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SEDIMENTARY PROCESSES AND DEPOSITS ASSOCIATED WITH 
A COASTAL HEADLAND: PORTLAND BILL, SOUTHERN UK 

by Alex C. Bastos 

The present study investigates the sedimentary processes and deposits, associated with a 
coastal headland. The case study considered here is the continental shelf around Portland Bill 
(southern UK). A range of different scientific approaches was undertaken, in order to develop 
and expand upon the scientific understanding of such processes and deposits: (a) numerical 
modelling (including tidally-induced flow, sand transport and wave refraction); (b) m fzYw 
hydrodynamic measurements; and (c) geophysical surveys (side-scan sonar and using an high-
resolution seismic profiler) and sediment sampling. 

The presence of a sequence of sedimentary deposits, associated with a complex suite of 
bedforms and sedimentary facies, was observed. This sequence of deposits, described as 
headland-shelf deposits (HSD), have a reasonably symmetrical sigmoidal plan-view 
distribution, on both sides of the headland; they are described, sequentially, towards the 
headland, as: sand shoals, or "sand streams" (the Adamant and West Shoals); sandy/gravel 
flats, representing sand bypass zones (the East and West Flats); and sandbanks, associated 
with zones of sand convergence (Shambles and Portland Banks). The HSD are isolated 
laterally, but are connected longitudinally. Both shoals and banks have an asymmetric cross-
section steeper towards the coast, being the main depocentres over the area. 

The distribution of such facies and deposits is controlled by instantaneous gradients in 
bed shear stress and sediment transport rates; these are related to the transient development of 
headland-eddies and the associated bedload transport. Sediment transport, associated with a 
coastal headland, is defined by the occurrence of two conceptually-distinct zones: (a) an mngr 
zoMg, showing sand transport towards the headland, following an increase in gradient in the 
sand transport rates; and (b) an owfgr zong, showing sand transport away from the headland, 
following a decrease in gradient in the transport rates. The boundary between these two zones 
defines a bedload convergence zone. At the tip of the headland, a scour zone (or zone of 
maximum erosion) is present. 

The analysis of the sediment dynamics combined with the interpretation of the 
morphology and architecture of the HSD provide a significant new insight into the 
understanding of headland-associated sandbank formation and maintenance processes. The 
occurrence of such sandbanks is related to a larger sedimentary system than assumed 
previously. The sandbanks are the high-energy end-members of a HSD sequence. The 
formation of the sandbanks was found (within the present investigation) to be the result of the 
strong convergent component of sand transport, induced by instantaneous gradients in 
bedload transport rates throughout the tidal cycle. Their "tidally-induced" maintenance 
process is shown to be the combined result of two distinct hydrodynamic and sediment 
dynamic processes acting during the different phases of the tidal cycle. 

An integrated analysis of sediment dynamics with morphological and architectural 
evidence, together with spatial distribution and nature of the bedrock, indicates that the 
formation, evolution and maintenance of HSD are hydrodynamically- and morphologically-
controlled. 
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Chapter 1 
Figure 1.1 Location of the inner continental shelf under investigation. 

Chapter 2 
Figure 2.1 Synthesis of the physical transport processes acting on the inner shelf (Nittrouer 
and Wright, 1994). 
Figure2.2 Regions of the continental shelf, based upon flow regime and water depth (Wright, 
1995). 
Figure 2.3 Schematic diagram of sand transport processes over the continental shelf (Soulsby, 
1997). 
Figure 2.4 Velocity profile within the water column for an hydrodynamically-smooth bed (a) 
and an hydrodynamically-rough bed (b) (modified from Dyer, 1986). 
Figure 2.5 Relationship between (total) bed shear stress (Tb) and flow velocity, for different 
bed forms. 
Figure 2.6 Threshold Curves: (a) Shields curve; and (b) Yalin's curve. 
Figure 2.7 Comparison of the bottom orbital velocity under Airy and Stokes waves, using the 
same wave height and period (Komar, 1976). 
Figure 2.8 Schematic diagram of a wave boundary layer (Fredsoe and Deigarrd, 1992). 
Figure 2.9 Schematic diagram showing the relationship between the current velocity profiles 
with or without the combination of waves (Wright, 1995). 
Figure 2.10 Diagram showing the "general" development of a sequence of bedforms as a 
function of (tidal) flow speed, on the continental shelf (Belderson et al., 1982). The flow 
speed in the diagram indicates the peak surface current speed. 

Figure 2.11 Mechanism of sandbank formation proposed by Huthnance (1982). The model 
predicts the veering of the current vector towards the bank crest, due to bottom friction; this 
results in sand transport towards the crest. 
Figure 2.12 Different patterns of vorticity generation, within tidal flow over a sandbank 
(Robinson, 1983) 
Figure 2.13 Schemtic representation of three different types of sandbanks based upon their 
internal structure: (a) Houlbolt sand accumulation; (d) sandbanks with a sedimentary "core" 
(see text); and (c) sandbanks as end member units. (Note: grey lines represent seismic facies 
that are not related to sandbanks facies). 
Figure 2.14 Schematic diagram showing vorticity generation due to differential friction, as a 
function of velocity shear and lateral depth gradients (Robinson, 1983). 
Figure 2.15 Examples of headland-associated banks: (a) Leyn Peninsula, northwest Wales; 
(b) Lundy Island, Bristol Channel; (c) Start Point, English Channel (south England); and (d) 
Levillain Cape, Shark Bay, western Australia. 
Figure 2.16 Tidally-induced (depth-averaged) residual eddies around Portland Bill (Pingree, 
1978). 

Chapter 3 
Figure 3.1 Location of the inner continental shelf under investigation. Depth contours are in 
metres and referred to Chart Datum (Lowest Astronomical Tide). 
Figure 3.2 Littoral cells defined for the area under investigation (modified from Bray et al., 
1995). According to these investigators, the m^or sediment sink areas are: Chesil Beach (1); 
Lulworth Banks (2); and Shambles Bank (3). 
Figure 3.3 Map of the regional seabed sediment distribution, based upon BGS (1983 a). 
Sediment classihcation is based upon Folk (1974). 
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Figure 3.4 Offshore solid geology map (Donovan and Stride, 1961). Key: OC - Oxford Clay, 
KC - Kimmeridge Clay, CB - Corallian Beds, Pst - Portland Stone, Psa - Portland Sands and 
PB - Purbeck Beds. 

Chapter 4 
Figure 4.1 Location of the area under investigation showing the regional setting of Portland 
Bill and the bathymetry over the study area. The detailed bathymetric map is based upon UK 
Hydrographic Office Fair Sheets. The contour interval is in metres, reduced to Chart Datum. 
Figure 4.2 Original finite element grid of the hydrodynamic model (TELEMAC-2D). 

Figure 4.3 Time-series of tidal currents, vorticity and bedload (medium-grained sand) 
transport over a (spring) tidal cycle. 
Figure 4.4 Evolution of the tidally-induced transient eddies during the (spring) tidal cycle. 
Black lines represent the outer limit of the eddies and the grey dots represent the centre of the 
eddies at different phases of the tide (Note: the different phases of the tide are presented in 
hourly time-steps in relation to HW in Devonport). 
Figure 4.5 (a) Vectors and magnitude of depth-averaged residual currents abstracted from the 
hydrodynamic model TELEMAC-2D (residual currents were derived by averaging the depth-
averaged current, at each point of the grid over a tidal cycle); (b) Vectors and rates of net 
bedload (medium-grained sand) transport, calculated using SEDTRANS (see text). 
Figure 4.6 Conceptual model of net bedload transport pattern around Portland Bill. Sand 
transport is characterised by an inner sand mobile zone (black arrow) and an outer sand 
mobile zone (grey arrow). The scale of the larger arrows represents the direction of increased 
gradients in bedload transport rates (see Figure 4.5b). The boundary between those zones 
represents a sand convergence zone (black line). At the tip of the headland, a zone of 
maximum erosion occurs (scour zone). 
Figure 4.7 (a) Depth-averaged residual current vectors, showing the residual eddies and their 
relation to the Shambles and Portland Banks; (b) Net bedload transport vectors, showing the 
occurrence of the bedload convergent zones and their relation to the sandbanks. Arrows are 
not to scale, in terms of magnitude. 

Chapter 5 
Figure 5.1 Regional setting of the Shambles Bank along the southern coast of the U.K. 
Bathymetry in metres (relative to Chart Datum). Line A-B is the survey transect and the box 
marks the selected side-scan sonar survey area. 
Figure 5.2 Operational validation of the hydrodynamic model, using the ADCP measurements, at a 
point along the crest of the Shambles Bank; (a) tidal current depth-averaged velocities; (b) tidal 
current direction. 
Figure 5.3 Flow pattern obtained from the ADCP results, during the maximum flood 
currents: (a) the along-bank current component (ms '; positive x-axis toward the NE); (b) 
cross-bank current component (ms'\ positive y-axis toward the NW); and (c) surface (open 
arrows) and near-bed (black arrows) tidal current vectors, together with the depth-averaged 
velocities, as computed by the numerical model. Note: scale differences between the ADCP 
arrows and the numerical model arrows. 
Figure 5.4 Flow pattern obtained from the ADCP results, during the time-step at which the 
centre of the transient eddy lies over the Shambles Bank: (a) along-bank current component 
(ms '; positive x-axis toward the NE); (b) cross-bank velocity current (ms'^; positive y-axis 
toward the NW); and (c) surface (black airows) and near-bed (grey arrows) Udal current 
vectors, together with the depth-averaged velocities, as computed by the numerical model. 
Note: scale differences between the ADCP arrows and the numerical model arrows. 
Figure 5.5 Flow pattern obtained from the ADCP results, during the maximum ebb currents: 
(a) along-bank current component (ms'\ positive x-axis toward the NE); (b) cross-bank 
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velocity current (ms' ; positive y-axis toward the NW); and (c) surface (black arrows) and 
near-bed (grey arrows) tidal current vectors, together with the depth-averaged velocities, as 
computed by the numerical model. Note: scale differences between the ADCP arrows and the 
numerical model arrows. 
Figure 5.6 Instantaneous bedload (sand) transport vectors predicted during: (a) maximum 
flood (Fig. 5.3); (b) a transient eddy over the bank (Fig. 5.4); and (c) maximum ebb (Fig. 5.5). 
The ADCP results were used for the survey transect whereas, for the remainder of the area, 
the model results were utilised. Note: scale differences between the arrows showing the rates 
calculated using ADCP and numerical model results. 
Figure 5.7 Side-scan sonar images (for location, see Fig. 5.1) showing (light tone, associated 
with low backscatter): (a) small sandwaves, with flood-dominated asymmetry (indicated by 
the black arrow); (b) small sandwave formation, indicating erosion of the crest 
(during reversal); and (c) small sandwaves, with ebb-dominated asymmetry (indicated by the 
black arrow). 
Figure 5.8 (a) Time-series of predicted bedload transport rates and directions calculated for 
the selected site associated with the sandwave reversal (Fig. 5.7; for location see Fig. 5.1). 
The transport rates were calculated using the near-bed currents measured by the ADCP, with a 
mean grain size of 1.1mm. The bedload transport direction, as inferred by the bedform 
asymmetries, is also plotted. The observed bedform asymmetries representing the different 
stages of the tidal cycle are schematic represented at the bottom of the Figure. 
Figure 5.9 A conceptual model of the tidally-related maintenance processes, acting on a 
headland-associated sandbank: (a) the development of transient eddies, during the flood phase 
of the tidal cycle; and (b) the effect of bottom friction induced by the presence of the 
sandbank, during the ebb phase of the tidal cycle. 

Chapter 6 
Figure 6.1 Regional setting of the area under investigation. Location of existing current meter 
()) and wave (#) data. 
Figure 6.2 Bathymetric map of the inner continental shelf around Portland Bill. Depth 
contours in metres, referred to Chart Datum (Lowest Astronomical Tide, LAT). 
Figure 6.3 Location of seabed sediment samples collected, geophysical surveys and ADCP 
transect undertaken. 
Figure 6.4 Original finite element grid abstracted from TELEMAC-2D. Coordinates are 
referred to National Grid, in metres. 
Figure 6.5 Validation of the hydrodynamic model for the area, using measured current speed 
and direction data obtained with the ADCP. This plot is referred to a location along the crest 
of the Shambles Bank. 
Figure 6.6 Seabed mobility simulation for fine-grained sands (D50 = 0.25 mm): (a) bedload 
mobility under currents alone; (b) suspended load transport, under currents alone; (c) bedload 
mobility, under combined wave and currents (SW Wave: Hs=0.8 m; Tz= 4.5 s; Dir= 220°); 
and (d) suspended load transport, under combined wave and currents. 
Figure 6.7 Seabed mobility simulation for medium-grained sands (D50 = 0.50 mm): (a) 
bedload mobility under currents alone; (b) suspended load transport, under currents alone; (c) 
bedload mobility, under combined wave and currents (SW Wave: Hs=0.8 m; Tz= 4.5 s; Dir= 
220°); and (d) suspended load transport, under combined wave and currents. 
Figure 6.8 Seabed mobility simulation for coarse-grained sands (D50 = 1.00 mm): (a) bedload 
mobility under currents alone; (b) suspended load transport, under currents alone; (c) bedload 
mobility, under combined wave and currents (SW Wave: Hs=0.8 m; Tz= 4.5 s; Dir= 220°); 
and (d) suspended load transport, under combined wave and currents. 
Figure. 6.9 Wave data from Lyme Bay (LB, for location see Figure 6.1): (a) scatter diagram 
of Hs and Tz, in terms of number of occurrences (for the period between 1992-1994); (b) 
wave rose diagram, showing the predominant direction of the waves in relation to their Hs. 
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F i g u r e 6.10 Wave height distribution over the inner continental shelf, calculated using the 
RCPWAVE model. Results obtained from the simulation using SW waves. 
F i g u r e 6 .11 Wave height distribution over the inner continental shelf, calculated using the 
RCPWAVE model. Results obtained from the simulation using ESE waves. 
F i g u r e 6 .12 Wave height distribution over the inner continental shelf, calculated using the 
RCPWAVE model. Results obtained from the simulation using "Storm" waves. 
Figure 6.13 Seabed mobility under SW wave action (Hs = 0.8 m, Tz = 4.5 s, Dir = 220°N). 
The mobility is simulated for: (a) fine-grained sand beds; (b) medium-grained sand beds; and 
(c) coarse-grained sand beds. 
Figure 6.14 Seabed mobility under ESE wave action (Hs = 0.7 m, Tz = 4.5 s, Dir = 115°N). 
The mobility is simulated for: (a) fine-grained sand beds; (b) medium-grained sand beds; and 
(c) coarse-grained sand beds. 
Figure 6.15 Seabed mobility under Storm wave action (Hs = 2.0 m, Tz = 10 s, Dir - 220°N). 
The mobility is simulated for: (a) fine-grained sand beds; (b) medium-grained sand beds; and 
(c) coarse-grained sand beds. 
Figure 6.16 (a) Residual depth-averaged currents; (b) maximum depth-averaged currents. 
(Note: Tidal currents abstracted from the TELEMAC-2D numerical model output). 
Figure 6.17 Maximum bed shear stress: (a) under currents alone; (b) under combined wave 
(SW) and currents. 
Figure 6.18 Seabed facies distribution map. 
F i g u r e 6.19 Distribution of the grain size parameters and sand content over the study area, based 
upon: (a) mean sieve diameter (D ô, mm); (b) sorting (a, mm); and (c) mean (sand) settling velocity 
(W;, cm s"'). 

Figure 6.20. Chart showing the bedform distribution over the sedimentary deposits. Key: red 
line - very large sandwave (H > 4m, L > 100 m); blue hne - large sandwave A (1.5<H<5 m, 
30<L<100m; cyan line - large sandwave B (0.75<H<1.5 m, 10<L<25 m); green line -
medium sandwave (H < 0.75 m, L < 10 m); yellow Hne - patches of bedforms, overlying 
bedrock. 

Figure 6.21 Sand transport pathways derived from the asymmetry of large and very-large 
sandwaves. Sandwave classification is based upon their wavelength (L) and height (H), 
following Ashley et al. (1990), i.e.: very large (L)lOOm, H>5m); large (L-lO-lOOm, H-0.75-
5m); medium (L-5-lOm, H-0.4-0.75m); and small (L-0.6-5m, H-0.075-0.4m). 
Figure 6.22 Net bedload (sand) transport, calculated for: (a) a fine-grained sand bed; (b) 
medium-grained sand bed; and (c) coarse-grained sand bed. Transport rates were calculated 
using the algorithm proposed by Gadd et al. (1978). 
Figure 6.23 Side-scan sonar image, showing bedrock outcrops near the tip of the headland. 
Figure 6.24 Maximum (medium-grained) sand transport rates, throughout a spring (ebb-
flood) tidal cycle: (a) bedload transport rates under currents alone (based on the algorithm of 
Gadd et al., 1978), and (b) total-load rates under combined waves (SW) and currents (based 
upon the algorithm of Bagnold, 1963). 
Figure 6.25 Net total-load (medium-grained) sand transport rates, calculated for the 
combined action of waves (SW) and currents. Total load rates were calculated using the 
algorithm of Bagnold (1963). 
Figure 6.26 Synthesis (conceptual) map, showing an explanatory model of sand transport 
pathways and the different levels of confidence, based upon the methodology applied in this 
study (see text). 

Chapter 7 
Figure 7.1 Regional setting of Portland Bill and the area under investigation. LB and SL refer 
to wave data stations (see text). 
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Figure 7.2 Detailed ba±ymetric map of the area under investigation, based upon UK 
Hydrographic Office Fair Sheets. Contour interval in metres and reduced to Chart Datum, 
which is approximately the level of Lowest Astronomical Tide. Key: SB-Shambles Bank; AS-
Adamant Shoal; sGF-Sand/Gravel Flat; PB-Portland Bank; WS- West Shoal; Sst - Rippled 
sand sheet; LB- Lulworth Bank; SL- Shambles Ledge; Rc- Rock outcrop; D - Deep area. 
Figure 7.3 Seabed sediment distribution map, based upon sediment samples and side-scan 
sonar data derived from a compilation of acquired fieldwork and available datasets (Nunny, 
1995 and Kenyon, 1994). 
Figure 7.4 Location of seabed sediment samples collected (A) and side-scan survey tracks 
(—). Location of the images presented in Figures 6, 7, 8 and 9 (A _ A') are also shown. 
Figure 7.5 Sand distribution areas, in relation to seabed morphology: (a) Towards the 
headland, the distribution of sands is restricted to the shoal and bank areas; (b) arrows indicate 
the direction of transverse bedform asymmetry; (c) net sand transport is inferred by assuming 
the direction of the large and very large sandwaves (see below); and (d) sandwave 
classification is based upon their wavelength (L) and height (H), following Ashley et al. 
(1990), i.e. very large (L)lOOm, H>5m); large (L-lO-lOOm, H-0.75-5m); medium (L-5-lOm, 
H-0.4-0.75m); and small (L-0.6-5m, H-0.075-0.4m). 
Figure 7.6 Side-scan sonar images of large and medium sandwaves, associated with the sand 
shoal deposits: (a) Adamant Shoal area, showing 2-D large sandwaves with medium and 
small sandwaves superimposed (D5o=0.55mm; w^7 cm s'^); and (b) West Shoal area, 
showing medium sandwaves (D50 =0.26mm; = 4 cm s'^). High values of acoustic 
backscatter have darker tones in this, and subsequent side-scan images. P is the seabed profile, 
beneath the sonar Osh. For image locations, refer to Figure 4. 
Figure 7.7. Side-scan sonar image of the East sand/gravel flat bed area, showing a flat and 
uniform seabed (D5o=4mm; 55% of gravel and 44% of sand and 1% of mud). For location 
refer to Figure 7.4. 
Figure 7.8. Side-scan sonar image, showing the complex pattern of bedforms associated with 
the Shambles Bank. Very large sandwaves associated with a complex pattern of 2-D and 3-D 
medium sandwaves (D5o=0.9mm, =8.5 cm s'^). The dark tones (DT) in the near range are 
an artefact due to the sonar fish being close to the seabed. For location, refer to Figure 7.4. 
Figure 7.9. Side-scan sonar image of 2-D large sandwaves, on the top of the Portland Bank 
(D5o=0.91mm, =8.25 cm s'^). For location, refer to Figure 7.4. 
Figure 7.10. Maximum bed shear stress (direction (arrows) and magnitude (shading)) 
expressed as shear velocity calculated for: (a) currents alone; and (b) combined wave 
(significant wave condition, see text) and currents. Calculations were undertaken using 
SEDTRANS92 (Li and Amos, 1995). Note: arrows are not to scale, in terms of magnitude. 
Figure 7.11. Net bedload transport direction (arrows) indicated by maximum bedload 
(medium sand) transport rates, over a spring tidal cycle (under currents alone). Transport rates 
are predicted using the algorithm proposed by Gadd et al. (1978). Note: arrows are not to 
scale, in terms of magnitude. 
Figure 7.12. Map showing the occurrence of two conceptually-distinct regions of sedimentary 
processes (shaded), on both sides of the headland: an "inner zone" characterised by increasing 
bedload transport, towards the headland and an "outer zone" defined by decreasing bedload 
transport, away from the headland. The boundary between these two zones defines a shear 
stress/bedload convergent zone. 
Figure 7.13. Diagram showing the correlation between sand grain setthng velocity ( w j and 
the maximum shear velocity (w*, under currents alone). The maximum shear velocity was 
calculated using SEDTRANS92 and refers to the location of the seabed sample recovery. 
(Key to regions: I - rippled sand sheet; n - sand shoals (medium-large sandwaves); m -
sand/gravel flat; and IV - sandbanks). 
Figure 7.14. Regional concept of headland-associated eddy/bedload convergent zones, 
derived on the basis of current data, sediment and bedform distribution, shear stress and 
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bedload transport calculations. (Key: SB- sandbank; sGF- sandy Gravel flat; SS- sand shoal; 
SSt- rippled sand sheet.) 

Chapter 8 
Figure 8.1. Map showing the general location of some examples of headland-associated 
sandbanks around the UK, Channel Islands, French and Irish coasts. 
Key: 1- Shambles and Portland Banks; 2 - Skerries Bank; 3 - Helwick, Scarweather and Nash 
Sands; 4 - Stanley and North West Banks; 5 - Devil's Ridge, Tripods and Bastram Shoals; 7 -
King Williams, Ballacash and Bahama Banks; 8 - Wart Banks; 9 - Burford Bank; 10 - Arklow 
Bank; 11 - Great Bank and du Chateau Bank; 12 - Corbiere Bank. 
Figure 8.2. (a) Regional setting of Portland Bill and the area under investigadon; (b) sand 
distribution areas, in relation to seabed morphology. The detailed bathymetric map is based 
upon UK Hydrographic Office Fair Sheets. Contour interval in metres and reduced to Chart 
Datum. Sand distribution map is based upon sediment samples and side-scan sonar data 
derived from a compilation of acquired Heldwork and available datasets (Nunny, 1995 and 
Kenyon, 1994). 
Figure 8.3. Seabed "shaded relief map of the study area showing the most prominent 
topographic features (Note: Map derived from a version of the bathymetric chart shown as 
Figure 2b.). Key: SB-Shambles Bank; AS-Adamant Shoal; EF- East Flat; PB-Portland Bank; 
WF - West Flat; WS- West Shoal; SSt - Rippled sand sheet; LB- Lulworth Banks; SL-
Shambles Ledge; Rc- Rock outcrop; Sw - very large sandwaves; Pd - Portland Deep . 
Figure 8.4. Offshore solid geology map, superimposed upon the bathymetry (after Donovan 
and Stride, 1961a). Key: OC - Oxford Clay, KC - Kimmeridge Clay, CB - Corallian Beds, 
Pst - Portland Stone, Psa - Portland Sands and PB - Purbeck Beds. 
Figure 8.5. Location of the collected seabed sediment samples, side-scan sonar and seismic 
survey tracks. 
Figure 8.6. Longitudinal section through the deposits showing their thickness and the spatial 
relation with the basal surface. For location refer to Figure 8.5. 
Figure 8.7. Transverse sections showing the architecture and internal structure of the 
deposits, (a) Adamant Shoal; (b) East Flat; (c) Shambles Bank, showing the three first-order 
rejectors (SRI, SR2 and SR3); (d) West Shoal; (e) West Flat; and (F) Portland Bank, 
showing the three first-order reflectors (PRl, PR2 and PR3). 
Figure 8.8. Transverse seismic section along the Adamant Shoal, with the corresponding 
interpretation. The asymmetric profile of the shoal and the occurrence of clinoforms suggest a 
long-term migration of the shoal towards the coast. 
Figure 8.9. Longitudinal seismic sections showing the /parrgm. (a) 
Detailed morphology of the area around the tip of the headland and the location of the seismic 
profiles; (b) Section along the Shambles Bank, showing a flat horizontal basal surface with 
very large sandwaves overlying; and (c) Section along the Portland Bank showing an inclined 
basal surface with very large sandwaves overlying a sequence with foresets. 
Figure 8.10. Transverse section across the Shambles Bank: (a) seismic section interpretation 
showing the bounding surfaces and seismic units; (b) transverse seismic section (for location 
refer to Figure 7); and (c) interpretation of the seismic units regarding their characteristics in 
relation to the bank evolution. 
Figure 8.11. Transverse seismic section across the West Shoal. The asymmetric profile of the 
shoal and the occurrence of clinoforms observed over this section suggest long-term 
migration of the shoal towards the coast, as for the Adamant Shoal (refer to Fig. 8.8) 
Figure 8.12. Regional distribution of the headland-associated sedimentary deposits (HSD), 
indicating the occurrence of two depocentres and the long-term bank migration direction. 



[/MfvgfffYy c î̂ ow^Aomp^n 
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Chapter 2 

Table 2.1 Mean values of % and Qoo for different bottom types (abstracted from Soulsby, 
1983). 

Chapter 7 

Table 7.1. Grain parameters (D50, wj , shear stress and sand transport associated with the 
different sedimentary deposits. Shear stress was calculated using the sediment transport model 
- SEDTRANS92 (Note: tidal currents used in the calculations were abstracted from the 
hydrodynamic model, TELEMAC-2D (see text)). 
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1.1 Background 

The use of the coastal zone for recreation, tourism, port/shipping and industrial activities has 

increased significantly during the past decades. At the same time, it has become imperative 

that these areas had to be protected from being flooded, or eroded by the sea. In order to 

balance the necessity to protect property, without threatening the integrity of the natural 

coastline, scientific understanding of the marine, coastal and terrestrial processes acting over 

the coastal area is required; likewise, the use of creative coastal management solutions. 

The management, planning and sustainable development of the coastal zone requires the 

understanding, by coastal managers and Authorities, of the physical processes acting and 

influencing the evolution of the coastal system. Within this context, studying the seabed 

sediment mobility and transport pathways over the inner continental shelf (water depth < 50 

m), ac^acent to the coast, is highly significant. 

The inner shelf is considered to be dynamically, morphologically and sedimentologically 

contiguous with the beach and shoreface (Wright, 1995). The presence of sandbanks, sand 

shoals and shore-connected ridges, on the inner shelf, will have a substantial influence on 

regional sediment transport pathways (Whitehouse, 2001; and Williams ef aZ., 2000). 

Sandbanks alter significantly the hydrodynamic regime, influencing directly the physical 

processes along the coastline; they can create localised tidal current patterns and alter the 

wave propagation (Pattiaratchi and CoHins, 1987). 

The formation of a sandbank is associated with the accumulation of sand; this is a response to 

the regional sediment transport patterns and gradients (Dyer and Huntley, 1999). Moreover, 

once formed, sandbanks develop and can modify current patterns; in turn, they can also be 

modified by the prevailing current and wave regime, representing growth and maintenance 

processes (which can differ from the process of formation). 

Sandbanks are important commercially, as potential source of material for the dredging 

industry. Conversely, they can be extremely important as a "sand-feed" source for the 
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coastline, as well as a natural coastal defence, refracting the approaching waves. At the same 

time, sandbank deposits can be important in providing evidence of regular and extreme 

events, within their internal structure. Alternating periods of deposition and erosion can be 

identified and related to the prevailing tidal currents and storms (Houthuys gf a/., 1994). 

Moreover, within a geological time scale, sandbanks can exists as extensive oil reservoirs; 

hence, their characterisation and recognition in the stratigraphic records is of great interest. 

A specific type of sandbank (Banner banks, or headland-associated sandbanks) occurs in 

association with coastal irregularities (capes or headlands) or islands. Such banks occur 

usually on tidally-dominated shelves and are very common around the British Isles. Their 

formation is considered to be related to the development of tidal eddies, due to the interaction 

of coastal headlands and oscillating tidal currents (Pingree, 1978; Signell and Harris, 2000). 

The proximity of the sandbanks, to the coast, and their presence in shallow water areas make 

them: (a) a suitable focus for the dredging industry; (b) a possible site for an offshore wind 

farm (power generation); and (c) a risk for shipping and for the stability of pipelines and for 

submarine cables. Therefore, investigating such banks and their relationship to the regional 

sediment transport pathways is not only relevant, from a scientific perspective, but also of 

applied significance. 

The successful outcome of such studies depends upon a well defined scientific framework 

(incorporating: geological and geomorphological setting; seabed moi])hology; 

unconsonlidated sediments; and hydrodynamic regime) followed by the proper application of 

different scientific methods (including: geomorphological and/or sedimentological indicators; 

field observations; and numerical simulation). 

In order to investigate the formation, evolution and maintenance processes of a headland-

associated sandbank, the present study distinguishes the regional context of the sandbank, in 

terms of its geological origin and evolution and the local and short-term 

hydrodynamic/sediment dynamic processes; likewise, the presence of the sandbank is 

discussed within the geological/sedimentological context of headland-associated sedimentary 

deposits, facies distribution and sand transport pathways. 
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1.2 The Present Study: Objectives and Methods 

The present research programme involves the investigation of the sedimentary processes and 

deposits, associated with coastal headlands. The case study considered here is the continental 

shelf around the Isle of Portland, located in the English Channel (southern UK, Fig.1.1). The 

main objective of this study is to develop and expand the scientific knowledge of the 

sedimentary processes and deposits around coastal headlands, with a special emphasis on the 

occurrence of headland-associated sandbanks. 

Towards this objective, the research has focused upon: 

(i) characterising the seabed mobility and sand transport pathways over the 

continental shelf under investigation, for different (hydrodynamic) energy 

conditions; 

(ii) examining sand transport processes around a coastal headland and the response of 

this process, in relation to the formation and evolution of tidally-induced transient 

eddies; 

(iii) mapping the distribution of seabed sedimentary facies around the headland and 

examining their relationship to the prevailing hydrodynamic conditions; 

(iv) investigating the morphology and internal structure of headland-associated 

sedimentary deposits and discussing their formation, in terms of the physical 

parameters that might be controlling their evolution. 

At the same time, the present research aims also to interpret the sedimentary deposits, not 

only from a hydrodynamic or sediment transport perspective, but considering also the 

distribution and the morphological and sedimentological characteristics of the deposits. 

Towards the objectives outlined above, a methodological framework was designed, based 

upon different scientific approaches; this provided various scientific insights on the study 

topic. The framework relies upon: (a) the application of numerical models (including a depth-

averaged (tidal flow) hydrodynamic model (TELEMAC-2D), sediment transport model 

(SEDTRANS) and wave refraction model (RCPWAVE-CEDAS)), to simulate and predict the 

seabed mobility and sediment transport pathways around the headland, under different 

prevailing hydrodynamic regimes; (b) m hydrodynamic data collection, using a ship-
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borne Acoustic Doppler Current Profiler, to determine the prevailing hydrodynamic processes 

over the sandbanks; (c) mapping the seabed, using side-scan sonar surveys and seabed 

sampling, in order to characterise the seabed sedimentary facies; and (d) use of a high-

resolution seismic profiler, to identify the internal structure of the sedimentary deposits, in 

order to investigate their evolution and relationship to the basal substrate. 
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Figurel.l Location of the study area. 
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1.3 Thesis Structure 

The thesis is structured in three distinct parts: (i) background to the research (Chapters 2 and 

3); (ii) results and discussion (Chapters 4 to 8, inclusive); and (iii) synthesis and conclusions 

(Chapter 9). 

The first part, or the background to research, comprises Chapters 2 and 3. Chapter 2 reviews 

the general sedimentary processes and deposits over the inner continental shelf, together with 

the scientific concepts used and discussed throughout the research. Included also is the 

existing knowledge relating to water circulation around coastal headlands and the formation 

of headland-associated sandbanks. Chapter 3 introduces the regional geological, 

geomorphological and hydrodynamic settings of the study area, i.e. the Dorset coast and the 

adjacent inner continental shelf. 

The results and discussion part of the thesis consists of Chapters 4 to 8; this is presented here 

as a collection of scientific articles and one technical report. Hence, in this part of the thesis, 

each Chapter has its own introduction and/or scientific background, methodology, results and 

discussion and/or conclusions. Chapters 4 to 8 are organised in a manner to describe 

sequentially the research findings of the present study. It must be noted that this sequence 

does not follow necessarily a chronological order of the results obtained. Hence, earlier 

Chapters (4, 5 and 6) may refer to a published article presented in a later Chapter (7). 

Chapter 4 reviews the tidal flow patterns around headlands and explores the associated sand 

transport processes. Applying coupled hydrodynamic and sediment transport models, the 

results show a time-series of sand transport around a coastal headland, discussing the 

occurrence of sandbanks using patterns of water residual circulation and net bedload sand 

transport. 

In Chapter 5, the short-term (12.4 hours tidal cycle) dynamics of a headland-associated 

sandbank (Shambles Bank) is investigated, by means of field measurements (synchronous 

data using an ADCP and side-scan sonar imaging) and hydrodynamic and sediment transport 

models. The process of sandbank maintenance is described in terms of along- and cross-bank 

velocity components, sand transport pathways and bedform asymmetries. 
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A seabed mobility and sand transport pathways study, using hydrodynamic, sediment 

transport and wave refraction models and seabed mapping techniques (side-scan sonar 

imaging and seabed sampling), is presented in Chapter 6. This approach explores the effect of 

different hydrodynamic conditions on the seabed sediment mobility and the resultant patterns 

of sediment transport. The application of various methods to investigate seabed mobility is 

discussed, together with how they increase the level of accuracy and confidence in 

establishing the (net and instantaneous) sand transport pathways. 

In Chapter 7, the results derived from the application of numerical models are combined with 

morphological, sedimentological and geophysical field datasets; this is in order to relate the 

observed sedimentary facies distribution, around the coastal headland, with the prevailing 

hydrodynamic patterns. This Chapter presents also a generalised conceptual model for 

sedimentary processes around coastal headlands. 

The morphology and architecture of the deposits, associated with the coastal headland, are 

examined in Chapter 8. High-resolution side-scan sonar and seismic profiles were used to 

investigate the bedform distribution and the internal structure of these deposits, respectively. 

This Chapter explores also the physical controlling parameters that can influence the 

evolution of such deposits. 

The contribution made by the author and the different co-authors to the scientific articles is 

presented in a table, before each respective Chapter; this includes the following subjects: 

initiative for the research, data collection and analysis, interpretation and manuscript 

preparation. 

A complete synthesis of the results obtained, throughout the investigation, is presented in 

Chapter 9. In this Chapter, the new Rndings are compared with the previous existing 

knowledge on the study subject; they are discussed in ternis of their significance in 

developing and expanding the knowledge within this particular subject area. Final concluding 

remarks and unresolved problems, together with recommendations for future research, are 

presented also in this Chapter. 
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Chapter 2 

Inner Continental Shelf Processes and Deposits: A Review 

2.1 Shelf Sand Transport 

The most important physical processes responsible for the transport and fluxes of sediment 

particles along and across the continental shelf are governed by tidally-induced currents, 

wave-orbital flows, wind-driven flows, buoyant plumes, density currents and internal waves 

(Nittrouer and Wright, 1994) (Fig.2.1). 

Estuary Wind-Driven Alongshelf Flows 

Estuanne 
Plumes 

Internal Waves 

Physical and 
Biologic Mixing 
of Sediment Column 

Sleep Gfadiems 
In Cross-Shelf Sediment 

Inner Shelf m i d Shelf m 

Figure 2.1 Synthesis of the physical transport processes acting on the inner shelf (Nittrouer 
and Wright, 1994) 

In terms of flow regimes, the continental shelf can be divided into 3 regions (Fig.2.2): (a) the 

inner shelf; (b) the mid-shelf; and (c) the outer shelf. In a sense, the inner shelf is a 

frictionally-dominated flow zone, where surface and bottom boundary layers are mixed, in 

response to tide and wave action. The outer shelf zone (associated water depths > 100 m) is 

characterised by geostrophically-dominated flows, often showing a stratified water column. 

The mid-shelf region is considered to be a transition zone, showing increasing differentiation 

into surface and bottom (water) layers. Inner shelf environments can be defined as being the 

region lying to seaward of the surf zone, extending offshore to water depths about 30-60m. As 

described by Wright (1995), the inner shelf is dynamically, morphologically and 

sedimentologically adjoining with beaches and surf zones; secondarily, with estuaries, river 

mouths and tidal inlets. 
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Regions of the continental shelf 
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Figure2.2 Regions of the continental shelf, based upon flow regime and water depth (Wright, 
1995). 

Modem sedimentary processes acting along inner shelves are the result of the interaction 

between the flow (including waves and tidal currents) and the seabed sediments. The 

processes close to the bed are those of greatest significance in terms of sediment dynamics. 

Frictional forces are exerted by waves and currents on the seabed (bed shear stress, x, Eq.2.1) 

through the boundary layer and, once the critical condition for initiation of sediment 

movement is exceeded (threshold of motion), sediment transport occurs (Fig. 2.3). Therefore, 

sediment transport is a response to the exchange of momentum between sediments and flow 

(Leeder, 1999). 

Current velocity 
profilq 

P̂ lnment 

, . Deposition.vi-'l 

Wave orbital 
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Wave-induced 
bed shear stress Current-induced 

bed shear stress 
(a) 

Figure 2.3 Schematic diagram of sand transport processes over the continental shelf (Soulsby, 
1997). 
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For sediment dynamics investigations, the frictional force exerted by the currents per unit area 

of the seabed is, most probably, the most important parameter to be determined. This 

parameter is called the bed or bottom shear stress (t), which can be described in terms of units 

of force per unit area (Nm'^) or as units of velocity (m s'^), known as friction or shear velocity 

(w*). The bed shear stress and the shear velocity are deRned by the equations presented below 

T = pw/ 

(2.1) 

P 

where w. is the shear or friction velocity and p is the fluid density. 

Sediment transport rates are termed the total amount of sedimentary particles moving on the 

bed and the water column, over a unit area, multiplied by the mean velocity of particles 

movement. Their spatial and temporal derivatives define the sediment dynamics. As a 

consequence, a combination of the processes of erosion, transport and deposition will produce 

the resulting morphological changes and the seabed morphology. The term morphodynamic 

implies the mutually-interdependent hydrodynamic processes, seabed morphology and 

sequences of change (Wright, 1995). The understanding and prediction of the 

morphodynamics is one of the most important objectives of sediment dynamic studies. 

The transport of sediments, on continental shelves, is controlled by unidirectional, oscillatory 

and combined flows. Here, tidal currents are considered as unidirectional flows, whilst 

oscillatory flows are related to surface waves. A brief review on the mechanics of sediment 

transport under each type of flow is presented here; their distinct characteristics are described, 

in terms of bottom boundary layer and bed shear stress models, the threshold of movement 

and sediment transport rate calculations. The objective is an improved understanding of the 

limitations of sediment transport model application. 

2.1.1 Sediment Transport under Unidirectional Flows 

A fluid moving over a stationary boundary experiences frictional effects, leading to the 

formation of a vertical zone where a velocity gradient, orthogonal to the boundary, is formed. 

Within this zone, known as the boundary layer, the velocity increases from zero at the 

boundary ("no slip" condition) to a maximum value at the outer "free stream" zone, i.e. not 

2 2-3 
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influenced by the frictiona] effects on the boundary. Assuniing the moving fluid as a tidal 

current and the stationary boundary as the seabed, the processes relating to sediment transport 

can be described within the bottom boundary layer (BBL). 

Considering the continental shelf environment, the discussion presented here assumes that the 

flow is turbulent, as laminar flows are rarely observed widiin this environment (Dyer, 1986). 

The parameter to establish the nature of the flow is the Reynolds Number (Re), which 

represents the effect of viscous to inertial forces. 

Re = 
[/A 

V 
(2.2) 

Where [/ is the flow speed, A is the water depth and v is the kinematic fluid viscosity (v = |i/p, 

where p, is the molecular viscosity of the fluid and p is the fluid density). 

The current-induced BBL can be up to tens of metres in thickness and, especially in shallow 

waters, can occupy the entire water column (Dyer, 1986). The BBL structure can be described 

in terms of the distribution of velocity, as a function of height above the bed, which is termed 

the current velocity profile. Hence, three regions can be recognised within the BBL (Fig. 2.4): 

(i) an inner region, which can be subdivided into a laminar sublayer, a viscous sublayer and a 

buffer layer; (ii) an overlap region or logarithmic layer; and (iii) an outer region or free stream 

layer. 

Height 
above bed 

Outer layer Outer layer 
-0.15 -0.15 

Logarithmic layer 
Logarithmic layer 

Bufiter layer 
Viscous sublayer 

Smooth bed Routfa bed 

Figure 2.4 Velocity profile within the water column for an hydrodynamically-smooth bed (a) 
and an hydrodynamically-rough bed (b) (modified from Dyer, 1986). 
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In the inner region, the flow is dominated by the effects of molecular viscosity or by the 

roughness elements. The (turbulent) flow herein can be classified according to the roughness 

or grain Reynolds number, Re*= w* / v , where is the grain effective roughness height 

(see below). Re, can be described as being proportional to the ratio of the grain diameter to 

the thickness of the viscous sublayer (6) through the equation (Sleath, 1984), 

6 = 11.6 — 

(2.3) 

Re, = 1 1 . 6 ^ 
o 

Therefore, the transition from smooth to rough turbulent flows is dependent upon the 

relationship between the scale of roughness elements and the thickness of the viscous 

sublayer. 

Above the viscous sublayer, the velocity proOle assumes a logarithmic form, making up the 

so-called logarithmic layer. Within the logarithmic layer, the speed at a height z above the 

seabed, is expressed by the Prandtl-Von Karman equation, 

(2.4) ^ J 
^ IZoJ 

where ^ is the von Karman's constant (/:=0.40, in clear water), zo is the seabed roughness 

length and w* is the shear velocity. In rough turbulent flows, the viscous sublayer is absent and 

the logarithmic layer extends down to the bed. The tidal current speed can be calculated 

throughout the water column, by using an empirical formula (Soulsby, 1997), 

/ 

U, 
n 

^ ,for0<z<0.5A (2.5) 
^0.32A_ 

[ /^=1.07i / , for0 .5A<z<A (2.6) 

This empirical relationship shows good agreement when compared to a variety of field 

measurements in: deep and shallow water; slow and fast currents; stratified and unstratified 

conditions; and flat beds and sandwaves (Soulsby, 1997). Moreover, tidal current speed can 

be referred as a depth-averaged current speed ; this is related to the velocity profile trough 

CAapfgr 2 2-5 
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h 

where /z is the water depth, [/% is the current speed at height z and z is the height above the 

seabed. Above the logarithmic layer, the velocity and turbulent proGle depend upon ±e nature 

of the free stream flow. 

In consideration of the effects of roughness elements on the vertical structure of the flow 

velocity, it might be considered that the shear stress exerted on the bed is not only dependent 

on the flow speed, but also on the physical seabed roughness. Seabed roughness is described 

as the sediment properties (grain size) and the seabed morphology (bedforms). The influence 

of seabed roughness in the bed shear stress distribution is represented by the roughness length 

(zo). It has been shown that the bottom roughness length, together with the drag coefficient 

and the threshold of motion (see below) may change as sand moves and ripples change their 

shape, during a tidal cycle (Dyer, 1980). The bed roughness can be obtained using the 

relationship proposed by Christoffersen and Jonsson (1985), based upon Nikuradse (1933) 

experimental results. 

Zo & 
30 1 - exp : 

I 27v 
+ — (2.8) 

9w, 

For hydrodynamically-rough flow, zo=^y30, where is the Nikuradse grain (skin friction) 

roughness. 

The roughness length may be described as two roughness components of the seabed; the skin 

friction (zo^̂  and the form drag (z(^): zo = zoi/-+ zq/î  

For hydrodynamically rough beds. 

0̂ ^0^ l ,30j 
/ (2.9) 

The skin friction is produced by the sediment grains and can be measured by the Nikuradse, 

or grain, roughness (X:̂ ). Nikuradse (1933) established however, several expressions 

were, subsequently, derived (see below). 

C/zapfgr 2 Bac/rgrouw/ 2-6 
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Sleath (1991) 

Van Rijn (1993) 

Soulsby (1997) 

A:̂ 2D5o 

^^=3D9o 

The form drag component expresses the influence of bedforms; it is produced by the pressure 

field associated with the flow over ripples or larger bedforms. It has been shown that T 

increases, over the bedform, from the trough to the crest (Soulsby, 1997). Bedform roughness 

can be related to the height (r;) and spacing (L) (or steepness, T]/L) of the ripples (Soulsby, op 

cir.): 

C where 1< C > 30 (2.10) 

The roughness parameter plays an important role in the calculation of the total bed shear 

stress. The total shear stress may be expressed in terms of the sum of the two components; 

skin friction (Tgf) and form drag (Tfd). At very high flows, usually sheet flow conditions, a 

third roughness element might be taken in account, the sediment-transport contribution. 

The sediment-transport contribution (TsJ, or bedload roughness (X:/,,, Wiberg and Rubin, 1989; 

and Li gr aZ., 1997), is produced by the momentum extracted from the flow to move the grains 

(and by saltating grains), being related to the intensity of transport (Soulsby, 1997). In a flow 

transporting sediments, a portion of the flow is spent in overcoming the grain-to-grain friction 

force and maintaining a thin bedload transport layer (Li gf aZ., 1997). The bedload roughness 

may be described in terms of the thickness scale of the bedload layer (8bi), as hypothesised by 

Owen (1964). From Wiberg and Rubin (1989), = 1.688bi ; or from Grant and Madsen 

(1982),/:6,= 3.86bi. 

Effectively, the component that actually moves the sediments is the skin friction. However, to 

calculate the shear stress, assuming only the skin friction component, may overestimate the 

final calculations in sediment transport. Considering, for example, a current flowing over a 

rippled bed, the shear stress exerted on the bed is a function of the skin friction and the 

presence of ripples (form drag); this means that part of the shear stress acting on the bed, is 

CAopfgr 2 2-7 
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not directly related to transporting grains. The contribution of the form drag component, to the 

total shear stress, is shown schematically in figure 2.5. 

Studies undertaken by several authors, in the laboratory or in the sea, indicate that form drag 

can represent up to 60% of the total applied stress (Bagnold,1963; Engelund and Hansen, 

1972, Kapsdali and Dyer, 1986; and Powell, 1996). Li gf aZ. (1997), based upon field 

observation, present a detailed discussion regarding the effect of the different roughness 

parameters (bedforms, saltating grains and bedload roughness) on the final calculation of the 

shear stress, comparing to predicted threshold values. 

u p p e r r e g i m e 

ro m 
-0 ^ 

- ? 
D X) 
c 5 
m m 

L o w e r r e g i m e 

0. m 
R i p p l e s 

Figure 2.5 Relationship between (total) bed shear stress (Tb = i:' (skin friction) 4-1" (form 
drag)) and flow velocity, for different bed forms (Van Rijn, 1993). 

Shear stress can be estimated by applying different methods: velocity profile; quadratic 

friction law; Reynolds stress; inertia dissipation method; and surface water (or total) energy 

slope. Here, the first three methods will be presented, due to their potential application within 

the present study. 

The velocity profile method is based upon multi-level current speed measurements obtained 

within the logarithmic layer, usually using a velocity gradient rig. Current speeds are fitted to 

a logarithmic velocity profile curve and the roughness length (zo) can be obtained graphically. 

Applying the logarithmic velocity profile equation, w* is then calculated. 

2 2 - 8 



The quadratic friction law is, probably, the simplest technique available to calculate the shear 

stress; it is based upon a current measurement at a fixed height above the seabed, applying a 

quadratic friction law. In turbulent flows, it has been shown, experimentally, that the shear 

stress is proportional to the square of the current velocity and introducing a drag coefficient 

(Sternberg, 1972), 

T = (2.11) 

If the current is measured at Im (100cm) above the seabed, then 

T = (2.12) 

where, (Cyw) is the drag coefficient, which relates the mean velocity near the bed to the 

applied stress. An investigation undertaken by Sternberg (1968), in the sea, has indicated that, 

for hydrodynamic-rough flows, the drag coefficient assumes a constant value related to the 

bed configuration. Hence, the shear stress can be calculated from a single measurement within 

the BBL, as the drag coefficient can be related to the roughness length (Sternberg, 1972). The 

drag coefficient is a function of the bed roughness and can be calculated through the equation 

(Soulsby, 1983): 

In ; 

(2.13) 

Soulsby (1983) has proposed typical values of % and Co for different bed types, based upon a 

large number of Held measurements (Table 2.1). 

The Reynold's stress or eddy correlation method is based upon measurements of the turbulent 

fluctuations in the velocities (Dyer and Soulsby, 1988). However, the concept of the 

Reynold's stress calculation is somewhat complex (see Heathershaw, 1988 and Soulsby, 

1983); consequently, it will be introduced here. 
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Table 2.1 Mean values of % and Cyw for different bottom types (abstracted from Soulsby, 

1983). 

Bottom type Zo (mm) Cm 

Mud 0.2 0.0022 

Mud/sand 0.7 0.003 

Silt/sand 0.05 0.0016 

Sand (unrippled) 0.4 0.0026 

Sand (rippled) 6 0.0061 

Sand/shell 0.3 0.0024 

Sand/gravel 0.3 0.0024 

Mud/sand/ gravel 0.3 0.0024 

Gravel 3 0.0047 

Turbulent flows consist of random movements of eddies within the fluid, generating random 

fluctuations in the velocity field and in the stresses which are exerted upon the sediments 

(Heathershaw, 1988). Considering that the instantaneous velocities in the BBL are defined as 

w+w'; v+v'; w+w' (where, u, v, w are the means in the axes direction and w', v', w' are 

the turbulent deviations or fluctuations), then the Reynold's stresses are: w'w'; = -

= -yOw'v'. 

The zz plane is taken as the plane normal to the bed, whilst jicy is the plane defining the 

horizontal flow direction. The component deOnes the turbulent flux of momentum across 

the xz plane, which is, actually, the shear stress exerted by the moving fluid on the fluid at a 

lower level. An important feature, related to sediment transport, is that the contribution of 

w'w' components to the Reynolds stresses (T^) are large and highly intermittent 

(Heathershaw, 1988). This method of shear stress calculation requires high-frequency 

measurements, obtained, for example, by electromagnetic current meters or acoustic doppler 

velocimeters. 

/Movemgnf 

As the shear stress is exerted over the bed, a critical point is reached when the sediments start 

to move. This critical point, when a slight increase in the applied stress will move the 
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sediment, is known as the threshold of sediment movement. The recognition of the sediment 

Areshold is a very important parameter for use in the computation of sediment transport and 

seabed mobility. 

Sediment grains begin to move when the combined resultant forces of the fluid (combined lift 

and drag forces) exceed the gravity force applied to the grain on the bed. This resultant force 

may move the grain, by lifting it over the bed or rotating the grain under a pivot angle 

(Middleton and Southard, 1984 and Li and Komar, 1986). In a general situation, the threshold 

is a function of the sediment characteristics (density, size, packing, sorting, shape), the fluid 

(density and viscosity) and the flow properties (velocity and shear stress) (Miller gf aZ., 1977). 

Threshold curves, for the prediction of sediment transport processes and rates, have been 

published by several authors; these are based usually upon laboratory experiments, relating 

the threshold to the applied current speed or to the bed shear stress (Shields, 1936; Hjulstrom, 

1939; Yalin, 1972; and others). Extensive reviews on threshold curves have been presented by 

Miller er aZ. (1977) and Paphitis (2001). 

In an early investigation. Shields (1936) derived an experimental curve (known as Shields 

Diagram) after undertaking a dimensional analyses, combining sediment, fluid and flow 

function properties, for the definition of threshold. The Shields parameter (8) defines the ratio 

of the bed shear stress acting on the grain, to the submerged specific weight of the grain; this 

was plotted against the grain Reynolds number, Re* (Fig. 2.6a). 

( p , - p ) g D ( p , - p ) g D L V 
pw, ^ 1 (2.14) 

y 

Where Ps is the sediment density, p is the fluid density, g is the acceleration due to gravity 

(9.81m s'^), D is the grain size and the relationship w*D/v is the dimensionless grain Reynolds 

number (Re*) 

The threshold condition for sediment movement is referred as the Shield criterion (8cr). 

^ (2.15) 
(P, - P W 
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(Note: in this expression the shape of the grain is neglected and the curve is based upon the 

investigation of flat beds). 

(a) 

Re* = u*D 

(b) 

o 

0.0 

S e d i m e n t T h r e s h o l d 

10 100 1000 10000 

Y = [(Ps - pjgoVpî f̂'̂  

Figure 2.6 Threshold Curves: (a) Shields curve; and (b) Yalin's curve. 

Miller et al (1977) have proposed a modification of the Shields curve, by reviewing 

experimental flume data from different sources. With these additional data, Miller et al.{op 

cif.) extended the curve by three orders of magnitude. 

The Shields diagram has the disadvantage, in its utilisation, that w* is presented on both axis; 

as such, this does not permit a direct determination of the threshold condition. Combining 8cr 

and Re*, to eliminate w* from the abscissa, Yalin (1972) defined a paramater, S (the Yalin 
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parameter), which retained only fluid and grain properties. The plot of 8cr against 2 shows a 

curve similar to the original curve of Shields (Fig. 2.6b) 

^ Rs, ^ (p, - p ) g D 3 

(2.16) 

Consequently, a threshold condition (8^ )̂ can be determined directly for known fluid and 

grain parameters, by calculating S. Another alternative to the Use of Shields curve is the 

application of a dimensionless grain diameter (Van Rijn, 1993), 

D. = 
J 

D (2.17) 

Grain-shape effects are not incorporated in the Shields diagram, despite being a very 

important characteristic of sedimentary particles; as such, an important parameter for use in 

threshold studies. An alternative approach is the use, in an expression, of the settling velocity 

(Wj) of a particle. 

Collins and Rigler (1982) deRned the Movability number (wVtf^), based upon the 

dimensionless analysis provided by Liu (1957). The Movability number, plotted against Re*, 

has been used as an alternative to the Shields curve; this incorporates grain-shape effects into 

the determination of the threshold (Komar and Clemens, 1986; Paphitis ef a/., 2002). Collins 

and Rigler (op cfY.) deduced an empirical relationship: 

T,, =1.24w°'' (2.18) 

Sediment threshold conditions for (non-flat) rippled beds were proposed by Kapdasli and 

Dyer (1986), based upon a Shields-type diagram curve provided by Bagnold (1963). Kapdasli 

and Dyer (op. cir.) showed that the Shields diagram can be applied to determine the threshold 

on rippled beds. In this approach, the skin friction shear stress component, at the crest, is 

considered instead of the total shear stress. 

Van Rijn (1993) and Soulsby (1997) have presented solutions for the calculation of depth-

averaged speed threshold, . These solutions are most applicable for the consideration of 
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sediment transport, in depth-averaged hydrodynamic numerical models. It is assumed that the 

seabed is horizontal, flat and that no ripples are present. Soulsby {op cit.) presented the 

following equation: 

= ^ ^ (2.19) 
1 + 1.2D. + 0.055[l - exp(- 0.02D.)] 

a 

where f is the ratio of grain and water densities. 

rarefy 

Once threshold is reached, any slight increase in the applied stress (or current speed), will 

transport a certain amount of sediment downstream and create patterns on the seabed 

(bedforms). Subsequently, in sediment transport studies, sediment transport rates are 

investigated. Equations to calculate sediment transport rates are widely available; however, 

the selection of most suitable equation is still unclear (Heathershaw, 1981; Soulsby, 1997). 

Existing equations relate sediment transport rates, to current speed or near-bed shear stress. 

Bedload transport rates can be expressed as volumetric transport rates (g'6= m^ s"'); mass 

transport rate (<2/,= kg m 's ' ^ ) and immersed weight transport rate (;6= (p^p) g^6, N m'̂ s" 

Usually, transport rates are calculated based upon an excess shear stress or flow speed (see, 

for example, Heathershaw, 1988; van Rijn, 1993; Soulsby, 1997). Here, the concepts of 

Bagnold, Einstein (stochastic), Yalin and Engelund-Hansen will be presented, followed by the 

final derived equations. 

The concept of "stream power" defined by Bagnold (1956), relates the 

transport rate to the power expended by the fluid moving over the sediment-water interface, 

using an efficiency factor K. 
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P. 

(/), - / ) ) g 
(/iTQ) (2.20) 

The stream power parameter, Q, is the power per unit area expended on ± e seabed, by the 

flowing fluid; it is given by 

^ — Tiî  — f)ii^ (2.21) 

The efRciency factor. A!", is dependent upon the sediment grain size and on excess shear stress; 

hence, AT is a function of (T- Tcr)/'Ccr for a particular sand size (Kachel and Sternberg, 1971). 

This modified Bagnold relationship showed good agreement with earlier flume data obtained 

from Guy gf aZ. (1966). Gadd gf aZ. (1978) removed by restructuring the velocity 

dependence of the Bagnold's stream power equation. Gadd ef aZ. (op czr) obtained the 

following expression for (bedload) sediment transport calculation. 

q = P ( C ™ - C , J ' (2-22) 

where p is a coefficient of proportionality taken from the Guy gf aZ. (1966) flume experiment 

data. The data showed that P ranges from 1.73 x 10'̂  to 7.22 x 10'^ for grain sizes of 0.18mm 

to 0.45nmi. 

EZn^fgin (JP50). The statistical approach of Einstein suggests that sediment transport is related 

to the turbulent behaviour of the flow, rather than to the mean velocity. This investigator 

describes the particle motion in terms of probability, relating the hydrodynamic lift force and 

particle weight (Note: Einstein does not consider a threshold condition). Another approach is 

the Einstein-Brown equation (Brown, 1950), which considers the particle settling velocity. 

This equation was obtained from flume experiments, under unidirectional flow, over well-

sorted sediment (0.3-29mm). 

9 = 40w,D ;o 
f _ ^3 

(2.23) 
v(Pj P)<?-̂ 5o y 

FaZm Yalin's approach considers the average lift forces exerted on a sediment grain. 

The grains move by saltation and an increase in bedload discharge is not necessarily 
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associated to an increase in the number of grains, but an increase in the grain path length. 

Yalin's equation assumes a threshold condition for sediment movement. 

ly = 0.635p^D;QW,:y 

vyhere ^=(T-Tcr)/Tcr, and a is given by 

1 - — l n ( l + &y) 
<36' 

(2.24) 

r n ^ 
0.4 

2.45 P 

vPf y (P, 
(2.24a) 

50 y 

(7P72). Engelund and Hansen (1972) approach is based upon flume 

experiments and it was, initially, derived for dune-covered beds. This method (which does not 

include a threshold condition) is widely used to calculate total load transport rates. The 

equation is: 

0.04Cf[/,i^ 
(2.25) 

where is the current speed at 100 cm above the bed. 

2.1.2 Sediment Transport under Oscillatory Flows 

Waves on the sea surface can be characterised by: (a) wave height (H), which is the vertical 

distance from trough to crest; (b) wave period (T), which is the time between two successive 

crests or troughs passing a fixed point; (c) wavelength (X), which is distance between wave 

crests; and (d) wave celerity or speed, given by the relationship C = A/T. Natural, or real 

waves in the sea, consist of a spectrum of wave heights, periods and directions. Statistical 

analysis of waves is used commonly for the calculation of sand transport, together into the 

modelling of coastal changes. A widely used statistical wave height is the significant wave 

height (Hs), defined as the average of the highest one third of the waves, measured over an 

interval of time. In terms of the wave period, the zero-crossing period (Tz) is the interval 

between successive crossings, in an upwards direction, of still water level. 
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Understanding the mechanics of wave transformation, from deep waters to shallow waters, 

implies the application of mathematical relationships to predict the speed of wave movement, 

changes in wave height with depth, and equations for the wave energy and power (Komar, 

1976). In terms of sediment transport, wave theories are of great significance; these may 

describe the wave orbital motion and velocities near the bed, which are important parameters 

in the entrainment and transport of sediments. The linear "Airy" wave theory and the Stokes 

wave theory will now be summarised here. Wave theories for very shallow water or 

conditions close to breaking, e.g. solitary and cnoidal wave theories, will not be discussed 

here. 

The linear Airy wave assumes waves of sinusoidal profile, with the wave height being much 

smaller than the wavelength. The theory shows that the water particles beneath the wave 

move in circular orbits, in deep water (h/X >1/2). In intermediate water depths (l/4> h/X 

>1/20), the orbits become elliptical, with the size of the ellipses decreasing downward and 

becoming flat near the bed. In shallow waters (h/X < 1/20), the ellipses have flattened to 

horizontal motions and the orbital diameter is constant and greater than the wave height 

(Komar, 1976). In shallow water, wave heights tend to increase as depth decreases. The 

orbital velocity is defined by: 

where sinh is the hyperbolic sine function and k=27i/A, is the wave number. For a list of wave 

equations derived from the linear theory see Komar (1976). 

Stokes wave theory provides a better representation of the water particle motion in shallow 

water. However, it uses a more complex analysis. The theory assumes waves of (approaching) 

trochoidal profile, characterised by narrow crests and broad and flat troughs; this is more 

comparable to a wave profile moving into shallow water. Figure 2.7 shows a comparison of 

the theoretical bottom orbital velocity under Airy and Stokes waves. 



School of Ocean and Earth Science 
[/niveraif)' 

STOKES WAVE 

" X 100 

\ — - A I R Y WAVE 
\ 

SECONDS 

Figure 2.7 Comparison of the bottom orbital velocity under Airy and Stokes waves, using the 
same wave height and period (Komar, 1976). 

A fundamental difference between the Stokes and the Airy theories is that, in the former, 

general solution for the wave profile accounts for the wave steepness, H/A,. Hence, as the 

waves approach shallow waters, the wave crest becomes more pronounced and the troughs 

flatter. Consequently, an asymmetry in the magnitude and duration of the orbital velocity is 

present beneath the crest and trough. Under the crests, this effect increases the magnitude, but 

shortens the duration of the velocity; under the troughs, the effect is reversed. This asymmetry 

is extremely significant for sediment transport studies, as it tends to drive sediment onshore. 

The orbital velocity under crests and trough is defined by: 

! + • 
3AA ^ 

8sinh^(AA) A 
(2.27) 

3AA 

8sinh^(KA) A 
(2.28) 

where [/.yc is the orbital velocity under the crest and [/w,, is the orbital velocity under the 

trough, [/w, is given by Equation 2.26. 

As the waves move on the sea surface, frictional effects near the bed produce an oscillatory 

boundary layer; within this, the orbital velocity amplitude increases rapidly with height from 

zero at the bed to a value [/yy at the top of the wave boundary layer (WBL) (Fig.2.8). The 

thickness of the WBL ranges from millimetres to few centimetres; this in turn, actually 
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enhances a much larger bed shear stress, compared to the stress produced by currents (Soulby, 

1997). 

Figure 2.8 Schematic diagram of a wave boundary layer (Fredsoe and Deigarrd, 1992). 

For sediment transport under waves, the parameter to be calculated or measured firstly, is the 

same as under current action, i.e. bed shear stress. Under waves, the shear stress is oscillatory 

in character and may be defined by means of a wave friction fac tor , ( Jonsson , 1966) 

(2.29) 

The wave friction factor is a coefficient relating the orbital velocity [/w,, to the bed shear stress 

t w The factor depends upon the wave Reynolds number ( R e w ) , i.e. whether the flow is 

laminar, smooth turbulent or rough turbulent and the relative roughness, r. Jonsson (1966) 

presents a detailed discussion of the wave friction factor and its relationship to flow 

properties. 

Re. (2.30a) 

A/ks (2.30b) 

Where A is the semi-orbital excursion and is the Nikuradse equivalent grain 

roughness. As the occurrence of ripples is frequent under wave action, so the form drag 

component must be considered, in the calculation of the total wave shear stress. 

The threshold of sediment movement under waves is described, usually, as a function of the 

near-bed orbital velocity, wave period, grain size and density. Komar and Miller (1974), 

defined two equations for the threshold orbital velocity: 
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= [ 0 . 1 1 8 g ( ^ - l ) ] ^ D ^ r ' ^ for D<0 .5mm (2.31) 

[ /_, = [l .09g(;r -1) ]^ D ^ r ^ for D > 0.5mm (2.32) 

Attempts to express the threshold of motion in terms of shear stress have also been proposed. 

The Shields-type diagram can be used to define the bedload threshold, by applying the wave 

friction factor to the shear stress (Komar and Miller, 1973 and 1974). Two relationships can 

be used to calculate the threshold of movement under oscillatory flows: 

, — = 0 . 2 l A ) ' ^ for D<0.5mm (2.33) 
{p.-p)gD D 

, for D>0.5mm (2,34) 
(p,-p)gD d' 

where (Zo is the orbital diameter of the wave motion given by (Ty^C/w/, based upon linear Airy 

wave theory. 

Wave action on seabed sediments is related, principally, to the "stirring up" of the sediments. 

Net sediment transport will take place only when asymmetric velocities beneath the crest and 

trough occur. Hence, considering asymmetric motion, a certain amount of sediment will be 

transported. The net bedload transport is then deGned by the difference between: (a) the half-

cycle transport beneath the crest; and (b) the half-cycle transport beneath the trough (Soulsby, 

1997). 

2.1.3 Sediment Transport under Combined Flows 

Mechanisms of sediment transport and seabed response over the continental shelf have been 

described, so far within the text, for unidirectional and oscillatory flows. Combined flows, i.e. 

waves and currents, may significantly affect the mechanisms of sediment transport, including 

the threshold, transport rates and net transport direction. 
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The complexity of combined wave and current flow arises as there is non-linear interaction 

between wave and current boundary layers; i.e. the shear stress exerted by the currents 

depends not only upon the seabed roughness, but also upon the wave boundary layer (Dyer 

and Soulsby, 1988). The combined wave-current BBL enhances a larger value of bed shear 

stress (Two), compared to a simple linear addition of the wave-alone and current-alone stresses 

(Soulsby, 1997) (Fig. 2.9). 

'100 
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O WAVE - CURRENT 
BOUNDARY LAYER 

( u > ( a r b i t r a r y s c a l e ) 

Figure 2.9 Schematic diagram showing the relationship between the current velocity profiles 
with or without the combination of waves (Wright, 1995). 

Different theoretical approaches were applied to generate combined BBL models: (a) the 

eddy-viscosity distribution (Grant and Madsen, 1979 and Smith, 1977); (b) momentum-deficit 

integral (Fredsoe, 1984); (c) turbulent kinetic-energy closure (Davies er a/., 1988); and (d) 

mixing-length distribution (Bijker, 1967). 

An intercomparision of eight different combined BBL models was undertaken by Soulsby 

(1993), by calculating the mean (Tm) and maximum bed shear stresses (Tmax), during a wave 

cycle. The author found that differences between the models are usually 30-40%. Based on 61 
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laboratory values and 70 field values of Dm, Soulsby (1995) tested ± e performance of the 

different parameterised models. The author found that Grant and Madsen (1979), Fredsoe 

(1984), Huynh-Thanh and Temperville (1991) and Davis er aZ. (1988) models gave a good 

performance. 

Shelf sediment transport measurements, including estimates of bed shear stress, bed 

roughness and ripple migration, have provided a good agreement when compared to predicted 

results from modified Grant and Madsen (1979) and Smith (1977) models (Wiberg and Smith, 

1983; Cacchione and Drake, 1990; Drake and Cacchione, 1992; and Li et al, 1997). These 

models predicted the wave-current shear stress and the resultant near-bed velocity profiles in a 

combined flow, for unstratified conditions. Effects of stratiAed conditions, i.e. movable rough 

bed (bedload roughness) and suspended sediment stratiRcation, were later considered and 

included (Grant and Madsen, 1982; Grant and Madsen, 1986; and Wiberg and Rubin, 1989)). 

The Grant and Madsen (1986) model assumes a time-invariant eddy viscosity function, 

increasing linearly with z; it relates the eddy viscosity to the enhanced bottom shear stresses 

(shear velocity), within and above the wave-dominated portion of the combined BBL. 

Amongst other models, this model distinguishes three shear velocities: (a) related to the 

mean current; (b) w*̂ ,, related to oscillatory flows only; and (c) Wfcyy, combined wave-current 

boundary layer flows. Hence, because of the non-linearity between current and wave friction, 

and are mutually dependent and must be solved iteratively: 

and 

max 

In 
V 4 ^ V 

1.15 + 

= w. 1 + 2 COS(Z>̂ , + 
w. 

-11/ 

(2.35) 

(2.36) 

where is the maximum orbital velocity, w is the radian frequency and is the angle 

between waves and currents. 
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Sediment threshold under combined flows may be determined by the Shields parameter, as 

suggested by Amos gf aZ. (1988), Cacchione and Drake (1990) and Soulsby (1995). Note that 

for rippled beds, only the skin friction component of total stress may be applied. Soulsby (op 

cff.) presents a Shields-type diagram for sediment threshold beneath waves and/or currents, 

showing that, providing the right calculation of shear stress and bed roughness, the Shields 

criterion is applicable for any flow condition. 

The prediction of sediment transport rates under combined flows still requires further 

investigation and analysis in terms of defining a suitable transport formulae. Many of the 

formulae were derived originally for unidirectional flow conditions, i.e. not considering wave 

action. In a sense, sediment transport (bedload) is a result of the mean flow exceeding a 

threshold value, or of wave re-suspension and subsequent transport by the mean current 

(Bagnold, 1963). Therefore, not accounting for the presence of waves when estimating the 

shear stresses, i.e. ignoring the interaction of waves with currents, implies lower estimation of 

sediment transport rates (Wiberg and Smith, 1983). 

An assessment of available formulae was undertaken by Pattiaratchi and Collins (1985), 

comparing measured transport rates (based on fluorescent sand tracer techniques), with 10 

different transport equations. The results showed a significant variation in the transport rate 

prediction and, in general, that the predicted rates were lower than the measured rates. More 

recently, Powell (1996) compared ripple migration measurements to predicted rates from 10 

different formulae. This author found that the results can differ by two or three orders of 

magnitude. 

Attempts to compare measured (estimated, on the basis of ripple migration) m j'zYw transport 

rates to predicted-formulae rates, were also undertaken by Amos gr aZ. (1988), Cacchione gf 

aZ. (1994) and Li gr aZ. (1997). In general, good agreement was not found. 

However, different methods have been proposed also to calculate sediment transport rates 

under wave and currents. Bijker (1967) presented a method based upon time-averaged 

variables, following the approach of Einstein (1950). Swart (1976) modified Bijker's model 

by assuming a function of bed roughness and using the wave friction factor from Jonsoon 

(1966). van Rijn (1993) and Soulsby (1997) have also proposed different equations to 

estimate transport rates, under combined flow conditions. Nevertheless, shelf process 

investigations have proven that an ideal or suitable transport formula is still required. 
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Although the prediction of sediment transport rates is still unclear for wave-current flows, this 

interaction is particularly relevant and applicable to shelf sediment transport studies. In 

relation to net sediment transport pathways, the wave component may influence both the rates 

and direction of net sediment movement. Pattiaratchi and Collins (1988) have demonstrated 

that, under wave action, principally storm conditions, sediment transport can reverse in 

comparison to tidal currents alone. 

Therefore, wave action needs to be considered, even in relation to tidally-dominated shelves, 

in order to develop an improved understanding and prediction of long-term shelf sediment 

erosion-transport-deposition and coastal stability. 
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2.2 Shelf Sedimentary Fades 

2.2.1 History of Research 

The study of sediment distribution over continental shelves can be dated back to the 

beginning of last century. In 1919, the "profile of equilibrium" theory suggested by Johnson, 

based upon a grain size-graded shelf (sediment grain size decreasing seaward), was probably 

the first concept to describe a shelf sedimentation process. Later, Shepard (1932) and Emery 

(1952), showed the patchy distribution of different sediment textures over continental shelves, 

suggesting that this distribution is a product of Pleistocene sea-level changes, i.e. unrelated to 

modem processes. These deposits were denominated as rgZicf sediments and, as such, they are 

in a non-equilibrium state in respect to the shelf modem processes. 

A pioneering investigation, to relate seabed morphology and modem processes, was presented 

by Van Veen (1935) in studying the Southern North Sea. Van Veen described bedforms and 

associated them with prevailing tidal currents. About 30 years later. Stride (1963), Belderson 

and Stride (1966) and Kenyon and Stride (1970) presented the concept of "tidal current-swept 

shelf sediments", based upon sediment and bedforms distribution and their relationship to 

tidal currents. Swift (1970) recognised three shelf sedimentary facies based upon sediment 

characteristics: (a) shelf rehct sands, which are associated with a very thin and discontinuous 

(transgressive) lag deposit overlying pre-Holocene deposits (relict sediments show no 

reworking by present hydrodynamic processes); (b) modern sand prism, consisting of 

nearshore sands, in equilibrium with present prevailing hydrodynamic conditions; and (c) a 

modem shelf mud sheet, associated with modem (One-grained) sediment supplied from river 

deltas. Subsequently, Swift gr aA (1971) introduced the term to sediments 

showing characteristics of modem and relict environments. 

2.2.2 Facies and Bedforms 

In general, continental shelves can be divided into tidally- and storm- (or wave) dominated 

shelves. The latter are described as those showing a low tidal range (usually < 2 m) and 

associated weak tidal currents. In terms of sedimentary regimes, two main types of continental 

shelf are recognised (Swift and Thome, 1991): (a) an accommodation-dominated regime. 



University of Southampton 

which is associated with high rates of sediment dispersal and is characterised by shoreface 

erosion and sediment bypass, seabed sediment reworking and modem deposits overlying a 

erosional transgression surface (e.g. English Channel and North Sea); and (b) a supply-

dominated regime, which is characterised by high rates of sediment input, usually through 

deltaic river mouths (e.g. Louisiana and Amazon shelves). Considering the nature of the 

present study, this review will concentrate upon sedimentary fades and deposits in tidaily-

dominated shelves, associated with an accommodation-dominated sedimentary regime. 

On tidally-dominated continental shelves, sands are swept by strong tidal currents, resulting in 

seabed erosion and bedload transport as longitudinal or transverse bedforms. The 

investigations of Stride (1963), Belderson and Stride (1966) and Kenyon and Stride (1970) 

have identified the net bedload sediment transport direction on the shelf around the British 

Isles, based upon: (i) the asymmetry of the surface peak currents, i.e. difference between the 

peak current speeds during an equal ebb and flood duration; (ii) the elongation of the tidal 

current ellipse; (iii)bedform distribution, considering the asymmetric profile of transverse 

bedforms with the steeper side showing the direction of transport (sandwaves) and the 

direction of longitudinal bedforms (sand ribbons); and (iv)sediment grain size distribution. 

In terms of bedforms and their significance, in indicating net sand transport, Belderson ef aZ. 

(1982) developed a model to predict the development of a suite of bedforms reflecting a 

decrease in the current strength (for both high and low levels of sand supply). A generalised 

model, disregarding sediment supply, corresponds to the following sequence, as the current 

speed decreases (Fig. 2.10): furrows and gravel waves —̂  sand ribbons —> large sand waves 

—> small sand waves —> rippled sand sheet and sand patches. In relation to a high sand supply 

model, the development of sandbanks is likely to occur. 
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Figure 2.10 Diagram showing the "general" development of a sequence of bedforms as a 
function of (tidal) flow speed, on the continental shelf (Belderson et al., 1982), The flow 

speed in the diagram indicates the peak surface current speed. 

A conceptual model for sand dispersal around the British Isles, extended to more generally 

tidally-dominated environments, has been described by Stride and co-workers (Stride, 1963; 

Belderson and Stride, 1966; and Ken yon and Stride, 1970) in terms of divergent and 

convergent zones of transport. "Bedload parting zones" are referred to as zones of divergent 

sand transport, leading to seabed erosion, whilst "bedload convergence zones" are dominated 

by sand deposition. Pingree and Griffiths (1979) have shown that the distribution of the 

maximum and mean bottom stresses around the British Isles was very similar to the transport 

paths presented by Stride and co-workers. The former investigators concluded that the 

interaction of the M2 and M4 tidal constituents determines the sand transport pathways 
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around the U.K. Using a coupled hydrodynamic and sediment transport numerical model, 

Grochowski ef aZ. (1993) predicted the sediment transport pathways for the English Channel; 

their results showed a very similar pattern of sand dispersal for the Channel, specially the 

existence of a bedload parting zone within the middle part of the Channel. These findings 

reinforced the conceptual model proposed earlier. 

The concept of bedload parting zones refers to an eroded basal bed, associated with maximum 

current speeds, from where sediment is winnowed downstream and a depositional sequence of 

bedforms is generated, following a decrease in bottom stress. From such a zone, sand ribbons 

and scattered dunes are observed, grading into a sandwave Geld or linear sandbanks and, 

finally, to muddy sand sheet deposits. 

Harris gr aZ. (1995) have discussed the significance of bedload parting zones, suggesting a 

model for the development of scour zones, as a function of sediment supply and maximum 

bottom stress. Scours zones are produced by advective and/or diffusive processes, in 

association with maximum bottom stress; they are correlated always with the lag-

gravel/bedrock members of a facies succession. The parting zones are associated with 

advective processes, related to asymmetries in the tidal wave; they do not necessarily 

correspond to a specific sedimentary facies. These investigators proposed a "staged" 

evolutionary model for scour zones: mutually evasive; incipient; partial; and complete. 

According to this analysis, a bedload parting zone is a special case of a scour zone, i.e. the 

complete one; here, the distribution of maximum bottom stress coincides with divergent 

sediment pathways. 

The floor of the inner continental shelf is subject to the combined processes of erosion, 

transport and deposition of sedimentary material. Modem inner shelf deposits are formed by 

the reworking of lowstand (or early transgressive) deposits, and/or sediment input from the 

coast. In general, two main types of modem sand deposits are found over the inner shelf, 

disregarding its hydraulic-dominated regime: (a) transgressive and tidal sand sheets; and (b) 

sandbanks and shore-connected sand ridges. The nature of these deposits is controlled by 

energy levels of the dominant hydraulic regime (tidally- or storm- dominated shelf) and 
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accretion/erosion rates associated with the sedimentary regime (supply- or accommodation-

regime). 

Tidal sand sheets are tabular sand bodies that occur over extensive areas of the seafloor. In the 

Southern Bight of the North Sea, it extends over 100 km and can reach up to 10 m in 

thickness (Stride gr aZ., 1982). They develop in association with bedforms (no sandbanks) and 

usually show a sequence of distinct bedforms in relation to the tidal current strength. 

A more detailed review on sandbanks is presented in the next Section (see below). 

2.2.3 Inner Shelf (Tidal) Sandbanks 

Generally, sandbanks are the result of the combination between abundant sand availability 

and strong currents capable of moving sediments (Off, 1963); they are sedimentary bodies 

found on tidally and wave-dominated continental shelves and within coastal areas. The 

formation of a sandbank is associated with the accumulation of sand; this is, in fact, a 

response to the regional sediment transport pattern and gradients in the transport rates. Sand 

accumulation is likely to occur due to bedload convergence or a decrease in the bed shear 

stress along the transport pathway (Dyer and Huntley, 1999). However, once formed, 

sandbanks develop and can modify the associated current patterns; they can bed modified also 

by currents and waves, representing growth and maintenance processes, which can be 

different from the process of formation. 

There are different types of banks, in relation to their morphology and regional setting (e.g. 

Off, 1963, Caston, 1972; Swift, 1975; Ken yon et al, 1981; Collins et al, 1995; and Berne et 

a/., 1994), as well as, different proposed mechanisms describing their origin and maintenance 

(e.g. Houbolt, 1968; Smith, 1969; Caston, 1972; Pingree, 1978; Huthnance, 1982 a,b; 

Pattiaratchi and Collins, 1987; and Hulscher ef aZ., 1993). 

Off (1963) described rhythmic linear sand bodies caused by currents based upon world-wide 

occurrences. Swift (1975) distinguished two different types of sandbanks, based upon Off's 

description: estuahne or embayment ridges (parallel to the axis of the embayment or estuary) 

and ridges off capes and promontories (coast-parallel, tending to be elongated normal to the 

shore). A third type was described by Swift (pp. c/f.), as occurring on shelf edges. 
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Pattiaratchi and Collins (1987) described seven different categories of sandbanks, considering 

the orientation of the adjacent coastline and the direction of the prevailing currents: fields of 

sandbanks off open coastlines, lying parallel or oblique to the coastline and oblique to the 

tidal current direction; sandbanks adjacent to convergent and divergent coasts; sandbanks 

perpendicular to embayment heads or delta fronts; isolated sandbanks associated with 

coastline irregularities (capes, headlands); and spit derived banks of individual orientation.. 

Subsequently, in an extensive review of sandbank origin and classification. Dyer and Huntley 

(1999), suggested a generic classification based upon sandbank origin and development. 

These authors pointed out the necessity to distinguish the regional context of the bank, in 

terms of their geological origin and development, and the local and short-term hydrodynamic 

processes. Three different types were proposed: open shelf ridges (Type 1); estuary mouth 

(Type 2, ridges and tidal deltas); and headland-associated banks (Type 3, banner banks and 

alternating ridges). 

Sandbanks are considered to be hydrodynamically-controlled systems, which link their 

formation and maintenance processes to the prevailing hydrodynamic conditions and relative 

sea-level rise; they, in turn, can be described as active or moribund sand bodies (Kenyon ef 

aZ., 1981), depending upon their bathymetric setting, in relation to the prevailing 

hydrodynamic forces. Theories for the origin and maintenance of sandbanks usually fall into 

two broad categories (Dyer and Huntley, 1999): (a) relict features, created during the post-

glacial sea-level rise; and (b) formed as a response to the hydrodynamic and sedimentary 

regimes, similar to those presently active. 

Regarding "tidal" sandbank formation and maintenance, different mechanisms have been 

proposed: the spiral flow concept (Houbolt, 1968); the bed shear stress stability model (Smith, 

1969); the seabed stability model (Huthnance, 1982 a, b); and the "tidal stirring" or "teacup 

effect" (Pingree, 1978; and Pingree and Maddock, 1979). 

The spiral flow, bed shear stress stability and "tidal stirring" concepts are based upon the 

occurrence of secondary flows, which will produce sand convergence near the bed and 

towards the bank crest. The stability model applies a coupled hydrodynamic and 

morphodynamic system, whilst the standing edge waves considers long-period wave motion. 
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Houbolt (1968) observed changes in current speed across successive parallel sand ridges in 

the North Sea. This investigator observed a decrease in current speed towards the crest of the 

bank, followed by an increase towards the swales. To balance the difference in the velocity 

field, Houbolt (op czY.) suggested the presence of a secondary circulation system characterised 

by two counter-rotating helical flows. These helical flows would lead to near-bed currents 

directed towards the bank crest. The presence of secondary flows around sandbanks has been 

observed elsewhere (Heathershaw and Hammond, 1980); however, the spiral flow concept 

can not explain the initial formation of the sandbank, instead it can describe a maintenance 

process. 

The shear stress stability model proposed by Smith (1969) extends a theory that was 

developed originally for the formation of sandwaves. The theory is based upon a "phase lag" 

between shear stress and topography, i.e. for a current flowing across a bedform, maximum 

shear stress will occur upstream from the bedform crest, leading to erosion and, consequently 

followed by deposition downstream of this maximum stress zone. This theory might be 

relevant to the formation and migration of sandwaves (Hulscher, 1996), but it is inappropriate 

for application to sandbanks. 

The "tidal stirring" concept proposed by Pingree (1978) refers only to the formation of 

headland-associated banks (Type 3), as flow passing headlands will create tidal eddies. The 

author demonstrates that these residual eddies will generate secondary flows; these, in turn, 

will converge near the bed and, consequently, lead to the accumulation of sand. This concept 

is reviewed in more detail later (Section 2.3.1). 

The stability model proposed by Huthnance (1982a, b) is based upon the stability of a coupled 

morphodynamic model (including depth-averaged currents, bedload transport and bed slope), 

to perturbations in the seabed elevation. This concept has been widely used, developed and 

applied elsewhere (de Vriend, 1990; Hulscher gf aZ., 1993; Trowbridge, 1995; Hulscher, 

1996; Calvete gf aZ., 2001; and Hulscher and van den Brink, 2001), especially to explain the 

formation and maintenance processes of open shelf linear sandbanks. The stability model 

assumes: (a) an initial perturbation on the seabed; and (b) that the currents are flowing at an 

oblique angle towards this perturbation. 

The growth of a sandbank, inclined to the mean flow, can be explained by the veering of the 

current vector towards the bank crest, resulting in sand transport towards the crest (Fig.2.11). 
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The veering of the current occurs due to acceleration of the across-bank flow component, as 

the flow approaches the bank obliquely. In terms of continuity, the along-bank flow 

component has to decrease, leading to the current veering. In a reversal tidal current regime, 

these dynamical conditions lead to the convergence of sediment transport towards the bank 

crest. In the absence of any wave activity and infinite sand supply, the model predicts growth 

of the bank, up to the sea surface. 

FLOOD CURRENTS 

EBB CURRENTS 

Figure 2.11 Mechanism of sandbank formation proposed by Huthnance (1982). The model 
predicts the veering of the current vector towards the bank crest, due to bottom friction; this 

results in sand transport towards the crest. 

Huthance's model predicts also that if a velocity asymmetry in the tidal current is present, the 

model would predict the sandbank to have an asymmetric profile with the steeper side 

pointing towards the direction of net sand transport, as suggested previously by Kenyon et 

dA(1981). 

The flow pattern around a sandbank can be described also in terms of vorticity generation and 

advection (Zimmermann; 1981; and Robinson, 1983). As the flow approaches the bank, from 

deeper to shallower waters, a bottom frictional torque is induced; consequently, vorticy is 

generated. If, for example, a bank in the northern hemisphere is orientated anti-clockwise with 

respect to the direction of the mean tidal flow, clockwise vorticity is generated as the currents 
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flow towards the bank crest and anticlockwise vorticty is formed as the flow leaves the bank 

crest (Fig. 2.12). This pattern occurs during ebb and flood phases of the tide. Huthnance's 

model for sandbank formation can explain either formation, growth or maintenance processes. 
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Figure 2.12 Different patterns of vorticity generation, within tidal flow over a sandbank 
(Robinson, 1983) 

However, the importance of waves towards the maintenance of a sandbank, particularly under 

storm conditions, cannot be underestimated. Several researchers have highlighted the 

importance of storm waves in the evolution and migration of sedimentary deposits in general, 

and especially sandbanks (Ferentinos and Collins, 1980; Houthuy gf aZ., 1994; Berne ef aZ., 

1994; and Tessier ef aZ., 1999). Under storm condition the crest of the bank is reworked by the 

action of waves, which act as catalysts by lowering (or just controlling) the height of the 

sandbank. Moreover, these high energy events are associated also with a significant increase 

in bed shear stress, which results in a higher mobility of the seabed; consequently, higher 

rates of sand transport (Pattiaratchi and Collins, 1988). 

The evolution of a sandbank can be assessed also in terms of its stratigraphy, or internal 

structure. The seismic records of the Well Bank and Smith's Knoll (Norfolk Banks, North 

Sea), presented by Houbolt (1968), were the first (known to the author) recognition of 

sandbank structure; these showed relatively gentle (5°) and inclined reflectors, lying parallel 

to the steepest flank of the bank. Houbolt (op. cZr.) observed also that the Well Bank rests 

upon a flat surface, supporting the concept of an hydrodynamically-controlled formation. 
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Based upon their stratigraphic evolution, three different types of sandbanks were recognised 

(Berne er aZ., 1994 and Berne gf a/., 1998) and considered as a continuum (Fig.2.13); these are 

described below. 

(a) The "Houbolt sand accumulation model", or sandbanks resting on a (transgressive) flat 

surface and related to a convergent pattern of sediment transport (e.g. Well Bank (Houbolt, 

1968); Kwintebank in the Southern North Sea (De Moor, 1989); and the "moribund" East 

Bank in the North Sea (Davis and Balson, 1992); 

(b) Sandbanks presenting a "core" of older deposits. In this case, the sandbank facies (as 

described by Houbolt (op c/r.)) is restricted to the upper seismic units. The shape of this type 

of bank is associated with erosional processes and the reworking of underlying deposits (or 

lower stratigraphic units). Examples of this type of bank are: the Brown Ridge and the 

Zeeland Group in the North Sea (Houbolt, 1968; D'Olier, 1981; and Laban and Schuttenhelm, 

1981), tidal sand ridges in the East China Sea (Yang and Sun, 1988) and the Middlekerke 

Bank in the southern North Sea (Berne et al, 1994)). Sneddon and Dalrymple (1999) 

associate this "sedimentary core" to the initial perturbation on the seabed assumed by 

Huthnance (1982) stability model. 

(c) Sandbanks considered as an end member unit. The moribund banks in the Celtic Sea best 

represent this type of Bank (Kaiser-I-Hind Bank, Celtic Sea (Beme gZ aZ.; 1998)). The 

formation of these sandbanks reflects a reshaping of pre-existing deposits, rather than a 

response to a bank-growth process. The banks (or ridges) have been sculpted from former 

lowstand deposits, or early transgressive deposits. 

For the present study, the most suitable model to explain the formation of the sandbanks 

around headlands is the "tidal stirring" concept. This concept is reviewed here, in relation to 

sediment transport and deposition processes. Nevertheless, the spiral flow concept, the bed 

shear stress stability and the seabed stabihty model should also be considered, principally, as 

maintenance processes. 
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(a) 

(b) 

(c) 

Figure 2.13 Schematic representation of three different types of sandbanks based upon their 
internal structure: (a) Houbolt sand accumulation; (d) sandbanks with a sedimentary "core" 
(see text); and (c) sandbanks as end member units. (Note: grey lines represent seismic fades 

that are not related to sandbanks facies). 
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2.3 Headland-Associated Sandbanks 

2.3.1 Tidal Flow Around Headlands 

The physics of tidal flow around headlands is described here, in terms of: vorticity generation; 

the development of tidal eddies; and the occurrence of secondary circulation. However, 

initially, a brief introduction to residual currents is presented. 

Residual flows can be generated by asymmetries in the tidal flow, wind stresses on the sea 

surface and lateral density gradients (Robinson, 1983). The formation of tidal residual 

circulation is associated with oscillatory tidal current asymmetry. Zimmerman (1981) has 

pointed out that the formation of residual tidal circulation can be explained as a transfer of 

vorticity, from the tidal oscillating current field to the mean current field. For shallow water 

areas, this investigator showed that irregular bottom topography and coastal geometry are 

necessary conditions to produce a spatial variation in the tidal stress and, as a consequence, 

generate vorticity. 

Tidal residual currents are obtained by considering the mean flow over the tidal cycle. In 

shallow waters, where the vertical structure of the flow can be usually ignored (neglecting 

baroclinic motions), the tidal flow can be treated in two dimensions or as a depth-averaged 

velocity. The Eulerian instantaneous depth-averaged velocity, at a locadon x, is given by 

(2.37) 

where is the mean water depth, ^ is the tidal elevation and [//i(z) is the local horizontal 

component of velocity, at height z (above the bed). The Eulerian residual current, at the same 

position, can be calculated over a specific period (r), using 

U, 
A + ^ 

(2.38) 

The presence of residual currents over a specific coastal area indicates that the current 

velocity is asymmetric about the mean; hence, if the current velocity is asymmetric, this area 
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will be characterised by a flood or ebb current dominated pattern. This pattern implies that a 

net sediment transport patterns can be observed (Fry and Aubrey, 1990). 

The interaction between coastal headlands and oscillating tidal currents results in the 

formation of tidal eddies. When a tidal flow passes a headland, a bottom frictional torque is 

induced, by increased velocity near the headland producing vorticity. Vorticity is advected, 

subsequently, into the flow leaving the headland; this creates a tidal eddy system on the 

downstream side, during the flood and ebb phases of the tide (Pingree and Maddock, 1979; 

Robinson, 1983; Zimmerman, 1981; Geyer and Signell, 1990) (Fig.2.14). 

The process of eddy formation can be explained in terms of the depth-averaged vertical 

component of vorticity (Pingree, 1978; Zimmerman, 1981; Robinson, 1983; Signell and 

Geyer, 1991). Consequently, a brief introduction to the vorticity equation is presented, based 

upon the work of Signell and Geyer (1991). 

Assuming that the water is of constant density, the depth-averaged momentum (2.39) and 

continuity (2.40) equations can be expressed as 

c)TJ — — C — — — 
— + + /(X:X[/) = I I +u(V"[/) (2.39) 

7 2 J 4 J 6 

^ + v|[/(A + ^ ) ]=0 (2.40) 
of 

where is the depth-averaged velocity vector (w, v), V is the gradient operator, / is the 

Coriolis parameter, k is the local vertical unit vector, Co is the depth-averaged drag 

coefficient and D is the horizontal eddy viscosity. In the momentum equation (2.39), the time 

variation of the horizontal velocity vector (7) is the result of acceleration related to: (a) the 

advection of momentum (2); (b) the effect of planetary vorticity (3); (c) the slope of the sea 

surface (4); (d) bottom friction (J); and (e) transfer of horizontal momentum, by mixing (6). 
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The depth-averaged vorticity can be calculated then by taking the curl of the momentum 

equation and substituting the mass equation for divergence. The horizontal eddy viscosity is 

assumed to be constant and r| is the total water depth (/i+Q 

^ + [/.V6/ = 
dt r] 

V x 
7] 

k + y V (2.41) 

where w is the vertical component of vorticity given by 

(O-
3v Dw 

3_y 
(Z42) 

The left-hand side of the vorticity equation represents the local rate-of-change and advection 

of vorticity following a parcel of fluid with fixed mass. The three right-hand side components 

of the equation represent the processes that cause the vorticity of the parcel to change: (a) 

vorticity generated by vertical variations in the water column (stretching or squashing); (b) 

bottom friction, which can be divided further into slope torque, speed torque and dissipation 

(see Signell and Geyer (1991) for more details); and (c) diffusion of vorticity, due to 

horizontal mixing processes. 

UNIFORM DEPTH 

Figure 2.14 Schematic diagram showing vorticity generation due to differential friction, as a 
function of velocity shear and lateral depth gradients (Robinson, 1983). 
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