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ABSTRACT
With the use of the process-based geological model Delft3D a base case model is set up to
simulate the Brent delta using Gullfaks field conditions as appeared during the Aalenian and
Bajocian periods in the Mid-Jurassic. The aim is to visualize and comprehend the morphology
and stratigraphy of the base case upon changing both wave conditions and discharge conditions.
Wave height and peak period are varied during a first scenario, where discharge and sediment
concentration of the river are altered during a second scenario.
Nine hydrodynamic and geologically realistic model set-ups were simulated. They represent
an outbuilding wave dominated deltaic environment in three dimensions. Within these nine
models either the wave height and wave peak period (wave models) or the fluvial discharge and
sediment concentration (discharge models) were varied.
The wave models with the largest energy, i.e. largest wave height and peak period, show the
most assymetrical delta built out towards the wind direction. Sediment is fed to the delta front by
distributary channels and further redistributed by longshore currents. Typical wave-dominated
lobate structures and an elongated delta built-out are the morphological result. In the low wave
energy models the distributaries are concentrated in two channels distributing sediment laterally
towards the sides, whereas a more variable distributary channel pattern is encountered in the
larger wave energy models.
The discharge models feeding the largest amount of sand and clay into the basin show
smallest wave influence and most stable formation of the delta front and intertidal-, and
supratidal zones. A two way distributary channel system develops from the main fluvial river
transporting sediment equally to the deltas sides. Morphologically the delta becomes more river
dominated, building out symmetrically and the sedimentation from distributary channels being
dominant over wave erosion. The discharge models, having a constant wave climate, show a
typical erosional (wave) base with stability or progradation of the delta front and prodelta
occurring below this erosional base and erosion of the intertidal-, and supratidal zone above the
erosional base.
All models typically have an initial mouth bar formation which very rapidly builds out to a
sandy stable delta front. Fining upward sequences are the general appearance in abandoned
channel fills with relatively more clay content in the lower wave energy models and lower
sediment discharge models. Clay is also more abundant in the sediment stack laterally away from
the centre delta where sediments are younger. The heterolithic upper part of the channel fill was
found to be most susceptible for reworking by waves and (cutting) distributary channels. The
cleanest sand stacks were found in the centre delta, in the intertidal zone and delta front. These
sand stacks are largest in the larger wave energy models and higher discharge models.
The facies description being dependent on three hydrodynamic parameters has partly
succeeded. Incorporation of more hydrodynamic or geological parameters could potentially
increase the accuracy of facies description.
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Left: Outline of Flow grid as used in this study. The dark blue colour indicates the
cells used during the Flow module whereas the lighter grayish colour indicates the
outline of the grid used by the Wave module. This latter grid also includes the
darker Flow cells. Right: Total grid to visualize different cell sizes. Typical grid size
for Flow module is 50 x 50 m in the centre part, and 50 x 100 m in the river part
and the upper offshore part. Typical grid size for the Wave module varies from 100
x 100 m in the centre part,100 x 200 m in the east and west, 200 x 100 m in the
centre northern part and 200 x 200 m in the upper right and left corners. 36
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Morphology difference with different time steps. Left figure using t=1minute, right
figure using t=30 seconds (base case results). 42
Base case verifying testing results. I) Depth averaged velocity for the base case. As
can be noted the velocity is everywhere smaller than 1.5 m/s and the flow pattern
looks realistic where velocities are larger in the channels and on the western side of
the model due to longshore currents. II) Wave height (colours) and wave direction
(arrows). The length of the arrows indicates the magnitude as do the colours. Near
the coast and near the delta plain the waves die out rapidly. The channel shows little
sign of wave influence. Therefore the river area can be regarded as a river facies. III)
Bed shear stress where distributary channels are clearly visible being brownish
coloured. Lighter colours outline the boundary between delta plain and delta front
where sediment is actively being stirred up and transported. VI) Instantaneous total
discharge as measured through a cross section at the end of the river. Discharge
varies around the forced 1500 m3/s. Note differences in y-axis scale.
Cumulative total transport for all first objective cases as measured at the end of the
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INTRODUCTION
The Gullfaks area, offshore Norway was first discovered in 1979 and would not be of such a
great interest if it did not store hydrocarbons. Production started in 1986 and still continues
today. The sediments encountered in the Gullfaks field (Brent-Group, Ch 2) been very actively
investigated by geologists. Many oil companies hold cores that were drilled dating back to the
early „70‟s. Countless papers were produced elaborating on the stratigraphy, sedimentology,
tectonics and reservoir properties of these formations. Seismic data are able to give an overall
view of the structures with a resolution in the order of 25 m. However to carefully investigate
the small scaled facies distribution and the sedimentary processes that are needed to form the
resulting stratigraphy, one needs to look into more detail at these formations. Secondly when the
sedimentary processes are better comprehended, the interwell space can be more accurately
predicted, saving oil companies much effort and money.
The objective of this study is to determine the stratigraphy and facies distribution in a
prograding deltaic system applicable for the Gullfaks area by I) varying the wave conditions and
II) varying the sediment input in a model simulation. As a sedimentary record holds only the
final result of a deltaic environment, to correctly understand the evolution of this final result the
use of stepwise processing outcomes of a model is applied. It was chosen to use the processbased morphological modelling program Delft3D. Moreover, Delft3D was applied to
understand the sedimentary processes, morphology and stratigraphy of a delta mimicking the
Gullfaks depositional environment during its formation in the Mid-Jurassic. Matlab is then used
to visualize Delft3D output in hydrodynamic and geological plots.
As process based geological model, Delft3D depends on the input for many parameters. If
chosen inappropriate a single parameter can cause the model run to fail. As model runs typically
take several days to run, it was needed to set up a base case model to obtain stability over a
sufficiently long period such that a large delta built out was accomplished. The parameters that
had to be decided upon were gained using bibliography and in-house expertise from Deltares,
TU Delft and Statoil before a sensitivity analysis could be carried out. Secondly two scenarios
were used to vary both wave and discharge conditions ultimately leading to nine model set ups
that were run by varying four parameters: wave height, peak period, river discharge and river
sediment concentration.
Highly important was the stability of the models. All stable models were analysed from a
hydrodynamic, stratigraphic and morphological point of view. The results described in this thesis
will include the latter two analyses in four dimensions, time being the fourth dimension.
As part of the Brent program at Statoil the results of this study will be used as a supporting
and visualizing purpose of the sedimentary processes that take place during the outbuilding delta.
Wave energy has a large impact on the longshore transport and morphology of the delta and the
deposited fine sediment is eroded for a large extend. Fining upward sequences are common in
channel fills and laterally away from the centre delta. These delta centres all start as a mouth bar
which rapidly expands basin inwards to establish a stable delta front and delta plain. Different in
the results when a large sediment influx is included is the smaller wave erosion, larger expand of
the delta and the bi-directional distributary channel development.

1.1

PROBLEM STATEMENT AND SCENARIOS

Most geological modelling packages often run models on the large scale in both space and
time (10‟s kilometres and 103-6 years). Hydraulic engineers use hydrodynamic models to represent
morphologic processes in the coastal and deltaic environment in the very small scale for both
space and time (millimetres (vertical scale, 10‟s meters on horizontal scale) and seconds). Using
Delft3D a simulation of the delta building out in the order of km‟s and years can be achieved.
This will bridge the gap between geoscientists and hydraulic engineers (Figure 1-1). The
evolution of deltas and changes in the morphology and stratigraphy of the deltaic environment
are important processes. The morphologic processes that determine the sedimentary framework
of the deltaic environment shape the delta over a period of years and the size of many deltas and
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delta lobes is in the order of kilometres. Investigating the deltaic environment on this scale can
provide extra insight in the linked deltaic and shallow marine sedimentary processes, which
cannot always be studied with stratigraphic sequences. Lastly the process of erosion, or the
process of sediment reworking in the deltaic environment, is interesting to investigate since
erosional patterns are more difficult to determine in the stratigraphy. After all, erosional
sediments have been disappeared. As the stratigraphy in the Gullfaks field is largely determined
by the use of seismic data and vertical well data only the progradational and aggradational
surfaces are recognised such as regional max. flooding surfaces and regional max. regressive
surfaces. Well spacing is often too large to indicate smaller scaled boundary surfaces.
Constructing the best model parameters and setup for a Jurassic deltaic environment is very
challenging. Most parameters values (such as river geometry, paleoclimate and river discharge)
are based on published data. Other parameters (such as basin bathymetry, river sediment
transport, grid,- and time step size) were estimated with the help of specialists from Statoil,
Deltares and TU Delft. Cores proved useful for the visualisation of sedimentary structures and
grain sizes. Again other parameters such as the palaeoclimate (wave- and wind data) and river
discharge were gained by the help of palaeoclimate models (Gandolf project).

Figure 1-1

Schematization of the scales used by hydraulic engineers (left) and geoscientists (right). This study
focuses on the meso-scale being in the order of km’s and years (after: Storms et al., 2007).

To obtain a better insight in the small scaled stratigraphy and facies associations of the
Gullfaks delta this study uses the following methodology:
I.

The set up of a base case model , being constructed especially to gain a stable model and
to find the most sensitive parameters for the stability.

II. The influence of wave and wind parameters on the outbuilding Gullfaks delta This
scenario simulates 9 model setups using three wave heights and three peak periods
(Ch.6) all plausible for the Gullfaks area. The total amount of erosion and therefore the
resulting stratigraphy will largely depend on these wave conditions.
III. The influence of discharge and sediment concentration in the river on the outbuilding
Gullfaks delta. This scenario simulates 9 model setups using three river discharges and
three sediment concentrations. The transported sediment delivered to the system will
highly vary having an impact on the progradation and aggradation of the delta.
The scenario setups follow from a base case model setup. This is a model with input
parameters and boundary conditions such that they are most plausible for the Gullfaks delta.
Also the results from this model should be valid and applicable. The base case model is also
simulated for the longest time period to control its‟ stability.

TU Delft
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2 REGIONAL GEOLOGY
2.1

STUDY AREA

The area of this study is located ~150 km offshore Norway at a latitude of 610N, 20E being
the Gullfaks area, named after the hydrocarbon fields Gullfaks and Gullfaks Sør (Figure 2-1). In
the early Jurassic this area was located in a rift basin towards the south. During the Jurassic this
basin was filled as a delta system prograded into this rift eventually filling in the basin with sandy
sediments currently recognized as the BRENT-Group (Broom, Rannoch, Etive, Ness and
Tarbert formations (Ch.2).
The palaeo-environment is identified as storm- and wave dominated having a micro-tidal
range (Scott, 1992; Helland-Hansen et al. 1992; Glennie, 1998). The Rannoch and Etive
formations are recognized as the lower and upper shoreface deposits having the best reservoir
characteristics. This study will focus on these two formations where the stratigraphy and (small
scaled) sedimentary processes will form the aim of analysis. As the BRENT-delta was a major
200 x 50 km system, it is decided to focus on an area covering the approximate size of the
Gullfaks fields, making it a downscaled model of 14 x 11 km.

Figure 2-1
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The Gullfaks region located in the Norwegian Sea, area of study. The right picture shows the
hydrocarbon fields, green being oil, red being gas containing (from: Norwegian Petroleum
Directorate, 2011).
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The Gullfaks area represents only a small part of overall larger Brent delta (~1% area
coverage) which was active during the Jurassic. A brief overview of the main structural
geology and stratigraphy of the offshore Norway area will be given below.
The formation of the northern North Sea starts with breaking up Laurasia in the
Permian (260 Ma) as a rift valley separating current United Kingdom and Norway (Figure
2-2). Due to rifting in the north, subsidence occurred in two basins in the east (Central
Graben) and west (Morray Firth Basin). Rifting continued throughout the Triassic ceasing in
the Early Jurassic when thermal subsidence was dominant. The northern part of the North
Sea rift is the Viking Graben whereas the more south-east located valley is the Central
Graben.
The Middle Jurassic was controlled by a dome structure in the centre of the North Sea.
This Jurassic-Cretaceous North Sea rift dome has extensively been described by Underhill &
Partington (1993) and Graversen (2006). The dome has been actively uplifted during two
stages in the Middle Jurassic and in the Lower Cretaceous thereby shedding important
amounts of sediment into the Viking and Central Graben. These sediment form part of the
for this thesis important Rannoch and Etive formations. The first stage triggered the
forming of a three way opening or „triple junction‟ of the North Sea of which the Viking
Graben and the Central Graben are both one of these openings using the pre-rift fault
system. The third opening extended towards the UK at the latitude of approximately the
English-Scottish border. The last post-rift subsidence phase was not initiated until the
Tertiary (Figure 2-4) (Graversen, 2006). For more detail about the structural geology of the
Gullfaks field I refer to Fossen & Hesthammer (1998).

Figure 2-2

TU Delft

Series of cross-sections through the Viking Graben and Central Graben showing main tectonic
structures. Clearly visible are the N-S trending normal and listric faults in the Viking Graben (13) and the change in strike towards NW-SE for the normal and listric faults in the Central
Graben (4-6) (modified after: M.E. Badley, 1988).
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2.2

THE VIKING GRABEN

The Viking Graben is the lower area over which the Brent delta was able to prograde
northwards, eventually filling in the complete low during the Tertiary. The Viking Graben
has been active during two major rift phases and two major thermal subsidence episodes: the
Permian - Triassic and the Middle Jurassic - Early Cretaceous (Sneider et al., 1995).
The first rifting episode involves extension of the upper crustal level by block tilting.
The first thermal subsidence phase shows the infill of the top wedges varying largely
depending on the further movement along the major normal faults. The transition from the
Triassic to the Lower Jurassic is recognized as a transition from continental to marine
conditions implying that sedimentation was not keeping up with the subsidence. However
the Brent coastal plain development in the Middle Jurassic reversed this trend, establishing
the top of the sedimentary pile at or near sea-level (Yielding et al,1992)
The second rift episode began in the early Bathonian (176 Ma) but hardly affected the
northern Horda platform. During this phase, no updoming accompanied the extension and
subsidence was immediate. While coarse clastic sediments were deposited over the Horda
platform into the East of the basin, this basin was extending towards the West and NorthWest by block rotation on listric normal faults. The rifting eventually ceased during the
Ryanzanian (142 Ma).
The final thermal subsidence phase started with the cessation of block tilting in the
Early Cretaceous. Sedimentation rates during the Cretaceous were low, and basin subsidence
probably out-paced the sedimentation, leading to significant water depths (Yielding et al.,
1992). The basin was further infilled during the Tertiary with clastic sediments leading to
thicknesses between 3 and 5 km.

Figure 2-3 Well correlation of the lower part of the Brent Group in the western part of the Gullfaks area. An
extensive coal capping the uppermost bay-fill unit serves as datum (From: Bullimore & HellandHansen 2009).
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Figure 2-4

TU Delft

Different stages in the rifting history of the North Sea area from the Permian to Early Tertiary.
Upper left figure showing the beginning of rifting in the Permian and lower right figure showing the
ultimate layout of rift features in the Early Tertiary. Although rifting continued throughout the
Cretaceous and Tertiary, structural changes were small and fault activity was minor during this
second rifting phase. (From Millenium Atlas, 2003).
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2.3

STRATIGRAPHIC SETTING

The Jurassic stratigraphy in the area is summarized in (Brown 1990) and (Bolle 1992)
(Table 2-1) In the northern Viking Graben, Middle Jurassic strata consist of sandy marginal
marine to deltaic sediments overlain by marine shales separated by a diachronous boundary
(Sneider et al., 1995). The Jurassic strata were deposited during a long-term global transgression
that began in the Triassic and reached its peak in the Turonian (93.5 Ma) (Hallam 1977, Haq et
al., 1987). The transgression is expressed as a progressive onlap in the basin and is subsequently
followed by a regression still ongoing today. The complete first order cycle lasted approximately
250 Ma.
Secondly seven major second order regressive and transgressieve facies cycles are the
most important cycles controlling distribution of facies and reservoirs in the Viking Graben
during the Jurassic (Figure 2-5). These cycles are separated by maximum flooding surfaces and
they are associated with a change in depocenter or source area. The first three cycles form an
overall progradation. The first phase of this progradation (R1 in Figure 2-5) has the Norwegian
Shield (Oseberg Fm.) as source to the east of the basin and the Shetland Platform (Broom Fm.)
to the west of the basin (Graue et al., 1987). The depositional strike is in general north-south
following previously deposited lineations.

Figure 2-5
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Relative shift of the shoreline during the Jurassic and early Cretaceous in the Brent delta area.
The Etive (T3) is the start of an overall large regression with a rising sea level throughout the
Cretaceous (From Glennie, 1992)
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Chronostratigraphy
Age
Epoch
Ma

Stage

Lithostratigraphy
FM./Group

Tampen Spur

Volgian
Late Jurassic

146

Draupne Fm.
Magnus
Fm.

Kimmeridgian
Oxfordian

153

Callovian

Viking/Humber Group

142

Horda Platform

Sognefjord Fm.

Heather Fm.

Fensfjord Fm.

Krossfjord Fm.

Middle Jurassic

159

173

Aalenian

193

Early
Jurassic

184

Table 2-1

TU Delft

Toarcian

Brent Group

Bajocian

Ness Fm.

Etive Fm.
Rannoch Fm.
Broom Fm.

Dunlin
Group

166

Tarbert Fm.

Bathonian

Drake Fm.

Drake Fm.

Jurassic stratigraphy of the Brent area (Tampen Spur and Horda Platform)
(modified after Bowen, 1992 and Badley et al. 1988)
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2.4

BRENT GROUP

The phase of thermal subsidence that followed the early Triassic rifting episode is the
main structural control on the Brent Group deposition. This subsidence created the trough
in which the Brent delta prograded. As for the second order regressive and transgressive
cycles (R1 - R4 in Figure 2.4) the first three complete cycles contain the complete BRENT
Group: Broom/Oseberg, Rannoch, Etive, Ness and Tarbert Formations deposited during
the Toarcian (184 Ma) – Lower Bathonian (161.5 Ma)(Table 2-1). As this study focuses on
the Rannoch and Etive, only these formations will be described. Graue et al (1987) is
suggested for the other formations.
Rannoch Formation
The second regression/transgression (R2-R3) facies cycle consists of rapidly prograding
Rannoch and Etive Formations, deposited during the Lower Bajocian (170 Ma). The
Rannoch and Etive facies infill the basin and prograde with an additional northerly
component, therefore also considerably thicken towards the north (Mitchener et al., 1992).
The Rannoch Formation can be subdivided into two or even three subformations. The
lower Rannoch is built up of interbedded shales, siltstones and micaceous, very fine-grained
sandstones, often bioturbated and organized into flat-laminated and wave-ripple-laminated
units. The upper part of the Rannoch however is dominated by fairly well-sorted, micaceous,
very fine- and fine-grained sandstones which are thoroughly cross-stratified (Graue et al.,
1987). Furthermore characteristics of the strata and facies sequences are recognized to be
typically generated by storm-wave processes (Brown et al., 1987). Harms et al. (1975)
propose a typical style of lamination for the Rannoch Fm. being hummocky crossstratification: structures displaying upward curvature of laminations, low angle truncations,
long wavelength, low relief forms with lamina dips of less than 15o. Many authors indeed
agree with Harms et al. that this style is commonly formed under storm waves on the
shoreface. (Figure 2-6).
From the hummocky cross-stratification (HCS) and cores descriptions the Rannoch was
found to have a d50 of 135 μm. .Most important for this scope and the later modelling part is
the palaeocurrent data. Scott (1992) has extensively examined cores of the Rannoch and
Etive formations to determine the preferred wave/wind direction. The dominant resulting
direction of sediment reworking is NNE-SSW. During the Rannoch deposition storms were
frequent enough and large enough over the middle shoreface to form a completely
amalgamated sequence. Each storm event was able to erode far enough into the previous
bed or beds to completely erase any evidence of fair-weather processes. The near-bed energy
was hardly ever low enough to allow for burrowing to occur. (Scott, 1992)(Figure 2-7).
Etive Formation
Low-angle and trough cross-stratification dominate this formation deposited during the
Middle Bajocian (168.5 Ma). The medium to coarse-grained sandstones either sharply overly
or grade up from the underlying Rannoch Formation. Because the occurrence of thin shales
and coals a mouth-bar and distributary-channel setting seems most appropriate however a
foreshore/upper shoreface environment also appears to be reasonable (Graue et al., 1987).
Increasing subsidence in the Early and Middle Bajocian allowed the formation of thick
Rannoch and Etive deposits over areas previously bypassed or eroded. The widespread
distribution of these facies indicates that an increase in regional subsidence (increase in
accommodation space) and not a decrease in sediment supply caused this transgression
(Sneider et al., 1995).
Longshore bars, which migrate landward during fair-weather periods, are associated with
longshore troughs and rip channels. Ultimately a complex three-dimensional inshore
topography is developed. Closely examining cores from the Etive shows the differences
between the fair-weather processes and the storm induced structures. The foreshore
deposits are wave affected during both periods where the sediment of the backshore was
only affected during storm activity which would periodically swamp and modify the
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dissipative coast. Tidal channels were found to wind over the contemporaneous delta or
coastal plain and drain into the sea via inlet channels which cut the barrier. Intensive
investigation of Scott (1992) learns that the Etive had a microtidal climate with a tidal range
much less than 2 m (Figure 2-8). In core descriptions from the Gullfaks the Etive was
found to have a d50 of 300 μm. This value will be later used in the model setup.

Figure 2-6
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Representative facies sequences from Brent delta-front (Rannoch Formation) (From Graue et
al., 1987)
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Figure 2-7

Schematic south to north stratigraphic section of the Brent Group showing formations and
timelines within the overall regressive-to-transgressive megasequence (From Helland-Hansen et
al. 1992)

Figure 2-8 Bathonian palaeogeography of the northern North Sea. This model borrows heavily on the
interpretation of Morton et al. (1989) who recognize similarities between the garnet geochemistry of the easterly
derived Oseberg Formation and the Rannoch and Etive Formations in the Gullfaks Field. This led these authors
to suggest westward transport of easterly derived sediment in the shallow marine environment denoted here be the
arrow (from Mearns, 1992).
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2.5

BRENT GROUP DEPOSITIONAL DOMAINS

Deltas are built up of different architectural styles and in order to evaluate the modelling
result it is important to know the architecture of the Gullfaks area. Bullimore & Helland-Hansen
(2009) suggest the regional subdivision of the Brent delta into at least four regions depending on
their architectural style differences. The Gullfaks domain is one of these four and represents the
central domain (Figure 2-9, Figure 2-3). I may be clear that the others shall not be discussed.
The Brent Group in the Gullfaks area starts with the Rannoch formation as the Oseberg fan
delta progradation was not sufficient. The Rannoch and Etive formations are deposited as
foreshore and shoreface deposits reaching thicknesses from 60 to over 90 m. Locally these
deposits may consist of several stacked lower-to-upper shoreface parasequences. Compared to
similar regional formation deposits, the Rannoch and Etive are overall cleaner and better sorted
in the Gullfaks area. Therefore the sediments appear to be subjected to less fluvial and mouth
bar influence but stronger wave reworking, thus indicating a slower rate of progradation
(Bullimore & Helland-Hansen 2009). A change from a descending to an increasingly ascending
regressive trajectory trend can be concluded. The Etive is overlain by a thin succession of
shallow lagoon/floodplain deposits which in turn is overlain by stacked bay-fill deposits. This
change in depositional conditions could be related to an increase in accommodation space in the
coastal-plain area.
When the basinal regime (i.e. fluvial, tidal and wave) is assumed to be the same throughout
the filling history of the Viking Graben basin, the rate of generation or reduction of
accommodation space, together with changes in the sediment supply, becomes the primary
control upon facies development (Bullimore & Helland-Hansen 2009). The farther out in the
basin the more important the changes in relative sea-level rise become on the depositional
evolution as the dependence on sediment decreases. Sediment redistribution is governed by the
active wave climate.
The relative sea level rise and fall is more represented in the central and distal parts of the
delta due to the decreased dominance of the sediment supply-control. Many of the major faults
in the Northern North Sea were syn-depostionally active during the Brent delta progradation.
These movements would have had a significant effect on facies development in the deeper parts
of the basin where more accommodation space leads to lower rates of progradation, thus
controlling the shoreline trajectories. Bullimore & Helland-Hansen (2009) suggested that syndepositionally active fault systems and accompanying rapidly subsiding fault blocks in the
Gullfaks area, slowed down progradation rates and amplified the stratigraphic climb of the
shoreline trajectory.

Figure 2-9
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Well correlation of the lower part of the Brent Group in the eastern part of the Gullfaks area.
(from: Bullimore & Helland-Hansen 2009)
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3 DELTAS AND FACIES ASSOCIATIONS
As the models aim to visualise the effect of wave-, and discharge parameters on the delta
built-out an overview of the different delta types is presented first in this chapter. Galloway
(1975) proposed a triangular scheme to classify delta types depending on their controlling
factors. Secondly this chapter will present a detailed overview of the different facies associations
that were identified when analysing the Brent delta. These facies will be compared to model
results.
A delta forms when alluvial sediments reach the river mouth and the energy of the river is
dissipated in a basin. Conditions have now changed from alluvial to the basin conditions which
can be steady (e.g. a lake) or can be dominated by waves and tidal motion in an oceanographic
setting. In any case the sediments can be redistributed and reworked by basinal processes such as
coastal current drift, longshore drift, storms, waves and tidal currents. The balance between the
alluvial input and the basin conditions determines the shape of the coastline and controls the
delta evolution.
As the delta builts out in geological timescales is related to the sediment input and the
accommodation space, the stages are described relative to the amount of sediment increase or
decrease and the amount of sea level rise or fall.
Galloway (1975) gives an overview of the terminology used to describe the evolution of a
delta system. Depending on the accommodation space a delta may vertically built out (i.e.
aggrading) or with a decrease in accommodation space it may degrade. Laterally a delta can built
out basin inwards when the sediment supply is outpacing the relative sea level rise (progradation)
or when sea level rise outpaces the sediment supply the delta will stepwise retreat landwards
(retrogradation). Progradational deposits are mostly thicker compared to degradational stacks
and are generally well preserved in the stratigraphy (Reading and Collison, 1996). Within the
degradational environment the sediments are reworked and the dominant processes
continuously vary, therefore a variety of facies can be found. This results in many different types
of coasts such as lagoons, strandplains, estuaries and deltas (Figure 3-1).
It must be noted though that sequence stratigraphy is used to describe delta evolution over
timespans varying between 103 – 105 years. These sequences can still be envisaged by the use of
seismic. In this study however the total morphological modelling time will be in the order 10‟s of
years. Stratigraphic changes on this scale can only be analysed by logging, core studies or detailed
outcrop studies and differences in delta evolution are harder to relate throughout the delta.
Each delta can be subdivided into three physiographic zones; the delta plain, the delta front
and the prodelta (Figure 3-2).
Prodelta
The prodelta is the deepest part of the delta with mostly very fine sediments (clay and silt)
deposited as falling out from suspension as the flow capacity is too low to transport sediments
any further into the basin. These sediments form the so-called bottom sets of the delta being
overall deep enough to not be affected by basinal reworking processes such as initiated by waves
and tides. Only during storms the upper part of the prodelta may be reworked by an extending
wave base, being defined here as the level at which waves are not able to affect sediments during
fair weather conditions. The prodelta sediments are deposited on the edges of the delta forming
the underlayering for the advance of the delta.
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Figure 3-1

Different morphologycal delta types depending on accommodation space, sediment supply and
basinal reworking processes (after: Boyd, 2009

Delta front
The area where interaction between fluvial processes and basinal processes occurs is the
delta front. In this area the river outflow expands and decelerates, causing the sediment load to
be deposited. Typical environments are tidal channels, subaqueous levees and distributary mouth
bars. Stratigraphically speaking these deposits are the so-called foreset beds where coarse sand is
deposited at the distributary mouth, whilst finer sediment is transported further into the basin to
be deposited in deeper water. This sediment deposition therefore constructs a seaward-dipping
profile sloping gently into the basin, generally at an angle of less than 2o, and fines progressively
into the basin. In combination with the seaward-fining of the delta front this produces a
relatively large-scale coarsening-upward sequence for a progradational delta system. However,
the delta front progradation is rarely uniform as it consists of multiple depositional environments
while distributary channels will never divide the alluvial discharge equally over the delta front.
Sediment supply therefore varies from point to point around the delta front. Furthermore this
sediment supply pattern is constantly changing as individual distributary channels wax and wane
in response to avulsion and abandonment (Reading, 1982).
Delta plain
The delta plain is the upper part of the delta consisting mainly of extensive lowlands with
active and abandoned distributary channels separated by shallow-water environments and
emergent or near-emergent surfaces (Reading, 1982). Typical environments in this zone are
floodplains, tidal flats, mouth bars, marshes and lagoons which are deposited as so-called top
sets. The delta plain is subaerial and in general not much affected by basinal reworking
processes. In the vertical section the overall stratigraphy in a delta is first coarsening upward
from the prodelta to the delta front followed by the fining upward sequence from the delta front
to the delta plain.
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Figure 3-2

Different depositional environments in a delta (from: Hoogendoorn, 2006)

Although the delta is built up of three main regions depending on mainly the water level, a
classification system for the morphology was proposed by Galloway (1975). This classification
system for deltas is highly dependent on the testing criterions. Other widely used classification
schemes are those proposed by Coleman and Wright (1975) and Orton and Reading (1993).
Galloways‟ proposed a triangular scheme in which each delta could be plotted with respect
to the influence of fluvial, wave or tidal processes (Figure 3-3). The placing position in the
scheme gives an indication of the delta type and the characteristics of that delta.
The focus for the classification is on the basinal energy processes determining the degree of
resuspension of the delta front sediments. However this is also the drawback of the
classification. Two deltas having similar degrees of sediment reworking but a different
morphology and characteristics can be plotted in the same position in the triangular scheme.
Vertical sections though fluvial, tide and wave dominated deltas are generally characterised by
specific and identifiable facies associations (Miall, 1979; Reading and Collison, 1996). Figure 3-4
shows typical stratigraphic sections through two main delta types: the wave- and tide dominated
delta.

Figure 3-3
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Triangular delta classification scheme as proposed by Galloway. (modified after: Galloway, 1975).
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Figure 3-4

Typical stratigraphic columns for wave-, and tide dominated deltas (modified after: Miall, 1979)

Wave dominated delta
The Brent delta is interpreted to be a wave-, and storm dominated delta. Waves are
considered the governing marine process in coastline development and wave influence is one of
the main influences in the deltaic environment (Reading & Collison, 1996). Waves are able to
sort sediment and, dependent on the sediment supply, different morphologies will be formed. In
deltas where the sediment supply is relatively large, beach-ridges and a gentle well-sorted slope
will be formed. Deltas receiving relatively little sediment show barriers with spit development
but overall elongate shore-parallel sediment bodies are formed in a wave-dominated
environment.
Wright and Coleman (1972) have studied 7 deltas from river dominated to wave dominated
as classified in the Galloway triangular scheme and found that a relative high wave force and a
steep subaqueous slope are the most favourable conditions for wave impact. The ratio between
river discharge and wave force and the role of the subaqueous slope were believed to determine
influence of waves on the deltas morphology. Wright (1977) studied the distribution patterns
near the river mouth leading him to conclude with two distinct river mouth settings depending
on the angle under which waves approach the shore (Figure 3-5):
a) Typically wave dominated delta front with perpendicular incoming waves. Sand-ridges
are found on both sides of the river mouths and a symmetric equilibrium profile is
visible with a decreasing angle with respect to the incoming waves further away from
the river mouth.
b) A delta front where oblique incoming waves shift the river mouth and irregular sandridges and a longshore current are formed.
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Figure 3-5

Wave dominated river mouth settings (after: Wright, 1977)

Due to symmetry the facies distribution in situation a) from Figure 3-5 is easier to forecast
than that of situation b). In this last situation processes are more complex resulting in a wider
range of morphologies and facies distribution. Reading & Collinson (1996) show that bed load
transports generated by the outflowing river water are deflected due to incoming waves. During
flood stages the fluvial related currents are dominant.
A more recent answer to identify and predict the distribution of facies in wave dominated
deltas comes from Bhattacharya & Giosan (2003). Their conceptual model addressed the
influence of waves by dividing the development of a wave-influenced delta into three phases
(Figure 3-6).
a)
b)
c)

the development of a subaqueous delta (prodelta)
the development of a middle-ground bar phase
the formation of a barrier island at the downdrift side of the river mouth

Due to this division sands are deposited on the updrift side of the river mouth and fine and less
sorted deposits settle down at the downdrift side, where sandy barrier islands form elongate
lakes which act as sediment traps for finer sediment (clay and silt). In their model the asymmetry
of wave-influenced deltas is accessed via the ratio between the river discharge and the longshore
drift: the asymmetry index. This ultimately leads to an asymmetric morphology and facies
distribution. It turned out that sediment supply is partly river-derived sand and partly (older)
river-derived sand that is reworked from abandoned delta lobes and transported via longshore
drift. Much of the sediment in wave-influenced deltas can therefore be derived from longshore
currents rather than directly supplied by the river.

Figure 3-6
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Wave-influenced delta evolution model, with A) subaqueous phase, B) middle-ground bar phase
and C) barrier island phase. (after: Bhattacharya & Giosan, 2003)
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4 DELFT3D
The results in this study are all produced by Delft3D. Delft3D is a process-based numerical
model being under continuous development. It offers a multi-disciplinary approach and 1D, 2D
and 3D computations for coastal, river and estuarine areas. Delft3D is built up of several
modules interacting with eachother and focussing on specific processes such as: flows, sediment
transport, water quality, ecology, morphological behaviour, tides and waves.
A concise outline of the mathematical background and the modules used for this study are
presented in this chapter to give the reader insight in the principles underlying the software
package. For a more detailed description of the numerical aspects as well as the application and
use of the morphological module of Delft3D I refer to Lesser et al. (2004). Van der Wegen &
Roelvink (2008) present a more general overview of the model outline and for practical use the
Delft3D manuals are best consulted (Deltares, 2007).

4.1

DELFT3D-ONLINE

In order to incorporate both hydrodynamic flow and waves, Delft3D makes use of two
different modules which use eachothers‟ output as input. The „online‟ approach was applied, in
which flow, sediment transport and bathymetry updating are all executed at each time step
(Roelvink, 2006).
Figure 4-1 gives a schematic overview of the processes during a single time step with
Delft3D-Online. The bathymetry is represented by a grid of cells with sediment infill. Depending
on the type of grid the user can choose from a rectilinear grid, a curvilinear grid and a spherical
grid. Initial and boundary conditions determine the inflow of water and sediment. For each time
step the flows can be calculated. Depending on the coupling time, after a certain amount of time
steps the flow module is stopped and output is given as input for the wave module. The wave
module, using initial and boundary conditions, updates the wave parameters in the flow output.
After this step, the corresponding sediment transports are calculated using one or more sediment
transport formula(s). Bed level changes are determined based on divergence of the sediment
transports and define the morphologic behaviour. At every time step the bathymetry is updated
and finally a new set of computations is executed for the following time step.

Figure 4-1
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Schematic overview of Delft3D-Online (modified after Roelvink, 2006)
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4.2

DELFT3D-FLOW

The Delft3D-Flow module, which defines the hydrodynamic part of Delft3D, describes nonsteady flow and transport phenomena. Depending on the accuracy needed these flows and
transport phenomena can be simulated in both 2D and 3D. The 2D-schematization either
averages a body of water in width or depth whereas the 3D-schematization does not average in
any direction. A disadvantage of increasing accuracy is the increase in computational time.
In addition to the input data such as bathymetry and boundary conditions and taking into
account the morphodynamic procedure, the model consists of a set of flow equations, a
sediment transport model and a sediment balance equation. In order to solve the equations,
modification is necessary for numerical approximation. Vertical accelerations are assumed to be
very small compared to the gravitational acceleration. Using this assumption a set of „shallow
water equations‟ is used which on their turn give input for a continuity equation in 2D and two
depth-averaged momentum equations in 2D. The terms in the depth-averanged momentum
equations include respectively from left to right: horizontal pressure, the Coriolis force, the
horizontal Reynold‟s stresses, the friction term and the contribution to the momentum by waves:

Where:
U, V Depth-averaged velocity in respectively x- and y- direction (m/s)
g
Gravitational acceleration (m/s2)
Water level according to reference level (m)
f
Coriolis parameter (1.s)
vH
Horizontal eddy viscosity (m2/s)
h
Total water depth (h=d+ ) (m)
d
Depth towards reference level (m)
C
Chézy-coefficient (m1/2/s)
Fx, Fy Radiation stress gradient in respectively x- and y-direction (m/s2)
In order to solve the numerical approximation of these equations a finite difference scheme
on a staggered grid is used. This type of grid is characterized by arranging the velocity and water
level variables on a specific way. For each single grid cell Delft3D calculates velocities and water
levels based on the water level and velocities of previous grid cells. To solve the numerical
scheme rapidly Delft3D makes use of the Alternating Direction Implicit (ADI) method. This
means that every time step is split into two stages with each stage consisting of a half time step.
All terms of the model equations are solved in a consistent way in both stages. Second order
accuracy in space is guaranteed.
To verify the numerical stability and accuracy in the Delft3D-Flow environment the Courant
number should be used. To obtain sufficient accuracy the Courant number has to be below a set
threshold value (<10) which can be achieved by adjusting the time step. Although a smaller time
step lowers the Courant number, it increases the computational time of the model.

4.3

DELFT3D-WAVE

Wave simulations in Delft3D are conducted with the Delft3D-Wave module. In this study
the simulations are performed by the 3rd generation SWAN model (Booij et al., 1999). The
SWAN (Simulating Waves Nearshore) model computes the evolution of short waves in coastal
regions. SWAN is based on the discrete spectral balance of action density and is driven by
boundary conditions and winds. Randomly propagating wave fields from different directions can
be simulated simultaneously. Physical processes that are taken into account by the model are:
Wave refraction over a bathymetry of variable depth, depth as current-induced shoaling, wave
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generation by wind, dissipation by whitecapping, wave blocking by flow, diffraction and many
more. For a complete list of physical processes consult Booij et al. (1999) and the Delft3D-Wave
User Manual (Deltares, 2007b).
Other than the Delft3D-Flow module, the Delft3D-Wave module has its own set of
equations to calculate the propagation of waves through time and space. The waves are
described with the 2D wave action density spectrum rather than the energy density spectrum as
in the presence of currents the auction density is preserved whereas energy density is not. The
evolution of the wave spectrum is described by the spectral action balance equation:

Where:
θ
cx, cy
c , cθ
N( ,θ)
S( ,θ)

Radian frequencies
Propagation directions (normal to the wave crest of each spectral component)
Wave propagation speed in respectively x- and y-direction, (m/s)
Propagation speed for respectively and θ (Hz/s), (o/s)
Action density evolution
Energy density source or sink term (m2/Hz)

The terms on the left side of the action balance equation represent respectively: the local rate
of change of action density in time, the propagation of action density by wave groups in
respectively x- and y-direction, the shifting of the relative frequency due to variations in depth
and currents and the depth-induced and current-induced refraction. The source or sink term at
the right hand side of the equation represents the combined effects of generation by wind,
dissipation and non-linear wave-wave interaction.
The wave simulations of Delft3D-Wave can be included in the total model by coupling it
with the Delft3D-Flow simulation. It must be noted when deciding upon the coupling interval,
that changes in water level, bathymetry and flow field all effect the waves and vice versa. In this
study there is a constant forcing of the wave field at the boundaries and a large open offshore
area. To reduce calculation time the communication interval between Flow and Wave was set to
be 120 minutes and should be at max 180 minutes to include the tide effects.

4.4

SEDIMENT

Delft3D-Flow incorporates other than hydrodynamic flows also sediment input. The total
sediment input is subdivided into sediment fractions being either „mud‟ (cohesive suspended
load transport), „sand‟ (non-cohesive bed-load and suspended load transport), or „bed-load‟
(non-cohesisve bed-load transport). Different transport formulations can be assigned to these
different types of sediment. Thus besides the division of sediment in cohesive and non-cohesive
fractions, there is also a distinction between bed-load and suspended load transport (). Bed load
transport is defined as the transport of sediment particles close to the bed. These particles roll,
slide and saltate in a thin layer (~0.01 m) along the bed. All transport of sediment above this
layer is considered suspended load transport and is subject to influences of the water column.
Bed load transport is calculated by the use of a user chosen transport formulation whereas
suspended load transport is calculated with an advection-diffusion equation.
Morphological changes often take place over a much longer time period compared to
hydrodynamic changes. Furthermore, morphological changes due to changes in the
hydrodynamics are often very small and do not affect the hydrodynamics and sediment transport
pattern much. Therefore, for long-term morphological simulations, as used in this thesis, a
morphological acceleration factor can be applied in Delft3D-Flow (Lesser et al., 2004; Roelvink,
2006). The morphological acceleration factor deals with the difference in time-scales of
hydrodynamic and morphological changes. By simply multiplying changes in the bed sediment
with the morphological acceleration factor, the morphological time step is extended.
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Figure 4-2

Schematic overview of sediment transport via different sediment fractions in Delft3D-Flow (from:
Hillen, 2009)

However, there are limits to the morphological acceleration factor. Small bed changes due to
short-term changes by varying hydrodynamic conditions are exaggerated by this method and the
results can be unrealistic. Therefore expert judgement (from Deltares) and sensitivity testing
before applying the morphological factor are required (see Ch 5.9). A first step to prevent
unrealistic output is the implication of a spin-up time interval at the start of a computation
during which no morphological changes are made to allow the hydrodynamics to adjust to the
initial bathymetry.
Formula to calculate morphological time step:

Where:
Δtmorphology = Morphological time step (s)
fMOR
= Morphological acceleration factor
Δthydrodynamic = Hydrodynamic time step (s)

4.5

SEDIMENT TRANSPORT FORMULATION

A sediment transport formulation is an empirical formulation designed for specific conditions
to include bottom, current and wave conditions. Furthermore the bed shear stress, combined
effects of waves, currents and river dynamics, and also for particle-particle interaction, bed slope
effects, flocculation and hindered settling are taken into account by most transport formulation.
For this thesis it was chosen to use a simple transport formulation taking into account only sand
to be transported as bed load and clay being transported as suspended load. The adapted AckersWhite formula is used and I refer to Van de Graaf en van Overheem (1979) who give a complete
overview of the adapted Ackers-White formula.
Ackers and White assume a substantial difference in the mode of transport of coarse and fine
grains. Fine grained sediments travel largely in suspension and the rate of transport depends on
the total shear on the bed. The coarse grained sediment transport is assumed to depend on the
actual shear stress on the grains. Ackers and White assume that this stress is comparable with the
shear stress which would be present in case of a plane granular surface bed with the same mean
stream velocity. With the use of υ this shear stress is expressed in the adapted Ackers-White
formula:
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Where:
υ
Mean current velocity
υ*c
Shear stress velocity due to current
p
Porosity of deposited sediment
D35
Particle diameter (65% by weight exceeded in size)
ξ‟
Bijker‟s parameter for shear stress on grains in a flat bed
ξ
Bijker‟s parameter
ûo
Amplitude of the orbital velocity at bed
Dimensionless parameter
A
Dimensionless parameter
m
Dimensionless parameter
n
Dimensionless parameter
g
Gravitational acceleration
To include stratigraphy Delft3D makes use of the underlayer principle. The vertical direction
(depth) consists of a number of layers with a certain thickness. Only the upper layer (transport
layer) is subject to changes due to erosion or sedimentation. When in case of sedimentation the
thickness of the transport layer reaches the layer thickness, a new transport layer on top of the
old one is formed and from the bottom, one layer is deleted. The same holds for erosion, when
the thickness becomes negative the transport layer will change to the first underlayer. By
monitoring this in time, a stratigraphy record is produced and is constantly being updated.
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5 MODEL SET UP & SENSITIVITY
To investigate the influence of wave conditions and sediment with discharge in the deltaic
environment of the Gullfaks area during the Rannoch and Etive periods, this study applies a
process-based morphodynamic model (Delft3D) to represent a schematic deltaic environment
in. The result will form the conceptual model to understand the linked deltaic and shallow
marine sedimentary processes, which will be investigated by varying parameters in two different
scenarios: I: the wave conditions and II: the discharge and sediment concentration.
To evaluate both scenarios a base case model had to be constructed. In order to build an
accurate model that represents conditions from the Mid-Jurassic, data were provided mainly by
Statoil. Interaction between various physical processes in the model leads to non-linearity in flow
and sediment transport behaviour and therefore making its outcomes hard to predict.
The model setup of Geleynse et al. (2009) is used as a starting modelas this represents the
most simplified case of this study. Therefore, I refer to that paper when further explanation for
chosen base case parameters is necessary. It must be noted that the model from Geleynse et al.
(2009) was constructed in an previous version of Delft3D. The model used here was first
constructed in the Delft3D 2010 version and later converted to the „open source‟ version of
2011 for ease and better results.
In order to determine the most appropriate values for parameters such as the catchment
area, river dimensions and discharge, a sensitivity analysis has been carried out (Figure 5-1).
Other sensitivity runs tested the time step, morphological scaling factor (morfac), sediment
concentration, scaling factor of the transport formula and the influence of the mean sediment
diameter (d50).

Figure 5-1
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Determining the catchment area and river discharge. The Brent delta prograded northwards from a
main sediment source area to the south but additional sediment supply probably also came from the
eastern and western basin margin areas. The depositional basin for the lower Brent clastic wedge
was about 200 km wide and 250 km long (south-north) (after: Mjos, 2009).
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5.1

MODELING SCENARIOS

To achieve the scenarios the modelling section of the thesis is divided in two parts. The first
part investigates the influence of wave parameters, whereas the second part focuses on the
influence of fluvial sediment influx. Waves are described by the wave height (Hw) and the peak
period (Tp). Present-day and ancient wave heights are in the range of 1.0 – 5.0 meters (Haver,
1985). The peak period has been calculated using Bretschneiders formulations (Ch. 5) and range
between 4 – 8 seconds.
Secondly the sediment influx is varied, either by increasing the total discharge from the river
or increasing the sediment concentration in the inflowing water. Both are restricted to a value
range; the river discharge depends on the morphology of the river channel whereas the sediment
concentration is highly dependent on the transport capacity of the inflowing water. Therefore an
equilibrium concentration was used as well which takes the water level in the river into account
by adjusting the concentration to prevent sediment blocking in the channel.

Scenario 1
Peak Period (s)
Wave height
(m)
1.5
3.0
4.5

4

6

8

w1.5p4
w3p4
w4.5p4

w1.5p6
w3p6
w4.5p6

w1.5p8
w3p8
w4.5p8

Scenario 2
Sediment discharge
(m3/s)
1000
2000
3000
Table 5-1

5.2

Sediment concentration (kg/m3)
0.03

0.05

equilibrium

d1c3
d2c3
d3c3

d1c5
d2c5
d3c5

d1ce
d2ce
d3ce

Tables showing abbreviations for the different models, nine for each scenario. These abbreviations
are used as reference throughout the rest of this report.

ASSUMPTIONS AND LIMITATIONS

Models are a representation of reality. As such, they should always be critically evaluated
against real world data in order to assess their strengths and weaknesses. In addition, the data
used to validate the model also contains uncertainty. Sediment grain size data are mainly acquired
by borehole logging techniques such as gamma ray, neutron-density and seismic. Core
descriptions carried out by a number of sedimentologists were used to extract grain sizes. Much
of these data were acquired during the initial life of the Gullfaks field in the late 80‟s and early
90‟s. When necessary these data were supplemented with data from literature as can be found in
Chapters 2, 3 and 4. The weather and wave conditions were simulated using an inhouse Statoil
palaeoclimate model. To simplify the Delft 3D model some assumptions had to be made. Firstly
compaction is not taken into account. This of course will be a factor playing a role in the long
term modelling, however as this factor is not yet taken into account in the current version of
Delft3D it cannot be modelled. The compaction isn‟t expected to play a major role as the
maximum cumulative sedimentation appears to be in the order of 10 meters being not large
enough to cause sufficient weight to compact.
Secondly, there is only one river channel. It is assumed that the basin does not receive any
sediment other than the suspended clay and bed-load transported sand by the river. Moreover
the sediment transport algorithm (see Ch 5.6) is formulated as such that the river carries sand as
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bed load sand and clay as suspended load. The substrate is erodible providing an additional
source of sediment.
Thirdly the wave field that is supplied to the model forces a constant wave condition at the
northern and eastern boundaries. This means the wave height and period is constant along the
boundaries that will dissipate towards the shoreline. Large storm events combined with stiller
conditions are not being simulated although in reality these two conditions are known to occur.
Overall even the base case scenario simulates a rather stormy condition which is forced into the
system continuously. By increasing the peak period (Tp) and wave height a more energetic
environment is simulated. Storms are known to represent an important part of the delta shape.
Therefore, as sediment is relatively more affected by storms in the models than during times of
deposition, an even larger morphological period than straightforward calculated previously can
be expected (see Ch 4.4). However, it is not quantifiable to get a fixed morphological modelled
time. This could be in the order of hundreds or even thousands of years. For this thesis
however, the morphological time is not of importance as it specializes on the sedimentary
processes. In geology a delta can be built in 1000‟s – 1.000.000‟s of years.

5.3

INITIAL CONDITIONS

The model domain of the base case is 11 by 14 km sedimentary basin with a 3 km long
channel entering the domain from the south, heading straight north. Although the Gullfaks area
is approximately 15 by 25 km, the area of interest for delta built out can be narrowed down to
constrain the calculation time. The channel dimensions were calculated as proposed in Davidson
& Colin (2009) using a simplified single distributary channel as discharge feeder into the basin.
To find the optimum channel dimensions several sensitivity runs were carried out. Geleynse et
al. (2009) had already experimented to find the optimum channel dimensions for his bathymetry.
As the bathymetry of this model does barely differ from his, it was chosen to use his channel
dimensions. Therefore the initial channel geometry is 500 m wide and 3 meters deep.
The top of the Oseberg Formation, on to which the Rannoch is deposited in the Tampen
Spur shows little to no gradient (Mjos, 2009). Therefore the bathymetry is considered to be
smooth with a gentle but constant 0.001 deg slope towards the north leading to a 35 m
waterdepth at the northern boundary. Furthermore the thickness of the top of the Oseberg
Formation and top Lower Ness is rather similar over a wide area also covering the Gullfaks area.
The subsidence rate therefore can be considered as constant during the outbuilding of the Lower
Brent Delta (Mjos, 2009).
There are 75 underlayers (stratigraphic intervals) each with a thickness of 0.1 meters and the
initial stratigraphy consists of an equal mixture of sand and clay (grain sizes are discussed later).
Wave conditions are kept constant throughout the modelling period. Accretional surfaces from
beach ridges found on seismic in the Troll field are E-W oriented and were created by longshore
currents. The prevailing wind would have been N – NE therefore the angle with which waves
act on the basin is chosen to be 30o (based on the inhouse Statoil palaeoclimate model). Also
based on the palaeoclimate model is the tidal climate is micro-tidal with a 1.0 meter amplitude
and a 28 deg/h cyclicity.
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Figure 5-2

5.4

Left: Outline of Flow grid as used in this study. The dark blue colour indicates the cells used
during the Flow module whereas the lighter grayish colour indicates the outline of the grid used by
the Wave module. This latter grid also includes the darker Flow cells. Right: Total grid to
visualize different cell sizes. Typical grid size for Flow module is 50 x 50 m in the centre part, and
50 x 100 m in the river part and the upper offshore part. Typical grid size for the Wave module
varies from 100 x 100 m in the centre part,100 x 200 m in the east and west, 200 x 100 m in
the centre northern part and 200 x 200 m in the upper right and left corners.

GRID

Figure 5-2 shows the outline of the Flow and Wave grids.The total grid consists of two overlying
grids, one fine spaced grid for the flow model and one larger and coarser spaced grid for the
wave model. Care was taken to match corners between two grids. Furthermore the optimum
gridsize followed from Geleynse et al (2009) being 50 m x 50 m for the flow grid. The wave grid
was chosen sufficiently large to ensure boundary effects can be disregarded and to create a
constant wave climate within the flow grid, linearly decreasing from the offshore boundary
towards the coastline. The gridsize for the wave model is varying from 200 m x 200 m far
offshore to 100 m x 200 m near the area of interest for delta built out. To reduce calculation
time it was furthermore chosen to cut out the „land‟ cells in the flow grid, however still leaving
sufficient cells bordering the water to be available for erosion.

5.5

BOUNDARY CONDITIONS

To solve the hydrodynamic and morphologic equations Delft3D requires initial and
boundary conditions. The initial conditions are given by specifying the initial morphology and
stratigraphy, the initial water level and sediment concentrations of the model. A spin-up time is
required to allow hydrodynamics to adjust to the initial bathymetry without unrealistic erosion
and sedimentation to take place. It was chosen to use a 1440 minute (1 day) spin-up time.
Neumann boundaries were chosen for the west and east side of the flow grid. These
boundaries are open and waves are able to cross without disturbance. The offshore (northern)
boundary is an open boundary (water level) with a harmonic forcing type to include tides. A
reflection coefficient is used as a factor to dampen the (numerical) peaks generated by waves
reflecting on the shoreline. For the offshore boundary, the reflection parameter α is calculated to
be 1100 s2. The southern boundary is captured by the channel cells and represents a total
discharge (1500 m3/s) open boundary. Here, the reflection coefficient α being 2500 s. The
sediment supply is defined as an equilibrium concentration. The river discharge was
approximated, based on a drainage area of 51,000 km2 as proposed in Davidson & Colin (2009).
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The wave grid has two wave defined boundaries on the northern and eastern sides of the grid.
The base case uses a wave height (Hs) of 1.5 meters and a wave period (Tp) of 6 seconds,
representing a medium to stormy energy wave climate comparable to current coasts at a latitude
of approximately 35oN (current North Carolina, USA). However one part of this study includes
the variation of the wave height and peak period as will be discussed in Chapter 7. Typical winds
including the wind energy and the fetch generated over the travelled distance, at these latitudes
vary from 5-8 m/s with an overall 30o angle to the shoreline during times of deposition. It was
chosen to use a constant wind of 8 m/s.

Model input parameters and boundary conditions
Time and grid

Symbol

Model values

Trun
dt

90 months
30 s

Morfac

60

Flow grid resolution

-

50 m x 50 m

Flow grid size

-

201 x 237 cells

Wave grid resolution

-

100 m x 100 m and 100 m x 200 m

Wave grid size

-

161 x 128 cells

Sediment transport formula
Specific density (all fractions)

ρ

Ackers-White Modified
2650 kg/m3

Type of sediment (fraction 1)

SedTyp (1)

(non-cohesive) sand

Median grain size (sediment fraction 1)

D50 (1)

135 μm

Dry bed density (sediment fraction 1)

ρs(1)

1600 kg/m3

SedTyp (2)

(cohesive) clay

Median grain size (sediment fraction 2)

D50 (2)

-

Dry bed density (sediment fraction 2)

ρs(2)

500 kg/m3

Fall velocity (sediment fraction 2)

ws

1.5 mm/s

Number of underlayers

-

75

ThTrLyr

0.2 m

ThLyr

0.1 m

Suspended transport factor

fsus

1.0

Bed load transport factor

fbed

1.0

Wave-related suspended transport factor

fsusw

1.0

Wave-related bed load transport factor
Spin-up interval before morphological
changes

fbedw

0.3

MorStt

1440 min

Q

30o, Hs = [1.5 – 4.5] m, Tp = [4 – 8] s
1500 m3/s

S (1) + S(2)

Equilibrium concentration

Runtime
Timestep
Morphologic acceleration factor

Morphological characteristics

Type of sediment (fraction 2)

Thickness of transport layer
Maximum thickness bookkeeping layer

Boundary conditions
Waves
River discharge
River sediment concentration (all fractions)
Table 5-2
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Figure 5-3

5.6

Wave field for the base case situation after 1 month hydrodynamic time. Initial wave height is
1.5 m as can be seen at the northern and eastern boundaries.

SEDIMENT TRANSPORT FORMULATION

Where Geleynse et al. (2010) used the Engelund-Hansen sediment transport formulation
that did not take wave effects into account, in this study the wave effects play a major role. After
many sensitivity runs it appeared that the adapted Ackers-White sediment transport formulation
was the most suitable to take wave effects into account (Li, 2011) being applicable and simple at
the same time reducing calculation time. The Ackers-White transport formulation is marginally
more complicated than the Engelund-Hansen. Like the Engelund-Hansen, the Ackers-White
formulation does only take bed load sand sediment into account.

5.7

SEDIMENT CHARACTERISTICS

To decide upon the most appropriate sand size class, 26 core descriptions were studied: 22
of the cores came from the Gullfaks field whereas 4 were taken from the Huldra field. The mean
sand fraction was distilled from the logs for both the Etive and the Rannoch formation. This
resulted in two d50 values: 300 μm for Etive and 135 μm for Rannoch sands. Small grain size
classes such as clay and silt are always underestimated in core descriptions (Donselaar, pers.
communication). Although Delft3D has the option to include multiple sediment fractions, for
the purpose of this thesis only two classes are used. Storms et al. (2007) illustrated that sediments
of the deltaic environment can be realistically represented with two sediment fractions.
Therefore this model uses two fractions, one fraction represents the non-cohesive or sand
sediment, the other fraction represents the cohesive or clay to silt fraction.
The sediment fractions are defined by a specific and a dry bed density and the median grain
diameter (d50). The fine sand fraction has a d50 of 135 μm, a specific density of 2,650 kg/m3 and
a dry bed density of 1600 kg/m3. The very fine clay-silt-like sediment fraction has a d50 of 50 μm,
a specific density of 2,650 kg/m3 and a dry bed density of 500 kg/m3. To get a grip on the
morphological difference due to different grain sizes a sensitivity analysis was carried out for a
d50 of 135 μm and 300 μm (Figure 5-4). Here we focus on the morphological changes between
the two cases. The lateral delta built out is substantially larger for the 135 μm grain size class.
The increase in longshore (lateral) sediment dispersal, both east- and westward, is about 1 km
more than in the 300 μm case. This can be explained as finer sediment is more efficiently
transported by wave-induced and longshore currents, thereby building a larger delta. The latter
case shows in the delta front more sediment accumulation, being in the order of 1 – 1.5 meters
thicker.
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Figure 5-4 Difference in delta built out with different D50 grain sizes. Upper: 300 µm, Lower: 135 µm.
To determine the optimum sediment supply, being large enough to have a delta built out but
small enough to not maintain stable, another sensitivity run was carried out. Delft3D has the
option to apply an equilibrium sediment concentration for the fluvial water discharge. On the
open boundary this option calculates the optimum amount of sediment that can be carried as
bed load so that no erosion or sedimentation at the river inflow point occurs. However the
operator may wish to use a predetermined value as sediment input. Therefore two extra cases
were simulated using a sediment concentration of 0.05 kg/m3 and 0.1 kg/m3 for both sand and
clay fractions. These concentrations are significantly higher than the equilibrium concentrations.
Numerical instabilities caused the 0.1 kg/m3 case crashed after 15% of the modelling time
because the river entry became clogged with sediment. The 0.05 kg/m3 case however turned out
to remain stable over the modelling period of 3 months. The difference between the equilibrium
concentration and the forced concentration becomes clear in a subtraction plot (Figure 5-5).
Overall the forced 0.05 kg/m3 case feeds more sediment into the system and on average one
could say the equilibrium feeds approximately 0.035 kg/m3 into the system. For future stability
purposes it was chosen to use the equilibrium option for the sediment input for further
modelling. One of the scenarios states to examine the sediment discharge influence. Therefore in
later chapters this will be explained in more detail.
The near bottom orbital velocity is used to visualise the effect of sediment transport initiated
by the waves (see Appendix Figure A for example). Wave energy decreases with depth and
according to Komar and Miller (1973) the threshold for movement of grains is defined as:

In which:
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ρs = sediment density
ρ = water density
g = gravitational constant
um = 0.337(g2TD)1/3 for quartz sand in water
d0 = orbital diameter
T = wave period
D = mean grain diameter
Using this equation with peak periods of 4, 6 and 8 seconds it appears the orbital velocity
threshold is between 0.13 and 0.16 m/s.

Figure 5-5

The difference in instantaneous total transport between a forced 0.05 kg/m3 sand concentration
and the equilibrium concentration.

Figure 5-6

Facies distribution and environmental interpretation of the Rannoch and Etive Formations. Water
levels are indicated on the right by: MHWL (Mean High Water Level), MLWL (Mean Low
Water Level), FWWB (Fair Weather Wave Base) and SWB (Storm Wave Base) (after: Scott
1992)
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5.8

STRATIGRAPHY & FACIES DISTRIBUTION

The option to store stratigraphy is an effective tool in Delft3D to visualize the results of the
model. As this study focuses on the built out of the Rannoch and Etive it was chosen to use a
rather simple initial stratigraphy. A total 15 meter thick substrate thoroughly mixed with 50 %
cohesive (clay) sediment fraction and 50 % non-cohesive (sand) fraction mark the base of the
model. The resolution is defined by the bookkeeping layer approach of Delft3D. The complete
bathymetry is set to be erodible.
In well data or outcrop studies the facies distribution is an important tool to understand the
sedimentary and depositional history of the area. Facies link the small scaled sedimentary
features to the larger morphological character of e.g. a delta, river or shoreline. Alexander (1992)
defines at least 31 different facies in the Brent sequence ranging from coal beds to conglomerate
deposits. However as we use two grain size classes, it is not realistic to distinguish between coals
and conglomerate facies. The classification of facies based on the Delft3D output depends on
the different criteria as can be seen in
Table 5-3. Scott (1992) uses a classification for the differences between the shoreface facies
as found in the Rannoch and Etive formations (Figure 5-6).These are based on water depth
typically. Other criteria to distinguish different facies are flow velocity during deposition, wave
influence, erosion/sedimentation and the location in the grid.
The flow velocity in the river channel is larger than beyond the distributary river mouth. To
distinguish between the river channel facies and floodplain facies a velocity cut off of 0.5 m/s is
used based on comparing the velocity plot with the bathymetry depth plot. The distributary
channel uses a cut off velocity of 0.5 m/s which again is based on analyzing velocity and water
depth plots.
The water depth during deposition is important as it is a direct indicator in the receiving
basin to distinguish between the intertidal and supratidal regime. It also separates the delta front
from the prodelta and offshore facies. The intertidal range is defined as to contain a maximum
of high tide flooding time.
The Y-coordinate in the flow grid is used to distinct between the fluvial and deltaic facies.
The orbital movement of the waves at the sea bed is used as a criterion to distinct between the
delta front and the prodelta facies. This boundary is set where the orbital velocity has become
less than 5% of the initial orbital movement at the sea surface, which is defined at a depth of at
least half the wave length (Holthuijsen, 2007).

Facies Distributions
Water depth
(m)
>0.5
<0.5

Velocity
(m/s)
>0.5
<0.5

Grid
[X,Y]
[X,<33]

Tide
(m)
None

[X,<33]

None

Distributary Channel

>0.5

>0.5

[X,>33]

Supratidal

<0.5

<0.5

[X,>33]

Intertidal

0.5 - 1.5

<0.5

[X,>33]

Intertidal

1.5 - 5

<0.5

[X,>33]

>Wavebase

Prodelta

>5

<0.5

[X,>33]

<Wavebase

Offshore

>15

<0.5

[X,>33]

< Storm Wavebase

Facies
River Channel
River Flood Plain

Delta Front

Table 5-3
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Criteria for distinction between facies distributions as used in this study. Colours as used in graphs.
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5.9

MORPHOLOGICAL UPSCALING

The numerical stability depends highly on the morphological upscaling factor (morfac)
combined with the time step. In the sensitivity analysis two morphological upscaling factors were
tested and two time-steps. The Courant number already gives a good estimate for the optimized
time step. Nevertheless the time step affects the calculation time almost linearly and therefore a
compromise between the Courant number and calculation time needs to be found.
The time step was evaluated in the sensitivity analysis at values of 30 seconds and 1 minute
(Figure 5-7). It was found that a 1 minute time step gave rise to possible instable points (red dots
in left Figure 5-7). These patches of abnormal sedimentation are not visible in the 30 s time step
run. It was therefore decided to apply a time step of 30 s for all simulations.

Figure 5-7 Morphology difference with different time steps. Left figure using t=1minute, right figure using
t=30 seconds (base case results).
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6 RESULTS
This chapter describes the results for both scenarios being split into three parts: I:
Hydraulics, II: Sediment Dispersal, III: Stratigraphic Analysis. The Hydraulic part will use the
base case as reference model to indicate and analyse the validity of the model. It will focus on
the hydrodynamic laws and its‟ parameters such as flow velocity, bed shear stress, wave direction
and wave height, depth averaged velocity etc. It must be noted that these parameters have been
inspected for every model. The Sediment Dispersal part presents the bed level change and
morphology due to erosion and sedimentation to form a visualization of the outline of the delta.
Secondly it gives an insight in the total amount of sediment that has entered the basin.
Furthermore it forms the bridge between the hydrodynamic processes and the geological analysis
which is described in the third Stratigraphic Analysis part. This last paragraph will aim to
describe all sedimentary processes as detailed as possible. The next chapter will then focus on
the discussion of interesting features encountered during the analysis of the results. Instead of
using the full name for the models they will be referred to as the abbreviations in Table 5-1. As
many output is generated, it was decided to use time steps t=20; 40; 60 and 80 where each time
step in the output coincides with 1 day hydrodynamic time. Time step t=80, representing 80
days, will be mostly visualized showing the final results. As already discussed in Chapter 5.1 it is
unfortunately not possible to use morphological time.
Lastly it was chosen to visualize all plots of interest in the appendix. Plots are numbered
using letters A-Z. Certain plots shown in this chapter are also visualized in the appendix,
however in the latter having a larger size.

6.1
6.1.1

HYDRAULICS
RIVER DISCHARGE

All sediment used for the delta built out is transported towards the basin by either bed load-,
or suspended load transport. Water discharge at the upstream channel boundary is 1500 m3/s
and carries an equilibrium concentration of sediment. This equilibrium concentration is a
function of the carrying capacity of the water. At the river mouth, where conditions change
from fluvial to deltaic, the discharge is dispersed into the basin; tides and waves will have an
impact on the discharge. Figure 6-1 shows the instantaneous total discharge through a crosssection at the end of the river channel. The discharge varies around the forced 1500 m3/s and
stays within the 1300 – 1600 m3/s range (± 13 %). The variation is initiated by the tidal action
and is therefore cyclic.
6.1.2

DEPTH AVERAGED VELOCITY AND FLOW PATTERN

The depth averaged velocity shows the magnitude of the velocity integrated over the water
column. Flow velocities are expected to be largest in the channels and smallest in the offshore
area as only the surface of the water column is in motion. Typical velocities in channels are
roughly between 0.5-1 m/s (pers. Comm.. Li, 2011). Velocities parallel to the coast are expected
especially on the western side of the delta due to longshore drift. Figure 6-1 shows the velocity
plot of the base case for time step t=80. From the magnitude it can be read that velocities are
smaller than 1.5 m/s and that the flow pattern shows no features which could lead to the
conclusion of an invalid velocity pattern. Velocities are largest in the river channel and in the
distributary channels on the delta plain. Longshore flows are visible near the western coast.
6.1.3

WAVE CONDITIONS

The wave height and direction can be used to verify the work of the Delft3D Wave-module
(SWAN, see Chapter 4). For all models a constant wind forcing (speed and direction) and a
constant wave (height and peak period) were used resulting in an overall varying wave climate.
Wave height and peak period are varied only in the wave scenario. Figure 6-1 visualizes the wave
height and direction for the base case at time step t=80. Waves enter the domain from the NNE
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(30o) with a height of 1.5 meters and a peak period of 6 seconds. Upon approach of the coast
line the direction is changed to an almost perpendicular direction to the coast line. The energy is
also dissipated near the delta plain – delta front boundary. The river channel does not show any
wave influence, the water body in the channel is only affected by the discharge and the tidal
motion.
6.1.4

BED SHEAR STRESS

The bed shear stress is an important hydrodynamic parameter which affects the sediment
transport. It is related for example to the depth averaged velocity and the maximum orbital
velocity at the top of the wave boundary layer (Bijker, 1967). It is also known that the wave
induced currents stir up the sediment where other coastal currents generally will only transport
sediment. Figure 6-1 shows for the base case a bed shear stress plot in plain view at time step
t=80. The areas of yellow to brownish colour show active sediment transport correlating to the
presence of channels as well as to the transition from delta plain to delta front. The most
western located channel shows the highest bed shear stress indicating the highest sediment
transport. This can be related to the effective sediment re-suspension by wave induced currents.
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Figure 6-1

45

Base case verifying testing results. I) Depth averaged velocity for the base case. As can be noted the
velocity is everywhere smaller than 1.5 m/s and the flow pattern looks realistic where velocities are
larger in the channels and on the western side of the model due to longshore currents. II) Wave
height (colours) and wave direction (arrows). The length of the arrows indicates the magnitude as do
the colours. Near the coast and near the delta plain the waves die out rapidly. The channel shows
little sign of wave influence. Therefore the river area can be regarded as a river facies. III) Bed shear
stress where distributary channels are clearly visible being brownish coloured. Lighter colours outline
the boundary between delta plain and delta front where sediment is actively being stirred up and
transported. VI) Instantaneous total discharge as measured through a cross section at the end of the
river. Discharge varies around the forced 1500 m3/s. Note differences in y-axis scale.
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6.2
6.2.1

WAVE PARAMETER SCENARIO
SEDIMENT DISPERSAL

Sediment transport
Figure 6-2 shows the cumulative total transport curves for all wave parameter scenario
models. The sediment transport was calculated through a cross-section at the river mouth
(Figure 6-3) and the y-axis reads the combined sand and clay sediment that were transported
through this cross-section cumulative at each time step. It shows that the total cumulative
sediment flux for the wave scenario cases is very comparable, implying a similar sediment
volume build-up in time for the different wave scenarios. This makes the comparison between
different wave scenario cases in terms of morphology and bed level change possible as the
different models can be compared at similar time steps.
The initial phase of the runs shows a steep curve implicating a large amount of sediment
being deposited in a short time due to the imbalance between discharge and fluvial channel
dimensions. Due to this influx of sediment a mouth bar is always formed of which the base
remains stable throughout the modelling period. Therefore this sediment dump has an impact on
the later sediment fraction distribution. After ~14 days hydrodynamic time the curves become
approximately linear implicating a constant sediment influx and equilibrium with the fluvial
channel. The amount of sediment deposited in the basin controls the morphology, and therefore
the type of delta built-out where varying wave conditions are redistributing the sediment input.
To monitor erosional and sedimentary behaviour in the fluvial channel and further
downstream, two cross sections have been constructed to quantify the difference in sediment
flux between the fluvial input at the boundary and output at the deltaic domain. This difference
can be interpreted as the net effect of erosion of the river bed and banks and channel
sedimentation. If the difference between the two is too large, the model may become numerically
instable due to unrealistically high sediment transport gradients.

Figure 6-2
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Cumulative total transport for all first objective cases as measured at the end of the river where the
sediment enters the basin (y=3300). As the graphs are very closely spaced together the morphology
and bed level can be compared at approximately identical time steps making the interpretation more
convenient. The base case can be represented by w1.5p6 model.
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Figure 6-3

Plot to visualize different cross-sections used in this report. The parallel to coast cross line is located
200 meters basin inwards, the Mid-channel section runs in the middle of the fluvial river channel
whereas the West and East sections are located 1 km away from the mid-channel section. The end
of river, or river mouth cross section is mainly used for monitoring the sediment influx entering the
basin.

Morphology
Morphological development of the delta is the result of local bed level changes which in turn
are the result of net erosion or deposition. Figure 6-5 shows the morphological development of
model w1.5p8. From Figure 6-4 and Figure 6-4C (see appendix) it can be seen that the lowest
energy models, w1.5p4 and w3p4, represent the most symmetrical built-out of the delta and
prograde relatively fast to form a stable delta front, the w1.5p4 front extending the furthest. The
supratidal zone is affected most by erosion as can be seen in Figure B where bed level contours
in this zone show an overall regression. The lowest energy models, w1.5p4 and w3p4, show an
evolving distributary channel system from more than two channels to two channels the final
result. One channel feeds the western part of the delta, whereas the other channel feeds the
eastern part. The initial coast at t=0 is hardly affected by erosion being protected by the delta.
The lobate outer shape of the delta suggests wave domination, lobes being a typical character for
wave dominated deltas (Chapter 3 and Figure 3-5). Longshore transport effects are not
noteworthy visible and total progradation into the basin is c. 1.5 km.
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Figure 6-4

Morphological plot of model W1.5p4 at time t=80. Legend shows meters. Note the symmetrical
delta built-out and the symmetrical split of the main channel into two channels. Previous channels
are still visible in the centre of the delta and will gradually be filled in. In the colour scheme I have
chosen to use red for all sediments that are affected by tidal motion and are thus within the tidal
range, green for the sediments that are above mean sea level and yellow with blue for the sediment
that is constantly below the tidal wave base.

The high energy models, w1.5p8 and w3p6 (Figure C, see appendix), show an asymmetrical
built-out of the delta. The distributary channels prefer a westward progradation direction and a
more diverse channel system is recognised than the symmetric two-channel system in the lower
energetic models. Especially the w1.5p8 model shows the most stable channel feeding the
eastern side of the delta. Erosion of the shoreline (green in Figure C), supratidal zone in Figure
6-7) takes place in the east whereas progradation of the delta connecting with the shoreline
occurs in the west, typically in the lee-side of the main distributary channel. The effects of
longshore transport on the sediment dispersal are visible where lobes that are formed at the
downstream end of the channels detach to migrate westwards due to wave induced currents and
ongoing sediment delivery from the distributary channel. The largest deposition takes place at
the delta front (in the intertidal and delta front zone). Little sediment is deposited east of the
delta, as most sediment is driven away by currents and the channels are being diverted to a
western direction. Progradation of the delta is ~1.7 km basin inwards.
Based on the morphological development it is decided to exclude the models with a wave
height of 4.5 meters and the w3p8 model as these represent an unrealistic delta development.
Wave heights of 4.5 meters are currently encountered in the area of study but after reconsidering
they would represent a continuous storm wave system, which, after reconsideration, may be
unrealistic for the Mid-Jurassic climate of the BRENT area. This can be explained by the
currently larger fetch as opposed to a smaller fetch in the Jurassic (Chapter 3). Therefore these
results will not be discussed any further.
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Figure 6-5

Bed level and morphological evolution of model w1.5p8. Scale for legend is in metres. Note the
stable western distributary channel and the dominant westward delta built out combined with
longshore drift of sediment lobes. In the colour scheme I have chosen to use red for all sediments that
are affected by tidal motion and are thus within the tidal range, green for the sediments that are
above mean sea level and yellow with blue for the sediment that is constantly below the tidal wave
base.

Wave height
In order to get a grip on the wave climate, the wave height and wave direction are analysed
for the different first scenario models (Figure 6-6). A rapidly decreasing wave height from 1.5 m
to 1.25 m is encountered in model w1.5p4. A wave period of 4 seconds is too small to maintain a
larger wave height than 1.25 m, i.e. the energy in a 4 s period is too small. Both the w1.5p6 and
w1.5p8 are capable of carrying a 1.5 m wave height ultimately dying out linearly as the waves
encounter shallower waters near the delta front and near the intertidal zone. In the w1.5p8
model an irregular pattern of wave heights is encountered near the delta with patches of wave
heights up to 1.7 m probably due to the bathymetry irregularity and locally increasing the energy
available for waves in these specific patches. The w1.5p6 model shows similar results but to a far
smaller extent. The fluvial channel itself is affected by waves and shows wave heights up to 0.15
m. As waters get shallower towards the delta and shore, waves will ideally have a small wave
height when approaching these areas. The w1.5p8 case is different showing the shore on the
west side being affected by 0.8 m waves.
As in the w1.5p4 model also the w3p4 is not able to carry 3 meter waves. Wave height
decreases immediately to 1.7 meters after which they linearly die out completely towards the
coast and delta. The w3p6 model is able to carry 3 metres wave heights. On the west side of the
delta, a wave height of 0.8 meters is scouring the shore. The typical wave height for this model
near the delta and the eastern shore is in the order of 1 – 1.5 meters.
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Figure 6-6

Wave height and wave direction for wave scenario models at time t=80. Note that w1.5p4 and
w3p4 are not able to maintain their forced boundary conditions of wave height whereas w1.5p8 and
w3p6 are able to do so for a large part of the basin.

Facies distribution
The model results are classified into eight different facies ranging from the river channel and
river floodplain facies to the supra- and intertidal, delta front, prodelta and offshore facies (Table
5-3, Figure 6-7, Figure D). In the fluvial domain, the initial river channel is straight. In time this
straight channel evolves into a more meandering channel. Towards the delta domain, the
distributary character of the channel becomes more evident by avulsions. Depending on the
specific case, this results in two or three distributary channels that are present in the delta. At the
river mouth the river channel facies changes abruptly to distributary channel facies. As already
mentioned, in reality this will be a rather gradual change where tides play a role both in the
deltaic zone and in the fluvial zone. The active distributary channels are clearly visible whereas
the abandoned channels can still be seen as having either delta front or intertidal facies
embedded in supratidal facies. Further basin inwards prodelta facies bounds the distributary
channel facies, indicating scours from these channels and active switching of the channels and
lobes. In all cases the distributary channels start with northwards migration, followed by a split in
two channels, one to the east and one to the west as the delta progrades basin inwards. In the
higher energy models, w1.5p8 and w3p6, a third generally smaller channel cuts through the
supratidal and intratidal zone to prograde northwards. Also in these cases the shoreline is eroded
most, and erosion takes place especially on the eastern side of the delta. These cases show the
largest shoreline progradation in the west where longshore driven lobes of intertidal facies
migrate towards the west. Nearer to the distributary mouth, supratidal facies is building out
relatively more westwards than northwards.
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The less energetic models, w1.5p4 and w3p4, show a rather symmetrical delta building out
basin inwards. The shoreline is hardly eroded and two large distributary channels feed the delta
in the west and in the east. The boundary between the offshore and prodelta facies being only
dependent on the water level is not noteworthy influenced in the models although a small c. 20 –
70 cm clay layer is deposited offshore as can be seen in the upper left corners of plots in Figure
6-77.

Figure 6-7

6.2.1

Facies distribution of first scenario models after t = 80. Most notable are the different channel
patterns, long shore transported lobes and the increasing asymmetry with a westward outbuilding
delta at larger peak periods and eroded eastward delta.
STRATIGRAPHIC ANALYSIS

The models use two grain size classes (clay and sand (135 µm), see Table 5-2). Based on
these two classes, we differentiate between four different sediment mixtures, each having a
characteristic range within the sediment fraction. The four classes are: Sand (100-80%), Clayey
sand (80-50%), Sandy clay (50-20%), Clay (20-0%). The initial substrate consists of a 50% sand
and 50% clay mixture, being sandy clay. Figure 6-8, Figure 6-9 and Figure 6-10 show the plots
of these sediment classes at final time step t=80 for all wave scenario models. Overall, there is a
clear fining upward trend at, and near, the fluvial river mouth. Sand is deposited on the substrate
followed by interfingering layers of clayish sand wedging out towards the basin and becoming
more dominant towards the sea level until all clean sand has disappeared. Gradually the clay
content increases in the total sediment ending with a clay lens near the sea level. The furthest
basin inward distribution of clean sand is found in models w1.5p8 and w3p6 (Figure 6-9).
Furthermore they clearly show the wave affected area which can be seen from the sediments not
being stacked in large delta foresets as in the w1.5p6 and w3p4 models but being eroded, washed
off and deposited basin inwards. The irregular shaped bed level, the gentle slope and the
progradation of the deposits basin inwards indicate wave action. The distributary channels do
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not prograde far enough into the basin to be of influence. Their influence diminishes at c.
Y=4000. Figure E&F (see appendix) shows the result from the w1.5p6 model at the same time
step and x-coordinate. More clay is involved in the sediment sequence near the river mouth and
clay is also dominant in the direct offshore area. Deposits in the delta foreset show the cleanest
sands. This is illustrated by figure O (see appendix) showing two cross-sections from model
w1.5p8 at time steps t=40 (upper) and t=80 (lower). The cleanest sands are found in the centre
located deposits towards the bottom. These deposits typically have a fining upward sequence.
More towards the west, finer sediments have been deposited on the substrate first, followed by
more sandy sediments from the river which are in a later stage overlain by a second fining
upward sequence. The distributary channels remain their size and shape, however they do
change direction. Clay abundance is largest in w1.5p4 and w3p4, due to the less energetic
environment clay is not kept in suspension and settles out in the protected areas and shoals. Clay
accumulations over 1 meter thick are stacked or embedded in sandy clay deposits. Largest
westward progradation is found in the most energetic models with an increasing finer sediment
content towards the west.

Figure 6-8

TU Delft

Parallel to coast cross sections showing sediment fractions for all wave models at t=80. Western
parts of delta contain most fine grained sediments. Lower energy models show most fines in
sediment. Left side is West, Right side is East.
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Figure 6-9
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Mid-channel cross sections showing sediment fractions for all wave scenario models at t=80. Fining
upward sequences are preserved typically at and near the fluvial river mouth (Y=2800-3200).
Largest sandy mouth bars are seen basin inwards from Y=3500 onwards. Note scale verticalhorizontal is highly exaggerated. Left side is South, right side is North.
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Figure 6-10 Cross sections through respectively 1 km eastwards and 1 km westwards from the mid-channel
cross section. Note point y-coordinate 3000 is the coast line. Legend is the same as in Figure 6.9
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6.3
6.3.1

DISCHARGE SCENARIO
SEDIMENT DISPERSAL

Sediment transport
The discharge scenario models (see Table 5-1) have a large variety in cumulative sediment
transport. The amount of sediment delivered to the basin varies with the discharge and with the
forced concentration. Figure J shows the cumulative total transported sediment for all discharge
scenario models. Furthermore, the base case scenario (dotted black line) has been added. The
curves all have a similar shape; there is an initial input phase of relatively much sediment,
followed by an approximately constant sediment load phase which in turn is followed by a gentle
decrease of sediment being delivered to the basin. This evolution is explained by the extra
sediment that is available for erosion from the fluvial channel substrate. Initially the dimensions
of the channel are not in equilibrium with the discharge. Therefore rapid erosion takes place
delivering more sediment to the basin than stated in the boundary conditions. After a certain
time, each model is approaching an equilibrium state in which the fluvial channel dimensions
remain approximately constant. The sediment concentration in these models is either constant
(models: d15c5 and d3c3) or is set at equilibrium concentration (models: d2ce and d3ce). From
the nine model set-ups (Table 5-1) only four will be analysed as five set-ups either had too little
delta built-out (d1ce) or were not stable for a period of 80 days leading to unrealistic results.
Therefore models d15c5, d3c3, d2ce and d3ce will be used for analysing.
The d3ce model has the largest sediment input with over 1700 tons of sediment deposited
within 2.5 months hydrodynamic time (compared to 450 tons in the base case)(Figure G, see
appendix). As in the wave scenario, the start of the runs show a steep curve implicating a large
amount of sediment being deposited in a short time. Due to this influx a mouth bar is always
formed of which the base remains stable throughout the modelling period. The amount of
sediment deposited in the basin controls the morphology, and therefore the type of delta builtout where a constant wave climate is redistributing the input.
In d15c5 and d3c3 the clay concentration is equal to the sand concentration, respectively
0.05 and 0.03 kg/m3. When the cumulative sediment is plotted as separate fractions, it appears
d15c5 has approximately equal clay and sand input, however d3c3 shows a large difference with
15% clay to 85% sand measured at the fluvial river mouth (Y=3000). The equilibrium
concentration models also show a difference between the total clay and sand input. A plot of the
instantaneous total transport provides more insight (Figure L). This plot visualizes the influx of
sand (blue) and clay (red) in m3/s at each 10th timestep. As the discharge depends on the tidal
motion, both sand and clay transport vary with the tidal motion showing a cyclic character.

Morphology
The morphological results of the discharge models are very different from the base case
result. As previously discussed the base case model and models w1.5p8 and w3p6 show the
typical wave dominated effects, such as lobes being transported westwards due to longshore
currents, an assymetrical delta built-out and distributary channel mouths being directly
influenced and reworked by waves in the delta front and intertidal facies zone (Figure 6-12
Morphological plan views for all discharge models for t=80. Note differences in lateral
extend and lobes at delta edges in the east and west. Legend shows depth in meters. Red colour
represents intertidal zone.Overall the discharge plots have less extensive lobes, show less
longshore drift effects and less shore erosion making the delta more river dominated (see
Chapter 3). Although the sediment load of the d15c5 model is approximately similar to the base
case (Figure J), the resulting morphology is very different. The total delta built-out in a lateral
way is only minor and the eastward progradation, building out against the wave climate, is larger
than progradation into the westward direction which is highly unexpected. Throughout the
modelled time a dominant eastern distributary channel is active. The westward channels have
been less dominant therefore creating a smaller lateral delta built-out towards the west. The
fluvial area is also widened due to channel erosion on the western bank having a braided pattern.
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The distributary channel system of model d3ce is very symmetric in both the channel and on
the delta plain therefore leading to a symmetrical delta built-out. The delta is only expanding
laterally once the stable delta front is set after 400 days of modelling (Figure 6-11, Figure K see
appendix). The resulting channel system is a split into two channels, each channel delivering an
approximately equal amount of sediment to both lateral sides of the delta. These two channels
evolve into a more lateral direction. Lobes at the end of the distributary channels are small and
are controlled by the distributary.
The d3c3 model transports the largest sediment amount into the basin. Its morphology
again differs from the d3ce model. Basinwards progradation is smaller, larger lobes are formed
on the lateral outer parts shifting towards the west. The two channel formation is similar. The
sediment accumulation in the northwest is smaller and extensive lobatic shaped bars are present.
At final time step t=80 an erosional feature is visible north of the distributary channel not being
a result from wave action (Figure A, see appendix). The river mouths are eroding into the
substrate and former deposited sediments (Figure H, see appendix). Deposition of the sediments
results in lobes. The lobate longshore drift is visualised together with the avulsion of the
distributary channel in the northeast. From t=50 to t=70 the channel changes to occupy a
formerly abandoned channel.
An erosional base can be indicated in every model (Figure K, see appendix). This erosional
base was not found in the wave scenario but is very clear in this scenario. The range in depth
varies between -2 and -3 metres, although the wave conditions at the boundary is kept constant
throughout the models. Below the erosional base the delta front is either stable or slightly
prograding. Above the erosional base the intertidal and supratidal zone are eroded, apart from
the d3ce model showing these facies to be stable. Channels are filled in and migrate towards the
coast into the fluvial part to bifurcate earlier within the fluvial zone.

Figure 6-11 Facies distribution of model d3ce for different time steps. Note evolution from multiple channels to
a two way channel system. Fluvial channel is deepened and narrowed from its’ initial shape.
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Figure 6-12 Morphological plan views for all discharge models for t=80. Note differences in lateral extend and
lobes at delta edges in the east and west. Legend shows depth in meters. Red colour represents
intertidal zone.
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Facies distribution
The asymmetrical delta built-out for the d15c5 model is already described above and can be
clearly seen on its cumulative sedimentation/erosion map (Figure J, see appendix). The eastern
development of the delta, being counterintuitive, is dominant where the western erosion of the
river channel in the fluvial part suggests a favour for a westward progradation of the delta. The
supratidal zone extends more laterally towards the east and the delta front is somewhat
irregularly shaped due to the mobile distributary channel. Rather than prograding laterally
towards the west a distributary system develops northwards indicating a northwards
progradation of the intertidal facies. The fluvial zone appears rather braided with four channels
feeding the delta plain. The delta front is steep and the offshore area is not affected by
sedimentation. The final result (t=80) shows an avulsion of the main eastern channel depositing
sediment northwards, which according to the wave conditions is more comprehensive.
A difference is seen in the d3ce model with a symmetrical delta built-out, stable delta front
and tidal zone and a two way distributary channel system evolving from a multiple channel
system (Figure H, see appendix). The delta front is steep and stable in the centre of the delta and
is not affected by erosion after establishment at the modelling start. The intertidal and supratidal
zones are also maintained throughout the modelling period and hardly show erosion.
Throughout the modelling period the distributary channels are stabilized into 2 channels
becoming deeper and narrower. The coast line away from the delta remains stable; it is not
affected by erosion. The transition from delta front around the lobes and the distributary
channel mouths to prodelta is gradual which is not the case in the centre of the delta. Here the
transition from intertidal to prodelta is fast, indicating a steep delta front. The offshore area
experiences deposition of fine grained sediments but the quantity is relatively small as these are
continuously being transported out of the model through the open boundaries.
The d3c3 facies model is rather similar to the d3ce result. The delta built-out is even more
symmetric, the sediment input is larger but progradation basinwards is smaller resulting in a
larger lateral built-out. The distributary development from multiple channels into a two way
channel is realized faster leading to erosion of the delta front in the delta centre. Lastly there is
notably coast line erosion (Figure K and Figure L).
6.3.1

STRATIGRAPHIC ANALYSIS

The d3c3 model shows a massive infill with clean sand of the centre delta area (Figure 6-13,
Figure 6-14 and Figure 6-15). The supratidal zone consists of more finer sediments towards the
water level (fining upward) and distributary channels are constrained to two stable channels,
deepened and widened according to the discharge, feeding the east and west of the delta. The
western channel becomes increasingly dominant in size. The western delta deposits show
increasingly more fine sediment upwards in the sediment stack. The fine sediments delivered to
the east are transported towards the west by wave action. Distributary channel fills typically
show fining upward sequences. These deposits are easily eroded again, especially at the start of
the model when no stable distributary channels are formed. Most of the clay and sandy clay
fractions are found near the water level in the supratidal to intertidal range.
The models carrying the most sediment, d3c3 and d3ce, show furthest progradation of the
delta front with the cleanest sands stacked mainly in front of the river mouth, all starting as a
mouth bar and evolving into a delta floodplain. This mouth bar evolves from an initial sand bar
into a backstepping accretional bar eventually backstepping far enough to migrate into the fluvial
zone. D15c5 and d2ce show finer grained sediments, all in fining upward sequences and mainly
found lateral away from the delta either towards the east or towards the west. Another large part
of clay entering the basin is transported through the outer most boundary of the model. D3c3
shows a sandy lobe being stacked on top of a fining upward sequence in the western delta part.
Note that the width of the channel is not representing the true width as this is an oblique crosssection through the distributary.
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Figure 6-13 Mid-channel cross sections for discharge models at t=80. Note scale vertical-horizontal is highly
exaggerated. Also note river cross-section is oblique, making a direct channel dimension
interpretation impossible. Left side is South, right side is North.
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Figure 6-14 Parallel to coast showing sediment fractions for all discharge models at t=80. Fining upward
sequences are preserved mainly in the d15c5 and d2ce models. Largest sandy mouth bars are seen
in the centre delta, mainly for models d3c3 and d3ce. Note scale vertical-horizontal is highly
exaggerated. Left side is West, right side is East.
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Figure 6-15 Cross sections through respectively 1 km eastwards and 1 km westwards from the mid-channel
cross section. Note point y-coordinate 3000 is the coast line. Legend is the same as in Figure 6.13
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CONCLUSION & DISCUSSION
This thesis aimed to get an insight in sedimentary processes that are relevant for a storm
dominated deltaic environment. Initially a base case model representing a simplified Brent delta
building out in Gullfaks conditions was set up. The hydrodynamic verification was done
according hydraulic physical equations and in-house Deltares expertise. The geological
verification was conducted using documentary, TU Delft and Statoil expertise. Lastly nine model
runs were carried out and analysed to find the influence of wave parameters and sediment
discharge parameters on a storm and wave dominated deltaic environment.
Wave scenario
The wave scenario represented five models with peak periods varying from 4, 6 and 8
seconds and wave heights from 1.5 and 3.0 metres. It turned out that 4.5 metres was too large
and represented a continuous storm only breaking down the delta instead of simulating a delta
building out. This also held for the model with a wave height of 3 metres and a peak period of 8
seconds. A downside of the wave scenario is the simplification of the wave climate. Throughout
the modelling period this climate is kept constant where in reality storms will occur which are
known to affect sediments into a large extend. Individual storms have not been incorporated.
The most energetic wave scenario models, w1.5p8 and w3p6, show the largest asymmetrical
delta built-out. Waves with more energy are able to affect the same amount of sediment over a
longer period of time and space. Laterally the delta is building out towards the west and typical
lobatic long shore bars are seen in the intertidal and delta front facies. These structures are
formed first by the distributary mouths, then by (re)working of longshore (wave) currents.
Because of the large wave dominance, there is no stable erosional base in the delta front. The
delta front and prodelta appear instable resulting in a highly variable bed level contour. As wave
conditions become more energetic, more erosion of the delta and coast has been found in
models w1.5p8 and w3p6. Sediment is transported towards the west and eastern distributary
channels are bend at later timesteps towards the north not being able to supply sediment to the
east of the delta. Clearly waves outpace the discharge and sediment influx.
The distributary channel system changes from a two channel system in the less energetic
models to a more variable channel system with more than two channels feeding the delta. This is
another indicator of more erosion of the delta front. The distributary channels will evolve in the
areas with the smallest resistance to flow. As the delta front is hardly eroded in the low energetic
models, distributaries will develop around the centre delta building out laterally instead of
northwards. The total cumulative transported sediment is approximately equal though for all
models at ~480 tons over 4 morphological months with a variation of less than 10%. For the
stability of the delta, the centre area is most important. As the models use an equilibrium
concentration, there is a large amount of sediment being dumped into the basin during the first
time steps. This means that the centre of the delta is formed relatively quickly with clean sands as
the clay is still in suspension. Distributary channels, avoiding the highs, built out this centre area
towards the east and west. Typically more clay is involved in the westward deposits. It settles out
of suspension on the lee sides of the bars where wave energy has decreased. On the eastern part
the sediment is reworked, where clay is taken up into suspension being transported into the
basin northwards and along shore westwards. Higher energetic models show less fines in the
western bar deposits, where the low energy models have clay plugs and lenses in fining upward
sequences. Channel fills are sandy with a fining upward sequence into clayish sand. However this
heterolithic part is not likely to preserve as wave and channel erosion erode the top parts of the
channel fills.
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Discharge scenario
The discharge scenario represented four models with discharges varying between 1500, 2000
and 3000 m3/s and sediment concentrations varying from 0.03, 0.05 kg/m3 and the equilibrium
condition. Larger sediment concentrations resulted in a clogged river thus not being
representative. A downside of the discharge scenario is the constant sediment and discharge
influx where these are known to be seasonally dependent. Spring run-off will be larger than
winter discharge and the same holds for the sediment influx. Whether this affects the
morphology of the delta and into what extend has not been verified in this thesis.
Sediment influx is highly dependent on the specific model and therefore the differences in
delta built out are large. However again all models visualize the initial rapid formation of a
mouth bar controlling the delta built out and the direction of the distributary channels. Exactly
this process is likely to happen in the d1.5c5 case, where the delta has a preferred eastern built
out working against the prevailing wave- and wind conditions. Only in this model the fluvial part
is braided whereas all other models show a bi-channel system. Erosion of the delta is such that
distributaries transport their sediment towards the north and east where it is harder to keep up
with erosion. In the other models the initial mouth bar formation is so rapid that wave erosion
can not erode this bar but instead the position of this delta front remains stable. Distributary
channels will migrate laterally to expand the delta and moreover they are confined to two main
distributaries with typical depths around 10 metres (recall initial channel depth is 3 m).
All models show lobate longshore bars most developing in the east and west of the delta and
being formed at the distributary mouths. The distributaries migrate within channels by avulsions
and therefore moving the longshore bars by cutting into them and infilling former channels with
sand. Waves then transport the sediment further away from the delta into the basin or
westwards. The waves hardly affect the morphology of the d3ce and d3c3 deltas as sediment and
discharge influx outpace the wave effects. An erosional base has been identified in all models
varying in height between -2 and -3 metres water depth. Below this erosional base the delta front
and prodelta are either stable or prograding, whereas above this erosional base the delta
supratidal zone is being eroded except for the d3ce model where this upper zone is stable. The
reason for this erosional base to exist in the discharge models and not in the wave models has to
do with the combined effect of the sediment influx and the wave conditions. When more
sediment is transported into the basin an erosional base is formed and maintained with more
ease. Thus more energetic wave conditions (w1.5p8, w3p6) will be needing a larger sediment
supply in order to form a stable erosional base.
The largest discharge scenario models, d3ce and d3c3, have the cleanest and largest sand
deposits, concentrated in the centre of the delta. They were initially formed as a mouth bar
outbuilding until a stable delta developed. The lower discharge models have a fining upward
sequence in the centre as distributary channels are able to transport the necessary clay. All
models have an increase in clay content laterally away from the centre delta. Wave erosion and
cutting distributary channels are the two processes redistributing the fines.
This thesis also presents a first aim to visualise the facies distribution based on water level,
flow velocity and geographical position. Channels were indicated by their flow velocities, fluvial
facies were separated from the deltaic facies by the grid location and all other facies were
separated by different water levels. The near coastal development of the intertidal and supratidal
facies, and the fluvial facies are usable, however unfortunately the conflict starts basin inwards
where distributary channel facies is bordering prodelta facies. Secondly the prodelta and delta
front facies are so extensive that they appear to the west and east even though there was no
sediment influence and hence no deltaic facies but solely initial coastal conditions. The facies
results should therefore be looked at with great care, not focussing on the outer deltaic
environment, but rather on the inner delta with its intertidal, supratidal and distributary channel
facies.
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RECOMMENDATIONS
The model setups have aimed to describe the Brent river with all its characteristics as close
as possible by using Gullfaks field data. There are however a number of alterations which can be
used for future work to approach reality even more.
The incorporation of seasonal changes for the wave conditions. Spring season is known as
the hurricane period for current United States of America. Whether this was the case for the
Gullfaks area can be investigated by palaeoclimate models and core descriptions. Moreover
storms occuring every 10, 100, 1000 and 10.000 years are likely to have played a role in the MidJurassic. How large these storms were and how often they occurred would have to be decided
on, but it is known for storms to have a large effect on the (re)distribution of sediments and
therefore on the geology.
The incorporation of seasonal changes for the discharge and sediment influx. During late
winter and early spring season there will be a larger discharge and also a larger sediment influx
than during summer periods. A larger sediment influx will implicate a higher preservation factor
for sedimentary structures and less wave influence. Whether these structures are preserved or
eroded again during smaller sediment influx periods could be investigated.
Little time was available to investigate the cut-off values for facies. As this thesis presents a
start with the use of facies in Delft3D there is definitely work to be done here. More parameters
defining the facies could be incorporated, and more work can be done to find the optimum
values to distinguish between e.g. a channel and longshore transport.
When reservoir properties are important a grain size distribution should be incorporated. At
this stage only two sediment classes, clay and sand, have been modelled, however from the core
descriptions a more accurate grain size distribution can be retrieved. Surely when a more closer
look upon the porosity and permeability is needed.
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Figure A

Near bottom orbital velocity for d3c3 model at time-step t=80. Largest wave action is indicated by
red colour whereas blue colours indicate zones where wave action is negligible.

Figure B

Cross-sectional plot through the mid-channel showing various bed level contours through time.
Darker colours indicate younger contours. Areas of interest are indicated with text.
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Figure C Morphological plots of the first objective models after time = 3 hydrodynamic months. Note the scale of the colourbar is in
metres, green colour for the area not affected by water, the red colour represents the bed level range affected by tides (± 1m)
and the lighter colours represent the area where the bed is changing due to sedimentation and erosion. Therefore all colours
other than green are (partly) submerged. Most erosion of the shore can be seen in models W1.5P8 and W3P6 towards the
east. These plots also visualize the movement of the bed level due to long shore energy currents and the erosion of the delta
on the east (W3P6)
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Figure PP

Facies distribution of first objective models after time = 3 hydrodynamic months. Most notable are the different channel
patterns, long shore transported lobes and the increasing asymmetry with a westward outbuilding delta at larger peak
periods.
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Figure E

Grain size classes for model W1.5P6 in a cross section through the middle of the river (x=110)
and at time step t=80. Note fining upward sequence at the river mouth, clay deposits on the
basinfloor towards the offshore area and pure sand stack at the shore due to wave action.

Figure F

Cross-sections through the parallel coast section for model w1.5p8 at time steps t=40 for upper plot
and t=80 for lower plot. Western part first shows fine sediments at the bottom, followed by more
sandy sediments into a fining upward sequence near the sea level. The sediments in the centre show
cleanest sand deposits with fining upward sequence near the sea level. Channels are stable in size
but shift direction.
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Figure G

TU Delft

Plot of all cumulative total transport graphs for the discharge scenario models. Dotted line is base
case for reference. Notice the large differences in the amount of total transported sediment. Steep
increase at the start for models D3c3 and D3ce is due to the inbalance in the fluvial channel.
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Figure H
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Evolution of cumulative erosion/sedimentation for d3c3 model. Note the lobate long-shore
transport westwards and the avulsion taking place in the western distributary channel. A previous
river channel is used at time step t=70.
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Figure I

Bed level evolution of Wave objective models. Explanation is given in figures. Darkest colours indicate latest delta
morphology Legends indicate morphological time.
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Figure QQ Cumulative erosion/sedimentation plots for model d15c5 showing the evolution of eastward
delta development.
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Figure K
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Plot showing instantaneous total transport for D1Ce model. Note the cyclic character due to the
tides and the difference between sand (blue) and clay (black). Other discharge scenario models show
a similar transportation pattern.
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Figure L
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Plots of all bed levels for discharge scenario models. Note indication of erosional base varying roughly between
-2 -4 meters. Also indicated are the erosional and prograding areas for comparison.
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Figure M

Facies distribution of d3c3 model
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