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0 Abstract 11 

Barrier retreat can occur due to in-place drowning, overstepping or rollover, depending on the 12 

interplay of controls such as sea-level rise, sediment supply, coastal hydrodynamic regime and 13 

topography. Offshore sedimentary archives of barriers active during rapid Holocene sea-level rise 14 

provide important records of marine transgression, which are vital analogues to support appropriate 15 

mitigation strategies for future coastal realignment under projected relative sea-level rise scenarios. 16 

This study analyses the sedimentary archive at Dogger Bank, which is a formerly-glaciated area in the 17 

North Sea. Dogger Bank experienced marine transgression due to Early Holocene rapid relative sea-18 

level rise. An integrated dataset of vibrocores and high-resolution seismic reflection data permits a 19 

stratigraphic framework to be established, which reveals the buried coastal geomorphology of the 20 

southern Dogger Bank for the first time. A transgressive stratigraphy was identified, comprising a 21 

topographically complicated basal glacial and terrestrial succession, overlain by two phases of barrier 22 

and tidal mudflat deposition, prior to shallow marine sedimentation. Barrier phase A was a recurved 23 

barrier drowned in place, and discontinuously overstepped to barrier phase B, which experienced 24 

continuous overstepping. By linking barrier elevations to relative sea-level curves, the timing of each 25 

barrier phase was established. Both barrier phases retreated during periods of rapid sea-level rise with 26 

abundant sediment supply. Coastal hydrodynamics (increasing wave energy) and antecedent 27 

topography with spatially variable accommodation are suggested to be the main reason for differing 28 

retreat mechanisms, rather than the rate of sea-level rise. Antecedent coastal geomorphology plays a 29 

critical role in erosional and depositional patterns during transgression, and therefore on the timing, 30 
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rate and location of marine inundation, which needs to be included in models that aim to forecast 31 

hazards in coastal areas.  32 

Keywords: Barrier coast; marine transgression; overstepping; sea level change; Quaternary 33 

stratigraphy; Europe  34 
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1 Introduction 35 

Considering the projected increase in rates of sea-level rise (e.g. IPCC, 2013), sand or gravel barrier 36 

coastlines are increasingly vulnerable to degradation and loss (e.g. Moore and Murray, 2018). Part of 37 

the response of barriers to the driver of rapid relative sea-level (RSL) rise includes barrier retreat. 38 

Barrier retreat dynamics during RSL rise are a complicated response to the dynamic interplay between 39 

rate of RSL rise, sediment supply, coastal hydrodynamic regime, and antecedent topography (Cowell 40 

and Thom, 1994; Roy et al., 1994; Swift, 1975, 1968). The geological record offers a valuable archive 41 

of past marine transgression that permits investigation of the relationships between RSL rise and 42 

barrier retreat style, which could help to inform future mitigation and planning strategies of barrier-43 

protected coastlines.  44 

Different mechanisms of barrier retreat during marine transgression have been identified from 45 

preserved barrier systems (Fig. 1). In-place barrier drowning (Fig. 1B) occurs under rapid RSL rise with 46 

seaward and landward parts of the barrier preserved (Cattaneo and Steel, 2003; Sanders and Kumar, 47 

1975). Overstepping is a mechanism of retreat in which some back-barrier sediments are preserved 48 

(Forbes et al., 1991; Mellett et al., 2012; Mellett and Plater, 2018; Rampino and Sanders, 1980; Storms 49 

et al., 2008; Swift et al., 1991), which can be subĚŝǀŝĚĞĚ ŝŶƚŽ ͞ƐĞĚŝŵĞŶƚ-ƐƵƌƉůƵƐ͟ ;ĚŝƐĐŽŶƚŝŶƵŽƵƐ; Fig. 50 

1CͿ ĂŶĚ ͞ƐĞĚŝŵĞŶƚ-ĚĞĨŝĐŝƚ͟ ;ĐŽŶƚŝŶƵŽƵƐ; Fig. 1D) overstepping (Mellett et al., 2012). Barrier retreat 51 

with complete reworking and no preservation, other than a locally developed transgressive lag, is 52 

termed rollover (Swift and Moslow, 1982; Leatherman et al., 1983; Fig. 1E). 53 

The need to understand coastal sedimentary process response to RSL rise has led to a focus on 54 

(partially) preserved Late Pleistocene and Holocene barriers (Mellett and Plater, 2018). Studies that 55 

document barrier preservation of buried or drowned systems have mainly focussed on two-56 

dimensional interpretation of seismic reflection data during a single phase of RSL rise (Browne, 2000; 57 

Green et al., 2013; Mellett et al., 2012; Salzmann et al., 2013; Pretorius et al., 2016), or on cemented 58 

sandstone barriers (e.g. Albarracín et al., 2013; Gardner et al., 2007, 2005; Green et al., 2013; Jarrett 59 

et al., 2005; Roep et al., 1998; Salzmann et al., 2013) with few studies on overstepping of sandy 60 

barriers (Cooper et al., 2016; Storms et al., 2008). Furthermore, the widely-employed conceptual and 61 

numerical models used to capture barrier retreat mechanisms and preservation have assumed a 62 

simple planar underlying topographic surface (e.g. Fig. 1; Storms et al., 2002; Storms et al., 2008; 63 

Moore et al., 2010; Mellett et al., 2012; Lorenzo-Trueba and Ashton, 2014; Cooper et al., 2018). 64 

However, ice-marginal terrains form complicated antecedent topography (Bennike et al., 2000; Forbes 65 

et al., 1995, 1991; Kelley et al., 2010; Shaw et al., 2009), and the style of barrier retreat during marine 66 

transgression of these settings is poorly understood.  67 
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In this study, the style of barrier retreat in a topographically-complicated setting is deduced by 68 

integrating a high-resolution dataset from Dogger Bank, North Sea. Our aim is to describe and explain 69 

this site as an extensive offshore palaeo-observatory for the effects of rapid RSL rise during marine 70 

transgression. We identify for the first time the coastal geomorphology of a formerly-glaciated terrain 71 

during rapid Early Holocene sea-level rise. We review the role of changing hydrodynamics and complex 72 

antecedent topography on barrier initiation, retreat, and preservation, and we propose a new 73 

conceptual model of topographic influence on barrier retreat. 74 

2 Setting 75 

Dogger Bank is a present-day isolated bathymetric high in the North Sea (Fig. 2) that forms a flat-76 

topped bank between 20 to 30 m below mean sea level (MSL), with the surrounding seabed being 50 77 

to 80 m deep. The origin of the bathymetric high has been variously postulated as a terminal moraine 78 

(Belt, 1874) and a sand bank formed by rivers or tidal eddies (Stride, 1959). Initial 1D seismic 79 

acquisition (Stride, 1959) combined with piston cores, indicated for the first time that the stratigraphy 80 

at Dogger Bank was more complicated than a sandbank. Evidence for glaciation within the North Sea 81 

was presented after seabed mapping began in the 1960s and 1970s (Phillips et al., 2017). Advances in 82 

marine geological and geophysical data acquisition, such as echo-trace bathymetric profiles, allowed 83 

the first identification of glacial landforms and deposits preserved on the seabed (Flinn, 1967; Jansen 84 

et al., 1979). Investigations by the British Geological Survey (BGS) during the 1980s and 1990s 85 

(Cameron et al., 1992) further proposed a layer-cake stratigraphy of proglacial and glaciomarine 86 

sediments for Dogger Bank. Regional seabed mapping and systematic seismic reflection profiling 87 

revealed further insights into Quaternary glaciations in the North Sea Basin (Balson and Cameron, 88 

1985; Gibbard et al., 1991; Cameron et al., 1992; Graham et al., 2011; Cotterill et al., 2017a; Phillips 89 

et al., 2017).  90 

The BRITICE (Clark et al., 2004) and BRITICE-CHRONO (Clark et al., 2018) studies constrained the timing 91 

of the Last Glacial Maximum (LGM) at Dogger Bank to approximately 27 ka cal BP with complete 92 

deglaciation of the North Sea by 17 ka BP (Clark et al., 2012). Recent acquisition of high-resolution 93 

seismic reflection data and geotechnical boreholes up to 50 m deep in support of windfarm site 94 

investigations revealed the complexity of the Dogger Bank stratigraphy as a consequence of its glacial 95 

history (Cotterill et al., 2017a). Dogger Bank is now interpreted to be a strongly glaciotectonised 96 

composite terminal moraine belt (Carr, 2004; Carr et al., 2006; Cotterill et al., 2017a; Phillips et al., 97 

2018). For the purposes of this study, the most recent, Late Pleistocene and Holocene stratigraphy of 98 

Dogger Bank can be simplified into five main formations (Table 1). These represent a transition from 99 
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glacial (Dogger Bank and Botney Cut Formations), to terrestrial (unnamed fluvial formation), coastal 100 

(Elbow Formation) and marine (Nieuw Zeeland Gronden Formation) conditions. 101 

Coastal deposits from the southeast of Dogger Bank were first recovered from vibrocores. Peat 102 

containing salt marsh foraminifera and pollen was recovered from vibrocore 213 (Fig. 3), overlain by 103 

4 m of intertidal deposits (Shennan et al., 2000). The basal peat (Fig. 4) was dated to 9130 ± 137 cal 104 

BP (Shennan et al., 2000) and provides constraints for Glacio-Isostatic Adjustment (GIA) modelling. 105 

RSL curves from various GIA models (Bradley et al., 2011; Kuchar et al., 2012; Shennan et al., 2018, 106 

2006) show that sea level has been rising continuously at Dogger Bank since 17 ka cal BP. Two major 107 

periods of increased RSL rise occur, driven by changes in the global ocean volume. The first period 108 

occurred during the global meltwater pulse MWP-1A phase (~14.65-14.3 ka; Deschamps et al., 2012), 109 

with an average sea-level rise rate of up to 23 mm/yr at Dogger Bank (Bradley et al., 2011; Kuchar et 110 

al., 2012; Shennan et al., 2006). The second period occurred at the end of the Younger Dryas, 111 

approximately 11.5-10.5 ka, with an average sea-level rise rate of up to 15 mm/yr at Dogger Bank 112 

(Bradley et al., 2011; Kuchar et al., 2012; Shennan et al., 2006). It is also possible that a third period of 113 

increased rise occurred during the 8.4-8.2 ka sea-ůĞǀĞů ͞ũƵŵƉ͟ ĐĂƵƐĞĚ ďǇ ƌĂƉŝĚ ĚƌĂŝŶŝŶŐ ŽĨ ƉƌŽŐůĂĐŝĂů 114 

lakes Agassiz and Ojibway (Hijma and Cohen, 2010; Törnqvist and Hijma, 2012) or saddle collapse on 115 

the Laurentide Ice Sheet (Gregoire et al., 2012; Matero et al., 2017). In the Netherlands, this jump 116 

caused an additional 2.11 ± 0.89 m of sea-level rise in 200 years on top of the background rise of 1.95 117 

± 0.74 m (Hijma and Cohen, 2010). Modelling of the sea-level fingerprint of lake drainage shows a 118 

similar magnitude may be expected at Dogger Bank to that experienced in the Netherlands (Törnqvist 119 

and Hijma, 2012). However, this sea-level jump is not visible in the modelled RSL curves (e.g. Bradley 120 

et al., 2011; Kuchar et al., 2012; Shennan et al., 2018, 2006) as it is below the temporal resolution of 121 

the GIA model. Between the short periods of increased rates of RSL rise, the background rate of rise 122 

was generally between 5-10 mm/yr. At the end of the Late Pleistocene, the rate was around 5 mm/yr, 123 

increasing up to 10 mm/yr during the early Holocene. By the late Holocene, from 7000 cal BP onwards, 124 

the RSL rise slowed to less than 5 mm/yr (Bradley et al., 2011; Kuchar et al., 2012; Shennan et al., 125 

2006). 126 

Changes in hydrodynamics under the evolving palaeogeography of the North Sea have been previously 127 

modelled (Neill et al., 2010, 2009; Uehara et al., 2006; Ward et al., 2016). The palaeotidal models 128 

suggest micro- to mesotidal ranges during the early Holocene, reducing to microtidal by ~6000 BP, 129 

and changing little until present day (Uehara et al., 2006; Ward et al., 2016). The tidal current is also 130 

modelled to have decreased during the Holocene (Uehara et al., 2006). For the whole of the NW 131 

European continental shelf, wave heights are modelled to have increased throughout the Holocene 132 

due to increasing fetch (Neill et al., 2009). However, wave energy in the study area is not expected to 133 
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be significant due to its sheltered location during marine transgression (Brooks et al., 2011; Shennan 134 

et al., 2000; Sturt et al., 2013). 135 

3 Methods 136 

An integrated sub-surface dataset of 2D seismic reflection profiles and sediment samples from 137 

vibrocores were utilised by this study to understand the evolution of Dogger Bank.  138 

3.1 Vibrocore data 139 

Sediment samples available to this study come from vibrocore data, acquired between 1981 and 1994 140 

by the BGS during marine Regional Mapping Programmes (e.g. Cameron et al., 1992), as well as 141 

research programmes such as the Land-Ocean Interaction Study (LOIS; Shennan and Andrews, 2000). 142 

The vibrocores recover continuous sections of sediment up to 6 m in length from the seabed (Fig. 3). 143 

Generally, the vibrocores are in good condition, although some desiccation and associated fracturing 144 

has occurred in some clay-rich sections of core (Fig. 3). Sedimentary facies were identified from the 145 

vibrocores based mainly on visual grain size and Munsell colour, but also on composition, texture and 146 

grading. Sedimentary structures were rarely observed in vibrocores but were used as diagnostic where 147 

present. Sedimentary facies were assigned lithofacies codes based on Evans and Benn (2004). 148 

Sediment logs were used to calibrate seismic facies and key seismic stratigraphic surfaces. Vibrocore 149 

depth was converted to seismic Two-way Travel time (TWT) using an average velocity of 1600 ms-1, as 150 

given by Cotterill et al. (2017b). 151 

3.2 Seismic reflection data interpretation 152 

A dense, 2D grid of shallow seismic reflection data were acquired as part of the site investigation for 153 

the Forewind project. A total of 66,000 line km of data were collected, of which 17,000 line km were 154 

available in Tranche B for this study (Cotterill et al., 2017a; Fig. 2). 2D lines were spaced every 100 m 155 

in the NE-SW orientation and every 500 m in the NW-SE orientation. Seismic data were handled using 156 

IHS Kingdom Suite. Two different seismic datasets were used, acquired with sparker and pinger 157 

sources. Navigational and acquisition data for the seismic surveys can be found in the supplementary 158 

materials. The sparker source allows a maximum depth of investigation of ~150 m (~0.18 s) below the 159 

seabed, but with a maximum vertical resolution between 1-2 m. The pinger source offers a vertical 160 

resolution of ~0.1 m but with limited, albeit variable, depth penetration. For depths exceeding ~18 m 161 

below the seabed (~0.011 s), the pinger-source data lose distinct seismic facies and only high-162 

amplitude reflectors can be distinguished; beyond ~24 m (~0.015 s) below seabed, even high-163 

amplitude events are indistinct against the background noise. 164 
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Seismic facies-based interpretation was undertaken, based on Mitchum et al. (1977) and adapted for 165 

use with shallow seismic data by Mellett et al. (2013). The pinger-source dataset required some 166 

reprocessing, first to approximate the missing negative half-cycles of the wavelet (set to zero in the 167 

original records, and therefore lost) and thereafter to suppress surface ghost reflections. Ghosts occur 168 

because of interference with reflections from the underside of the sea-surface, and appear in data as 169 

seabed-parallel events that obscure genuine reflections within 0.001 s of the seabed. A gentle Ormsby 170 

bandpass filter (corner frequencies of 0.8, 1.5 3.5 and 6 kHz) was applied to reconstruct the pinger 171 

wavelet. Ghost reflections were suppressed by synchronising the seabed arrivals and then subtracting 172 

the average trace of the dataset from individual traces; thereafter, arrivals were returned to their 173 

original travel-time. This processing boosts the clarity of surfaces and seismic facies in the pinger data. 174 

Seismic facies were correlated with sedimentary facies observed in vibrocores. Pervasive mis-ties were 175 

present between the profiles of the pinger data, requiring the definition and application of static 176 

corrections, tied for consistency to a single cross-line. Following this processing, the depth of the 177 

seabed was corrected using high-resolution multibeam bathymetry data. 178 

Maps generated from interpreting seismic data in two-way time were converted to depth using the P-179 

wave velocities derived from local geotechnical data as well as the velocity of similar sediments 180 

recorded regionally in the North Sea, as given by Cotterill et al. (2017b). The sea water velocity was 181 

taken to be 1505 m/s and the velocity of the coastal sediments above the Dogger Bank Formation was 182 

1600 m/s (Cotterill et al., 2017b). Individual interpreted seismic horizons were gridded in Kingdom 183 

Suite using the flex gridding algorithm, which provides geologically reasonable surfaces.  184 

4 Results 185 

4.1 Sedimentary facies 186 

Eight distinct sedimentary facies were observed and logged in vibrocores. The lithofacies are described 187 

in Table 2 and shown correlated across multiple vibrocores in Figure 4, with representative 188 

photographs shown in Figure 5. 189 

4.2 Seismic stratigraphy 190 

Seismic interpretation led to the identification of eight distinct seismic units (SUs), based on seismic 191 

facies, stratigraphic relationships, and key mappable horizons. Seismic facies were identified from the 192 

pinger dataset. The SUs are described in stratigraphic order from the youngest (SU-H) to the oldest 193 

(SU-A). Seismic units (Table 3) are shown correlated to vibrocore data in Figure 6 and in broader scale 194 

on Figure 7. Due to limitations in seismic data resolution and spatial extent of some seismic units, it is 195 

not practical to produce maps of each surface between each seismic unit. Therefore, two key, 196 
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unconformable, stratigraphic surfaces, horizons S2 and S1, have been identified (Table 3). These 197 

surfaces represent major truncating boundaries of underlying deposits. 198 

4.2.1 SU-A 199 

The stratigraphically-oldest seismic unit forms the basal unit to the study area. It is bounded above by 200 

horizon S1. Seismic Unit A is generally acoustically transparent. However, occasional, discontinuous, 201 

chaotic reflectors of varying amplitude and frequency are present (Fig. 7). 202 

4.2.2 Horizon S1 203 

Horizon S1 (Fig. 8A and 8B) is an unconformity to which younger units are either concordant with, 204 

onlap onto, or fill erosion depressions in the surface. It forms a composite, non-planar surface in which 205 

a dendritic network of linear channels formed in the northeast. In the south and west, a series of 206 

northeast-southwest trending low-amplitude hummocks are evident in the mapped surface (Fig. 8B). 207 

4.2.3 SU-B 208 

SU-B has a distinctive, elongated, mounded geometry and is characterised by a continuous high 209 

amplitude top reflector (Fig. 7). Its mounded geometry has not been truncated by the overlying 210 

seismic units. Occasional shingled to sigmoidal reflections downlap onto SU-A in a southwesterly 211 

direction. The mounds are up to 3 km in length, 200 m wide (Fig. 8C and 8D), and vary in height from 212 

very subtle expressions (< 0.001 s, ~0.8 m) up to 0.004 s (~3.3 m).  213 

4.2.4 SU-C 214 

SU-C has a wedge geometry that is thickest in the southeast and pinches out to the northwest (Fig. 6). 215 

It shows onlap onto SU-A in the southeast, and downlaps onto SU-A in the northwest. It is only 216 

observed at the base of SU-E and not in conjunction with any other seismic unit. 217 

4.2.5 SU-D and SU-E 218 

SU-D and SU-E are both acoustically transparent and are grouped into the same stratigraphic package. 219 

SU-E has a lenticular geometry in cross-section, whereas SU-D has a channel form (Fig. 7). SU-D fills 220 

incisions into SU-A associated with horizon S1, whereas SU-E is concordant with horizon S1 and onlaps 221 

onto SU-C where it is present. Occasional medium-amplitude, continuous reflectors are present in SU-222 

E (Fig. 6). The channel fill of SU-D is mainly transparent, but a draped fill is occasionally observed (Fig. 223 

7). 224 
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4.2.6 SU-F 225 

SU-F is observed in a restricted area within the study area. Its external geometry comprises a dipping 226 

lens, with the base of the unit shallowing to the northwest (Fig. 7). The sigmoidal to oblique reflectors 227 

downlap onto the underlying, acoustically-transparent seismic unit, SU-E and are truncated above by 228 

horizon S2.  229 

4.2.7 Horizon S2 230 

Horizon S2 (Fig. 8C and 8D) is a stratigraphic surface with unconformable relationships to the 231 

underlying stratigraphy to the northwest and becomes concordant with the stratigraphy in the 232 

southeast of the study area. In the northwest of the study area, horizon S2 merges with both horizon 233 

S1 and the seabed (Fig. 7). In the southeast of the study area, horizons S2 and S1 become coincident 234 

to form a composite surface. In map form, horizon S2 generally dips towards the southeast. However, 235 

some ridges trending northeast-southwest are observed in the southeast of the study area, formed 236 

by the mounds of seismic unit SU-B (Fig. 8D). 237 

4.2.8 SU-G 238 

SU-G is intermittent throughout the study area, its reflectors parallel with the underlying planar 239 

horizon S2. It is rarely thicker than approximately two reflectors (0.0006 s, 50 cm) but appears as very 240 

high amplitude, high frequency, even parallel reflectors (Fig. 7). 241 

4.2.9 SU-H 242 

Seismic unit SU-H is the stratigraphically-youngest unit. It is nearly all acoustically transparent, 243 

although in some areas, tangential to subparallel oblique, low-frequency, medium amplitude 244 

reflectors are observed. It is conformable with SU-G. Its overall geometry is a wedge that pinches out 245 

in the northwest and thickens markedly to the southeast. 246 

4.3 Depositional environments 247 

The calibration of seismic facies, geometry, and stratigraphy to vibrocore lithofacies allows for 248 

interpretation of the depositional environment to be made. The relationships between seismic facies 249 

and lithofacies are shown in Figure 6 and Table 4 and described below. The basal seismic unit, SU-A, 250 

is calibrated to two lithofacies, the diamict of Dmm and deformed sands of lithofacies Sd (Fig. 6). No 251 

core control exists to calibrate to SU-B. Three lithofacies and three seismic units occur in close 252 

stratigraphic succession (Fig. 6). At the base of this succession is a thin peat (< 10 cm) of lithofacies 253 

Fpt, which is too thin to be resolved in the seismic data. The only age constraint for the sediment 254 

sequence is from this peat, giving an age of 9130 ± 137 cal BP (Shennan et al., 2000). Overlying this is 255 
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the massive sandy lithofacies Sm2 that contains chips and clasts of peat, and calibrates with seismic 256 

unit SU-C. The massive silty clay lithofacies (Fm) calibrates to the acoustically-transparent seismic unit 257 

SU-E, which was deposited contemporaneously with the existence of the channel forms of SU-D. The 258 

laminated sand (lithofacies Sl) is a clean, fine sand and calibrates to seismic unit SU-F (Fig. 6). The 259 

stratigraphically youngest unit comprises a massive, bioturbated sand (lithofacies Sm1) and a matrix-260 

supported gravel (Gms) that calibrate to SU-H and SU-G respectively (Fig. 6). These stratigraphic 261 

correlations between vibrocore and seismic facies are summarised in Table 4. 262 

4.3.1 Pre-Holocene basement and horizon S1 263 

The diamict is interpreted to be a subglacial diamict of the Dogger Bank Formation (Cotterill et al., 264 

2017a). It is overconsolidated due to glacial loading, and inclusions of sand are indicative of a 265 

subglacial till layer that incorporated underlying soft sediments (Evans and Benn, 2004; Menzies, 1990; 266 

Van Der Meer et al., 2003). The massive diamict contains no visible evidence of subglacial processes 267 

without micromorphological investigation (e.g. Carr et al., 2006). Seismic unit SU-A is generally 268 

acoustically transparent to chaotic in nature. Where strong reflectors are seen, they are often steep 269 

and discontinuous, suggesting considerable deformation such as imbricate thrust stacking, as well as 270 

thrust fault-tip folding, similar to glaciotectonic structure observed in Tranche A to the west (Phillips 271 

et al., 2018). Overlying the diamict in the vibrocores are deformed sands (lithofacies Sd). It is not 272 

possible to resolve this lithofacies from the diamict on the seismic reflection data. However, based on 273 

evidence presented by Cotterill et al. (2017a), this unit is interpreted to be a mixture of glacial outwash 274 

plain deposits and loess. Deformation within the sands is interpreted to be periglacial in origin 275 

(Cotterill et al., 2017a). Weakly-laminated tidal rhythmites at the base of lithofacies Fm represent the 276 

first tidal influence seen above the Pre-Holocene basement. The separating surface between the two 277 

units is horizon S1, which is consequently interpreted as the transgressive surface (Cattaneo and Steel, 278 

2003) since it represents the first tidal influence and the interface between terrestrial and marine 279 

sediments.  280 

4.3.2 Barrier phase A 281 

Seismic unit SU-B has a mounded, elongate geometry, clear in both profiles and when examined from 282 

depth structure maps of the overlying horizon S2 (Fig. 8C, 8D and 9). The southwestern tip of the 283 

elongate feature is marked by the ridge orientation rotating by up to 90° towards the northwest. The 284 

long axis, running approximately southwest to northeast, is perpendicular to the direction of marine 285 

transgression as evidenced by the dip direction of horizon S2. The three-dimensional shape of SU-B, 286 

combined with the southwesterly dipping sigmoidal reflectors and the orientation of the recurved 287 

direction imply that this unit is a barrier (Fig. 9). The internal structure is similar to the sigmoidal 288 
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reflectors observed in ground-penetrating radar (GPR) investigations of modern-day barriers (Barboza 289 

et al., 2011; Costas et al., 2006; van Heteren et al., 1998). This barrier is termed barrier phase A as it 290 

is the stratigraphically-oldest barrier observed, deposited directly onto pre-Holocene basement. Given 291 

the transgressive coastal setting, its lower elevation when compared with other barriers in the study 292 

area (Fig. 8E) place is as a stratigraphically-older phase of barrier building.  293 

The northwest to southeast orientation of the recurved ends, along with the southwesterly dip 294 

direction of the sigmoidal reflections seen in SU-B, imply a longshore drift and sediment transport 295 

direction to the southwest during barrier phase A. The shape and scale of the recurved ends (Fig. 9) 296 

compares to modern sandy barriers observed on the Lincolnshire (Montreuil and Bullard, 2012) and 297 

North Norfolk (Environment Agency, 2013) coasts of the UK. Present-day sediment transport over 298 

Dogger Bank is generally from west to east (Houbolt, 1968), but previous models imply this is likely to 299 

have changed since the early Holocene during the evolution of the North Sea palaeogeography (Neill 300 

et al., 2010, 2009; Uehara et al., 2006). Along the present-day east coast of the UK, sediment transport 301 

is generally north to south (e.g. Spurn Head, Yorkshire, Gibraltar Point, Lincolnshire) and east to west 302 

(e.g. Blakeney Point, North Norfolk Coast), which support the general transport direction observed 303 

during the Holocene barrier phases at Dogger Bank.  304 

4.3.3 Back barrier 305 

A salt marsh environment is interpreted from the presence of lithofacies Fpt, a peat containing salt 306 

marsh foraminifera (Jadaminna macrescens and Trochaminna inflata), abundant foraminiferal test 307 

linings, and salt marsh pollen taxa (Shennan et al., 2000). The thin peats formed in the zone between 308 

the highest astronomical tide and the mean tide level, and represent the first marine influence on a 309 

previously-terrestrial environment. The erosive contact observed between the top of lithofacies Fpt 310 

and overlying units is interpreted to represent a local tidal ravinement surface. The wedge of massive, 311 

peat-bearing very fine sand of SU-C was deposited above this tidal ravinement surface (Fig. 6 and 7) 312 

and thins in a landward direction. The sand is interpreted to be part of a washover fan, with peat 313 

fragments entrained during tidal ravinement processes, then reworked during washover. The scale 314 

and seismic character of the washover fan is consistent with those observed in GPR investigations of 315 

modern transgressive barrier systems (Møller and Anthony, 2003; Tillmann and Wunderlich, 2013). 316 

Above this, the massive silty clay was deposited, containing occasional thin sands and peats. The 317 

generally fine-grained nature of the observed lithofacies and lack of internal reflectors within seismic 318 

units SU-D and SU-E support a low-energy depositional environment. Mapping the channel forms 319 

identified in SU-D results in a dendritic to reticulate network (Allen, 2000) that is approximately 3 km 320 

wide in the northwest-southeast axis and over 7.5 km long in the northeast-southwest axis, although 321 
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it continues beyond the study area (Fig. 8B). These channels, comparable in size to Holocene salt 322 

marsh creek networks (Allen, 2000), are interpreted to form a tidal creek network, revealed by horizon 323 

S1, incised into the Pre-Holocene basement, and may have been inherited from the location of pre-324 

existing channels within the hummocky glacial topography (Fig. 8B). Low-energy, clay-rich lithofacies 325 

and the development of a creek network indicate these lithofacies and seismic units to be part of a 326 

tidal mudflat, forming at or below mean tide level. Draped reflectors, implying low energy deposition 327 

of muds, is also evident (Fig. 6). The presence of salt marsh and tidal mudflat with a washover fan sand 328 

imply that the depositional environment for these lithofacies was a back-barrier tidal mudflat. 329 

4.3.4 Barrier phase B 330 

Barrier phase A is separated from a shallower, more landward barrier phase B (Fig. 7 and 8E). An 331 

approximate 5 m elevation difference between the two, in addition to an up-dip separating distance 332 

of approximately 3 km, makes it likely that barrier phase B is younger and thus can be considered a 333 

separate barrier system. An alternative explanation, that barrier phase A and B were components of 334 

the same, large barrier system, can be ruled out as it is unlikely that a landward and seaward deposit 335 

of a single barrier system would exist coevally, separated by 3 km, on such a small barrier complex. 336 

Barriers with multiple components comprising aeolian systems typically are of much larger (tens of 337 

kilometre) scales (Bateman et al., 2011; Oliver et al., 2018). 338 

The laminated sand lithofacies (Sl, SU-F) of barrier phase B is well sorted, and texturally and 339 

compositionally mature, implying extensive reworking of the sediment. The basal part of the 340 

succession is laminated and has intercalated thin peats, implying a low-energy setting into which the 341 

overlying, more energetically-deposited fine sands of barrier phase B prograded. The oblique, 342 

landward-dipping reflectors that downlap onto the underlying stratigraphy indicate a landward 343 

transport of sediment (Fig. 10). The laminated clean sand and distinct seismic facies combined are 344 

therefore interpreted to be a back-barrier shoreline, where the barrier retreated onto the back-barrier 345 

tidal mudflat (Fig. 10). This unit is stratigraphically separated from barrier phase A (Fig. 7 and 8), and 346 

is termed barrier phase B. Since the original morphology of barrier phase B is not preserved, it is not 347 

possible to comment on its conformity to morphometric models (e.g. Hayes, 1979; Mulhern et al., 348 

2017) and no further information on sediment transport direction can be interpreted from the data. 349 

4.3.5 Shallow marine 350 

Lithofacies Sm1 is a texturally and compositionally mature, clean sand with disarticulated shells and 351 

shell fragments, interpreted to be a shallow marine sand. Its intense bioturbation supports a lower 352 

shoreface to offshore environment of deposition (Dashtgard et al., 2012). The presence of a matrix-353 

supported gravel (Gms, SU-G) at the base of the shallow marine sand is interpreted as a transgressive 354 
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gravel lag, containing gravel reworked from erosion of underlying glaciogenic deposits through wave 355 

ravinement processes. The sand matrix in the gravel lag is similar in mineralogy and grain size to the 356 

overlying shoreface sands (Sm1, SU-H). The gravel lag is not a consistent thickness throughout the area 357 

(Fig. 6 and 7). This may be due to localised accumulation of gravel due to fluctuations in gravel supply 358 

and wave energy during transgression (e.g. Goff et al., 2010). Overall, the base of the shallow marine 359 

unit dips towards the southeast (Fig. 8C and 8D), which corresponds to the northwest direction of 360 

wave ravinement during marine transgression. The base of this unit forms horizon S2, which is a 361 

composite surface. To the southeast of barrier phase A (Fig. 8D), horizon S2 is a flooding surface 362 

(Cattaneo and Steel, 2003), representing transgression with minimal wave ravinement, since there 363 

appears to be little erosion and reworking, as no truncation of the glacial deposits is evident. (Fig. 7 364 

and 8). To the northwest of barrier phase A, previous deposits, such as moraine ridges of SU-A (Fig. 365 

8A and 8B), have been eroded, and can be correlated to the truncation of barrier phase B by the same 366 

surface, resulting in horizon S2 being interpreted as a wave ravinement surface, in combination with 367 

the observed transgressive lag (Cattaneo and Steel, 2003; Zecchin and Catuneanu, 2013). 368 

4.4 Model of coastal evolution 369 

Coastal evolution at Dogger Bank has been split into six stages of landscape evolution (Fig. 12) that 370 

incorporates the transition from glacial, through the two barrier phases, to present-day, fully-marine 371 

conditions. In the absence of direct chronological control, we estimate the age of the barriers from 372 

their preserved elevation, as per Mellett et al. (2012), and compare it to the elevation of RSL at this 373 

location predicted by GIA modelling (Kuchar et al., 2012). Constraining the elevation at which a barrier 374 

formed with respect to a tidal datum (termed the indicative meaning; Hijma et al., 2015; Shennan, 375 

1982; van de Plassche, 1986), is challenging due to hydrodynamic and weather conditions affecting 376 

elevations of base and crest (Kelsey, 2015; Orford et al., 2003). In the absence of defined 377 

geomorphological markers such as beach ridges (Kelsey, 2015) or stratigraphic horizons such as tidal 378 

flat/salt marsh sediments, we take the elevations of barrier initiation and breakdown preserved in 379 

barrier morphology as the height of MSL. 380 

The age of barrier phase A is based on the elevation of its preserved mound morphology. The 381 

maximum elevation, and therefore the youngest age that barrier phase A was present, is based on the 382 

crest elevation of the mound. The maximum crest height of -32 m OD is 3 m above the lower bounding 383 

surface (horizon S1, Fig. 8E) of -35 m OD.  At the modern-day North Norfolk coast, which has a similar 384 

tidal range and wave regime to Dogger Bank during the Holocene (Neill et al., 2009; Uehara et al., 385 

2006), barriers such as Blakeney Point have a mean crest elevation of 5-6 m above MSL (Environment 386 

Agency, 2013).  Comparing barrier phase A to this analogue, MSL could be up to 6 m below the 387 
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maximum crest height of -32 m, giving a MSL of -38 m OD. This estimate is based on a number of 388 

reasonable assumptions: that little reworking of the barrier has taken place, which is likely given the 389 

intact nature of the barrier morphology; the preserved barrier represents the final stage of its 390 

evolution, most likely a part of the breakdown phase when the barrier became drowned; and the crest 391 

elevation is related to MSL and not heavily modified by storms and aeolian decoration (Orford et al., 392 

2003). The MSL elevation range of barrier phase A is therefore -38 m to -32 m OD, which, when 393 

compared to the RSL curve in Figure 11, suggests an age of c. 10 ʹ 9.3 ka for barrier phase A (Kuchar 394 

et al., 2012).  395 

The formation elevation of barrier phase B may be constrained a little further, as the back-barrier 396 

overstep downlaps onto the tidal mudflat, which typically occurs between the Lowest Astronomical 397 

Tide (LAT) and MSL (Allen, 2000). The back-barrier base here likely formed at or around MSL, meaning 398 

uncertainty of the elevation of the crest height does not need to be taken into consideration.  We 399 

therefore assume an elevation of formation at the barrier-mudflat transition as being between MSL 400 

and LAT, which given the tidal range at this time is likely 0.5 - 1 m (Table 5; Uehara et al., 2006; Ward 401 

et al., 2016). The barrier phase B base in the seismic data gives an elevation range of -32 to -27 m OD 402 

(Fig. 10). Comparing these elevations against the modelled RSL, we estimate an approximate age range 403 

for barrier phase B of c. 9.3 ʹ 8.7 ka (Fig. 11; Kuchar et al. 2012). 404 

4.4.1 Stage 1 ʹ Antecedent topography and initial barrier phase A 405 

Immediately following the withdrawal of the Eurasian Ice Sheet from Dogger Bank, around 23 ka BP 406 

(Clark et al., 2012; Hughes et al., 2016; Roberts et al., 2018), Dogger Bank was left as a series of ridges, 407 

formed as a composite terminal moraine system (Phillips et al., 2018), with basins between moraine 408 

ridges filled by glacial outwash. The small-scale topography of the top surface of the larger-scale 409 

moraine ridges was hummocky (Fig. 8B), and was subjected to limited and localised modification by 410 

fluvial processes during periglacial conditions. Marine transgression of the wider Dogger Bank and 411 

Oyster Ground area from the south first occurred during the Younger Dryas at c. 12 ka BP (Fig. 11; 412 

Brooks et al., 2011; Sturt et al., 2013). The presence of barrier phase A (SU-G) and the tidal creek 413 

system revealed by horizon S1 are the oldest identified coastal landforms. At this stage, c. 10 - 9.3 ka 414 

(Fig. 11), barrier development was initiated, and it continued to grow through longshore sediment 415 

supply in a southwesterly direction, as shown from the direction of longshore drift (Fig. 9). The 416 

contemporaneous development of tidal mudflats (Fm, SU-E) occurred behind the barrier, with some 417 

tidal creeks potentially exploiting former terrestrial drainage channels at low points in the hummocky 418 

moraine topography (Fig. 8 and 12). 419 
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4.4.2 Stage 2 ʹ Barrier phase A drowning 420 

The lack of significant wave ravinement of barrier phase A implies the barrier was drowned in place 421 

with minimal reworking, preserving both its seaward and landward faces. Barrier phase A has a low-422 

angle (0.017°) antecedent topography. A hummocky moraine ridge (SU-A) existed between barrier 423 

phase A and B (Fig. 8E), which experienced wave ravinement and truncation during ongoing marine 424 

transgression (Fig. 12). This ridge may have been the site of initiation of another barrier after barrier 425 

phase A drowned, but wave ravinement has removed any evidence of any barrier existing at that 426 

location.  427 

4.4.3 Stage 3 ʹ Migration to barrier phase B 428 

A barrier (Sl, SU-F) initiated above the tidal mudflat (Fm, SU-E) deposits to the northwest of the 429 

moraine ridge, which had been partially eroded and reworked through wave ravinement (Fig. 12). This 430 

barrier either represents a discontinuous landward migration of the barrier with little to no reworking 431 

of the previous barrier, termed sediment-surplus overstepping (Fig. 1; Mellett et al., 2012) or initiation 432 

of a new barrier following wave ravinement and truncation of the hummocky moraine ridge. The initial 433 

location of the phase B barrier is inferred from the most seaward location of the barrier preservation 434 

(Fig. 10). This barrier initiated and existed between c. 9.3 and 8.7 ka (Fig. 11). 435 

4.4.4 Stage 4 ʹ barrier overstepping 436 

As sea level continued to rise, barrier phase B migrated landwards. The preservation of landward-437 

facing barrier deposits of phase B, without preservation of seaward barrier faces, implies that the 438 

mechanism of barrier retreat was sediment-deficit overstepping (Mellett et al., 2012), also known as 439 

overstepping with low preservation (Mellett and Plater, 2018). As the barrier migrated into the back-440 

barrier tidal mudflat basin, the landward faces of the barrier were preserved through continuous 441 

overstepping. The seaward barrier faces were removed through wave ravinement during ongoing 442 

barrier retreat. 443 

4.4.5 Stage 5 ʹ continued transgression and ravinement 444 

In the northwest of the study area, it is not possible to say whether the barrier rolled over to a new 445 

location as horizons S1 and S2 become coincident (Fig. 7), and no further coastal sediments are 446 

preserved. Further northwest, beyond the study area, S1 and S2 are coincident with the seabed, 447 

preventing further tracking of marine transgression in a landward direction. Continuing transgression 448 

and wave ravinement, as picked out by horizon S2 (Fig. 8), has truncated previous barrier and coastal 449 

deposits as well as areas where former pre-coastal topography (defined by horizon S1) was present at 450 

the coastline, constraining deposition and preservation of coastal sediments (Fig. 12). When compared 451 
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to the RSL curves for the study area, the elevation of the wave ravinement surface implies 452 

transgression occurred prior to the 8.4-8.2 ka sea-level jump (Fig. 11). During the jump, the sea level 453 

may have risen as much as 4 m in 200 years (Hijma and Cohen, 2010). This sudden increase in sea level 454 

without marked increase in sediment supply may have caused the barrier system to collapse, followed 455 

by wave ravinement processes. Because of the broader-scale topography of Dogger Bank at this time, 456 

this jump may have resulted in abandonment of coastal systems and a complete transgression over 457 

the entire island. 458 

4.4.6 Stage 6 ʹ shallow marine deposition 459 

Coastal evolution stage 6 represents complete inundation of Dogger Bank (Fig. 12). The wave 460 

ravinement surface associated with complete transgression (Stage 5) has been buried with shallow 461 

marine sand (Sm1, SU-H), up to a thickness of 13 m in the southeast of the study area (Fig. 7). Limited 462 

seismic facies information preserved within the shallow marine sand hinders interpretation of seabed 463 

processes such as sediment transport direction. However, large scours observed at the modern-day 464 

seabed imply a current direction from west to east, which supports the inferred transport direction 465 

from eastward-dipping sigmoidal reflectors that are infrequently seen within the seismic data. This 466 

sediment transport direction is also supported by observations and models of currents in the present 467 

day and recent North Sea (Davies and Furnes, 1980; Houbolt, 1968; Neill et al., 2010; Uehara et al., 468 

2006). 469 

5 Discussion 470 

5.1 Barrier initiation 471 

Oyster Ground provides a possible initial location for barrier development because it is a large, flat-472 

bottomed basin to the southeast of Dogger Bank (Fig. 2). Furthermore, it is at a similar elevation to 473 

the estimated height of sea level during barrier phase A (Fig. 11). During Holocene RSL rise, marine 474 

inundation towards the study area was initiated through the Outer Silver Pit (Fig. 2) and into the Oyster 475 

Ground embayment (Brooks et al., 2011; Shennan et al., 2000; Sturt et al., 2013). The low-lying, 476 

shallow topography of Oyster Ground would have allowed for the accumulation of shallow marine 477 

sediments from surrounding terrestrial sources, such as from major European rivers to the south 478 

(Gibbard and Lewin, 2016), and from reworking of glaciogenic sediments. Given the large amount of 479 

shallow marine sediment available in a large, shallow embayment with a low slope angle (0.001°, taken 480 

from bathymetry data in Fig. 2), a barrier system could have initiated even during the rapid rates of 481 

RSL rise (~11 mm/year from GIA models, Fig. 11) at this time. Most observations of Holocene barrier 482 

formation worldwide require a period of sea-ůĞǀĞů ƐƚŝůůƐƚĂŶĚ Žƌ ͞ƐůŽǁƐƚĂŶĚ͟ (Billy et al., 2018; Forbes 483 
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et al., 1995; Green et al., 2013; Kelley et al., 2010; Novak, 2002; Salzmann et al., 2013), or a reduction 484 

in the rate of sea-level rise (Brooks et al., 2003). However, barriers may form even during rapid periods 485 

of RSL rise if sediment supply is high enough, such as areas rich in glaciogenic sediments (Jensen and 486 

Stecher, 1992; Mellett et al., 2012; Shaw et al., 2009). 487 

5.2 Influences on barrier retreat mechanisms 488 

The style of barrier migration during marine transgression is controlled by the balance between barrier 489 

forcing mechanisms and factors that affect its potential for migration, termed inertia (Cowell et al., 490 

1991; Cowell and Thom, 1994; Mellett and Plater, 2018; Roy et al., 1994). Barrier retreat and migration 491 

is driven by sea-level rise and controlled (forced) by coastal hydrodynamics, as well as the effect of 492 

high-energy events such as storms and tsunami. Factors affecting barrier inertia are grain size, 493 

sediment supply and topography (Cowell and Thom, 1994). Barrier phases A and B present differing 494 

modes of overstepping in response to their specific relative forcing and inertia, summarised in Table 495 

5.  496 

5.2.1 Barrier phase A 497 

During the development of barrier phase A, (c. 10 - 9.3 ka) the rate of RSL rise was high, but decreasing 498 

(from 11 mm/year to 9mm/year; Fig. 11; Table 5). However, a low wave energy regime, due to the 499 

enclosed embayment and low fetch of the Oyster Ground during that time, is likely to have resulted 500 

in a shallow fair-weather wave base responsible for limited reworking and ravinement during 501 

transgression (Cattaneo and Steel, 2003; Mellett and Plater, 2018).  502 

High barrier inertia factors likely contributed to the breakdown and migration of barrier phase A. 503 

Although the grain size is unknown, the high amplitude reflector seen in the seismic data (Fig. 7) 504 

suggests that the barrier may consist of gravel, as seen in seismic profiles of Mellett et al. (2012), which 505 

would contribute towards high barrier inertia (Cowell et al., 1991; Roy et al., 1994). High barrier inertia 506 

is also supported by the low-complexity, low-relief topography surrounding the barrier location 507 

(0.017° gradient perpendicular to the coastline; Fig. 7 and 8) as well as a sudden increase in 508 

accommodation within the ~1.5 km-broad back-barrier area.  509 

The strong barrier forcing and inertia factors during the breakdown and migration of barrier phase A 510 

have resulted in its drowning in place. Despite high sediment availability, overstepping to a new barrier 511 

location was discontinuous due to the low-relief topography that caused a rapid landward migration, 512 

driven by rapid RSL rise. The new barrier location was not preserved, but is likely to have been at a 513 

point of change in slope, where it may have been topographically pinned on top of the eroded 514 

hummocky moraine topography to the northwest of barrier phase A (Fig. 8). 515 
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5.2.2 Barrier phase B 516 

Barrier phase B occurred between c. 9.3 ʹ 8.7 ka with an associated rate of RSL rise of ~10 mm/yr (Fig. 517 

11; Table 5).  Tidal and wave modelling suggests that barrier phase B was in place during a meso- to 518 

microtidal regime (Uehara et al., 2006; Ward et al., 2016) with an increase in wave energy relative to 519 

barrier phase A (Neill et al., 2009). The increase in fetch due to increased marine inundation and its 520 

associated increase in wave energy would have resulted in a deepening of the fair-weather wave base 521 

and an increase in ravinement effectiveness. These factors resulted in strong barrier forcing conditions 522 

at this time compared to the period of barrier phase A migration, with a similar driver of rapid RSL 523 

rise. 524 

Barrier inertial conditions were generally lower during barrier phase B than barrier phase A. The back-525 

barrier deposits imply that the barrier was composed of sand, which has lower barrier inertia than 526 

gravel. Local sediment supply is likely to have been high due to the availability of reworked glaciogenic 527 

sediments and the previous, more seaward barrier deposits. The topography of the back-barrier basin 528 

into which the barrier was retreating becomes steeper (gradient of 0.046°; Fig. 8) and has channels 529 

and antecedent topographic ridges, resulting in highly variable accommodation conditions for the 530 

overstepping barrier. This variable back barrier accommodation also enhanced the partial 531 

preservation, as opposed to complete reworking, of barrier phase B (Fig. 7). 532 

Because of lower barrier inertia (higher slope angle and smaller grain size) during strong barrier forcing 533 

conditions (Table 5), the barrier retreated continuously at a reduced horizontal rate when compared 534 

to barrier phase A. However, as initial sediment supply is likely to have been high, the complex, steeper 535 

antecedent topography, and associated relatively high local accommodation, is interpreted to be the 536 

primary factor in controlling the continuous retreat of barrier phase B. This will have allowed the 537 

barrier to be constantly present during migration. 538 

5.2.3 Role of antecedent topography on barrier retreat and preservation 539 

The subglacial conditions in the Dogger Bank area resulted in a set of curved moraine ridges with a 540 

hummocky top surface (Phillips et al., 2018) that impacted the style of barrier dynamics during marine 541 

inundation in an otherwise low-lying coastal plain area. Barrier phase A was drowned in place. In-place 542 

drowning may occur when the rate of sea-level rise is high and/or sediment supply is low (Cattaneo 543 

and Steel, 2003), so that the barrier is not reworked during drowning, and the barrier cannot migrate 544 

due to low sediment supply. In this scenario, the rate of RSL rise is high (Fig. 11), and sediment supply 545 

is assumed to be high due to the availability of reworked glaciogenic sediments and fluvial input into 546 

the Oyster Ground (Gibbard and Lewin, 2016). However, the antecedent topography at the barrier 547 
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phase A location has a low relief (~0.017°) , as shown by horizon S1 (Fig. 7 and 8). Antecedent 548 

topography may have thus played a role in exacerbating the effect of drowning in place. 549 

Barrier phase B is preserved as landward-dipping barrier sands, truncated by wave ravinement 550 

processes. Previous interpretations of Holocene barrier preservation have invoked resilience due to 551 

gravel-grade sediment (e.g. Forbes et al., 1991; Jensen and Stecher, 1992; Forbes et al., 1995; Kelley 552 

et al., 2010; Mellett et al., 2012; Billy et al., 2018) or early cementation in warmer climates (e.g. Jarrett 553 

et al., 2005; Green et al., 2012; Albarracín et al., 2013; Green et al., 2013; Salzmann et al., 2013; Green 554 

et al., 2018). Barrier phase B is a rare example of a well-preserved sand barrier that fits neither of 555 

these models. Its preservation may in part be due to its position within an embayment (Fig. 12), as 556 

observed by Cooper et al. (2016). High accommodation in the back-barrier basin, combined with a 557 

steep wave ravinement surface due to low barrier inertia under low barrier forcing conditions, leads 558 

to a larger volume of barrier sand being preserved. The steep run-up (0.12°; Fig. 8E) and the presence 559 

of topographic highpoints within the back-barrier basin may have also locally altered hydrodynamics 560 

to reduce reworking and further enhance barrier preservation (Fig. 13). Numerical models of barrier 561 

retreat assume simple topography with planar seaward surfaces (e.g. Storms et al., 2002; Storms et 562 

al., 2008; Moore et al., 2010; Lorenzo-Trueba and Ashton, 2014), but more realistic topography should 563 

be incorporated into future experiments. Final drowning and minimal ravinement of barrier phase B 564 

may have been caused by the sudden increase in the rate of RSL rise due to the 8.4-8.2 ka sea-level 565 

jump (Fig. 11).  566 

5.3 Comparison of barrier phases and controls on retreat 567 

The role of coastal hydrodynamics in barrier retreat is rarely studied due to lack of geological proxies 568 

for wave and tidal regime, or a lack of modelling (Mellett and Plater, 2018). However, due to previous 569 

studies of Holocene hydrodynamic properties through time (e.g. Uehara et al., 2006; Neill et al., 2009; 570 

Neill et al., 2010; Ward et al., 2016), we can consider their role in a relative sense, as shown in Table 571 

5. Barrier phase A experienced low barrier forcing and high barrier inertia, whereas barrier phase B 572 

experienced higher barrier forcing with lower barrier inertia (Fig. 13). Discontinuous barrier 573 

overstepping observed for barrier phase A is similar to that observed in various locations globally (e.g. 574 

Brooks et al., 2003; Yang et al., 2006; Storms et al., 2008; Mellett et al., 2012; Pretorius et al., 2016) 575 

where a rapid increase in RSL rise rate alone is invoked to explain the discontinuous overstepping. 576 

Continuous overstepping, characterised by overlapping back-barrier beach deposits downlapping 577 

onto and retrograding into the back-barrier basin, as observed during barrier phase B, is also observed 578 

in many transgressed barrier systems (Browne, 2000; Forbes et al., 1991; Mellett et al., 2012). During 579 

both phases, RSL rise was rapid. This implies that the rate of RSL rise is a driver of retreat, but less of 580 
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a control on retreat mechanism than other factors. Sediment supply appears to have been abundant 581 

throughout the Holocene, allowing barriers to form despite high rates of RSL rise.  582 

Through qualitative comparison of factors of forcing and inertia (Table 5), the most important controls 583 

on barrier retreat at Dogger Bank, under a driver of a similar rate of RSL rise, are therefore the evolving 584 

hydrodynamic regime and difference in antecedent topography angle between the two barrier phases 585 

(Fig. 13). Qualitative assessment of barrier forcing and inertia may be useful as an assessment of 586 

relative controls of barrier retreat, but quantitative assessment of Holocene forcing and inertia 587 

mechanisms would provide valuable inputs into modelling future barrier morphodynamics under 588 

projected sea-level rise. Further work is needed to explore how quantitative assessment of Holocene 589 

barrier forcing and inertia may be undertaken. 590 

6 Conclusions 591 

Vibrocore analysis at Dogger Bank revealed a barrier complex and tidal mudflat sedimentary 592 

environment. Calibration of lithofacies to seismic facies reveal the stratigraphic relationship and 593 

geomorphological evolution where barriers retreated landwards during marine transgression. Two 594 

styles of barrier retreat are observed. Barrier phase A has a distinct, recurved morphology and 595 

internally shows progradation due to a northeast to southwest longshore drift direction. Barrier phase 596 

A was drowned in place due to rapid sea-level rise and low gradient of the underlying topography, and 597 

overstepped discontinuously to a more landward location. Barrier phase B experienced greater forcing 598 

conditions, still being driven by a rapid RSL rise, due to the increase in wave energy since barrier phase 599 

A, but retreated over a steeper antecedent topography. This caused barrier phase B to retreat by 600 

continuous overstepping.  601 

The rate of sea-level rise is similar in both barrier phases, despite them being geomorphologically 602 

distinct. RSL rise is an important driver of barrier retreat, but does not control the mechanism of 603 

retreat. The most important controls on barrier retreat style are changing coastal hydrodynamics and 604 

antecedent topography formed from previous glacial processes. Topography is also a strong control 605 

on barrier initiation and preservation processes. Barrier initiation was possible despite rapid 606 

inundation of the flat-lying topography of Oyster Ground, combined with likely abundant sediment 607 

supply from glaciogenic sediments and fluvial input, allowing a barrier to form under low 608 

hydrodynamic energy conditions. This flat-lying topography was also key in drowning barrier phase A 609 

in place. The hummocky moraine topography to the northwest of barrier phase A formed an 610 

embayment, which potentially increased the preservation of barrier phase B, combined with a steeper 611 

run-up and wave ravinement surface.  612 



Barriers and antecedent topography, Emery et al., accepted in Marine Geology 

21 
 

Despite the qualitative comparison undertaken in this study, quantifying the relative contribution of 613 

barrier forcing and inertia on barrier retreat remains difficult to elucidate. Data-rich Dogger Bank 614 

provides a well-constrained, important site to test models of barrier evolution under RSL rise in three 615 

dimensions. This qualitative study emphasises the need to include large-scale changing topographic 616 

configurations and coastal hydrodynamics in forecasts of coastal realignment. The control of 617 

topography and hydrodynamics on barrier retreat is particularly important when considering barrier 618 

retreat on paraglacial coastlines globally, such as the need to protect infrastructure on coastlines of 619 

North America and northwest Europe. In particular, models of landscape response to future sea-level 620 

rise should include variability of antecedent topography, as well as evolving hydrodynamics. 621 
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Group (Stoker et al., 
2011; Cotterill et al., 

2017a) 

Formation Age Subdivisions 
(Cotterill et al., 

2017a) 

Sedimentary 
environment 

Description in Tranche B (Cotterill et al., 2017a) 

California Glaciogenic 
Group 

 

 

Nieuw 
Zeeland 
Gronden 
Formation 

Holocene, MIS 
1 

Present day - 
~ 6000 BP 

Terschellinger 
Bank Member 

Shallow marine Bioturbated marine sands 

Elbow 
Formation 

Holocene, MIS 
1 

~11000 BP ʹ 
~6000 BP 

 Estuarine, 
intertidal 

Mudflats, some transgressive sands. 

unnamed Late 
Pleistocene, 
MIS 2 

~17500 BP to 
~11000 BP 

 Periglacial, 
sandur and 
glaciofluvial 
outwash  

Not formally recorded within other Formations. 
Well sorted sands, evidence for cryoturbation. 
Extensive river networks exist in seismic 
reflection data. 

Botney Cut 
Formation 

Late 
Pleistocene, 
MIS 2 

?deglacial 
stage, ~21000 
BP to ~17500 
BP  

 Proglacial Found in an intra-moraine basin as rhythmically-
laminated silts and very fine sands with rare 
dropstones, interpreted to be proglacial lake 
deposits. 

Dogger Bank 
Formation 

Late 
Pleistocene, 
MIS 2-4 

~70000 BP - 
~17500 BP 

Younger Dogger 
Bank 1 
Transition 1 
Younger Dogger 
Bank 2 & 3 
Transition 2 
Older Dogger 
Bank 1, 2 & 3 
Basal Dogger 
Bank 

Glacial and 
periglacial 

Upper units encountered in this study: matrix-
supported diamict with chalk and flint, sand pods 
and intraclasts, and often showing 
micromorphology suggesting subglacial 
deformation (Carr et al., 2006), often 
glaciotectonised into arcuate ridges interpreted 
to be terminal moraines related to ice margin 
oscillation (Cotterill et al., 2017a; Phillips et al., 
2018). 

Table 1. Simplified stratigraphy of Dogger Bank based on Stoker et al., 2011; Cotterill et al., 2017a. The 938 

location of Tranche B of the Forewind site is shown on Figure 2. 939 

  940 
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Lithofacies 

code (Evans 

and Benn, 

2004) 

Short description Munsell 

colour 

Grain size Sedimentary 

structures 

Other notes 

Sm1 Massive, bioturbated 

sand 

Dark greyish 

brown 2.5Y 

4/2, olive 

brown 2.5Y 

4/3 

Fine to very fine 

ƐĂŶĚ ;Ɍ 3-4) 

Massive, 

structureless 

Mottled colouring. Abundant disarticulated 

shells and shell fragments (<10 mm). 

Gms Matrix-supported gravel Greyish 

brown 2.5Y 

5/2 

MĞĚŝƵŵ ƐĂŶĚ Ɍ Ϯ 

with clasts from 

very coarse sand 

;Ɍ ϬͿ ƚŽ ǀĞƌǇ 

ůĂƌŐĞ ƉĞďďůĞƐ ;Ɍ -

6) 

Massive, 

structureless 

Clasts are subrounded to rounded, 

occasionally sub-angular, consisting of 

limestone, chalk, red sandstone and gneiss. 

Sl Laminated sand Grey 2.5Y 6/1 

with dark grey 

2.5Y 4/1 

laminations 

FŝŶĞ ƐĂŶĚ ;Ɍ ϯ-2) Laminated Well sorted, clean sand, very high quartz 

content. Some thin peat (Fpt) layers up to 2 

mm thick. Some shell fragments. 

Fm Massive silt/clay with 

sand laminations 

Dark grey 5Y 

4/1, dark 

greyish brown 

10YR 4/2 with 

olive brown 

2.5Y 4/3, 

greyish brown 

2.5Y 5/2 

laminations 

Clay and silty 

clay. Laminations 

ŽĨ ĨŝŶĞ ƐĂŶĚ ;Ɍ ϮͿ 

with coarser, 

poorly sorted 

laminations from 

ĨŝŶĞ ƐĂŶĚ ;Ɍ ϮͿ ƚŽ 

ŐƌĂŶƵůĞƐ ;Ɍ -1). 

Massive with 

basal laminations 

in core 214. Sand 

laminae 

throughout, with 

evidence of 

erosion. 

Also contains thin, silty peats (Fpt) up to 5 

mm thick. 

Sm2 Massive sand with peat 

chips 

Light 

brownish grey 

2.5Y 6/2 

FŝŶĞ ƐĂŶĚ ;Ɍ ϯͿ Massive, 

structureless 

Contains peat chips, clasts and stringers. 

Amount of allochthonous peat increases 

towards base of lithofacies. 

Fpt Silt/clay peat Black 2.5Y 

2.5/1 

Clay and silty clay Massive, 

structureless 

Rootlets with iron-stained nodules. 

PƌĞǀŝŽƵƐ ĂƵƚŚŽƌƐ͛ ĨŽƌĂŵŝŶŝĨĞƌĂů ĂŶĂůǇƐŝƐ 

found Jadaminna macrescens and 

Trochaminna inflata (Shennan et al., 2000).  

Sd Deformed sand Dark greyish 

brown 2.5Y 

4/2, light olive 

brown 2.5Y 

FŝŶĞ ƐĂŶĚ ;Ɍ ϯͿ 

and very fine 

ƐĂŶĚ ;Ɍ ϰͿ 

Various forms of 

deformation 

Starry-night textures, recumbent folds, ball-

and-pillow, loading, and dewatering 

structures are observed 
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5/3, light 

yellowish 

brown 2.5Y 

6/3, light olive 

grey 5Y 6/2 

Dmm Matrix-supported 

diamict 

Brown 10YR 

4/3 

silty clay to very 

ůĂƌŐĞ ƉĞďďůĞƐ ;Ɍ -

6) 

Massive, 

structureless 

Stiff. Clasts angular to subrounded, 

predominantly subangular, consisting of 

flint, chalk, limestone, red sandstone, 

microgranite, gneiss. Rip-up clasts and 

inclusions of sand. 

Table 2. Lithofacies observed in vibrocores shown in Figure 4. Photograph examples of each lithofacies 941 

are shown in Figure 5. 942 
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Seismic 
unit 

Horizon Amplitude Frequency Continuity Configuration Termination Geometry Thickness 

SU-H  Transparent - Discontinuous - Concordant Wedge Up to 0.016 s (~13 m) 

SU-G 

 

High High Continuous Even parallel Truncation Sheet 
Approximately two 
reflectors maximum 
(0.0006 s, ~50 cm) 

  S2 High   Continuous     Unconformity   

SU-F 

 

High 
Medium 
to high 

Discontinuous 

Tangential 
oblique to 
complex 
sigmoid-
oblique 

Downlap Lens 
Maximum 0.0035 s 

(~2.8 m) 

SU-E 
 

Transparent - Discontinuous - 
Onlap or 

concordant 
Wedge or 

lens 
Up to 0.005 s (~4 m) 

SU-D 
 

Transparent - Discontinuous - Erosive Channel 
0.001 s (~0.8 m) to 

0.008 s (~6.4 m) 

SU-C 
 

High High Continuous 
Mildly 

divergent 
Onlap or 

concordant 
Drape/wedge 

Up to 0.0004 s (~30 
cm) 

SU-B 

 

Transparent, 
medium or 

high 
Low Discontinuous 

Transparent, 
shingled to 
sigmoidal 

Concordant 
or downlap 

Mound Up to 0.004 s (~3.3 m) 

  S1 High   Continuous     Unconformity   

SU-A   
Transparent 

or low 
Low Discontinuous Chaotic - Basal - 

Table 3. Seismic facies observed in pinger seismic reflection data. Seismic units are shown on Figure 944 

7. 945 
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Seismic 
stratigraphic 
unit Horizon Lithofacies 

Interpreted depositional 
environment Stratigraphic unit 

SU-H  Sm1 Lower shoreface to offshore Shallow marine 
SU-G  Gms Transgressive gravel lag 

  S2 
    

Composite flooding surface and wave ravinement 

surface (Cattaneo and Steel, 2003) 

SU-F  Sl Back-barrier beach Barrier phase B 

SU-E 
 Fm Tidal mudflat 

Back barrier 

 Fpt Salt marsh 

SU-D  Not 
penetrated Tidal creek 

SU-C  Sm2 Washover fan 

SU-B  Not 
penetrated Barrier 

Barrier phase A 

  S1     Transgressive surface (Cattaneo and Steel, 2003) 

SU-A 

 Dmm Subglacial 

Pre-Holocene basement 
  Sd 

Glacial outwash plain and 
glaciofluvial, periglacially-
deformed 

Table 4. Lithofacies, seismic unit and depositional unit relationships. 947 
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Forcing 
RSL rise 

(Kuchar et 
al., 2012) 

Tidal regime 
(Uehara et al., 

2006; Ward et al., 
2016) 

Wave regime (Neill 
et al., 2009) 

Ravinement 
depth/FWWB 

Storminess 

phase A 
11-9 
mm/year Mesotidal (2-4 m) Low energy Shallow Unknown (no core evidence) 

phase B 10 mm/year 
Micro-mesotidal 
(1-3 m) 

Higher energy than 
phase A 

Deeper 
High (frequent high-energy 
events in tidal mudflats) 

      

Inertia 
Grain size 

(Fig. 4) 
Sediment supply 

Average slope (Fig. 
7) 

Relative 
topographic 

complexity (Fig. 
7) 

Back-barrier length (Fig. 7 and 
8) 

phase A 
Unknown 
(coarse?) 

High 0.017° Low (flat) ~1.5 km 

phase B Fine sand High 0.046° 
High (channels 
and basement 
highs) 

~1 km 

      
High 

Medium 
Low 

Table 5. Summary of factors affecting barrier forcing and inertia during each barrier phase. Colours 949 

correspond to low, medium or high factors of forcing and inertia. 950 

  951 
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Figure captions 952 

 953 

Fig. 1. Summary of barrier retreat during relative sea-level (RSL) rise under simplified, relative 954 

comparison of available sediment supply and rate of RSL rise, adapted from Mellett et al. (2012) A. 955 

Geomorphology and sedimentary environments of a typical barrier system. B. Drowned in place 956 

barrier. As sea level rises rapidly from MSL1 to MSL2, the barrier undergoes minimal reworking and 957 

its morphology is preserved, leaving the barrier stranded. A new barrier may initiate landward through 958 

sediment-surplus overstepping but is not necessary for in-place drowning. C. Sediment-surplus 959 

overstepping. Landward migration of the barrier with partial reworking and partial preservation (or 960 

in-place drowning) of the MSL1 barrier. Migration to the MSL2 barrier is a discontinuous overstep to 961 

a new landward location without requiring reworking of the entire previous barrier to initiate the new 962 

barrier. D. Sediment-deficit overstepping. Lower sediment supply under rapid RSL rise leads to 963 

continuous overstepping from continual reworking of the previous barrier. E. Barrier rollover. The 964 

barrier is entirely reworked to provide the sediment to sustain the new barrier location. 965 
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 966 

Fig. 2. Location of Dogger Bank in the Southern North Sea showing the locations of the Forewind 967 

project Tranche A (dotted outline) and Tranche B, the focus for this study (solid outline) as well as 968 

vibrocore 213 and other locations given in the text. The sparker-source seismic section shows the 969 

stratigraphic context of coastal deposits preserved at Dogger Bank. Bathymetry data from GEBCO 970 

(https://www.gebco.net). 971 
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 972 

Fig. 3. Uninterpreted photograph of vibrocore 213 (photo date August 2017, core acquired July 1994) 973 

showing contrast and variation in lithofacies interpreted. 974 
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 975 

Fig. 4. Core transect through vibrocores in the southeast of Tranche B showing correlation between 976 

lithostratigraphy and seismic units. The top section shows the true horizontal separation between 977 

each vibrocore, as well as the approximate, simplified seismic units (SU). The bottom section shows 978 

correlation between lithofacies in each vibrocore. Lithofacies codes are explained in Table 2 and 979 

shown in Figure 5. Seismic units are explained in Table 3 and shown in Figure 6 and 7. 980 
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 981 

Fig. 5. Photographs of the eight lithofacies observed in vibrocores. Short descriptions of each 982 

lithofacies are given in Table 2. 983 
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 984 

Fig. 6. Calibration between vibrocore and pinger-source seismic reflection data. A. Vibrocore 213 985 

uninterpreted photographs, core log, lithofacies, key seismic horizons and interpreted depositional 986 

environment. B. Vibrocore 213 lithofacies compared to pinger seismic reflection data showing 987 

calibration to seismic units. Seismic data are shown in two-way travel time (TWT) and vibrocore depth 988 

has been converted to TWT using an average velocity of 1600 ms-1 as given by Cotterill et al. (2017b). 989 
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 990 

Fig. 7. Pinger-source seismic section showing the stratigraphy and character of observed seismic units. 991 

Further examples of seismic units are shown in Figures 6 and 10. Seismic units are described in Table 992 

3. 993 
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 994 

Fig. 8. Maps and vertical section showing the main surfaces mapped from pinger-source seismic data. 995 

A. Uninterpreted and B. interpreted maps of horizon S1 showing the nature of the antecedent 996 

topography and channel network. Insets show the same surface mapped from the sparker-source 997 

seismic data, with a lower vertical and horizontal resolution, but a higher depth of investigation, 998 

resulting in some clarification of the channel network. C. Uninterpreted and D. interpreted maps of 999 

horizon S2 showing the mound geometry of barrier phase A. E. Vertical section through horizons S1 1000 
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and S2 showing key average gradients (values of the dashed line in degrees and m/km), and 1001 

geomorphological features. 1002 

 1003 

Fig. 9. Fence diagram showing interpretation of the preserved barrier phase A. Pinger-source seismic 1004 

sections were used to create a 3D reconstruction of barrier morphology, shown in relation to 1005 

longshore drift direction. 1006 

 1007 
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Fig. 10. Pinger-source seismic section showing barrier phase B seismic units. Landward-dipping oblique 1008 

to sigmoidal reflectors in the barrier sand downlapping onto tidal mudflats imply landward barrier 1009 

overstepping. 1010 

 1011 

Fig. 11. RSL curves from GIA models (Shennan et al., 2006; Bradley et al., 2011; Kuchar et al., 2012), 1012 

top, shown with the rate of RSL change (bottom curves). The sea-level index point from Shennan et 1013 

al. (2000) is also shown. The elevations of barrier phases A and B are shown for comparison to RSL. 1014 

Also highlighted is the 8.4-8.2 ka sea-level jump that occurred after the presence of barrier phase B. 1015 
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 1016 

Fig. 12. Model maps and schematic sections of landscape evolution from initial postglacial landscape 1017 

to Holocene transgression, showing barrier initiation and migration in response to rapid RSL rise. 1018 

Numbers 1-5 refer to coastal evolution stages as discussed in Section 4.4 of the main text. 1019 
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 1020 

Fig. 13. Summary model of barrier retreat mechanisms in response to complex antecedent topography 1021 

and changing slope. A. Cross-sectional model showing barrier response to forcing and inertia 1022 

conditions at Dogger Bank. The red line represents wave ravinement. B. Qualitative summary of 1023 

barrier forcing and inertia conditions through time. RSL rise comes from Kuchar et al. (2012). Other 1024 

curves are qualitatively derived from observations in seismic mapping and from tidal and wave 1025 

modelling (Neill et al., 2009; Uehara et al., 2006; Ward et al., 2016) C. Resulting retreat mechanism as 1026 

a combination of forcing and inertia conditions changing through time. Retreat changes from 1027 

discontinuous and laterally rapid to continuous and laterally slower.  1028 
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