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Diachronic UAV study of coastal badlands 
supported by geophysical imaging 
in the context of accelerated erosion processes

Abstract  This work presents a 4-year study carried out on the so-
called Vaches Noires cliffs (VNCs), in Normandy, France, between 
April 2016 and January 2019. The VNCs are badlands facing the 
Channel sea, with Cretaceous to Jurassic formations. They are sub-
ject to strong erosion processes already described by former works. 
This study aims to gain greater insight into the erosion phenomena 
with the help of aerial surveys supported by geophysical imaging. 
For this purpose, Digital Elevation Models (DEMs) were established 
using photogrammetry applied to dozens of photos taken by an 
Unmanned Aerial Vehicle (UAV). Electrical Resistivity Imaging 
(ERI) was implemented according to profiles that were both trans-
verse and parallel to the coastline, (i) from the top to bottom of 
the cliffs, (ii) as well as at the toe of the crests and on the beach. 
The main outcome is a global methodology to properly perform 
these methods and to combine all the results in a 3D environment 
using free software. This methodology was validated according to 
a 1-year experiment based on the comparison of two DEMs, then 
extended to a 4-year diachronic approach. Moreover, volumes of 
eroded and deposited materials were assessed in specific, morpho-
dynamic areas of the cliffs. The ERI results were used to carry out 
thickness assessments of the layers involved in the erosion process, 
and served to clarify the local geology; however, their interpretation 
remains limited by the lack of a priori information, and underlines 
the need to carry out inversion processes via a 3D approach in a 
particularly complex topography. In conclusion, this work provides 
effective tools to anticipate the risks that threaten coastal habitats 
and infrastructures, and represents a solid basis for further study.

Keywords  Drone · Electrical resistivity imaging

Introduction

Landslides are natural processes, resulting from ecosystem evolu-
tion and development (Gonzalez-Ollauri and Mickovski 2017). As 
human habitats and economic activities extend across territories, 
landslides have become hazards that may threaten human life and 
infrastructures. In the context of global climate change, hazards 
are on the increase while major meteorological events are tending 
to accelerate. Moreover, landslides on coastal cliffs can be ampli-
fied by rising sea levels. Consequently, mitigating the associated 
risks is a priority for stakeholders involved in territorial planning. 
Predicting gravitational movements or assessing a mass that may 
potentially slide falls within the sphere of classic Earth sciences 

problems. Moreover, it is widely acknowledged that a combination 
of scientific disciplines, using aerial and terrestrial data, represents 
the ideal response (Viles 2016).

In this work, we focus on a part of the badlands coastal sys-
tem referred to as the “Vaches Noires” cliffs (VNCs) in Normandy, 
France. The VNCs are subject to rapid erosion already described by 
(Maquaire et al. 2013; Quinejure 1971; Medjkane et al. 2018), result-
ing from a combination of landslides, hydrogeological or tidal phe-
nomena (solifluction and washout) leading to a significant retreat 
at the top, a variable coastline at the toe, a global erosion of crests 
and secondary scarp, and an unknown balance of sedimentary 
deposition several kilometers offshore (Roulland et al. 2019, 2021). 
The consequences are twofold: (i) public territories are exposed 
to dramatic events that threaten inhabitants and infrastructures, 
and (ii) sedimentary deposits generate important dredging costs 
borne by the harbor of Le Havre and the Seine waterway’s stake-
holders. Tackling these two key issues is therefore of paramount 
importance. Moreover, against a backdrop of climate change, the 
VNCs represent an ideal landslide case study in the field of coastal 
research where hydrogeological erosion processes are amplified by 
the rising ocean levels and an acceleration of meteorological events 
such as severe storms.

The Digital Elevation Model (DEM) is one of the key methods 
for studying surface changes in a landscape (Hirt et al. 2010). The 
DEM is computed from a point cloud of the observed surface using 
various Geographical Information System (GIS) software solutions. 
DEM data are structured according to a grid (regular, triangular 
or contours (Prodanovic 2002)and can be easily implemented on 
a computer. The main outcomes are usually distance and volume 
comparisons between at least two DEMs (Fuller et al. 2009), at vari-
ous time intervals, depending on the speed at which the phenomena 
observed develop. In the steepest reliefs or on rough surfaces, the 
DEM comparison may prove inaccurate. An alternative approach 
consists in performing comparisons directly between point clouds, 
without the need for meshing the surface data (Barnhart and 
Crosby 2013; Lague et al. 2013).

The Terrestrial Laser Scanner (TLS) based on the LiDAR (Light/
Laser Detection And Ranging) technology and the Structure from 
Motion (SfM) based on photogrammetry are the two main methods 
used to obtain a point cloud. Both can be carried out on the ground 
or from the air, and provide the surface topography for various 
applications in the geomorphological domain (Hobbs et al. 2020; 
Letortu et al. 2019; Milan et al. 2007; Rosser et al. 2005).
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Nevertheless, while TLS offers a satisfactory level of accuracy for 
positioning, the TLS location on the ground can limit the method 
when faced with a complex topography (Gruszczynski et al. 2017)due 
to the occlusion of some parts of the relief. Terrestrial SfM appears less 
cost-effective (Goncalves and Henriques 2015)and can be less accurate 
in positioning than TLS. Finally, even if multiple terrestrial SfM points 
of view can be selected, complex topography remains a problem since 
some parts of the surveyed surface can be hidden and not accessible, 
as in the TLS method. Work conducted by (Medjkane et al. 2018) pro-
posed a diachronic study of the VNCs site using a TLS system and 
SfM. Both methods were implemented on the beach, facing the cliffs 
to be monitored. Dozens of TLS and SfM DEMs were compared and 
the results were mostly satisfactory; however, some parts of the cliffs 
were not correctly measured due to occlusions and they were inac-
cessible by foot. A smart alternative consists in surveying the terrain 
from the air by means of a UAV or drone.

Extensive work on the use of UAVs in engineering geology and 
Earth sciences has been recently proposed by (Giordan et al. 2020; 
Antoine et al.  2020). UAVs offer the possibility of surveying a 
given surface according to a flight plane, at a given height, with 
LiDAR technology. Nevertheless, the use of a visible camera for 
photogrammetric surface reconstruction is on the increase since 
it represents a lower-cost solution that yields results as accurate as 
those provided by LiDAR (Casella et al. 2014; Chesley et al. 2017; 
Rossi et al. 2018) and shows how photogrammetry using UAVs is 
an efficient and low-cost solution for assessing mass movements at 
intermediate observation scales between on-site and other types of 
aerial surveys (plane, satellite).

An important issue in DEM obtained by photogrammetry is that 
it relies on the georeferencing of point clouds. (Turner et al. 2016)
remarked that recent advances in UAV technology offer the abil-
ity to have an on-board Real Time Kinematic - Global Navigation 
Satellite System (RTK-GNSS), providing an accurate localization 
of recorded images. Nevertheless, this system remains rare and 
georeferenced localization on the ground is generally performed 
by terrestrial Differential GNSS (DGNSS) at specific points called 
Ground Control Points (GCP) (Agüera-Vega et al. 2017).

Once the DEM has been built and georeferenced, the common 
approach may consist in surveying the subsurface with the help of 
geophysical and geotechnical methods, since the events that trigger 
landslides are strongly dependent on the soil nature, its mechanical 
properties and its hydrology. Electrical Resistivity Imaging (ERI) 
is one of the most widely used techniques to investigate landslide 
subsurface. A very detailed review on this topic was presented in 
2014 by (Perrone et al. 2014)and more recently, by (Pazzi et al. 2019; 
Whiteley et al. 2019). Most reported landslide studies (2D, 3D and 
monitoring) concern a sedimentary context involving clay, marl or 
limestone formations and, to a lesser extent, fractured magmatic 
and metamorphic rocks. Indeed, ERI has a wide range of applica-
tions since the method is sensitive to conductive (clay) as well as 
resistive (rock) materials (Telford et al. 1990).

Other geophysical methods combined with ERI offer an enhanced 
interpretation (Göktürkler et al. 2008; Grandjean et al. 2011; Petronio 
et al. 2016). Very close to the VNCs, (Fressard et al. 2016)studied the Bas 
Verger landslide using ERI, geotechnical testing and aerial photos taken 
at different times to establish the morphodynamic map and describe the 
various phenomena that trigger landslides. (Chambers et al. 2011)pre-
sented a combined approach with ERI, Self Potential (SP), Automated 

Resistivity Profiles (ARP) and auger logs to draw geomorphodynamic 
maps and associate surface and internal phenomena. Another nearby 
site (Cirque des Graves) was studied by (Lissak et al. 2014)by means of 
ground-based and aerial data. A geomorphological analysis was pro-
posed taking into account LiDAR, geotechnical, electrical and seismic 
measurements. (Boon et al. 2015) used geomorphological mapping, 
LiDAR imagery, boreholes and ERI surveys to characterize landslides 
in a Jurassic escarpment in the North York Moors (United Kingdom). 
LiDAR data served to assess the slope angle of particular zones. The 
authors showed how a multi-technique approach in a Lower to Middle 
Jurassic geological context provided a more general methodology for 
hazard assessments in a context similar to that of the VNCs.

The aim of this work was to define an approach combining pho-
togrammetry with UAV and near-surface geophysical methods, 
which have never been carried out on this site. In the first section, 
the work gives a reminder of the VNCs site’s geomorphology and 
geology. In the second section, aerial and geophysical measure-
ments are presented. The adopted methodology is exposed and the 
technical details of the in situ implementation are specified. In the 
third section, a diachronic approach is tested over a 1-year period to 
assess erosion and accumulation of landslide volumes, and set the 
inputs of a 4-year diachronic study based on a UAV survey. Near-
surface geophysical prospection is performed to give insight into 
the materials involved in landslides. Finally, this mid-term study 
combining aerial and shallow surface methods is discussed and 
can be considered on a larger scale.

Studied site, geology and morphology
The VNCs are part of the Pays d’Auge plateau (Normandy, France). 
They form a 4-km-long coastline between Houlegate and Villers-
sur-Mer (see Fig. 1), subject to erosion caused by hydrological pro-
cesses from the plateau and by tides at the toe (Maquaire et al. 2013; 
Roulland et al. 2019). A noticeable aspect is the local geology, dating 
from the Cretaceous to Jurassic periods, precisely described for the 
entire plateau by (Hassen et al. 2021). These cliffs are distinguished 
by the originality of their outcropping geological layers and their 
complex, chaotic morphology resulting from subaerial continental 
and marine processes (see Fig. 2), leading to a landscape of bad-
lands (Maquaire et al. 2013). Close to Villers-Sur-Mer, the geological 
formations shown in Fig. 3, are, from top to bottom:

•	 in the Albian stage, a grey marl (4–7 m). In this stage, springs 
occur, resulting from the Cenomanian aquifer present higher 
(at 100 m NGF) in the plateau (Elhaï 1963);

•	 in the Mid Orfordian stage (Lebrun and Courville 2013), Coral 
Rag (Mid Orfordian; 0.2–5 m), limestones of Trouville (6–8 m), 
where main rocks sliding occur, clay of Lopha Gregarea and 
limestone of Auberville (18–15 m), where the main flows occur, 
accelerating mudflows;

•	 in the Lower Oxfordian stage, Ferrugineous oolite and marl of 
Villers, where crests and steep talwegs (gullies) characterize the 
badlands.

In order to better illustrate the morphodynamic characteristics of 
the VNCs, Fig. 4 taken from (Medjkane et al. 2018) shows how rock 
falls and mudflows shape the badlands formation.
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Former works have assessed the VNCs coastline’s retreat based 
on visual inspection and literature: 0.15 cm/yearover a period 
of 253 years according to (Maquaire et al. 2013), while (Quine-
jure 1971) gave 10m by 3 years to 40 cma day during major events 
and in particular locations. (Roulland et al. 2019, 2021) recently 
reported on an extensive study of the VNCs site’s coastal ero-
sion, based on (1) a complete historical gathering (from 1759 
to 2016) of various maps and photos, (2) LiDAR data, and (3) 
meteorological events. Firstly, this work underlined the fact that 
the coastline defined as the limit between the plateau and the 

main scarp is retreating, by a distance ranging from −0.06 to 
−0.8m∕year , depending on the coastal section considered. Sec-
ondly, the shoreline defined as the limit between the basal scarp 
and the beach is evolving slowly during the considered periods. 
Mudflows and rocks debris, as well as occasional major slidings 
(Maquaire et al. 2013), continuously fill the basal scarp, while 
tides, reinforced by strong events such as storms, take away off-
shore materials.

In order to complement all the VNCs results of the aforemen-
tioned studies, we aim to further the understanding of these 

Fig. 1   Aerial view of the whole 4-km-long VNCs between Houlgate and Villers-sur-Mer (Normandy, France, white-dotted rectangle). VNC case 
study is encircled in white rectangle (Image from ©IGN inside ©QGIS)

a) b)

c)

Fig. 2   a Clues of future rotational slidings at the main scarp surface 
(up to 70 m height), involving limestone rockfalls underneath Coral 
Rag. b Leakages that take their source at the grey marl Cenovanian 
top layer, triggering mud and rock slidings forming the basal scarp 
at the VNCs toe. c Housing threatened at the top. Pebbles, fossils and 

limestone blocks lean on the beach after tidal cycles accelerated by 
high-tidal events and storms. The biggest blocks are turning into 
black rocks covered by algae and mussels, and appear as black cows 
(in French: vaches noires) to sailors offshore
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erosion processes by carrying out a survey combining aerial and 
terrestrial geophysical methods, thereby establishing the basis for 
future research in the hydrogeological, geophysical and morpho-
logical domains.

Methodology
The combination of aerial and terrestrial exploration methods, 
enhanced with morphodynamic and geological data, is the proposed 
methodology to study how erosion and deposition evolve, and to 
determine the materials involved. We focus on a part of the VNCs, 
as depicted in Fig. 1 which represents a 300 ∗ 300m2 area. The local 

topography, typical of badlands, is made up of deep ravines and steep 
crests shaping the front relief. Secondary and minor scarps are partly 
invisible from the beach. Many blocks of various sizes locally hide the 
topography leading to an occlusion phenomena and, as a result, an 
incorrect DEM assessment with TLS and terrestrial SfM. UAVs repre-
sent the ideal solution since photos are taken from the air. Assessing 
VNCs erosion and deposition volumes can provide answers to the 
coastal retreat. At least two DEMs are required.

This methodology was tested and validated during a 
1-year period of observation, between April 2016 and April 
2017, taking into account drone flights 1 year apart. Electrical 

Fig. 3   Local geology of the badlands VNC in Villers-sur-Mer (Nor-
mandy, France). A first water table is known to exist between both 
limestones layers in the Callovian formation (45–50 m). Water flows 

are also in situ observed underneath the Cenomanian layer as well as 
between the Oolitic limestone and grey marl (redrawn from (Quine-
jure 1971)

Fig. 4   Local geology in perspective with the 3D DEM model taken from (Medjkane et al. 2018) and morphodynamic interpretation
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measurements were carried out at the same time as these 
flights with the aim of identifying the materials involved in 
the erosion and deposition phenomena. Finally, the rainfall was 
also recorded in order to study the difference between rainy 
events and mudslides or collapses observed between flights. 
The location of all ERI profiles as well as the UAV flight plan-
ning are shown in Fig. 6

For this purpose, UAVs equipped with cameras were used to 
build point clouds using both commercial Metashape software and 
the freeware code MicMac/InterfaceCEREMA (https://​github.​com/​
micma​cIGN/​Inter​faceC​EREMA). DEMs were obtained thanks to 
the CloudCompare freeware (version 2.10.2, [GPL software]. (2019). 
Retrieved from http://​www.​cloud​compa​re.​org/. See, for example, 
(Stumpf et al. 2015). Morphodynamic areas similar to (Medjkane 

Fig. 5   Global methodology performed on the VNCs including (1) used techniques, (2) processing and (3) results and analysis

Fig. 6   Electrodes location of ERI profiles of (i) April 2016 in blue dots 
(transverse profiles TV1 and TV2, parallel profiles P1 to P4) and (ii) 
April 2017 in red dots (transverse profiles TV3 and TV4, parallel pro-

file P5). The takeoff point of the drone is indicated as well as the cor-
responding flight planning in white line

https://github.com/micmacIGN/InterfaceCEREMA
https://github.com/micmacIGN/InterfaceCEREMA
http://www.cloudcompare.org/
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et al. 2018; Roulland et al. 2019) were defined. They also provided 
TLS and SfM point clouds collected from the beach and carried 
out on the same UAV flight date, in order to compare the three 
approaches. A Python code was developed to process photogram-
metric, TLS and SfM point clouds using CloudCompare, leading to 
a volume assessment inside each morphodynamic area.

The ERI was the only suitable geophysical method carried out in 
the VNCs site. Basically, it consists of injecting current with two elec-
trodes into the near surface and measuring the electric potential with 
two other electrodes in the vicinity of the current flow. This operation 
is repeated with several electrodes alongside a profile (2D) and gives 
an array of current and potential with which the apparent resistivity 
of materials is calculated. The topography of the shallow surface is 
obtained with inversion: A model with finite-difference of the sub-
soil is built to compute calculated potentials and compared with the 
measured ones until the difference between their values is minimal. In 
this study, ERI inversion was performed using the Res2DInv software 
(Program Version 4.8.01. Copyright Geotomo Software. www.geoelec-
trical.com) (i) to describe the materials involved in the erosion pro-
cess, (ii) to specify the local geology, and especially (iii) to assess the 
thickness of the deposits at the toe of the crests and on the basal scarp. 
The topography alongside the profiles was also taken into account for 
the ERI interpretation, thanks to GNSS measurements of electrode 
positions. A Terrameter LS2 system (Copyright ABEM) was used for 
the measurements. The need to study the whole cliffs led to a complex 
implementation in the field, combining ERI profiles with Wenner and 
Dipole-Dipole configurations, from top to bottom, and alongside the 
toe of the crests and on the beach. All characteristics of ERI profiles 
are given in Table 1 and are discussed in the following section.

All data (Point clouds, DEMs, calculated maps of erosion/depo-
sition volumes and inverted electrical profiles) was exported in 
Visualization Toll Kit (VTK) format and combined using freeware 
Paraview (Ayachit 2015). The global methodology adopted in this 
work is shown in Fig. 5.

Finally, these first results and the methodology served to define 
a protocol of UAV monitoring and data processing that would be 
applied during the 4-year experiment from April 2016 to January 
2019, including the outcomes of eight UAV flights. Unfortunately, 
electrical measurements could not be performed for drone flights 
after April 2017. For the first flight in April 2016 and the second 
flight in April 2017, a petrol engine drone (SurveyCopter) and an 
electric drone (Phantom 3 Pro by DJI) were respectively used to 
survey the same area. Other flights during the 4-year period were 
carried out using the same drone in alternation with a DJI Phantom 
4 drone. Each drone carried a visible camera; all technical details 
concerning the three cameras and the eight flights are given in 
Table 2.

Results

Erosion and deposition volumes: 1‑year flight testing
In this subsection, the erosion and deposition volumes are assessed 
between April 2016 and April 2017. The area studied covers around 
90, 000m2 . UAV flights in April 2016 and April 2017 followed a plan 
at respective heights of 150 m and 110 m, ensuring a surface coverage 
of 80 %between two images. 20 DGNSS-positioned GCPs are distrib-
uted as homogeneously as possible on the site. A photogrammetric 

Table 1   Characteristics of 
the ERI profiles shown in 
Fig. 6, carried out in Dipole-
Dipole (DD) and Wenner 
(W) configuration (Quad.: 
quadripole; Stacking error at 
1%: variation coefficient of 1% 
between two measurements; 
Err.: root mean square 
error after a given number 
of itération (Nb it.) of the 
L1-norm inversion)

Name Init. nb. 
of quad.

Final no. 
of quad.

Stacking 
Err. at 
1%

Nb. elec. Length (m) Spacing (m) Nb it. 
(L1-Norm)

Err 
(%).

P1-DD 888 888 2 64 126 2 7 1.5

P1-W 555 555 2 64 126 2 7 0.46

P2-DD 888 888 2 64 126 2 7 1.1

P2-W 555 555 2 64 126 2 7 0.98

P3 555 555 2 64 126 2 7 0.61

P4 555 555 2 64 126 2 7 0.43

P5-DD 1776 1771 2 96 190 2 7 1.6

P5-W 1110 1107 2 96 190 2 7 0.79

TV1-DD 1776 1758 2 80 316 4 7 4.3

TV1-W 1110 1110 2 80 316 4 7 0.71

TV2-DD 888 798 2 59 232 4 7 3.3

TV2-W 555 480 2 59 232 4 7 0.78

TV3 555 553 2 64 126 2 6 0.64

TV4-DD 888 888 2 64 126 2 7 1.1

TV4-W 555 554 2 64 126 2 6 0.83
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construction of the DEM was performed thanks to the dedicated pho-
togrammetric Metashape software and the MicMac freeware solutions. 
There were no significant differences (less than 3–4 cm for the target 
coordinates) between both software solutions, as reported by (Jaud 
et al. 2016). Approximately 100 photos were used to build both 3D point 
clouds. In Fig. 7a, b, the 2016 and 2017 3D point clouds are represented in 
the front view. They respectively contain 20,633,170 and 18,105,932 points 
(pts). The point density ( pts∕m2 ) is calculated around core points of 1 
m2 and is 497 ± 59 and 456 ± 80, respectively. All data is georeferenced 
using the Lambert 93 coordinates system and translated to 480,000 
m and 6,917,000 m in the x and y directions, respectively, in order to 
facilitate the graphical representation, and maintain significant data 
accuracy to correctly process the distance map using CloudCompare.

In Fig. 7c, the Multiscale Model-to-Model Cloud Comparison 
(M3C2, (Lague et al. 2013)module of CloudCompare is used to com-
pute the point to point distance between 3D point clouds. The color 
scale is saturated to highlight the height variation between both point 
clouds. Areas of eroded volumes (in blue) are mainly located on the 
secondary scarp and in the gullies, while deposited volumes (in red) 
correspond to sand level variation on the beach and mainly to mud-
flow accumulation on the basal scarp. Firstly, while M3C2 processing 
serves to appreciate main morphodynamic behavior over a 1-year 
period, evaluating volumes requires the meshing of both point clouds 
using CloudCompare. Secondly, to assess the deposition and erosion 
volumes for a proper interpretation, the April 2016 morphodynamic 
shapes (area number and contour) similar to (Medjkane et al. 2018; 
Roulland 2019, 2021) are considered and represented in Fig. 8a.

•	 Area 1 is related to a part of the beach. Tides regularly move 
large volumes of sand, sediments and pebbles. Consequently, 
the level of the beach may well vary by several tens of centim-
eters depending on the power of the tide and on meteorological 
events. An accumulation of more than ≈ +950 m3 is estimated 
between April 2016 and April 2017;

•	 Area 2 defines the basal scarp and the toe of the crests. Muds 
and limestone rocks accumulated, forming domed surfaces and 
representing a volume of about ≈ +700 m3 between April 2016 
and April 2017;

•	 Areas 3 to 8 correspond to gullies delimited by crests. Materials 
mainly eroded over the 1-year period in areas 3 to 7, correspond-
ing to the steepest flanks of the cliffs and the most active zone 

subject to erosion from the plateau. Area 8 presents a lower slope 
compared with the other gullies, and corresponds to an area where 
erosion from the plateau is less active and vegetation can grow;

•	 Areas 9 to 14 represent the secondary scarp. The accumulated 
volumes in areas 9 and 10 correspond to limestone rockfalls, 
while erosion in areas 11 to 13 corresponds to limestone and 
mud swept away by water coming from the plateau.

Eroded and accumulated volumes using UAV photogrammetry are 
compared with TLS and SfM data (Medjkane et al. 2018) and the 
results are shown in Fig. 8b. Area 3 (active gully) shows significant 
differences between the three methods and remains to be inter-
preted. Area 8 is a partly vegetated gully with a very low slope where 
some occlusion phenomena occur in the SfM and TLS DEM. This 
remark is valid for the secondary scarp areas (9 to 11 and 13 to 14). 
TLS and UAV photogrammetry present a globally similar trend and 
tend to show that the TLS occlusion phenomena are less signifi-
cant than the SfM one. Finally, Fig. 8c, d show the M3C2 positive 
and negative distance, respectively, and serve to identify the main 
eroded or accumulated areas between both UAV flights.

Electrical resistivity imaging
ERI profiles were carried out in April 2016 and in April 2017. All 
electrodes positions were controlled with DGNSS to take into 
account the topography. All inverted ERI data (see Figs. 9 and 10) 
are exported in VTK and displayed using Paraview software in the 
corresponding VNC 3D mesh (calculated with CloudCompare from 
both point clouds of April 2016 and April 2017). For each ERI profile, 
the theoretical depth of investigation (DOI) index is used to assess 
the confidence “below which the earth structure is no longer con-
strained by the data” (Oldenburg and Li 1999). This index is close to 
0 if two inverted models give identical results, whatever the initial 
model values. The confidence limit is usually set between 0.1 to 0.2. 
In all the following results in this section, the DOI is displayed and 
discussed if needed. Finally, for Figs. 11, 12, and 13, the resistivity dis-
tribution is given to identify the resistivity of the main formations.

Concerning the longest transverse profiles of April 2016, namely 
TV1 and TV2, Dipole-Dipole (Fig. 9a) and Wenner (Fig. 9b) configura-
tions were performed. A focus on the Dipole-Dipole configuration was 
chosen, since a rapid analysis shows that the local geology seems to be 

Table 2   Characteristics of the 
UAVs and cameras used from 
April 2016 to January 2019

UAV SurveyCopter Phantom 3 Phantom 4

Flight 04/2016, 10/2017 11/2016, 04/2017 02/2018, 05/2018, 
9/2018, 01/2019

Camera Ikon D7000 Sony Exmor camera Sony Exmor camera

Dim. (Px) 4928*3264 4000*3000 5472*3648

Focal Dist. (mm) 28 3.6 8.8

Pixel pitch ( �m) 8.42 1.18 2.4

Flight height (m) 150 110 110

Pixel size (cm) 4.8 3.61 3

Image size (m) 237.1*157 144.2*108.2 164.2*109.4
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better described using this protocol. Accordingly, these two profiles are 
represented in a Dipole-Dipole configuration in Fig. 11 and start at the 
plateau ( ≈ 90 m long flat surface). As mentioned previously, TV1 ends 
on the beach while TV2 ends on the basal scarp, due to the tide level on 
the day of measurement. Both configurations clearly show:

•	 A first heterogeneous layer less than 10 m thick and correspond-
ing to (see “Sect. 2’’ and Fig. 3a) the grey marl (Albian stage, 

�a ∈ [10;20] Ω.m ) and the Coral Rag (Mid Orfordian stage, 
locally on TV2 �a ≥ 100 Ω.m ) layers.

•	 A high resistive layer (limestone of Trouville, �a ∈ [50;250] Ω.m ) 
forming a single block about 10 to 20 m thick in TV1 and the 
clay under which limestone of Auberville layers are partly vis-
ible, whereas the TV2 profile shows a global resistive block of 
more than 30 m in depth.

Fig. 7   a  April 2016 and b  April 2017 3D point clouds with corre-
sponding histograms of point density ( pts∕m2 ). cThe distance cal-
culated between the 2017 and 2016 3D point clouds with the M3C2 

module (Lague et  al.  2013) of CloudCompare (version 2.10.2, [GPL 
software]. (2019). Retrieved from http://​www.​cloud​compa​re.​org/). 
The three views are displayed with Paraview (Ayachit 2015)

http://www.cloudcompare.org/
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Dipole-Dipole and Wenner TV1 and TV2 profiles continue to the 
cliff slope where electrodes were placed at the limit between active 
flows in the gullies and slope crests (areas 4 and 5). Interpreting the 
Wenner configuration here is partly irrelevant: Fig. 9b vertical struc-
tures are depicted whereas the local geology is known to consist of 
horizontal layers. A focus in the discussion explains why (see “Sect. 5’’). 
In Fig. 11a, the Dipole-Dipole configuration yields more interesting 
results, without clearly reproducing the multi-layered geology depicted 
in Fig. 3 and reproduced in Fig. 11b. Resistive and conductive areas 
are alternately detected at the second scarp, where debris from upper 
limestone of Trouville accumulates with clay and upper marl of Villers. 
A resistive to conductive layer (from 70 to 5 Ω.m ) at mid-slope may 
correspond to the erosion plane containing shallow rocky materials 
sliding from the secondary scarp, covering a marl layer sub-base.

From the toe of the crests to the basal scarp, ERI data show a ≈ 
10 Ω.m shallow formation corresponding to accumulated materials 
(mainly marl and clay). Finally, from the basal scarp to the beach, 
the TV1 profile shows a low resistive layer (10 to 20 Ω.m ) at a depth 
of about 5 m, corresponding to the marl of Dives formation, covered 
by a very conductive sand layer (less than 5 Ω.m ) mixed with ero-
sion deposits and salt water about 3 to 5 m thick.

For both profiles, the DOI shows that ERI results must be interpreted 
carefully as far as the deeper formation is concerned, at least at the 

plateau and at the cliff slope. Whatever the configuration, ERI results 
barely reflect the actual multilayered geology in the cliffs slope; however, 
this technique is more relevant at the plateau and on the beach.

ERI profiles in the Wenner configuration parallel to the shore-
line, performed at the toe of the crests (P2), at the basal scarp (P1 
and P3) and on the beach (P4) are displayed in Fig. 12. The accu-
mulated materials (marl, clay and limestone blocks) at the toe of 
the crests (P2) represent a ≈ 5 m thick layer of ≈ 10 Ω.m overlaying a 
more resistive layer corresponding to the marl of Dives formation. 
Shallow and resistive anomalies corresponding to limestone blocks 
sliding from upper layers are located in the exact direction of the 
gullies. These resistive anomalies stretch laterally as the mudflows 
reach the basal scarp (P1). From P2 and P1, a first upper layer results 
from successive mudflows: resistive materials from the upper 
formation accumulate in the direction of the gullies, and clayey 
materials at the toe of the crests. Its thickness varies, and forms an 
irregular interface with the deeper formation (marl of Dives). The 
P3 profile shows a very resistive part ( ≈120 Ω.m ), corresponding 
to an inactive area (no mud, no sliding). Here, the marl of Dives 
formation ( ≈ 10 to 15 Ω.m ) is located at a depth of approximately 10 
m. Finally, the P4 profile carried out on the beach at low tide clearly 
shows the ≈ 3 to 5 m thick sand layer ( ≈1.5 to 2 Ω.m ) saturated with 
salt water, covering the marl of Dives layer.

Fig. 8   a14 morphodynamic areas similar to (Medjkane et  al.  2018; 
Roulland et al. 2019, 2021). Area 1 is related to a part of the beach. 
Area 2 is the basal scarp surface. Areas 3 to 8 correspond to crests 
and gullies. Areas 9 to 14 correspond to the secondary scarp just 
underneath the plateau. In all these areas, the DEM is calculated  

and b erosion/deposition volumes (in m3 ) are assessed between April 
2016 and April 2017 and compared with TLS and SfM data collected 
on the same measurement dates. The M3C2 distance shows the 
main deposition and erosion surfaces appearing c  above the April 
2016 DEM and d beneath the April 2017 DEM
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The TV4 and P5 profiles shown in Fig. 13 were carried out 
in a Dipole-Dipole configuration in April 2017. The P5 profile 
parallel to the shoreline was performed on the beach at approxi-
mately 20 m from the basal scarp. Two main layers correspond 
to the sand ( ≈ 3 to 5 m thick) saturated with salt water and to 
the deeper formation of marl of Dives, respectively. Unlike the 
Wenner configuration (see Fig. 12), the interface is irregular 
since the Dipole-Dipole configuration is more sensitive to lat-
eral variations (Loke and Barker 1996a). These variations may 
be related to a limestone accumulation now buried in the sand. 

It can also indicate that the top of the marl of Dives formation 
may be rough or partly fractured. To complement the interpre-
tation of both the TV1 and TV2 Dipole-Dipole profiles of April 
2016, the TV4 profile of April 2017 aims to precisely locate how 
the marl of Dives formation extends under the basal scarp. Sur-
prisingly, as the sand’s thickness narrows in the direction of the 
cliffs, the marl of Dives formation seems to sink under the basal 
scarp, revealing an intermediate layer (less than≈ 10 Ω.m ) that 
may correspond to (i) the marl of Villers formation as shown 
in Fig. 3 or (ii) old materials eroded and accumulated between 

a)

b)

Fig. 9   Dipole-Dipole and Wenner electrical profiles of April 2016. Inverted resistivity profiles are shown in a cut point cloud of the VNCs 
recorded with a UAV in the corresponding year
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the beach and the toe of the cliffs. As the profile extends to 
the clifftop, a shallow resistive anomaly appears at the beach/
basal scarp transition and may be an artefact due to the strong 
variation in altitude (more than 50%between two electrodes, 
see (Loke and Barker 1996a). At the end of the profile, materials 
accumulated at the toe of the crests are visible; however, their 
thickness remains difficult to assess.

Erosion and deposition volumes: 4‑year diachronic study
After validating the assessment of erosion and deposition volumes 
during the 1-year period by comparing two DEMs, the aim was 
to extend this approach to a 4-year period with eight DEMs, car-
ried out between April 2016 and January 2019. In order to better 
explain this approach, Fig. 8a must be considered to recall the stud-
ied morphodynamic areas on which this section focuses. Figure 14 

a)

b)

Fig. 10   Dipole-Dipole and Wenner electrical profiles of April 2017. Inverted resistivity profiles are shown in a cut point cloud of the VNCs 
recorded with a UAV in the corresponding year
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summarizes the eight drone flights carried out during the 4-year 
period, and defines the number of the comparison between two 
consecutive DEMs (C-DEMs) as well as the average precipitation 
recorded near to the study site (Deauville station, available data at 
https://​www.​infoc​limat.​fr/). A C-DEM gives the volume difference 
calculated using the Metashape software. Figure 15 displays, in two 
dimensions, the results of the seven C-DEMs obtained for the eight 
drone flights during the 4-year period, for the 14 morphodynamic 
areas. Accumulated volumes (in red) and eroded volumes (in blue) 
are shown as a heatmap, and their values in m3 are displayed in the 
corresponding cells. For the sake of clarity, on the top row, the types 
of main morphodynamic areas (beach, basal scarp, gullies and sec-
ond scarp) corresponding to the area number (Fig. 8a) are recalled. 
Finally, the second to last row and the right-hand column give the 
sum of eroded and accumulated volumes during the 4-year period 
for each morphodynamic area and each C-DEM, respectively. These 
representations allow the following interpretation, considering the 
areas of Fig. 15.

•	 The beach and the basal scarp (areas 1 and 2) show the larg-
est volume variations. In fact, these variations reflect different 
phenomena: tides, sometimes combined with storm episodes, 
can alternately carry materials offshore (C-DEMs 2 to 4 and 7), 
and bring sand and sediments on to the beach (C-DEMs 1, 5 
and 6). On the basal scarp, materials (clay, marl and limestone) 
tend to accumulate and are then brutally swept away by strong 
meteorological events (C-DEMs 4 and 7);

•	 Over the 4-year period, a global erosion ( ≈ -1175 m3 ) occurs 
in the gullies in areas 3 to 8. The height of ridges and flanks 
erodes with the rain, and materials continuously flow to the 
basal scarp. Area 8 alternates with erosion and deposition, but 

here the role of the vegetation should be considered. This area 
tends to retain materials (C-DEMs 3, 5 and 6) and sometimes 
collapses (C-DEMs 1, 4, 7);

•	 Materials of secondary scarp (areas 9 to 14) are mainly com-
posed of limestone rock debris and may sometimes accumulate 
(area 10 and, to a lesser extent, areas 11, 13 and 14) or continually 
erode (area 12). The vegetation also can play a key role in the 
balance, particularly in areas 9, 10 and 14, and volumes may be 
overestimated. Nevertheless, materials including this vegetation 
end up being swept away to the gullies, and the overall balance 
over the 4-year period shows an active erosion ( ≈ -1500 m3 ). All 
secondary scarp areas are in direct contact with the main water 
table visible on site, flowing from the plateau.

We will now consider the C-DEMs in Fig. 15, taking into account 
the precipitation over the 4-year period shown in Fig. 14:

•	 C-DEM 1 shows a global erosion in all areas except on the beach 
and the basal scarp where materials naturally accumulate. Nev-
ertheless, it corresponds to eight months of normal precipita-
tion and there is no obvious correlation between precipitation 
and erosion;

•	 Strong episodes of erosion can occur on all cliff areas ( ≈ -3600 
m3 and -3190 m3 for C-DEMs 4 and 7, respectively), and ero-
sion and accumulation can alternate in various areas, showing 
a global accumulation ( ≈ +960 m3 , +1510 m3 and +1220 m3 for 
C-DEMs 3, 5 and 6) or a global erosion ( ≈ -370 m3 for C-DEM 2);

•	 C-DEM 3 mainly shows accumulation on all areas (except on 
area 12 and on the beach) after a normal level of precipitation, 
ended by a strong level in September 2017 (more than 175 mm). 
It seems that this event did not trigger any mudflows or rock 

Fig. 11   a TV1 and TV2 Dipole-Dipole resistivity profiles and depth of investigation compared with b the local geology (Fig. 3a, c) Distribution 
of the main resistivity values of TV1 and TV2

https://www.infoclimat.fr/
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slidings. This remark is true for every C-DEM, indicating again 
that the erosion process and precipitation are not necessarily 
time-correlated.

Discussion
The UAV survey over a 1-year period enables the assessment of volumes 
of eroded and accumulated materials. The DEM built with 3D point 
clouds thanks to aerial drone flights avoids the occlusion phenom-
ena inherent in the terrestrial methods (TLS and terrestrial SfM). The 
error associated with calculated volumes remains difficult to assess. 
Firstly, vegetation can differ from one flight to the next in some areas: 
in the present simple approach, no processing was applied to remove 
vegetation from the DEM. In future, this can be performed using tools 
such as the CloudCompare CANUPO (Brodu and Lague 2012) soft-
ware, based on the classification algorithm. Fortunately, for this 1-year 
study, most of the areas considered are devoid of vegetation, except 
areas 8 and 10, as seen in Fig. 7 between X ∈ [580;595m] where the 
red area corresponds to vegetation growing between April 2016 and 
April 2017. Secondly, even if aerial photos yield more comprehensive 3D 
points clouds, hidden zones still exist when the topography is complex, 

as is the case in this badlands context: for instance, the shape of 3D 
rocks cannot be perfectly reproduced since some parts may be concave 
regarding the UAV position. Moreover, where the topography varies 
considerably, i.e., at the main scarp and at the toe of the crests, some 
points are missing in both the April 2016 and April 2017 DEMs (see 
Fig. 7). In conclusion, the margin of volume estimation error using the 
photogrammetric method is about 2 % , according to similar experi-
ments such as (Raeva et al. 2016).

ERI is the most widely used method in a badlands context (Perrone 
2014)since it is sensitive to a wide range of resistivity (Telford 1990).  
The efficiency is low: for example, TV1 and TV2 require one day-long 
survey with five people, P1, P4, P5, TV3 and TV4 profiles, two days. ERI 
serves to identify main and shallow geological formations, and the  
Wenner and Dipole-Dipole configurations are complementary: the first 
is suitable for imaging vertical changes of resistivity, while the second 
is more sensitive to lateral changes (Loke and Barker 1996a, b). Never-
theless, neither configuration is satisfactory for imaging multilayered 
geology in the slope section: as depicted in Fig.15, ERI results from the 
first scarp to the toe of the crests show deep vertical zones while the 
local geology layers are virtually horizontal.

Fig. 12   a Wenner ERI profiles at basal scarp (P1, P2 and P3) and on the beach (P4), April 2016 and, b distribution of their main resistivity values
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a)

b)

Fig. 13   a TV4 and P5 profiles carried out in April 2017 and b distribution of their main resistivity values

Fig. 14   a Dates of eight drone flights from April 2016 to January 2019 and corresponding to C-DEM. b Precipitation at the nearest meteoro-
logical station over the same period: data provided by https://​www.​infoc​limat.​fr/ at Deauville (France)

https://www.infoclimat.fr/
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The DOI index as defined by (Oldenburg 1999)offers a qualita-
tive interpretation of inverted apparent resistivity, and the results 
lead to a limitation of the method: all ERI results show a limited 
DOI close to the sides of inverted profiles. Moreover, the 0.1 limit is 
deepest where the resistivity value is low, while the method is lim-
ited on a more resistive medium (like limestone formation) (Loke 
and Barker 1996a). Such phenomena have been particularly well 
described in (Marescot 2008): the current flow is reduced in resis-
tive zones, and the information is consequently less, as depicted in 
Fig.9 on TV1 and TV2 profiles from the plateau to mid-slope.

These first ERI measurements lead to the definition of an 
enhanced methodology for future experiments: other configurations 
should be relevant for mapping both horizontal and vertical changes 
of resistivity, such as the Wenner-Sclumberger configuration, which 
may increase the yield while improving quality (Loke and Barker 
1996a). ERI also shows a limited efficiency in terms of describing 
the multilayered geology alongside the cliffs slope. Firstly, a priori 
information should include the location of layers visible in the field 
as well as the 3%-slope of the geological layers (see Fig. 3). (Zhou 
2014; Zhou 2016)proposed an original inversion method consider-
ing the available structural information; this approach should be 
taken into account in future research. Moreover, it is obvious that the 
classic 2D inversion provided by the Res2DInv software is limited 
for a complex topography such as that in the badland context: all 
transverse profiles should be inverted by considering the steep crests 
and scarps in three dimensions. For this purpose, software such as 
pyGIMLi (Günther et al. 2006; Rücker 2006; Rücker et al. 2017)has 
shown reliable results in complex coastal environments (Udphuay 
2011)and will be considered in the future. Finally, ERI can also be 

implemented for long-term monitoring to better identify the hydro-
logical phenomena involved in the erosion process and landslide 
(Palis 2017), and the topography recorded by aerial means (included 
UAV) combined with a 3D inversion approach and a supplementary 
analysis of soil (Boyd 2021; Huntley 2019; Merritt 2014) would no 
doubt lead to an enhanced interpretation. Such an approach will be 
considered in future works.

The 4-year survey is the first diachronic study carried out using 
UAVs on the VNC. While similar experiments have already been 
presented for landslide phenomena (see, for instance, the Slovenian 
case study of (Peternel 2017), this is the first time a DYNALIT site in 
a badlands coastal context has been studied in this way: erosion and 
deposition volumes are assessed approximately twice a year. A gen-
eral methodology has been defined based on free software applica-
tions and tools, allowing this assessment to continue over a long 
time period. It can also be extended to the whole 4-km-long VNC 
coastline, where other similar sites present the same badlands facies 
facing the sea. A numerical evaluation of the volumes is proposed 
depending on the morphodynamic shape, proving that active ero-
sion ( ≈ 3160 m3 during the 4-year period) takes place in the gullies 
and the secondary scarp, while materials continually accumulate on 
the beach and the basal scarp, sometimes counterbalanced by bru-
tal erosion events. This approach also underlines massive erosion 
periods ( ≈ 3600 m3 and 3200 m3for C-DEMs 4 and 7, respectively) 
as well as periods where accumulation and erosion can alternate 
on morphodynamic areas. Finally, this 4-year study serves to iden-
tify the most active erosion areas: gullies 3 to 6, directly connected 
to the upper secondary scarp areas 9 to 12, corresponding to the 
flow of resurgent water from the plateau’s most active water table 

Fig. 15   Heatmap of the accumulated (red) and eroded (blue) vol-
umes on the 14 morphodynamic areas defined in Fig. 8a and for the 
seven pairs of consecutive DEMs corresponding to the eight drone 

flights between April 2016 and January 2019. The second-to-last row 
and the right-hand column are the sum of eroded/accumulated vol-
umes for each area and each DEM comparison, respectively
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(Hassen 2021). In addition, the role of precipitation will need to 
be further investigated. Indeed, there is no concomitance between 
heavy rainfall and erosion phenomena. The saturation of the clay 
materials that generate the mudflows depends on both the rate of 
precipitation and the water circulation conditions within the for-
mation. Consequently, the activation time of the erosion phenom-
ena remains very difficult to evaluate.

The main question that remains to be answered is how often 
UAV flights should be carried out. Indeed, between two drone 
flights, materials may have been eroded and washed out to sea. This 
is particularly true for clayey and marly materials at the basal scarp 
or on the beach, while massive blocks of limestone tend to stay 
longer. Finally the volume assessment at the junction between the 
beach and the basal scarp, and on the beach itself, is only indicative. 
It does not reflect how much material has accumulated or eroded 
given the daily action of the tide cycle together with a virtually con-
tinuous flow of materials coming from the cliffs. Nevertheless, the 
UAV volume assessment provides an interesting observation: at the 
main scarp, rock fall and sliding are clearly identified, and the dis-
tance of the cliffs’ retreat is about 1 m during the 4-year period (see, 
for example, Fig. 7 at around X = 610m ). This quantification at the 
main scarp has recently been confirmed by (Roulland et al. 2021).

These measurements, carried out using a drone and the ERI 
method, serve to evaluate the evolution of the volumes of materi-
als over a given period, and to image geological formations involved 
in the erosion of the VNCs. Presently, the objective is to further the 
analysis based on the link between hydrogeological processes com-
ing from the plateau and activating erosion processes. A recent work 
(Hassen et al. 2021)proposed a 3D geological modeling that helps to 
understand how and where groundwater erodes materials, and what 
the total volume subject to erosion along the 4-km-long VNCs would 
be. Other methods would be suitable to detect preferential flows such 
as the spontaneous potential (Jouniaux et al. 2009). Seismic meth-
ods used in a similar context (Grandjean 2011; Fressard 2016) can 
also offer interesting results in these multilayered contexts. Finally, 
geotechnical tests are missing, and may have to be considered in the 
near future to properly calibrate geophysical results, despite the harsh 
access conditions in this badland context.

Conclusion
UAV and ERI measurements were carried out between April 2016 and 
January 2019 on the VNCs (300 m long, 300 m wide, 70 m high), an area 
that is part of a 4-km stretch of badland coastal cliffs subject to strong 
erosion. This is the first 4-year study performed on this DYNALIT site 
using these methods. The main objective was to define a methodol-
ogy that would allow the assessment of the eroded and accumulated 
volumes of materials. A first diachronic approach was proposed, con-
sisting of two UAV flights 1 year apart. Two DEMs of the VNCs were 
obtained. A zoning scheme led to a definition of the morphodynamic 
areas, where eroded and accumulated volumes were estimated. This 
approach was finally adopted for a 4-year diachronic study, based on 
eight DEMs, representing approximately two flights a year. The global 
erosion of the VNCs was quantified. The ERI method was performed 
to image the materials involved in the erosion process. From the top to 
bottom of the cliffs, ERI profiles provided information available at the 
plateau and from the basal scarp to the beach, by identifying the main 

layers of the local geology that contribute to the erosion and accumu-
lation process. Profiles parallel to the shoreline yielded an estimation 
of the material thickness at the toe of the crests and on the beach. ERI 
based on classic 2D inversion and without a priori information was 
partly irrelevant between crests, due to the strong topographical bad-
land context. All these measurements form the basis of future research 
that will be conducted as part of a new project recently funded by the 
Normandy Region.
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