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CHAPTER 1

Introduction

1.1 Background

Deep-water siliciclastic systems are dominantly fed by turbidity currents, and a focus
of geological research as they form some of the largest depositional systems on the
planet, representing significant archives of environmental change and forming major
hydrocarbon reservoirs. Early models of submarine fans emphasized a simple
submarine slope profile that was dominated by bypass processes that fed sediment
via turbidity currents on an unconfined bathymetric setting to form a composite body
with a radial form that comprises lobe deposits fed by a distributary channel network
(Normark, 1970, 1978; Walker, 1978; Stow et al.,, 1985; Reading and Richards, 1994).
However, recent studies revealed that complicated pre-existing or dynamic seabed
bathymetries are normal, even on passive margins, and that the changes in gradient
and orientation of the seabed has a fundamental influence on turbidity current
behavior, sediment dispersal patterns, and the geometries and architectures of
depositional bodies (e.g.,, Van Andel and Komar, 1969; Pickering and Hiscott, 1985;
Kneller et al, 1991; Alexander and Morris, 1994; Kneller, 1995; Simpson, 1997;
Hodgson and Haughton, 2004; Gervais et al, 2006; Amy et al., 2007; Covault and
Romans, 2009; Moody et al,, 2012; Albertao etal., 2011, 2014).
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Passive continental margins display a great diversity of seabed bathymetry on the
submarine slope, between the shelf-edge-break, and the continental rise. These
bathymetric perturbations can arise from a wide range of processes including
underlying rigid structures, gravity-driven extensional faulting and concomitant
compressional folding, and diapiric movements of salt or mud (Fig. 1.1). In many
diapirically controlled settings, complicated slope bathymetries are characterized by
numerous ridges and/or mini-basins such as offshore the Gulf of Mexico (e.g., Diegel
et al. 1995; Rowan and Weimer, 1998; Prather, 2000; Lamb et al., 2006; Hudec et al,,
2013a), West Africa (e.g.,, Duval et al.,, 1992; Liro and Coen, 1995; Marton et al., 2000;
Hudec and Jackson, 2004; Brun and Fort, 2011), offshore Brazil (e.g., Demercian et al.,
1993; Cobbold et al., 1995; Roberts et al.,, 2004; Mohriak et al.,, 2012; Guerra and
Underhill, 2012) and the North Sea (Coward and Stewart 1995; Kockel, 1998; Mannie
etal, 2014).

Brazos-Trinity
turbidite system

L Teaus o 2
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s Shale-cored rldges/“‘;”
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Figure 1.1: (a) A rendered seafloor image of the Gulf of Mexico salt-based slope. (b) Stepped topography on
the northwest Borneo slope. From Smith (2004).

These bathymetries play a significant role in controlling turbidity current behavior,
flow pathways and sediment distribution (Kneller and McCaffrey, 1999; McCaffrey
and Kneller, 2001; Hodgson and Haughton, 2004; Gee and Gawthorpe, 2006; Lamb et
al,, 2006; Oluboyo et al., 2014; Albertdo et al.,, 2011, 2014). Several conceptual models
have been proposed to predict the filling history of linked minibasins, such as the fill-
and-spill models (e.g., Winker, 1996; Prather et al., 1998; Weimer et al., 1998; Prather,
2000; Beauboeuf and Friedman, 2000; Sinclair and Tomasso, 2002). Smith (2004)
distinguished two end members based on the degree and planform style of
confinement: i) cascades of silled sub-basins and ii) connected tortuous corridors.
More detailed conceptual models for successive mini-basins were described and
modified by numerous researchers based on the specific confinement settings (e.g.,
Sinclair, 2000; Sinclair and Tomasso, 2002; Brunt et al.,, 2004; Lamb et al., 2004;
Prather et al., 2012).

The depositional architectures on submarine slopes are used to unravel the interplay
between sediment gravity flow processes and pre-existing and/or dynamic
bathymetries. For this, well-exposed outcrops with 3D control or high-resolution 3D



Introduction

reflection seismic data would be required. Only few case studies document such high
quality data (e.g., Gervais et al,, 2006; Moody et al,, 2012; Van der Merwe, 2014). Most
outcrops are exposed essentially in two dimensions and thus offer only partial
information on the sedimentary architecture (Shanmugam and Moiola, 1991;
Shanmugam, 2000; Satur et al, 2000). Due to inherent limitations of geophysical
techniques, most seismic data is not adequate when trying to resolve the desired
sedimentary details and small-scale stacking patterns. Commonly, surface and
subsurface layers experience post-depositional processes such as compaction,
diapirism, and tectonic deformation that can change their original geometry and
architecture. For these reasons, the sediment dispersal and stacking patterns in
bathymetrically complicated settings, including diapiric settings with ridges and
minibasins, are still not well understood. Yet these confined turbidity systems have
been increasingly attracting the attention of academic and industrial researchers, for
conceptual and commercial reasons.

1.2 Objective and methodology

In order to better understand the interactions between the pre-existing bathymetries,
turbidity currents and turbidite deposits, and to investigate the internal architecture
and compensational patterns of confined turbidite systems in linked instraslope
minibasins, a novel method that integrates laboratory tectonic analogue experiments
(successive-minibasin topography) and numerical flow modelling (multiple turbidity-
current events) is adopted in this study (Fig. 1.2).

Bathymetry

]

Laboratory tectonic modelling
(Sandbox experiment)

Flow simulation
(Fanbuilder)

.

Turbidity-current behaviour and deposits
Internal architecture and stacking pattern

Validate with published studies
(seismic data, outcrops, laboratory
and numerical experiments)

4

Conceptual models

Figure 1.2: Flow diagram of the method adopted in this study.
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The first step was to conduct analogue tectonic experiments using sandbox models in
the ISES tectonic laboratory at the Vrije Universiteit Amsterdam, in order to obtain the
bathymetry of minibasins on passive margins bearing salt. Sandbox analogue
experiments are widely used to model the evolution of a large variety of deformation
types in structural geology and tectonics (e.g., Colletta, et al., 1991; Sokoutis and
Willingshofer, 2011; Willingshofer et al.,, 2013; Luth et al., 2013; Philippon et al,, 2014).
Analogue models driven by gravitational forces have proven to be an effective method
in the investigation of deformation mechanisms of salt tectonics on passive margins
(e.g., the Gulf of Mexico and the South Atlantic margins) (e.g., Vendeville and Cobbold,
1988; Cobbold and Szatmari, 1991; Vendeville and Jackson, 1992a, b; Demercian et al.,,
1993; Guerra and Szatmari, 2009; Brun and Fort, 2004, 2011). Layers with different
properties are stacked on top of each other in order to simulate a clastic sedimentary
succession that accumulated above a salt layer on a continental slope. The resulting
topography is then scanned by a laser beam from which a digital elevation model is
obtained. This is then upscaled to dimensions that are comparable to those that occur
in nature. A channel is added on the shelf and the shelf-edge break to serve as point
source for the flows. The detailed methodology of this approach is expanded upon in
Chapter 3.

Numerical models of sediment gravity flows, especially process-based modelling, have
been validated with physical models (Kubo, 2004), natural events (Pirmez and Imran,
2003; Dan et al, 2007; Salles et al, 2008; Abd El-Gawa et al, 2012) and the
reconstruction of the internal architecture of turbidite systems based on studies of
outcrop or seismic data (Aas et al., 2010, 2014; Albertao et al, 2011, 2014). In this
study, the processed-based numerical flow model FanBuiler (previously validated,
Groenenberg et al., 2009, 2010; Athmer et al,, 2010) is employed, in order to develop
predictable conceptual models to account for changes in sediment dispersal and
stacking patterns of turbiditic successions deposited in diapiric minibasins on passive
margins. FanBuilder numerically simulates low-density turbidity currents. Flows were
introduced from the incised channel down into the minibasins on the synthetic
continental margin. A series of parameters within ranges expected to occur in nature
were compiled from literature study and used in the flow simulation experiments.
Multiple flow events (non-equilibrium and equilibrium flows) from the same point
source were run whereby the deposits were stacked on top of their predecessors. The
resulting synthetic sedimentary deposits were then analyzed in 3-D, in a series of
strike and dip sections. The experimental results of a series of numerical simulations
were compared and discussed in terms of the flow evolution, the flow-deposit
interaction, and the internal architecture and stacking patterns. The results from the
modeling are compared with the published natural and experimental examples that
have been found to support our main conclusions.

1.3 Thesis outline

In Chapter 2 the background knowledge of salt tectonics on passive margins and
associated minibasins is reviewed. It is a synthesis of published studies on the
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evolution of passive margins bearing salt including studies that have used laboratory
experiments, field outcrops and subsurface data.

The specific methods and processes of modelling the minibasins induced by the salt
tectonics on passive margins are presented in Chapter 3. Four sandbox experiments
with different configurations were conducted and the scanned 3D surface data were
selected and modified as the topographic input parameter for the next-step numerical
simulation.

Chapter 4 systematically reviews our understanding of subaqueous turbidity currents,
their deposits (turbidites), and their characteristics in confined settings. The trigger
mechanisms, the hydrodynamics, the depositional character and the sedimentary
models of turbidite systems are also reviewed.

Chapter 5 presents the methodology and the results of a series of numerical
simulation experiments of turbidity currents flowing over a bathymetry of channel-
minibasins using the bathymetric template derived from work in Chapter 3. Two sets
of flows are modeled, non-equilibrium and equilibrium flows. The results are
compared with each other and discussed with related published literature.

Conclusions obtained from the simulation results and recommendations for future
work are synthesized in Chapter 6.
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CHAPTER 2

Salt Tectonics on Passive Margins and the Formation of
Minibasins

2.1 Introduction

In this thesis, the objective is to use bathymetric data as input for the numerical
modelling of turbidity currents and, as a prerequisite, to understand the interactions
between salt tectonics, passive-margin topographies and turbidity-current
sedimentation. Therefore, it is important to understand salt tectonics processes and
their resultant structures on passive margins, which is also crucial for proper physical
analogue experiments of modeling such tectonics. This chapter provides relevant
background information on salt tectonics on passive margins in terms of salt
properties, driving mechanisms of salt movement, typical salt structures (e.g., diapirs),
salt-induced minibasins, and some actual field examples. Subsequently, methods of
investigating salt tectonic evolution in passive margin settings are reviewed, including
the use of subsurface data, numerical and physical analogue experiments.
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2.2 Salt tectonics and structures
2.2.1 Salt properties

Salt tectonics in nature develop in the context of a series of geological activities and
processes associated with subsurface salt layers and their ambient stratigraphic
sequences. Such settings involve three fundamental strata: the underlying subsalt
basement, the source salt layer, and the overlying sedimentary overburden. Salt
possesses special physical properties of low viscosity and low density relative to its
surrounding sedimentary strata, which can make it prone to move plastically much
like a viscous fluid and deform easily (Hudec and Jackson, 2007).

2.2.2 Driving mechanisms of salt flow

The early explanation for salt movement stressed the buoyancy effect of salt owing to
the density difference between salt and its denser overburden. This hypothesis simply
and erroneously took the overlaying layer of subsurface salt for a viscous liquid with
negligible yield strength (e.g., Nettleton, 1955; Talbot, 1992; Podladchikov et al,
1993). The overburden, however, is basically composed of brittle and stiff
sedimentary rocks. Its strength, along with boundary frictions of the salt layer, restrict
the flow of salt (Hudec and Jackson, 2007; Fossen, 2010). Salt flow and deformation is
not driven by the salt itself. It is by virtue of external forces overcoming those
resisting factors that salt is capable of flowing laterally and vertically into areas of
lower pressure, intruding and even penetrating through the overlaying strata. At
present, widely-accepted driving forces to trigger salt movement principally include
differential loading (e.g., uneven weight distribution of the overburden caused by
sedimentation or erosion) (Fig. 2.1a, b) (e.g., Harrison, 1927; Trusheim, 1960; Dailly,
1976; Jackson and Talbot, 1986; Last, 1988; Vendeville and Jackson, 1992a; Poliakov
et al,, 1993; Ge et al, 1997; Gemmer et al,, 2004), external strain loading (regional
contraction or extension) (Fig. 2.1c, d) (e.g,, Jackson and Vendeville, 1994; Hudec and
Jackson, 2007; Fossen, 2010) and thermal loading (Fig. 2.1e) (e.g., Talbot et al., 1982;
Jackson et al,, 1990). As a consequence, a variety of salt-related structures such as salt
walls, domes, diapirs, nappes and canopies are built by the joint action of the above
driving and restricting forces during the whole period of salt movement (Fig. 2.2).

2.2.3 Diapirism and salt structures

Salt diapirs are regarded as one of the typical salt tectonic products. They present
varying forms of salt bodies controlled by different driving forces during different
tectonic-sedimentary processes. Jackson (1995) defined salt diapirs as “any
structurally discordant body of salt, regardless of its emplacement mechanism”.

Extensional Diapirism

A majority of salt-diapir provinces reveals that salt initiation and growth typically take
place in extensional settings such as active rift basins and on the outer and upper
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slope of passive margins (e.g., Tankard and Balkwill, 1989; Jackson and Vendeville,
1994; Rouby et al,, 2002; Hudec and Jackson, 2007). Classical physical experiments
carried out by Vendeville and Jackson (1992a) show that upwelling and growing of
salt diapirs in extension primarily experiences four phases (Fig. 2.3a-d). Beginning
with a reactive diapirism phase, the brittle overburden is weakened by normal faults
and thinned by grabens and half grabens (Fig. 2.3a). This allows the system to induce
differential loading and make space for the growth of the diapir. Salt closely responds
to extension, which means that if regional extension stops, diapirism stops. This
phenomena even can occur in settings where the overburden is equally or less dense
than that the salt layer. If reactive diapirism is faster than the ongoing sedimentation
and the salt’s overlying layer is thinning to a critical thickness, the diapir is able to
actively rise up against the overburden by buoyancy rather than extension. This stage
is called active diapirism (Fig. 2.3b). Once active diapirism is sufficient to make the
diapir break through its roof, a passive diapir may continue on its way up. Salt domes
can be attributed to passive diapirism (Fig. 2.4c). If sedimentation is slower than the
rate of passive diapirism, extrusive allochthonous salt sheets can form when the
upwelling diapir reaches or even emplaces on its younger overburden surface (Fig.
2.3d). However, if the salt layer is too thin to maintain the diapirism, only extensional
normal fault systems and associated salt rollers (Fig. 2.2) will dominate in extensional
settings. Besides, salt movements in extensional settings also include the fall of
preexisting salt diapirs (Fig. 2.1d) such as the subsidence of minibasins (Vendeville
and Jackson, 1992b).

Compressional diapirism

In regional contractional settings, such as orogenic zones (e.g., the Zagros mountain
belt, Koyi, 1988; the Northern Pyrenees collisional orogeny, Hayward and Graham,
1989) and the downdip toes of passive margins (e.g., the lower slope of the Lower
Congo Basin passive margins, Cramez and Jackson, 2000), salt diapirs can be
explained by the modification of many preexisting diapirs initiated in the earlier
extensional stage (Jackson and Vendeville, 1994). In such settings, the salt roof is
likely to uplift into an anticline or can be faulted by thrusts owing to lateral shortening.
Therefore, preexisting deformed salt (e.g. salt domes) can be pressured up into
anticlines (e.g. tear-drop shape; Fig. 2.4), squeezed up along thrust faults to a new
location within sediment layers or even emplaced on newly-formed sediment layers
(e.g. thrust allochthonous; Fig. 2.4). Later, these new salt structures are gradually
detached from their sources. During this process, the system also can undergo active
and passive diapirism and involve the related fault structures. In compressional
settings, density inversion is not necessary for the formation of passive diapirs,
because the major driving force is the salt pressure acting on the compactional forces
(Hudec and Jackson, 2007). In the absence of preexisting diapirs, the salt layer only
acts as a décollement surface. Associated thrusts, narrow box-fold anticlines and
cored folds can develop depending on the availability of salt (Fig. 2.4).
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Figure 2.1: Schematic diagrams showing the mechanisms of salt movement. In all cases the salt is shown in
black. (a) Upwelling of salt due to erosionally differential loading (modified from Hudec and Jackson, 2007).
(b) Salt flow and structures driven by differential loading of the delta sediment wedge on the shelf.
Landward extensional faulting is accommodated by the seaward contractional salt diapir and canopy
(modified form Fossen, 2010). (c) Regional shortening strain forces the preexisting salt body to expel
upwards (modified form Hudec and Jackson, 2007). (d) In regional extensional setting, the preexisting salt
structure subsides and forms a local depression above salt (modified from Hudec and Jacson, 2007). (e) A
salt diapir formed by salt flow resulted from increasing temperature in the Dasht-e Kavir desert, Iran
(modified from Jackson et al., 1990).
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Figure 2.2: A variety of salt structural styles from linear structures on the left side to circular ones on the
right. Increasing degree of maturity in salt movement away from the center towards the left and right (from
Fossen, 2010).
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upwelling and growth can experience the stages of (a) reactive, (b) active, (c) and (d) passive diapirism,
while (e) to (g) display the situations of a minibasin formation caused by the diapiric collapse
corresponding to (d) to (e). From Fossen (2010). Diapirs do not necessarily experience all of these stages
and the maturity of a given structure is determined by the availability of salt, the total amount of extension,
and the relative rates of extension and sedimentation (Hudec and Jackson, 2007).
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2.2.4 Salt-related minibasins

Salt-related minibasins are local depressions adjacent to diverse positive structures
developed in salt tectonic settings. They form areas of accommodation on the slope
that can be filled by turbidity currents. Such minibasins can be bounded by different
structural elements such as normal faults, anticlines, folds, thrusts, and autochthonous
and allochthonous salt bodies, depending on the regional strain, salt availability,
subsequent sedimentation rates and so forth.

Minibasins with non-direct salt contact

These types of minibasins can be expressed as topographic lows surrounded by the
deformed sedimentary overburden. Their boundaries are often faults, anticlines, folds
and thrusts formed in the overburden of the salt, which are the direct cause for the
occurrence of these minibasins. Small-scale depocenters formed in extensional
domains can be graben-bounded by two normal faults in the overburden of a rising
salt diapir (Fig. 2.3a); this graben may develop later into an antithetic rollover system
with its seaward-concave flank boundary of pre-kinematic sediments and bottom
boundary of salt roller or weld (Fig. 20 in Brun and Fort, 2011). A synthetic rollover
system developed from a landward-dipping listric normal fault can also form in salt
tectonics (Fig. 2.11 in this chapter; Fig. 9 in Brun and Mauduit, 2008). Local
depressions may also be located between adjacent anticlines/folds of sedimentary
layers cored by squeezed salt diapir ridges (Fig. 2.11).

Minibasins with direct salt contact

A salt-withdrawal minibasin is a subsiding depression that resulted from the
underlying salt flowing away from the location of its depocenter (Jackson and Talbot,
1991; Hudec et. al,, 2009; Fossen, 2010). As a unique structural style of salt tectonics,
it may be totally or partly bounded by allochthonous (Fig. 2.5F) or autochthonous salt
(Fig. 2.3e, f) (Diegel et al., 1995; Loncke et al., 2006). Hudec et al. (2009) clarified that
“the term salt withdrawalis not strictly accurate because the salt is expelled (pushed)
from beneath the minibasin, rather than drawn (pulled) into an adjacent diapir.
However, salt withdrawal is so entrenched and familiar that we use it here, with this
caveat, in a nonmechanical sense”.

Similar to the history of salt tectonic research flowing, sa/t withdrawal was first
explained as the result of buoyancy effect induced by density inversion. If the
sediment accumulated on the salt is sufficiently thick to reach a weight that is larger
than that of underlying salt bodies, the salt is pushed aside and makes space for the
formation and subsidence of minibasins (Fig. 2.5A). This mechanism needs to be
triggered by a considerable amount of sediment thickness. Taking minibasins in the
Gulf of Mexico as examples, at least 2.3 km of sediment thickness can cause minibasins
to form. Later, other mechanisms were proposed to explain the subsidence of salt-
withdrawal minibasins in settings without thick sediments. For example, if the salt
source gets exhausted or the extensional rate accelerates, the previous diapir may
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collapse to form a local depression (Vendeville and Jackson, 1992b). Hudec et al.
(2009) summarized six models of subsidence mechanism of salt withdrawal
minibasins which can be formed by i) density-driven subsidence, ii) diapir shortening,
diapir collapse, iii) decay of salt topography, iv) sedimentary topographic loading and
v) subsalt deformation (Fig. 2.5).

Salt-withdrawal minibasins develop along many continental margins, for example, in
the Gulf of Mexico (Lehner, 1969; Seglund, 1974; Spindler, 1977; Bouma et al., 1978;
Humphris, 1978, 1979; Bouma, 1982; Diegel et al., 1995; Prather et al., 1998; Rowan
and Weimer, 1998; Beaubouef and Friedmann, 2000; Prather, 2000; Winker and
Booth, 2000; Lamb et al,, 2006), in the Aptian salt basins of Brazil (e.g., Demercian et
al,, 1993; Cobbold et al., 1995; Roberts et al., 2004) and West Africa (e.g., Duval et al.,
1992; Marton et al., 2000; Hudec and Jackson, 2004), in the Pricaspian Basin (e.g.,
Barde et al., 2002; Volozh et al., 2003; Ismail-Zadeh et al., 2004), in the Sverdrup Basin
(Jackson and Harrison, 2006; Harrison and Jackson, 2014), in the Canadian Maritime
basins (e.g., Balkwill and Legall, 1989; Shimeld, 2004), in the Zechstein salt basin (e.g.,
Stewart and Clark, 1999; Mohr et al,, 2005), in the Flinders Ranges (e.g., Dyson, 1999;
Rowan and Vendeville, 2006), in the Paradox Basin (Prochnow et al.,, 2005, 2006;
Matthews et al., 2007; Hudec et al., 2009; Venus et al.,, 2014), in the Red Sea (Heaton et
al,, 1995), in several Mesozoic salt basins of northwest Africa (e.g, Tari et al.,, 2003)
(summarized by Hudec et al. (2009)), and in the eastern Willouran Ranges, South
Australia (Hearon IV et al,, 2014).

Typical salt-withdrawal minibasins are a few tens of kilometers in diameter (Hudec et
al., 2009; Fort et al., 2004) and have a diversity of shapes in map view due to the
different degrees of salt withdrawal (Diegel et al., 1995). For example, the shelf
minibains in the Gulf of Mexico are circular to elliptical with a diameter range of 5-20
miles (Sumner et al., 1991). Midslope minibasins on the Nile deep-sea fan’s margin are
subcircular or polygonal in shape and bounded by salt ridges (Loncke et al., 2006).
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Figure 2.5: Five schematic models and criteria of salt-withdrawal minibasins (from Hudec et al.,, 2009).
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2.3 Passive margins

2.3.1 What is a passive margin?

A passive continental margin is the ocean-continent crustal transition that was once
created by crustal rifting but has experienced relatively long-term stability, unlike
active continental margins formed by tectonics such as collision, uplift and subduction
(Heezen, 1974). “Atlantic”’-type continental margins are typical passive continental
margins, which develop widely along the boundary between the Atlantic Ocean and its
adjacent continents. Passive margins also bound the Arctic Ocean, the Norwegian Sea
and the western Indian Ocean, and can be found on the western Europe, the east coast
of North and South America, most of Antarctica, parts of Mediterranean margin and
parts of the Pacific Ocean such as the South Asian margin in the South China Sea
(Heezen, 1974; Steckler, 1978; Watts and Steckler, 1981).

2.3.2 Evolution of passive margins

In the classical model of Allen and Allen (2005), a passive margin undergoes three
main stages in its evolutionary process (Fig. 2.6):

1. Pre-rift stage:

Before the onset of continental rifting, there is no significant deformation
caused by crustal stretching and thinning. Pre-rift sedimentary sequence
normally does not have great changes in deposit thickness, which can be
unconformably overlain by the syn-rift packages and faulted in the syn-rift
stage (Withjack et al,, 2002; Jackson et al., 2006).

2. Syn-rift stage:

At the onset of rifting, large-scale doming and deep-going fracturing of the
crust and lithosphere can happen due to early extension induced by the
divergent movement of tectonic plates (Fossen, 2010). Continued stretching
results in extensional normal faults formed in the crust (Withjack et al., 2002;
Ziegler and Cloetingh, 2004; Cloetingh and Ziegler, 2007; Cloetingh et al,,
2013). Significant extensional faulting and the subsidence of the crust result
in the formation of syn-rift basins with complex topographies such as tilted
fault blocks, half-grabens and relay ramps (Leeder and Gawthorpe, 1987;
Ziegler and Cloetingh, 2004; Cloetingh and Ziegler, 2007; Cloetingh et al,,
2013). Multi-environment sedimentary systems including alluvial, fluvial,
deltaic, and gravity flows can participate in the development of synrift basins
(Gawthorpe and Hurst, 1993). Evaporites can deposit in arid basins with
restricted sea water circulation (Jackson and Vendeville, 1994). Ongoing
crustal stretching and extension decrease and eventually end when the
oceanic crust forms.
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3. Post-rift stage:

The final breakup of lithosphere initiates the spreading of newly formed
oceanic crust. Thick accumulations of prograding marine sediments build out
over the shelf margin and slope. The subsidence of transitional crust and
lithosphere results from cooling and thickening of the lithosphere, which can
lead to salt deformation (Jackson and Vendeville, 1994).

Typical passive margins are characterized by thick accumulations of sediments that
construct a relatively smooth relief. Topographically they consist of a wide continental
shelf (from 30 to over 300 km) with deposits of terrigenous clasts and in situ
carbonate, a dissected continental slope with submarine canyons, a gentle continental
rise with turbidite systems and a vast abyssal plain. Although passive margins have
relatively simple topographies in general, some passive margins involved in more
complex tectonics such as salt tectonics can significantly be modified regionally or
locally and through interaction with the associated sedimentary processes (Schlee,
1980; Morelock, 2004).

(@)

Synrift

Figure 2.6: Schematic models of rift development: (a) pre-rift, (b) the onset of syn-rift, (c) the stretching
phase of syn-rift and (d) post-rift (modified from Fossen, 2010).
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2.4 Salt tectonics on passive margins

2.4.1 Salt basins on passive margins

Salt tectonics play a significant role in the formation and development of passive
margins (Fig. 2.7). Examples include the Gulf of Mexico (e.g., Worrall and Snelson,
1989), offshore Angola (e.g., Mauduit et al., 1997), offshore Gabon (e.g., Dupré, et al.,
2007, 2011; Beglinger et al, 2012), offshore Brazil (e.g, Demercian et al, 1993;
Beglinger et al., 2012; Jackson et al., 2014), the North Sea (e.g., Bishop et al.,, 1995;
Mannie et al., 2014), offshore northern Egypt (e.g., Gaullier et al,, 2000; Loncke et al.,
2006) and offshore Nova Scotia in eastern Canada (e.g., Keen and Potter, 1995; Hogg
et al, 2001; Kidston et al., 2002). These areas generally display more complex
morphologies than those in the absence of salt.

Figure 2.7: Map showing the distribution of salt basins on passive margins (from Hudec and Jackson, 2007).
BG Benguela-Namibe; CB Cuban; CG Canning; CN Carnavon; CP Campos; ES Espirito Santo; GC Gulf Coast; GK
Great Kavir-Garmsar-Qom; GN Gabon; HT Haitian; KL Kalut; KM North Kerman; KQ Kuqa; KZ Kwanza; LC
Lower Congo; PT Petenchiapas; RM Rio Muni; SF Safi; SG Sergipe-Alagoas; SL Salina-Sigsbee; SN Santos; SU
Suriname.

Salt tectonics can operate during the entire geological time of passive margin
formation and development or only parts thereof. According to the timing of salt
deposition and the developing stage of passive margins (Fig. 2.8), salt-related basins
on passive margins basically can be classified into three types, as prerift (e.g., North
Iberian margin; Jammes et al. 2010; Roca et al. 2011), synrift (e.g, offshore
Newfoundland, offshore Norway, offshore Senegal) and postrift (e.g., the Gulf of
Mexico, offshore Braizil, offshore Angola) (Jackson and Vendeville, 1994; Tari et al,,
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2003). More detailed models of passive margin evolution proposed by Peron-Pinvidic
and Mantschal (2009) divide the developing process into stretching, thinning,
exhumation and spreading stages. Correspondingly, salt basins on passive margins are
sorted into prerift, syn-stretching, syn-thinning and syn-exhumation salt basins,
according to the depositional time of salt (Rowan, 2014). Different types of salt basins
have different governing mechanisms controlling the salt tectonics (Nilsen et al., 1995;
Hudec and Jackson, 2004).

Major passive-margin salt basins, such as the Campos and Santos basins offshore
Brazil (Demercian et al., 1993; Cobbold et al., 1995; Mohriak et al., 1995; Cobbold et al.,
2001; Davison, 2007), the Lower Congo and Kwanza basins offshore West Africa
(Duval et al. 1992; Spathopoulos, 1996; Cramez and Jackson, 2000; Marton et al., 2000;
Tari et al., 2003; Rowan et al., 2004; Brun and Fort, 2004; Fort et al.,2004; Hudec and
Jackson, 2004) and the Gulf of Mexico (Wu et al., 1990; Diegel et al., 1995; Peel et al,,
1995; Rowan et al., 2000; Tari et al., 2002; Hall, 2002), belong to the post-rift type
(Jackson and Vendeville, 1994) or the syn-exhumation type (Rowan, 2014). They
usually have a broad salt distribution and formed after crustal thinning and extension
ended but before the oceanic crust’s final breakup and accretion, with little relief of
the salt basement (Fig. 2.8; Rowan, 2014).

(a) Early exhumation

— -
= 7.3 e =SS Sl

|
S L U T

salt stretched over exhumed mantle
y

(b) Late exhumation

f - — =

IR : e ’
(c) Spreading " nappe contraction extension
T ¥

| sedimentary strata [ lower lithospheric mantle Faults
I satt [ oceanic crust stretching
[C] upper continental crust [ZZ serpentinized mantle thinning
[ middle-lower continental crust [ infiltrated mantle — exhumation
I mafic lower continental crust I litho/asthenospheric mantle
[T upper lithospheric mantle [ asthenospheric mantle

Figure 2.8: Syn-exhumation salt basin proposed by Rowan (2014): (a) early exhumation stage with
deposition of a sag basin (orange) and salt after almost all crustal faulting has ceased, so that there is little
offset of the base salt; (b) late exhumation stage with separation of synrift and sag sequences and salt
attenuation over newly exhumed mantle; (c) spreading stage and development of thin-skinned deformation
due to gravitational failure of the margin.
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2.4.2 Gravity-driven salt tectonics on passive margins

Passive margins with syn-exhumation salt basins are closely associated with thin-
skinned, gravity-driven salt tectonics, which are tectonically characterized by three
zones, i) an extensional zone on the shelf and upper continental slope, ii) a
transitional zone in the middle of the continental slope, and iii) a compressional zone
on and in the front of the lower continental slope (Fig. 2.9; Cobbold and Szatmari,
1991; Fort et al, 2004; Vendeville, 2005; Krezsek et al, 2006). The proximal
extensional zone is dominated by structures such as listric growth faults, grabens,
rafts, salt diapirs and welds (Duval et al. 1992; Mauduit and Brun, 1998; Fort et al,,
2004). Normal faults and grabens initiate the rise of salt diapirs by extensional
thinning and faulting of the sedimentary overburden (Vendeville and Jackson, 1992a).
The transitional zone is controlled by salt evacuation and diapirism (Fort et al., 2004).
The distal compressional zone is characterized by folds, thrusts and squeezed diapirs,
while allochthonous salt is commonly found on the newly formed onceanic crust (Tari
et al,, 2001; Brun and Fort, 2004; Rowan et al,, 2004; Hudec and Jackson, 2006).
Compressional salt structures in distal regions can modify preexisting salt diapirs
formed in previous extensional settings (Vendeville and Nilsen, 1995; Rowan et al,,
2000) or cause intrusion of salt nappes (Peel et al., 1995; Trudgill et al. 1999). In the
absence of preexisting diapirs, salt acts as a detachment layer (Hudec and Jackson,
2007).
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and ' Translation \ o fault and rollover ', blocks
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compressional diapirs Y systems
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Late graben \
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Figure 2.9: Cross section of an experimental model simulating salt tectonics and synsedimentary
deformation on the Angolan margin (modified from Fort et al., 2004). Salt is shown in white.

2.4.3 Gravity gliding and spreading

This three-domain structural pattern of salt-tectonics on passive margins can be
interpreted as the result of gravity spreading and gliding (Tari et al., 2003; Rowan et
al,, 2004). Gravity spreading and gravity gliding have similarities and differences in
controlling gravity-driven salt tectonic systems. Both of them can express their
influences on salt passive margins as three structural domains (extension, translation
and contraction). However, they differ in their driving forces, initial conditions, the
interation of salt and sediment, and the structural styles in the same domains (Fig.
2.10; Rowan et al. 2004; Loncked et al., 2006; Brun and Fort, 2011; Rowan, 2014).
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Figure 2.10: Experimental salt tectonic models of (a) pure spreading of sedimentary wedge on salt layer
and (b) dominant gliding of margin tilting. From Brun and Fort (2011). Salt is shown in white.

Driving mechanism

Gravity spreading is induced by the seaward-thinning sediment wedge resulting from
sediment influx from onshore regions (e.g., Koyi, 1996; Ge et al., 1997; Rowan et al,,
2000; Vendeville, 2005), while gravity gliding is caused by the margin tilting
basinward due to large-scaled processes like differential thermal subsidence and/or
stretching of the salt during ongoing crustal extension beneath the salt (Brun and Fort,
2011; Hudec et al,, 2013b). Rowan et al. (2004) defined gravity gliding and gravity
spreading as follows: “The gravity gliding component of the deformation is the
component controlled by any basinward slope of detachment, whereas the gravity
spreading component is that controlled by the surficial slope of the seabed.” Thus the
salt basement slope and salt overburden topography respectively control the salt
tectonics in gravity gliding and gravity spreading.

Initiation requirements

Gravity spreading generated by differential sedimentary loading requires some
conditions to initiate the whole process, which include a thick overburden, great
water depth with a minimum value of 4500m, high sediment density, high pore fluid
pressure and a seaward open boundary of the salt basin. Gravity gliding, by contrast,
just needs a small margin tilt angle (lower than 1 degree), a basin width in the range
of 200-600 km and a sedimentary overburden up to 1 km thick (Brun and Fort, 2011).

The role of salt and sediments

The role of the salt layer in these two processes is different (Rowan et al.,, 2004; Brun
and Fort, 2011). In gravity gliding, the salt layer and sedimentary overburden
together “automatically” slide down the slope with displacement vectors parallel to
the detachment plane. The salt can be regarded as the driving component as well as
the sedimentary overburden. New sediments following salt deformation tend to fill
the salt-induced basins. In gravity spreading, the salt is “passively” expulsed with
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lateral spreading and vertical collapse in reaction to the pressure caused by the
overburden weight (Brun and Fort, 2011; Rowan et al., 2004). Salt acts as the resisting
component against the driving forces coming from sediment overburden, i.e., there is
no salt deformation without uneven sedimentation (Brun and Fort, 2011).

Structural styles

In gravity spreading, the extensional domain is located in the area where the
sedimentary wedge distributes or progrades. Wedge-shaped sediment makes
overburden surface generally downdip. Nevertheless the strike of extensional normal
faults can develop in multidirections due to local slope variations on the seafloor
caused by uneven sediment thickness (Cobbold and Szatmari, 1991; Demercian et al.,
1993) or landward tilting resulting from proximal loading subsidence (Rowan et al.,
2004). Moreover, sedimentation rates can influence the types of extensional
structures. For example, a low rate favors basinward listric growth-fault and rollover
systems, while a high rate tends to produce landward listric growth-fault and rollover
systems (Krezsek et al, 2007). Early extensional rafting can be regarded as an
indicator only if the seaward boundary of the salt basin is free of sediment. The
contractional domain is located at the wedge dip and frontal salt nappes form due to
progressive intrusion. Both the extensional and contractional domains migrate
seaward with the prograding sedimentary wedge (Fig. 2.10a; Brun and Fort, 2011).

In gravity gliding, the updip extensional domain is characterized by sealed tilted
blocks (Brun and Fort, 2011), subparallel normal faults, and rollover systems
(Mauduit and Brun, 1998). The downdip contractional domain is dominated by
growth folds and thrusts formed prior to updip extensional structures, and further
salt nappes form due to the abrupt failure of long-time distal contraction. If early
extensional rafting in the proximal domain is coeval with distal contraction, such
structural association can indicate gravity gliding. The migration direction of
extension is seaward while that of contraction is landward (Fig. 2.10b; Brun and Fort,
2011).

Loncke et al. (2006) pointed out that where gravity gliding dominates, the structures
tend to be cylindrical and perpendicular to the regional basal slope direction, while
where gravity spreading dominates, radial and concentric extensional structures and
along with polygonal and subcircular depocenters are present.

Controversy

It is hard to distinguish between gravity spreading and gravity gliding in reality
(Schultz-Ela, 2001; Rowan et al, 2004), and therefore the dominant driving force
(either gravity gliding or gravity spreading) controlling post-rift salt passive margins

is often controversial.

Some researchers argue that post-rift salt passive margins generally are controlled by
a dominant gliding (gliding-spreading) process driven by gravity because of the
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evidence from seismic data and simulation experiments of “margin” tilting (e.g.,
Vendeville and Cobbold, 1987; Cobbold et al.,, 1989; Cobbold and Szatmari, 1991;
Cobbold et al.,, 1995; Marton et al, 2000; Brun and Fort, 2004). In other words, gravity
gliding plays a major role but involves to some extent gravity spreading (Brun and
Merle, 1985). As margin tilting without a sedimentary wedge can initiate salt
movement, the prograding sedimentary wedge just plays a secondary role (Brun and
Fort, 2011). For example, an increasing sedimentation rate can contribute to an
increase in deformation rate of the extensional and contractional domains (Mauduit et
al,, 1997).

Some other authors, such as Wu (1993), Vendeville (2005), Gaullier and Vendeville
(2005) and Rowan et al. (2012) argue that post-rift long-lived salt-prone passive
margins are controlled by gravity spreading generated by differential sedimentary
loading. For example, the continued postsalt deformation and tectonics in the
Mediterranean after thermal subsidence had ceased is driven by a sedimentary wedge
prograding from onshore (Vendeville, 2005).

2.4.4 The northern Gulf of Mexico vs. offshore Angola

The northern Gulf of Mexico and offshore Angola are two well-known areas that have
been widely investigated to determine the dominant driving forces, because of an
abundance of hydrocarbon resources in their salt basins (e.g., the Kwanza and South
Gabon basins of Africa). In addition, the similarity and difference between the Gulf of
Mexico’s northern margin and the South Atlantic margins in terms of driving
processes and structural patterns, have been discussed by many researchers (e.g., Tari
etal,, 2001; Fort and Brun, 2012; Rowan, 2014).

The northern Gulf of Mexico

The Gulf of Mexico is well-known for its spectacular planform lobate salt canopy, and
its abundant and various minibasins formed on top of it (Fig. 2.11c). More
noteworthily, the northern Gulf of Mexico displays distinctive features on its north
(Louisiana) and northwest (Texas) margin. On the north-central margin (Fig. 2.11a),
an extensional region presents short and curved normal faults dipping in various
directions and a contractional region contains thick extrusive Sigsbee salt nappes with
numerous Neogene minibasins on top of it (Peel et al. 1995). On the northwestern
margin (Fig. 2.11b), a proximal extensional domain develops long and straight normal
faults and a contractional domain the Perdido fold belt cored by ridges of the Middle
Jurassic Louann Salt (Worrall and Snelson, 1989 in Brun and Fort, 2011).

Although there is still some uncertainty and controversy on the tectonic evolution of
the Gulf of Mexico (Hudec et al,, 2013b; Rowan, 2014), it is widely believed that prerift
of the Gulf of Mexico began in the Late Triassic. Major rifting between the Yucatan
block and the North American Plate occurred in the Middle Jurassic (Salvador, 1991;
Pindell and Kenna, 2001, 2009; Stern et al, 2010; Huerta and Harry, 2012). The
incipient Gulf of Mexico Basin was created above thinned transitional crust. Later the
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bulk of upper crustal extension had decreased and even ceased in the latest synrift
stage before the Louann salt started depositing during the late Middle Jurassic
(Salvador, 1987; Buffler, 1991). During the Kimmeridgian to Tithonian, seafloor
spreading occurred in the center of the basin and oceanic crust formed (Hudec et al,,
2013b). During the Early Cretaceous, the Gulf of Mexico continued to expand and
deepen by thermal subsidence and continuous crustal extension (Sawyer et al., 1991;
Hudec et al., 2013b). Sediments were transported from onshore and deposited in the
basin during the Late Cretaceous and the entire Cenozoic, resulting in a further
deepening of the basin. Moreover, a continental shelf was constructed along the
northwestern and northern margins of the Gulf of Mexico during the Cenozoic
(Galloway, 2008).

It is commonly accepted that the dominant driving force in controlling postsalt
deformation in the early postrift stage (the Late Jurassic-Cretaceous) is gravity gliding
caused by thermal subsidence (e.g., Rowan et al., 2004; Fort and Brun, 2012) or due to
stretching of the salt-sediment package during ongoing crustal extension (Hudec et al,,
2013Db). The consequent structural distribution is like that of the northwestern Gulf of
Mexico where early-postrift extensional faults form at the landward edge of the basin,
and coeval contractional deep salt nappes overlie the oceanic crust (Fig. 14 in Rowan,
2014). Small-wavelength deformation may start forming at the early postrift stage
(Fig. 6b in Rowan et al., 2004).

However, the debate on the Cenozoic driving mechanism of salt initiation and postsalt
deformation of the northern Gulf of Mexico is quite intense. Making use of seismic data,
well logs, and experimental and numerical modelling (e.g., Talbot, 1992; Worrall and
Snelson, 1989; Diegel et al., 1995; Rowan, 1995; Peel et al., 1995; Hall, 2002; Rowan et
al.,, 2004,; Vendeville, 2005; Gaullier and Vendeville, 2005; Gradmann et al. 2009;
Rowan et al,, 2012), numerous authors suggested that the dominant driving force for
the Cenozoic salt tectonics in the Gulf of Mexico is gravity spreading driven by
differential sedimentary loading, although some gravity gliding was caused by
proximal uplift of the margin (Jackson et al,, 2011; Dooley et al.,, 2013). For example,
the Perdido fold belt cored by the Middle Jurassic Louann salt was first initiated by
gravity gliding but then gravity spreading became dominant during the Latest
Oligocene-Middle Miocene (Fig. 11 in Hudec et al,, 2013a; Peel et al., 1995). Brun and
Fort, however, insist that gravity gliding driven by margin tilting is the dominant
reason for the Cenozoic presalt deformation supported by analogue modeling
experiments, salt flow direction analysis and seismic data (Brun and Fort, 2011, 2012;
Fortand Brun, 2012).
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Figure 2.11: Schematic transects of the northern (a) and the northwestern (b) Gulf of Mexico (from Peel et
al. 1995). See location in (c) and arrows showing the mean transport direction for the three spreading
systems (modified from Peel et al,, 1995 and Diegel et al., 1995 in Fort and Brun, 2012).

The central South Atlantic

The offshore Angola and offshore Brazil margins bound the central part of the South
Atlantic. The important salt basins are the Campos and Santos salt basin offshore
Brazil and the Lower Congo and Kwanza salt basin offshore Angola. The evolution of
the South Atlantic is under controversy in many aspects such as the period of rift
initiation (e.g., Meisling et al., 2001; Karner et al., 2003; Mohriak et al., 2008; Lentini et
al,, 2010; Unternehr et al.,, 2010; Quirk et al., 2013), the time of final separation of the
continental crust (Jackson et al., 2000; Marton et al., 2000; Quirk et al., 2013; Meisling
et al., 2001; Karner et al., 2003; Karner and Gamboa, 2007; Torsvik et al., 2009;
Unternehr et al, 2010; Blaich et al, 2011; Mohriak and LeRoy, 2013) and the
chronological order of salt deposition and final breakup (e.g. Jackson et al.,, 2000;
Marton et al., 2000; Quirk et al., 2013; Karner et al., 2003; Karner and Gamboa, 2007;
Mohriak et al., 2008; Unternehr et al., 2010; Blaich et al., 2011). For the central South
Atlantic, the rifting did not seem to commence until the Berriasian to the early
Barremian and the oceanic crust started forming during the late Early Cretaceous (the
Barremian to Albian) (Rowan, 2014).
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Rowan (2014) analyzed new seismic data and found their results to favor the models
of Unternehr et al. (2010) and Zalan et al. (2011). The consensus in their models is
that there is a period (the mid-Barrenmian to late Aptian) between the end of the bulk
of rifting and final breakup of continental crust, during which a sag basin was first
filled by sedimentary layers and then overlain by shallow marine Aptian salt
evaporites. This means that the salt evaporite in Brazil and Africa was originally
deposited within one presalt-sag basin underlain by the hyperextended crust, but then
divided by the newly formed oceanic crust and the exhumed subcontinenal mantle in
the Albian (Fig. 2.12a, 2.13a). The Albian carbonate system developed in a shallow-
marine environment. From the Late Cretaceous to the entire Cenozoic, the
sedimentary system is dominated by basinward progressive siliciclastic deposition
(Guerra and Underhill, 2012).

Postsalt deformation occured during and mainly after salt deposition driven by
gravitational failure (Davison et al, 2012; Quirk et al.,, 2012). The debate over the
main driving mechanism between spreading-dominant by differential sedimentary
loading (e.g., Spathopoulos, 1996; ; Ge et al, 1997; Marton et al., 2000; Cramez and
Jackson, 2000; Kolla et al., 2001; Guerra and Underhill, 2012; Hudec and Jackson, 2002;
Hudec and Jackson, 2004; Gremmer et al, 2005) or gliding-dominant by thermal
subsidence of the newly-formed cooling oceanic crust (e.g., Cobbold and Szatmari,
1991; Demercian et al., 1993; Gaullier et al., 1993; Mauduit et al.,, 1997; Mauduit and
Brun, 1998; Brun and Fort, 2011; Quirk et al,2012) is still ongoing. In some cases,
margin tilting can be regarded as the root cause for the salt displacement, and
sediment loading as the direct reason. For example, thermal subsidence leads to a
relatively rapid seaward sediment movement and causes the formation of salt in great
thickness (e.g., Quirk et al., 2012). The structural analogue models triggered by
“margin” titling can produce salt structural styles and distributions that are more
similar to the real case in the central South Atlantic (e.g., Brun and Fort, 2011) than
models driven by gravity spreading.

The salt structures and distribution controlled by gravitational failure mainly include
proximal extension and distal contraction. The upslope extension with basinward-
dipping faults and tilted blocks, synthetic, antithetic rollover systems and ‘flip-flop’
salt walls (Fig. 2.12; Fig. 2.13). The Cabo Frio Fault is a large landward-dipping listric
normal growth fault in the extensional domain of the Santos Basin with a spectacular
area of 7700 km? (Quirk et al., 2005). Distal compressional structures include simple
folds, thrusted folds, squeezed diapirs, squeezed and inflated salt massifs, and thrust
emplacement of allochthonous salt out over oceanic crust (Fig. 2.12; Fig. 2.13; Rowan,
2014). In the Santos Basin, multi-directional sediment supply leads to polygonal
minibasins in the distal contractional domain (Guerra and Underhill, 2012).
Allochthonous salt sheets or nappes are present but not of the impressive scale as
those found in the Gulf of Mexico (Mohriak et al., 2012).
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Figure 2.12: Interpreted seismic cross sections of the Lower Congo Basin on the Angolan margin. (a) cross
section of the Angolan margin (from Rowan, 2014) and (b) cross section of salt structures of the Lower
Congo Basin (modified from Fort et al., 2004 in Krezsek et al,, 2007).
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Figure 2.13: Interpreted seismic cross sections of the Campos Basin on the Brazilian margin. (a) cross
section of the Brazilian margin (from Rowan, 2014) and (b) cross section of salt structures of the Campos
Basin (from Guardado et al,, 1989 and Cainelli and Mohriak, 1999 in Krezsek et al.,, 2007).

26



Salt Tectonics on Passive Margins and the Formation of Minibasins

2.5 Study methods of salt passive margins

In order to investigate the evolution of salt-bearing passive margins, the mechanisms
and kinematics of the salt tectonics, the salt-related structure styles and systems, and
the relationship between salt tectonics and the associated sedimentary processes,
some widely-adopted methods include outcrop studies, interpretation of seismic data
and well logs, processed-based numerical simulation as well as analogue modelling
experiments.

2.5.1 Outcrop

Outcrop studies allow direct observation and description of salt bodies and their
associated structures in the field. It can be considered as the first door to enter the
salt-tectonic world. Salt tectonics studies began with the first published description of
a salt dome outcrop in the Saharan Altas of Algeria by Ville (1856). However, most
salt-prone passive margins are submerged under sea level, and onshore outcrops are
limited. Examples include the Great Kavir-Garmsar-Qom, Kalut and north Kerman
basin in Iran (Jackson et al, 1990; Rahimpour-Bonab et al., 2007), the Carnarvon
basin in Australia (Hocking et al., 1987), allochthonous salt in the eastern Willouran
Ranges, South Australia (Hearon IV et al, 2014) and the Lansatine-Baouala salt
canopy in the Tunisia passive margin (Masrouhi et al., 2013).

2.5.2 Subsurface data

Because of their close relationship with hydrocarbon resources, salt-bearing passive
margins are investigated using subsurface data such as seismic data and well logs.
Although there are some challenges of seismic imaging in salt-rich substrate, for
example, the poor resolution and velocity control near salt diapir (e.g., Davison et al,,
2000), a better understanding of salt tectonics on passive margins has been greatly
improved by sequential restoration of the regional cross-sections based on the seismic
interpretations (e.g., Diegel et al., 1995; Peel et al., 1995; Marton et al., 2000; Tari et al.,
2003; Ferrer et al, 2012). With the ceaseless improvements of the geophysical
techniques, various new salt structures and complicated combination styles are being
increasingly revealed in several areas, and improved the previous explanations, for
example, recognition of the superposed deformation in the basins offshore Angola
(Cramez and Jackson, 2000; Zalan et al,, 2011), flip-flop salt structures in the North
Sea and South Atlantic (Quirk and Pilcher, 2005, 2012), new hypothesis for Jurassic
Gulf of Mexico (Hudec et al., 2013b), new interpretation for presalt structure in salt
basins offshore Brazil (Unternehr et al,, 2010), discovery of diffusion zone of pillow
fold belt (Philippe et al., 2005; Dal et al., 2006; Guerin et al.,, 2006; Jackson et al., 2011;
Hudec et al,, 2013a).

2.5.3 Laboratory experiments

In last two decades, some groups have focused on simulating gravity-driven
deformation of salt on passive margins in sand-silicone boxes. For example, Fort et al.
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(2004) summarized three groups: Géoscience Rennes, CNRS, University of Rennes 1
(Vendeville, 1987; Vendeville and Cobbold, 1987; Cobbold et al., 1989; Cobbold and
Szatmari, 1991; Gaullier et al,, 1993; Mauduit et al., 1997; Mauduit and Brun, 1998),
the Applied Geodynamics Laboratory, Bureau of Economic Geology, Austin, University
of Texas (Vendeville and Jackson, 19923, b; Jackson and Vendeville, 1994; Ge et al,,
1997), and the Fault Dynamics Research Group, Royal Holloway, University of London
(McClay et al., 1998).

Methods combining seismic data and modelling experiments, especially laboratory
analogue experiments, are widely adopted by researchers. Some of them attempt to
explain the mechanism of certain complicated salt structures formed in specific
tectonic settings. For example, radial gliding (Cobbold and Szatmari, 1991), raft
tectonics (Duval et al., 1992; Mauduit et al, 1997), rollover systems (Vendeville and
Cobbold, 1987; Vendeville and Jackson, 1992b; Mauduit and Brun, 1998; Krezsek et al.,
2007), extensional diapirism (Jackson and Vendeville, 1994), compressional
structures (Letouzey et al., 1995; Cobbold et al,, 1995; Ge et al.,, 1997; Brun and Fort,
2004; Rowan et al,, 2004). Some of them aim to reconstruct the basin-scaled salt
tectonic processes in the regional settings. For example, paradox structures in the Gulf
of Mexico (Dooley et al,, 2013), halokinesis of the Santos Basin (Guerra and Underhill,
2012), the salt-tectonic evolution of the Laurentian Bain in the Eastern Canada (Adam
and Krezsek, 2012). Numerous geologists compare the different models’ effects on
controlling the structure styles and distributions at the margin scale. For example,
different models for Kwanza Basin (Fort et al,, 2004), progradation, aggradation and
retrogradation of sedimentary loading (Ge et al, 1997; Cotton and Koyi, 2000;
Vendeville, 2005), gravity spreading vs. gravity gliding (Brun and Fort, 2011, 2012;
Rowan et al. 2012). These analogue models are not only used for explaining structures
interpreted from seismic data, but also for predicting complicated finite deformations.

2.5.4 Numerical experiments

As supplement to interpretation of seismic data and physical experiments, numerical
modelling of salt passive margins can help in validating the analytical and predictive
models. For example, Last (1988) numerically simulated the movement of a package
composed of a viscous sublayer with variable thickness and the elasto-plastic
overburden on a gentle slope. His results are comparable with Lehner (1977)’s
analytical model. Podladchikov et al. (1993) simulated the erosion-induced diapirism
process and salt structures with different erosion rate. In their modelling, they just
consider the vertical flow of salt and simple salt structures but without the internal
deformation or horizontal movement of the sedimentary overburden. More complex
processes and structures at the basin scale, such as folds and thrust salt nappes, also
can be simulated by numerical modeling methods. They can help understand the
velocity distribution, instantaneous strain rates and the evolving stages of stress
(Gremmer et al.,, 2004). Recent finite numerical experiments related to salt-bearing
passive margins focus on simulating the influence of differential sedimentary loading
on a viscous substrate (e.g, Cohen and Hardy, 1996; Ings et al., 2004; Ings and
Shimeld, 2006; Gremmer et al., 2005; Gradmann et al., 2009; Albertz and Ings, 2012).
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Their results show the similarity to the analytical models of three structural domains
(extensional, transition and contraction). However, some limitations like the
oversimplification of the evaporites as uniform strata and limited consideration of
gravitational failure in numerical models, hamper their capability to explain and
predict basin-scaled salt tectonics in passive margins (Albertz and Ings, 2012).
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CHAPTER 3

Experimental Modelling of Passive Margin Bathymetries
under the Influence of Salt Tectonics

3.1 Introduction

To investigate the interaction between complex passive margins bearing salt and
submarine turbidity currents, we use a numerical model to simulate turbidity
currents flowing over the seabed of such passive margins. The seabed bathymetry is
one of the most important input parameters of the model. Bathymetric seafloor data
can be obtained in different ways, for instance by multibeam enchosounding of the
seafloor (e.g, Pratson and Haxby, 1996), from palaeobathymetric surfaces
reconstructed from outcrop data (e.g., Aas et al., 2010a), from seismic data (e.g., Aas et
al, 2010b; Albertdao, 2010), or from analogue models by physical laboratory
experiments (e.g.,, Athmer et al, 2009; Albertdo, 2010). Sonar seafloor bathymetric
surveys cannot, however, provide information of the tectonic evolution of the margins;
outcrops are usually exposed in only two dimensions or within a limited area that is
small compared to the length of the margin; tectonic information derived from
subsurface data greatly depends on the data resolution and scientist’s interpretation.
By contrast, the approach of modeling tectonic analogues by physical experiments has
the advantage of providing tectonic information in three- and even four-dimensions
(e.g, Brun and Fort, 2004, 2011; Albertdo, 2010). It is widely used to study salt
tectonics on passive margins. In this thesis, we use analogue sandbox experiments in
gravitational loading settings, combined with a laser tomographic scanner, to model
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such passive margin topographies (Fig. 3.1). This down-scaled topography forms then
the input for numerical simulations of turbidity currents flowing over it. The
fundamental principles, set-up and results of the sandbox experiments are presented
and discussed in this chapter.

Laser scanner

Figure 3.1: Laboratory set-up of the analogue experiments in the ISES tectonic laboratory at the Vrije
Universiteit Amsterdam. A computer controlled systems is installed over the sand-silicon model. This
system combines a workstation computer for monitoring the experimental process, a laser scanner for
collecting the bathmetric data, and a digital camera for taking top-view pictures during the experiments.

3.2 Laboratory modelling of passive margin bathymetries

“Sandbox” analogue experiments are widely used to model the evolution of a large
variety of deformation types in structural geology and tectonics. For passive margins,
especially for those with salt-induced deformations during late drifting stages, such as
in the Gulf of Mexico and the South Atlantic margins, sand-silicon box experiments
driven by gravitational forces have proven to be an effective method to study the
deformation mechanisms (e.g.,, Vendeville and Cobbold, 1988; Cobbold and Szatmari,
1991; Vendeville and Jackson, 1992a, b; Demercian et al., 1993; Guerra and Szatmari,
2009; Brun and Fort, 2004, 2011). Such margins are characterized by a transition
from upslope extension to downslope contraction caused by gravity sliding and
spreading of the brittle-ductile package. In this study, the successful laboratory
modeling of the Angolan margin conducted by Fort et al. (2004), Brun and Fort (2004,
2011) has been taken for reference, and therefore similar techniques are adopted
here.

3.2.1 The natural prototype
During the drifting and early rifting stages the newly formed basins can get closed off

from the open oceans and evaporites can form that may reach thicknesses of several
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thousand meters. (Rouchy and Blanc-Balleron, 2006; Warren, 2006). Widths of salt
basins can vary greatly: the Gulf of Mexico is in the range of 500 to 800 km (e.g.,
Worrall and Snelson, 1989), the salt basins in the South Atlantic are generally 200 to
400 km wide (e.g., Davison, 2007) while smaller ones such as offshore Nova Scotica
are less than 100 km wide (Ings and Shimeld, 2006; Albertz et al., 2010). The initial
geometry of salt basins is difficult to reconstruct due to the often poorly imaged salt
bases on seismic surveys. In some modelling experiments, inclined tabular shapes and
double-wedge shapes of silicone are used to simulate the salt geometries (e.g.,
Mauduti et al., 1997; Fort et al., 2004). Commonly, prekinematic sedimentary layers
above the salt are up to a kilometer thick and drape the whole salt layer. The margin
tilt angle can range from 1° to 4°, depending on the degree of thermal subsidence and
waning rifting (Brun and Fort, 2011).

3.2.2 Model material and scaling considerations

In our analogue experiments in the ISES tectonic laboratory at the Vrije Universiteit
Amsterdam , sand and silicone putty represent the prekinematic sediment and the salt
respectively (e.g., Vendeville and Jackson, 1992a, b; Weijermars et al.,, 1993). A plastic
sheet was placed under the silicone to represent a weak décollement layer (e.g.,
McClay, 1990; Allemand and Brun, 1991). The silicone putty used here is SGM-36
(manufactured by Dow Corning Europe, Seneffe, Belgium) with a density of about 965
kg/m3 and a viscosity of 5x10% Pa-s. A series of experiments conducted by Weijermars
(19864, b, 1993) has proven that SGM-36 is capable of providing a rheologically scaled
analogue of salt. The overlying sand chosen here to represent the brittle sedimentary
rocks has a mean grain size of 300 pm, a density of about 1500 kg/m3 (uncompacted
and in air) and a coefficient of friction of 0.9 without significant cohesion
(Willingshofer et al., 2005).

Laboratory experiments model the basin-scale natural analogue in a small-scale box.
Therefore careful scaling considerations are necessary in the design of such modelling
experiments in order to make the results comparable to nature. This requires a
dynamic similarity between model and prototype in the distribution of stresses,
rheologies and densities (Tab. 3.1) (Hubbert, 1937; Ramberg, 1981; Davy and
Cobbold, 1991).

Assuming a density of the sedimentary overburden in nature in the range of 2300-
2600 kg/m3® (poverburden) and a salt density about 2200 kg/m3 (psq:), the
overburden-salt density ratio of the prototype is 1.05-1.18 (Weijermars et al., 1993).
The corresponding density ratio in the model is about 1.55, which is higher than the
prototype density ratio but is still considered acceptable because the density
inversion between salt and its overburden is not the main driving force of the salt flow
and deformation (Vendeville and Jackson, 1992a; see also chapter 2).

When the model-prototype ratios of stresses and lengths become approximately equal,

the models follow the dynamic principle (Brun, 1999). The model-prototype ratios of
stresses (0*) can be expressed as the equation:
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0_* — p*g*L*

where p*, g* and L* represent the ratio of density, gravity acceleration and typical
length between the model and prototype. The gravity ratio g*is 1 because the
experiments are conducted under normal gravity. In our models, a silicone layer is
covered by a sand layer of 0.01m thickness (Lg,,4) and the sand density (pgqnq) is
about 1500 kg/m3. Commonly the prekinematic overburden sediment is not more
than 1 km in thickness (Lyyerpurden)- Hence p* = 0.58-0.65 and L* = 10-5. Therefore in
our model, 0*can be calculated to be 5.8-6.5X10%, or, more generally, it lies in the
range of 105 to 10-¢.

The geometric scaling factor L* can be defined as

x _ (C/pg)model

(C/pg)prototype ¢ /(p g ) ¢ /p

(Hubbert, 1937; Lallemand et al., 1994; Schellart, 2002) where C is the cohesion and
C” is the ratio between model and prototype. Cy;,q¢; lies in the order of tens to over a
hundred Pa (0-200 Pa according to Weijermars et al.,, 1993; 30-130 Pa according to
Lohrmann et al,, 2003, Panien et al., 2006, and Schellart, 2002) while C,,ot0type IS in
the range of several to tens of MPa (0-60 Mpa according to Weijermars et al., 1993; 5-
20 Mpa according to Jaeger and Cook, 1969, and Hoshino et al., 1972). C* is thus about
3.3-6.5x10¢ and p* is between 0.44 to 0.65. Therefore, the geometric scaling factor L*
is in the range of 5.07x106 to 1.36X10-5, which means that 1 cm in the model domain
represents about 1 km in prototype.

Obviously, o™ is nearly equal to L* because the density of materials in the model and
the density of the rocks in the prototype are approximately the same (p*~1), and
since g* = 11it follows thato*~ L* (see equation above) and thus the model is
dynamically quite similar to the prototype (Brun, 1999).

The time scaling factor T is strongly influenced by the salt viscosity and the
overburden loading with consideration of the density of model material, the material
layer thickness, and the model size (Fort et al., 2004). T* can be expressed as

T"=n"/(p"L") =n"/C"

(Adam and Krezsek, 2012), wheren*is viscosity ratio between the model and
prototype. The viscosity of salt in nature was taken as 2x1018 Pa-s (Weinberger et al,,
2006) and since the silicone viscosity is 5X10% Pa-s,n* becomes 2.5x1014. Since
C*=~3.3-6.5X10° as stated above, T* accordingly is in the order of magnitude of 10-°.
If the experiment duration takes 72 hr, the simulated geological period can be
expected to be about 1.86-2.11 Ma.
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Table 3.1 Summary of the dynamic scaling properties of the experiments

Property Model Prototype Scaling factor References
= (c/ﬂ)g)modcz o)
Lsana = Loverburaen = €/pprototype
Length 1cm 1 km
L~ 105 (1) Hubbert, 1937;
Lallemand et al,
Csana = Coverburden = 1994;
Cohesion 0-200 Pa @ 0-60 MPa® C*=3.3-6.5x10°¢ Schellart, 2002
30-130 Pa® 5-20 MPa®
(2) Weijermars et al,
Density Psand = Poverburden = ‘= N 1993
(sand/overburden) 1500 kg/m3 2300-2600 kg/m3 @ p"=058-0.65
(3) Lohrmann et al,
Density Psilicone = Psalt = ot =044 2003; Panien a et al,
(sllicone/salt) 965 kg/m3 @ 2200 kg/m3 @ : 2006; Schellart, 2002
Stress i g éqé 55106 (4) Jaeger and Cook,
N 10 1969; Hoshino et al.,
— 1972
: i Tsilicone Nsalt . -
Viscostty = 5‘><104 Pa:s @ =:2><10“3 Pa:s ® 17=2.5%101 (5) Weinberger et al.,
2006
. Tnodet Thrototype =n"/(p'L)®
Time =72hr =1.86-211Ma ~ 3.8-43x10°

3.2.3 Model setup

The setup is designed for modelling the deformation and structures formed by gravity
sliding on passive margins with visco-elastic salt layers (Fig. 3.2). In total, four
experiments were conducted. In these experiments, the model area is 50x100-120
cm? and consists of a 8 mm thick layer of silicone overlain by a 10 mm thick layer of
colored sand. The sand-silicone model originally rests on two horizontal plates (Plate
1 and 2) which divide the model into two parts (Fig. 3.2). The experiment is launched
by tilting Plate 1 and Plate 2 to variable angles (e.g., Fort et al,, 2004). While the
experiment is conducted, additional sands are funneled at various time intervals to
the newly-formed lower topographies caused by significant deformation. This process
aims at simulating synkinematic sedimentation.

In the first experiment, the silicon layer has a tabular shape. The total length of the
model is 1000 mm long, consisting of Plate 1 of 750 mm and Plate 2 of 250 mm. The
model width is 500 mm. A metal bar is placed at the end of the model as a confining
downslope boundary, while the metal bars are removed from the lateral boundaries to
allow the model to move laterally when starting the experiment by tilting Plate 1 at an
angle of 5° (Fig. 3.2a).

The setup of Models 2 and 3 has a tabular-shaped silicon layer underlying the sand
layers confined within an area of about 50 cm X 120 cm. The experiments start by
tilting Plate 1 by 4° (Fig. 3.2b and c). In the second experiment, the model is
completely confined by the metal bars on each side of the model, and no additional
sediments are added to the model. In the third experiment, at the end of Plate 2 there
is a 150mm-wide zone without sand and thus the model is devoid of any confinement.
Model 3 is used to simulate a situation where the prekinematic sedimentary deposits
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have not completely covered the salt yet. Synkinematic sediments are supplied into
the local depressions formed during the third experiment.

In the fourth model, a double-wedge-shaped model base simulates the salt basin,
which is separated into two subbasins before the gravity gliding plays its role caused
by salt deformation (e.g., Jackson et al. 2000; Marton et al., 2000). Originally, Plate 1
and Plate 2 form a V shape base by inclining in the opposite direction at angles of 1.72°
and 3.43° respectively. A silicone layer fills the model with the maximum thickness of
1.4 cm at the juncture of the two plates. A 0.7 cm thick sand layer is sieved on top of
the silicone as the prekinematic overburden deposit. A sand bar at the downslope
boundary confines the far end of the model to simulate the newly-formed oceanic
crust. The experiment starts by tilting Plate 2 to 1° () and Plate 1 to 4.8° («) (Fig.
3.2d). Syntectonic sedimentary layers are provided by funneling colored sands in the
newly-formed accommodation space.

Silicone putty layer [ Internalsand layer [ Topsand layer [Hlll Metal bar [] sandbar

Figure 3.2: Setup of the sand-silicone experiments — (a) Model 1, (b) Model 2, (c) Model 3 and (d) Model 4.
The oblique top views show the model size and the boundary confinements. Cross-sections of each model
display the geometry of the model base and the thickness of the sand and salt layer. The experiments are
initiated by tilting Plate 1 to angle o and Plate 2 to angle . Orange arrows indicate the downdip direction of
the model slope.

36



Experimental Modelling of Passive Margin Bathymetries under the Influence of Salt
Tectonics

Table 3.2 Summary of set-up parameters of the four experiments

Model Size Base Hisanas Hsilicone 14 B Lateral Downslope Duration kinseymn;ntic
2 o C)
No. (cm?) shape (mm) (mm) © ©) boundary boundary (hr) sediments
50x% Tilted Free lateral
1 (75+25) tabular 10 8 5 0 boundary Metal bar 25 Yes
50x Tilted
2 (80+40) tabular 10 8 4 0 Metal bar Metal bar 68 No
22cm
50x Tilted uncovered
3 (81.5+30) tabular 10 8 4 0 Metal bar silicon and 69 Yes
free boundary
56x Double
4 (70+35) wedge 7 14 48 1 Metal bar Sand bar 118 Yes

3.2.4 Results of the experiments

After launching the experiments, the ensuing deformation is driven entirely by gravity.
The structural development during the experiments is influenced by the sand-silicone
thickness ratio, the original geometry of the silicone layer and the basal slope angle, in
addition to the intrinsic properties (density, coherence and viscosity) of the silicone
(Weijermars et al, 1993). Thicker silicone layers have the potential to develop
grabens insteading of tilted blocks (Brun and Mauduit, 2008), while steeper slopes
tend to result in more complex structural patterns (Fort et al.,, 2004). Considering all
factors and parameters in the set-up, we limited the duration of the major
experiments to 68-72 hours. During the experiment a digital 3D laser installed above
the model scanned the evolving topography, which simulates the seafloor bathymetry,
every 30 minutes, and a camera recorded the top view of the model surface structures.
At the end of each experiment, the models are carefully wetted and cut into dip-
parallel sections at regular intervals, in order to reveal the internal structures and to
study their final geometry.

The experimental results of the four models are displayed by showing the top-view
pictures of the structural evolution during the experiments, the 3D surface
topography reconstructed by adopting the data collected by the laser scanner, or the
dip-parallel cross sections showing the internal structures of the models.

Model 1

The top view of model 1 after 25 hours (Fig. 3.3c) shows that three distinctive
structures form in the model from updip to downdip. Well-developed silicone diapirs
and their associated normal faults and grabens form in the uppermost part of Plate 1,
with a total width of about 3 cm and a length covering almost the entire model width.
At the downslope side of these large structures, two relatively small grabens and their
associated silicone diapirs develop, which can be considered as precursors of the
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structures found updip. The traces of these extensional structures are almost parallel
to each other and perpendicular to the downslope direction. Due to the free lateral
boundaries of the model, sand and silicone have the potential to move sideward
driven by gravitational and compactional effects. This results in a long and curved
normal fault dipping towards the right side of simulation (looking downdip) nearly
through the remainder of the model. This fault indicates that the sliding direction is
oblique to the downslope direction, which is an unwanted effect uncommon in nature.

Therefore, the experiment was ended and confined lateral boundaries were used in
the following experiments.

=
o
o
o
)
=

|

| [ Silicone putty layer
| E=Sand layer
I
|

1eq |eyow

Figure 3.3: Initiation and final result of Model 1. (a) Top-view picture of the model at the beginning of the
experiment; (b) side-view sketch of the model set up; (c) top-view picture of the model in the end of
experiment. The red dashed line shows the joint of the two plates. The orange dashed polygon indicates the
zone of the well-developed silicone diapirs, where the yellow sand was funneled into the topographic lows
during the experiment. The green dashed polygon delineates two developing diapirs.
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Model 2

Laterally confined boundaries are adopted in this model set-up and no additional
sediments are supplied into the newly-formed topographic lows during this 68-hour
experiment.

Fig. 3.4 shows the topographic evolution during this experiment. The first significant
topographic change begins with a compressional fold at the toe of the inclined plate
before updip extensional normal faults appear. Later the compressional structures
evolve into more complex folds and thrusts with associated minibasins. Meanwhile,
updip extensional structures occur in the form of faults, grabens and even diapirs.
Most directions of the structures are parallel to each other and perpendicular to the
slope.

The cross-section of the final result displays two distinctive structural domains: the
extensional and compressional area (Fig. 3.12a). Because no synkinematic sediments
were supplied during the experiment, no growth-fault and rollover systems formed in
this model, and the only well-developed extensional structures are normal faults,
grabens, minibasins, and diapirs between rafts (Fig. 3.5). The maturity of the diapirs
generally decreases downdip, which suggests that the extensional structures in the
upper slope area occur earlier than those further downdip and that the migration
direction of extension is downdip. In the compressional domain, folds and thrusts are
dominant and restricted to the toe of the slope; the contractional domain migrates in
both the downdip as well as the updip direction, according to the prograding
directions of the folds forming on both sides of the imbricated folds and thrusts (Fig.
3.6).
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Extensional Compressional
domain domain

Figure 3.4: The temporal evolution of Model 2, visualized in 10-hour intervals by an artificially illuminated
3D surface. (a) 10 hr, (b) 20 hr, (¢)30 hr, (d) 40 hr, (e) 50 hr, (f) 60 hr and (g) 68 hr. Structural elements
are interpreted and indicated on the surface; D: Diapir(s); Ft: Normal fault(s); Fd: Fold(s); Fd & T: Folds &
thrusts; G: Graben(s); MB: Minibasin(s); SB: Silicone minibasin(s).

40



Experimental Modelling of Passive Margin Bathymetries under the Influence of Salt
Tectonics

Downsiope

. \ Do - MB2
I:l Silicone layer \ — =Ny \

Normal faults — k)ﬂ

Figure 3.5: Serial dip-parallel cross sections showing the internal structures in the extensional domain of
Model 2. The final result is sliced at intervals of 3.3 cm. Three types of minibasins are indicated, based on
their boundary conditions, as MB1 (with no direct contact with silicone), MB2 (bounded by a silicone diapir
or nappe and its adjacent rafts) and MB3 (bounded by the adjacent silicone diapirs and with the basin center
on the top of the prekinematic layer).
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Figure 3.6: Serial downdip cross-sections showing the internal structures in the compressional domain of
Model 2. The final result is sliced at intervals of 3.3 cm. MB: indicates the minibasin with no direct contact
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Model 3

The downslope boundary of the third model is unconstrained and the sand layers do
not completely cover the underlying silicone layer. During this experiment the newly-
formed local depressions like grabens and minibasins are filled by synkinematic
colored sands.

The package of silicone and sand moves and expands in the downdip direction, with
the rate of the sands exceeding that of the silicone, resulting in the downslope
boundary of the sand layer catching up with the silicone layer and almost covering it
(Fig. 3.7). Only an extensional domain forms, in the updip part, with no distinct
structures developing in the downslope area (Fig. 3.7; Fig. 3.12b). This is caused by
the extensional forces being dominant in the upslope area and an absence of
compressional stresses in the downslope area because of the free downslope terminal
boundary. The extensional domain is characterized by normal faults, grabens, diapirs,
rollovers and minibasins (Fig. 3.8). Major extensional diapirs are aligned along strike
and are parallel to each other while some diapirs close to the lateral boundaries are
parallel or oblique to the downslope direction (Fig. 3.7).
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Figure 3.7: Top view of Model 3 showing the structural development after (a) 2h, (b) 11h, (c) 27h and (d)
48h. The pink and yellow sands are the synkinematic sediments added during the experiment.
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Figure 3.8: Serial downdip cross-sections showing the internal structures in the extensional domain of
Model 3. The final result is sliced at intervals of 7.14 cm. Two types of minibasins (MB: and MB2) develop in
the extensional domain. Synkinematic layers of yellow sands can be observed in minibasins.

Model 4

In the fourth experiment the double-wedged silicone layer is bounded by a sand bar as
the downslope boundary. The diapir type driven by erosionally differential loading is
simulated in the later period of the experiment. The overlying sand above the silicone
layer was removed in a small local area. During the rest of the experiment additional
sand was funneled in the gap to simulate synkinematic sedimentation (pink sand in
Fig. 3.9d).

The upslope extensional and the downslope compressional domains are the two
major structural provinces in this model (Fig. 3.10, 3.11). They concomitantly develop
during the experiment. The extensional diapirs in the upslope cross each other,
resulting in minibasins in various polygonal shapes bounded by different structural
elements (Fig. 3.9, 3.10). The compressional domain is characterised by two
distinctive structures: a growth syncline (minibasin) located in a thrust footwall, and a
thrust with a silicone detachment displaced onto the sand bar (Fig. 3.11). According to
the prograding directions of the these two structures, the dominant migration
direction in the compressional domain is downslope. An erosional diapir ridge in the
lower slope area upwells due to the differential sediment load on the silicone (Fig.
3.12¢).
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Figure 3.9: Top view of Model 4 showing the structural development after (a) 30h, (b) 60h, (c) 90h and (d)
118h. The pink and yellow sands are the synkinematic sediments added during the experiment.
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Figure 3.10: Four downdip cross-sections showing the internal structures in the extensional domain of
Model 4. The final result is sliced at intervals of 11.2 cm. Two types of minibasins (MB; and MB:) develop
here. Synkinematic layers of yellow sands can be observed in the minibasins.
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Figure 3.11: Serial downdip cross-sections showing the internal structures in the extensional domain of
Model 4. The final result is sliced at intervals of 6.2 cm. Only one type of minibasin (MB1) develops in the
compressional domain. The green lines outline the synkinematic layers in the growth syncline.
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3.3 Comparison and discussion of experimental results

The results show that the set-ups with a free lateral boundary (Model 1) or a free
downdip boundary (Model 3) (Fig. 3.12b) are not able to simulate the three structural
zonations typical of passive margins influenced by salt movements. The fully confined
models, i.e. Model 2 (Fig. 3.12a) and Model 4 (Fig. 3.12c), can develop these three
domains: the upslope extensional, the middle transitional and the downslope
compressional.

3.3.1 Extensional structures

The extensional structures in Model 2, 3 and 4 are quite similar and characterized by
thin-skinned extensional structures like normal faults, grabens, rollovers, diapirs and
their associated minibasins. The migration directions of these extensional structures
are all downslope.

Rollovers and turtle structures

When comparing the extensional domains in our models with those of the dominant-
gliding experiments conducted by Brun and Fort (2011) (Fig. 2.10b in chapter 2), it
can be observed that the sealed tilted blocks and rollover systems are not very
pronounced in the updips part of our experiments. Such structures require relatively
high sedimentation rate (Fig. 7.18 in Brun and Fort, 2008), whereas in the present
models the thickness of silicone is relatively greater and the sedimentation is lower or
even zero, which does not allow any rollover structures to form. Only a few smaller
features seem to be similar to fledgling rollover and turtle structures (Fig. 3.13).

Grabens and extensional diapirs

Due to the low sedimentation rates (in Model 3 and Model 4) or no sedimentation (in
Model 2), the extensional diapirs developing from former grabens are unable to grow
very high vertically. These diapirs experience stages of rise and fall.

At the initial stage, the upslope extension begins with formation of graben and of a
small reactive diapir in the thinnest part of the graben (Fig. 3.14a). The graben later is
amplified and the roof is thinned, allowing the active diapir to penetrate into (Fig.
3.14b) or even pierce the sand layer (Fig. 3.14c). At the rising stage, extensional
strains act as driving forces for diapir upwelling whereas during the falling stage,
extensional strains act as driving forces for the lateral movement of diapirs and
therefore reduce the vertical flow. This increases the width of the older diapirs toward
downslope but decreases their height (Fig. 3.14d-e), resulting in the formation of
minibasins (MB;). The driving gravity force causes the extensional zone to expand
downslope and generates new grabens and diapirs in the downslope direction.
Therefore, the downslope extensional diapirs are generally younger than the upslope
ones (Fig. 3.5, 3.8 and 3.10).
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Turtle structure horst  Turtle structure horst

Turtle structure anticline  Turtle structure anticline/horst  Turtle structure horst

[ silicone layer Normal faults ~ (2°M,

Figure 3.13: Turtle structures and rollovers displayed in the cross-sections of the extensional domains of

Model 2 (a) and Model 3 (b, c). The yellow sand is synkinematic sediment. The MB: type of minibasins are
indicated.

MB2 with synkinematics

— 2cm

[ Silicone layer Normal faults

Figure 3.14: Cross-sections showing the stages of diapiric rise and fall. (a) A graben at the onset of
extension (Model 2); (b) a reactive diapir rising in the graben (Model 2); (c) an active diapir penetrating the
roof (Model 2); (d) a widened diapir (Model 2); (e) and (f) the falling of a continued widening diapir (Model
2); (g) synkinematic sediment filling in a MB2 minibasin formed during the fall of an diapir (Model 3).
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3.3.2 Compressional structures

According to the structural evolution in the Model 2 (Fig. 3.4) and Model 4 (Fig. 3.9),
the downslope contraction occurs earlier than the upslope extension, in line with Brun
and Fort's dominant-gliding model. They consider that this phenomenon is an
important difference between dominant gliding and pure spreading, and thus
compressional structures are the first basin-scaled deformation (Brun and Fort, 2011).
However, the contractional structures migrate both downslope and upslope. In Model
2, the new compressional structures form on the both sides of the older ones (Fig. 3.6)
while in Model 4 - although the new compressional structures form on the upslope
side of the older ones - the existing and emerging structures both prograde downslope
(Fig. 3.11). The silicone layer acts as a décollement layer in the compressional domain,
which is common in the area as preexisting salt diapirs are lacking because the
shortening thickens the overburden above the salt and therefore impedes the
upwelling of salt (Hudec and Jackson, 2007). The compressional structures observed
in the final stages include folds, thrusts, pinched synclines, growth synclines and pop-
up silicone-cored anticlines.

Folds and thrusts

The folds observed here are usually the early stages of the later-to-be-formed thrusts.
Folds A and B in Fig. 3.6 laterally (along-strike) develop to Thrust A and B which
progrades downslope and upslope respectively. A relatively large thrust with silicone
detachment develops on the downslope sand-bar boundary simulating the newly-
formed oceanic crust, and some small folds can be found in its hanging wall in Model 4
(Fig. 3.11). The silicone body emplaced on the sand bar, to some extent, corresponds
to the base salt ramping up basinward over the step-up fault and extending over
oceanic crust as an allochthonous nappe in the South Atlantic (Fig. 16 in Rowan, 2014).

Pinched synclines and pod-like structures

In Models 2 and 4, pod-like structures are a particularly striking deformation feature
in the compressional domain (Fig. 3.6, 3.11). Fig. 3.15a and c show the evolutional
stages of these structures. Two adjacent and oppositely vergent folds or thrusts
confine a syncline (minibasin). As these two structures progressively prograde, the
width of the syncline is decreasing with the vertical depth increasing. Continued
pinching leads to the syncline becoming isolated from the source layer and getting
incorporated into the silicone layer, creating a pod-like structures. The imbricated
pod-like structure in Model 2 results from the multiple accumulations of these
pinched synclines in the same location, and it becomes an anticline owing to its
increasing height (Fig. 3.15c). The pinched growth syncline can be recognized in
Model 4 because the synkinematic sediments are filled in this slowly decreasing
accommodation space (Fig. 3.15d).
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Pop-up anticlines

In Model 2 the thickening of the overburden above the silicone, due to the increasingly
imbricated pinched synclines, retards the formation of compressional diapirs or even
pop-up silicone-cored anticlines. Nevertheless, along with a pinched syncline, such a
pop-up-type anticline can be found in Model 4.

Time
Time

d

Figure 3.15: Pinched synclines, pod-like structures and pop-up anticlines. (a) and (c) Schematic diagrams
summarizing the evolution of two types of pinched synclines (modified from Brun and Fort, 2004). (b) The
imbricated pod-like structures in Model 2. (d) A pinched growth syncline and a pop-up anticline in Model 4.

3.3.3 Minibasins

Three types of minibasin are recognized in the results of all experiments based on
their boundary contact relationships, regardless of whether they occur in the
extensional or compressional domain. They are named here as MB;, MB; and MB:s.

MB;

The first type of minibasin has no contact with the silicone layer. It is bounded by the
structures in the sand layers, in both the extensional or contractional domain. It can
be a graben forming at the onset of extension (Fig. 3.14a), a syncline bounded by two
folds or thrusts (Fig. 3.6), or a local depression bounded by the silicone-cored
anticline and the fold in the hanging wall of the thrust fault (Fig. 3.11). Owing to the
complexity of the compressional structures, the MB; forming in that domain have a
larger variety of structural elements as boundaries than those formed in the
extensional domain.
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MB;

This type of minibasin develops on top of a collapsed extensional diapir, with the
diapir top surface as the minibasin’s base. The previous space occupied by the rising
diapirs is freed up to become a minibasin caused by the fall of the diapir; it is laterally
confined by the adjacent higher prekinematic layers like the footwalls of normal faults
(Fig. 3.14e, f). Subsequent sediment gradually fills in the minibasin of the type MB; as
synkinematic layers (Fig. 3.14g). If the sedimentation rate is higher and the extension
still continues, the diapir continues subsiding until its floor touches the subsilicone
layer. The silicone layer thins to a weld and a mock turtle anticline might form in the
minibasin druing such an extreme fall of the diapir (Fig. 10 in Vendeville and Jackson,
1992b).

MB;3

This type of minibasin has the lower sediment layer as its base and the adjacent
diapirs’ flanks as its peripheral boundary (Fig. 3.5, 3.14c). MB3 does not well develop
in the experiments because the diapirs piercing through the sand layers here mostly
have high maturity, i.e. they are in the stage of the diapiric fall, which are incapable of
forming the high flank boundaries of the minibasin.

In conclusion, the experimental results compare well with the real passive-margin
basins where salt tectonics play a role.

3.4 Digital elevation model

Considering the results of all models, the topographic data obtained from Model 2 is
best suited as input data for the next-step, the numerical simulation of turbidity
currents. Model 2 successfully simulates the typical structural characteristics of
passive-margin basins with salt, i.e., their typical three structural domains. Moreover,
the structures formed in a situation with no sedimentation produce more
accommodation space in the form of minibasins than those under low sedimentation
rates. This allows the accumulation of significant turbidite thicknesses in the
numerical simulation experiments.

The scanned 3D topographic data of the uppermost, extensional domain (250 mm in
the downdip direction) of Model 2 is used for the digital model. This partial
topography is upscaled by a factor of 8x10* with a cell size of 250 m, in order to
adjust the scale of the modelled minibasin to a few to tens of kilometers in diameter
which are dimensions of typical minibasins in nature. To obtain a more realistic
continental margin and to reduce the boundary effects, a shelf area with a width of 10
km and a gradient of less than 0.7° was added upslope by Kriging interpolation.
Furthermore, an incised channel connecting the shelf to the mini-basin was manually
created. The channel is moderately sinuous and has a U-shaped cross-section profile
with a slope gradient of about 0.022 (8 = 1.25°). It is about 70 m deep, 3 km wide
(with a 1.5 km wide thalweg) and 10 km long, which is approximately within the
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average size of submarine canyons (depth of hundreds of meters and width of a few
kilometers) (e.g, Mulder, 2010). The size of the digital elevation model is 40 km wide
(along strike) and 30 km long (downdip) (Fig. 3.16).

-450

S
S

Figure 3.16: 3D view of the experimental analogue of sea-floor bathymetry with numerous tectonic ridges
and mini-basins. The interesting topographic area is indicated by the orange line. Main geomorphological
elements include an artificial incised channel (CH), minibasins (MB) and diapiric ridges (R). The blue arrow
indicates the inflow point and the initial direction of the simulated turbidity currents.
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CHAPTER 4

A Review of Subaqueous Turbidity Currents, Turbidites and
Their Confined Systems

4.1 Introduction

Classic fan models of submarine turbidite systems are mostly based on the studies of
basin-scaled submarine turbidite systems that simplify submarine reliefs as smooth
seafloor topographies, especially on passive continental margins. However, several
processes, including tectonic activity, can perturb smooth sediment transport profiles,
which results in uneven submarine morphologies and a range of confined
sedimentary settings. Slope physiography has a significant influence on turbidity
current hydrodynamics, and therefore the location of erosion and deposition, and flow
pathways.

This chapter first gives an introduction of the general understanding of density flows
and sediment gravity flows, which have a direct relationship with turbidity currents.
Then subaqueous turbidity currents (including initiation mechanisms,
hydrodynamics), turbidites and classic fan models for deep-sea turbidite systems are
reviewed in detail. Finally, the impact of confinement on the slope, in particular slope
minibasins on passive margins, on subaqueous turbidity current behavior and
depositional architecture, are discussed by reviewing the literature based on
experimental modeling, outcrop studies, and subsurface data analysis.
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4.2 Density flows and sediment gravity flows

Sediment can be transported via rivers, glaciers, wind, underground water, waves,
seawater and so on. The spectrum of sediment-mixed fluids display their differences
in terms of physical properties like the density contrast between them and the
ambient fluid, the proportion of different grain sizes and densities in the mixture, and
dynamic characteristics such as transportation capacities and sediment support
mechanisms. The resulting deposit can possess diagnostic sedimentary sequences and
structures. Two important flows regarding turbidity currents are first introduced.
They are density flows and sediment gravity flows.

4.2.1 Density flows

Density flows are primarily horizontal flows that occur when a fluid of one density
flows into another of a different density (Edwards, 1993). The density contrast
between the flow and the ambient fluid (air and water) can be induced by the
difference in temperature, salinity or the carried sediment. Four types of density flows
are differentiated by the density difference, which are hypopycnal flows (pfon <

Pambient fluid): homopycnal flows (pflow = Pambient fluid): meSOpyCHal flows (pflow is
between the densities of two layers in the stratified water column) and hyperpycnal
flows (Pfiow > Pambient fiia) (Fig. 4.1) (Mulder and Alexander, 2001). Homopycnal
and mesopycnal flows are less common in a deep water environment. The major
density flows transporting a large amount of sediment to deep water are the
hyperpycnal flows.

Mulder (2011) further divided hyperpycnal flows into two sub-types: suspended-
load-dominanted hyperpycnal turbidity currents (hyperpycnal flows sensu stricto)
(e.g., Mulder and Syvitski, 1995) and bedload-dominated hyperpycnal flows (e.g.,
inertia flows used by Bates, 1953; hyperpycnal flows used by Mutti et al., 1996). The
first subtype can be considered as the quasi-steady low-density turbidity currents.
The “hyperpycnal” here is used to mean “above a density threshold” but not simply
“high density”. The second subtype of flows behave as hyperconcentrated and
concentrated flows, often occur at the flooded-river mouths and flows along the steep
basin slope in active tectonic settings. Now hyperpycnal flows are commonly referred
to with a fluvial conception sensu stricto (Mulder and Alexander, 2001).

4.2.2 Sediment gravity flows

Sediment gravity flows are mixtures of particles/sediment and fluid that flow
downslope because their density is greater than that of their ambient fluid. Gravity
acting on the particles drives the mixture flowing downslope (Middleton and
Hampton, 1973). The interstitial fluid between particles is a passive partner. Ideally, if
the downslope component of the gravity exceeds the frictional resistance to flow and
the grains are kept in suspension by the effective support mechanisms, sediment
gravity flows are allowed to keep flowing down a slope. Their flow behavior is
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determined by the density of the interstitial fluid, the density of the ambient fluid, the
sediment type and concentration in the mixture, the clay content in the flow, and the
gradient and confinement of topographic slope. On the basis of the dominant sediment
support mechanisms, sediment gravity flows can be classified into four types: grain
flows (supported by the interactions between cohesionless grains), liquefied/fluidized
flows (supported by the upward escaping fluid), debris flows or mudflows (supported
by the cohesive strength and buoyancy of the mud matrix), and turbidity currents
(supported by fluid turbulence) (Middleton and Hampton, 1976).

Turbidity currents are part of a continuum of sediment gravity flows, in which grains
are mainly supported by fluid turbulence (Middleton and Hampton, 1973; Lowe, 1982;
Middleton, 1993; Simpson, 1997; Kneller and Buckee, 2000; Meiburg and Kneller,
2010). Turbidity currents can be found in subaerial and subaqueous environments
and induced by natural and artificial causes. For example, flows of powder-snow
avalanches triggered by mechanical failure in the snowpack, pyroclastic flows caused
by volcano eruptions, submarine turbidity currents generated by oceanic earthquakes
and volcanos, and even the flows due to the release of industrially polluted dense gas
into air (Middleton, 1993; Simpson, 1997).

Grain flows, liquefied flows and debris flows are non-Newtonian flows while turbidity
currents are Newtonian flows. In subaqueous settings, these four end-members can
evolve into each other during their passage downslope and an individual sediment
gravity flow can comprise several support mechanisms along their length.
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Homopycnal flow

Mesopycnal flow Pycnocline
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Hypopycnal flow

Hypopycnal flow

Convective sedimentation
and sediment advection
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qia g an
M

Density
Hyperpycnal flow

+

Figure 4.1: Classification of density flows (from Mulder, 2011).
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4.3 Subaqueous turbidity currents and turbidites

In subaqueous settings, the ambient fluid is water. Subaqueous turbidity currents are
a dilute end member of subaqueous sediment gravity flows, induced by the force of
gravity acting on a turbid mixture of water and turbulence-suspended sediment, by
virtue of the density difference between the mixture and the ambient water. “Dilute”
means that subaqueous turbidity currents contain a relatively low threshold value of
sediment volumetric concentration of about 9% (Bagnold, 1962). Subaqueous
turbidity currents are also a type of subaqueous density flows because they have a
density greater than that of the ambient water which results in the downslope flow
(Middleton, 1993; Simpson, 1997).

4.3.1 Natural initiation and associated subaqueous turbidity currents

Subaqueous turbidity currents can be initiated by different triggers (e.g., river flood
discharge, slope failures and storms) in different settings (e.g., freshwater lakes,
marine delta fronts, canyons-fan systems fed by oceanographic systems and open
continental slopes) (Talling, 2014). In submarine environments, initiations of
turbidity currents can be basically categorized into two types: short events (e.g.,
earthquakes, volcanic eruptions, wave storms) on the shelf and marginal slope, or
quasi-continuous events (e.g., perennial sediment input at river mouths of terrestrial
streams). They can be transformed from the concentrated density flows or directly
generated from hyperpycnal flows. All the mechanisms aim to decrease the shear
strength of the sediment and liquefy sediment by increasing the pore pressure, in
order to initiate the movement of mixed fluid.

Unsteady Velocity Profiles Deposits
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Tail

M Bouma
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g paraconglomerate
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— gravel
| - sand
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clay
Figure 4.2: Classification of subaqueous turbulent flows and their representative velocity profiles and

deposit sequences (modified from Mulder and Alexander, 2001; Mulder, 2011). Terminology adopted in the
picture is used by Laval, 1988; Laval et al., 1988; Luthi, 1980; Pickering et al., 1989.
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Sediment failure and surge-like flows

Subaqueous sediment failure can directly or indirectly generate turbidity currents.
Failures are often related to sedimentary, weather and tectonic causes. The resulting
turbidity currents undergo the processes of entrainment, retransportation and
resedimentation of unconsolidated previous sediment. The interstitial fluid in such
flows is the same as the ambient fluid.

In areas with high sedimentation rates or rapid progradation, deposit overloading or
slope oversteepening are invoked as trigger mechanisms for sediment failure (Mulder,
2011). For example, at river mouths rapid progradation of bars lead to multiple
sediment failures and associated low-concentration small-scaled surge-like turbidity
currents (e.g., in British Columbia Fjord, Bornhold et al., 1994; in Itirbilung Fjord by
Syvitski and Hein, 1991). Storm waves can resuspend previous deltaic deposits into
suspension clouds and directly generate turbidity currents on a shelf (Prior et al. 1989;
Mulder et al, 2001). Earthquake shaking and volcanic activity are tectonic
mechanisms to trigger subaqueous failure. Such events can generate slumps and
slides in the steep canyon head (>15°) which gradually evolve into high concentration
density flows on their gentler downslope path (3°), and finally produce the true surge-
like turbidity currents (e.g., Unterseh, 1999). The most well-known example is the
1929 Grand Banks event, which caused submarine cables to be broken (Heezen and
Ewing, 1952). Some earthquake-induced cases can be found, for example in the
Marmara Sea (Beck et al., 2003), Algeria (Giresse et al., 2004) and Sumatra (Singh,
2005) (Mulder, 2011). Volcanic activities and tsunamis in Hawaii can also be causes
(Carey and Schneider, 2011).

Failure-induced subaqueous turbidity currents are often surge-like flows (Fig. 4.2;
Tab. 4.1). They often evolve from high concentration density flows. During the flow
transformations, concentration and density both constantly decrease due to water
entrainment and some of the members of this type of flow are regarded as the “high-
density turbidity currents’ of Nardin et al. (1979), Lowe (1982) and Mulder and
Cochonat (1996) (Mulder, 2011). Surge-like turbidity currents have a noticeable head,
a short body and a negligible tail (Fig. 4.2A, B). They display a strong vertical
concentration gradient with concentrated flow at the base and turbulent flow at the
top (Stacey and Bowen, 1987; Kneller and Buckee, 2000), and non-uniform velocity
profiles along its whole length (Middleton, 1966a). They are unsteady flows with
rapidly accelerating and decelerating rates encountering slope gradient variation. The
sediments carried by surge-like turbidity currents are mainly sand grains and fines
(Mulder and Alexander, 2001). Turbulence is the dominant particle support
mechanism so there is no long-distance bedload transportation. Due to the short
duration of the flows, sand can be rapidly deposited. Erosion of sand can happen at the
flow base when the flows are reaccelerated on a steeper slope.

Surge-like turbidity currents are often related to short-time geological events so the

period of sediment supply is temporary and limited. Therefore their capacity, duration
and deposit greatly depend on the scale of the event. In large events related to
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submarine earthquakes, the turbid surges progressively transform from the
concentrated density flows, and can reach thicknesses of tens to hundreds of meters
at a high speed (e.g., maximum of 19 m/s of the Grand Banks turbidity current; 20 m/s
of the Nice Airport turbidity current on the continental slope) and may endure a few
to tens of hours in the whole process (e.g, 600km in 13 hours of the Grand Banks
turbidity current, Uchupi and Austin, 1979). Short-duration events and small-scale
surge-like flows may only have thicknesses of centimeters to meters and may last for
seconds to minutes. Some coalescent surge-like turbidity currents generated by
retrogressive slides and slumps can endure for weeks to months, if their sediment
supply is maintained for a sufficiently long time. This long duration is then similar to
quasi-steady turbidity currents (Mulder, 2011).

Subaerial river continuation and quasi-steady flows

In contrast with the short-event triggers, another mechanism of generating
subaqueous turbidity currents is the continuous flow of subaerial rivers debouching
into receiving basins, like lakes and seas. For example, the river mouths of small to
medium-size rivers (an average annual discharge < 380-460 m3/s) at high relief
(Milliman and Syvitske, 1992); and the river mouths of fine-grained sediment-load
rivers such as the Daling, Haile and Huanghe Rivers. The resulting turbidity currents
are usually suspended-load-dominated hyperpycnal turbidity currents (Mulder,
2011).

In hyperpycnal flows, the initial internal fluid is fresh water, which reduces the
density difference between the mixed fluids and their ambient water. So generally the
average velocity of hyperpycnal flows is less than that of the surge-like flows on the
same slope gradient (Alexander and Mulder, 2002). Their sediment concentration is
also less than the transformed surge-like turbidity currents but it is still above the
density threshold (Mulder et al. 1998). Along their way downslope, hyperpycnal flows
keep their low density so that they are also termed “Jow-density turbidity currents’ by
Nardin et al. (1979), Lowe (1982) and Mulder and Cochonat (1996) (Mulder, 2011).

Hyperpycnal flows are quasi-steady flows (Fig. 4.2; Tab. 4.1) due to their prolonged
input of sediment from a long-lived river, which means they have slowly accelerating
and decelerating rates (Mulder and Syvitski, 1995). Quasi-steady turbidity currents
have a longer duration of several days to weeks, depending on the flood duration at
the river mouth (Skene et al., 1997; Mulder et al., 1998). For example, the hyperpycnal
turbidity currents generated by the Var River in France lasted for 18 hours (Mulder et
al. 2003). Such flows have an inconspicuous head and tail and a steady and longer
body (Fig. 4.2C) with a more gradual vertical gradient of sediment concentration
(Alexander and Mulder, 2002; Mulder and Alexander, 2001). Quasi-steady flows
possess erosive and depositional abilities. The long body of long-duration quasi-
steady flows can erode sand and transport it by bedload along considerable distances.
It is rare that such flows can suspend coarse particles (Mulder, 2011). Turbidites
produced by quasi-steady turbidity currents are variable as a consequence of the
variation in sediment flux patterns between floods and between rivers, and the
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variation in conditions with distance from a river mouth (Mulder and Alexander,
2001).

Table 4.1: The difference between quasi-steady flows and surge-like flows (modified from Mulder, 2011).

Quasi-steady flow Surge
Minimum threshold of particle Yes No
concentration for triggering
Initial concentration 5-200 kg/m3 < 1-1500 kg/m3
Flow velocity <2m/s < 4m/sto>10m/s
on steep slopes
Flow morphology Front and body Well-defined head + body+ tail
. . Strong vertical gradient.
Flow structure Quite homogeneous; bedload Concentrated flow at the base and
transport at the base of flow
turbulent flow at the top
Flow behavior Quasi-steady Unsteady
Duration Hours to weeks Minutes to hours
Deposits Hyperpycnites Turbidites (Bouma sequence)
B(-fdload transport Over long distance Over short distance
(single event)
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4.3.2 Experimental modelling and dynamics of subaqueous turbidity currents

In subaqueous environments, gravity processes associated with turbidity currents are
difficult to observe and study directly, because of the catastrophic nature of large-
scaled turbidity currents in nature (e.g, the cable breaks of the 1929 Grand Banks
event, Heezen and Ewing, 1952). Therefore experimental and theoretical modelling of
subaqueous turbidity currents in small scales are the main study methods to
investigate the hydrodynamic characteristics of such flows. Subaqueous turbidity
currents are modelled by injecting a denser fluid (e.g., salt water, clay suspensions or
sediment-water mixture) into a standing fresh water tanks (e.g, Kuenen and
Migliorini, 1950; Middleton, 1967; Luthi, 1980, 1981; Garcia and Parker, 1989; Garcia,
1994). However, laboratory-modelled turbidity currents differ from natural ones in
the scaling of the flow parameters, the basin space and the process duration (Mulder,
2011). To make laboratory experiments comparable with natural cases, non-
dimensional numbers are used, such as the Reynolds number (Re) and the Froude
number (Fr). Currents that share the same values of Re and Fr are said to be
dynamically similar (Kneller and Buckee, 2000).

The Reynolds number (Re) and turbulence
The Reynolds number is the ratio between inertial and viscous forces:

uh  uh
u v

where psis the flow density, uis the flow velocity, his the flow depth, uis the
dynamic viscosity of the flow, and v is the kinematic viscosity of the flow. An empirical
relation for the effective viscosity of clay-free sediment was given by Davidson et al.
(1977) as:

u
— = (1-1.35C)72%
L )

w

where p,, is the molecular viscosity of water and C is the sediment concentration.

The Reynolds number is used to define the flow regime: if Re < 500, i.e. viscous forces
are dominant; such laminar flows occur in smooth, constant fluid motion; if Re > 2000
(Lowe and Guy, 2000), i.e. inertial forces are dominant; turbulent flows occur with
chaotic eddies, vortices and other instabilities of flows; if 500 < Re<2000, transitional
flows occur between the laminar and turbulent flow. Even in high-concentration
cohesionless flows (45% by volume concentration), when the product of velocity and
thickness exceeds 3X10-2m?/s, the sediment can become rapidly fully suspended by
turbulence (Kneller and Buckee, 2000). Increasing the flow density or the density
contrast between a turbidity current and its ambient fluid, i.e., increasing Re can help
to increase the level of the turbulence in the head. The high instantaneous
downstream velocity in the body also implies a relatively high turbulence.
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When scaling laboratory experiments of subaqueous turbidity currents, it is very
important to make sure that Re is sufficiently high to produce turbulence. Only in
turbulent flows (high Re) is the Kelvin-Helmholtz vortex the primary entrainment
mechanism (Garcia and Parson, 1996; Parsons, 1998), which is a function of the
densiometirc Froude number (e.g., Ellison and Turner, 1959).

The Froude number (Fr) and hydraulic jumps

The Froude number is the ratio of inertial to gravitational forces acting on a fluid flow:

Fr=—

ok

The Froude number defines the state of the flow: critical if £r= 1, subcritical if Ffr<1
and supercritical if Fr > 1. In the subaqueous environment, due to the density
difference between the flow and its ambient fluid, the apparent density (Ap) of a flow
is

Ap = pr—pw
and accordingly the reduced gravitational acceleration is

,_ B
g =9g—=gRC

Pw
where p,, is the density of the ambient water, R is the submerged specific gravity of
the sediment and Cis the volumetric sediment concentration in the flows. Therefore,
the densiometric Froude number is expressed as

u u
Fr, = =
¢ g'h  /RgCh

A hydraulic jump is a phenomenon that occurs when the flow changes from
supercritical to subcritical, passing through the stage of unity of the Froude number
(Komar, 1971). It can happen when a high-velocity flow discharges into a low-velocity
fluid. It can also occur in the situation that a supercritical turbidity current flowing
downslope decelerates due to a significant decrease in the slope gradient or because
of reduced confinement (Fig. 4.3; e.g., Garcia and Parker, 1989; Garcia, 1993; Lamb et
al,, 2004). The previously rapid flow is abruptly slowed down and increases in height,
converting some of the flow’s initial kinetic energy into an increase in potential energy,
with some energy irreversibly lost through turbulence to heat. Suspended sediment
will eventually deposit from the dying turbulence of the flow in the subcritical stage.
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Figure 4.3: Schematic diagram showing a hydraulic jump in an experimental continuous turbidity current
in a minibasin (from Lamb et al,, 2004).

The Richardson number (Ri) and entrainment

Besides the Reynolds number and the Froude number, the Richardson number is also
important in the dynamics of turbidity currents, which is a measure of stratification in
the flow. The Richardson number is the ratio of potential to kinetic energy, expressed
as

Ri = i = g_h
Frz  y?

This dimensionless number describes the stability of a flow interface and is used for
quantification of the water entrainment within a flow. If Ri is much less than unity,
buoyancy is unimportant in the flow. If it is much greater than unity, buoyancy is
dominant, in the sense that there is insufficient kinetic energy to homogenize the
fluids. If Ri is of the order of unity, the flow is likely to be buoyancy-driven: the energy
of the flow derives from the potential energy in the system originally.

The densiometric Richardson number is

1 g'h
R' = —= —
e Fr: u?

High values of Ri,; imply subcritical flows with weak water entrainment and stable
density stratification while small values of Ri,; suggest supercritical flows with strong
entrainment and less significant stratification. Entrainment caused by Kelvin-
Helmbholtz instabilities occurs when Ri,; is smaller than 0.25 (Simpson, 1997).

4.3.3 Anatomy
Regardless of surge or steady type of turbidity currents, they all start in the form of a

surge which rapidly develops into a current with the longitudinal morphology of a
head, a body and in some cases a tail (Fig. 4.2) (Edwards, 1993; Middleton, 199643, b).
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Head

A distinct bulge-shaped head develops in the very front part of subaqueous turbidity
currents due to the strong mixing of the sediment and the ambient water. The head, as
a boundary condition for the whole fluid, plays an important role in the dynamics
(Simpson and Britter, 1979). The head is mainly erosional, often leaving structures
like grooves and flute marks, and is therefore sedimentologically important (Allen,
1971; Middleton, 1993). It is the most concentrated part of the flow because the
coarser grains can be suspended (e.g., Stow, 1986). Sediment can be entrained into
the head of the flow. The fluid in the head circularly moves toward the front and the
top (Mulder, 2011).

During its initiation and development, the head is subjected to forces such as the
pressure caused by the density difference, the downslope component of the gravity
force, bottom drag, interfacial frictions and buoyancy (e.g., Pratson et al., 2000). The
balance between the driving and resistant forces controls its hydrodynamics,
morphology, duration and sedimentation. The density-induced pressure and gravity
drive the head movement. The bottom drag and interfacial friction increase the level
of turbulence in the head. However, entrainment of the ambient fluid counteracts the
above positive effect of the head. The instabilities caused by buoyancy lead to a no-slip
condition at the lower boundary of the head, whereby the head has an overhanging
nose (Fig. 4.4b). Due to such entrainment small reverse circulation can form in the
lower part of the head. Friction-induced entrainment also occurs at the upper
boundary, resulting in the Kelvin-Helmholtz (K-H) billows (Fig. 4.4b, c¢) (Britter and
Simpson, 1978). These instabilities also cause the lobe and cleft structures in plan
view (Fig. 4.4a).

An increase in the density difference between the current and the ambient fluid can
reduce the height of the nose and enhance the extent of the overall turbulent mixing
pattern of the flow (e.g., Simpson, 1997). Increasing the slope, however, provides a
limited contribution to the velocity of the head, i.e., the head velocity is independent
on low slopes (< 2-3°) (e.g., Keulegan, 1957) and weakly dependent on steeper slope
(5°-90°) (e.g., Britter and Linden, 1980). Although an increasing slope can lead to
higher gravitational forces, it also can increase the frictional resistance at the upper
boundary and buoyancy, resulting in increased entrainment (e.g., Siegenthaler and
Buhler, 1985). The flow velocity tends to remain constant. The internal-wave velocity
in the body increases with slope, and often exceeds the velocity of the head, such that
with distance the head may expand in thickness due to the material feeding from the
body and the increased entrainment of the dilute ambient water (e.g., Middleton, 1967;
Simpson, 1997; Britter and Linden, 1980; Talling et al., 2001). The surge-type
turbidity currents are dominated by the properties of the head, in contrast to the
sustained or continuous underflows dominated by the body (Fig. 4.2).

65



Chapter 4

Clefts T e R R R

\
PR

a Near-bed particle paths

vortices/billows

AvA
h
' 2
-uH
vortices/billows
ambient water
with sediment
ha
h4

Figure 4.4: The head of an experimental turbidity current. (a) shows the schematic view of lobes and clefts
seen from below (from Kneller and Buckee, 2000). (b) shows the side view of the head with the nose and
the well-developed Kelvin-Helmholtz billows/vortices (modified from Britter and Simpson, 1978). (c)
Schematic diagram of the water entrainment of the head (hi: the total height; ha: the height of the ambient
fluid; hs: the height of the wake with vortices; ha: the height of the lower body; hs: the height of the nose; Un:
the velocity of the head; and Us: the velocity of the body) (modified from Simpson, 1997).

Body

The body of the flow is behind the head, which the two are sometimes linked by a neck
(Mulder, 2011). The sediment suspension is supported by the friction between the
ambient water and the overriding bed (e.g., Stow et al., 1996). The body has an
approximately constant flow thickness and structure, especially in the quasi-steady
turbidity currents with internal-wave action. It vertically comprises two parts: a thin
and dense layer in the lower part of the flow, and a less dense region in the upper part
mixed with the ambient fluid (described as an ‘irregular succession of large eddies’ by
Ellison and Turner, 1959) (e.g., Britter and Simpson, 1978; Simpson and Britter,
1979). Moreover, the K-H billows can transport sediment from the head back into the
body. The high instantaneous downstream velocity (faster than the head) implies that
the body may play a significant role in water and sediment entrainment via erosion
(Kneller and Buckee, 2000).

Tail
The tail is the thin and diluted part of the flow behind the body (Mulder, 2011). The

transported fine-grained sediment in the tail gradually settles due to energy loss
during the downslope flow of subaqueous turbidity currents.
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4.3.4 Stratification

The vertical morphology of turbidity currents indicates that they are stratified in
velocity as well as density (Fig. 4.5; Fig. 4.6). Both of these parameters generally
decrease upward. The flow velocity profile is characterized by a maximum value in the
lower region of the flow. Stratification of turbidity currents can cause flow spilling and
stripping on obstacles such as submarine channel levees (Kneller and McCaffrey, 1999;
Mulder, 2011) and salt-induced topographic highs (Sinclair and Tomasso, 2002).

Lower and upper region

The mean velocity structure of a turbidity current comprises two regions: the lower
and upper regions (Fig. 4.5). The lower region (near-wall region) is located in the
lower part of turbidity currents with a positive velocity gradient, similar to a
conventional turbulent boundary layer. The upper region (shear layer) is above the
lower region and interfaces with the ambient fluid, with a negative velocity gradient.
Generally, the upper region is 5 to 10 (or more) times thicker than the lower region
(Stacey and Bowen, 1988). The height of the velocity maximum is controlled by the
ratio of the drag forces at the upper and lower boundaries. Turbulent kinetic energy is
close to zero at the height of the velocity maximum (Kneller et al. 1999; Kneller and
Buckee, 2000; Gray et al.,, 2005; Leeder et al., 2005). This feature suggests that the
dominance of turbulence by shear is related to the mean velocity profile (Meiburg and
Kneller, 2010).

Concentration and density

Turbidity currents are density-stratified (Stacey and Bowen, 1988), which depends on
the distribution of suspended sediment (concentration gradient). Their vertical
concentration profile (Fig. 4.5) shows that the flow density decreases upward. Finer
grains are mainly suspended in the less dense, uniformly mixed upper region, while
coarser grains tend to be transported in the dense, less mixed basal layer of turbidity
currents (e.g., Garcia, 1994). Currents with different dynamics have different
concentration or velocity profiles (Fig. 4.6). For example, low-concentration and
weakly depositional currents (Garcia, 1990, 1994; Altikinar et al, 1996) have a
smoother concentration profile than erosional currents (Garcia, 1993) or currents
with high rates of ambient fluid entrainment at the upper interfacial boundary
(Peakall et al.,, 2000). The velocity profile of supercritical flows is acuter than that of
subcritical flows (Sloff, 1977), i.e., the location of velocity maximum is lower in the
current.
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Figure 4.5: Stratification of a turbidity current (light blue line), with the generalized velocity (deep blue
solid line) and density (black dashed line) profiles on the left side (modified from Meiburg and Kneller,
2010).
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Figure 4.6: Velocity profiles (solid lines) and associated concentration profiles (dashed lines) for different
types of experimental turbidity currents (from Peakall, et al,, 2000). (A) Conceptual two-layer model of
Middleton (1969, 1993) based on lock-exchange laboratory currents as indicated by return flow with
corresponding negative velocities in the upper flow. (B) Continuous stratification observed in a strongly
depositional subcritical flow (Garcia, 1994). Ordinary dashed lines show the concentration profiles of
individual size classes from the polydisperse current (from left to right, 5, 8, 13, 20, and 32 pum); heavy
dashed line shows the overall concentration profile (note different scale). (C) Nearly continuous sediment
profile with a slight inflection at the velocity maximum, for a weakly depositional subcritical flow on low
slopes (Altinakar, et al. 1996). (D) Strongly stepped grain-size profile for an erosional, saline, subcritical
turbidity current that initially carried no suspended load (Garcia and Parker, 1993).

4.3.5 Flow abilities and turbidite deposits

Under certain conditions a state of auto-suspension can occur where the sediment
suspended by turbidity currents will not be deposited (Bagnold, 1962). However, in
reality, if the sediment supply is exhausted or lower slope gradients are encountered,
the driving force induced by gravity is gradually counteracted and therefore the flow
decelerates. As the flow loses its capacity to carry sediments, grains will start settling
out of suspension, mainly from the body and tail. First the coarser ones will be
deposited and then successively finer ones, which results in a normally graded grain-
size trend in a turbidite. Single-event turbidity currents can produce individual
turbidite beds with thickness from millimeters to meters, but successive events of
turbidity currents over a long geological term can construct submarine fan systems
with thicknesses of tens to hundreds of meters.
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Flow competence, capacity and efficiency

The ability of turbidity currents to transport sediment in suspension a certain
distance is closely related to flow competence, which is the ability of a flow to
transport the maximum grain size, to flow capacity, which is the total amount of
sediment a flow can carry, and to flow efficiency, which is the ability of a flow to carry
sediment according to its clay content (Mutti, 1979; Pickering et al., 1989). A turbidity
current with high energy (competence, capacity and efficiency) can transport a large
volume of sediment with a high proportion of coarser grains over a long distance and
form well-sorted deposits. The sedimentation of a flow is mainly controlled by its
deceleration.

Flow unsteadiness and non-uniformity

If the fluid properties (such as velocity) at every point of the flow do not change over
time (i.e, it is constant with time), the flow is called steady. If a flow passing a given
point becomes slower, it transfers to a waning flow; if it becomes faster, it transfers to
a waxing flow (Fig. 4.7a) (McCaffrey and Kneller, 2001; Kneller and McCaffrey, 2003).
If a flow has the same velocity at all points along a streamline at any given time (i.e,, it
is constant with distance), this flow is uniform with no spatial variation. Otherwise the
flow is considered non-uniform flow (Fig. 4.7b). Flow non-uniformity depends mainly
on changes of the slope gradient (McCaffrey and Kneller, 2001; Kneller and McCaffrey,
2003). When a flow is flowing above a concave-up slope profile or when it spreads at a
channel mouth, it decelerates and becomes a depletive flow (Fig. 4.8a). Conversely,
when a flow is flowing above a convex-up slope profile or confined by a channel, it
accelerates and becomes an accumulative flow (Fig. 4.8b).

The velocity matrix

Kneller (1995) and Keller and Branney (1995) proposed a velocity matrix to predict
the vertical trends of the grain size of a deposit, based on the velocity changes with
both time and distance (i.e.,, flow unsteadiness and non-uniformity) (Fig. 4.9). Surge-
type turbidity currents are mostly depletive waning flows which produce normally
graded sequences. The distal turbidite beds are thinner and finer than the proximal.
The classical Bouma sequence is characterized by such a vertical and longitudinal
evolution. Depletive steady flows can result in massive sand beds without vertical
grading in grain size. Longitudinally, the distal beds are also thinner and finer. Massive
sand beds need a long-term and stable sediment supply, for example, perennial fluvial
discharge. Quasi-steady hyperpycnal flows may be depletive waxing or depletive
waning flows depending on the discharge (Mulder et al, 2003). Depletive waxing
flows lead to deposits with coarsening-upward sequences which form the basal unit of
hyperpycnites.
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Figure 4.7: Graphs of time (t) vs. velocity (u) and distance (x) vs. velocity (u), showing different types of
flow under a variety of conditions (from Weimer and Slatt, 2007; modified from Kneller, 1995). (a) Flow
velocity first waxes, then wanes, then becomes steady over time. (b) Flow velocity first increases
(accumulative), then decreases (depletive), then becomes uniform with downstream distance.
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Figure 4.8: Diagram illustrating some causes of spatially depletive (downstream decrease in flow velocity)
and spatially accumulative (downstream increase in flow velocity) sediment gravity flows (from Weimer
and Slatt, 2007; modified from Kneller, 1995). (a) Plan view of a depletive flow resulting from divergent
flow on the seafloor as the flow becomes unconfined, and a cross-section showing downstream decrease in
flow velocity due to a reduction in slope gradient. (b) Plan view illustrating an accumulative flow resulting
from convergence of the flow on the seafloor, and a cross-section illustrating an accumulative flow resulting
from a downstream increase in the slope gradient of the seafloor.
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Figure 4.9: Velocity matrix showing the differently depositional sequences resulting from the changes in
flow velocity with distance and with time (from Weimer and Slatt, 2007; modified from Kneller, 1995).

Bouma sequence

The Bouma sequence (Bouma, 1962) was the first idealized depositional sequence of a
turbidity current deposit, which has been considered as the classical turbidite. A
complete Bouma sequence is a normally graded bed, vertically (from bottom to top)
consisting of five units (Fig. 4.10): Ta, a structureless or normally-graded, sandy
division; Tb, a parallel laminated, sandy division; Tc, a ripple or climbing-ripple,
laminated or convoluted, sandy division; Td, a parallel laminated to massive, silty
division; and Te, a silt-clay, often microfaunal-rich division.

The vertical variations of grain size, thickness and sedimentary structures in divisions
of the Bouma sequence reflect the changes in flow hydrodynamic conditions during
deposition. Ta is the product of rapid deposition of the sediment and has erosional
bedforms such as flute and tool marks formed at the head of the turbidity current. Tb
and Tc are deposited by the traction of grains in the body along the seabed. Tb is
deposited from the high-energy part of the body under upper flow regime conditions.
Tc results from the deposition of the lower-energy part of the body under lower flow
regime conditions. Td is attributed to sedimentation dominated by suspension fallout
from the tail of the turbidity current. Te is a mixture of suspended fine-grained
sediment (silt- and clay-sized particles) from both the tail of the current and the
pelagic materials and it often contains shallow- and deep-marine microfauna.
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Figure 4.10: Typical vertical sequences of deposit from a hyperconcentrated flow (base of Lowe sequence:
R1-S2), a concentrated flow (Lowe sequence Sz and Bouma Ta) and a turbulent flow (turbidite) (Bouma Tb-e,
and Stow and Shanmugan sequence) (modified from Mulder, 2011).

Other turbidite sequences

A complete Bouma sequence is rarely found in nature because the requirements in the
grain sizes and flow conditions are difficult to satisfy within a single 1D expression of
a deposit. The Bouma divisions are useful when describing deposits of waning
turbidity currents, but many flows are non-uniform and unsteady. A high density
turbidity current (Lowe, 1982) with a wide range of grain sizes probably can produce
a complete Bouma sequence, while a low-density turbidity current without coarse
grains is likely to produce a sequence lacking the Ta unit (Mutti et al, 1999). During
the passage of a turbidity current, coarser sediment tends to deposit at the proximal
region when the flow is dense, and the finer grains can be transported to the distal
region when the flows are more dilute due to the water entrainment and energy loss
(Bouma, 2000).

Ta is poorly graded because the basal part of a high-density turbidity current is
concentrated, and turbulence can be dampened. This feature is similar to crude
grading of a concentrated flow or no grading of a hyperconcentrated flow,
corresponding to the S2 unit of the Lowe sequence (Lowe, 1982) (Fig. 4.10). Stow and
Shanmugan (1980) found that turbidite mudstones also exhibit a characteristic suite
of waning-flow sedimentary structures and textures (Fig. 4.10). They subdivided
Bouma Tc-Te into To-Tgbased on variations in grain size and small-scale sedimentary
structures (Fig. 4.10): Bouma Tc = Stow and Shanmugan To; Bouma Td = Stow and
Shanmugan Ty and T; Te = T3-Ts.
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Different trigger mechanisms can generate different initial flow conditions and
therefore types of turbidity currents and deposition sequences. The deposit from a
surge-like turbidity current with fine grain sizes (no larger than sand) is characterized
by typical Bouma Ty-Tq facies (Fig. 4.2) (e.g., Mulder and Alexander, 2001). Small-scale
surge-like flows with shorter durations are incapable of producing recognizable
bedforms and structures due to their strongly unsteady flow body and insufficient
settling time. Very-short-duration single surge-like flows are unable to produce thick
deposits unless the scale of the flow is large or the flow is confined, but with a small
ratio of bed thickness to bed length (Mulder and Alexander, 2001). Typical
hyperpycnal deposits are thought to comprise a vertical sedimentary sequence with a
lower coarsening-upward succession (from silt to fine sand) overlain by a fining-
upward succession (from fine sand to silt) (Fig. 4.2C; Fig. 4.11). The lower succession
is deposited during the rise of flood at river mouths when the flow is in the waxing
phase (Fig. 4.9). Such a succession can be found in the Saguenay fjord in Canada
(Syvitski and Shafer, 1996). Subsequently, the flow wanes and becomes accumulative
at the river mouth or depletive at more distal areas, with the consequence that an
upper normally graded succession is deposited (Fig. 4.9). The lower and upper unit of
an individual hyperpycnite bed can be separated by an erosional or sediment-bypass
surface if the flow power is sufficient to erode the underlying inversely graded deposit
(Weimer and Slatt, 2007) (e.g, modern hyperycnites in the central Japan Sea,
Nakajima, 2006; the Cretaceous Dad Sandstone member of the Lewis Shale leveed-
channel deposits, Soyinka and Slatt, 2004). Climbing ripples are a major feature of
sedimentary structures of hyperpycnites. Land-derived organic material also can be
found in hyperpycnites. A single flood peak may generate a flow with multiple pulses
so that the deposit grading patterns may be more complex than simple inverse-to-
normal grading (Talling, 2014).
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Figure 4.11: Vertical grain-size trend and thin-slab photograph of a hyperpycnite in the Oman Basin (from
Bourget, 2009 in Mulder, 2011).
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4.3.6 Classic models of turbidite systems

Commonly, subaqueous gravity flows including turbidity currents pass through
submarine canyons and channels, and finally spread on the seafloor, forming a deep-
sea turbidite system. The early fan models mainly focused on the morphological
analysis of the system with the scales of architectural elements like valley and
channels (e.g., Normark, 1970; Mutti and Ricci Lucchi, 1975).

The Walker model

Walker (1978), Mutti (1979), and Shanmugan and Moiola (1991) improved the
Normark (1970) model into the first predictive model for deep-sea systems (deposits
and their related flow types) at passive margins. Such a model has a progradational
configuration (Fig. 4.12): Slumps or debris flows are generated in the proximal feeder
channel of the upper slope; in the upper fan region, the coarse-grained
hyperconcentrated-flow deposits develop in the feeder channels and fine-grained
thin-bedded levee deposits are formed due to overspilling and flow stripping. The
middle fan is characterized by distributary channels and lobes. Bouma-type turbidites
develop in the lower fan.

The Walker model has limitations in its use because the suprafan definition of the
Normark (1978) model is not consistent with the most recent data and the scale of
fans that they studied for the model is not suitable for giant muddy fans on passive
margins (Mulder, 2011).
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Figure 4.12: Walker’'s model of submarine turbidite systems showing fan morphology, depositional
environment and facies distribution (from Walker, 1978).
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Some sequence stratigraphic models later were proposed, with the consideration of
basin-scale control factors such as the sedimentary supply, the tectonic context and
the changes in eustacy. Such models attempt to combine the relationships between
sedimentary environment, process and facies. Examples are the classifications of
deep-marine turbidite systems published by Shanmugan et al. (1998) and Reading
and Richards (1994).

The Shanmugan model

Based on the different geodynamic contexts of continental margins, they summarized
two types of turbidite systems: passive-margin fans and active-margin fans (Fig. 4.13)
(Shanmugan et al., 1988; Shanmugan and Moiola, 1988). Passive-margins fans include
immature passive-margin fans (North Sea) having small sandy systems with well-
developed lobes, and mature ones (Atlantic type) of Bally and Snelson (1980) having
large muddy systems with small lobes. Active-margin fans include the Pacific-type
active-margin fans showing small sandy systems with large lobes, and the mixed
settings of Bally and Snelson (1980) such as the Bengal and Indus systems. However,
some inconsistency exists in their models. For example, the Magdalena fan is on an
active margin but shows the features of a passive-margin turbidite system (Mulder,
2011).
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Figure 4.13: Shanmugan’s model of deep-sea turbidite systems (from Shanmugan et al,, 1988): (A) active-
margin fan and (B) passive-margin fan.
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The Reading and Richards model

Twelve models were proposed by Reading and Richards (1994) (Fig. 4.14), based on
the relationship between the types of sediment source area and the dominant
lithology. This provides a more elaborate classification of ancient and recent turbidite
systems. The grain-size axis is divided into four types: mud-rich, sand-rich, mixed
(mud/sand-rich) and gravel-rich. The sediment-source axis is divided into three types:
point, linear or multiple source.

SUBMARINE FAN POINT SOURCE MULTIPLE SOURCE RAMP SLOPE APRON LINEAR SOURCE

MUD-RICH SYSTEMS

7/ ) DR ™~ %
' < |/ /10-50Km
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GRAVEL-RICH SYSTEMS

Figure 4.14: Reading and Richards’ model of deep-sea turbidite systems (from Reading and Richards,
1994).

The Bouma model

Bouma (2000) proposed to differentiate between coarse-grained sand-rich fans, fine-
grained sand-rich fans, and fine-grained mud-rich fans because ancient turbidite
systems developed in once active tectonic settings (during the formation of active or
passive margins), filling the sedimentary basins formed by tectonic extension or
compression, were in confined settings, while modern fans develop on large passive
margins without confinement. Bouma (2004) published two end models based on the
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different relative distances from the sediment producing mountains to the coast, the
relative width of the shelf, and the shape and location of the submarine fan (Fig. 4.15).
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Figure 4.15: Bouma’s model of submarine turbidite systems (from Bouma, 2004). (a) Typical situation for
coarse-grained/sand-rich fans. (b) Typical situation for fine-grained/mud-rich fans. Major forces that

produce, transport and deposit sediment are mentioned.
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4.4 Confined turbidity currents and turbidites

Submarine turbidity currents and their associated turbidite systems are mainly
controlled by key factors such as tectonics, climate, sediment supply, and eustatic
fluctuations (Bouma, 2004; Mutti et al., 2009). These factors profoundly influence the
flow condition of turbidity currents, sediment transportation and depositional
processes, and hence the sediment distribution. Tectonics can affect the other control
factors. On continental margins, tectonics can induce various topographic obstacles,
reliefs and basins on a wide range of scales, which moderately or extremely confine
the turbidity currents and turbidite systems within them. For example, the sub-basins
or minibasins induced by salt tectonics on passive margins can partly or fully confine
turbidity currents.

4.4.1 Turbidity currents encountering obstacles

The confinement of some topographic relief influences the pathway, behavior and
deposition of a turbidity current. Flume experiments and ancient outcrop studies
provide useful approaches to investigate the effects of an obstacle on a turbidity
current. Effects, such as flow over-spilling, deflection and reflection, are dependent on
the balance between flow energy and topographic highs (Kneller and McCaffrey,
1999). The parameters reflecting the flow energy include flow thickness, duration and
acceleration, grain-size of the transported sediments, vertical movements due to
turbulence, density stratification; the factors of the obstacle influencing the flow
energy are mainly its height, geometry and orientation (e.g., Albertdo et al,, 2011).

Deflection, reflection and stripping

When a flow meets an obstacle which is much larger than the height of the flow head,
it will run up and hence increase its height. For a relatively poorly stratified flow the
maximum run-up height is probably determined by the bulk Froude number of the
flow (Rottman et al.,, 1985 in Kneller and Buckee, 2000). Alexander and Morris (1994)
proposed that if the height of the obstacle is twice or more the flow thickness, the flow
will be reflected from the obstacle and a hydraulic jump may occur (Edwards, 1993;
Pantin and Leeder, 1987). If the ratio between the obstacle height and the flow
thickness is smaller than two, the flow will partly pass over the obstacle and partly be
reflected and/or deflected. If the obstacle is too small compared with the flow
thickness, there is little effect by the obstacle on the flow pathways but well on the
sedimentary characteristics (e.g., Morris et al., 1998). For density-stratified flows, the
maximum run-up height is a function of the velocity and density profiles and cannot
be generalized in systems (Kneller and Buckee, 2000). The stripping of a stratified
flow will happen even when encountering a small obstacle: the lower, denser part of
the flow is likely to decelerate and rapidly deposit the carried sediments, or be
reflected or deflected while the upper, dilute part of the flow tends to move up or over
the obstacle. Flow stripping also occurs when a channeled subaqueous turbidity
current travels across bends. The partial flow with finer sediment breaches the levees
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into splays while the other partial flow with coarser particles remains within the
channel (e.g., Peakall et al., 2000; Posamentier, 2001).

The internal Froude number (#77), the dimensionless parameter which is a function of
a flow velocity and the reciprocal of the flow height and the density stratification, can
represent the kinetic flow energy. Lane-Serff et al. (1995) used the relation between
Fri and the ratio Z/h between obstacle height (Z) and flow thickness (/) to predict
the proportion of the flow that can continue over the obstacle (Fig. 4.16). For a flow
with a particular value of Fri the threshold of Z/A above which the flow will be
entirely trapped, can be estimated. Kneller and McCaffrey (1999) described the joint
effects of the dividing streamline and the degree of the topographic confinement (Fig.
4.17). A large Fri means the flow tends to act as a unity, completely overrunning or
deflecting; while a small Fri implies flow stripping with a critical dividing streamline
above which the partial flow is capable of running over or being reflected by the
obstacle, and below which the partial flow is deflected.

Vv, i .
0.5 1.0 L5 20 25
Obstacle height

Figure 4.16: Proportion of the flow running over an obstacle as a function of the radio (Z/A) between the
obstacle height and the flow thickness, and the inertial Froude number (#77) (from Lane-Serff et al., 1995).
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Figure 4.17: Schematic diagrams illustrating the joint effects of the dividing streamline (#7) and the degree
of topographical confinement, i.e., the ratio between flow thickness (/) and the obstacle height (Z) (from
Kneller and McCaffrey, 1999).
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Bores

The effect of confinement can lead to an internal bore migrating upstream (a
phenomenon that the thickness of the downstream flow increases and the velocity
decreases) (e.g., Edwards, 1993). The bore has some similarity with a hydraulic jump
in the sense that there are changes in flow thickness. Although it is sometimes
described as a moving internal hydraulic jump, the bore is not characterized by the
transition from a supercritical flow to a subcritical flow (Kneller and Buckee, 2000).
The velocities within the bore may be negative to be a reflecting current. Three types
of bores are differentiated based on the ratio of the height of the bore to the thickness
of the forward current through which it moves (Fig. 4.18). Type C is generated by the
erosional head of a turbulent gravity current. Such a bore is strongest with strong
entrainment of the ambient fluid at the upper interface. The strong bores might be
associated with stronger stratification (Kneller and Buckee, 2000). Type A is
characterized by a group of internal solitary waves, which may be responsible for the
sedimentary structure of wave ripples in the associated deposits. Type B is an
intermediate state between Type A and C.
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Figure 4.18: Nomenclature of three types of bores defined by Rottman and Simpson (1989). Here dis the
flow thickness and d» is the mean height of the bore waveform (from Kneller and Buckee, 2000).

Downslope effects of an obstacle

After running over an obstacle, the energy of the flow is reduced. Kneller and Buckee
(2000) described four situations of downslope effects of an obstacle on the flow,
according to the relationship between the internal Froude number, the velocity and
the stratification degree of the flow (Fig. 4.19). For a weakly stratified flow with high
velocity and Fri after encountering a very small obstacle, the flow will be divergent
along the lee side of the obstacle (Fig. 4.19a). With an increase in the ratio of the
obstacle height to the flow height, in the degree of stratification of the flow and in the
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Fr; value, and a decrease in the flow velocity, phenomena like vortex (Fig. 4.19b),
oscillation (Fig. 4.19¢) and even the hydraulic jump (Fig. 4.19d) occur on the lee side
of the obstacle.
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Figure 4.19: The effects on the downstream side of an obstacle on the flow (from Kneller and Buckee,
2000).

4.4.2 Turbidites under topographic controls

The hydrodynamic effects of a topographic relief on a turbidity current are important
in controlling the pattern of sedimentation. Alexander and Morris (1994) summarized
that effects on the flow include the generation and migration of hydraulic jumps on
the counter-slope and lee-side of an obstacle, the reflection of solitary waves, the
generation of the intensified mixing vortices at the margins of spreading currents and
obstacles, the variations in spreading rate caused by gradient changes, and the
restriction of lateral spreading by obstacles.

Upstream sedimentation and deposits

Large obstacles can result in a turbidity current being partly blocked by the obstacle
and partly passing over the obstacle. The trapped flow accordingly decreases its
competence and capacity to carry the sediment (Kneller and Buckee, 2000). Localized
sedimentation often happens due to the occurrence of a non-migrating hydraulic jump
or bore of a rapid waning current at the upstream side of an obstacle (Alexander and
Morris, 1994, Kneller, 1995; Kneller and McCaffrey, 1995). Less localized deposits can
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be associated with the upstream migration of bores or jumps in steady turbidity
currents (Kneller and Buckee, 2000).

Some sedimentary structures and sequences in turbidites observed in the field have
been explained as the result of the effects of topographic controls. Reflection and
deflection of flows can cause a vertical repetition of grading sequences (inverse and
normal grading) (e.g, Van Andel and Komar, 1969; Pickering and Hiscott, 1985;
Porebski et al, 1991; Rothwell et al, 1992; Haughton, 1994, 2000; Kneller and
McCaffrey, 1999). These repetitive sequences are often featured by the alternation of
sand and mud, and climbing current-ripples with the flow direction opposed to the
original flow direction which can be analyzed by load structures such as flute casts
and sole marks (Marjanac, 1990; Kneller et al., 1991; Hodgson and Haughton 2004).
These evidences can be found in turbidite outcrops in the field. For example, the
Miocene turbidites (“Contessa” sandstones) in the northern Apennines (Ricci Lucchi
and Valmori, 1980), the Cloridome Formation in Quebec, Canada (Pantin and Leeder,
1987) and the Annot Sandstone, France (Sinclair, 1994). Other evidences of reflection
and deflection may include the thickening of the deposits along the way deviated from
the main flow path (Marjanac, 1990; Porebski et al., 1991; Haughton, 2000), erosion
or bypass on topographic highs (Thorngurg et al., 1990; Morris et al., 1998; Soreghan
et al, 1999; Anderson et al, 2000; Burgess et al, 2000), distribution of coarse
particles in the lows or at the slope toe, and finer ones on the highs (Thorngurg et al,,
1990; Anderson et al., 2000; Burgess et al., 2000).

Downstream sedimentation and deposits

The downstream effects of an obstacle also can cause an abrupt thickening in the
deposit on the lee side of an obstacle. The overspilling flow is reduced in its energy
and separated over the whole downslope side of an obstacle. Sediments can be
deposited from subcritical flows (Fig. 4.19b) along the pathway and the flow can
cause scours and large bedforms such as the large-scale oscillatory dunes or gravel
waves. Sediments also can be settled from supercritical flows (Fig 4.19¢, d) and may
produce upstream migration of mud-waves (e.g., the Var sedimentary ridges formed
by turbidity current overspill from the adjacent fan valley; Sayoye, 1993 in Kneller
and Buckee, 2000) or sediment waves (e.g., those on the right-hand levee of the
Hueneme fan channel; Piper et al, 199b in Kneller and Buckee, 2000), and the
occurrence of submarine plunge pools (Farre and Ryan, 1985; Aarseth et al., 1989).
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4.4.3 Confinement of intraslope minibasins on passive margins

Topographic lows in different geological settings and scales have different effects on
the turbidity current. Gaumet et al. (2003) distinguished four scales of topographic
confinement of flows: i) basin-scale (several hundreds of kilometers in length), for
example, in foreland basins on active margins; ii) sub-basin scale (tens of kilometers
in length), for example, as various minibasins (extensional and compressional)
generated by salt movement and faulting systems on passive margin; iii) “local” scale
(several kilometers in width), for example channels and canyons; and iv) bed scale
(several hundred meters in width).

The turbidite systems on passive margins are greatly influenced by the topographic
controls induced by salt tectonics, such as diapirism and withdrawal (discussed in
Chapter 2; Fig. 4.20) and the faulting systems (discussed in Chapter 2; Fig. 4.21).
Typically, the slopes of passive continental margins are characterized by two types of
above-graded slope topographies (e.g. the Gulf of Mexico; Prather et al. 1998; offshore
Brazil and Angola; Smith, 2004): the ponded intraslope basins (minibasins) (Prather,
2003) or silled sub-basins (Smith, 2004), and the stepped bathymetric profiles
(Prather, 2003) or connected tortuous corridors (Smith, 2004), due to the high
subsidence rates of salt withdrawal minibasins.

Figure 4.20: Schematic sketches of the interation between diaprism and fan deposition proposed by Bouma
(2004). (a) No direct interaction between the diapirs and the shelf and the turbidite fan; (b) diapiric ridges
form troughs that are claimed to have to be filled first (two directional fills) before overflow to a next
trough can take place; (c) continuous diapiric activity, likely during a high-stand systems tract, breaks a
turbidite system into two parts; (d) breaking apart of a fan by diapiric activity. The sediment source at the
delta front was either not active when the diapirs moved upwards, or the delta switched to another location.
(c) and (d) can happen when the fan is still exposed, but it is more common when they are buried (from
Bouma, 2004).
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Figure 4.21: Schematic dip section (a) and plan view (b) of adjacent turbidite sub-basins resulting from
individual tilting of faulted blocks (from Bouma, 2004). Spillover is claimed only to occur once the updip
basin is filled. The location of the lowest spot in the outside wall of an individual sub-basin, and the
gradients in each sub-basin, can result in one or two transport and filling directions into the next sub-basin.

Ponded slope/ silled sub-basins

Smith (2004) termed a closed topographic depression on a slope that has a
topographic barrier at its downdip margin a silled sub-basin. If the volume of a
subaqueous flow is much smaller than the scale of the silled sub-basin, the flow
spreads out on the sub-basin floor and is not capable of reaching the bounding margin
of the sub-basin (Fig. 4.22A). This scenario cannot be considered as ponding. When
the flow volume is relatively large enough to sustain the flow to reach the bounding
slope, the flow can be partly or fully trapped by the bounding slope (Fig. 4.22B).

The fill-and-spill’ model was suggested for the filling history of linked ponded
minibasins on the slope of the Gulf of Mexico (Fig. 4.23; Prather et al., 1998; Prather,
2000). The sediment is captured in ponded accommodation created by salt
withdrawal (Fig. 4.23A). As the fans successively fill this minibasin (4.23B), turbidity
currents spill over the bounding slope to the downslope minibasin once the sill
separating successive basins is overtopped (Fig. 4.23C). During the overspill process,
as the equilibrium profile adjusts to the downslope basin, a localized truncation
surface can be generated by erosion of the upslope basin margin (Fig. 4.23D). The
accommodation between the truncation surface and the local equilibrium profile is
backfilled as turbidity currents flow into the downslope basin (Fig. 4.23E). Finally, the
basins are draped by muddy turbidites or hemipelagic deposits (Fig. 4.23F). Although
this 2D model is often adopted in the stratigraphic evolution of successive intraslope
minibasins, the filling history described in this model is incapable of explaining all
scenarios of filling processes in such settings.

Badalini et al. (2000) proposed a model which emphasizes that the basins could fill
coevally, but with partitioning of sand and mud among basins due to flow
stratification. This model is often referred to as ‘flow-stripping’model. Based on flume
and outcrop studies, Sinclair and Tommasso (2002) elaborated four phases of this
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model: (1) flow ponding, where flows are completely confined in the upper basin,
with deposition of thick sheet-like sand and mud couplets (Fig. 4.24A); (2) flow
stripping, where finer sediments of the flow spill over the bounding slope of the upper
basin and the coarser sediments are retained within this basin (Fig. 4.24B); (3) flow
bypass, where flows either traverse the filled upper basin, resulting in channel
incision, or switch the location of feeder channels, leading to abandonment of the
upper basin (Fig. 4.24Ci, Cii); (4) blanketing, where backfilling in the interbasinal
canyon results in base-level rise and channel-levee systems with low sand/mud ratios
develop over basins (Fig. 4.24D).

In summary, during these processes, topography and deposition interact with each
other. A sill initially prevents the current from flowing downslope and at least ponds
the denser portion of the flow within the upslope minibasin. However, the
accumulation of ponded deposit smoothes the topographic relief, therefore the sill
allows more volume of the stripped flow to pass over into the lower minibasin and
acts as the linking passage connecting the successive sub-basins (Fig. 4.25; Smith,
2004).

Smith (2004) also pointed out that 1) at the initial sub-basin entry point, the gradient
reduction and the lateral spreading at the slope break result in the rapid deposition in
front of the incised slope channel that feeds the sub-basin; 2) during the filling stage,
the turbidite systems accumulate in the form of aggradation and progradation to the
spill point of the sub-basin; 3) downslope steeper gradients lead to incisions of an
outlet channel during overspill of large turbidity currents; 4) the overall profile of
flow paths is altered with time due to incision of the steeper segments above and
below the sub-basin and by deposition on the lower gradients in the area of the sub-
basin.

Based on seismic and well data, more complicated turbidite models are recognized for
silled sub-basins. For example, three end-member scenarios of proximal area (sand-
rich fan lobe, leveed channel complex and mud-rich mass transport complexes) and
three end-member situations for the distal part (a high sill, a low sill and an incised
channel) proposed by Winker and Booth (2000); the vertical stacking sequence (mass
transport complexes at the base, sand-rich distributary channel/lobe complexes in the
middle, and channel-levee complexes and hemipelagic drapes at the top) by
Beaubouef and Friedman (2000).
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Figure 4.22: Schematic diagrams illustrating the relationship between the areal extent of sediment gravity
flows and the areas of receiving depressions. (A) Silled sub-basin in which sand-transporting flows are
small in volume relative to the scale of the receiving space. (B) Silled sub-basin in which sand-transporting
flows are large in volume relative to the scale of the receiving space. The diagram shows spill to the next
sub-basin downslope with associated incision and bypass in the upper sub-basin. (C) Connected tortuous
corridor in which sand-transporting flows are small in volume relative to the potential flow path. (D)
Connected tortuous corridor in which sand-transporting flows are large in volume relative to the potential
flow path. From Smith (2004).
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Figure 4.23: Evolution of an idealized ponded depositional sequence (from Prather et al., 1998). See text
for description.

87



Chapter 4

UPPER BASIN

Flow reflection &
deflection

LOWER

|A. Flow ponding|

Flow separation

Overspill of fine-grained
component of flow

Headward erosion

B. Flow stripping|

\ > Fine-grained accumulations
V‘ on abandoned sub-basin

Basin-parallel
supply of
sediment

Erosion & rapid |
sediment fall-out
at base-of-slope

|Ci. Flow bypass by incision[ ]Cii. Flow bypass by abandonment]

’ Progradation of channel/levee

complex

D. Backfilling

Figure 4.24: Depositional model for the progressive infill of a confined turbidite basin and associated
deposits at the base of the slope of a lower basin. See text for descriptions of the four stages. From Sinclair
and Tomasso (2002).
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Figure 4.25: Schematic diagrams illustrating elements of the fill and spill model for two adjacent sub-basins
(from Smith, 2004).

Stepped slope/ connected tortuous corridor

Well data and three-dimensional data show that the most common case of complex
slope topographies are connected tortuous corridors (Fig. 4.22C, D; Fig. 4.26) rather
than isolated silled sub-basins (Smith, 2004). The silled sub-basins recognized on 2D
seismic imaging are probably connected by corridors which can be revealed in 3D
view. The connected tortuous corridors can vary in their geometries. For example, an
elongate, tortuous and laterally confined depression. Subaqueous flows can be guided
and funneled along the corridors. Erosion and deposition of the flow can occur due to
gradient changes caused by topographic reliefs along the flow pathway (e.g., slopes in
West Africa and Brazil; Smith, 2004). Fan lobes are deposited in subtle depressions or
at local breaks in slope. In addition, erosional conduits containing mud-rich channel-
levee deposits are also observed. Amalgamated sand-rich turbidite channels have
been observed in erosionally modified fault-controlled troughs in the Campos Basin
(Moraes et al.,, 2000 in Smith, 2004).
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Flow deflection, and possibly reflection, insufficient sand
to supply down slope continuation of potential flow path

T1

Continuous flow path along tortuous corridor. ~ Note: enhanced erosion is expected
Connectivity of sandstone bodies depends on  along segments of increased slope
proportion of mud in the sediment supply

T2

Figure 4.26: Schematic diagrams of the connected tortuous corridor model showing a case with small flow
volume (from Smith, 2004).

The depositional processes and sedimentary systems for both models are mainly
controlled by factors such as the ratio between the flow scale and the basin scale, the
proportion of grain sizes of sediments, and the ratio between the rate of topographic
growth and the rate of depositional smoothing (Smith, 2004). If the scale of the flow is
small relative to the scale of the minibasin, the flow is not able to reach the bounding
slope. The resulting deposition is limited at the entry point and the basin center and
passive downlap occurs. If the flow is sufficiently large to reach the bounding slope,
the corresponding effects such as the deflection and reflection of the flow can be
recorded in the deposits. If the sediment of the flow is poor in mud, the resulting mud-
poor systems at the entry points are characterized by sand-on-sand erosional contact,
while for the mud-rich systems at the entry points, channel-overbank complexes are
dominant. Hydraulic jumps can occur at the slope break and lead to rapid deposition.
If the elevation difference between the ridge or the sill and the basal floor (uplifted by
the accumulation of sediment) of the updip minibasin is small, a sand-rich backfill of
the conduits connecting the successive minibains can occur.

Smith (2004) proposed some criteria to distinguish the silled sub-basins model from
the connected tortuous corridor model: In successively silled sub-basins, deposits in
downslope basins tend to be younger than those in upslope basins; proximal-distal
facies trends should be reset in each successive sub-basin; incision, bypass and fine-
grained filling should be found during flow spilling over the updip silled sub-basin;
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flow reflection is more common in silled sub-basins; and thick mud caps on top of
individual turbidites may indicate that flows are fully ponded in silled sub-basins.

4.4.4 Confinement of depositional topographies

Topographic confinement can also be caused by depositional causes. For example,
Mutti (1985) and Mutti et al. (1994) recognized a type of turbidite systems (Type I)
where the stacking pattern is influenced by the local subtle depositional relief
produced by active sand deposition. The subsequent turbidity currents are deflected
by this relief, producing a self-maintaining cyclic process that leads to the formation of
cycles of thickening-upwards sequences (Mutti and Sonnino (1981) in Albertdo,
(2010)). The internal architecture affected by the compensation of depositional relief
may be found in many outcrops in collisional basins of the Northern Apennines, the
Tertiary Piedmont Basin and the south-central Pyrenees (Mutti et al. (1994) in
Albertdo (2010)).

Based on the outcrop study of Miocene Cingoz Foramtion of southern Turkey, Satur et
al. (2000) recognized three types of sandstone bodies that are topographically
controlled by previous deposits. For example, the previous deposition in the area of
transition between the canyon and the regions of linear tongue-shaped sandbodies
reduces the topographic gradient and confinement, allowing lobate sandstone bodies
to form during retrogradation.

In the Golo turbidity systems (Gervais et al., 2004, 2006), the three-dimensional
geometry of the lobe is directly controlled by the pre-existing depositional
morphology. In the upstream parts, strong confinement of the previous deposits is
responsible for major deposition at the toe of the lateral slope and force the lateral
migration of subsequent deposits (Fig. 4.27a). Longitudinally, the confinement of the
previous deposits is expressed as aggradation and retrogradation of deposits instead
of progradation (Fig. 4.27b).

confined flow sour

Lateral migration ‘//// Longitudinal migration
¢ (8

a - upstream part -
confined flows

upstream downstream

flow direction

b - successive retrograding deposits

—

obstacle

successive deposits

initial topographic low

Figure 4.27: Schematic diagrams showing the impact of a lateral slope on lateral migration (a) and of a
frontal slope on longitudinal migration (b). Modified from Gervais et al,, 2006.
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The depositional control on turbidity currents can also be found in the leveed systems,
such as flank levees (e.g., Var turbidite systes, Migeon et al., 2000, 2001) and terraced
morphologies of deep-sea channels (e.g.,, Golo turbidite systems; Ferry et al.,, 2004;
Gulf of Lions; Jouet et al,, 2006). They have resulted from depositional processes and
influence the subsequent turbidity currents and associated deposits in return.

In conclusion, topographic confinement is an indispensable factor in controlling the
flow pathways and behavior of turbidity currents, sediment dispersal and geometries
of turbidite systems. The balance between the topographic scale, the flow scale and
energy controls the effects of the confinement.
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CHAPTER 5

Numerical Modelling of Turbidity Currents and Depositional
Stratigraphy in Slope Minibasins

5.1 Introduction

Numerical simulation experiments of turbidity currents traversing a subaqueous
topography (bathymetry) of channels and minibasins were conducted in order to
investigate the interaction between these flows, their deposits and the changing
bathymetries. This chapter first introduces the methods adopted in the numerical
simulations. The experimental results are then presented and compared with the flow
parameters, the flow evolutions, the flow-deposit interactions as well as the internal
architectures and stacking patterns of the deposits. The results are compared with
data from published literature, which are found to provide valuable support to our

results.
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5.2 Methodology

In order to develop conceptual models to simulate the dispersal patterns of turbidity
currents and stacking patterns of their deposits in diapiric minibasins on passive
margins, we integrate results from the experimental analogue seabed bathymetry and
numerical flow simulation software “FanBuilder”. First, the digital topographic data
originally obtained from analogue tectonic experiments in the laboratory was
upscaled to realistic dimensions that occur in nature; additionally, an entrenched
channel was added on the shelf and the shelf break to serve as point source for the
flows (see chapter 3). Subsequently, the FanBuilder software was employed to model
low-density turbidity currents that flow from the incised channel down into the
minibasins on the synthetic continental margin. Both equilibrium and non-
equilibrium turbidity currents at the source were modeled. A set of parameters within
ranges expected to occur in nature was used in the flow simulation experiments.
Multiple flow events with the same input parameters from the same point source
were run, whereby the deposits were stacked on top of each other, usually until the
first minibasin is filled to spill. The resulting sedimentary deposits were then analyzed
in 3-D, typically in a series of strike and dip sections.

5.2.1 FanBuilder

FanBuilder is a three-dimensional process-based model that simulates turbidity
current hydrodynamics and sedimentation on an arbitrary bathymetry for a specified
number of flow events (Groenenberg, 2007; Groenenberg et al., 2009). In contrast to
other three-dimensional numerical models including Delft 3D, Flow-3D and Sedflux
2.0, FanBuilder possesses the following two important characteristics for this study:
(1) it is specially designed to simulate low-density turbidity currents and (2)
geomorphic features and processes such as channelization, channel aggradation,
avulsion and lobe switching in the resulting deposits can be observed in real-time.

The model is essentially based on five depth-averaged mathematical equations
proposed by Parker et al. (1986). These five equations ensure the maintenance of flow
momentum in the streamwise and transverse directions as well as flow mass and
sediment mass conservation during one flow event. It permits the simulation of the
hydrodynamic evolution of a turbidity current and its resulting deposit in three
dimensions above an arbitrary bathymetry (Bradford et al, 1997; Bradford and
Katopodes, 1999). A convection-diffusion equation is combined into this model to
govern sediment transport. The model supports sediment transport of multiple grain-
size classes and sediment exchange through erosion and deposition. The input
parameters for the model include the initial bathymetry of the receiving basin, the
grain size distribution of the sediment, the magnitude-frequency distribution of the
flows, and the initial volume concentration of the sediment in the flows. By adjusting
these parameters, their impact on the long-term stratigraphic evolution of turbidite
deposits can be simulated and studied by this model. The evolution of the flows and
the resulting stratigraphy (mostly the thickness and the mean grain size) is
instantaneously visible in three dimensions during simulation.
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To ensure that FanBuilder is sufficiently effective to simulate turbidity currents flow
behavior and their depositional processes, Groenenberg (2007) conducted two sets of
validation experiments based on data from laboratory experiments, including those of
turbidity currents on an constant and smooth ramp by Luthi (1980, 1981) and a series
of experiments of turbidity currents encountering various shapes of obstacles by
Kneller and McCaffrey (1995). Qualitatively and partially quantitatively comparing
results from numerical simulations and those from their correspondent physical
experiments in terms of depositional geometries and distribution of thickness and
grain size, the authors felt that deviations between the physical and the numerical
flows are small. FanBuilder, they concluded, is thus a reliable flow simulation
application for low-density turbidity currents flowing over different types of
topographies. It is applicable primarily to simulating fully-developed low-density
turbidity currents with volumetric sediment concentrations not exceeding 7%
(Groenenberg, 2007; Groenenberg et al., 2009).

Further applications of FanBuilder to simulating large-scaled turbidity currents
behavior in submarine sedimentary systems were realized subsequently, including
testing conceptual submarine lobe models based on the data from outcrops exposed in
the Karoo basin, South Africa (Groenenberg et al., 2010) and predictive models of the
impact of relay ramps on turbidity currents with different inflow angles (Athmer et al.,
2010). These successful applications of FanBuilder for modelling low-density
turbidity currents at different scales over diverse topographic surfaces, and
particularly the study of Athmer et al. (2010), provide important incentives for using
FanBuilder to conduct studies on the impact of salt-induced complex topographies on
low-density flows..

5.2.2 Input topography: seabed bathymetry

Experimental salt-bearing passive margins with various minibasins were successfully
modelled in the tectonic laboratory (see Chapter 3). The digital topographic surface
obtained from the extensional domain of Model 2 was found to be best suited for the
simulation because the minibasins that developed in this model produce relatively
large accommodation for the turbidity currents. The method of upscaling and
modification of the chosen bathymetry is explained in Chapter 3. The specific location
of the interest is indicated by the orange line in Fig. 3.16. The topographic area of
interest (15 km X 30 km; Fig. 5.1) consists of a channel on the outer part of the shelf
(average dip ~ 0.7°), several successive minibasins and two associated significant
tectonic ridges on the slope (average dip ~ 4°). The channel is moderately sinuous
and has a U-shaped cross-section profile with a slope gradient of about 0.022 (6 =
1.25°). Itis about 70 m deep, 3 km wide (with a 1.5 km wide thalweg) and 10 km long,
and it connects to a 5 km wide confined minibasin with a downstream bounding edge
slope gradient of about 0.021 (~ 1.20°) as a spillover point that is about 60 m higher
than the minibasin center (Fig. 5.2). Beyond this ridge is the lee-side slope with a
gradient of about 0.0454 (~ 2.60°) and two smaller, poorly-confined minibasins
(about 2.5 km in diameter) adjacent to each other in the distal part of the interest area.
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(m)

Figure 5.1: 3D view of the topographic area used in this study as the seabed bathymetry analogue. The
main geomorphological elements include (a) a leveed channel, (b) a well-confined minibasin, (c) diapiric
ridges and (d) three poorly-confined minibasins. The shelf-to-slope channel (a) acts as sediment supply
corridor and extends into the first mini-basin (b). The ridges (c) act as obstacles for the currents flowing
downslope. Open minibasins (d) offer the potential sedimentary accommodation space for spill-over flows
over the ridges. The blue arrow indicates the inflow point and the initial direction of the simulated turbidity
currents.
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Figure 5.2: Terrain slope contour map with red hues indicating the slopes, superimposed onto the
elevation contour map (blue lines) of the study area. The terrain slope angle is shown in degrees as the
steepest descent or ascent at any grid node on the surface. The blue arrow indicates the inflow point. Areas
marked (a) to (d) are consistent with those in Fig. 5.1.
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5.2.3 Flow parameters

Both non-equilibrium and equilibrium initial flows (i.e. released at the source point)
are simulated in multiple events. To determine whether the initial flows are in the
equilibrium state or not the densiometric Froude number of the inflow is compared to
the Froude number for an equilibrium flow under a given parameter setting.

The densiometric Froude number (see Chapter 2) is defined as

u u
w/g’h_ +RgCh

Where uis the flow velocity, Cis the flow concentration (volumetric percentage), 4 is
the flow depth or height, gis the gravitational acceleration, and R is a dimensionless
number, defined as the ratio between the sediment-seawater density difference and
the seawater density (R = (ps — pw )/ pw )- Here we take p, = 2650 kg/m3 and p,, =
1027 kg/m3, and therefore = 1.58.

Frd =

The shear velocity measures the effect of the flow on the bed. In the absence of
bedforms, it is assumed to be proportional to the square of the layer-averaged velocity
of the flow. Due to the existence of the channel slope in the simulation scenario, the
velocity is modified and simplified using the following equation, based on the Chézy
equation for open channel flow (Middleton and Southard, 1984)

4 = FluxRgp
Cp

where Flux = uCh, § is the sine of the downstream slope and Cpis a dimensionless
drag coefficient which scales with the intensity of the turbulence in the flow and
varies with the ratio between bedform height and the flow depth. Parker et al. (1996)
adopted a Cpvalue range of between 0.002 and 0.06 in their models, depending on the
scale of the simulated flow. FanBuilder treats the value of (p as a constant during the
simulation, and this value greatly influences the depositional geometry of the
unobstructed flow at its inflow point (Groenenberg, 2007). Therefore, it is important
to impose an appropriate Cp value for the scale of the modelled flows and the purpose
of the simulation experiments.

For equilibrium flows, the required densiometric Froude number can be derived as

}ﬂ
Frj = |—
Td CD

If Fry = Frj, we consider the initial flows as being in equilibrium, and if not, the initial
flows are considered as non-equilibrium. Regardless of the initial state (equilibrium or
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non-equilibrium) of the inflow, the characteristics of flow vary and evolve with time
under the influence of the seabed bathymetry after entering the channel.

Table 5.1 Summary of the main inflow parameters considered in the numerical simulation flows.

Non-equilibrium flows
Sediment| Flow Flow Flow Flow | Flow | Flow Grain size Slope D Event
volume | velocity concentration density | depth | width [ flux component anée coeﬂ":(l:igent Fra [ Fra* Re number
(m?) (m/s) (kg/m3) | (m) | (m) |(m?/s) P
0
10E+07 15 0.04 1091.92 50 500 30 250 pm 60% 1.25° 0.005 |2.69|2.10|8.19E+08 65
100 pm 40%
Equilibrium flows
Supercritial inflows
250 pm 60% °
SE+06 5 0.02 1059.46 50 500 5 1.25 0.0136 [1.27]|1.27|2.65E+08 100
100 um 40%
Subcritical inflows
0,
SE+06 3 0.01 1043.23 | 79.18 | 500 | 2.375 250 um 60% 1.25° 0.03 0.860.86|2.48E+08 2
100 um 40%
0,
SE+06 3 0.02 1059.46 | 39.59 | 500 | 2.375 250 ym 60% 1.25° 0.03 0.86/0.86|1.26E+08 2
100 um 40%
5E4+06 3 0.03 1075.69 | 26.39 | 500 | 2.375 250 pm 60% 1.25° 0.03 0.86/0.86|8.52E+07 2
100 pm 40%
100 um 30%
0,
2E+06 2 0.01 1043.23 | 35.19 | 500 0.7 gg ﬁ: ;202 1.25° 0.03 0.86/0.86| 9.8E+07 2
3 um 3%
100 pm 30%
80 um 40% °
2E4+06 2 0.02 1059.46 | 17.60 | 500 0.7 60 um 27% 1.25 0.03 0.8610.86|4.97E+07 2
0
3 um 3%
100 um 30%
0,
2E+06 2 0.03 1075.69 | 11.73 | 500 0.7 28 Ez ;302 1.25° 0.03 0.86]0.86|3.36E+07 2
3 um 3%

The parameters considered in setting up the initial condition mainly include the flow
velocity, concentration, depth and width, released sediment volume, sediment grain
size, drag coefficient, flow event number and so on (Tab. 5.1). These parameters are
constrained within the range of magnitudes published from the few turbidity currents
that have been measured in nature, and through consideration of software stability
and computational efficiency. For example, turbidity currents on the Mid-Atlantic
Ridge with a flow thickness of 30 m, a flow velocity of 1.5-40 m/s and a concentration
of 0.03-0.12 (Van Andel and Komar, 1969); turbidity currents in the incised channel
(without spillower lobes) of Bute Inlet with a flow thickness of 30-40 m, a slope
degree of 1.5°, a flow velocity of 3.35 m/s, a flow concentration of 0.005-0.01 and a
maximum grain size of 480 pum (Zeng et al,, 1991); four turbidity currents measured
by Xu et al. (2004) with a flow-body thickness of 50 m and a maximum head velocity
of 5-12 m/s along the canyon (e.g., Zeng and Lowe, 1997; Mulder and Alexander,
2001). We aim to limit the negative effects of the boundary conditions in order to
allow sufficient flow numbers to reach the minibasins.

Three sets of numerical simulations were modeled and analyzed:

i) A set of non-equilibrium-flow simulations of highly supercritical turbidity currents
with 65 successive events (Section 5.3);

ii) A set of equilibrium-flow simulations that were initially supercritical flows with a
densiometric Froude number of 1.27 is modelled with 100 flow events (Section 5.4);
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iii) Two sets of subcritical equilibrium inflows with the same densiometric Froude
number of 0.86, but different in sediment volume, flow velocity and grain size
components, are simulated with two flow events. Each group of equilibrium
subcritical inflows has three sets of parameters which are only different in their flow
concentrations, flow density and flow heights, but have the same flow flux (Tab. 5.1).
The comparison between the results within one group can serve as sensitivity tests
for the applied parameters, for example by varying the flow concentration and height,
and keep the other parameters constant.

5.3 Non-equilibrium inflows

Sixty-five point-sourced flow events of highly supercritical turbidity currents are
simulated in this scenario. The flow parameters are kept identical in all these events
(Tab. 5.1). During each flow experiment, the evolution of the flow characteristics in
the channel and the minibasins can be monitored in real-time. At the end of this set of
experiments the data of the depositional thicknesses and of mean grain sizes is saved.
The mean grain size reflects the proportion of the two initial components (100 pm
and 250 pm). A higher mean grain size means a higher proportion of coarser grains.
Furthermore, the internal architecture of the deposits within the minibasins can be
analyzed in order to investigate the interplay between the pre-existing bathymetry
and sedimentation.

5.3.1 Flow evolution

The results of the 65 successive flow events show that the pre-existing bathymetry
profoundly influences the flow pathway and flow behaviors of the traversing turbidity
currents. The real-time variations of the flow hydrodynamic parameters (flow
thickness, flow concentration and densiometric Froude number) illustrate the
temporal evolution in flow characteristics.

Full ponding stage (flow event 1)

In event 1, the surging turbidity current is fully confined within the upper minibasin
without any overspilling (Fig. 5.3; Fig. 5.4). Although the initial flow has a high speed
of 15m/s, once the flow was completely released into the channel and funneled by the
channel corridor (after about 2000s), the maximum flow velocity decreased to about
8m/s with a maximum concentration of 4.5% (Fig. 5.3a, b, ¢). When entering the
upper minibasin, the flow began to spread within the whole basin (Fig. 5.3d, e, f). As a
part of the flow encountered the ridge-shaped bounding slope, the flow velocity
decreased and the flow thickness increased dramatically (Fig. 5.3g, h, i). At this stage
the flow became partially supercritical and partially subcritical. Flow deflections and
reflections occurred on the up-dip facing intrabasinal slope until the flow energy
diminished within the basin (Fig. 5.4). As this flow’s deposit is entirely confined to the
minibasin it is a true ponded event.
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Fill-and-spill stage (flow event 2-44)

At this stage, the turbidity currents are mostly confined within the upper minibasin
but partially spill over the bounding ridge downslope into the smaller distal mini-
basins. This occurs from event 2 to event 44 in the non-equilibrium set of simulation
experiments. Flow event 25 is described as an example (Fig. 5.5; Fig. 5.6). Although its
energy was reduced due to the occurrence of flow spreading in the upper minibasin
and flow resistance at the downstream ridge (Fig. 5.5a, b, c), part of the flow was
capable of surmounting the lowest point of the bounding ridge (Fig. 5.5d, e, f). Part of
the flow that spilled over continued with a higher velocity along the lee slope into the
two smaller down-dip minibasins (Fig. 5.5g, h, i). There, the flows that partially spilled
over the ridge experienced deflections due to the poorly-confined bathymetry with a
significant lateral spread (Fig. 5.6).

Trapping stage (flow event 45-65)

For the remaining events the turbidity currents are no longer able to spill over the
ridge bounding the upper minibasin. They are completely trapped in the area of the
upper minibasin because the ridge built up depositional relief and the minibasin
depocenter retrograded. Figure 5.7 illustrates the event-45 evolution after the flow
completely expanded within the upper minibasin (at about 4000s). The area of flow
spreading within the minibasin is relatively larger than that of the former two stages.
Although there is no flow spilling over the bounding slope, the flow can reach as far as
the ridge top (Fig. 5.7a, b, c¢). The plan view of the flow morphology shows that the
turbidity current evolved from a fan shape to a pronounced shape of a pedate leaf (Fig.
5.7d, e, f). When the flow velocity is diminished sufficiently all sediment settles out
onto the floor of the minibasin (Fig. 5.7g, h, i).
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Figure 5.3: Flow evolution of event 1 (at 2000s, 3000s and 4000s) of supercritical non-equilibrium inflows
is displayed as maps of flow thickness, velocity vectors, concentration and the densiometric Froude number
distribution. All maps are superposed onto the contour map of the original bathymetry.
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Figure 5.4: Flow evolution of event 1 (at 5000s, 6000s and 7000s) of supercritical non-equilibrium inflows
is displayed as maps of flow thickness, velocity vectors, concentration and the 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 25 (at 3000s, 4000s and 5000s) of supercritical non-equilibrium
inflows is displayed as maps of flow thickness, velocity vectors, concentration and the densiometric Froude
number distribution. All maps are superposed onto the contour map of the bathymetry after event 24.
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Figure 5.6: Flow evolution of event 25 (at 6000s, 7000s and 8000s) of supercritical non-equilibrium
inflows is displayed as maps of flow thickness, velocity vectors, concentration and the densiometric Froude
number distribution. All maps are superposed onto the contour map of the bathymetry after event 24.
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Figure 5.7: Flow evolution of event 45 (at 4000s, 5000s and 6500s) of supercritical non-equilibrium
inflows is displayed as maps of flow thickness, velocity vectors, concentration and the densiometric Froude
number distribution. All maps are superposed onto the contour map of the bathymetry after event 44.
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5.3.2 Flow-deposit interaction

The turbidity current deposits from the numerical simulations lead to an evolving
bathymetric template that influences subsequent flow behavior. Here we describe the
interaction between bathymetry, flow characteristics and deposits in terms of the
distribution of thickness and grain size, as well as the significant bathymetric changes
during the three stages (ponding, fill-and-spill and trapping).

Deposit and mean grain size

Among all 65 depositional beds, the maximum thickness of a single bed is found to be
2.25 m. The depositional thickness map of bed 1 (Fig. 5.8a) indicates that significant
deposition took place on the counterslope of the upper minibasin. Its maximum
deposit thickness is about 1.90 m. Small amounts of finer sediment is deposited in the
upstream slope area of the basin. The corresponding mean grain size distribution
shows that the thicker deposits have larger mean grain sizes, i.e. greater portions of
coarser grains (Fig. 5.8b). The contour profile of the mean grain size strongly
resembles that of the deposit thickness (Fig. 5.8a).

Individual beds that formed in the stage of fill-and-spill (flow events 2-44) are
distributed over three minibasins. The maximum deposit thickness is about 1.76 m.
Due to the currents’ spill-over and flowing down the lee slope, erosion occurs along
the slope. Figure 5.8c and d display the deposit thickness and grain size distribution of
bed 2, with small amounts of finer sediment deposited in the poorly confined down-
dip minibasins while the thickest deposits are located in the well-confined upper
minibasin. At later stages, coarser grains are also delivered over the upper minibasin
ridge into the down-dip minibasins (Fig. 5.8f, h). The thickest deposits in the upper
minibasin are concentrated close to the original minibasin center (Fig. 5.8e, g).
Moreover, minimal amounts of erosion (less than 0.1 m; indicate in blue on the
thickness maps) can be found at the entrance into the upper minibasin, on the
bounding ridge and on the small obstacle between the smaller down-dip minibasins.
Figure 5.8i and j show that during the late fill-and-spill stage the depositional extents
of the spilling flows become smaller but still contain some coarser grains.

In the trapping stage (flow events 45-65), the depositional extent in the upper
minibasin is larger than that of bed 1 (Fig. 5.8k, m, 0). The thickest deposits occur not
only in the upper minibasin, whose depocenters continuously shift upstream, but
individual beds in the channel progressively form depositional bars. The mean grain
size distribution in the upper minibasin displays an increasingly complicated pattern
due to these bathymetric irregularities (Fig. 5.8], n, p).

The thickness distribution of the total deposit in the fill-and-spill stage and the

trapping stage are displayed in Figure 5.9a and b. The maximum thickness of all 65
beds is found to be 85 m, located in the center of the upper minibasin (Fig. 5.9¢).
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Figure 5.8: Maps showing the deposit and erosion thickness and the grain-size distribution of the
individual beds formed in event 1, 2, 15, 25, 35, 45, 55 and 65 (supercritical non-equilibrium inflows). Each
map is superposed on the pre-existing bathymetric map.
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Bathymetric changes

The ongoing accumulation of the deposits from the 65 flows leads to continuous
changes in the bathymetric template, i.e. the depositional relief combined with the
original bathymetry. Conversely, these bathymetric changes influence the pathways of
the turbidity currents and the location and geometry of their deposits. This evolution
of the bathymetry is displayed in Figure 5.10.

During the fill-and-spill stage, a subtle depositional ridge initially develops around the
counterslope of the upper minibasin (Fig. 5.10a, b). It then grows in height and moves
towards the upstream direction to form a more pronounced ridge-shape above the
original basin center (Fig. 5.10c). The volume of the initial minibasin gradually
decreases, while a new, rather subtle ridge forms on the basinward side of the original
depositional ridge (Fig. 5.10d, e). Eventually, the limited accommodation is segmented
by the depositional ridges into a finger-like geometry (Fig 5.10f) while the deposit in
the upper minibasin forms a gentle ramp between the remaining accommodation and
the basin edge (Fig. 5.10g). In this cross section, the basin accommodation after event
65 has considerably decreased compared to the original bathymetry and the basin
center and “spill-over point” have migrated a significant distance upstream.

By determining the gradient of the counterslope of the upper minibasin in increments
of ten flow events, one obtains a general trend of the gradient changes (Fig. 5.10h).
After an initial decrease it increased and then decreased, but was still higher after 65
flow events than the original gradient. This to some extent contributes to the three
evolutionary stages of flow behaviour and basin infill.

108



Numerical Modelling of Turbidity Currents and Depositional Stratigraphy in Sope
Minibasins

-300

-400

-500

T T T T T T
5000 10000 15000 5000 10000 15000 5000 10000 15000
-600

-800

-900
(m)

T T
10000 15000 10000 15000

topogrpahy after event 65
topogrpahy after event 55
topogrpahy after event 45
topogrpahy after event 35
topogrpahy after event 25
topogrpahy after event 15
topogrpahy after event 1
- 0.02 original topography

h oo

19 0 20 40 60 80

-700 T 1 I :

[T

(m) 8000 10000 12000 14000 16000 18000

Figure 5.10: Maps showing the topographical changes after event 15 (a), 25 (b), 35 (c), 45 (d), 55 (e) and
65 (f) (supercritical non-equilibrium inflows). The corresponding changes in longitudinal cross-section
profiles of the upper minibasin are shown in (g), with the location of the sections indicated in the maps by
red dashed lines. The black round dots indicate the location of the potential “spill-over points” of the upper
minibasin. The black square dots show the locations of the lowest points in the sections - not to be confused
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of each topography are illustrated in (h).
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5.3.3 Depositional architecture

A stratigraphy of the 65 beds is established by using the data of the depositional
thickness and the lithofacies. This helps to reflect how the flow-deposit interaction
influences the internal architecture and stacking pattern of the depositional system.
Flow overspill is an important phenomenon in our simulation experiments and the
depositional characteristics in the distal minibasins directly indicate the confinement
of the upper minibasin. Thus, based on a comprehensive analysis of the flow pathways
and the spatial trends of the bed depocenters and mean grain size, six groups of bed
sequences that share similar characteristics are distinguished.

Group 1 (G1)

Group 1 consists of only bed 1, which is not present in the down-dip minibasins
because the flow is fully confined by the bounding ridge of the upper minibasin. About
50% of the sediment is deposited within this minibasin (Fig. 5.11). Both longitudinal
(parallel to stream direction) (Fig. 5.12) and lateral (perpendicular to stream
direction) (Fig. 5.13) cross-sections show that the deposit around the minibasin is
thicker and coarser-grained than that in its center. The depocenter of this group lies
on the counterslope (Fig. 5.14).

Group 2 (G2)

Group 2 is composed of the beds formed from event 2 to event 14. More than 50% of
the sediment volume is ponded in the upper minibasin, nearly 10% of the sediment is
transported to two lower minibasins and less than 40% of the sediment is deposited
in the channel (Fig. 5.11). The beds of Group 2 in the upper minibasin longitudinally
have a bigger thickness on the counterslope of the previous depositional relief
(topography after event 1) (Fig. 5.12). Laterally, the deposits in the basin center and
the counterslope grow faster than that on the basin flank (Fig. 5.13). The beds of
Group 2 in the first lower minibasin show first a thickening-upward and then a
thinning-upward trend, while the mean grain size has a coarsening-up profile. The
depocenter of Group 2 in the first lower minibasin is on the counterslope of its
underlying bathymetry, as seen in the longitudinal cross section (Fig. 5.15a), and on
the higher basin flank as seen in the lateral cross section (Fig. 5.15b).

The depocenter of the entire group 2 is on the counterslope of the relief formed after
event 1. The depocenter moves upstream relative to the depocenter of Group 1(Fig.
5.14a) and laterally towards the minibasin center (Fig. 5.14b). Consequently, the new
depositional relief formed by Group 2 has a greater slope gradient on its new
counterslope.

Group 3 (G3)

Group 3 is distinguished by the recognition of a new sequence (bed 15 - bed 25) in
the first lower minibasin. More than 10% of the total sediment volume is deposited in
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the down-dip minibasins. In this sequence, the bed thickness in the first lower
minibasin generally stabilizes at about 0.8 m. Its average bed thickness is smaller than
that of Group 2. A similar thickness profile also exists in the second lower minibasin.
The shifting trend of the group depocenter in the first lower minibasin is vertically
upward on the counterslope (Fig. 5.15a, b).

The sedimentation rate of Group 3 in column C in Figure 5.12 and Figure 5.13 is
higher than elsewhere in the cross sections. The depocenter of Group 3 longitudinally
remains on the counterslope of the topography formed after event 14 (Fig. 14a), while
it laterally shifts from one side of the basin to the other side (still not in the basin
center) (Fig. 14b). The newly-formed depositional bathymetry has a lowest point and
counterslope that shifted upstream.

Group 4 (G4)

Beds 26 to 44 comprise this group. Here the amount of sediment transported to the
lower minibasins is considerably reduced (Fig. 5.11). Consequently, the bed thickness
and mean grain size gradually decrease upwards (Fig. 5.12). Moreover, the group
depocenter in the first lower minibasin migrates to its basin center (Fig. 5.14). The
beds of Group 4 in the upper minibasin have a more pronounced thickness on the
counterslope of the depositional relief formed by Group 3 (vertically it is in the center
of the original minibasin), although the bed thickness on the upstream slope is
increasing. Less sediment is deposited on the D and E locations (Fig. 5.12). The group
depocenter in the upper minibasin migrates towards the original minibasin center,
but is, however, still on the counterslope of the relief developed after event 25 (Fig.
5.14a). The lateral cross-section shows that it moves vertically upward on the basin
side-slope (Fig. 5.14b). The gradient of the counterslope of the newly formed relief (i.e.
the top surface of bed 44) is larger than that of Group 3.

Group 5 (G5)

This group is composed of the beds deposited from event 45 to event 51. Because the
flow is trapped in the upper minibasin again, there is no sediment in the down-dip
minibasins. In this group, the sedimentation rate on the counterslope of the top
surface of Group 4 (vertically atop the original minibasin center) is dominant, while
little sediment is deposited on the basin margins (Fig. 5.12). Due to the imbalance of
the rate of deposition on the side-slope of the previous depositional topography, local
depressions form (Fig. 5.13). The vortices developing at the margins of the flow
transport sediment backwards to the minibasin entrance (Fig. 5.7). The depocenter of
Group 5 continues to migrate longitudinally towards the upstream direction and
laterally towards the original basin center (Fig. 5.14).

Group 6 (G6)

The remaining beds (from bed 52 to bed 65) constitute Group 6. Figure 5.12 shows
that the original minibasin center (column C) has a thicker deposit. The beds there
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form a thinning upward succession, while the beds on the upstream slope (column B)
thicken- and coarsen- upwards. Similar trends also can be found in the lateral cross-
section (Fig. 5.13). The thickest deposit is still above the location of the original
minibasin center while the bed thickness of one basin flank increases greatly.
Consequently, the group depocenter is further moving towards the original minibasin
center longitudinally and laterally (Fig. 5.14).

In summary, significant deposition takes place on the counterslope of the bounding
relief (the ridges) rather than the minibasin centers. The lowest points and “spill-over
points” are shifted upstream with a continuous decrease in accommodation, which
leads to changes in the slope gradient of the newly-formed depositional relief. This
greatly influences the flow pathways and the geometry and internal stacking pattern
of the system. The main minibasin is back-filled by successive deposits, which results
in an internal architecture whose local depocenter migrates upstream longitudinally
and towards the original minibasin center laterally (Fig. 5.16). During the infill, the
formation of a local depositional depression can be observed.
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Figure 5.11: (a) The spatial division of the topography into five areas. (b) Proportion of the sediment
volumes in the five areas for the six groups (supercritical non-equilibrium inflows).
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Figure 5.15: Longitudinal (a) and lateral (b) trends of group depocenter migration (supercritical non-
equilibrium inflows) in the first lower minibasin. The colored dots indicate the spatial locations of group
depocenters in the cross section. Six stratigraphic groups are recognized (G1, G2, G3, G4, G5 and G6). For
detailed explanations see text.
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Figure 5.16: Plan view of the depocenter migrations in the three minibasins based on the spatial location of
the maximum depositional thickness of each group (supercritical non-equilibrium inflows). The lines with
arrows indicate the general shifting directions. The color of dots shows the six groups as in Fig. 5.14 to Fig.
5.15.
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5.4 Supercritical equilibrium inflows

One set of constant parameters is used to simulate 100 turbidity current events with
supercritical equilibrium inflows. The sediment volume is 5e+06 m3, the initial flow
velocity 5 m/s, the flow concentration 2%, the flow density 1059.46 kg/m3, the grain
size with components of 250 pm (60%) and 100um (40%), the flow depth 50 m, the
drag coefficient 0.0136, and the densiometric Froude number 1.27. In the following,
the results of the flow evolution, the depositional distribution and the internal
architecture are analyzed.

5.4.1 Flow evolution

The results of the 100 successive flow events show that the pre-existing topography
profoundly influences the flow pathways and flow behavior of the turbidity currents
traversing it. The real-time variations of the hydrodynamic parameters of the flows
(flow thickness, flow concentration and the densiometric Froude number) are used to
illustrate the evolution of the flow characteristics. Here, four different stages are
distinguished.

Full ponding stage (flow event 1)

In event 1, the surged turbidity current is fully confined within the upper minibasin
without spill-over, although it reaches the top of the bounding slope (Fig. 5.17; Fig.
5.18). After about 3000s, the flow volume is completely released into the channel and
starts to enter the upper minibasin with a maximum flow velocity of about 5 m/s (Fig.
5.17d). When reaching the upper minibasin center (Fig. 5.17g, h, i), the flow begins to
expand across the whole basin. Meanwhile the velocity and energy of the flow head
decreases but its height is largely increased due to the resistance of the downstream
bounding slope and a concurrent hydraulic jump (Fig. 5.18a, b, c). Accordingly, the
flow is divided into supercritical and subcritical zones (Fig. 5.18c, f, i). Later, the tail of
the flow wanes (Fig. 5.18d, g). Flow deflection and reflection occur within the upper
minibasin until the flow energy diminishes (Fig. 5.18).

Fill-and-spill stage (flow event 2-31)

At this stage, the turbidity currents are mostly confined within the upper minibasin
but partially spill over the bounding ridge to flow downslope into the distal and
smaller mini-basins (Fig. 5.19). Taking flow event 25 as an example, the flow is seen to
expand in the upper minibasin (Fig. 5.19a, b, c) and the major part of the flow is
confined within this basin. Part of the turbidity current, however, is capable of
surmounting the lowest point of the bounding ridge, becoming supercritical along the
lee slope before flowing into the two smaller minibasins down-dip (Fig. 5.194, e, f).
After the sediment has settled down in all three minibasins the flow energy is
completely dissipated (Fig. 5.19g, h, i).
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Transitional stage (flow event 32-40)

This stage is characterized by alternating spill-over and minibasin confinement. Spill-
over only happens in flow events 34, 36, 37 and 40 while in the remaining flows
confinement prevails. This stage is therefore transitional between the previous and
the subsequent stage.

Trapping stage (flow event 41-100)

For the remaining flow events the turbidity currents are not able to spill over and
remain trapped in the first minibasin. Figure 5.20 shows that flow event 45 flow has a
similar evolutionary process as event 1 but with a more complex flow energy
distribution within the upper minibasin caused by internal bars, similar to the non-
equilibrium flows discussed above.

119



Chapter 5

Flow thickness Densiometric
& velocity vector Flow concentration Froude number

107 100 10

< 7
2000's so0] /"’? O - /? O e ? O I

10000 <, 100004 <, 10000 </,
5000 F 5000 F 5000 F

T T
5000 10000 15000 5000 10000 15

£
g
8

‘mw,/ﬁ? A
« SO
100004 <— 10000

5000 F 5000

20000

3000 s 150004

10000

5000

g
g
8

12 =%

,@? e ;@? &
4000 s 15000 F 15000 F 15000
. e 0

<46 80
10000 < 10000 < 10000
5000 r 5000 r 5000
°N ﬂ ° VN ﬂ
9 o ; h o . ;
5000 10000 15000 5000 10000 15000
0 2 10 18 26 34 42 50 (m) 0 0.008 0016 0.024 0.032 0.04
0 1 2 3 4 5 6(mis)
- —

Figure 5.17: Flow evolution of event 1 (at 2000s, 3000s and 4000s) of supercritical equilibrium inflows is
displayed as maps of flow thickness, velocity vectors, concentration and the densiometric Froude number.
All maps are superposed on the elevation contour maps of the original bathymetry.
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121



Chapter 5

Flow thickness Densiometric
& velocity vector Flow concentration Froude number

25000

O~ VoA T

p? e
15000 15000
s -9

10000-{ < 10000
5000 F 5000

25000

5000 s 150001

100004

5000

g
g
g

VoA VoA

/,@? e
-\ {/

10000 < 10000 < 10000+
5000 F 5000 F 5000
d o~ A ﬂ € o A R

T
5000 10000 15000 5000 10000 15

20000

7000 s 150004

) )
WoAed T w’
— "

» C @ C
9000 8 15000 150004
S 15000 f ? 15000 / ?
% ﬁ/O\

T
0 5000 10000 15

0 1500( 00
0 0455 10 15 20 25 30 35 40 45 (m) 0000 0005 001 0015 002

o v 2 5 T (mis)

< —

Figure 5.19: Flow evolution of event 25 (at 5000s, 7000s and 9000s) of supercritical equilibrium inflows is
displayed as maps of flow thickness, velocity vectors, concentration and the densiometric Froude number.
All maps are superposed on the elevation contour map of the bathymetry formed after event 24.
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Figure 5.20: Flow evolution of event 45 (at 3000s, 5000s and 7000s) of supercritical equilibrium inflows is
displayed as maps of flow thickness, velocity vectors, concentration and the densiometric Froude number.
All maps are superposed on the elevation contour map of the bathymetry formed after event 44.
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5.4.2 Flow-deposit interaction

The resulting turbidites from the numerical simulation form a dynamic bathymetry
that influences subsequent flow behavior. Here we describe the interaction between
bathymetry, flow and deposits in terms of the distribution of thickness and grain size,
as well as the significant bathymetric changes during the three stages (ponding, fill-
and-spill and trapping).

Deposit and mean grain size

The depositional thickness map of bed 1 (Fig. 5.21a) indicates two sites of significant
deposition. One is the inflow entry where a levee-shaped deposit is formed with a
maximum thickness of about 1.80 m. The other one is on the counterslope of the
upper minibasin with a maximum thickness of about 1 m. Both locations also have the
coarsest mean grain size (Fig. 5.21b).

The beds formed at the fill-and-spill stage are distributed over three minibasins. The
thickest sediment is located in the upper well-confined minibasin. Erosion occurs on
the lee-side of the bounding ridge (blue in Fig. 5.21). In the early phase of this stage,
merely finer grains are transported to the distal minibasins by the spillover flows (Fig.
5.21c, d). Afterwards, the flows carry increasingly coarser grains over the bounding
ridges to the lower minibasins, accompanied by stronger erosion on the downstream
slope of the ridge (Fig. 5.21e, f, g, h). Coarser grains can be found on the counterslopes
of three minibasins and the lee-side of the bounding ridge.

At the transitional stage, the spill-over becomes less frequent. Moreover, the sediment
volume and the grain size of the spilling flows gradually decrease (Fig. 5.21i, j). The
maximum total thickness of the beds from 2 to 40 (the fill-and-spill and transitional
stages) is about 70 m (Fig. 5.22a).

At the trapping stage, no deposition takes place in the distal minibasins. The total
thickness map of the beds from 41 to 100 shows that significant deposition happens in
the channel and the original minibasin center (Fig. 5.22b). The depositional area in the
upper minibasin is constantly shrinking (Fig. 5.21k, m, o). The depocenter of the
individual bed in the remaining space of the upper minibasin is still located on its
corresponding topographic counterslope (Fig. 5.21k, m). Coarser sediments are
deposited in the channel by the flows on their way to the upper minibasin (Fig. 5.21],
n, p) and some minor erosion can be found on the lee sides of the depositional bars in
the channel (Fig. 5.21k, m, o). In the last event, only sediments with fine-to-medium
mean grain sizes are dominant in the decreasing accommodation of the upper
minibasin due to the increasingly significant deposition of coarser grains in the
channel (Fig. 5.21p).

The thickness distribution of the entire 100-bed sequence is displayed in Figure 5.22c.

The depocenter of the total deposit is exactly in the original minibasin center with a
maximum thickness of about 90 m.
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Figure 5.21: Maps showing the depositional and erosional thicknesses and the grain-size distribution of the

individual beds formed by flow events 1, 2, 20, 30, 40, 60, 80 and 100 (supercritical equilibrium inflows).
Each map is superposed on the pre-existing bathymetric map.
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Figure 5.22: Maps showing the depositional thickness of the beds formed by events 2-40 (a), events 41-100
(b) and events 1-100 (c) (supercritical equilibrium inflows).

Bathymetric changes

The depositional relief developed by the 100 beds influence the flows and their
deposits. The evolution of the bathymetry is displayed in Figure 5.23.

During the fill-and-spill stage, depositional ridges develop around the counterslope of
the upper minibasin (Fig. 5.23a). At the trapping stage, more depositional ridges form
and divide the limited accommodation space into small segments. Similarly, the
depositional bars in the channel became more pronounced (Fig. 5.23b, c).

This evolution can also be observed in the longitudinal cross-sections. Figure 5.23d
displays two small local depositional depressions formed on the final topography after
event 100. In this cross-section one can also notice that the basin accommodation has
decreased through time. Moreover, the “spill point” and the lowest point of the
topographies have both shifted continuously upstream.

Further, we determined the gradient of the counterslope of the upper minibasin in
step of 10 events. A general trend of the gradient change is obtained (Fig. 5.23e) and
shows that it first decreased in the first 40 events, then greatly increased from event
41 to event 50, and gradually decreased again. Comparing the flow evolution with the
slope gradient changes, there is a certain corresponding relationship between them:
The fill-and-spill and transitional stages versus the first gradient decrease, and the
beginning of trapping stage versusthe abrupt gradient increase.
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Figure 5.23: Maps showing the topographical changes after events 40 (a), 70 (b) and 100 (c) (supercritical
equilibrium inflows). The topographic changes are shown in longitudinal cross-section profiles of the upper
minibasin (d). The locations of the sections are indicated in the plan maps by red dashed lines. The black
round dots indicate the locations of the potential “spill point” of the upper minibasin. The black block dots
show the location of the lowest points in the sections - not to be confused with the depocenter. The
variation of the counterslope gradient (from the lowest point to the “spill-over point”) is illustrated in (e).
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5.4.3 Depositional architecture

Based on the flow pathways and the spatial trends of the bed depocenters and mean
grain size, six groups of bed sequences are distinguished.

Group 1 (G1)

Group 1 consists of bed 1 which is confined to the upper minibasin in which about 50%
of the sediment is deposited (Fig. 5.24). Both longitudinal (parallel to the stream
direction) (Fig. 5.25a) and lateral (perpendicular to the stream direction) (Fig. 5.25b)
cross-sections show that the depocenter of this group is on the counterslope (Fig.
5.25).

Group 2 (G2)

Group 2 is composed of the beds formed by events 2 to 20. More than 50% of the
sediment volume is ponded in the upper minibasin, while nearly 10% of the sediment
is transported to the two lower minibasins (Fig. 5.24). The depocenters of Group 2 in
both the upper minibasin and the first lower minibasin are on the counterslopes of
their corresponding previous topography in the longitudinal cross section (Fig. 5.25a;
Fig. 5.26a) and on the basin flank in the lateral cross section (Fig. 5.25b; Fig. 5.26b).

Group 3 (G3)

Group 3 is distinguished by the recognition of a new sequence (beds 21 to 31) in the
first lower minibasin. More than 10% of the total sediment volume is deposited in the
down-dip minibasins. The depocenter of Group 3 in the upper minibasin
longitudinally remains on the counterslope of the topography formed after event 20
(Fig. 5.25a), while it laterally shifts closer to the original minibasin center (Fig. 5.25b).
This results in a newly-formed depositional topography whose lowest point and
counterslope were shifted in the upstream direction. The depocenter in the first lower
minibasin exhibits a similar trend (Fig. 5.26).

Group 4 (G4)

Beds 32 to 40 comprise this group in which the flow evolution is at a transitional stage.
The volume of sediment transported to the lower minibasins is considerably
decreased (Fig. 5.24). The group depocenter in the upper minibasin migrates towards
the original minibasin center, however it is still on the counterslope of the topography
developed after event 31 (Fig. 5.25a). The lateral cross-section shows that it moves
slightly to the basin flank (Fig. 5.25b). Due to the imbalance of the depositional rates
on the previous relief, local depositional depressions are forming (Fig. 5.25b). The
depocenter of Group 4 in the first lower minibasin moves vertically upwards but is
still located on the counterslope/flank of the basin (Fig. 5.26).
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Group 5 (G5)

This group is composed of the beds deposited from event 41 to event 70. Because the
flow is now trapped in the upper minibasin again, there is no sediment in the down-
dip minibasins. The depocenter of Group 5 continues to migrate longitudinally
towards in the upstream direction and laterally towards the original basin center (Fig.
5.25).

Group 6 (G6)

The remaining beds (from bed 71 to 100) constitute Group 6. The sedimentation in
the channel becomes stronger (see also Fig. 5.22b), as some form of backfilling
process, which results in a decreasing sediment volume in the upper minibasin (Fig.
5.24). The group depocenter longitudinally moves further upstream (Fig. 5.25a) and
laterally towards the newly formed local depression (Fig. 5.25b).

In summary, the most significant deposition occurs on the counterslope of the
bounding slopes. The thickest deposits in the upper minibasin have the coarsest mean
grain size. The depositional relief and slope gradient greatly change in the entire
evolution, which results in the depocenter migrating upstream (Fig. 5.27) in a
backfilling pattern within the minibasin.
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o || |
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Figure 5.24: Proportion of the sediment volume (supercritical equilibrium inflows) in the five different
areas for the six groups. The division of the five zones is shown in Fig. 5.11a.
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Figure 5.26: Longitudinal (a) and lateral (b) trends of group depocenter migration (supercritical
equilibrium inflows) in the first lower minibasin. The colored dots indicate the spatial locations of group
depocenters in the cross section. Six stratigraphic groups are recognized (G1, G2, G3, G4, G5 and G6). For
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Figure 5.27: Plan view of the depocenter migrations in the three minibasins based on the spatial location of
the maximum depositional thickness of each group (supercritical equilibrium inflows). The lines with
arrows indicate the general shifting directions. The color of dots shows the six groups as in Fig. 5.25 to Fig.
5.26.
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5.5 Subcritical equilibrium inflows

One group of three sets of subcritical equilibrium inflows with the same flow velocity
of 3 m/s and an inflow flux of 0.7 m?2/s but at different flow concentrations (1%, 2%
and 3%) and flow heights (79.18m, 39.59m and 26.39m) are simulated, each by two
events (Tab. 5.1), and subsequently their flow behavior and resulting deposit are
compared. A second group of three sets of parameters are then performed with a
similar strategy, but with a smaller sediment volume, flow velocity and finer grains
(Tab. 5.1). All flows have a subcritical densiometric Froude number of 0.86 at the
inflow point. Also here, the resulting deposit distributions are compared..

5.5.1 Flow evolution

The first group of equilibrium subcritical inflows can serve as an example to describe
the major differences in the evolution of the flows as a function of the different
concentrations and flow heights. These two parameters are inversely proportional in
order to keep the densiometric Froude number the same. Although the inflows are all
subcritical in the channel, the flows evolve rapidly into supercritical conditions but
become subcritical in various parts of the minibasins (Fig. 5.30).

In general, the inflows with lower concentrations and higher flow heights are more
likely to spill over the bounding ridge of the minibasin and expand into the wider
downslope area. The inflows with a concentration of 3% are fully confined within the
upper minibasin without any spill-over and with a shorter flow life. The velocities of
the three flows entering the minibasin are almost the same (about 5m/s). However,
the inflow with a concentration of 1% has a higher flow height when encountering the
bounding slope than the other two scenarios (Fig. 5.28) and a larger flow volume
spills over into the next minibasin. The inflow with highest concentration tends to
maintain the high concentration for a longer time (Fig. 5.29) but stays confined to the
upper minibasin.

5.5.2 Deposit

The distribution of deposit thickness of the two groups indicates the major differences
in deposit geometry at the entry point. The inflows with the concentration of 1% and
2% have levee-like margins in the vicinity of the entry point into the channel (Fig.
5.31a, b; Fig. 5.33a, b). But their specific locations are different: The rim of the flow of
1% is farther from the entry point than that in the flow of 2%. The inflows with a
concentration of 3% have significant deposition at their entry points (Fig. 5.31c; Fig.
5.33¢). For the sediment deposited within the upper minibasin, the depocenters in all
scenarios are on the counterslopes of their bounding slopes (Fig. 5.31; Fig. 5.33).

In the first group the coarser grains (125 pum to 250 pm) are mainly confined to the

channel and the upper minibasin, while the finer grains (100 um to 125 pm) can be
transported over the ridge downslope (Fig. 5.32). In the second group, due to the
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constituent grains having much smaller sizes than the first group, different trends of
the grain size distribution are found. For the inflow with a 1% concentration, the
(relatively) coarser grains with a mean grain size between 80 pm and 90 um can be
carried to distal areas. With an increase of the inflow concentration, more coarser
grains are confined within the upper minibasin and hence the mean grain size of the
sediment transported by the spill-over flows decreases (Fig. 5.34).
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5.6 Discussion

5.6.1 Comparison of experimental results

The experimental results of the flows simulated with different parameter settings
exhibit some similarities and some differences in their flow behaviors, flow pathways,
flow-deposit interactions and internal stacking patterns.

Boundary conditions

Regardless of whether there is supercritical or subcritical inflow, after being released
into the feeder channel all flows evolve into supercritical condition as they are
funneled down into the upper minibasin (Fig. 5.30). Nevertheless, inflows with
different concentrations produce diverse depositional geometries at the inflow area.
Both supercritical non-equilibrium (4% concentration) and subcritical equilibrium
inflows (3%) accumulate a lobe-like geometry of the deposit at the entry point (Fig.
5.8a; Fig. 5.31c¢; Fig. 5.33c), while the less dense inflows (1% and 2%) produce levee-
like rims at the entry area (Fig. 5.21a; Fig. 5.314, b; Fig. 5.33a, b). The rims formed by
1%-concentration inflows are located farther from the entry point than those formed
by the 2%-concentration inflows. In two sets of experiments of successive flows (65
flow events and 100 flow events), about 30% volume of the sediment is deposited at
the entry area (Fig. 5.11; Fig. 5.24).

While the flows travel in the channel, they invariably discharge some amount of
sediment within the channel. Several depositional bars are formed in most parts of the
channel, and with increasing numbers of flows these bars become more and more
pronounced (Fig. 5.9; Fig. 5.22). In the later trapping stage, up to 20% volume of
sediment is found to settle there (Fig. 5.11; Fig. 5.24).

Hydraulic jump

The flows entering the upper minibasin initially expand laterally and when they reach
the counterslope, the ponding of flows upstream of the bounding slope results in flow
head thickening and deceleration on the counterslope. Meanwhile the flow energy in
the minibasin center remains high due to the continued high-velocity incoming flow.
The flow is mostly supercritical and becomes partly subcritical in the minibasin, i.e.
forming a hydraulic jump related to the topographic changes (e.g, Komar, 1971;
Kneller and Branney 1995; Lamb et al, 2004). The counterslope ridge can cause
deflection of the flow from the counterslope sideways, with flow velocity decreasing.
Therefore the bulk of the coarser grains are first deposited on the counterslope and
the sides of the upper minibasin as the flow decreases in sediment-carrying capacity
due to the decreasing velocity. The finer grains finally settle down at the entry and
center region of the minibasin. All simulation results indicate that the depocenters are
located on the counterslope of the depositional topographies that the flows encounter.
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Capability of overspilling

The simulated flows with different initial conditions differ in their capabilities of
flowing over the bounding ridge of the upper minibasin. Although the supercritical
equilibrium inflows are smaller in scale relative to the supercritical non-equilibrium
flows, both are able to surmount this ridge-shaped obstacle delimiting the upper
minibasin, usually starting from the second event (Fig. 5.8; Fig. 5.21). In the first
several events, the coarser grains are ponded in the upper minibasin while the finer
ones can be spilled over into the lower minibasins (Fig. 5.8; Fig. 5.21). For the much
smaller-scaled subcritical flows, the inflows with higher initial height, lower initial
concentration and finer grain sizes possess a stronger ability to spill over the
bounding slope and transport coarser sediment downslope (Fig. 5.34a). In other
words, more dilute, less dense and thicker turbidity currents find it easier to cross the
confinement of the bounding ridge.

Flow-deposit-topography interaction

The experimental results of two sets of subcritical inflows shows a strong relationship
between the flow pathways, the depositional characteristics, and the evolving
bathymetry. Both sets of flows mainly exhibit fill-and-spill and trapping behaviour.

At the fill-and-spill stage, due to the confinement by the bounding ridge, the bulk of
the flow is confined to the upper minibasin and a small portion of the flow overspills
the obstacle. The resulting deposit displays a strong grain size partitioning between
the upper and lower minibasins. Coarser materials are found mainly on the
counterslope of the upper minibasin, while the finer ones are in the center of the
upper minibasin and the down-dip area beyond the ridge. Initially the deposits in the
upper minibasin initially smoothen (reduce) the slope gradient of the basin
counterslope so that the effective confinement of the ridge is reduced and more
volume with more coarse grains is allowed to reach the distal area.

After the fill-and-spill stage, the accumulated deposits on the counterslope develop
into a pronounced high that causes the spill point to aggrade vertically and migrate
upstream. The counterslope gradient becomes higher and the increasing confinement
gradually decreases the amount and grain size of the sediment that can be carried by
the spillover flows. A transitional stage may occur with a reduced frequency of
overspilling, but eventually no more spilling occurs and full trapping in the upper
minibasin ensues.

At the trapping stage, it is worth noticing that although both the accommodation
volume in the upper minibasin and the counterslope gradient have decreased by
successive deposits, this effect is counteracted by the increasingly stronger deposition
in the channel as a form of backfilling, resulting in a decreasing volume of sediment
being transported into the upper minibasin.
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Spill point

In the present study, the spill point and its migration is important to indicate the
degree of confinement by the bounding ridge. The spill point is the topographic peak
in the axial (longitudinal) section of the upper minibasin, which is initially located at
the lowest point on the ridge crest. With the evolution of the depositional relief, the
topographically highest point is converted into the top of the increasingly growing
relief. Combining the cross-section and plan view of the changing topography, a gentle
ramp zone is first formed between the depositional ridge and the original bounding
ridge due to backfilling of the deposit (Fig. 5.10). This ramp evolves into a small local
depression at a later stage (Fig. 5.23). Although the flows in the trapping stage are not
capable of spilling over the bounding ridge of the original minibasin, they can spill
over the newly formed “spill point” of the depositional relief and spread out on that
ramp zone or in small local depressions by settling down the finer grain size (Fig
5.21n).

Internal architecture and stacking patterns

The thicknesses of the total deposits indicate that the depocenter of the original
minibasin comes to lie eventually in the basin center. From the detailed stratigraphic
framework one can determine the backward-stacking fill pattern of the entire system
through analysis of the group or bed depocenters. This architecture is fundamentally
controlled by deposition of the individual flows on the underlying and continually
evolving bathymetry. Therefore, the upper minibasin shows different bed
characteristics at different locations (Fig. 5.12; Fig. 5.13). The area near the ridge top
and the side slope are characterized by fining- and thinning-upwards cycles. In the
basin center, two cycles of coarsening-thickening- to fining-thinning-upward
sequences are developed. The downstream slope exhibits a coarsening- and
thickening-upward sequence. The deposits in the local depositional depressions are
usually found to grow upward both in terms of thickness and grain size.

The stratigraphic sequences show that the lower minibasins undergo a three-phase
evolution of progradation, aggradation and retrogradation (respectively
corresponding to Group 2, 3 and 4 in the non-equilibrium flows), as seen in basin floor
fans in the Tanqua-Karoo Basin, South Africa (Hodgson et al,, 2006). The sequence
profiles generally have a bottom-to-top trend that consists of a cycle of coarsening-
and thickening-upwards, followed by a cycle of stable bed thicknesses and mean grain
sizes, and finally capped by a cycle of fining- and thinning-upward (Fig. 5.12).
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5.6.2 Comparison with other studies

Some aspects of the interaction between flow, deposit and bathymetry discussed in
this thesis can be compared to results by previous studies, either field work,
laboratory experiments or numerical simulations.

Filling history

It is widely believed that bathymetries play a significant role in controlling turbidity
current behavior and the resulting sediment distribution (e.g., Pickering and Hiscott,
1985; Haughton, 1994, 2000, 2001; Martinsen et al,, 2003; Hodgson and Haughton
2004; Joseph and Lomas, 2004; Gee et al., 2007; Albertao et al., 2011; Oluboyo et al,,
2014). Smith (2004) classified the slope bathymetric styles into three types based on
the degree of confinement: (i) silled sub-basins, (ii) partially silled basins with lateral
escape paths, and (iii) tectonically-induced bounding slopes that guide but do not
block flow paths. More detailed conceptual fill-spill-bypass models for successive
mini-basins downslope were described and modified by numerous researchers
(Winker, 1996; Weimer et al., 1998; Beaubouef and Friedman, 2000; Badalini et al,,
2000; Sinclair and Tomasso 2002; Covault and Romans, 2009). The upstream
minibasin is thought to be progressively filled with sediment to its spill points and the
subsequent bypassing flows transport sediments to the downdip minibasins (Prather
et al, 1998). A flow-stripping model proposed by Badalini et al. (2000) suggests that
minibasins could fill coevally. Sinclair and Tomasso (2002) described the four phases
comprising this model as flow ponding, flow stripping, flow bypass and blanketing,
based on flume experiments and outcrop studies.

In our models, the turbidity currents were initially ponded in the up-dip minibasin,
and later partially confined within the upstream minibasin and partially spilled over
the bounding slope into the downstream minibasins. However, due to the bathymetric
changes in the minibasin and the considerable amount of sediment deposited in the
channel zone, at the later stage no bypassing flows occurred any more. Our results
deviate therefore from the above-mentioned models in several important aspects.

Grain size partitioning

The non-uniformity of flows is influenced by the basin topography (e.g., Kneller and
McCaffrey, 1999; Peakall et al,, 2000; Amy et al., 2005). In the fill-and-spill stage of our
numerical experiments, for the initial flow events, spatial partitioning of the grain size
occurs between the linked minibasins. Coarser grains are deposited in the upper
minibasin and finer grains can be carried over the separating lip downslope into the
distal minibasins. This phenomenon is also documented in the flow-stripping model
(Badalini et al., 2000; Sinclair and Tomasso, 2002), laboratory experiments (e.g.,
Brunt et al, 2004) and numerical simulations (e.g., Aas et al,, 2010). Moreover, the
studies of Brunt et al. (2004) and Aas et al. (2010, 2014) also show that with the
decreasing effective confinement of the upstream basin (generated by the deposition
within it), progressively greater proportions of coarser-grained material is by-passed
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downstream into the subsequent basin. This is in accordance with the coarsening-
upward sequence trend of Group 2 in the lower minibasins in our experiments. Brunt
et al. (2004) pointed out that increased deposition in the channel leads to a decrease
of the grain size in the minibasins.

Significant deposition on the counterslope

Kubo (2004) adopted both laboratory experiments and numerical simulations to
model particle-driven density currents traversing a series of humps. Such a
topography can be regarded as small linked minibasins. Although Kubo (2004) did not
measure the sediment grain size, he found that the deposit thickness on the distal
humps is smaller than the one of the proximal humps, and an increase in deposition
occurs on the upslope side of the humps, which is in agreement with our result of
significant deposition on the counterslope of the minibasin.

Internal architecture and stacking pattern

The detailed depositional architectures in confined turbidite systems could be used to
unravel the impact of pre-existing topographies on sediment dispersal. For this, well-
exposed 3D outcrops or high-resolution seismic data would be required. Most
outcrops are exposed essentially in two dimensions and thus offer only partial
information on the sedimentary architecture (Shanmugam and Moiola, 1991;
Shanmugam, 2000; Satur et al, 2000). Due to inherent limitations of geophysical
techniques, most seismic data is inadequate to resolve the desired sedimentary details
and small-scale stacking patterns. A typical seismic section of a salt-withdrawal
minibasin of the Gulf of Mexico merely shows an overall aggradational sequence in the
minibasin center (e.g., Winker, 1996). Moreover, surface and subsurface layers often
experience post-depositional processes such as compaction and tectonic deformations
that change their original geometry and architecture. Only few case studies document
high quality data that are required for a detailed one-to-one comparison with our
results (e.g. Gervais et al., 2006; Moody et al., 2012).

Moody et al. (2012) examined the outcrops of the Morillo Formation of the Ainsa

Basin, (Spain) for its spatial and stratigraphic variations (longitudinally and vertically)
in geometry and dimensions of the channel elements in weakly confined channel

systems. They found that the axial downdip area has the highest net sand content in

this system. Although no channel elements develop in our confined minibasin system,

the depositional distribution in our models shows that the coarser and thicker

deposits in the upper minibasin are also mainly in the axial-downdip area within the

basin.

Direct seismic evidence has not yet been found in the minibasins of the Gulf of Mexico
to support the back-filling stacking patterns suggested by our models. Prather et al.
(2012) documented the stratigraphic evolution of linked instraslope basins in the
Brazos-Trinity depositional systems, the western Gulf of Mexico, based on recent
coring results and 3D seismic data. They focused on distinguishing the different
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aprons (low-relief ponded, high-relief ponded and perched aprons) in these
minibasins. Nevertheless, by carefully recognizing and tracing the depocenters of
series 20-70 in basins Il and IV, a general trend of upstream migration can be obtained,
which to some extent supports the landward-stacking patterns of deposits in our
modeling results (Fig. 5.35).

Basin Il

Basin IV

Figure 5.35: Stratigraphic evolution of basin II and IV in the Brazos-Trinity depositional system, modified
from Fig. 24F in Prather et al,, 2012. Pink lines show Series 10, dark blue Series 20, light blue lines Series 30,
green lines Series 40, yellow lines Series 50 and 60, and red lines Series 70. Black dots indicate our
interpreted depocenters of each series. During deposition of Series 10, salt withdrawal creates shallow
ponded accommodation (<60 m) in Basin IV while the Basin II has not formed yet. Subsidence starting with
Series 20 brought the slope close to its present structural configuration (creating Basin II and increasing the
accommodation of basin 1V).

Furthermore, Amy et al. (2007) also found a landward shift in the proximal
depositional facies of a sub-basin of the Alpine foreland in the Gres de Peira Cava (SE
France). A similar stacking pattern was modelled by process-based simulation of
turbidity currents over the recreated seabed bathymetry of the Peira Cava turbidite
system (Aas et al., 2010, 2014). They offered two reasons that might contribute to this
back-stepping pattern (Fig. 5.36): (1) a net decline in sediment supply as a result of
allogenic processes, and/or (2) a landward migration of the slope break. They verified
the second hypothesis by evidence of an upward decrease of the slope-related facies.
The first hypothesis is well supported by our models in that the sediment transported
into the upper minibasin decreases due to a significant early deposition in the feeding
channel.
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Figure 5.36: (a) Summary diagram of the sedimentary architecture in relatively proximal and distal
environments of the Gres de Peira Cava showing the distribution of elements. Process model proposed to
explain the development of different facies types (b) and the backward migration of depositional
environments (c). It should be noted that this model does not take into account allogenic factors, which
could overprint this basin-specific ‘generic’ style of sediment accumulation. From Amy et al., 2007.

Our experiments use a static initial bathymetry and there was no tectonic subsidence
or uplift during the numerical flow simulations. Therefore, turbidite systems in
relatively stable confined minibasins or local depressions bounded by a depositional
relief should be taken for reference. Using high-resolution seismic data, Gervais et al.
(2006) recognized retrograding units on the depositional relief of the previous
deposits in a distal lobe of the Golo confined turbidite system (latest Pleistocene,
offshore Corsica). The hydrodynamic reasons for this retrogradation suggested by
them are similar to ours. Flows are erosive in the low in front of the obstacle, whereas
the ponded flows are reflected by and spreading along the whole slope, with sediment
being deposited on it (Fig. 5.37a). Progressively, deposition creates new frontal slope
and generates landward stacking deposits (Fig. 5.37b).
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Figure 5.37: Schematic diagram showing the impact of a frontal slope on longitudinal migrations
generating forced retrograding deposits (modified from Gervais et al,, 2006). Flow direction is from left to
right. (a): Flows are erosive in front of the obstacle, but depositional on the counterslope of the obstacle.
(b): Successive deposits on the newly-formed counterslope form the retrograding migration unit.

Therefore, it is suggested that the flow-deposit-topography interactions observed in
our study can be analogous to the flow processes, the depositional dispersal and the
stacking patterns in a specific type of a confined turbidite system, which can be
reasonably expected to exist in certain modern and ancient systems.
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Conclusions and Recommendations

6.1 Main conclusions

* Tectonics, including salt tectonics, on passive continental margins results in
complicated seabed bathymetries along the slope between the shelf-edge
break and the continental rise. A diverse range of salt diapirs and walls, and
the related salt withdrawal minibasins, exists. Similar intraslope minibasins
can be bounded by fold-and-fault systems without direct contact with salt
bodies. For example, small-scale graben in the overburden of a rising salt
diapir, and local depressions located between adjacent anticlines/folds of
sedimentary layers cored by squeezed salt diapir ridges. As a unique
structural style of salt tectonics, salt-withdrawal minibasins form and develop
in allochthonous or autochthonous salt bodies.

* The sandbox analogue experiments (Chapter 3), which are driven by gravity
gliding, can successfully model the evolution and structural styles in
extensional and compressional zones of salt tectonism on passive margins.
Three types of minibasins are recognized in the results based on their
boundary contact relationships: MB1 (no contact with the silicone layer),
MB2 (the silicone layer as the basin base) and MB3 (the silicone diapir as the
basin flank).
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The pre-existing minibasins on passive margins greatly affect the behavior of
turbidity currents and the sedimentation of turbidites. Moreover, the
interaction between flow, deposit and the dynamic topography has a
paramount influence on the stratigraphy and architecture of confined
turbidite systems. In order to better understand these interactions, models
for predicting the confined minibasin systems have been attempted in order
to establish, by means of seismic interpretation, field studies, laboratory
experiments and numerical simulation.

The method that integrates laboratory tectonic modelling (successive-
minibasin topography) and numerical flow simulation (multiple turbidity-
current events) is proved to be effective (Chapter 5). The investigations of
flow-deposit-bathymetry interactions, through the analysis of real-time
variations in flow properties, the flow pathway, the sediment distribution
(thickness and mean grain size), and the internal stacking patterns of the
turbidite systems under different flow conditions can be applied to better
predict the distribution of reservoir sands in the subsurface.

The interaction between the flows, deposits and bathymetries analyzed from
the results of sets of numerical simulation demonstrate the following:

Flow evolution

Modelled turbidity currents experience the fully ponding, fill-and-spill and
trapping stages. In the fully ponding stage, the turbidity currents are
completely confined within the up-dip minibasin without downstream
overspill. In the fill-and-spill stage, turbidity currents are partially restricted
within the up-dip minibasins and partially spilled over the bounding slope
flowing to the down-dip minibasins. In the trapping stage, turbidity currents
are limited in the domain of the original up-dip minibasin and spilling no
longer happens.

Grain size partitioning

In the early stage of fill-and-spill stage, only finer grains can be transported by
the spilling flows. Subsequently with the topographic changes within the up-
dip minibasin, a higher portion of coarser grains are able to be carried over
the bounding ridge into the distal minibasins by increasing the volume of
spilling flows. With the continuous evolution of depositional relief, spilling
flows decrease in volume and grain size. Perhaps after a transitional stage
(the alternation of spilling and no spilling), eventually the spilling process
ends.

Flow-deposit-topography interaction
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A significant proportion of the deposition within the minibasins (the up-dip
and down-dip minibasins) takes place on the counterslopes of the
bathymetry that is changing after every flow. This is the fundamental reason
for the associated changes in the bathymetric template and the upstream
migration of the spill point.

The flow pathway and evolution depend much on the volume of flow reaching
the up-dip minibasin, the remaining accommodation space and the
bathymetric configuration (geometry, gradient, and aspect). Deposition on
the counterslope first smoothes the gradient and decreases the
accommodation space so that the subsequent flows can partially surmount
and spill over the bounding ridge. Later, the deposition in the channel
becomes stronger, resulting in a decrease in the volume of the flow entering
the up-dip minibasin. Moreover, the depositional relief builds up and new
local depressions form, thus the effect of the decrease in the accommodation
space of the original minibasin is counteracted. With the upstream migration
of the spill point, the possibility of a flow to overspill diminishes.

Internal architecture and stacking pattern

The flow evolution and pathway, the sediment dispersal patterns, and the
topographic changes together result in the internal architecture and stacking
pattern. By correlating the stratigraphic framework through the autogenic
evolution of flows, we observe that the entire system experiences a
progradation, aggradation and retrogradation stacking pattern. In other
studies this stacking pattern has been attributed to allogenic forcing through
waxing and waning sediment supply (Hodgson et al. 2006). A sequence of
coarsening- and thickening- upwards trend is dominant in the down-dip
minibasins. The upper minibasin shows different stratigraphic packages in
different locations. The depocenters in all three minibasins migrate upstream
longitudinally and towards the minibasin center laterally, which results in a
back-filling stacking pattern.

6.2 Recommendations for further work

e The conceptual model established in this thesis based on the numerical
simulation needs to be further validated and modified by careful mapping of
high-quality 3D reflection seismic data and/or the three-dimensional field
outcrop. There is a rich future in research on the dynamic interactions of
flow-deposit-bathymetry in the successive minibasins but “solid” data is
needed to test the exportability of concepts derived from integrated physical
and numerical modelling.

* In this thesis, although the basal minibasin topography is formed by tectonics,
during the numerical simulations the initial basal topography does not change.
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Therefore, syn-tectonic sedimentation is not under consideration. However,
syn-sedimentary tectonics or syn-tectonic sedimentation is important during
the formation and development of the intraslope minibasins on passive
margins. Therefore, a logical future step would be to conduct the associated
numerical simulation based on the real-case model in such settings.

Commonly, confined turbidite systems contain a wide grain-size range. It is
necessary in future work to combine the high-density sediment gravity flows
such as high-density turbidity currents, debris flows and mud flows in the
numerical simulations to capture the full range of processes in these settings.
This requires a new numerical simulator that integrates the flow modules for
different end members of sediment gravity flows, since FanBuilder is
designed for low density turbidity currents only.
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Summary

Passive continental margins display a great diversity of seafloor bathymetries induced
by gravity driven extensional faulting and compressional folding, as well as diapiric
movements of salt or mud. In many diapirically controlled settings, slope
bathymetries are complicated and characterized by numerous ridges, trenches and
minibasins such as in the Gulf of Mexico and offshore West Africa. These bathymetries
play a significant role in controlling turbidity current behavior, the resulting sediment
distribution and the internal architecture. Numerous researchers have investigated
the influence of pre-existing or developing minibasins on the behaviour of turbidity
currents and the resulting depositional systems using seismic data, analogue field
outcrops, and laboratory and numerical experiments. The classic fill-spill model was
proposed to describe the depositional process in linked intraslope minibasins in the
Gulf of Mexico. However, due to the inherent limitations of present-day geophysical
techniques and the limited exposure of field outcrops, the small-scale internal
architecture and stacking pattern of such confined or semi-confined turbidite systems
are still not well understood. The objective of this thesis is to better understand the
interaction between flow, sediment and topography, and attempt to develop
conceptual models for the changes in sediment dispersal and stacking patterns in
diapirically controlled minibasins on passive margins.

In order to achieve this, we combine laboratory analogue modelling of intraslope
minibasins with numerical flow simulations of multi-event turbidity currents.
Previous studies on salt tectonics show that minibasins can be bounded by fold-and-
fault systems or are sitting above allochthonous or autochthonous salt bodies. Gravity
gliding explains well the typical structural zones (extensional, transitional and
compressional) of passive margins, and therefore, in our studies, we conducted
analogue tectonic sandbox experiments in which the deformations are driven gravity
gliding. Sand and silicone putty are used to represent the prekinematic sediment and
salt respectively. The experimental results from different setups show that three types
of minibasins are formed and distinguished according to their boundary contact
relationships: MB1 (no contact with the silicone layer), MB2 (the silicone layer as the
basin base) and MB3 (the silicone diapir as the basin flank). The resulting
topographies are scanned with a laser beam from which a digital elevation model is
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obtained. One topography that is considered most realistic is selected and upscaled to
dimensions that typically occur in nature. Furthermore, a channel is added on the
shelf and the shelf break to serve as point source for the flows.

Subsequently, a numerical flow simulation software (“FanBuilder”, Groenenberg et al.,
2009) is employed to model multi-event low-density turbidity currents that flow from
the incised channel down into the minibasins on the continental margin. A series of
sets of parameters within ranges expected to occur in nature were compiled from
literature study and used for the flow simulation experiments. Multiple flow events
(non-equilibrium and equilibrium flows) from the same point source were run
whereby the deposits were stacked on top of its predecessor. The resulting
stratigraphy is then analyzed in 3-D, typically in a series of strike and dip sections. The
experimental results of a series of numerical simulations are compared and discussed
in terms of flow evolution, flow-deposit interaction, and internal architecture and
stacking patterns.

In our models, the turbidity currents show a behaviour that can be divided into three
phases: the ponding, the fill-and-spill, and the trapping stages. A significant grain-size
partitioning happens at the early fill-and-spill stage, with the coarser grains getting
trapped in the up-dip minibasin and finer grains transported by the spillover flows
further downslope. Significant deposition in the minibasin takes place on the
counterslope after the first minibasin depression. The flow pathway and evolution
depend much on the flow volume reaching the up-dip minibasin, the remaining
accommodation space, and the topography geometry and gradient. The deposits can
smooth the gradient of the counterslope, allow more spillover, but they can also make
the bounding ridge grow and move upstream and thereby restrict the flows to the
minibasin. Overall, the turbidite system undergoes a sequence of progradation
followed by aggradation and retrogradation. A sequence of coarsening- and
thickening-upward trends is dominant in the down-dip minibasins, while the upper
minibasin shows different sequences at different locations. The group depocenters in
three minibasins all migrate towards upstream longitudinally and to the minibasin
center laterally, which results in a back-filling stacking pattern. Some supportive
evidence from published literature has been found to validate our main results.
Recommendations for future research include seismic or outcrop studies, syn-tectonic
sedimentation experiments, and numerical simulations of high-density gravity flows.
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Samenvatting

De zeebodem in passieve continentale hellingen vertoont een grote variatie in
bathymetrie als gevolg van plooiing en verschuiving langs breuken door tektonische
compressie en zwaartekracht-gedreven extensie, alsook door de vorming van zout- en
kleidiapieren. De topografie van de door diapieren beinvloede continentale hellingen
is complex en wordt getypeerd door ruggen, troggen en minibekkens zoals
tegenwoordig kan worden waargenomen in de Golf van Mexico en voor de kust van
West Afrika. Deze topografie heeft een grote invloed op het gedrag van
troebelingsstromen, de resulterende sedimentverdeling en de bijbehorende interne
opbouw. De invloed van reeds bestaande of ontwikkelende minibekkens op het
gedrag van troebelingsstromen en hun resulterende afzettingssystemen is reeds door
vele onderzoekers bestudeerd door middel van seismische gegevens, ontsluitingen en
numerieke- en laboratoriumexperimenten. Op basis hiervan werd het inmiddels
klassieke opvullings-en-overstromingsmodel voorgesteld dat het afzettingsproces in
onderling verbonden minibekkens op de continentale helling in de Golf van Mexico
beschrijft. Echter, door de intrinsieke beperkingen van hedendaagse geofysische
technieken en de beperkte ontsluiting van analoge gesteenten worden de interne
opbouw en stapelingspatronen nog steeds slecht begrepen. Dit proefschrift heeft tot
doel om een beter begrip te vormen van de interactie tussen stroming, sediment en
topografie om zo conceptuele modellen te ontwikkelen voor de veranderingen in
sedimentverspreiding en stapelingspatronen in door diapieren beinvloede
minibekkens op passieve continentale hellingen.

Om dit doel te bereiken combineren we minibekkens op een continentale helling die
in het laboratorium gemaakt zijn met behulp van kleinschalige zandbakexperiment
met numerieke simulaties van meervoudige troebelingsstromen. Uit voorgaand
onderzoek naar zouttektoniek blijkt dat minibekkens begrensd kunnen zijn door
breuk- en plooisystemen. Daarnaast kunnen ze gevormd zijn bovenop autochtone of
allochtone zoutlichamen. De Kkarakteristieke structurele zones van passieve
continentale hellingen (extensie, transitioneel en compressie) worden verklaard door
zwaartekracht-gedreven afschuivingen. Van dit proces wordt in het laboratorium
gebruik gemaakt voor de vorming en deformatie van de tektonische
zandbakexperiment analogen. Om het sediment en het zout goed te
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vertegenwoordigen worden tijdens het zandbakexperiment respectievelijk zand en
silicone gel gebruikt. De resultaten van verschillende opstellingen laten zien dat er
drie typen minibekkens gevormd worden. Deze kunnen herkend worden aan de hand
van de grensvlakrelaties: MB1 (geen contact met de silicone laag), MB2 (de silicone
laag als de basis van het bekken) en MB3 (de silicone diapier als bekkenrand). De
resulterende topografie wordt gescand met een laserstraal, waardoor een digitaal
hoogtemodel verkregen wordt. De meest natuurgetrouwe topografie wordt
geselecteerd en opgeschaald naar ware grootte. Vervolgens wordt een geul
toegevoegd op het deel dat het continentale plat representeert om te dienen als
beginpunt voor de troebelingsstromen.

Een numerieke stromingssimulator (‘FanBuilder’,, Groenenberg et al., 2009) word
gebruikt om een serie van troebelingsstromen met een lage dichtheid te modelleren,
die vanuit de ingesneden geul op het continentaal plat naar de minibekkens op de
continentale helling stromen. Een verscheidenheid aan realistische invoerparameters
zoals gedocumenteerd in de literatuur zijn vervolgens gebruikt als randvoorwaarden
van de troebelingsstroomsimulaties. Meerdere stromingsgebeurtenissen (zowel
evenwichts- als niet-evenwichtsstromingen) worden geinitieerd vanuit hetzelfde punt
op het numeriek stromingsrooster waardoor nieuwe afzettingen telkens bovenop hun
voorgangers neergelegd worden. De resulterende opbouw wordt vervolgens
geanalyseerd in drie dimensies in een serie van stekkings- en hellingsdoorsneden. De
experimentele resultaten van meerdere numerieke simulaties worden vergeleken en
bediscussieerd voor wat betreft stromingsontwikkeling, interactie tussen afzettingen
en interne architectuur en stapelingspatronen.

Het in onze modellen vertoonde gedrag van troebelingsstromen kan worden
onderverdeeld in drie fasen: het verzamelen, opvullen-en-overstromen en het
afvangen. Een belangrijke ontwikkeling in de Kkorrelgrootteverdeling van de
troebelingsstroomafzetting vindt plaats in de vroege opvul-en-overstromingsfase,
waarbij de grotere korrels gevangen worden in het bovenste minibekken en de fijnere
korrels door overstroming verder hellingafwaarts worden meegevoerd. Afzettingen
vormen met name op de tegenhelling van het eerste minibekken dat de
troebelingsstroom bereikt. Het stroming pad en de ontwikkeling in de tijd daarvan
zijn afhankelijk van het volume van de troebelingsstroom dat het bovenste
minibekken bereikt, de resterende accommodatieruimte en de topografische gradiént
en geometrie. De troebelingsstroomafzettingen kunnen de gradiént van de
tegenhelling van het eerste minibekken verlagen waardoor meer overstroming
ontstaat, maar ze kunnen de bekkenrand ook stroomopwaarts opbouwen waardoor
stroming naar lager gelegen minibekkens juist vermindert. Over het algemeen kunnen
de troebelingsstroomafzettingen gekarakteriseerd worden door een opeenvolging van
progradatie, gevolgt door aggradatie en retrogradatie. In de stratigrafie is een trend
herkenbaar van fijn naar grof sediment in steeds dikker wordende eenheden in de
laagste minibekkens. Het bovenste minibekken laat een veel heterogenere opbouw
zien. De gebieden met de hoogste afzettingssnelheid in de drie minibekkens migreren
allemaal stroomopwaarts en naar het centrum van de minibekkens toe, hetgeen
resulteert in een stroomopwaarts opvullingspatroon. De belangrijkste resultaten van
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onze modelstudie worden gestaafd door enkele veldstudies die beschreven zijn in de
vakliteratuur. Aanbevelingen voor toekomstig onderzoek omvatten het gebruik van
seismische studies en het bestuderen van analoge gesteenteontsluitingen,
afzettingsexperimenten tijdens tektonische activiteit en numerieke simulaties van
door zwaartekracht gedreven stromen met een hogere dichtheid.
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