W.O., Sumner, E.J., Paull, C.K., Cartigny, M.J.B., Xu, J.P., Maier, K.L.,
Lorenson, T.D., Talling, P.J., 2017. A new model for turbidity current behavior based
on integration of flow monitoring and precision coring in a submarine canyon. Ge-
ology 45, 367–370. https://doi.org/10.1130/G38764.1

Talling, P.J., Masson, D.G., Sumner, E.J., Malgesini, G., 2012. Subaqueous sed-
iment density flows: Depositional processes and deposit types. Sedimentology 59,
1937–2003.

Tankard, A., Welsink, H., Aukes, P., Newton, R., Stettler, E., 2009. Tectonic evo-
lution of the Cape and Karoo basins of South Africa. Mar. Pet. Geol. 26, 1379–1412.

Teles, V., Chauveau, B., Joseph, P., Weill, P., Maktouf, F., 2016. CATS–A process-
based model for turbulent turbidite systems at the reservoir scale. Comptes Rendus
Geosci. 348, 489–498.

Terlaky, V., Arnott, R.W.C., 2016. The control of terminal-splay sedimentation
on depositional patterns and stratigraphic evolution in avulsion-dominated, uncon-
fined, deep-marine Basin-Floor systems. J. Sediment. Res. 86, 786–799.

Tinterri, R., Muzzi Magalhaes, P., 2011. Synsedimentary structural control on
foredeep turbidites: An example fromMiocene Marnoso-arenacea Formation, North-
ern Apennines, Italy. Mar. Pet. Geol. 28, 629–657.
https://doi.org/10.1016/j.marpetgeo.2010.07.007

Toniolo, H., Lamb, M., Parker, G., 2006a. Depositional turbidity currents in di-
apiric minibasins on the continental slope: formulation and theory. J. Sediment.
Res. 76, 783–797.

Toniolo, H., Parker, G., Voller, V., Beaubouef, R.T., 2006b. Depositional turbidity



284 References

currents in diapiric minibasins on the continental slope: experiments—numerical
simulation and upscaling. J. Sediment. Res. 76, 798–818.

Tripsanas, E.K., Piper, D.J.W., Jenner, K.A., Bryant, W.R., 2008. Submarine
mass-transport facies: new perspectives on flow processes from cores on the east-
ern North American margin. Sedimentology 55, 97–136.

Van der Merwe, W.C., Hodgson, D.M., Brunt, R.L., Flint, S.S., 2014. Depositional
architecture of sand-attached and sand-detached channel-lobe transition zones on
an exhumed stepped slope mapped over a 2500 km2 area. Geosphere 10, 1076–
1093.

Van Lente, B., 2004. Chemostratigraphic trends and provenance of the Permian
Tanqua and Laingsburg depocentres, South Western Karoo basin, South Africa.
Stellenbosch: University of Stellenbosch.

Veevers, J.J., Cole, D.I., Cowan, E.J., 1994. Southern Africa: Karoo Basin and
Cape Fold Belt. Geol. Soc. Am. Mem. 184, 223–279. https://doi.org/10.1130/MEM184-
p223

Viana, A.R., Faugères, J.C., Kowsmann, R.O., Lima, J.A.M., Caddah, L.F.G., Rizzo,
J.G., 1998. Hydrology, morphology and sedimentology of the Campos continental
margin, offshore Brazil. Sediment. Geol. 115, 133–157.
https://doi.org/10.1016/S0037-0738(97)00090-0

Visser, J.N.J., Praekelt, H.E., 1996. Subduction, mega-shear systems and Late
Palaeozoic basin development in the African segment of Gondwana. Geol. Rund-
schau 85, 632–646.

Walker, R.G., 1978. Deep-water sandstone facies and ancient submarine fans:
models for exploration for stratigraphic traps. Am. Assoc. Pet. Geol. Bull. 62,
932–966.

Wang, X., 2015. Turbid Flows and Their Deposits on Slopes with Minibasins: A
Modelling Approach. Delft University of Technology.

Wang, X., Luthi, S.M., Hodgson, D.M., Sokoutis, D., Willingshofer, E., Groenen-
berg, R.M., 2017. Turbidite stacking patterns in salt-controlled minibasins: Insights
from integrated analogue models and numerical fluid flow simulations. Sedimen-
tology 64, 530–552.

Weill, P., Lajeunesse, E., Devauchelle, O., Metiver, F., Limare, A., Chauveau, B.,
Mouaze, D., 2014. Experimental Investigation On Self-Channelized Erosive Gravity
Currents. J. Sediment. Res. 84, 487–498. https://doi.org/10.2110/jsr.2014.41



285

Weimer, P., Pettingill, H.S., 2007. Deep-water exploration and production: A
global overview. Atlas Deep. outcrops AAPG Stud. Geol. 56, 7–11.

Wickens, H.D., 1994. Basin Floor Fan Building Turbidites of the South-western
Karoo Basin, Permian Ecca Group, South Africa. Unpuplished PhD Thesis. Univer-
sity of Port Elizabeth.

Winker, C.D., 1996. High-resolution seismic stratigraphy of a late Pleistocene
submarine fan ponded by salt-withdrawal mini-basins on the Gulf of Mexico con-
tinental slope, in: Offshore Technology Conference. Offshore Technology Confer-
ence.

Winter, W.R., Jahnert, R.J., França, A.B., 2007. Campos basin. Boltim geociên-
cias da Petrobras 15, 511–529.

Wynn, R.B., Masson, D.G., Stow, D.A. V, Weaver, P.P.E., 2000. Turbidity current
sediment waves on the submarine slopes of the western Canary Islands. Mar. Geol.
163, 185–198.

Zavala, C., Ponce, J.J., Arcuri, M., Drittanti, D., Freije, H., Asensio, M., 2006.
Ancient lacustrine hyperpycnites: a depositional model from a case study in the
Rayoso Formation (Cretaceous) of west-central Argentina. J. Sediment. Res. 76,
41–59.

Zhang, J.-J., Wu, S.-H., Fan, T.-E., Fan, H.-J., Jiang, L., Chen, C., Wu, Q.-Y., Lin,
P., 2016. Research on the architecture of submarine-fan lobes in the Niger Delta
Basin, offshore West Africa. J. Palaeogeogr. 5, 185–204.

Petrobras internal documents

Albertão, G.A., Magalhães, P.M., Neto, R.R., Oliveira, R.M., 1998. Padronização
dos Marcos Estratigráficos da Bacia de Campos, Rio de Janeiro, Technical Report,
7p.

Arienti, L.M., Giro, H.M., Gontijo, R.C., Voelcker, H.E., Santos, V.S.S., Viviers,
M.C., 2008. Modelo Sedimentológico Estratigráfico do Oligo-Mioceno da Bacia de
Campos. Technical Report, 166p.

da Costa, F.G.D. 2015. Análise Estrutural da Área do Campo de Marlim - UO-BC.
Technical Report.





Appendix

Table comparing the main depositional and topographic characteristics of the
Karoo Basin, the Campos Basin and the numerical modelling datasets studied in
this thesis.
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