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1 Abstract 

The aim of this paper is to improve the knowledge of spatio-temporal variability of very 

large to giant dunes in deep tide dominated environment. Their growth mechanisms and 

dynamic evolution still remain in debate and constitute a significant scientific challenge in 

regard to difficulties to achieve accurate measures of migrations. This motivated the 

realisation of three recent swath bathymetry surveys across the wide dune field of the Banc 

du Four located offshore the western Brittany. The Banc du Four field is composed of more 

than 500 large dunes exhibiting a great diversity of morphologies ranging from 2D to 3D 

shapes and reaching the largest sizes of such sedimentary structure ever described 

(wavelength over 1000 m and height over 30 m). The analysis of the entire ensemble of dune 

parameters offers the opportunity to discuss the relative influence of forcings and the validity 

of the equations predicting the bedform geometry in shallow waters. Our results show a good 

height-spacing power law correlation but do not strike the usual statistical regression 

observed in previous studies. The steeper positive slope of the equation and the outstanding 

values of the height parameter reveal the complexity of local hydrodynamic regime, 

interacting with bed load transport and sediment supply. No clear relationship has been 

observed between asymmetry and size parameters. Water depth cannot be considered as a 
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major factor controlling the size of dunes. Otherwise, the vertical sedimentary variation 

suggests the action of storm waves on dune crests and the horizontal migration rates of 

dunes in the eastern field of the Banc du Four were found to range from 3 to 20 m.yr-1. Such 

velocities were only mentioned before by Van Landeghem et al. (2012) on deep continental 

shelves (>70 m deep) and attest of the still present morphodynamical equilibrium of the large 

dunes. Furthermore, as was previously found for similar dunes in the Irish Sea, no power-law 

relationship between dune migration rates and dune size can be deduced. Similarly, no 

strong correlation is established between migration rates and the degree of asymmetry. 

Nevertheless, the dune asymmetry can be used to predict the migration direction. As for 

dimension parameters, the evolution asymmetry depends on the study area and migration 

rates. More precisely, when the crest lines of dunes form straight lines and their migration 

rates remain below 8-10 m.yr-1, the degree of dune asymmetry increases with the migration 

rate. This trend is reversed for the dunes with higher migration velocities and crests which 

are sinuous. These results relativize the migratory predictions based on punctual geometrical 

observations.

2 Introduction 

Marine dunes are common, sandy bedforms observed on tide-dominated continental 

shelves. These complex, self-organised systems developed in response to external 

hydrodynamic parameters (tidal currents, swells, internal waves, storms) and intrinsic 

sedimentary characteristics (lithology, granularity, supply), as well as shelf morphology and 

long-term sea level fluctuations (Allen, 1968). As described by Houbolt (1968), Ashley (1990) 

and Hulscher and Van Den Brink (2001), marine dunes are elongated bedforms 

perpendicular to the main axis of the prevailing current in a reversing flow regime. Angular 

variations, reaching up to 20°, are frequently observed. They are different from sandbanks, 

defined as flow-parallel bedforms or as being slightly oblique (<30°) to the peak tidal flow 

direction (Le Bot, 2001). Marine dunes are commonly classified by the wavelength λ, 
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allowing for the definition of small (0.6-5 m), medium (5-10 m), large (10-100 m) and very 

large dunes (>100 m) (Ashley, 1990; Berné et al., 1993). The height, h, is another important 

morphology parameter. Flemming (2000) gives evidence for the existence of an equilibrium 

geometrical relationship between λ and h. The corresponding empirical equation is 

h=0.0677λ0.8098 and the author places an upper limit on dune heights at hmax=0.16λ0.84. 

However, despite the compilation of morphology parameters provided by observations of 

about 1500 dunes in various environments that were used in the previous study, the equation 

does not take larger bedforms (λ > 1000 m and h > 20 m) from deep (more than 50 m below 

sea level, b.s.l.), tidally dominated continental shelves into account (Barrie et al., 2009; Van 

Landeghem et al., 2009a). For example, the largest dune (h=35.5 m and λ=435 m) was 

recently observed in the Irish Sea in water depths of about 90 m L.A.T (Lower Astronomical 

Tide) (Van Landeghem et al., 2009a). 

Other recent studies regarding continental shelves also mentioned the occurrence of 

deep, large bedforms in the Celtic Sea (Reynaud et al., 1999), the North Sea (Le Bot et al., 

2000; Knaapen, 2009), the Irish Sea (Van Landeghem et al., 2009b, 2012), the Australian 

shelf (Porter-Smith et al., 2004), the China Sea (Zhen Xia et al., 1998) and the western 

Canadian shelf (Fenster et al., 2006). Despite these numerous examples, their growth 

mechanisms and dynamic evolution still remain under debate and constitute a long-standing 

scientific challenge, not only because of the lack of a time series for bathymetric data, but 

also due to the great spatial variability of sedimentation mechanisms, the absence of current 

measurements above the seabed and sediment sampling. Furthermore, it is also difficult to 

compare measurements of the rate of dune migrations provided by different methods with 

variable accuracy. Nevertheless, the prediction of mobility is vital for assessing the potential 

risk to offshore installations, as well as for shipping and gravel exploitation (Kenyon and 

Cooper, 2004). The majority of dynamic studies using swath bathymetry focused on shallow 

waters (0-30 m L.A.T.), while deeper bedforms were often considered to be moribund, since 

their dynamics are too low to be reliably detected. In consequence, they were often 

considered as resulting only from deposits settled during the post-glacial sea-level rise, as in 
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the case of the western Approaches sandbanks, synthesised in Reynaud et al. (2003). This 

motivated the realisation of three recent swath bathymetry surveys conducted across the 

wide dune field of the Banc du Four, located off the shore of western Brittany (Fig.1). The 

aim of this paper is to present the results of these surveys and to improve the knowledge of 

spatio-temporal variability of very large dunes in a deep, tidal-dominated environment. It also 

offers the opportunity to discuss the relative influence of forcings and the validity of the 

equations predicting bedform geometry in shallow waters. 

2.1 Migration of dunes 

Dunes are formed in response to the interaction between bedload transport and small 

bed disturbances associated with turbulent shear (Yalin, 1977; Hulscher, 1996). In the 

presence of a tidal residual current, sand bodies migrate in the direction of the residual 

current and acquire asymmetrical shapes during the process of migration (Hulscher and 

Dohmen-Janssen, 2005). According to one of the migration mechanisms, the material on the 

stoss side is continuously displaced by the current towards the crest and is then deposited 

on the lee side. In the case of a strong lee slope (from 30°), the crest’s sediment descends in 

the form of an avalanche on the lee side once a certain critical amount is accumulated. As a 

result, the stoss and lee sides have different slopes, with the stoss side being less steep (Fig. 

2). If the dune lee slope remains low, under 14°, it is not sufficient for producing an 

avalanche and the flow remains attached to dune’s lee slope (Best et al., 2004). In 

consequence, the sediment transport will be caused by water flow rather than by pure grain 

flow. In the frame of the described migration mechanism, the dune’s lee sides should be 

oriented in the direction of migration and the degree of asymmetry should allow for the 

deduction of the residual flow direction. Moreover, Knaapen (2005) has shown that the 

degree of asymmetry increases with the migration velocity; therefore, the dune shapes reflect 

the hydrodynamic conditions. According to several authors such as Kleinhans (2004), dunes 

with linear crests (2D) correspond to slower migration velocities and undulatory, sinuous to 

barchanoid dunes (3D) are characterised by higher migration velocities. In addition, when the 
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current cannot set all the sedimentary particles in motion, or when there is a sand deficit, 

dunes are mostly barchanoid-shaped, whereas they have a linear shape when the current is 

saturated by sediments (Garlan, 2007). Nevertheless, recently repeated seasonal to annual 

surveys of the dune fields in the Irish Sea have shown that a considerable amount of 

sedimentary waves migrate counter-intuitively in the direction of their gentle stoss slopes. 

Thus, this raises questions regarding the validity of geometry-based predictive modelling 

(Van Landeghem et al., 2012). As suggested by the authors, these results could be attributed 

to crestal flexing, bi-directional migration of superimposed sandwaves and other internal 

feedback between neighbouring sedimentary structures. Less importantly, it could also be 

caused by a lack of surveying. In any event, these results need to be complemented by 

additional observations in similar environments to confirm the existence of reversed dune 

migration. Residual migration reflects the net bedload transport in the long term (Stride, 

1963). It is usually reported that sandwaves generated by tidal currents migrate in the 

direction of the residual steady current (downstream). However, upstream-migrating 

sandwaves have also been described, and Besio et al. (2004) have shown that 

upstream/downstream propagation is mainly controlled by the relative strength of the residual 

current with respect to the amplitude of the quarter-diurnal tide constituent and by the phase 

shift between the semi-diurnal and the quarter-diurnal tide constituents. Furthermore, 

seasonal to annual residual migration does not account for effective dune displacements 

over shorter periods. 

In mean tidal conditions, residual sediment pathways follow the asymmetry of tidal 

current phases on a long term basis, but can be temporarily reversed due to a change in the 

direction of storm and/or mean waves, without affecting long-term sediment transport 

(Grochowski et al., 1993; Van Dijk and Kleinhans, 2005). Buijsman and Ridderinkhof (2008b) 

observed that the largest seasonal variability in height and migration speed could be 

attributed to the tides or to a seasonal fluctuation in fall velocity, and concluded that the 

influence of storms on the dune variability in a tidal inlet is negligible. However, in the Strait 

of Dover, residual tidal movements are completely disturbed by storms, which can cause the 
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inversion of movement (Le Bot and Trentesaux, 2004; Le Bot et al., 2000, 2006). Tobias 

(1989) also showed that dune and sandbank heights are subject to seasonal changes due to 

the increase in wave activity in winter, leading to the erosion of dune crests. Furthermore, in 

the eastern English Channel, observations of dune movements in the Bay of Somme reveal 

that migration speeds recorded on the decennial timescale are generally about 1.5 to 4 times 

higher than those obtained via the multi-decennial scale (Ferret et al., 2010). These results 

corroborate the idea that migration speeds seem to be correlated with the frequency of 

measurements for a given dune field (Garlan, 2004). This variable migration speed could 

imply that the tide is not the only hydrodynamic agent controlling dune movement, which may 

be also triggered by the inter-annual to decennial variability of storm activity in northern 

Europe (Ferret et al., 2010). It is thus essential to develop methods for obtaining accurate 

measurements during pluri-seasonal to annual recurrent surveys, in order to advance our 

understanding of dune dynamics in the short- to medium-term. 

Spatial resolution and offset problems of depth sounding and single-beam echo 

soundings (SBES) have prevented precise multi-temporal measurements of dune migration 

rates for many years. This is particularly true for the dunes with the slowest migration rates 

(Knaapen, 2005; Kubicki, 2008). In addition, multi-beam echo soundings (MBES) were 

usually limited to 1D analysis (cross bathymetry section) for measurements of horizontal 

movement (Van Dijk and Kleinhans, 2005; Barnard et al., 2006). Recently, Duffy and 

Hughes-Clarke (2005) applied a spatial cross-correlation technique (Fig. 3) to determine the 

vectors of migrating bedforms in a more representative plane-view (2D). This technique was 

validated by Buijsman and Ridderinkhof (2008a), who measured a maximal migration rate of 

90 m.yr-1 in tidal inlets (less than 25 m b.s.l). Van Dijk et al. (2008) also presented and 

compared two advanced methods of bathymetric signal separation (Kriging versus cross 

correlation analysis and 2D Fourier analysis) to separate and analyse dune dynamics in 2D. 

Following this approach, we have applied a new spatial cross-correlation technique to 

estimate 3D displacements in this paper, combined with a Digital Elevation Model (DEM) 
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difference obtained from the data of three surveys, conducted over a time lapse of 19 and 11 

months. 

2.2 Study area 

The study area (Fig. 1) is located about 10 km off the shore of western Brittany 

(France) and extends into the northern part of the Iroise Sea (48°30’N, 05°00’W). The water 

depth ranges from 70 to 105 m L.A.T. This corresponds to the junction area between the 

English Channel and the North Atlantic Ocean, well known for having strong tidal currents 

and large swells. Indeed, the singular morpho-bathymetry of this segment of Brittany’s 

continental shelf consists of a wide, northward-opened triangular bay, catalysing and 

amplifying marine hydrodynamics. It is bounded to the east by coastal reefs (plutonic rocks) 

and to the south and west by the Molene-Ushant Archipelago. This barrier is interrupted by 

two narrow, shallow channels, the Fromveur channel (60 m L.A.T) and the Four channel (13 

m L.A.T.), whereby tidal current eddies, generated by the loading and unloading of the 

English Channel, become strong alternating unidirectional currents with surface velocities 

reaching up to 4 m.s-1 (Hinschberger, 1962). Moreover, Eulerian residual tidal currents, 

modelled by Guillou (2007) and the French Operational Coastal Oceanographic Centre, 

PREVIMER, reveal a clockwise current eddy occurring in the western part of the study area 

where a dominant north-eastward current extends along the coastal Four channel to the east 

(Fig. 1). The area is also exposed to the Atlantic storm waves coming from the NW. Their 

heights regularly exceed 4 m, with wavelengths reaching over 200 m, which impact on the 

seabed (Dehouck, 2006). The frequent rough seas could explain the limited number of 

studies devoted to the Banc du Four. The first survey was conducted by Hinschberger (1962) 

and allowed for the definition of the approximate morphology of the area and the highlighting 

of the massive volume of sand deposits. It also revealed that carbonate nature of the 

sediments. These are predominantly composed of organogenic debris with a mean grain size 

of about 0.8 to 0.9 mm. Nevertheless, the location of sediment samples was quite imprecise 
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and no relationship between the zonation of bathymetry and variations of granulometry was 

established. Except for this work, the Banc du Four has remained little studied until now. 

3 Data and methods 

3.1 Data 

The results presented here are based on the data obtained during three MBES 

bathymetric surveys (Table 1). The first survey, EvalHydro2009, was carried out in February 

2009 by the Service Hydrographique et Océanographique de la Marine (SHOM), using the 

oceanographic research vessel (R/V) “Pourquoi-Pas?”. Soundings were gridded to a 5 m cell 

size, covering the entire sand body (Fig. 4). The second and third surveys, AlbertGeo2010 

and AlbertGeo2011, were performed using R/V “Albert Lucas” in August-September 2010 

and July 2011 by the “Institut Universitaire Européen de la Mer” (IUEM, UBO). For 

AlbertGeo2010, four Digital Terrain Models (DTM) of 2 m resolution were generated and 

named A to D to indicate different parts of the sand field: A (sand spit), B (eastern part), C 

(western part) and D (eastern dune field) (Fig. 4). For AlbertGeo2011, two DTMs of 2 m 

resolution were generated, located on the sandbank and in the eastern dune field (Fig. 4). 

Additional historical bathymetric data provided by the SHOM were also used in order to 

follow the evolution of the Banc du Four on a larger temporal scale. The most complete data 

set was selected from two bathymetric surveys dating from 1926 and 1927, including 5545 

points of depth sounding. The horizontal and vertical resolutions are 50 m and 1 m, 

respectively. 

3.2 Methods/Analyses 

Marine dunes are described according to their morphological parameters (Fig. 2). 

Determining their contours was performed manually. To achieve an accurate digitisation, the 

sand bedform morphologies were analysed by generating and superimposing slope rasters 

and bathymetric DTMs, using ESRI™ ArcMap 9.3® software. This allowed for tracing the 
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crests and slopes of the structures. The morphological parameters were measured either 

manually or automatically and were compared to the results of previous dune studies, such 

as those of Knaapen (2005). For each dune, the wavelength λ, the lee side length Ls and the 

height h were manually derived from at least three cross-sectional profiles perpendicular to 

the wave’s crest. Reading of the values was carried out with 5% error. The lee side length is 

the horizontal distance between the crest and the nearest trough. The dune height is defined 

as the vertical distance between the crest and the base. The crest depth D and dip direction 

of a lee side α are defined automatically by zonal statistics (mean, minimum, maximum and 

standard deviation) on bathymetric and slope rasters, respectively. The asymmetry A is 

defined as (λ-2Ls)/λ (Knaapen, 2005). The effect of the regional seafloor slope can alter this 

last measurement if greater than 10° but it could be considered to be negligible in our study 

(Xu et al., 2008). 

Temporal depth comparison was performed by subtracting successive EvalHydro2009 

grids from the AlbertGo2010 grids and the AlbertGeo2011 grids, using the same resolution (5 

m). These two latter DTMs were resampled to a 5 m grid, in order to achieve consistency 

with the EvalHydro2009 DTM. The vertical differential was used to identify accretion and 

erosion areas and to quantify these processes. Dunes do not necessarily move in a direction 

perpendicular to their crests. Consequently, horizontal movements cannot always be 

measured by tracking dunes along cross-sections. To circumvent these difficulties, the dune 

migrations were measured by using a spatial cross-correlation technique. This method was 

previously used by Delacourt et al. (2004) to measure 2D displacements of a landslide, as 

well as by Duffy and Hughes-Clarke (2005), who applied it to sand bedforms in shallow 

waters. According to this technique, the maximum correlation of shapes between two grids is 

obtained for two different times, t1 and t2 (Fig. 3). The migration vector is then calculated by 

means of the weighted centroid method. To this end, the grids were sun-illuminated from the 

NE direction, which allowed for the highlighting of the slopes of the sand structures. 

Hillshaded grids were calculated from the EvalHydro2009 DTM, the AlbertGeo2010 DTM and 

the AlbertGeo2011 DTM. The spatial correlation analysis was performed by a code written in 
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ITT™ IDL® programming language. The output of the code consists of three arrays: 

projections of the migration vectors on the vertical (directed to the north) and horizontal 

(directed to the east) axes, as well as Signal-to-Noise Ratio (SNR), allowing to for the 

quantification of the quality of the result. 

The temporal comparison between old and recent bathymetries is more difficult, due to 

the incertitude of the depth sounding positioning and irregular sampling. The distance 

between each depth sounding does not allow for the recognition of objects the size of dunes 

and thus cannot follow their evolution over a long period of time. However, it is possible to 

partially reconstruct the general morphology of the sedimentary package of the Banc du 

Four. To do this, two bathymetry grids were performed by means of the Kriging interpolation 

(Fig. 5). The first one was calculated from the 1926-1927 data set. The second one was 

calculated using the same 1926-1927 sampling sounding, with corresponding 2009 depth 

values. This method allows for the comparison of two bathymetry DTMs with the same 

sampling errors and interpolation errors. 

4 Result 

4.1 Morphology 

The morphological analysis of the dunes was performed using the bathymetric data 

collected during the 2009 survey, since its coverage is much larger than that of the 2010 and 

2011 surveys (Fig. 4). The dimensions of the smallest detectable features are approximately 

twice the DTM resolution and are equal to 10 m and 0.2 m in horizontal and vertical 

directions, respectively. 

4.1.1 Dune zonation 

The surveyed area covers 18x14 km2 and the water depth ranges from 35 to 105 m. It 

is bounded to the east and south by rocky reefs and ridges that outcrop from the seabed. 

Farther offshore, the rocks are overlaid by a Tertiary series (Lapierre and Bouysse, 1975), 

draped by a spectacular series of bedforms extending between 70 to 105 m L.A.T. The Banc 
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du Four is characterised by a principal feature, referenced as the main system, and is 

flanked by two dune fields (western and eastern fields) that define its V shape (Fig. 6). 

The main system extends to the south. The bathymetry varies between 35 and 90 m 

L.A.T. Its morphology is characterised by a large sandbank and a giant dune that overlaps 

with a flat, rocky reef located between 50 and 70 m L.A.T. The sandbank covers an area of 

4x2 km2, with a maximum thickness of 45 m measured by bathymetric sections ranging from 

35 to 80 m. The crest is flattened and trends in the E-W direction. The bank is nearly 

symmetrical (4° and 3° for lee and stoss angles, respectively), with a lee slope oriented 

towards the SW. Small dunes (λ about 2 m) superimpose the structure. To the east, a 

submarine, southward-pointing sand spit extends for about 1.2 km and is 0.2 km wide with 

water depths ranging between 70 m and 80 m L.A.T. It is flanked to the west by barchanoid-

shaped dunes of 2 m high and 80 m long. To the SW, a giant dune (λ=1050 m, h=32 m, 

width=2000 m) is based at 80 m L.A.T. The straight crest is oriented in the NW-SE direction 

and the bedform presents asymmetrical slopes (5° and 15°) with lee sides oriented towards 

the SW. Only the stoss side is superimposed by small dunes (Fig. 4). 

The western field is a dune field that covers an area of approximately 10x10 km2 and 

which tapers to the NE. Dune sizes also decrease in this direction (between 0.06 and 30 m 

high and with a wavelength between 10 and 600 m), while the water depth increases from 50 

to 105 m L.A.T. The western field exhibits various morphologies of dunes (Fig. 7), except for 

those with barchanoid shapes. They are generally asymmetric, with sinuous crests and an 

orientation of polarities that rotate progressively north-westward in a clockwise direction, from 

SW to NE. However, a few symmetrical and trochoidal-type dunes can also be observed in 

the center of the system (Fig. 4). 

The eastern field consists of a wide dune field outlining a triangular shape, pointing to 

the NE. The heights of the dunes range between 0.2 and 20 m, while their wavelengths vary 

between 25 m and 500 m (Fig. 6). As observed in the western field, dune sizes decrease 

when the water depth increases north-eastward from the main system. Dune crests are 

usually more sinuous, or even barchanoid, with 3D shapes in the eastern part and are mostly 
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straight towards the west; however, they are broadly oriented N100°. Dunes are mainly 

asymmetric with reverse orientations of polarities along the eastern and western parts of the 

field. In the eastern part, the lee sides are oriented towards the SW and are oriented 

inversely in the western part. The separation is manifested by a well-marked shear zone, 

where several bifurcation points are observed. The zoning is marked by a greater crest 

sinuosity and the smaller size of the dunes in the eastern part. As observed in the giant dune 

of the main system, smaller dunes are superimposed over the stoss sides (Fig. 8). 

4.1.2 Dune morphology 

500 dunes have been identified and measured on the DTM (Fig. 6). They exhibit a wide 

range of morphologies that occur in distinct assemblages. In over 90 % of cases, the crests 

are easy to identify, even if most of them (more than 75%) are quite smooth. Nevertheless, a 

few of them exhibit sharp, cat-back morphologies (McCave, 1971) as the giant dunes of the 

main system (Fig. 7I). Crest geometries are largely straight to slightly sinuous (2D) and few 

3D bedforms (Fig. 7) are observed along the eastern part of the eastern field (less than 

20%). The wavelength of the bedforms varies according to a wide range, from 10 m (the 

smallest object size detectable in the horizontal direction) up to 1050 m. The mean λ is 125 

m, with a high value of Standard Deviation (STD) equal to 101 m. The frequency distribution 

shows more than 250 dunes have a wavelength smaller than 100 m. Fewer than seven 

dunes have a wavelength of over 500 m. 

 The height measurement is also limited by the vertical precision of 0.2 m. The 

maximum measured h is 32 m and corresponds to the giant dune mentioned above (Fig. 6). 

The mean value of h is 4 m, with a STD=4 m. The frequency distribution shows the same 

trend as the one observed for the wavelengths. The mode shows more than 250 dunes less 

than 3 m high. Only eight dunes are higher than 15 m (Fig. 6). 

The asymmetry parameter A varies from 0 (symmetrical dunes) to 0.51. Its mean value 

is 0.3, with a high STD value (0.2) and two modes (0.2 and 0.4). More than 50% of the dunes 
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have an asymmetry parameter lower than 0.3. The frequency distribution remains globally 

stable for the index between 0 and 0.5 and decreases beyond this value. 

The crest depth D varies from 54 to 103 m L.A.T. It is characterised by a mean value of 

85 m and a low standard deviation (STD) of 11 m. The mode is centred on the mean value, 

with 194 dunes having a crest depth between 80 and 90 m L.A.T. 

4.1.3 Relation between morphological parameters 

Similar to Flemming (2000), we estimated the relationship between the h and the λ of 

the dunes. The dependence h=0.0139λ1.164 was obtained with a variance coefficient of 

r2=0.75 (Fig. 9). From Figure 9, it can be seen that the majority of the points are 

homogeneously distributed around the regression. For λ greater than 100 m, heights are 

generally higher than the global mean. Figure 9 also shows that the dependence between h 

and λ for dunes of the Banc du Four has a steeper positive slope when compared to those 

reported in other publications (Dalrymple et al., 1978; Flemming, 2000; Francken et al., 2004; 

Van Landeghem et al., 2009a), while some values exceed the upper threshold calculated by 

Flemming (2000). 

At the same time, no clear relationship between A, λ and h can be deduced; in both 

cases, calculated correlations have variance coefficients of r2<0.1. In addition, no clear link 

was observed between asymmetry and crest depth D (r2<0.1). Nevertheless, there seems to 

be a relationship between size parameters and crest depths (Fig. 10). The general trend 

shows that h (and similarly λ) decreases gradually with D, even if a large range is observed 

in terms of size (height and wavelength) or depth. The largest calculated variance coefficient 

(0.28) was found for the linear regression equation h=9561.103D-3.3823. The observed inverse 

relationship between h and D is different from that found by other authors (Yalin, 1964; Allen, 

1968; Van Rijn, 1984; Van Landeghem et al., 2009a). Moreover, for some dunes, the ratio of 

h and D exceeds λ, the upper limit of hmax=0.25P calculated by Francken et al. (2004). 
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4.2 Migration and sedimentary budget 

To confirm the validity of our dynamic assessment approach, a comparison of the three 

bathymetric data sets was performed on stationary arrays (bedrocks, surrounding seafloor). 

The comparison showed that the variation between the three bathymetric profiles was less 

than was the vertical system precision limit (<0.1 m). A similar test on the measurements of 

the horizontal migrations detected migration rates of less than 2 m, well below the horizontal 

resolution system (< 5 m) (Fig. 8). The migrations were controlled and validated by visual 

methods (Fig. 11). 

4.2.1 Erosional and accretionary budgets 

For long-term monitoring, the comparison between DTM 1926-1927 and DTM 2009 

revealed a stable surface of the Banc du Four and the outer limits of the Banc du Four 

remained unchanged during the 82-year period between the two surveys (Fig. 5). The 

imprecision of the ancient data set prevents the assessment of vertical movement. 

Nevertheless, the comparison of the respective location of the 50 m isobath shows that the 

southern flank of the sandbank was eroded, whereas the eastern part is accreted. The 

western dune field also appears to be eroded. The short-term vertical change is described by 

the bathymetric differential images, showing the erosional and accretionary zones between 

February 2009, August-September 2010 and July 2011. For the years 2009-2010, the values 

range from -4.0 m to +10.1 m for the differential bathymetry. The lower dynamic area is 

observed through the swath survey zone A, with values ranging from -3.5 m to 2.2 m, and a 

standard deviation of 0.1. The most dynamic is zone D, where the values range from -4 m to 

10.1 m, with a standard deviation of 1.1 (Fig. 8). For the years 2010-2011, the differential 

bathymetry values range from -12.4 m to 12.9 m, with the most dynamic still corresponding 

to the northern area (eastern field). The average value of all the vertical movements obtained 

from the comparison of the different DTM images is 0 m +/- 0.2 m. This suggests an absence 

of change in the sediment volume on a large scale and an equilibrate balance between 

input/output sediment supplies across the entire area under study. 
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A more detailed examination of the spatial distribution of the vertical change reveals 

that accretions of the zones B and C are localised on the crests of dunes superimposed on 

the sandbank, while the erosional zones are localised on the lee slope. However, both of 

these zones have a similar bathymetry between 2010 and 2011. Zone A does not show a 

characteristic location of erosion and accretion trends. In contrast, zone D shows a different 

evolution, with accretion restricted to the lee sides and, inversely, erosion of the stoss sides. 

In this case, the displacements are horizontal rather than vertical (Fig. 11). However, when 

these horizontal displacements are ignored in bathymetric profiles, these show an accretion 

of crests and an erosion of the sides of the dunes. Overall, the vertical dynamic can be 

summarised by the remobilisation of sandy material from the slopes (erosional), which was 

deposited on the crests between February 2009 and August-September 2010 / July 2011. 

This dynamic does not imply change in the sediment budget as mentioned above. This result 

is also in agreement with the null sediment balance. 

4.2.2 Horizontal movements 

As mentioned above, the horizontal movement is detected only in the eastern field, 

where the bathymetric data set allowed for the measurement of migration. The spatial cross-

correlation method was used to determine the horizontal vector migration of the dunes. 

Parameters corresponded to a search window size of 32 pixels and a size fit matrix of 8 

pixels, with 95% of the SNR values higher than 0.9. The values chosen are those with an 

SNR above 0.99 and a magnitude vector greater than or equal to 5 m. Migration is 

expressed as speed in meters per year. The results give more than 4000 migration values for 

37 dunes observed over periods of 19 and 11 months. In order to streamline the results and 

to characterise the individual dune movements, average vectors were calculated for each 

dune. Velocities varied between 3 m.yr-1 and 20 m.yr-1 for 2009-2010 and 2010-2011. The 

mean value is equal to 8 m.yr-1 (2009-2010) and 10 m.yr-1, with some important differences 

regarding these values (STD=5 m.yr-1 for three consecutive years) and an important range of 

directions of horizontal movements. The frequency distribution of the average directions 
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presents values more concentrated around the two modes (N045° and N225°). These peaks 

represent more than 75% of the value. More than 75% of the dunes have a difference 

between the migration direction and the crest direction lower than 30° (values ranging from 0 

to 179°) and, consequently, the horizontal migrations are mostly perpendicular or slightly 

oblique to the crests (Fig. 12). The differences in velocity between 2009-2010 and 2010-2011 

range between -9 m.yr-1 and +12 m.yr-1, but with an average of less than -1 m.yr-1.  

4.2.3 Migration fields 

Migration fields are easily distinguished by the directions and lengths of the 

displacement vectors. As seen previously in the morphological analysis of the eastern field, 

the area can be subdivided in three parts with respect to the dunes’ dynamics, namely 

eastern, western and central shear parts. 

In the eastern part, the migration rate estimated for 2009-2010 ranges from 7 m.yr-1 to 

20 m.yr-1, with a mean value of 12 m.yr-1 and an STD=4.4 m.yr-1. For 2010-2011, values 

range from 3 m.yr-1 to 20 m.yr-1, with a mean value of 11 m.yr-1 and an STD=5.1 m.yr-1. For 

the entire period, the average dune direction movement was concentrated around N045°, 

with velocities increasing towards the north-east. 

In the western part, the calculated straight crest migration rates are slower, ranging 

from 3 m.yr-1 to 10 m.yr-1, with a mean value of 6 m.yr-1 and an STD=1.9 m.yr-1 for 2009-

2010. For 2010-2011, the values range from 3 m.yr-1 to 16 m.yr-1, with a mean value of 7 

m.yr-1 and an STD=2.3 m.yr-1. Dunes migrate in one preferred direction, a mode equal to 

N225°, with very low variability and with rates increasing towards the outer north-eastern 

summit in a constant direction for the entire period. 

These two parts are separated by a central section with chaotic crests of shearing, 

where average directions range from N005° to N197° with no preferred direction. For 2009-

2010, the average migration speeds calculated for the nine listed dunes across this shear 

zone present velocity rates ranging from 3 m.yr-1 to 15 m.yr-1, with a mean equal to 7 m.yr-1 
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and an STD=4.4 m.yr-1. During 2010-2011, the values ranged from 3 m.yr-1 to 19 m.yr-1, with 

a mean value of 8 m.yr-1 and an STD=5.9 m.yr-1. 

4.2.4 Migration rates compared to size parameters 

The evolution between the size parameters (λ and h) and migration rates were also 

examined for the two observation periods (September 2010 in relation to February 2009, and 

July 2011 in relation to September 2010). Figure 13 (A and B) shows the height (h) as a 

function of the migration rate throughout the eastern field, where displacement speeds are 

significant. The correlation depends on the geographic sections of the bedform field. In the 

eastern part, the range of velocities is higher than it is in the western part and the velocity 

tends to be slower with the increase in size, even if dunes migrate within an important range 

of speeds for small dimensions. Despite the significant difference between the two periods, 

this trend was observed from 2009 to 2011. In contrast, the migration rates tend to be more 

stable and lower than 8-10 m.yr-1 in the western part, where the dunes are more linear and 

do not fluctuate with an h parameter confined between 5 and 12 m (excluding the shear 

zone).  

The relationship between the migration rates and the asymmetry is considered to be a 

solid indication of the residual flow direction, while associated net bedload transport was also 

tested (Fig. 14, A and B). As regards dimension parameters, the evolution depends on the 

area under study. In the western part, the degree of dune asymmetry increases slightly with 

the migration rate. This trend is better observed for the 2010-2011 period. By contrast, it 

seems that no clear trend occurred in the eastern part. The great variability of asymmetry is 

only regularly observed where the flexing of the upper part of the crest of the dunes is 

important and contrasts with the western part of the field, which is characterised by 

elongated and linear crests.  
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5 Discussion 

5.1 Bedform classification 

The classification of the sandbank itself is difficult to establish because of its atypical 

shape (Dyer and Huntley, 1999; Kenyon and Cooper, 2004). Its rounded and smooth crest is 

hardly perceptible and its roughly W-E extension is neither parallel nor perpendicular to the 

residual current, which is oriented towards the NE (Fig. 1). This morphology means that it 

cannot be considered to be representative of an open shelf ridge marked by straight to 

slightly sinuous crests with orientations at a small oblique (about 7 to 15°) to the peak tidal 

flow direction. Otherwise, banner sandbanks are commonly attributed to the presence of a 

tidal, residual current eddy, as observed here. The Banc du Four could also be considered to 

be representative of this type of bank. Indeed, eddies are generated by a tidal flow that is 

disrupted by a coastal promontory or island like the Ushant-Molene archipelago in the 

studied area (Neill and Scourse, 2009). Nevertheless, the banner banks exhibit typically 

associated parallel sand ridges not observed in the surveyed area.  

Thus, the non-consistent morphology of the sandbank could find a partial explanation 

in the interference resulting from the current eddy to the west and the coastal current to the 

east. This renders hydrodynamic modelling difficult (Sentchev et al., 2011) and adds to the 

lack of in-situ measurements, preventing the precise determination of the hydrodynamic 

context and the morphologies of induced bedforms. Nevertheless, the significant obliqueness 

of the crest bank, relative to the orientations of the different residual currents, leads to the 

consideration of other factors in the bank build-up. In this regard, it is highly probable that 

initiation of the growth and development of the bank started at a time of lower sea levels 

during the last post-glacial transgression, when the hydrodynamics were very different from 

present day conditions. We suggest that progressive flooding of bathymetric thresholds 

corresponding to channels separating islands around the Banc du Four (Fromveur channel 

60 m L.A.T.) to the west and the Four channel (13 m L.A.T.) to the south (Fig. 1) have 

generated very different tidal currents during the post-glacial transgression. These different 
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hydrodynamic conditions are probably the reason for the main E-W orientation of the bank. 

This change of orientation, related to sea level rise, was also mentioned with regard to the 

North Sea (Hoffman, 2005). Thus, the Banc du Four is a partially relict feature created during 

the last post-glacial rise, even if the time series of bathymetric data shows that its surface is 

still active and exhibits attached dune fields in accordance with present hydrodynamics.  

Moreover, the numerous dunes offer a large spectrum of shapes and sizes observed 

throughout the small and deep area under study (18x14 km2). This variability is quite 

uncommon and most of the local studies devoted to bedforms occurring on tidal continental 

shelves report limited types of dune shapes. This is partially due to previous, low-resolution 

data that could not take the smallest bedforms into account (Van Dijk et al., 2008). As 

mentioned with regard to the Irish Sea, it also seems that where dunes occur abundantly, the 

variability in dune geometry becomes larger over short distances (Van Landeghem et al., 

2012). Here, the 500 analysed dunes exhibit a great diversity in size, ranging from accurately 

scaled bathymetric grids (10 m wavelength and 0.2 m height) to giants with the largest scale 

known (1050 m wavelength and 32 m height). Considering the Eulerian residual tidal 

currents (Fig. 1), this giant dune is located downstream from the bank and has a stoss side 

facing NNE, fed by sediments from the bank. Its size is very similar to dunes recently 

observed in the Irish Sea, where the tidal regime and depths are quite similar to the Brittany 

continental shelf (Van Landeghem et al., 2009a, 2009b). Therefore, such giant dunes would 

not be uncommon on deep macro-tidal continental shelves where sediment supplies are 

abundant, as observed in the Banc du Four field and the Irish Sea. 

5.2 Equilibrium conditions 

The analysis of the entire dune area allows for the establishment of good height-

spacing (λ, h) and power law correlation, despite the wide range of morphologies. 

Nevertheless, the results do not match the global mean statistical regression that was 

compiled by Flemming (1988, 2000) from flume studies and various sedimentary 

environments. The steeper positive slope of the equation and the outstanding values of the 
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height limit suggest complex physical mechanisms and hydrodynamic regimes in the dune 

build-up. These results are also different from the correlation established from analyses of 

the Irish Sea flow-transverse dunes, which show similarities to the regression compiled by 

Flemming (1988) and Van Landeghem et al. (2009a). The bathymetry and depths of the Irish 

Sea shelf are quite close to conditions prevailing on the Brittany continental shelf, but the 

difference in results suggests that the hydrological setting and the depth are not the only 

significant factors in dune growth. 

Other parameters, such as bed conditions associated with the quantity, nature and 

mobility of sediments must also be taken into account (Barnard et al., 2012). At most sites in 

the Irish Sea, coarser grained sediments (median grain diameter d50 about 1 mm) tend to 

form higher sediment waves in response to local hydrodynamics. As mentioned above, the 

grain sizes of the sediments shaping the Banc du Four are about the same (mean grain size 

about 0.8 to 0.9 mm), but their lithology is different. They correspond to glacial and post-

glacial deposits in the Irish Sea, while biogenic coarse sands prevail throughout the Banc du 

Four. The flat-shaped bioclastic particles reveal a good resistance to flow friction when 

imbricated in the sediment and the biogenic sand shows a higher capacity for bed armouring 

than can be seen in silicoclastic sediments (Weill et al., 2010).	
  Furthermore, the maximum 

growth rates of the sandwaves are estimated for the larger values of the resistance to flow 

friction parameters, as well as to maximum height increases (Németh et al., 2007). In 

consequence, the specificity of the height-spacing power law correlation obtained for the 

Banc du Four field could be inferred from the main bioclastic nature of the sand. 

Moreover, results show that the evolution of height h varies weakly with the water 

depth D and tends to show a negative correlation, unlike the predictive equations compiled 

by other authors (Van Landeghem et al., 2009a). The h values also exceed the upper limit of 

crest height relative to depth established by Francken et al. (2004) and again suggest that 

the Banc du Four field is characterised by outstandingly high, elevated dunes. In any event, 

the water depth cannot be considered to be a major controlling factor. Recent works devoted 

to the process of the formation of tidal dunes have shown that predictions of the wavelengths 
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of tidal dunes are strongly dependant on the mean water depth (Besio et al., 2006; 

Blondeaux and Vittori, 2011) and tend to be correlated (Van Santen et al., 2011). 

Nevertheless, these approaches provide accurate results for shallow waters, as well as when 

the ratio between the local water depth and the wavelength of the bedforms is very small 

(<0.05). Neither of these conditions were observed here (D/λ>0.33). In contrast, our results 

showed an absence of correlation between dune size and water depth, confirming the results 

of other recent studies in shelf seas (Aliotta and Perillo, 1987; Landeghem et al., 2009a; 

Flemming and Bartholomä, 2012). Finally, no relationships were observed between 

asymmetry and other morphological parameters; the maximum A values (0.51) remained 

below those of observations in the Irish Sea (Amax>0.7) (Van Landeghem, 2012).  

5.3 Morphology changes and hydro-sedimentary processes 

Analysis of bathymetric data dating back to 1926-1927 shows that the bank has been 

stable over the last 80 years, even though a slight shift in sediment was observed from the 

western part of the bank to the eastern part (Fig. 5). The maintenance of the sandbank at the 

same place has thus been observed over historical time, in spite of the active migration 

attested to by the spatial distribution of dunes over the entire zone and measured throughout 

the eastern dune field. Moreover, the differential rasters performed by subtracting the three 

DTMs show significant local vertical variation of bathymetry between February 2009, 

September 2010 and July 2011, revealing that the total sediment balance is null for all the 

dune fields that were analysed. This result confirms the stability of the sand reservoir over 

historical time with the absence or very limited exportation or importation of shelf sediments 

from other parts of western Brittany. As already observed, in many cases the movement of 

sand over and around the bank leads to a near equilibrium configuration in order for the 

sandbank to be stable and self-sustaining although the sand is still mobile (McCave and 

Langhorne, 1982; Dyer and Huntley, 1999). 

The total mean variation computed from the annual surveys also revealed that the 

crests are accreted, whereas the slopes are eroded (Fig 11). This observation is compatible 
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with theoretical linear stability analyses (Hulscher, 1996); they show that sandwaves form 

due to the rectification of oscillatory tidal currents, generate residual circulation cells causing 

flow convergence over the crests and favour the growth of the bedform. Nevertheless, the 

main morphological changes were observed winter (survey 2009) and summer (surveys 

2010 and 2011), which suggests a seasonal variability in the dunes’ heights. As mentioned 

above, this morphological difference can be explained by the action of strong winter waves 

rounding the sand bedforms (Tobias, 1989; Van Dijk and Kleinhans, 2005), whereas the 

building of sharp-crested dunes are assumed to be the result of tidal current bedforms. 

Moreover, asymmetrical tidal residual circulation and the presence of subordinate currents 

over crests can explain the locally observed, cat-back morphologies (McCave, 1971). This 

assumption is confirmed by the observation data from the French Operational Coastal 

Oceanographic Centre Previmer, which reported significant wave heights across the Iroise 

Sea, reaching about 6 m during March 2009 and attaining more than 7 m during November 

2010. These storm waves have wavelengths of over 200 m, with orbital velocities at the 

seabed reaching 0.8 m.s-1, susceptible to the movement of millimetric sand grains (Brown et 

al., 1989). 

Moreover, the horizontal short-term changes deduced from the three surveys revealed 

that only the eastern field shows significant horizontal variations. This result is quite different 

from the first studies of Hinschberger (1970), who deduced a general northward migration of 

the Banc du Four from the offset of two successive 50 m isobath curves drawn from historical 

data (1897 and 1962). Nevertheless, the localisation of the data suffered from a lack of 

accuracy and the validity of the measurements was not checked by controlling for the 

absence of movement on selected rocky outcrops at the seabed. As mentioned above, the 

lack of accuracy does not allow for the comparison of the 1926-1927 bathymetric data with 

the recent surveys in order to deduce the horizontal migration rate for individual dunes. The 

spatial cross-correlation method used in this study reveals migration rates ranging from 3 to 

20 m.yr-1 and shows that they are increasing in a north-eastward direction. Despite the fact 

that the 2009 and 2010 surveys have a greater time span (19 months) than the 2010-2011 
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surveys (10 months), the horizontal displacements are proportionally more pronounced for 

the first period (Fig. 11) and reveal that migration rates are not as regular during short 

periods. Reasons for such differences remain unconfirmed, but could be linked to more 

frequent storms during 2009 and 2010. As observed by Giardino et al. (2010), the influence 

of wave activity leads to an increase in residual transport, which is more pronounced at 

bedform crests. In addition, values are of the same order of magnitude as observed in the 

North Sea and the Irish Sea (Le Bot, 2001; Van Dijk and Kleinhans, 2005; Ferret et al., 2010) 

but the previously published data were primarily collected in shallow waters of less than 50 m 

deep. Thus, the new data provide a constrained quantification of very large to giant dunes 

that migrate on the deep continental shelf (>70 m L.A.T.) and attest to their still present 

morphodynamic equilibrium. The results are in agreement with bottom residual velocities, 

calculated by a hydrodynamic model (Guillou, 2007). Velocities obtained for the eastern field 

are higher than 0.5 m.s-1 at spring tide and are sufficient to establish sedimentary transport 

(mean grain size about 0.9 mm), while lower velocities corresponding to the western field 

could explain the low migration rates. 

The spatial variation of migration directions measured throughout the eastern field 

reveals two opposing dynamic sections. In the eastern part, dune migrations are fast (mean 

equal to 12 m.yr-1) and towards the NE, while conversely, the western part is characterised 

by lower velocities (mean equal to 6 m.yr-1) and an opposing migration direction (SW). The 

difference in the migration rate could be simply induced by the dominant, northward flood tide 

residual current throughout the area and could be enhanced by the down-slope migration of 

the large underlying morphology to the east and the down-slope towards the west. However, 

another cause needs to be invoked to explain the reverse direction of sediment transport on 

both sides of the dune field. This gives rise to an anti-clockwise sedimentary displacement 

within the eastern field.  

In contrast, the NE-SW orientation of the entire eastern field itself shows a slightly 

clockwise, angular shift from the N-S trending general residual tidal current occurring 

throughout the area (Guillou, 2007). This spatial organisation, including a residual vorticity 
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within the bedform field, was previously described in tidal dominated environments for shelf 

ridges in which an asymmetry in the current strength on either side of the bank, maximum 

currents being in the ebb direction on one side and in the flood direction on the other, caused 

sediment accumulation (Caston and Stride, 1970; Huthnance, 1973; McCave and 

Langhorne, 1982). It is assumed to be the combined effects of Coriolis and friction forces 

above the seabed that generate the horizontal deflection of the oscillatory flow over tidal 

ridges (Huthnance, 1973; Pattiaratchi and Collins, 1987; Trentesaux et al., 1999; Dyer and 

Huntley, 1999). Thus, the sedimentary dynamics observed in the eastern field could be 

considered to be equivalent to the response of an open shelf sandridge to tidal dynamics. A 

such migration showing opposite directions was also observed for banner bank in Bristol 

Channel (Schmitt et al., 2008). As mentioned above the absence of successive parallel 

sandridges in the eastern field leads to consider it as not representative of this type of bank. 

Another point concerns the compatibility of the long-term stability of the sandbank in regard 

to the active migration observed along the eastern field, as observed previously off the 

Norfolk coast in the North Sea (McCave and Langhorne, 1982). It suggests that the route by 

which sand travels around the northern end of the eastern field forms a roughly closed 

circulation. 

5.4 Geometry as predictive migration 

Results show that dunes’ morphological directions deducted from the crest horizontal 

translation are coherent with migration directions obtained by spatial cross-correlation (Fig. 

12). More than 75% of dunes have a difference between the migration direction and the crest 

direction, which is lower than 30° from normal. The largest values correspond to the shear 

zone located at the centre of residual vorticity. This part encloses several sinuous crests and 

bifurcation points where dunes behave more dynamically. This was previously pointed out by 

Van Dijk et al. (2008) from case studies of the North Sea. Consequently, even if the 

horizontal migrations are mostly perpendicular or slightly oblique to the crests, and if the 

crest’s horizontal correlation method gives acceptable results for first order analysis, it is thus 
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important to consider the lateral behaviour of crests and migrations along crests, as 

considered in this study. 

Concerning the evolution between the size parameters (λ and h), the results obtained 

for the Banc du Four show that velocity tends to be slower with the increase of size, even if 

dunes migrate within an important range of speed for small dimensions. These results are in 

agreement with previous observations in the North Sea (Ernstsen et al., 2006). In any event, 

the variance coefficients calculated for the dunes of the Banc du Four are less than 0.1, and 

thus no power-law relationship equation between dune migration rates and size can be 

deduced, as pointed out by Van Landeghem et al. (2012). Furthermore, other studies have 

shown an inverse correlation (Garlan, 2004) The absence of a statistically predictive method 

for determining the relationship between sizes and migration rates also suggests that other 

parameters, such as sediment supply and grain size, need to be taken into account. The 

recent development of numerical models, including the variability of grain size, argues for this 

approach (Van Oyen and Blondeaux, 2009). 

The relationship between the migration rates and the asymmetry shows that the degree 

of dune asymmetry increases slightly along with the migration rate in the western part of the 

eastern field. This observation, which supports the findings reported in the literature, follows 

the idea that migration velocity and asymmetry rates both depend on the residual current 

amplitude. Based on this relationship, Knaapen (2005) and Xu et al. (2008) used the degree 

of asymmetry to estimate migration rates through geometry-based predictors and a 

comparable approach seems acceptable in this study. However, no such relationship was 

observed in the eastern part and this result is also in agreement with certain previous 

observations reported by Van Landeghem (2012) regarding the Irish Sea, where it was found 

that migration rates are not significantly influenced by the asymmetry of the adjacent dunes. 

Here, the absence of current measurements at the seabed prevents a definitive declaration 

regarding the influence of the strength of residual currents on asymmetry. In addition, the 

percentage of dunes in the Irish Sea that migrate in the opposite direction as inferred from 
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their asymmetry remains at 18%. The results from the eastern field of the Banc du Four do 

not show such reversed-asymmetry migration. 

 In a more general view, the contrasting geometry of dunes located on both sides of the 

eastern field of the Banc du Four seems to be controlled by a threshold of about 8-10 m.y-1, 

above which dune morphologies change with the increasing flexing of crests. When they 

acquire a morphology that changes from 2D to 3D or that is transitional, as observed in the 

western and eastern sections, they no longer follow a correlation between migration rates 

and asymmetry and they tend to be smaller for higher velocities. This could be due to 

constant rearrangement of crest lines that characterised the evolution of 3D dunes (Venditti 

et al., 2005). 

6 Conclusion 

The Banc du Four bedform field, located off the shore of Brittany, offers the opportunity 

to study the spatio-temporal variability of very large dunes in a deep, tide-dominated 

environment. The realisation of three recent 29-month spaced swath bathymetric surveys of 

the area, complemented by an historical data set has allowed the accurate quantification of 

dune migration rates and the discussion of the validity of the bedform geometry predictive 

equations defined in shallow waters. The sandbank itself is assumed to be a partially relict 

feature, created during the last post-glacial sea-level rise and its surface is still active, 

exhibiting attached dune fields in accordance with present hydrodynamics. 

Concerning the morphology and equilibrium conditions, this 112km2 bedform field is 

composed of more than 500 large dunes that exhibit a great diversity of morphologies, 

ranging from 2D to 3D shapes. The largest dune (wavelength over 1000 m and height over 

30 m) reaches the maximum size of such sedimentary structures recently described in the 

Irish Sea, where the tidal regime and depths are quite similar to those of Brittany’s 

continental shelf. The analysis of the entire dune area allows for the establishment of a good 

height-spacing power-law correlation, but the results do not match the global statistical 



 27 

regression compiled by Flemming (1988, 2000). The steeper, positive slope of the equation 

and the outstanding values of the height parameter suggest physically complex dune build-

ups and require the inclusion of other parameters, such as bedform conditions and the 

nature of the sediment. Furthermore, no clear relationship has been observed between 

asymmetry and morphologic parameters, while water depth cannot be considered to be a 

major controlling factor in the size of dunes. 

Concerning dune migration, the new method of spatial cross-correlation and the 

differential grid performed by subtracting DTMs was applied and validated by controlling for 

the absence of movement on selected rocky outcrops. Our results allow for the assessment 

of the vertical sedimentary budget, the direction of horizontal migration and migration rates. 

They integrate the variability of migration rates along dune crests. Short-terms changes 

reveal an equilibrate sediment budget over the entire bedform field and the dune crests are 

accreted, whereas the slopes are eroded. This evolution could be explained by the long 

evolution of dunes and the action of storm waves rounding sand bedforms, which probably 

act over the entire depth range. Otherwise, the migration rates calculated for the eastern field 

of the Banc du Four range from 3 m.yr-1 to 20 m.yr-1. Such velocities were never previously 

mentioned on deep continental shelves (>70 m) and attest to the, still present, 

morphodynamic equilibrium of the large dunes. Nevertheless, as previously mentioned 

regarding the Irish Sea, no power-law relationship equation between dune migration rates 

and size parameters can be deduced (Van Landeghem et al., 2012). No strong correlation 

has been established between migration rates and the degree of asymmetry, although this 

last parameter can be used as a prediction of migration direction. As regards dimension 

parameters, the asymmetrical evolution depends on the area under study and the migration 

rates; where the crest lines of dunes are linear and the rates remain below 8-10 m.yr-1, the 

degree of dune asymmetry increases with the migration change, but this tends to be 

reversed for higher velocities, accompanied by the flexure of dune crests. 

Finally, except for the good height-spacing correlation, the lack of clear statistical 

relationships between other parameters reveals the complexity of the local hydrodynamic 
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regime interacting with bedload transport and sedimentary supply. The results relativise the 

migratory predictions based on periodic geometrical observations. The use of high-resolution 

bathymetric measurements (MBES), coupled with the high precision motion measurement 

method (spatial cross-correlation technique), opens the way for new perspectives, 

particularly for deeper parts of the continental shelf that are poorly characterised. It is clear 

that these results need to be complemented by new, seasonal data and hydrodynamic 

measurements along the water column and close to the sea bottom, in order to validate the 

initial observations and to further constrain the role of storm waves. 
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Figure 1 : (left) Map of the Iroise Sea (situated between Brittany French coast and the 

Ushant-Molene Archipelago) showing the location of DTM EvalHydro2009. The study area 

covers 14x18 km2 with the water depth ranging up to 100 m. (right) Eulerian residual tidal 

currents according to PREVIMER for a tide range of 90. 

 

 
Figure 2 : Schematic representation of 1 and 2 dunes characteristics. λ is the wavelength, Ls 

is the lee side length, h is the height and D is the crest depth. 

 

 
Figure 3 : Schematic representation of the cross-correlation technique to obtain the 

displacement field. For every grid point, a fit matrix for DTMt1 defined at the moment t1 is 

shifted in east and north directions within a search matrix for DTMt2 defined at the moment t2. 

The search radius is defined from maximum assumed value of migration. 
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Figure 4 : Bathymetry of Banc du Four on February 2009 defined with a 5 m resolution. 

Areas of AlbertGeo2010 swath surveys are outlined by black solid lines and labelled in white 

as A, B, C and D. Areas of AlbertGeo2011 swath surveys are outlined by black dotted line. 

 

 
Figure 5 : (left) Bathymetry of Banc du Four on 1926-1927 performed by Kriging interpolation 

of depth sounding. (right) Bathymetry of Banc du Four on 2009 performed by Kriging 

interpolation using the same 1926-1927 sounding with depth measurement values of 2009. 

The outer limits of the Banc du Four is in black solid line, the sounding points are in black 

dots, the isobath 50 m representative of the sandbank shape is in white solid line (2009) and 

in white dotted line (1926-1927). 
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Figure 6 : Map specifying crest heights of the dunes. Note that dunes higher than 20 m have 

λ greater than 500 m. 

 

 
Figure 7 : Examples of different shapes of dunes observed in the “Band du Four”: (upper left 

corner) giant asymmetrical straight dune, (upper right corner) slightly to sinuous dunes with 

reversed polarity, (lower left corner) barchans morphology and (lower right corner) trochoidal 

morphology dune. 
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Figure 8 : (left) Bathymetry of D zone on August 2010 with a 2 m resolution. The two 

bathymetric profiles are located in black. (right) Bathymetry differential between 2009 and 

2010 with the migration vectors obtained with the spatial cross-correlation technique. 

 

 
Figure 9 : Crest height as a function of the wavelength of dunes measured across the Banc 

du Four area with the corresponding linear regression fit indicated by the solid line. For 

comparison, two dotted lines indicate equilibrium equation and upper limit predicted by the 

study of Flemming (2000). 
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Figure 10 : The crest height as a function of the depth crest. The solid line indicates the 

observed statistical correlations between h and D. For comparison, the statistical correlations 

reported by other authors are shown. 

 

 
Figure 11 : Bathymetry profiles 1 and 2 of ZoneD (location in Fig. 8). Crests numerous are 

the same than Figure 8. 
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Figure 12 : Frequency distribution of differential direction values (morphological dune 

directions minus migration dune directions) on ZoneD. 

 

 
Figure 13 : The height (h) as a function of the migration velocity measured on ZoneD’s dunes 

between (left) 2009-2010 and (right) 2010-2011. 

 

 
Figure 14 : The asymmetry (A) as a function of the migration velocity measured on ZoneD’s 

dunes between (left) 2009-2010 and (right) 2010-2011. 
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Table 1 : Configurations of surveys EvalHydro2099 and AlbertGeo2011. 


