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1 | INTRODUCTION

In Europe, more than 200 million people live in coastal regions
(i.e. regions having either a sea border or having more than half of the
population within 50 km of the sea; Collet & Engelbert, 2013). With
climate change, global sea-level rise and anthropogenic adjustment,
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Abstract

This study presents a multidisciplinary survey combining geological fieldwork and
geophysical data to better constrain the parameters influencing the morphology and
behaviour of a retreating coastal cliff. Erosion rates are spatially highly variable and
hard to predict because of the manifold parameters acting on them. Among these
parameters, rock resistance exerts a paramount influence on cliff retreat. Characteriz-
ing the rock resistance distribution along a coastal region requires the mapping of
several key subsurface properties including the bulk lithology, faulting, fracturing, or
weathering. This is a difficult and expensive task because of the high spatial variabil-
ity of these factors linked to the spatial complexity of the geology. Geophysical
methods can be used to tackle this challenge by quickly providing the 3D visualiza-
tion and distribution of these parameters within the subsurface. A fast-eroding por-
tion of the Norfolk coast (UK) at West Runton is investigated using a
multidisciplinary approach, combining ground-penetrating radar, electrical resistivity
tomography (ERT), cone penetration tests, and outcrop studies. The results allowed
us to build a 3D geological and geophysical model of a highly complex area of glacial
geology. It forms part of a relict glaciotectonic thrust-tip moraine and sand basin
sequence. The surfaces interpreted on radar data are associated with strong resistiv-
ity contrasts on the ERT data. These contrasts have been attributed to petrophysical
variations between the lithological units. The base of the sand basin is marked by a
low-permeability clay bed. Its low shear strength is likely to be more susceptible to
failure, hereby accelerating the erosion rate of an already fast-eroding sand basin.
The resulting model can be used as input for locally constraining the ground parame-

ters in coastal recession and erosion models.

KEYWORDS
coastal erosion, coastal monitoring, electrical resistivity tomography (ERT), glacial deposits,
ground penetrating radar (GPR), Norfolk coast

coastal systems and low-lying areas increasingly experience submer-
gence, coastal flooding, and coastal erosion while public authorities
are struggling to find solutions (Wong et al., 2014). Year after year,
many buildings are lost to the sea and the population is forced to
evacuate in light of increasing coastal flooding and land loss (Burden
et al., 2020). Beyond the habitat loss and the increasing natural
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hazard, erosion can also have a strong environmental impact by
exposing coastal landfills that could contaminate waters and disrupt
coastal ecosystems (Brand & Spencer, 2019). Worldwide, in the
absence of appropriate measures to protect coastal regions, it is esti-
mated that sea-level rise will displace tens of millions of people in the
coming decades (McLeman, 2018).

Historically, coastal adaptation measures consisted of the
installation of hard defences (e.g. sea walls, revetments, groynes, or
artificial reefs) designed to diminish wave attack and slow down the
erosion by trapping washed-out sediments. However, these struc-
tures showed only short-term and local efficiency. They were not
designed to counter an important global sea-level rise, and they led
to counterproductive effects with down-drift sediment starvation
and erosion (Clayton, 1989; Dickson et al., 2006; Granja & De
Carvalho, 2000; Malherbe et al., 2013). Nowadays, more sustainable
and climate-resilient measures are being developed and implemented
in several countries (Pranzini et al, 2015). To be effective, these
management plans must be based on a good understanding of
coastal erosion systems and reliable estimates of the shoreline
recession (Kettle, 2012).

The main drivers of coastal erosion are wave attack, shore profile,
rock properties, and climate (Ashton et al., 2011). Their relative role
and combined effects are not yet well understood (Hapke &
Plant, 2010) and more work is required to develop reliable predictive
models of shoreline recession (Wong et al., 2014). Designing cost-
efficient methods to facilitate data acquisition and site characteriza-
tion and monitoring is a challenge yet to be tackled.

Coastal cliffs (albeit comprising cliffs made of ‘soft’ rocks) are
characterized by dynamically linked cliff retreat and shore platform
erosion, notably through sudden mass-wasting processes (Collins &
Sitar, 2008; Prémaillon et al., 2018; Rosser et al., 2013). Many coastal
cliff recession models focus on the influence of marine drivers
(Ashton et al., 2011; Dickson et al., 2006; Fitton et al., 2016; Inman
et al., 2002; Limber et al., 2018), but some studies have also demon-
strated that rates of cliff retreat vary greatly according to lithology
(Del Rio et al., 2009; Hapke & Plant, 2010), moisture content (Dietze
et al., 2020), and discontinuities or décollement layers that favour
mass-wasting processes (Le Cossec et al., 2011). The compilation of
erosion studies at a global scale presented by Prémaillon et al. (2018)
suggests that cliff retreat is most clearly governed by the lithological
nature of the cliffs. They suggest that cliffs’ resistance to erosion can
be expressed by a simplified Hoek and Brown rock mass strength cri-
terion (i.e. weak, medium, strong) that is merging lithological descrip-
tion and fracturing/weathering state of the rock (Hoek &
Brown, 1997). However, due to insufficient knowledge about rock
strength distribution, 3D rock models are often oversimplified (Limber
et al,, 2018). There is a need for a cost-efficient strategy to acquire
rock properties data so these can be more systematically included in
the cliff recession models.

The majority of subsurface investigations rely on in-situ testing
such as cone penetration tests (CPTs) and the collection of rock sam-
ples for laboratory testing (Coe et al., 2018). They provide direct and
quantitative measurements of the rock mechanical properties, but
only sample local points and provide discrete data. Consequently, the
broad distribution of the geotechnical properties must be approxi-
mated via geo-statistics based on these local measurements. The reli-

ability of geostatistical models is limited when the subsurface geology
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is complex, because of the high disparity of these properties. Further

constraints to guide the statistical modelling in 3D are necessary.

In this study, we aim to characterize the cliff strength by acquiring
volumetric geophysical data. Geophysical methods are non-
destructive tools able to quickly measure geophysical properties
within the subsurface. Constraining the geophysical data with ground-
truth knowledge allows building 3D geological models of the subsur-
face. Furthermore, petrophysical property relationships allow translat-
ing geophysical data into 3D models of geotechnical and hydrological
properties (Coe et al., 2018; Mayne et al., 2002). Previous studies
have already used geophysical data to constrain the cliff properties,
notably seismic methods to identify the basement rock (Inman
et al., 2002), Bouguer gravity methods to identify aquifers on coastal
cliffs (Jacob et al., 2018; Sajinkumar et al., 2017; ), aerial electromag-
netic methods to obtain large-scale ground resistivity distribution that
can be correlated to unstable landslide areas (Nakazato &
Konishi, 2005), or ground penetrating radar (GPR) methods to study
paleo-events related to coastal hazards (Switzer et al., 2020). Here,
we utilize high-resolution data to map the geology and water content
of the subsurface by combining 3D electrical resistivity tomography
(ERT) with multi-frequency GPR measurements, CPTs, and geological
mapping along the shoreline. On the one hand, electrical resistivity
can be used to determine in-situ rock properties and map the top of
the water table and the soil salinity (Coe et al., 2018). On the other
hand, GPR methods are sensitive to the electromagnetic properties of
the soil. They provide complementary images, at a higher resolution
than ERT, which help determine the stratigraphy in the shallow sub-
surface, locating fault zones, mapping the water table and the bedrock
depth and saline interfaces (Jol & Bristow, 2003; Neal, 2004). Both
methods are sensitive to the moisture and clay content (Goldman &
Kafri, 2006; Huisman et al., 2003). An increased moisture or clay con-
tent leads to a reduction in the rock resistance, facilitating the trigger-
ing of landslides and more generally, coastal retreat (Dafalla, 2013;
Yalcin, 2007). Laboratory studies have shown that reduced resistivity
of granular material can be indicative of areas of low shear strength
(Saarenketo & Scullion, 1996).

By combining 3D GPR and ERT data, this study aims to build a
representative ground model that provides information regarding the
soft sediment distribution, the presence of faults or décollement sur-
faces, and the relative moisture content distribution within the sub-
surface. The resulting ground model can be used as input to constrain
the cliff strength spatial distribution. The study area is representative
of many other coastal sites and the findings from this site can help
understand coastal erosion at sites with similar geological settings.
Furthermore, the methodological approach developed in this paper is
applicable to other coastal sites of different geological settings where
geophysical contrasts and properties allow the successful use of ERT
and GPR.

2 | STUDYSITE LOCATION AND
GEOLOGICAL SETTINGS

The study site is situated between West Runton and East Runton,
northeast Norfolk coast, UK (Figure 1). It extends above a large
glacitectonic sand basin that retreats at a higher rate than the adja-

cent till-dominated cliffs. In this area, coastal erosion of the
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FIGURE 1 Location of the study site compared with the indicative erosion zones and extent of the electrical resistivity tomography and
ground penetrating radar surveys. The survey covers a sand basin well exposed on the shore’s cliff to calibrate the geophysical models. The
current models assume a relatively linear erosion trend parallel to the coast, which does not illustrate the locally higher erosion at the sand lens
(modified from AECOM Limited, 2010). Imagery map from Esri, DigitalGlobe, GeoEye, Earthstar Geographics, CNES/Airbus DS, USDA, USGS,
AeroGRID, IGN, and the GIS User Community (https://services.arcgisonline.com/ArcGIS/rest/services/World_lmagery/MapServer) [Color figure
can be viewed at wileyonlinelibrary.com]

undefended cliffs can be averaged to —0.9 m/yr over the last 20 years geophysical measurements with direct geological observations
(Environment Agency, 2013). The subsurface geology is clearly (Figure 2). It is a representative example of many glacitectonic sand
observable in the cliff section, providing a unique opportunity to link basins, which are common along this part of the coastline.
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FIGURE 2 Photograph of the cliff
outcrop taken from the beach at three
different times between 2014 and 2017.
The limits of the sand lens are outlined
with white dashes. Erosion affects mainly
the softer sandy sediments within the
lens, while other glacial tills are more
resistant. By comparing the differences
between July 2014 and April 2017, and
between April 2017 and July 2017, one
can see that the coastal retreat rate in
2017 was more important than within the
previous three years [Color figure can be
viewed at wileyonlinelibrary.com]
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The regional Quaternary geology was most recently defined by Lee
et al. (2017) as a complex glacigenic sequence comprising diamicton,
glaciolacustrine sands and muds, and glaciofluvial outwash deposits.
They record the successive episodes of ice marginal advance and
retreat across the region that occurred during the Anglian Glaciation,
450 000 years ago (Figure 3). In total, six major ice advances (A1 to Ab)
have been described in East Anglia (Lee et al., 2017). In the study area,
four glaciogenic units have been recognized (Phillips et al., 2008; Carr
et al., 2016). From the base upwards, they comprise the Happisburgh
Diamicton Member (HTM; associated with the Al ice advance), the
Bacton Green Diamicton Member (BGTM; associated with the A4 ice
advance), the West Runton Mélange Member (WRM; associated with
the A5 ice advance), and the Runton Sand and Gravel Member (RSGM;
associated with the A5 ice advance). They overlie Upper Cretaceous
Chalk bedrock, which crops out on the foreshore beneath the high-
water mark, and the overlying Early to Middle Pleistocene shallow
marine and coastal deposits of the Wroxham Crag Formation (WCF).

At the study site and extending westwards, these materials have
been remobilized and largely intermixed, forming a glacitectonic méla-
nge (the WRM). The mélange incorporates large rafts of remobilized
chalk bedrock and the development of large glacitectonic sand basins
(infilled by the RSGM) that formed contemporaneously along structur-
ally defined thrust-tip ridges interpreted as thrust moraines (Phillips
et al., 2008). This deformation occurred during the A5 advance (Lee
et al.,, 2017).

West

: July 2017 |
—— : e S

Previous investigations along the North Norfolk coast con-
cluded that erosion occurred largely through mass wasting
(Dickson et al., 2006; Lee, 2008), when the strength of the cliff
materials cannot support the stresses imposed by gravity and by
the waves. In their numerical model, Dickson et al. (2006) attrib-
uted a single value of material strength to represent all areas of till
cliff, thereby neglecting the variability in material strength. The
Quaternary glacial deposits that compose the Norfolk cliffs are,
however, very heterogeneous in nature and probably play an
important role in the erosion variability along the coast. They con-
sist of layers of permeable sand, gravels, low-permeability clays,
and diamicton that locally result in zones of low shear strength
prone to erosion and failure (Frew, 2009). The ponding of percolat-
ing water along low-permeability geological structures, where the
porewater pressure builds up, further reduces the shear strength
and creates slip surfaces prone to mass wasting (Lee et al., 2011).
The mapping of the lithology and of these slip surfaces is therefore
a valuable input for coastal erosion models.

So far, studies in North Norfolk have been mainly limited to
2D cross-sections along the outcrops, primarily along the shore.
From those results, understanding the character and processes by
which these sequences form and how the geological features
(notably possible décollement surfaces) are evolving inland is diffi-
cult because information is available in one direction only
(Lee, 2008).
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FIGURE 3 Overview of the geological settings of the study area (modified from Lee et al., 2017). (a) Hybrid stratigraphic model for northern
East Anglia. (b) Simplified formation-level stratigraphic succession for northern East Anglia showing bounding A1-Aé detachments and major
geological units. (c-e) Schematic palaeogeographical maps showing the glacial history of northern East Anglia and adjoining areas relative to:

(c) the A4 and A5 detachments with the accretion of the Bacton Green Diamicton member in North Norfolk; (d) the main A5 detachment with
subglacial deforming bed processes, development of terminal moraine-extensional basin complex, and accretion of the WRM in Northeast
Norfolk; and (e) the detachment A6 with ice-marginal thrust-stacking and outwash sedimentation relative to a dynamic and oscillating margin in
North Norfolk. NSIL: North Sea Ice Lobe [Color figure can be viewed at wileyonlinelibrary.com]

3 | MATERIALS AND METHODS

Previous studies have proven that GPR is an efficient method for
mapping 3D glacitectonic structures and for investigating the lithology
and depositional settings of glacial sediments (Bakker & Van Der
Meer, 2003; Busby & Merritt, 1999; Fallon, 2012; Lanne et al., 2001;
Overgaard & Jakobsen, 2001; Sadura et al., 2006; Wells, 2007). GPR
was successfully used to image the inland extension of glacitectonic
structures in North Norfolk between Sheringham and West Runton,
but mainly using 2D common offset GPR (Carr et al., 2016). The maxi-
mum depth of penetration ranged between ~24 and 6 m with 25 and
100 MHz antennas, respectively. Results demonstrated that the com-
bination of three survey frequencies (25, 50, 100 MHz antennas) was
required to enable identification and interpretation of glacial deposits.
Isolated 2D GPR profiles may be contaminated by out-of-plane reflec-
tions and may not be sufficient for imaging highly heterogeneous
structures (McClymont et al., 2008). In contrast, 3D GPR data can pro-

vide high-resolution images of structures in any direction with

approximately equal fidelity, facilitating the prediction of sediment
distribution. 3D geophysical data are therefore considered more
appropriate for understanding the processes that control the distribu-
tion of the glacial deposits in the North Norfolk coast.

3D ERT and topographic data from an unmanned aerial vehicle
(UAV) were acquired in 2015. The 3D ERT survey comprised 11 paral-
lel acquisition lines, with 8 m line spacing and 4 m electrode spacing
along those lines. Data were acquired using a dipole-dipole array,
which has been shown to provide superior resolution of subsurface
features compared to Wenner or Schlumberger arrays (Chambers
et al., 2002). The survey comprised measurements with dipole length
(a) of 4, 8,12, 16, 20, and 24 m, and dipole spacings (n) of 1 to 8a, and
a complete set of reciprocal measurements for error analysis and data
weighting in the inversion (Tso et al., 2017). The measured resistances
were inverted using E4D (Johnson et al., 2010) with an L2 norm on
the model misfit to gain a 3D model of the subsurface resistivity dis-
tribution. Overlapping photography from the UAV was processed

using the structure from motion (SfM) technique to derive
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orthographic imagery, 3D point clouds, and ultimately a digital surface
model. The photography was geocoded using a series of ground con-
trol points that were referenced using real-time kinematic (RTK) GPS.
The UAV digital surface model was filtered and smoothed to produce
the 3D topography of the studied cliff section that was then used to
build the surface and subsurface discretization for the ERT inversion.
Prior to inversion, data were filtered based on their reciprocal errors
(removing all data with reciprocal errors above 10%). Measured recip-
rocal errors were used as data weights in the inversion under the con-
dition that they were above a lower limit of 10% of the average
reciprocal error level, which was calculated based on the errors
between the 10th and 90th percentiles (Uhlemann et al., 2017). A for-
ward modelling error of 2% of the measured resistance was added to
the reciprocal error. The inversion converged to a chi-squared misfit
criterion of one, meaning that the model fits well the data within their
errors. After convergence, the root-mean-squared misfit is equal to
2.4%, which is interpreted to represent the data noise.

100 MHz 3D GPR data and low-frequency (50 and 25 MHz) 2D
data were acquired in 2017. The survey parameters were based on
Annan (2003) and adjusted based on the field conditions to avoid
aliasing and ensure a dense inline sampling. The survey parameters
are summarized in Table 1. All data were acquired with a perpendicu-
lar broadside configuration of the antennas. The 100 MHz 3D survey
grid was set up based on the pre-existing corner points from the ERT
survey that covered a 200 m x 90 m area (Figure 1). Inline data were
recorded parallel to the coastline, perpendicular to the a-priori trend
of the features under investigation (NNE-SSW oriented structures).
Common offset GPR survey data were acquired with GPS control
using a Sensors & Software pulseEKKO Pro system. The antennas
were mounted on a rough terrain smart-cart, with a GPS antenna
positioned at the centre between the two GPR antennas, 0.88 m
above the ground. Each GPR trace was associated with a GPR record
by the central unit, with a GPS record on average every eight traces
(40 cm). In addition to the GPR points recorded during the acquisition,
RTK GPS points were also measured using a Leica Viva GS15 antenna
at a coarser interval to calibrate the results of the 3D grid and position
the 2D lines.

Three different source frequencies were used to obtain data of
different resolution and signal penetration: the lower frequencies

aimed at imaging the base of the sand lens and the general

TABLE 1 Overview of the GPR acquisition parameters

System PulseEkko pro
Voltage (V) 90
Operating frequency (MHz) 100
Antennas separation (m) 1
Recording Continuous
Time window (ns) 500
Sampling interval (ps) 800
Station spacing (m) ~0.25
Stacks 32

X-line spacing (m) 0.5

Y-line spacing 5to 10

Number of X-lines 88
Number of Y-lines 22

architecture, while the higher frequencies were recorded to image the
internal stratigraphy of the sand basin at higher resolution. Addition-
ally, common midpoint (CMP) lines were acquired in both the inline
and crossline direction to estimate and monitor the wave velocity,
with values ranging between 0.1 and 0.12 m/ns. Based on this veloc-
ity, the maximum penetration depths were estimated to be around
16, 10, and 2 m for the 25, 50, and 100 MHz antennas, respectively.

Datasets were processed using ReflexW (v.8.1) and Matlab. GPS
data were processed to correct for mis-positioning, altitude correc-
tion, and coordinate system conversion (see Figure S1 in the online
Supplementary Information). To correct for the altitude anomalies of
the GPS points and to generate a regular positioning grid, a topo-
graphic surface was interpolated based on the RTK GPS records. The
GPR traces were then assigned to the new set of regular GPS points.
The surveys of the different frequencies were processed following a
common processing workflow designed to remove noise and bad
traces, correct for acquisition settings, and compensate for signal
attenuation before migration and depth conversion (see Figure S1).

Velocity models used for migration and depth conversion were
based on the velocity analysis of CMP surveys and diffraction hyper-
bola analysis. CMP data could not be acquired at perfectly horizontal
dipping layers and have been recorded only at three different points.
To calibrate the velocity, shallow CPT using a Panda dynamic cone
penetrometer have been performed to test soils’ cone resistance. It
could only reach a depth of 4.5 m from the surface, thus the calibra-
tion could not be performed in the deeper part of the profiles
(Figure 4). The cone resistance can be related to the undrained shear
strength and thus can be an indicator of the subsurface lithology
(Langton, 1999). In this study, we approximate the relation between
cone resistance and lithology without corrections. The measured data
were filtered to remove anomalous measurements. The rapid increase
in cone resistance from ~7-10 MPa to ~15-20 MPa is interpreted as
the boundary between the soft sand and the hard tills. The low cone
resistance at the intersection between the two is interpreted as a
weak shear strength local plane, which is evidenced on the radar pro-
file as the boundary surface between the two lithological units.

An average interval velocity of 0.13 m/ns for the sand lens and
0.1 m/ns for the till have been retained. The best migration results
were obtained using a finite-difference scheme with a 15° approxima-

tion method. It should be noted that this migration scheme has
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FIGURE 5 Comparison of the studied outcrop and the geophysical results: (a) photograph of the sand lens outcropping on the shore;

(b) scheme of the outcrop showing the different lithological units interpreted based on previous studies of the Norfolk coast; (c) resistivity profile
obtained from ERT data with the main lineation and the interpreted units overlaid on it; (d) 100 MHz X-line 00 (3 m inward from the cliff)
radargram with the radar facies (f2 and f3) and the radar surfaces overlaid on it; (€) 50 MHz X-line 00 radargram with the main radar facies (f0, f1,
2, £3) and the radar surfaces overlaid on it. The geometry of the sand lens partially visible on the outcrop is clear on the geophysical data. The
shape of the lens is comparable on ERT and GPR data, but the thickness of the lens differs. GPR data allow us to distinguish the internal
architecture of the lens in 3D. Reflections outside the basin delimited by G-s1 could be assimilated to radar facies f3 but are not observed on the
outcrop, thus they are assimilated to the hosting and radar facies f1 [Color figure can be viewed at wileyonlinelibrary.com]

limitations in handling steep reflections. After processing, the e The WCEF, consisting of grey interbedded gravels, sands, silts, and

100 MHz 3D dataset reached a vertical resolution of 30 cm in the
shallowest part of the profiles, while the other frequencies have a res- .
olution inferior to 1 m (1-1.3 m for the 50 MHz survey, 1.25-1.6 m

for the 25 MHz survey).

4 | RESULTS
4.1 | Outcrop study

Three distinctive lithofacies assemblages were identified on the cliff .

outcrop (Figure 5):

clays, with a weathered black bed at its lower part.

Overlying the WCF, the WRM is a heterogeneous mixture of inter-
mixed clay and sand-rich diamictons (HTM and BGTM) with thin
and discontinuous layers of silt, clay, and pods of sand (WCF), and
rafts of chalk bedrock. In the west part of the section, it mostly
comprises thrusted and folded grey marly silts, with a small raft of
chalk. The WRM is intermixed with the WCF and forms an anti-
clinoform on which the overlying basin’s sediments overlap. At the
eastern edge of the basin, it dips vertically, with ‘till-prisms’ of
mixed diamicton that rest uncomfortably above the WCF.

The RSGM, comprising well-sorted light yellow to yellow sands

and silts, which coarsen upward with small occasional lenses of
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FIGURE 6 Resistivity model obtained from the 3D dipole-dipole ERT survey acquired in 2014. The highly resistive feature (outlined by the
dotted lines following a 1000 Qm isosurface) is interpreted as a wedge-shaped sand lens, embedded within a more conductive host rock (below
50-200 Qm) interpreted as glacial tills. The sand-lens appears to be divided in two sub-basins, with zones of lower resistivity at their centres

[Color figure can be viewed at wileyonlinelibrary.com]

gravel and clay. The bedding appears sub-horizontal but steepens
slightly towards the edge of the basin and the anticlinoform,
supporting the view that the infill of these basins occurred syn-
tectonically (Phillips et al., 2008). The limits of the sand basin are
marked by glacitectonic boundaries, with the WRM formed by
sharp sub-vertical faults to the east and west. The bottom of the
basin is marked by an erosive surface that cuts through the under-
lying sedimentary sequence.

42 | ERT

Preliminary analysis of the ERT data (Figure 6) revealed the presence
of a highly resistive body (>1000 Qm), interpreted as the sand lens,
located within a significantly more conductive host material (10-
200 Qm). The sand lens appears wedge-shaped, 150 m wide by 90 m
long, with a sharp sub-horizontal edge on the eastern side. It is ori-
ented in a NE-SW direction, comprising what appear to be two sub-
basins that intersect the cliff. They steadily thin towards the west and
the south. The fine-scaled architecture of the sediments within the
lens, notably the bedding, is not resolved in the ERT models, and pre-
vents identifying potential faults within them. The employed smooth-
ness constraints and the nature of the method also imply a decreasing
resolution with increasing distance to the electrodes (i.e. depth).
Hence, the exact location of the lower boundary of the sand basin
cannot be accurately imaged.

43 | GPR

The interpretation of GPR data followed the scheme defined by
Neal (2004) to describe radar surfaces, radar facies, and radar pack-
ages. Radar packages, facies, and surfaces are defined based on the

differences in patterns, continuity, and strength of reflections on the

100 and 50 MHz datasets. Three radar packages, four radar facies,
and three radar surfaces have been defined (Figure 5). The interpreted
radar surfaces match well with the formation boundaries observed in
the cliff.

The radar facies and the corresponding formations are summa-

rized in Table 2. From the oldest to the youngest, they comprise:

e f0, a reflection-free facies, with low-resistivity material (below
50 Qm). It fits with the position of the WRM on the side of the
basin, where it is predominantly clayey (hence the higher attenua-
tion and lower resistivity), reducing the depth of penetration (Jol &
Bristow, 2003). It forms radar package RP-1, associated with the
deformed rock hosting the sand basin.

e f1, a low-amplitude, low-continuity reflections facies, with numer-
ous overlapping diffractions. The boundary G-sO is a horizontal
low-amplitude, non-continuous, large-wavelength reflector dipping
towards the west at an angle of 23°. Radar facies f1 is truncated at
the top by the radar surface G-s1, which is marked by a convex
strong-amplitude reflection and matches well with the iso-
resistivity surface at 1000 Qm (Figure 6). This facies displays vary-
ing resistivity decreasing downward from 1000 to 100 Qm. It is
assimilated to the ridge at the centre of the basin, which appears
to be made of WRM and WCF on the outcrop, underlain by either
WCF or chalk. It forms a complex, highly deformed radar package
RP-2 found beneath the ridge.

e {2, a sub-parallel, low to high-amplitude, moderately continuous
reflections facies, locally deformed by several easterly dipping
thrust faults, onlapping the underlying radar surface G-s1. Reflec-
tions are dipping towards the centre of the lowest points in the
basin and show a top-lap condition with the overlying G-s2 radar
surface. Radar surface G-s2 seems to fit with a change in the dips
that is seen in the outcrop. At the vicinity of the ridge made of
radar facies f1, it is of high amplitude and high wavelength while at
the centre of the basin this facies is poorly imaged because of the

strong attenuation of the radar signal. Facies f2 is associated with


http://wileyonlinelibrary.com

218 | WILEY_E

BLONDEL €T AL.

TABLE 2

values on resistivity profiles inverted from ERT

Formation

Runton Sand and Gravel

West Runton Mélange

Wroxham Crag Formation

Dominant lithofacies

Stratified silts, sands, and
unsorted gravels,
coarsening upward, with an
erosive gravel base.
Maximum thickness
observed: 20 m. Poor clay
content but locally high
clay content within the
boulder clay stripes in the
uppermost 3 m

Highly deformed mélange
comprising Happisburgh,
Bacton Green Diamicton
members, Wroxham Crag
and occasional chalk rafts.
Maximum thickness
observed: 25 m. Highly
unsorted, rich in clay

Interbedded gravels, sands,

Interpreted relationship between the lithofacies identified on the outcrop, the radar facies, the radargrams, and the resistivity

Resistivity
Radar package Radar facies (Qm)
RP-3 f3 - concave, sub-horizontal, 200-1000

Elongated trough shaped and
folded package

concave, parallel, high-
amplitude reflections

f2 - folded parallel, medium to
high amplitude and
moderately continuous
reflections, underlain by a
strong, low-frequency

2000 to >5000

silts, and clays, with a
weathered black bed at its
lower part. Maximum
thickness observed: 10 m.
Medium clay content

White chalk with flint
interbeds

Chalk

very high electrical resistivity (2000 to >5000 Qm). Together with
radar facies f3, it forms an elongated trough-shaped radar package
RP-3, centralized around the anticlinoform feature formed by the
radar facies f1, and pinches out further inland.

e {3, a continuous, concave parallel, high-amplitude, high-wavelength
reflectors facies, onlapping the underlying radar surface G-s2. It
comprises two units, separated by an unconformity that shows a
variable thickness. f3 is related to medium to high resistivity
between 200 and 1000 Qm.

The radar facies identified are comparable to the facies described
within different glacial deposits with comparable GPR methods
(Jakobsen & Overgaard, 2002; Overgaard & Jakobsen, 2001). By com-
parison with these studies, radar facies fO and f1 correspond to
tectonized glaciofluvial and stiffer cohesive sediments (WRM and
WCEF), with folding and thrust planes, and characterized by diffraction
tails of medium to large reflection strength. Radar facies f2 is compa-
rable to their glaciofluvial sediments facies, here deposited syn-
tectonically with the deformation of radar facies f1. Radar facies f3
equate to their later down-wash of sandy sediments.

5 | DISCUSSION

51 | Volume and geometry of the sand basin

The combination of GPR and ERT methods allows a better under-

standing of the 3D geometry of the glacitectonic sand basins that

reflector
RP-2 f1 - low to medium amplitude, 100-1000
Complex folded and thrusted short continuity reflections,
unit, making up the central with numerous overlapping
ridge splitting the sand diffractions, reflection-free
basin in two on the edges of the basin,
complex folded and
thrusted geometry
RP-1 fO - reflection-free 10-50
Hosting rock
Below radar vertical resolution Affiliated with fO-f1 100-500
Affiliated with fO 200-500

occur along the North Norfolk coast. So far, the 3D form of the ‘till-
prisms’ and the RSGM-filled sub-basins remains unclear due to a lack
of clear 3D spatial expression along the cliff outcrops. The GPR data
imaged well the 3D structures, including demonstrating evidence for
faulting and thrusting within the subsurface. The results suggest that
the sand basin can be delimited by the radar surface G-s1, which
matches relatively well the iso-resistivity surface at 1000 Qm. It
delimits an asymmetric bow-shaped basin, oriented NE-SW to W-E
and bordered by two north to northwesterly dipping thrust fronts that
separate the RSGM filling the basin from the WRM and WCF hosting
it. Within the basin itself, sediments onlap a NW-SE aligned ridge
made of WRM and WCF.

The two interpretations of the sand basin derived from GPR
and ERT results (Figure 7), based on the radar surface G-s1 and
the iso-resistivity at 1000 Qm, respectively, have similar lateral
extents but different thicknesses. GPR data suggest a maximum
depth of 21 m, versus 30 m based on resistivity models. This differ-
ence could be explained by both the uncertainties in the velocity
model for GPR data and the decreasing reliability of the resistivity
model with depth. It has some implications for the volume estima-
tion of the sand basin. Using the 3D topography derived from the
UAV photogrammetry for the top surface, the volume of the sand
basin could be estimated to 63 000 m® using the G-s1 horizon, ver-
sus 90000 m® using the 1000 Qm interface. These volumes are
calculated on the same surface area of 6900 m? and do not con-
sider the continuation of the sand basin towards the cliff, out of
the surveyed area (acquisition could not be performed over private

property). The discrepancy between the two estimates can be
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FIGURE 7 3D view and map view of the estimated base of the sand basin in the subsurface using two different geophysical methods. (a) 3D
representation of the horizon picked on GPR data bounding the sand basin. (b) Depth map of the picked horizon bounding the sand basin with
the main interpreted faults overlaid on it. (c) 3D representation of the maximum depth of iso-resistivity 1000 Qm, interpreted as the bounding
surface of the sand basin on ERT data. (d) Maximum depth map of the iso-resistivity 1000 Qm [Color figure can be viewed at wileyonlinelibrary.

com]

explained by the difference in resolution between the two geo-
physical methods.

For the GPR-based estimate, errors can be linked to the velocity
model and the picking of the base of the sand basin. We estimate an
approximate error of +£0.01 m/ns for the velocity of the sand basin on
the limited CMP profiles. Uncertainties linked to picking of the base
of the sand lens are due to the presence of clay-rich beds and
‘pockets’ that cause locally a rapid attenuation of the GPR signal,
thereby decreasing the imaged depth at the centre of the basin. This
translates into a variation of -3 m for the maximum depth of the sand
lens, resulting in a maximum thickness of 21 4+ 3 m for the basin.

Concerning the ERT, inversion results are inherently non-unique,
and an infinite number of solutions exist that explain the data equally
well (Olayinka & Yaramanci, 2000). The sensitivity of geoelectrical
measurements also decreases with depth, thus lowering the resolving
capability of an array in the inversion of the data (Szalai et al., 2007).
In our case, data were acquired along 200 m-long parallel transects,
with a depth of investigation of approximately 30 m (Oldenburg &
Li, 1999). This depth is close to the depth of the lower boundary of
the sand lens, and hence interpreting the lower boundary of the sand
lens is challenging. Finally, the smoothness constraints will cause even
a sharp interface to be smooth. These factors make it difficult to
determine an accurate depth of the sand lens from the ERT data.

By comparing the results with the outcrop, the depth estimated
by the GPR data is considered more reliable than that estimated by
the ERT. However, the ERT provides more insights on the geology
beneath the sand lens (particularly at the shallower sections), where
the GPR signal is strongly attenuated. Joint inversion of the ERT data
using the GPR surfaces could help to characterize the geological fea-
tures of interest and improve the 3D resistivity model of the investi-
gated site. Studies by Doetsch et al. (2012) or Merz et al. (2015), for
example, used GPR to image the 3D shape of the bedrock topogra-
phy, and employ it as a 2D structural constraint for tomographic
inversions of seismic and geoelectric data. A similar approach could

also aid here to better define the depth of this deeper interface.

5.2 | Geological model

From the GPR results, the surface G-sO identified below the sand
basin is correlated with the main décollement surface that forms the
base of the glacigenic sequence. This surface can be a kilometre to
the west at West Runton according to Phillips et al. (2008), who
described the décollement surface as a major stratigraphic boundary
separating the older pre-glacial succession (WCF and chalk) from the
younger glacial sediments (Figure 5). Above this décollement, steep-
sided NE-SW to W-E oriented ‘till-prisms’ of WRM are identified on
3D models below the central ridge and at the flanks of the basin
(Figure 8). The orientation of the ‘till-prisms’ supports the model of
Phillips et al. (2008), where they describe sand-filled sub-basins tec-
tonically bounded by the ‘till-prisms’ of WRM that developed along
proglacial to subglacial thrust fronts (see their Figure 11) during the
A5 ice advance.

The bow-shaped structure of the basin observed in 3D, with a
bending of the basins from NE to W (Figure 7), and the dip of the
sand infill towards the NE observed on GPR sections (Figure 8), sug-
gests a second episode of deformation that distorted the shape of
the pre-existing basin. In particular, the ridge at the centre of the
sand basin appears as a WNW-ESE oriented anticlinoform structure
made of WCF and WRM. Based on nearby outcrop studies, they
were interpreted by Phillips et al. (2008) as NE-SW thrust faults
apparently dipping towards the west and affiliated with the A5
advance. However, when observed in 3D, layers within the anti-
clinoform exhibit a north/northwest-oriented dip, with reflections
parallel to the faults, and stop abruptly 20 m inland, relaying another
northerly dipping unit (Figure 8). The same north/northwest-dipping
structure is observed in the resistivity data, highlighted by the pres-
ence of a zone of low resistivity within the high-resistivity basin.
ERT results also display an eastern-dipping lineament, which can be
observed as deep as the current sea level, where resistive structures
(100-500 Qm) have been assimilated into the chalk. They are ori-
ented in the opposite direction from the NE-SW to W-E thrust
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FIGURE 8 Geological model of the sand basin. (a) 3D scene of GPR profiles along the UAV cliff model (in transparent shades of grey), with

the interpreted horizon (G-sO to G-s3) and the lithological units interpreted on 50 MHz data (i, ii) and 100 MHz data (iii). (b) Interpreted 3D GPR
scene across the sand basin showing the two directions of thrust, one west to northwest-dipping thrust front related to the A5 ice advance and
one northern-dipping thrust front related to the Aé ice advance. (c) Smoothed depth map of G-s1 radar surface, with the location of the displayed
GPR profiles. The strata within the sand basin dip towards the beach (i.e. towards the northeast) while they are considered to dip towards the
west on the outcrop [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 9 Tectonostratigraphic
scheme of the geological model
suggested for the sand basin. (a) Early A5
ice advance with accretion of the West
Runton Mélange member formation and
development of terminal moraine-
extensional basin where the lower RSGM
is deposited. (b) Mid to late A5 ice
advance; the shortening increases and is

A5 ice advance
from West to East

\‘% S

accommodated with the initiation of a
third thrust front within the terminal
moraine-extensional basin. (c) A6 ice

AB ice advance
from North to South

Pre-existing glacial

- sediments (A1 to A4)
\:I Wroxham Crag Formation

Runton Sand and Gravel
Member 2 (A5-AB)

I:I Runton Sand and Gravel
Member 1 (A5)
l:l West Runton mélange

(AS)

faults assimilated into the eastward A5 ice advance interpreted on
the outcrop and on GPR data.
Based on the WNW-ESE orientation of this anticlinoform and

the northeastern-dipping décollement, we suggest a second episode

advance with the emplacement of ice-
marginal northerly dipping thrust duplex,
tilting of the sand lens, and outwash
sedimentation of the upper RSGM [Color
figure can be viewed at wileyonlinelibrary.
com]

of deformation due to a NE-SW compression related to a later Aé
advance coming from the north/northwest (Figure 9c). This last
advance has been recorded in Norfolk by E-W and NE-SW aligned
thrust fronts that notably build up the Cromer ridge structure,
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including several steep-sided ice contact hills that occur along the
North Norfolk coast (Lee et al., 2017).

In a previous study, Burke et al. (2009) proposed an imbricated
thrust stack model for the formation of a large complex of
glacitectonic bedrock rafts at East Runton (approximately 1 km to the
east of the study site), implying northerly dipping thrust branches
formed during the later A6 ice advance. The two northerly dipping
décollement surfaces observed on the data from the present study
area show the same configuration as thrust structures observed at
East Runton. The penetration depth does not identify whether chalk
could be present beneath this ridge, but contrasts in resistivity seem
to indicate so. Another argument supporting the imprint of the
Ab-related deformation is the change in dip between the radar facies
f2 and f3 within the sand lens. Radar facies appear to be broadly par-
allel to the underlying structures, suggesting they were deposited
before the generation of the anticlinoform created by the eastward
A5 thrusting (Figure 9a), and then deformed with the hosting mélange
(Figure 9b). By contrast, the sedimentary pattern of radar facies f3
indicates a discharge flow parallel to the ridge, exhibiting a similar
‘bow-shaped’ pattern. This suggests that radar facies f3 was depos-
ited while the ridge was already present in the leading syncline cre-
ated at the front of the thrust front but was then folded and
imbricated into the duplex as the shortening from the A6 deformation
event occurred (Figure 9c).

The geological model proposed here is valid for syntectonic
basins formed in a proglacial setting. In this case, an initial phase of
deformation (A5) was later followed by a second deformation event
(A6) that occurred in an ice-marginal to subglacial setting. Based on
the current knowledge of glacitectonic structures, this geological
model is relevant to the glacitectonic sand basins that occur between
East Runton and Weybourne to the west of Sheringham (Phillips
et al., 2008; Phillips & Lee, 2013).

5.3 | Constraining erosion rates in space through
geophysical methods

The lithology is likely to be the main driver of the high erosion rate of
this sand body. Results from the CPT show that the RSGM is charac-
terized by a low cone resistance, related to the relatively weak shear
strength of the sand. Our results show that these sand basins prone
to erosion can be easily mapped in 3D using ERT methods, where the
sand is characterized by a high resistivity (above 1000 Qm). But the
high rate of erosion is also linked to the presence of low-permeability
surfaces that dip towards the beach, highlighted by the radar surfaces
G-s1 and Gs-2 on GPR results. These surfaces are outlined by a strong
low-frequency reflector before a sudden loss of GPR signal, particu-
larly at the centre of the basin, and a high-resistivity contrast around
1000 Qm (Figure 5).

The strong attenuation of the radar signal along these surfaces
could be related to a high clay or moisture content or a strong sig-
nal scattering. The presence of lacustrine marls at the centre of
some of the sand basins has been reported by Phillips et al. (2008),
thus favouring the presence of clay-rich low-permeability surfaces.
Such impermeable beds could cause ponding of the percolating
water along these surfaces. The low-resistivity anomaly observed in

the upper RSGM seems to confirm this hypothesis. The resistivity
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of the upper RSGM goes down to 100 Qm, far below the expected

resistivity for dry gravel and sands, which usually range between
500 and 10 000 Qm (Palacky, 1987). This low anomaly can be linked
to a high moisture content within the upper RSGM. An increased
moisture content generates a higher pore pressure, which in turn
increases the shear stress along these surfaces (Souisa et al., 2015).
A high shear stress can facilitate slope failure processes. Even
though the high erosion rate of these sand basins is primarily linked
to their weak shear strength, the mass-wasting process, notably
after heavy rains, could accelerate the erosion of these sand basins.
Using geophysical methods, these low-permeability surfaces could
be regionally mapped to better constrain erosion trends along the
coast.

It should be noted that the current coastal protection plan intends
to let these sand lenses erode naturally (AECOM Limited, 2010). This
is because the eroded sand delivered from these basins to the beach
is a finite sediment supply feeding the adjacent beaches. Conse-
quently, their erosion seems more beneficial to coastal protection

than their preservation.

5.4 | Limitations and perspectives
This study has tested the efficiency of ERT and GPR methods to
investigate subsurface properties that can influence erosion.

ERT was able to clearly define the outline of the sand basin and
its internal structure. It also provided information on the
corresponding lithologies and likely water saturation. However, due to
the inherent limitations of this technique, accurate imaging of the true
depth of the features remains challenging. This limitation was
addressed using GPR data, which imaged the interfaces at significantly
higher resolution.

The use of 100 MHz antennas for investigating features of this
type and anticipated geometry is not favoured. In this study, 100 MHz
was chosen for both practical reasons (it was not possible to mount
the 50 Hz antennas on the cart) and because of an incorrectly inter-
preted depth of the base of the basin during preliminary testing. The
3D GPR 100 MHz data failed in imaging the entirety of the sand
basin. They provided the best resolution, but the weak depth of pene-
tration only enabled the imaging of the uppermost units. The 3D GPR
100 MHz data could potentially reach the bottom of the shallow sub-
basin made of facies f3 (the surface G-s2), which was clearly visible on
depth-slices in the 3D volume, but the centre of the shallow basin
could not be imaged due to the high attenuation. It also suffered from
a low signal-to-noise ratio, which was difficult to compensate for dur-
ing processing. The geometry of the sand basin was essentially
defined with the 50 MHz data, but the resolution of this dataset is
low (above 1 m), and only five 50 MHz GPR 2D sections were avail-
able. Isolated 2D GPR profiles may be contaminated by out-of-plane
reflections and may not be sufficient for imaging highly heteroge-
neous structures (McClymont et al., 2008). Therefore, even though
the results match well with ERT data, uncertainties remain regarding
the exact geometry of the basin and its structural settings. Despite
these drawbacks, 2D GPR sections have proven very useful for imag-
ing the internal structures related to the basin’s depositional history.
They offer a resolution in depth which could not be reached with the
ERT method.
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For future investigations, acquiring 50 MHz 3D data or a dense
50 MHz 2D data grid could allow an improved assessment of the
geometry of the basin and how it evolves over time during ongoing
coastal erosion. Including the collection of CMP data throughout the
study area, with an offset of at least 1.5 times the desired depth of
investigation, is crucial to better constrain the migration and the time-
to-depth conversion.

CONCLUSIONS
A representative cliff on the North Norfolk coast, UK, where erosion
is controlled by the distribution of soft sediments and mass-wasting
events, has been studied using a multidisciplinary approach combining
3D ERT, multi-frequency 3D and 2D GPR, geotechnical tests (CPT),
and an outcrop study. Based on this example, we show that this
approach allows building a detailed ground model of retreating coastal
areas that can contribute to a better prediction of coastal recession.

ERT proved to be an efficient method to quickly delineate the
basin and estimate the moisture content distribution within the sub-
surface. The mechanically soft sand basin is outlined by a 1000 Qm
isosurface with local wet and/or clay-rich zones of low resistivity
within. This leads to a maximum thickness of 30 m and a volume of
89 807 m?® of soft sediments to be eroded. The decrease in resolution
with depth questions this result and the surfaces prone to mass
wasting are not clearly identified.

3D and 2D GPR data have been acquired to further constrain the
model. A more accurate base surface of the basin could be identified,
revealing a maximum thickness of 21 4 2 m, resulting in a volume of
63 040 m®. The four interpreted radar facies (fO-3) fit well with the
resistivity distribution. Based on outcrop observation, these facies have
been associated with geological formations. The GPR results show that
the RSGM within the sand basin is strongly dipping towards the shore
because of a post-sedimentary deformation linked to the A6 ice
advance, where increased slope and shear stress favour mass wasting.

Interpretation of GPR and ERT data showed that the three identi-
fied radar surfaces (G-sO-G-s2) are characterized by an abrupt change
in resistivity and a sudden high attenuation of the GPR-emitted waves
that are associated with an increasing clay and/or water content. These
surfaces appear impermeable enough to retain water, hence locally
building up shear stress and reducing the shear strength, further
increasing the risk of sand slides along these planes. GPR methods can
be used to map these surfaces prone to mass events. The radar surfaces
can also be used to structurally constrain the inversion of the ERT data
and improve the accuracy of the estimated sand basin volumes.
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