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Abstract :

The Normandy cliffs studieth this papercorrespond to the nortlvestern termination of the Paris
sedimentary basin. The latter is characterized by the existence of more or less high, undulating and
somdimes faulted plateaus, explaining the lithostratigraphic diversity of the outcrops, and the variety
of types of cliff falls and gravitational landslides encountered. These plateaus are carved into cliffs
with much faster retreat due to the outcroppingedimentary formations (from the Jurassic to the
Upper Cretaceous) favorable to weatheripatial and temporal variations of Norman sedimentary

cliff retreat rates over multemporal data are examined. Data are derived from historical maps and air
photgraphs but also from recent lasergrammetric and photogrammetric monitoring. These latter
measures are apecific sites monitored at high frequency aesblution.The diachronic analysis of

all these data gives retreat raiesline with the international literature, 023 m/yr The spatial
variations of the cliff retreat rates, tte Normandy scalecan be explained by geological structure
especially at the cliff foot, but also liie influence of cliff collapses or anthropogenictabkesthat

disrupt the longshore drift (ratescan be multiplied by 2 The contribution ofthe recent
lasergrammetric and photogrammetric technégalbows along the Norman cliffg1) the spatial
distribution of the retreat or evolution rates on the ¢hffe. Forchalk cliff of Seine Maritime, the
ablation rate evaluated by TL@errestrial Laser Scamn active cliffs over a period of 7 years
corroborates that established by phiotierpretation (observed over nearly 50 years), i.e. around 36
cm/year forWKH FDS G$LOO\ DQG DOPRVW JHUR IRU WKH DEDQGRQ!
(debris falls) represent 100% of the evolution of the abandoned cliff faces whiladteynt for2%

RI WKH WRWDO UHWUHDW RI WKH Dyfind, ¥tdli-ter@poidl data sHovis tBaff $L O O\
the temporalitiesevolution of cliff extends from 1 to 7 decades according to the litholdgg. high
resolution and frequency monitoring provide also sonfierination abouthe factors responsible for
triggering graviational landslides (rockfall, slide, debris falor the cliff characterized Hgndslides
(Villerville et Vaches Noires)which areunder the dominating influencef the rainfall and the
groundwateilevel evolution the study proposed a regional warnirggpeciallyin cases in which the
piezometer of the site exceed a depth of 11m (Groundwater Level) and the effective rain on a 4
monthsperiod is over 250 mmin this respectand for chalk and limestone cliffs, the maniing is
inconclusive, because the origin of &u@ns is more multifactorial.

Intro duction:

Before the 1990s, the vast majority of coastal geomorphology work focused on accumulation coasts,
due to the presence of many economic challenges threatenedpilly regressive changes, or
potentially accelerated by contemporary mean sea level rise (Tleen®@00; Woodroffe, 2002
Kennedyet al.,2017). However, rocky and cliffy coasts are said to represent more than 75% of the
world's coastline (Emergnd Kuhn, 1982; Davisand Fitzgerald, 2003), and are now one of the few
sources of sediment for beaches. It is only in the last two to three decades that studies on these
retreating coasts have increased (Kenretdgl.,2014; Kennedet al.,2017). This is probably due to
therising impactof their retreat on coastal activities and populations, and to the development of tools
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and methods to understand the slow but abrupt dynamics of these complex rocky coastal systems
(Sunamura, 1992; Paskpff998; Bird, 2000; Brunsden and Lee, 2004; Yoehal.,2009; Costaet

al., 2004; Costeet al., 2004; Gome#uyol et al.,2014; Letortuet al., 201%; Guiliano, 2015).The

Norman morphstructural environment (between the Bay of Mont Saint Michel andTtBeort) is
favorable to the development of retreating cqafte evolution of whichcan be very important
(Magquaire, 1990; Costa, 199Cpstaet al., 2004; Lissak, 2012Elineau, 2013Lissaket al., 2013;
Letortuet al.,201%; Maquaireet al.,2013; Maljkaneet al.,2018. To the extreme west of the study

area (Cotentin) appears the Armorican Massif (Fig. 1) composed of ancient sedimentary, metamorphic
and volcanic soils (crossed locally by granitic intrusions). Rocky coastsage up withthese
Pale@oic materials (Duguét al., 1998) with very slow retreat. In the rest of the study area, to the
north, the ancient Armorican lands are covered, sometimes in discordance, by the northwestern
termination of the Paris sedimentary basin (Juignet, 1974; was&€07; Le Cossec, 2010;
Benabdellouahe@t al., 2014). The latter is characterized by the existence of more or less high,
undulating and sometimes faulted plateaus, explaining the lithostratigraphic diversity of the outcrops,
and the variety of types ofjravitational landslides encountered.Thus, in contact with the
epicontinental sea that is the Eastern and Central Channel, these plateaus are carved into aliffs with
much faster retreat due to the outcropping of sedimentary formations (from thecJtodksi Upper
Cretaceous) favorable to weathering. This article has a twofold objective: first, to provide, on a
historical scale and using traditional phdnterpretation methods, the values of the retreat of Norman
sedimentary cliffs. In a second stgmd on specific sites monitored at high frequency and resolution
(SNO-Dynalit and SNGOMIV sites, photogrammetric and lasergrammetric monitoring), the objective

is to provide initial results on some of the main issues that drive the research commukiityg \war

cliff coasts, namely, the spatial distribution of the retreat or evolution rates on the cliff face, the
evolution rhythms, and the factors responsible for trigmgegravitationallandslides(rockfall, slide,

debris fall).

1/ Study area

The coastal cliffs studied in this paper exclude cliffs carved from Paleozoic rocks in the Cotentin
region (from Saint Vaast la Hougue Bay of Veys). The Norman cliffs studied therefore correspond

to the northwestern termination of the Paris sedimenthagin and haven averageamplitude of

about fifty meers, even if they can exceed 100 m in the Seine Mariiraa At the foot of the latter is

a large shore platform (150 to 700 m wide), with a low slope (0.2 to 2%), sometimes covered with thin
sandy eneers. In their upper part, the shore platforms are hidden by a flint gravel barrier in Seine
Maritime or resistant limestones and sandmafti-metic thickness in Calvados (Costa al., 2006).

With regard to the morplstructural characteristics of tistudy area, we cavbservgFig. 1):

1- To the west of Calvados, between Grandcdigisy andSaintCéme de Fresné, lie the active cliffs

of the Bessin plateau, which range in height from 10 to 75 m (sectnFg). 1). These cliffs are
composite in their topographical aspects and geological structures. The profiles are variable from one
end to the other and in relation to the relative thicknesses between the limestones (Bajocian and
Bathonian stages) and the marlsPafrtenBessin (Bathonian stage). Three types of cliffs have been
defined (Maquaire, 1990x cliff with a soft marly pedestal topped by a limestone cornice, a cliff with

a resistant pedestal in the marly limestone of the Lower Bathonian or the limektbeeBajocian,

and a simple subvertical cliff reinforced by the Bathonian limestone.

2- In the'Caen @untrysidg the similar system is reproduced between Sairiin-surMer and Lion
surMer with a plateau at lower altitudes. Several small areas of dotive cliffs (Bathonian
limestone) do not exceed 10 m in height.

3- Along the plateau of the 'Pays d'Auge’, the cliffs carved into the Jurassic and the Lower and Upper
Cretaceous are discontinuous and logsection EF, fig. 1). The cliffs of the 'VaclseNoires', carved

into the Oxfordianstagewhere some limestone beds are interstratified, are called mudflow cliffs,
forming a landscape of badlands and pinnacles. In BenesullBler, at the right of Mont Canisy

(120 m), and especially between Trouvsig-Mer and Honfleur, the cliffs reappear (sectiofr Hig.

1). Their foot is made of Jurassic age materials (limestone and marl) topped with Albian sand (Lower
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Cretaceous) and Cenomanian chalk (Upper Cretaceous) suitable feveddeq landslides (Maagine,
1990; Lissak, 2012).

4- From Cap d'Antifer to Tréport, the cliffs are carved mainly into Upper Cretaceous chalk (from
Cenomanian to Campanian stagespséfacies are more or less rich in flint beds (sectieB, Aig.

1). The local tectonic deformans of the Caux plateaus also explain the outcropping of some lower
Jurassic and Cretaceous strata (betv@eeville-surMer and Le Havre), or the conservation of sandy
and clay terrains of Tertiary age (Cap d'Ailly; Bignot, 1962). The different chpdtda(Pomerokt

al., 1987; Mortimoreet al.,2004 Lasseur, 2007) show subtle variations in resistance, also found in the
cliff profile (Fig. 1). Thus, between Cap d'Amtif and Le Tréport, three types of cliffs have been
defined (Costa, 1997gimple vetical cliffs (main type) composed mainly of Coniaci®antonian
chalk; cliffs with resistant pedestal, with a "basal" jump corresponding to the outcrop of the Turonian
stage or even the more resistant Cenomanian stage; and complexXgtfiffee latter,lie Coniacien

and Santonian chalk (~ 30 m) are topped by clayey and sandy loose formations (~ 40 m), forming
three back cliffs (Cap d'Ailly).

Variations in resistance between the various outcrdpgyriet, 1974; Dugué, 1989uignet and

Breton, 1992; Lieynd, 1997; Duguéet al., 1998; Lasseur, 2007 visible in cliff profiles, reflect

various gravitational mechanisms (falls, slide, flow, etc.), but also different retreat rates and evolution
rhythms. The difficulty in quantifying cliff retreat lies in the wtoess of the dynamics (a time taken to
prepare the rock material, often several decades before the rupture), the multiplicity and sometimes the
combination of marine and swerial factors responsible for the dynamics, and the punctual
dimension othe evolution (spatially localizegphenomenon

Figure 1 Simplified geological map of the Normandy (from BRGIMench geological survgynd
litho-stratigraphic profiles of cliffs on the study site.

Normandy is located in the northwestern part of France,otin &fides of the 8Dnorthern parallel,
along the English Channel (epicontinental sea, 86 m deep on average). The environment is macrotidal
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(Table 1)with a tidal range of 8 nisouth) to 10 m (north\Waves (Table 2), which impact the cliff
foot duringhigh tide are limited but the wind sea can produce significant wave heights of up tat 4
Dieppe(annual return period).

Location Barfleur Le Havre | Dieppe Le Tréport
Higher Astronomic Tide (HAT) (IGN69) 3.62 m 4.18 m 5.66 m 5.78
Lower Astronomic Tide (LAT) (IGN69) -2.98m -4.08m -4.52m -4.43m
Higher level observed during storm(IGN69) 4.02m / 5.95m /
Tablel: Tide levelalong theNormandycoast Ehom, 200)

Location Cherbourg Le Havre| Antifer Dieppe Penly

Annual height 4.20m 3.5m 4.1m 4.3m 3.8m

Decennial height 5.70m 4.6m 57m 57m 4.7m

Table2: Significant wave (H°) along theNormandycoast {n Augris et al.,2004 Cerema, in pre3s

Normandy has a marine west coast clima&ecording to data from Métébrance (1971-2000),

average winter temperatures are positive but an average of 26 daily freeze/thaw cycles is recorded per
year (minimal temperature canreachf& 5DLQIDOO LV GLVWULEXWHG RYHU WK
fall and winter are the wettest seas@b mm in August and 94 mm in NovembedDhily rainfall can

exceed 77 mm in October.

2/ M ethodology, materi al and documents

With regard to the objectives of thjgaper the diachronic approach is central. Indeed, two main
techniques and documents are ugdd. 2).

Figure2: Techniques and documents used to study the evolution of Norman sedimentarycttiastal

2.1/ Quantification on historical scaleand for all Norman sedimentary cliffs

This quantification(several decadesyas carried out by classical phetderpretation, then for the
Calvados, by comparison with ancient cartographaudeents (cadastral register dffeérrier plan" of

the 19th century). The main documents used are vertical aerial photographs providedI®iX th
(National Geographic Institute), sometimes produced by photogrammetric method. The time interval
between the two series of aerial photographs is nearly 50 yearsZ@®23Y for the various territories
(Table 3. This diachronic approach is classic gMand Heeps, 1985; Moore, 2000; Moore and

4
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Griggs, 2002; Lahousse and Pierre, 2082naff et al., 202; Costaet al., 2004; Marques, 2006;
Dornbuschet al., 2008; Brooks and Spencer, 2010; Moses and Robinson, 2011; Letortu, 2013;
Cerema, 2015). After geslierencing and rectification of the imagesrati 1:10,000 td.:20,000scale
(Costaet al., 2004; Letortuet al., 2014; Lissak et al., 2013; Maquaireet al., 2013; Vioget, 2015
Roullandet al., acceptel] the digitzation of the coastline was carried dutiff top for the Seine
Maritime, top and bottom for the Calvados cliffs). The margins of error of the results are not
negligible (+/ 0.50 m to +/ 4 m). Associated with these aerial photographs, we benefited from
airborne lidar data (RGE AHlIGN) to provide a new layer of more accurate information (margin of
error ++ 20 cm) that completes the analysis. Finally, for the cliffs of Calvados, old documents
(cadastral registers) have been integrated. France has a single document, which is the caula$tral ma
all the municipalities. The first of these cadastral registers, called Napoleonic, was established in the
19th century by order of Napoleon I. Carried out on a very large scale (from 1/1,000 to 1/2,500), this
document has been updated to this day. divciple is attractive, but these documents exclusively
express the limit of taxable parcels, which alone are perfectly mapped from one document to another.
Consequently, the correct setting of these plots is logical, but it does not in any way ausarthey
danger of the measurement, the exact position of a very unstable steep slope of several terss of met
Even if themargins of error around the position of the shoreline are large, the loss of perfectly located
plots of land by erosion makes itgsible to replace the cliff retreat rates obtained over a few decades
in a wider time period. In addition, the multiplicity of aerial images used for different dabke (3

also makes it possible to provide initial information on the evolution ratiee studied cliffs

2.2/ Quantification at high resolution and frequency diachronic monitoring

In order to participate in the current debate on (1) the evolution of the cliff flacahich it is
preferable, for analysis, to monitor the height or besastlinglLim et al.,2005; Lim, 2014; Youngt

al., 2009;Dewezet al.,2007; 2013; Michouet al.,2014;Letortu et al, 2015, Rosseet al.,2013 (2)

the rates of evolution (3) the processes responsible for the trigger of gravitational movemaegtts, a hi
resolution and frequency diachronic monitoring is carried out on some sites by lasergrammetric (TLS)
and photogrammetric (SPVS, Structurefrom-Motion - Multi-ViewStere9 methodscompleted on

two sites byseveralcontinuousor permanentGPS stations This work was undertaken within the
framework of the SN&Dynalit, but also SNEDMIV .

Two sites are subject to these 3D monitolim@GNO Dynalit surveyThese are theap d'Ailly-Dieppe

site (Seine Maritime), which has been performed since 2010 (surveys 3 to 4 times a year), and the
Vaches Noiregliff near VillerssurMer site since 2014surveys 3 to 4 times a yean the third site

of the Villerville slowrmoving landslide, th monitoring system is based on twefayr cemented
benchmarks, three permanent GNSS receivers and severalrhgtirorological observation points
(Lissaket al.,2014).

The first site is Cap d'Aillly -Dieppe (Fig. 3). From October 2010Fig. ), surveys using terrestrial

laser scanning were carried out to monitor erosion on three chalk cliff faces with close lithological
characteristics. The active cliff of VarengewilarMer is along the cap Alilly (6 km from Dieppe)

on either side of the BeAilly dry valley (250 m long, 40 m high, facing 010°N, subverticdlhe
abandoned cliffs of Dieppe are located on the right bank of the Arques river mouth, behind an
extension of the northeastern part of the harbor, land reclaimed from the sea. Di¥p@é®& m long,

35 m high, facing 310°N, subvertical) became abandoned during the nineteenth century whereas
Dieppe 2 N (80 m long, 35 m high, facing 010°N, subvertical) becaibandoned in the 1980s (Fig.
3aandc). The western cliff is in front of thgeuay for the Newhave#ieppe ferry crossingg:he cliff

lithology in FDS G fi$ m&d@ up with Santonian chalk, covered by a bed of clay and sand of
Paleogene period (due to the syncline prone to strata preservation), whiaéra prone to erosion

(Fig. 3b). The cliff section of Dieppe is made up of Coniacian chalk covered resdual flint
formation (Fig. 8). Even if each facies within a stage can have some subtle resistance contrasts, the
Coniacian chalk is close to Santonian ctakignel, 2003)
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Figure 3: (a) Location of the sites; (b) Main characteristicsFoD S G Vate@yévillesurMer
site; (c) Main characteristics of Dieppe sites; {djrestrial Laser Scanner (TLS) acquisition

The second site i8/achesNoires coastal cliffs This siteis located at the norttvesternpart of the
Paysd'Auge regionbeween Houlgge and VillerssurMer (Fig. 4), and is armed by Jurassic
limestone and clayed and marly formatiombeir faciesevolves under the action of continental and
marine subaerial processes through the accumulation of deposits resulting fromabtatidslides
and/or mudflows at the base of the cliff which are then undermined by thislagagireet al.,2013;
Medjkaneet al.,2018). Since September 2014, on a &@lerscoastine, cliff is monitored using 3D
models created by terrestrial laser scannet &irveys / year), terrestrial "Structure from Motion"
photogrammetry (‘B surveys / year) and Unmanned Aerial Vehicle (UAHotogrammetry(2-3
surveys / year). Nine singfeequency GPS have been installed on the site in order to continuously
monitor the surface displacements (landslides and mudflows). A rain gauge and four piezometers are
also installed on the site to have continuous rainfall values and oscillations ctdrdable.
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221 Figure4: 6FKHPH RI WKH PHDVXUHPHQW WRROV DQG HTXLSPHQW XVH
222 1RLUHV™ FOLIIV

223 The SNO-OMIV survey isfocused orthe Villerville slope site This siteis affected by a deegpeated

224  rotationattranslationalcomplex landslide. It is monitored since the early 1980s, following the major
225 event of 1982 (Maquaire, 1990). In order to measure the seasonal displacements affecting the landslide
226  from upstream to downstream, 2dwentedlandmarks were installed artteir positiors areregularly

227 measured by GNSS. Since 2009, this equipment is completed by the installation of 3 GNSS receivers
228 in the East part of the unstable area, whicorgtheir XYZ positionevery hourand provides a better

229 knowledge of the evolutionhythms (velocity, distance, directioand thresholds) (Lissak, 2Q12

230 Lissaket al.,2013).Groundwater fluctuationareobserved across a network composed by a set of 20
231 piezometers and inclinometers, mainly distributed on the eastern two thirds ofdkkdenwhich is

232 known as the wst active area (Maquaire, 1990; Lissak, 20ligsak et al., 2013). Among those

233 devices, six are continuously tracked with multiparameter sensors (temperature and depth), the others
234 are surveyed monthly with a contact gaugehighlight seasonal trends. Lastly, various hydro

235 meteorological parameters aegistered by meteorological statidihatrecords rainfall, temperature,

236 solar radiation, wind speed and wind direction, nearby the unstable slopes at Villerville and on the
237 plateau located at SaiftatienrdesBois from 5 kilometres of the cliffs.

238 AlongtheBessin cliff,on alocal scalefour sites are surveyed by TLS and terrestrial photogrammetry

239  SfM (4-5 times per year) since December 2017 in order to assess thetraeaifeat of the cliff base

240 following the triggering factors. These sites are representative of the diversity of the landslide (falls,

241 URWDWLRQDO DQG WUDQVODWLRQDO ODQGVOLGHV « RFFXUUHC
242  1990; Vioget, 2015)In addition, on aregional scale, the evolution of Bessin cliffs is study by

243 comparison of oblique aerial photographs taken since 1983 (thesis of Vincent Compain in progress).
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The TLS instrument used in this study is a RIE&-400 emitting a wavelengthaserof 1,550 nm,

which records unique echo digitizatiQRIEGL Laser Measurement Systems, 20T4)e laser beam
covers the environment with vertical scanning by an oscillating mirror and horizontal scanning by
rotating the head. The point cloud is therefore centered on the position e€aheer.To have
georeferenced datdhe process of data acquisition requires additional equipment:(syrgetotal
stationor aDGPS. The total statioor the DGPS statiois used to registehe point cloud acquired in

a relative coordinate systetm an absolute coordinate systéhanks to targés) (RGF93/Lambert93,
EPSG:215% Data processing has 4 steps: (1) georeferencing and point cloud alignment; (2) manual
point cloud filtering (vegetation, people, foreshore); (3) meshing using Delaunay teaaoguind
generation of a 3D Digital Elevation Model (DEM); (4) creating a DEM of Difference (DoD).
Precision is the most important parameter in our monitoring, thus gticiné clouds are fitted to a
selectedeference point cloud using best fit aligmmalgorithms (Cloudcompare® or 3DReshaper®).
This adjustment reduces the error margin because it includes the TLS instrument8l.@dfm at a
range of 100 mMRIEGL Laser Measurement Systems, 2044yl the cloud adjustment error (fitting)
only. To assess precision, fixed parts of the point cloud are compared using the usual data processing.
The precision in planimetry is 0.03 m f&¥D S G Tafid. Di€ppe 2 N0.02 m for Dieppe 1 Wand
Villers-surmer. The volume precision is + 156 m3 IRD S iy ($urface of 214 m?), + 9 Min
Dieppe 1 W (434 m?) and + 30°rim Dieppe 2 N (1018 m?) and + 3 min Villers-surMer (111 m?)
(Medjkaneet al., 2018). These improvedresolutions, particularly over thehole cliff face, and the
higher frequency of acquisitions provide valuable information on ablation rates, spatial distribution,
temporalities and the processes and factors responsilitegming of gravitational movements

The models obtained by Sfldrocessing followed the method presented in Medjletnal. (2018).

The processing steps, carried out with Agisoft Photoscan, can be summarized as follows: (1) Image
matching and orientation of cameras; (2) densification of the 3D point cloud; (3)
trianguation/meshing of the point cloud; (4) texturing of the model; (5) avradfa DoD. The same
targets used to georeference lasergrammetric models were used in photogrammetric models.
Photographs were obtained with an advance grade camera to furtherdmmpudel precision: Nikon

D810 (36 million pixels, sensor size 36x24 mm) and a Sigma 35 mm fixed optics. Finally, to assess
precision, the accuracy of control points on the model was compared with the precisely measured
GCPs by calculating the RMSRdg¢ot M@&n Square ErrarEltner et al. 2016, Kaiser et al. 2014).

3/ Results
3.1/Historical approach for all Norman sedimentary cliffs

The study of the Norman sedimentary cliffs shows that their regrelgtcimetric, from 0.1 to 0.5 g/

during the last decade These values are in line with the literature (Woodroff, 2002). The spatial
variations of the cliff retreat rates, at the scale of Normandy, can be explained by geological structure
from which the cliffs were formed}ig. 5). However, the differences@anot excessive while various
materials, of significantly different resistance, are expgdietestones, chalks, marls, clays). The
greatest variations of retreat appear for the cliffs of Seine Maritime which are nevertheless carved in
materialsa priori more homogeneous, Cretaceous chalks.
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Figure5: Synthesis of historical rateetreat of the Normandy sedimentary cliffs (in cm/year).
Example oflithodependance the chalk cliff of SeineMaritim e

Various authors have proposed cliff typologies thatesprofile, resistance and disposition of rocks
(Guilcher, 1954;Trenhaile 1987; Maquaire, 1990; Costa, 1997; Woodro#2802; Senfaute et al,

2009; Dornbuschet al, 2008; Kennedy et al, 2014 hese classifications sometimes make it possible

to deduce the effectiveness of the marine and continental processes involved (Emery and Kuhn, 1982;
Kuhn and Prifer, 2014). Behind a lithological homogeneity that is only apparent, the variability of the
fades of the Seine Maritime chalk (Pomeeatlal.,1987; Mortimoreet al.,2004; Lasseur, 2007) very
clearly influences the modalities and evolution rates of the Séadime cliffs. Photogrammeyr
analyses were carried out to quantify the retreat of cbliffic. The 1966 and 1995 vertical aerial
photographic surveys (1:10,000) from the French National Geographic Institute have been used (Costa
et al., 2001; 2004). The mean retreat rate of the entire shoreline under study is approximately 6 m
between 196&nd 1995, which yields a rate of 0.21 m/yr. This average rate, however, masks a very
high spatial vaability of cliff retreat (Fig. §.

Figure 6 Relationship between chalk rates cliff retreat and litholdgyn{ Costa et al. 2001; 2004
Letortuetal., 2014).

In fact, the analysis allows three distinct areas to be distinguished: (i) an area of low retreat rate (0.8 to
0.13 ml/yr) betweerAntifer and Fécamp; (i) an area of moderate retreat rate (approximately 0.19
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m/yr) between Fécamp and Saifdléry-en-Caux, and between Dieppe and Le Tréport; (iii) an area of
rapid retreat (0.21 to 0.28 m/yr) between Satatéry-enCaux and Dieppe (Cos#t al.,2001; 2004;
Letortuet al.,2014).

3.2/ Contributions of high resolution and frequency measurements

Abl ation rates and spatial distribution of the cliff face evolutions

For fast retreating cliffs, the emergerafdechniques such as airborne or terrestrial lidars, terrestrial or
UAV photogrammetryhave made it possible to better estimate cliff retreat rates by integrating a
fundamental dimension, the cliff face (Lim et al, 2005; Rossat.,2005; Young and Ashford, 2006;
Costaet al.,2001; 2004; Lahousse and Pierre, 2002; Degteal., 2007; 2013; Younget al., 2009;

Lim et al., 2010; Olseret al., 2011; Letortuet al., 201%; Michoud et al., 2014; Kuhn and Prfer,
2014; Giuliancet al.,2015; Rosseet al.,2013.

This work(Fig. 7), carried out approximately everys3months on actier and abandoned chalk cliffs

(cDS GY$LOO\N DQG 'LHSSH itdiMISitHdtodyl 3hbWa that BvéWheZdedd studied
(20102017): (1) The ablation rate evaluated by TLS on active cliffs over a period of 7 years
corroborates that establishbg photointerpretation (observed over nearly 50 years), i.e. around 36
cm/year forthecDS GI$LOO\ DQG DOPRVW JHUR IRU WKH DEDQGRQHG F
entire front of the active cliff is affected by debris or mass movements; (3)morgaments (debris

falls) represent 100% of the evolution of the abandoned cliff faces (for the moment!), while they
represent 2% of the total retreat of the active dfftap GT$LOO\ 7KLV TXDQWLILFDWLR
poor contribution of debris fallgnd explains in a more detailed way the first assessments made on the

same Norman chalk cliffs and East Sussex (Lagdaal., 2006; May and Heeps, 1985); (4)
Abandoned cliffs have evolved up to 36 times more slowly than active one, highlighting the
importance of marine actions in the active cliff retreat (Letettal.,201%).

Figure 7 Erosion results of DoD over-years of monitoring off DS G V$dréh@eVile' LHSSH”
site

Forthe 39DFKHV QR L,uhé WLSHEferéntal model (March 2015 and October 204&3rly
identifies erosion areas (red color) and atioreareas (blue color) (Fig) &t high spatial resolution.
The main eroding areas are the upstream stiaflanks of the interfluve ridgesand the basal scarp.
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Those in accumulation are visible at the outlet of the gullies and very locally at the top of the basal
scarp. Howeer, in detail, we note thabhe erosion and accumulation sectdddlow one another

spatially in the gullies, at theioutlet and at the level of the basal scarp. These values reveal the
VHDVRQDO DFWLYLW\ RI WKH FOLIIV RI WKH 39DFKHV 1RLUHV™ ZL
cliffs and the fhest elements that will then lpartially cleaned andwallowed ly the seaAfter these
observations, the high temporal frequency survey allowed to assess the different accumulated / eroded
volumes according to the processes and associated morphologies (ablation zone and accumulation
zone) between the different datesoirder to better understand the seasonal temporality and the role

and the weight of each controlled factors (sea erosiorgenhdwaterelevation) (Thomas Roulland

thesis in progress).

Figure 8 Erosion and accretion areas: TLS differential moddl 3MFKHYV QR L(M&ch2@® L1V
October 2017)

4/ Discussion

4.1/ Rhythms of evolutions

The identification of several sectors with distinctive retreat rates raises questions about the causes of
this spatial distribution of the cliff retreat rates (especially its relation to the outcropping of different
chalk strata), and more, the tempora8itbetween two clif€ollapsesat the saméocation (Evrard et

Sinelle, 1980;Trenhaile 1987; 2011; Sunamura, 19%rageret al.,2008; Kennedt al.,2014).The
knowledge of the cliffs evolution rhythms is as fundamental as that of their rates, bgpedize

context of the timing of the movement of properties and people threatened by the. declthe

Figure9 showsfor the chalk cliffs of Seine Britime, tKk H VHFW R U VDOQLGN KP RGRHAJDWH ™ UH\
are affected by infrequent but voluminoreckfalls (Costa 1997; Costt al. 2003; 2004; Letortu

2013), and correspond to cliff foot cut into Turonian, Cenomanian, and even Coniacian outcrops
(Antifer/Fécamp Fécamp/SairValéry-enCaux; Dieppe/Le Tréport).By contrast, the rapidly
retreating sctors, affected by frequent but less voluminous rockfalls, correspond to Santonian and
Campanian outcrops (Saivaléry-en-Caux/Dieppe).
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Figure9: Cliff retreat, aerage retreat per fall and average time between two cliff falls for cliffs chalk
of Sene Maritime.

Even within each of these coastal sections, important variations do exist. These sharp variations are
linked with the influence of cliff collapses or anthropogenic obstacles, such as harbour arms or major
groynes that disrupt the gravel triarfsom the southwest to the norteast. Then down current from

these obstacles, the cliff retreat can be multiplied {Z@staet al., 2006). These observations are
confirmed by the analysis of the retreat at 50 m intervats (0).

Figure 10 Impact of majorcliff falls or anthropogenic obstacles on chalk cliff retreat of Seine
Maritime (A), and some examples of measures at 50 m intervals (B).

Forthe?9DFKHV 1RLUby\Yompadhg bM documents (terrier plan, land register map) aeria
photographs, postcard photography) and more contemporary data (orthophotographs, satellite images,
dGPS surveys, LIDAR survey) between 1759 and 2016 (257 years), the results show a marked decline
in the main scarp estimated -a0.39 m/year, but also amverage annual decline of0.27 m/year
between 1837 and 2016 (179 years). The secondary scarp declined more mode6tB3bym/year

between 1759 and 2016 (257 years), then@y8 m/year over the period 1837 and 2016 (179 years).

The basal scarp hasw@ore contrasted evolution, with some sectors in erosion, others in progradation,
and some sectors without significant evolution (or included in the margins of error). The erosion
values are generally between0.02 m/year to- 0.15 m/year between the difent periods. The
progradation values range from + 0.02 m/year to + 0.15 m/year, often included in front of the locality
"Hermitage". Comparison with the average evolution rates (in m/year) of other Normandy clay and
marl cliffs (ranging from0.15 m/yeato -0.30 m/year) showed that the foot of the basal scarp suffered

a slight overall decline. These studies showed that nuances needed to be made in the evaluation of
shorter time step velocities due to the reactivation and progression of major landslkdegareshore
WKDW DOWHU WKH FRDVWOLQH ,Q WKH FOLIIV RI WKH 29DFKH\
"'Hermitage" where a large landslide occurred between 1837 and 1947, causing the main scarp to
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retreat by more than 120 m and the coasttm advance by more than 50 m (Maquairel., 2013;
Roullandet al.,in pres$.

Thus, on sectors with cliffs evolving by landslides and mudflows, nuances in the evolutions must be
made according to the sectors and according to the periods consideredolttion calculated over a

long period is probably more significant when taking into account the "cycle" of evolution of the cliff.

For marl cliffs of different configurations, evolution can occur within cycles of 30 to 40 years in
London clays (Hutchison, 1973), or of a hundred years in the Gault clay cliffs of Dorset (Brunsden

and Jones, 1980) where the activation of summit flows depends largely on the retreat of the lower part

Rl WKH FOLII 3LHUUH 7KXV |RU \WtidnHoftBeD'Eyilel Yo HeRakeBrHV ™~ FOL
into account would be at least around 250 to 300 years to be able to setexrorgolutionary trend

of decline.

4.2/ Factors responsible for triggering gravitational landslides (rockfall slide, debris fall) and
thresholds

The crosgeferencing of multdate and multdocument datasawell as that of some agensserosion
processes can provide information about the factors responsible for triggering gravitational landslides.
At the SNO-OMIV landslide of Villerville , the link was clearly established between efficient rainfall,
groundwater level and displacements of the unstable slopes (Wgql@90; Lissaket al., 2009

Lissak, 2012). Efficient rainfall increase the roof level of theugdwater until it exceed a threshold

rain quantity, considered in the literature as the main triggering factor of worldwide landslides
(Zezere, 2002 Zezereet al., 2015 Guzzetti et al., 2008; Peruccacci et al, 2017). The link
intensity/duration has aapticular impact on the overtaking of shthreshold (Zezeret al.,2015.

In order to highlight the relationship between rain, groundwater and displacement of the Villerville
deepseeted landslide, lorgrm chronicles of data should be used (Eif). To this end, data from a
SLHIRPHWHU RI WKH QDWLRQDO QHWZRUN ORFDWHG LQ 'DQHVWL
were crossednalysed with efficient rainfall data measured at the MEtéoce weather station of
SaintGatiendesBois (locatedd km backwards the landslide). Then, those chronicles were linked to

the major events known which affected this great coastal landslide.

Figurell: Evolution of the groundwater level of the Danestal welll of the effective annual rainfall
of the StGatierdesBois climatic station from 1974 to 2018

This correlation analysisinitially expressed by Lissak (2012jevealed a sma#cale causal
relationshipbetween the hinterland groundwater level and the four major accelsraliearved on
the coastFig. 11). From this observation, a regional warning threshold have been proposed in cases in

13
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which the piezometer of Danestal exceed a depth of 11m/GL and the effective rainmonghd
period is over 250 mm (Lissadt al.,2013).

For the chalk cliffs of Seine Maritime, determination oftte triggering factors of rocfalls is more

difficult. Based on a census of 3&ialk cliff rockfalls collected weekly between 2002 and 2009 from
VeuleslesRoses to Le Trepothe relationship between dates of clifick falls and external factors
commonly agreed as triggering (rainfall, temperature variations, tide and wind) is qttidied?)

The combination of multivariate statistical and empirical analyses indigatestuet al.,2015) that

(1) thehighrainfall are an essentialiggering factorsand especially the most massive chalgk falls

(mostly larger than 10,000%n(confirmed studied of Pierre and Lahousse, 2006; Dupeiriadt,2002;

2004; 2005)(2) but also théreeze/thaw cyclew/hich areresponsible for scree production phenomena
(individual particles), (3) marine factors are not negligible but their influence is difficult to quantify
because rockalls of small volumes may be quickly removed during a turbulent patodever, the
contribution of each factor to triggering is difficult to determine because of combinations of factors
(84 % of 331 cases), relays of processes and hysteresis phenomena. In view of these first results, it is
still presumptuous to predict the location and timérighering of rockfalls. However, the statistical

and naturalistic approaches adopted and the observations made in this study are from an original
database, and constitute a real starting point for the prediction and prevention of the hazard of coastal
chalk cliff rock falls.

A B

Figure 12: Example ofelationship between cliff fallsnventoried andexternal factorsshows
combinations and relays of processes (A), emidtivariate statistical analyses (PCA) of 331 chalk
cliff rock falls (Letortuet al.,2015) of Seine MaritimgB).

Conclusion

The retreat rates of the sedimentary cliffs of Normandy are abeB® 2tn/year. These values are in

line with what is generally observed for this type of geology (Woodroff, 2002; Dungiwsh 2008;
Mooses and Robinson, 2011; Kennedgt al., 2017). Spatial disparities are due to lithological
variations (outcrop less resistant at the foot of cliffs), but also and above all to the existence of
obstacles to coastal drift (structures or cliff falid)ich considerably and locally increase the retreat
rates. These values are also comparable to what has been observed on the English coasts for similar
materials (Durnbusket al.,2008) while the orientation towards swells is different. However, beyond
the lithological variations there may be other factors that explain the spatial variation in retreat rates.
Among these factors not exposed in this warithe width of the platform, the height of the cliff, the
width of the beaches at the foot of the eliffthe intensity of the fracturing of the rocks, the presence of
more or less important groundwater...

This work also shows the interest of diachronic analysis using a multisource and multitemporal
approach (comparison of historical documents of modest precision, but allowing observation over
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large areas with high frequency and high resolution data, allowing the cliff face to be studied locally).
This work provides information on the "periodicitiesf' the evolution of the various cliffs that are
essential for the temporal management of the movement of goods and people.

The high frequency and high resolution moriitg carried out as part of SNDynalit and SNO-

OMIV greatly improves the knowledge ttiese sitesEven if the monitoring is carried out only in

fairly small areas, it allows to finely spatialize the evolutions, especially on the cliff face. It makes it
possible to distinguish betweestreesand mass movements, to quantify the productiomledfris

brought to the sea. However, the development of these new techniques (laser and photogrammetry) is
recent (a decade). The results therefore have a limited temporal representativeness. To be exhaustive,
high-resolution data will have to be acquireder the entire cliff evolution periodicity ("evolution
cycle"), which for some of them is at least two decades. Similarly, the frequency of surveys should be
well above 24 per year to define the agents and processes responsible for weathering cliffs or
triggering gravity movements. It is also for these reasons that it is very difficult to estimate the impact
of climate change and sea level rise on cliff recession rates. Moreover, the extent of anthropization on
coastal dynamics in recent decades maskpdhsible influence of these global changes.

This work also shows the importance of setting up observatories fottdamgmonibring such as
, 16 8 BNO-Dynalit and SNO-OMIV, or INEE's 3workshop zones(3=RQHV $W H&ibhdUV "™~ R
Institute on Ecology anBnvironment studies)
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