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ABSTRACT: Soils deposited across previously glaciated margins can often contain, by the nature of their depositional 
environment, a high content of gravels and cobbles. These coarser-grained soils can either be deposited and remain in situ 
(e.g., glaciofluvial channel fill) or they can accumulate into denser lag deposits, as Holocene (and preceding) marine 
inundation of the previously terrestrial surface rework the glacigenic soils, winnowing out the fine-grained material. These 
coarse-grained soils can be classified as an engineering geological constraint (geo-constraint) to offshore wind projects in 
several ways, including during site investigation campaigns (e.g., early refusal of Cone Penetration Tests), subsea cable 
trenching works (e.g., unfavourable for jetting, can cause plough deviation) and during Wind Turbine Generator (WTG) 
foundation installation works (e.g., refusal of driven piles or suction caissons). By using an integrated suite of geoscience 
data comprising shallow, high-resolution seismic (e.g., pinger), multibeam backscatter, seabed grab samples, and vibrocores, 
an assessment can be made of how prevalent these deposits are across a lease area or a cable route, and maps can be generated 
to reveal where lag deposits are likely to occur within cable burial depths (e.g., ≤2 m below seafloor). Here, we demonstrate 
the benefits of using an integrated approach on a wind farm development in the North Sea, identifying seismostratigraphic 
units containing diffraction hyperbolae indicative of coarse sediments, ground-truthed against geotechnical locations. The 
results demonstrate excellent correlation between the integrated datasets and provide valuable insights to de-risk future cable 
trenching operations. 
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1 INTRODUCTION 

Gravel lag deposits are of concern to offshore wind 
developers as they have the potential to influence site 
investigation (SI) works and wind turbine generator 
(WTG) foundation design; for instance, they can cause 
refusal of sampling equipment like cone penetration 
tests (CPT) and vibrocore, resulting in the required 
depth of investigation not being achieved. They can 
present a risk of refusal to driven piles due to the high 
tip resistance generated during installation. Both the 

installation and in-place performance of suction 
caissons can be impacted by high permeability 
pathways within the lag deposits (Houlsby and Byrne, 
2005).  

Cable installation is susceptible to delays and the 
need for larger, more costly equipment as a function of 
variable ground conditions such as sand, gravel, and 
cobbles. Certain trenching methods may have more 
difficulty with excavating dense gravels when 
compared with soft to firm clays, resulting in trench 
instability or high tow forces. Whilst not only being 
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unsuitable for jetting methods of trench excavation due 
to general high density / unit weight of the deposit, 
gravel lags may cause greater resistance and potential 
deviation of seabed ploughs as a result of density and 
variable grain geometries, leading to unexpected poor 
performance (Dyer, 2011). This may ultimately mean 
larger and more costly equipment are required. 

The following study maps gravel lag deposits 
within the Dogger Bank A (DBA), and southern 
margin of Dogger Bank B (DBB), Offshore Wind 
Farm (OWF) areas, located in the central Southern 
North Sea approximately 131 km from the UK 
mainland (Figure 1). The purpose of this exercise was 
to de-risk array and export cable trenching works. 
 

 
Figure 1. Location of Dogger Bank A & B OWFs. 

2 ORIGINS OF GRAVEL LAGS 

Across glaciated margins, gravel and cobble lags 
can often form in higher-energy environments such as 
ice-marginal fans and outwash plains, leading to the 
accumulation of thick gravel and cobble deposits. 
Alternatively, such deposits can form as sea-levels rise 
following deglaciation, flooding the land (i.e., marine 
transgression). As bottom currents achieve a 
significant velocity, this can allow for the winnowing 
out of finer particles from the seabed sediments, 
leaving behind a thick blanket of coarser material 

comprising particles that are too dense for the currents 
to mobilise (Figure 2).  

Gravel lag deposits were reported at various sites 
across the North Sea and North Atlantic Ocean (Carr, 
1999; Howe et al., 2001; Diesing et al., 2009). More 
specific to this study, these deposits were documented 
within the shallow subsurface at the Dogger Bank A & 
B OWF sites; Carr (1999) states: 

 
“A prominent gravel lag at the top of the Dogger 

Bank and Bolders Bank Formations suggests that 

there has been erosion of the formations… occurred 

during the Holocene marine transgression.” 

 
The Dogger Bank and Bolders Bank Formations 

comprise glacigenic soils deposited under and 
immediately in front of ice sheets that extended across 
the Dogger Bank (and wider North Sea) during the 
most recent ice advance, ~21 kya. Being diamicton in 
composition, they consist of angular to subrounded 
gravel and cobble clasts (including hard flint) within a 
fine-grained clay to fine sand matrix. 

They occur extensively across the North Sea and 
are found within the uppermost 50 m below seafloor 
(mbsf), occasionally outcropping at seabed where they 
are susceptible to reworking by ocean currents. 
 

 
Figure 2. Conceptual schematic of gravel lag formation 

through winnowing. (A.) Deposition of glacial diamicton 

through ice action. (B.) Following deglaciation, marine 

transgression begins. (C.) Complete marine inundation 

occurs, shallow water depths allow for wave and bottom 

current erosion (winnowing) of fine particles out of glacial 

diamicton. (D.) Finally, sea-level rises to present day, 

hydrodynamic regime changes and deposition of modern 

Holocene sands takes place on top of the gravel lag that had 

formed along the glacial diamicton surface. 
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3 AIMS & METHODS 

The aim of the study was to map locations where 
gravel lag deposits could be identified at the seabed 
surface (i.e. coincident with the seabed horizon), or 
within anticipated cable burial depths of 2 mbsf, 
indicated by the presence of multiple hyperbolae along 
the sub-seabed reflector (Figure 3 A. & B.) using a 2D 
high-resolution seismic (pinger) dataset. The purpose 
of this exercise was to inform on any challenging 
ground conditions for cable trenching works, ahead of 
cable installation, and more specifically where dense 
gravel deposits may inhibit cable plough performance 
and reduce the likelihood of anticipated cable burial 
depths being achieved.  

“Seabed gravel” and “buried gravel” horizons were 
picked in S&P Global Kingdom software, with seismic 
line spacing of 500 m for inline and 500 m for 
crossline, covering the Dogger Bank A & B areas. 
Once the seismic interpretation of potential gravel lag 
surfaces was complete, the surfaces were exported to 
an ArcGIS project as interpolated surface grids.  

The resulting interpreted surface was validated 
against a variety of datasets; where this interpreted 
surface was coincident with the seabed, multibeam 
echo sounder (MBES) & backscatter, sidescan sonar 
(SSS) imagery, grab samples (PSA & photos), and 
seabed sledge photos were used. Where the mapped 
surface was buried beneath a veneer of sand, but still 
within 2 m of the seafloor, boreholes, sediment cores 
(gravity & vibrocores) were used for validation 
purposes; see Figure 3 C. – F for examples. 

 
 

 

Table 1. Validation data used for DBA map; (S) denotes 

datasets used to validate surface gravels and (B) denotes 

datasets used to validate buried gravels. 

 
Type No. Samples / Coverage 

MBES & backscatter Full coverage (S) 

SSS Full coverage (S) 

Grab samples 65 (S) 

Sediment cores 11 (B) 

Boreholes 7 (B) 

Sledge camera photos 35 (S) 

4 RESULTS 

4.1 Map Validation 

The mapped seabed surface gravel deposits (Figure 
4) show good agreement with the SSS and backscatter 
imaging, where the dark areas of high reflectivity were 
interpreted as coarser gravel deposits located in 
bathymetric lows in the multibeam data.  

The interpreted buried (<2 mbsf) gravel lag 
deposits appear coincident with the ground between 
the dark areas of high reflectivity on the SSS and 
backscatter imaging. 

Surface grab samples with Particle Size Analysis 
(PSA) results >10% gravel correlated well with areas 
of mapped surface gravel. Seabed sledge photographs 
typically showed an accumulation of shell fragments 
and lithic clasts often consisting of hard flint. 

 

Figure 3. Data used for this study. (A.) Shallow seismic (pinger) and picked horizons along reflector exhibiting multiple 

hyperbolae. (B.) Schematic of interpretation shown in A. (C.) Sediment core showing recovered gravel lag between 

glacigenic clay and Holocene sands. (D.) Sidescan Sonar (SSS) with darker grey representing surface gravels & cobbles 

in NNW-SSE orientated troughs. (E.) Gravels recovered in grab samples. (F.) Evidence of gravels on seabed in sledge 

camera footage. 
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Of the 11 vibrocores available, four penetrated 

mapped instances of buried gravels. These noted fine 
sand overlying approx. 0.1 m of shelly gravel (and 
occasionally cobbles) draped over glacial diamicton 
(till). Of the seven boreholes within the study area, 
four penetrated areas that were mapped as containing 
buried gravel lag deposits at that location. While these 
boreholes did not prove thick accumulations of buried 
gravel (e.g. >0.1 m thick) were present at these 
locations, high gravel content was noted typically 
within a sand-dominated unit (e.g., dense sand with 
many shell fragments and high abundance of 
subrounded medium to coarse gravel clasts"). These 
results showed a strong correlation between mapped 
buried (<2 mbsf) gravels and instances of gravels 
logged in vibrocores and boreholes. 

4.2 Composite Gravel Lag Map 

The surface gravel deposits were noted to be 
situated in bathymetric lows on the 25 m gridded 
multibeam, comprising NNW-SSE orientated troughs 
located between areas of finer grained sandy soils. 
These were also noted by Diesing et al. (2009) across 
Dogger Bank and were attributed to the reworking of 
underlying glacial soils. This scenario matches with 
interpreted instances of buried gravel lag deposits 
across the DBA site; these appear to frequently span 
the ground between surface gravels located within 
troughs, and therefore could represent areas where the 
underlying glacial deposits have outcropped at the 
seabed surface and have subsequently experienced 
winnowing of finer particles in the past. This 

Figure 4. (A.) Composite gravel lag map for DBA, with peach colour representing surface gravels and green showing buried 

gravels within 2 m of seabed. (B.) Mapped gravels overlaying 25 m gridded MBES. (C.) Mapped gravels overlying SSS, 

generally covering the dark areas of high reflectance. 
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winnowing process would result in the accumulation 
of coarser gravel deposits as the fine-grained matrix 
was removed leaving only the denser gravel to cobble 
sized clasts that proved too resistant to mobilisation as 
a result of their mass overcoming bed shear stresses 
exerted by bottom currents.  These gravel 
accumulations were then subsequently buried by 
deposition of Holocene sands, with only those exposed 
at the bottom of present-day troughs forming surface 
gravel deposits. 

It should be noted that some gravels recovered 
within cores and boreholes were found to have upper 
and lower boundary contacts with sands and this may 
therefore represent a different depositional mechanism 
and may not be linked with the winnowing of 
underlying glacial deposits in these instances. In 
complex settings such as previously glaciated margins, 
gravel-rich soil units can accumulate as glacial 
outwash deposits across a sandur plain, or as 
subglacial or glaciofluvial channel fill material. In 
instances where bed shear stresses are able to mobilise 
coarser-grained clasts (e.g. high-energy, shallow 
coastal environments during Holocene marine 
inundation), gravel and cobble deposits may be 
preserved within thicker marine sand sequences. 
Therefore, there are potentially multiple processes by 
which an accumulation of a gravel-dominated soil unit 
could have formed across the site; however, the 
evidence suggests that winnowing of glacial deposits 
is the most dominant process for the formation of these 
soils at this location. 

5 ENGINEERING IMPLICATIONS 

5.1 De-risking Trenching Activities 

Following the assessment of surface and shallow 
subsurface datasets, the resulting seabed and buried 
gravel lag (<2 mbsf) map provided a tool for de-risking 
cable trenching works. Whilst the results showed that 
these deposits were too prevalent across the site to be 
completely avoided when undertaking array cable 
trenching works, the confirmed presence of dense 
gravel accumulations within cable burial depths 
allowed for the most appropriate and effective cable 
trenching tools to be selected in order to minimise the 
project risk of downtime and costly, multiple passes by 
the cable trenching vessel being required. 

5.2 Tool Selection 

As a high proportion of the gravel consisted of 
angular flint clasts, these deposits could, given the 
extremely strong nature of these clasts, prove 

problematic for trenching activities when found in 
dense accumulations.  

For instance, cutter wear may occur more rapidly 
when used in these challenging soils. When using 
seabed ploughs, sub-surface gravels and cobbles can 
cause misalignment, resulting in costly downtime to 
realign. This may necessitate the use of a vibrating 
share plough to liquefy and displace the seabed 
through low-amplitude vibration, ensuring progress in 
these difficult ground conditions. Jetting equipment 
would be unsuitable for use in these ground conditions 
given the density of the gravel lag deposits. 

Dyer (2011) highlights a case study close to the 
Dogger Bank area whereby a lag deposit, situated 
between an upper sand layer and lower glacial clay, 
was encountered during pipeline trenching works. As 
this gravel lag had not been identified or anticipated at 
the planning phase, it resulted in drastically different 
plough and cutting trencher performance when 
compared with the predicted parameters (Dyer, 2011). 
This enforces the point that the presence of gravel lag 
deposits, comprising hard flint clasts, may have a 
detrimental effect upon cable and pipeline trenching 
performance for some tools. 

6 CONCLUSIONS 

By using an integrated suite of geoscience data 
comprising shallow, high-resolution seismic (e.g., 
pinger), multibeam backscatter, sidescan sonar, seabed 
grab samples, and vibrocores, an assessment can be 
made of how prevalent gravel lag deposits are across a 
lease area or a cable route, and maps can be generated 
to reveal where lag deposits are likely to occur within 
cable burial depths (e.g., ≤2 m below seafloor). By 
adopting this multidiscipline approach, the geospatial 
distribution of potentially problematic soils for cable 
trenching works was able to be defined which is not 
always possible when relying purely on one discipline 
approach. For instance, if adopting a geotechnical 
approach only to classify these soils, vibrocores and 
CPTs both often struggle to penetrate coarse gravel 
and cobbles (with vibrocores usually having zero 
recovery). This can lead to uncertainty as to what 
caused the refusal and subsequent data gap, and does 
not significantly de-risk trenching operations. 
Conversely, a geophysics-only approach would enable 
geospatial mapping of the shallow unit but would not 
allow for a detailed classification of the soil type and 
uncertainty would remain as to what was causing the 
multiple diffraction hyperbolae visible in the seismic 
dataset. 

Through this study, we have demonstrated the 
benefits of using an integrated approach on a wind 
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farm development in the North Sea, identifying 
seismostratigraphic units containing diffraction 
hyperbolae indicative of coarse sediments, ground-
truthed against geotechnical locations. The results 
demonstrate excellent correlation between the 
integrated datasets and provide valuable insights to de-
risk future cable trenching operations. 
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