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ABSTRACT

This study focuses on the architectural characterization of a mixed sand-
and-gravel spit in relation to its multi-decadal evolution. The spit, located in
the Somme estuary in northern France, is a 5 km long sedimentary body
made of several amalgamated ridges with a hooked terminus. Flint pebbles
originating from the erosion of Cretaceous chalk cliffs and sands reworked
from the tidal flat constitute the spit. Aerial photographs demonstrate that
the spit formation started in the 1940s and document its growth through
time. The architecture of the spit has been characterized by ground-
penetrating radar (GPR) investigation using 400 MHz and 900 MHz anten-
nas. The GPR data are used to distinguish progradational, aggradational and
transgressive geometries that are related to cross-shore and longshore con-
struction, respectively. Three main morpho-stratigraphic domains character-
ize the spit from the root to the terminus: (i) a beach-ridge domain mainly
made of progradational structures; (ii) an intermediate domain formed by
beach-drift structures topped by deposits with cross-shore geometries; and
(iii) a spit-terminus domain mainly composed of beach drift structures
which incorporate sand deposits. At the scale of an individual ridge, high-
frequency GPR data indicates five types of sedimentary architectures associ-
ated with the evolution from a hook stage to the subsequent elongation stage.
The overall development of the barrier spit is the result of complex interac-
tions between wave and storm dynamics, potentially modulated by the vari-
ability of submersion time related to the 18.6 year tidal cycle, and
anthropogenic activities including groyne construction and gravel reloading.

Keywords Barrier spit, English Channel, ground-penetrating radar, hyper-
tidal, internal architecture, morphological evolution.

INTRODUCTION

Coastal spits are known for their high elongation
rate due to littoral drift and their high preserva-
tion potential (Otvos, 2012). These coastal barri-
ers are also sensitive to extreme marine events
due to their narrow width and the lack of con-
tact of their downdrift section with the main-
land (Davidson-Arnott & Fisher, 1992). This
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study focuses on less studied gravel barriers that
are closely related to energetic wave conditions
and extreme storm events (Orford &
Carter, 1982; Carter & Orford, 1984, 1993; Orford
et al., 2002; Orford & Anthony, 2011; Lindhorst
& Schutter, 2014; Goslin & Clemmensen, 2017).
Coarse-grained barriers protect back-barrier
environments from wave attack, as their steep
beach face and very porous and permeable
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sediment absorb wave energy and reduce wave
run-up (Buscombe & Masselink, 2006). However,
coarse-grained barriers, due to limited sediment
sources, are more sensitive to variations in sedi-
ment supply as compared with their sandy coun-
terparts (Orford et al.,, 1991). Coarse sediment
accumulations are related to various proximal
sediment sources, including eroding cliffs (Carter
& Orford, 1993; Isla & Bujalesky, 2000;
Anthony, 2002; Letortu et al., 2015), fluvial sedi-
ment supply (Massari & Parea, 1988; Dubar &
Anthony, 1995), submarine platform erosion
(Payo et al., 2018), glacigenic sediment supply
(Forbes et al., 1995; Orford et al., 2002) and bio-
logical sediment production (Holmes et al., 2000;
Etienne & Terry, 2012; Jahnert et al., 2012; Weill
et al., 2012). Most coarse-grained barriers form in
middle to high latitudes, with the exception of
bioclastic barriers (shells, coral rubble). Accord-
ing to Jennings & Shulmeister (2002), gravel bea-
ches can be classified based on grain-size
distribution, and most are mixed systems com-
posed of sand and gravel. Because grain size and
sorting control sediment porosity and permeabil-
ity, the degree of grain-size mixing between sand
and gravel-size sediment controls swash—ground-
water hydraulic exchange and consequently sedi-
ment transport (Buscombe & Masselink, 2006).
For this reason, the degree of mixing has a strong
influence on beach dynamics, and more generally
on barrier behaviour. Earlier studies by
Kirk (1975), Orford & Carter (1982) and Orford
et al. (1991) have demonstrated the effects of a
high permeability on swash and overwash
dynamics, such as the rapid construction of
berms and the smaller size of gravelly washover
fans as compared with sandy fans. The emergence
of high-resolution ground-penetrating radar
(GPR) stratigraphy has provided new insight into
the long-term evolution of such coastal bodies
(Neal et al., 2002; Jol & Bristow, 2003; Engels &
Roberts, 2005; Montes et al., 2018).

Barrier spits owe their characteristic morpholo-
gies to alternating phases of ridge elongation and
of recurving that results in hook formation. How-
ever, the processes behind this alternation are
still unclear. Some authors, such as Allard
et al. (2008) and Poirier et al. (2017), support
wave climate variability as a trigger for spit
recurving, stating that spit elongation is more
likely to be associated with energetic conditions
and a high sediment flux rate, while hook cre-
ation is more likely to be associated with less
energetic conditions and low sediment supply.
Other authors support an autogenic control on

these morphologies, such as spit-headland
bypassing (Ashton et al., 2016; Vieira da Silva
et al., 2016), inlet migration (Hayes, 1975; Tye &
Moslow, 1993; Le Xuan et al., 2011) or ridge
stacking (Hine, 1979). The role of wave climate
conditions in hypertidal environments, such as
in the present study, is limited by the fact that
wave action is not always effective on the spit
(Kulkarni et al., 2004; Robin et al., 2009a). Tides
do not directly affect hook formation but can con-
trol displacement of ebb delta swash bars across
the estuary by intertidal channels (Robin &
Levoy, 2007; Michel et al., 2017) and modify
the shoreline wave processes (Carter &
Orford, 1984). The aim of this study is to investi-
gate the sedimentary architecture of a coarse-
grained barrier spit, in relation to its morphologi-
cal evolution. The study, based on GPR investiga-
tion, focuses on a sand-and-gravel spit located at
the mouth of the Somme estuary (English Chan-
nel, northern France). The spit started to form in
the 1940s and has undergone rapid development.
Its evolution is well-documented by aerial pho-
tographs, which provide useful chronological
markers if linked to the GPR stratigraphy. This
combined approach provides new keys to better
understand the morphodynamic processes that
control internal structure and development of
gravel spits, such as longshore versus cross-shore
construction and formation of a hooked terminus.

STUDY AREA

The study area is located along the southern
shore of the Baie de Somme (northern France),
the main estuary of the northern English Chan-
nel. The Baie de Somme, including supratidal
and intertidal areas, covers a 70 km? area
(Fig. 1A and B). The internal bay and sheltered
areas are dominantly composed of salt marshes
and mud flats incised by tidal creeks. Together
with the main channels of the Somme and the
Maye rivers, tidal channels form a complex net-
work in the sandy intertidal domain that pro-
gressively widen seaward. This channel-and-
shoal intertidal zone extends offshore through a
5 km wide inlet, forming a vast and almost sym-
metrical ebb-tidal delta. To the north, the inlet
is bordered by ancient Pleistocene sand spits
and dunes sheltering a partially reclaimed
coastal plain (Marquenterre and Le Crotoy areas;
Fig. 1). The southern side of the inlet is charac-
terized by a 16 km long gravel barrier spit (the
Cayeux spit) extending from its root at Ault-
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Fig. 1. (A) Location map of the study area (coordinates in WGS84). (B) Morpho-sedimentary map of the Baie de
Somme. (C) Location of the GPR profiles at the Molliére barrier spit. Background digital elevation model (DEM)
derived from 2017 LiDAR data — IGN 69 elevation datum (ROL, Réseau d’Observation du Littoral). Mean sea-

level = 1.106 m IGN.

Onival, to its terminus at Le Hourdel (Fig. 1).
The construction of the Cayeux spit began at the
foot of a Cretaceous cliff at Ault-Onival, about
2500 years ago (Dupont, 1981). As the spit elon-
gated northward under the action of the regional
dominant littoral drift, it progressively deviated
from the cliff, with low sheltered wetlands
developing between the newly formed barrier
and the fossil cliff. These wetlands now cover
an area of 43 km?, and were reclaimed during

the 17™ and 18™ centuries and called ‘Les-Bas-
Champs’ (Fig. 1). The wetlands’ average eleva-
tion is 4 to 5 m below the highest tide level.

The main pebble source of the barrier is from
the retreat of the coastal cliffs composed of Cre-
taceous chalk with flints (Colbeaux et al., 1980),
located south of Ault-Onival. Cliff erosion deliv-
ers flint pebbles that are transported northward
by littoral drift (Costa, 1997). Pebble size ranges
between 3 cm and 7 cm.
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The Baie de Somme experiences a semi-
diurnal hypertidal regime (Archer, 2013) with a
mean tidal range of 8.65 m in front of the bar-
rier. Water levels during mean neap and spring
tides reach 3.56 m IGN and 5.41 m IGN (French
elevation datum, mean sea-level =+1.106 m
IGN), respectively. The highest astronomical
tides (HAT) reach 6.14 m IGN (SHOM, 2017).
Surface tidal currents measured at the spit ter-
minus (i.e. at Le Hourdel in the estuarine inlet)
reach up to 2.5 m s~ ' during spring tide flood
(SOGREAH, 1995, in Michel, 2016). Dominant
winds blow from west to south-west and pro-
duce offshore waves that are typically <2 m high
and approach from the same sector. Offshore
waves >4 m high and with a period higher than
8.5 s are occasionally measured (Bastide, 2011).
This west/south-west wave dynamic generates
the dominant northward littoral drift and the
longshore transport of flint pebbles. The mean
elevation of the barrier is 8.0 to 8.5 m IGN, i.e.
about 2 m above the highest tide levels. In this
area, decennial, centennial and millennial
surges are at 0.91 m, 1.32 m and 1.76 m with
regard to mean spring tide level (Bastide, 2011).

The overall evolution of the Cayeux spit dur-
ing the last decades is documented in aerial
photographs and historical maps. Examination
of this material indicates that: (i) the downdrift
elongation of the barrier is negligible, with the
spit terminus (Le Hourdel) being reworked by
the wandering of tidal channels at the inlet; (ii)
south of Cayeux-sur-Mer, the retreating barrier
has been largely restored by beach nourishment
and installation of >100 groynes over 10 km of
the coast; and (iii) the only sector prograding
along the barrier is located between Cayeux-sur-
Mer and the quarry of Le Hourdel (Fig. 1),
where a 5 km long gravel spit (hereinafter
referred as the Molliere spit, in red in Fig. 1)
developed along the larger Cayeux spit since the
1950s (Dolique & Anthony, 1999; Bastide, 2011).
Because its recent development can be moni-
tored by aerial photographs, the Molliere spit
has been chosen to investigate the detailed mor-
phostratigraphy of a gravel spit.

METHODOLOGY

Aerial images

The oldest aerial photograph of the study area is
from 1935 ce. From 1940 to 2000 cE, approxi-
mately one aerial image per decade is available

(BD ORTHO® Historique, IGN, Institut
Géographique National). Five additional infra-
red aerial photographs, with a horizontal accu-
racy of +0.5 m, are available within this time
span (1961 cE, 1975 cE, 1986 cE, 1997 cE and
1999 ce). They provide complementary informa-
tion with higher contrast between sand and
gravel deposits. After 2000 cg, five images per
decade can be wused thanks to additional
Pleiades (£0.5 m, IGN) and SPOT (41.5 m) data.
Two LiDAR surveys in 2013 cE and 2017 cE
(ROL, Réseau d’Observation du Littoral) are also
available, providing accurate elevation data of
the barrier spit.

Image georeferencing has been performed
using QGIS 3.6 (QGIS Development Team,
2019). Geodesic system RGF93 with IAG-GRS80
was chosen as the reference ellipsoid and Lam-
bert93 conic as the projection system with met-
ric coordinates.

The Molliere spit has been mapped and digi-
tized on all available images. The main criteria
to digitize each ridge were the colour and textu-
ral contrast between sand and gravel deposits.
These data allowed for highlighting of the cross-
shore and longshore evolution of the barrier spit
system since the beginning of its construction.
Additionally, the position of the crest of the
active ridge in every image provides chronologi-
cal markers traced into the GPR profiles.

Ground-penetrating radar

Ground-penetrating radar (GPR) has been widely
used in coastal environments (e.g. Neal
et al., 2002; Jol & Bristow, 2003; Engels &
Roberts, 2005; Lindhorst et al., 2008; Tamura
et al.,, 2008; Bennett et al., 2009; Jahnert
et al., 2012; Tamura, 2012; Weill et al., 2012;
Tillmann & Wunderlich, 2013; Billy et al., 2014;
Fruergaard et al., 2015, 2020; Baumann
et al., 2017; Montes et al., 2018). The main limi-
tation of GPR is the dissipation of the electromag-
netic signal in highly conductive sediments, such
as beach sands saturated with saltwater, and
mud-dominated deposits (Leatherman, 1987; Jol
et al., 1996; van Heteren et al., 1996, 1998). By
contrast, GPR usually provides high-quality data
in granular coastal sediments lying above the salt-
water table, such as upper beaches, washover
deposits and aeolian dunes, with penetration
depth in the order of a few metres to 10 m.

In the present study, the GPR survey was car-
ried out using a GPR SIR-3000 system (Geophys-
ical Survey Systems, Inc., Nashua, NH, USA)
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with 400 MHz and 900 MHz shielded antennas.
The 400 MHz antenna was used for the large-
scale survey of the spit along shore-normal tran-
sects, complemented locally by shore-parallel
profiles. The 900 MHz antenna was used to
more accurately image specific parts of the bar-
rier, such as spit hooks or washover lobes.
Although the GPR survey was performed during
low neap tide, when the gravel spit had not
been flooded for several days, the sand platform
below the gravel barrier was still saturated with
seawater. Mean signal penetration depth reached
up to 5 m with the 400 MHz antenna and never
went below 2 m IGN, which is approximately
the elevation of the intertidal sand platform. As
a result, penetration of the active beach face was
strongly limited and was almost null in the
topographic lows and the back-barrier system,
due to the presence of clayey sediment and the
nearly outcropping saltwater table. Ground-
truthing with cores or trenches was not possible
due to the very coarse nature of the sediment. In
parallel to GPR data acquisition, high-resolution
topographic data were acquired using a DGPS
Leica Viva GNSS GS10 (Leica Geosystems AG,
Heerbrugg, Switzerland) with 2 cm vertical
accuracy. A total of 6 km of GPR profiles were
acquired along the barrier, from the root to the
terminus of the spit (Fig. 1C).

The GRPGy software (Plattner, 2020) was used
to process the GPR data, including time-zero
adjustment, background removal, time-depth
conversion, migration (f-k Stolt) and topographic
correction. For time-to-depth correction, a veloc-
ity of 0.112 m ns™' was chosen based on the
analysis of reflection hyperbolas (Jol & Bris-
tow, 2003). This value is consistent with the
velocity range in unsaturated sand and gravel
deposits provided by Neal & Roberts (2000) and
Neal (2004). DGPS data has been used for the
topographic correction of the profiles.

RESULTS AND STRATIGRAPHIC
INTERPRETATIONS

Morphological evolution of the Molliere spit

In 1935 ck, three gravel ridges formed the incipi-
ent 1 km long Molliere spit between Cayeux-sur-
Mer and the lighthouse of Brighton [Fig. 2,
1935 ck (1)]. A few hundred metres down-drift of
the small Molliere spit terminus, the coastline of
the large Cayeux spit appeared sandy.

Morphostratigraphy of a sand-gravel barrier spit 5

The intertidal platform was covered by well-
developed sandy swash bars [Fig. 2, 1935 cE (2)].
From 1939 ce, the Molliere spit started to
develop across the area later mapped with GPR.
Gravel ridges started to appear from the south-
west on the 1947 cE image [Fig. 2, 1947 cE (1)]. To
the north-east, sandy swash bars merged on the
upper tidal flat. Attached to the coastline, at an
inflection point [Fig. 2, 1947 cE (2)], this sandy
platform isolated a small depression behind
[Fig. 2, 1947 cE (3)]. By 1961 cE, the first gravel
ridge that had appeared on the 1947 ce image had
grown <200 m eastward and displayed a well-
defined hooked termination, almost attached to
the shore [Fig. 2, 1961 cE (1)]. It is succeeded by a
set of at least four elongated ridges [Fig. 2,
1961 cE (2)], which led to the overall elongation
of the Molliere spit by about 700 m. The develop-
ment of this new set led to the progradation of the
coastline of about 250 m. The individual ridges
have an arcuate shape and are re-attached to the
shore on their downdrift termination. The elonga-
tion of the younger ridge continued behind its re-
attachment point, growing quickly on a likely
sandy platform. Downdrift of the coastline inflec-
tion point [Fig. 2, 1961 ck (3)], the sandy platform
prograded seaward, associated with the amalga-
mation of large sandy swash bars [Fig. 2, 1961 cE
(4)]. Until 1991 ce the spit was moderately
reshaped and elongated by the addition of a few
new ridges, the distal terminations of which are
attached to the main shore [Fig. 2, 1991 cE (1)].
Spit elongation was about 1000 m in 30 years.
Between 1991 ce and 2000 ce (<10 years) a new
set of ridges of about the same size as the previous
one has developed [Fig. 2, 2000 ct (1)]. The con-
struction of a sandy platform by swash-bar amal-
gamation appears to be an important process for
gravel spit elongation. Individual ridges at the
spit end are less amalgamated and shorter than
they were before 2000 ce. Most of the distal ridge
extremities are not attached to the main shore,
displaying a free hooked termination. This third
set continued spit elongation until the present
with the addition of new very long ridges (about
600 m) [Fig. 2, 2013 cE (1)]. The total spit elonga-
tion from the 1930s to the present is about 5 km,
with a maximum coastline progradation of about
300 m. A wide salt marsh area developed
between the active Molliere spit and the main
coastline of the Cayeux spit. In the most recent
image (2017 ce) two new ridges of about 120 m
and 300 m in length appear in front of the previ-
ously described ridge sets [Fig. 2, 2017 cE (1,2)].
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1935 CE

1961 CE

Fig. 2. Main evolutionary stages of the Molliere spit since 1935 ct based on analysis of aerial photographs (from
1935 to 2013 ck) and satellite imagery (Spot, 2017 ck). Ridge chronology and the location of domains D1, D2 and
D3 (Fig. 3) are presented on the 2017 cE image. Road D102 is highlighted in red to help comparisons between
images. Arrows highlight morphological features that are described in the text.

Finally, image analysis shows that almost all
of the structures that formed during the 70-
year evolution of the Molliére spit have been
preserved (Fig. 2, 2017 cE). From this analysis,
the Molliere barrier spit can be subdivided
into three main morpho-sedimentary domains
from the south-west to the north-east (Fig. 3;

locations on Fig. 2), termed D1 to D3. The root
domain (D1) is characterized by a wide gravel
barrier made of ridges amalgamated since the
1960s (Figs 2 and 3). D1 essentially shows sea-
ward beach-ridge-like progradation. The termi-
nations of ridges developed prior to 1960 cE
are isolated behind D1. The intermediate
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domain (D2) is composed of the ridges that
developed between 1961 ce and 1986 ce. These
ridges are all re-attached to the main Cayeux
spit. The Molliere spit terminus domain (D3)
corresponds to the last elongation stage of the
spit which occurred since 1991 ce. Individual
ridges in D3 are not re-attached to the main
Cayeux spit and display a hooked termination.

Descriptions and interpretations of GPR
facies and geometries

Seven main radar facies have been distinguished
based on amplitude, geometry and continuity of
reflections (Fig. 4). The combination of radar
facies and delimiting radar surfaces allows
delimination of sedimentary bodies, which are
interpreted in terms of depositional processes,
and which are classified as progradational,
aggradational or overwash features.

The main characteristics of the radar facies
in terms of reflection geometries are included
in Fig. 4. The following section interprets the
seven facies based on these characteristics.
Facies F1 is observed on the seaward face of
individual ridges and is thus related to swash
deposits, which constitute the beach face
(main progradational domain). F1 on active
ridges is abruptly attenuated by the presence
of saltwater in the sediment (Facies F1’). Radar
facies F2 represents aggradational berm geome-
tries. Facies F3 forms the core of individual
ridges in the intermediate and terminus
domains D2 and D3 and is not observed above
the highest tide levels. Facies F4 is interpreted
to characterize washover deposits. Washover
deposits are underlain by erosive surfaces and
constitute aggradational sedimentary units.
Facies F5 is associated with overtopping
deposits, which contribute to ridge aggrada-
tion, and fits on the top of ridges (crests).
Facies F6 is visible on the landward side of
the ridges within the morpho-sedimentary
domain D3 and is characteristic for aeolian
sand dunes. Facies F7 is commonly observed
on salt marshes located behind D2 and D3
ridges. Here, signal attenuation and low pene-
tration depth are associated with the conduc-
tive inter-ridge sediments, made of silt and
clay partially saturated by brackish to salty
water.

Internal architecture of the Molliére spit
Three GPR profiles are used to illustrate the
three morpho-sedimentary domains of the

Morphostratigraphy of a sand-gravel barrier spit 7

Molliere spit (root — D1, intermediate — D2 and
terminus — D3).

Root domain (D1). The internal architecture of
the root domain (D1) is illustrated by GPR line
D1-01 (Fig. 5), a 220 m long cross-shore profile.
Line D1-01 starts at the limit between the sandy
tidal flat and the gravel beach face, at an eleva-
tion of 4 m IGN. Its landward termination is
located in a flat, dry and sandy back-barrier
depression at 4 to 5 m IGN. The prominent
gravel barrier, with an elevation of 7 to 8 m
IGN, is situated on the profile between the 20 m
and 140 m distance markers. It is topographi-
cally characterized by three ridges decreasing
slightly in elevation landward (Fig. 5A) sepa-
rated by 1 m deep depressions. The active
beach-face slope angle is 5 to 9° below the high
spring tide (HST) level (5.41 m) and is more
than 17° above the HST level. The landward
slope of the barrier is about 5°.

Signal penetration is variable along the profile,
from: (i) a few tens of centimetres on the active
beach face (profile distance 0 to 15 m; Fig. 5A to
C); (ii) 3 to 4 m below the seaward ridge; (iii)
to about 5 m in the two landward ridges (50 to
125 m); and (iv) around 3 m in the back-barrier
flat (150 to 220 m). Primary, high-amplitude and
continuous reflections bound sedimentary bod-
ies of various geometries including beach-face
deposits (radar facies F1; compare Fig. 4), berms
(F2), washover lobes (F4) and overtopping
deposits (F5). These sedimentary bodies have
been classified in terms of aggradational, progra-
dational or transgressive units, and numbered
from 0 to 29 based on their stratigraphic
chronology (Fig. 5C). According to their stacking
patterns, the radar units can be grouped into
Unit Sets (US). Within the root domain (D1),
four Unit Sets (USr1 to USr4) are distinguished
as follows, from the oldest to the youngest.

® USrl (units 0 to 7) is essentially composed
of beach-face deposits (F1), associated with a
shoreline progradation on 60 m. The lowermost
units are flat-lying whereas slope values are
maximum (up to 6°) within the uppermost units.
The top of the Unit Set rests at 4 m IGN, which
is the current sand-flat elevation. It is likely that
the low-elevation of USr1 is the consequence of
gravel pits as suggested by truncated gravel
ridges observable on the LiDAR DEM.

e USr2 (units 8 to 15) is associated with a
strong aggradation (F5) of the barrier (more than

© 2022 International Association of Sedimentologists., Sedimentology
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D1

1947 CE

1952 CE

1963 CE

1982 CE

Fig. 3. Temporal evolution of the three morpho-sedimentary domains illustrated by aerial photographs (from
1947 to 2017 cg). All images have the same geographic footprint (located in Fig. 2-2017 cE). GPR lines D1-01, D2-
01 and D3-03 shown in Figs 5 to 7 are indicated in each domain. Arrows highlight morphological features that
are described in the text.
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Fig. 3. Continued
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SN ~]

(vertical exaggeration = x5)

Seaward <@ Landward

Sub-parallel to sigmoid, steeply sloping towards sea,
continous to semi-continuous and moderate amplitude
reflections = Beach face

F1

Oblique reflections as F1 in which signal is suddenly
attenuated on a vertical axis = Active beach face

F1’

Oblique towards land, parallel, continuous to
semi-continuous and moderate amplitudes. These
reflectors are intersected seaward by an oblique,
continuous and high amplitude reflector = Berm

F2

Arched, semi-conforms, continuous and strong
amplitude reflections = Ridge core

F3

Sigmoid to sub-parallel, gently sloping towards land,
F4 | semi-continuous and high amplitude reflections
= Overwashing deposits

Sub-horizontal, sigmoid to sub-parallel, discontinuous
F5 | and moderate to high amplitude reflections
= Overtopping deposits

Sigmoid to sub-parallel, steeply sloping towards land,
F6 | continuous to semi-continuous and low amplitude
reflections = Aeolian dunes

Sub-horizontal, continuous and strong amplitude
F7 | reflections. Signal is progressively attenuated downward
= Inter-ridge sediments made of silt and clay

Fig. 4. Radar facies defined from GPR profiles. All image samples are extracted from cross-shore profiles (sea to

the left).

2 m), by the top of unit 15 reaching the highest
tide level. The overall progradation of USr2 is
about 40 m.

® USr3 (units 16 to 23) comprises almost
exclusively progradational beach-face deposits
(F1). The progradation of USr3 occurred
over a distance of 50 m. A slight aggrada-
tional component approximately 1 m thick is
associated with wunits 22 and 23, which
reaches an elevation of 7.5 m IGN. The base

of the bottom sets, when visible, is at around
4 m IGN.

® USr4 (units 24 to 29) forms the youngest ridge,
anchored on a nucleus associated with units 24
and 25. Berm deposits (F2) allow the ridge aggra-
dation and the progradation of beach-face deposits
(F1). Berm and beach-face deposits are sometimes
reworked as washover deposits (F4). The top of
USr4 reaches an elevation of 8 m IGN, almost 2 m
above the highest tide level.

© 2022 International Association of Sedimentologists., Sedimentology
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12 L. Pancrazzi et al.

Two additional units (I and II) have been
identified, although their chronostratigraphical
relationship remains unclear. Unit I onlaps the
landward side of USr1, at an elevation ranging
between 3 m IGN and 4 m IGN. The purely
aggradational geometry suggests that unit I is the
result of the infilling of the back-barrier depres-
sion, probably during tidal inundation. Unit II
shows overtop—overwash geometries. It partly
overlaps USr3 and completely overlaps USr2,
and downlaps the top of USrl. Unit II results
from overwashing processes during the deposi-
tion of USr3 past 1991 ck.

Seven time-lines between 1952 cE and 2019 cE
are identified within the GPR line using the aerial
and satellite images (Fig. 5B and C). According to
these markers, the chronological frame of the suc-
cessive Unit Sets can be proposed: USr1 (domi-
nant progradation) before 1952 cg; USr2
(dominant aggradation) between 1952 ct and the
1980s; USr3 (dominant progradation) during the
1990s; and USr4 (the last ridge, mixed prograda-
tion/aggradation) during the last 20 years. The
overall evolution from USr1 to USr4 is a continu-
ous progradation combined with general aggrada-
tion.

Intermediate domain (D2). The internal archi-
tecture of the intermediate domain (D2) is
imaged by the GPR line D2-01 (Fig. 6), a 210 m
long cross-shore profile. It starts at the limit
between the sandy tidal flat and the gravel
beach face, at an elevation of 3 m IGN. Its land-
ward termination is located at 6 m IGN at the
foot of a fossilized ridge (Fig. 6A and B). The
first 40 m of the profile correspond to the active
ridge, with a steep beach-face slope (12°) and a
crest reaching almost 7 m IGN. Between 40 m
and 120 m, a sequence of four stacked ridges
developed, their crest at 7 to 8 m IGN being
clearly visible, separated by troughs, more than
1m deep. A 15 m wide and 2 m high ridge
occurs at 135 m, and it is isolated from the pre-
viously described ridge cluster by fine-grained
back-barrier deposits. Finally, a 60 m wide salt-
marsh extends up to the end of the GPR profile.
It has an elevation of 4.5 m IGN and is incised
at 160 m by a small tidal creek (Fig. 6A).

The maximum signal penetration depth is
around 3 m under the main ridges. It decreases
towards the active beach. As for GPR profile D1-
01 within the spit root domain (D1), radar units
are numbered, based on their stratigraphic
chronology, from 0 to 23 (Fig. 6C), and grouped
into three Unit Sets (USi1 to USi3).

® USi1 (units 0 to 9) comprises three individual
ridges. They are composed of an aggradational
ridge core (F3 — units 1, 4 and 7), flanked seaward
and landward by a progradational beach-face (F1 -
units 0, 2 and 5) and overwash deposits (F4 —units
3 and 6), respectively. Unit I, which has been
deposited after the gravel ridges, corresponds to
salt marsh deposits (F7) between ridges.

e USi2 (units 10 to 18) comprises three
ridges. Aggradational ridge core deposits (F4 —
units 10b, 10c, 14 and 16) are set on gently
seaward-dipping surfaces, possibly lower beach-
face deposits (unit 8) or low-lying sediment bod-
ies, such as sand bars that develop in front of
gravel ridge terminations (units 11 and 12). The
height of the aggradational ridge core never
exceeds the highest tide level. These cores are
flanked seaward and landward by progradational
beach-face deposits (F1) and overtopping depos-
its (F5) to washover deposits (F4), respectively.
Because of overtopping, the ridge crests reach
an elevation between 7 m IGN and 8 m IGN.
Due to their proximity, the ridges are strongly
amalgamated; overwash deposits of the most
seaward ridge fill the inter-ridge depression and
progressively onlap the beach-face deposits of
the ridge landward.

® USi3 (units 19 to 23) comprises the two
youngest ridges, built by an aggradational ridge
core (F3 — unit 20), topped by overtopping and
washover deposits (F4/F5 — units 21 and 22b),
which partly lean on USi2, and beach-face
deposits (F1 — unit 22a). Unit 23 is the active
beach face (F1’).

As for the spit root D1, five time-lines between
1991 ce and 2019 ct have been placed along the
GPR profile of the intermediate domain D2. The
following chronological frame of the Unit Sets is
proposed: USi1 (dominant aggradation) before
the middle of the 1990s; USi2 (mixed prograda-
tion/aggradation/transgression) between the mid-
dle of the 1990s and the middle of the 2000s;
and USi3 (mixed progradation/aggradation) dur-
ing the last decade. Unit I is still activated at
present by tidal channels.

Terminus domain (D3). The internal architec-
ture of the spit terminus (D3) is imaged by the
60 m long cross-shore GPR profile D3-01
(Fig. 7). The GPR line starts on the active beach
face, crosses two gravel ridges, and ends in the
back barrier salt marsh. The mean signal pene-
tration depth is 4 m, except on the active beach
face and salt marshes where the signal is
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strongly attenuated. The ridge crests are elevated
above the highest tide level (6.3 m IGN and
7.1 m IGN) and frame a small inter-ridge depres-
sion. The main radar surfaces allow distinguish-
ing three main Unit Sets (USt1 to USt3).

® USt1 is composed of unit 0 which is a 2 m
thick aggradational sequence at the base of the
barrier. It shows discontinuous, conform, sub-
horizontal to gently seaward-dipping reflections.
The erosional top surface is dipping seaward
with an angle between 1° and 2°.

e USt2 (unit 1 to 4) unconformably overlays
USt1. USt2 is composed of aggrading sediment
packages. These form the basement of the two
ridges, which frame a 20 m wide and 1 m deep
depression filled with washover deposits (F4 —
unit 4a) and aggrading deposits (unit 4b). The
top of USt2 is bound by an erosional surface
dipping seaward with an angle of 1°.

® USt3 (units 5 to 8) corresponds to the devel-
opment of the two ridges above HST level. The
most landward ridge, located 1 m above the
highest tide level, is composed mainly of beach-
face deposits (F1- unit 7), backed by aeolian
dunes (F6 — unit 8). The youngest ridge, barely
above the highest tide level, shows a gently
seaward-dipping beach face (F1 - unit 6a)
backed by washover deposits (F4 — unit 6b).

Since the evolution of the spit terminus
domain (D3) is dominantly aggradational, time-
lines based on aerial image analysis apply only
to USt3. Time markers allow the inner ridge to
be dated to 2011 ce (the seaward is the present-
day ridge). Throughout the domain aggradational
geometries were only deposited below the high-
est tide level, as suggested by the unusually low-
angle dipping slope, if compared to the two pre-
vious morpho-sedimentary domains (D1 and D2).

Hook structures and connecting points

A hooked ridge terminus has been surveyed in
detail using a 900 MHz antenna and closely-
spaced orthogonal profiles for a high-frequency
GPR investigation (Fig. 8A, see location in
Fig. 1C).

Main ridge

D2-02 is a 70 m long shore-parallel profile that
follows the crest of the main ridge (Fig. 8B).
Signal penetration is about 3.5 m and allows
the distinction of four units (1 to 4, Fig. 8B’).
Unit 1 is a basal unit located updrift of the

hook inflection point (Fig. 8A). It is character-
ized by oblique, continuous reflections of mod-
erate amplitude which are downlapping on a
horizontal reflection at 4.5 m IGN. Unit 2,
located between 40 m and 70 m, is a basal
unit located downdrift of the hook inflection
point. It is bounded at the base by the same
horizontal reflection as unit 1 and at the top
by a continuous and sub-horizontal reflection
at 5.5 m IGN. Both units are located below
HST, and the transition between unit 1 and
unit 2 corresponds to the position of the hook
inflection point [Fig. 8B’ (I1)]. Unit 3 covers
the two first units and shows low amplitude
horizontal to sub-horizontal discontinuous
reflections. Reflections located below HAT
level (covering unit 2) seem more continuous
than those located above HAT level. Unit 4 is
differentiated from unit 3 by an almost contin-
uous high amplitude horizontal reflection at
7 m IGN. Radar facies of unit 4 is more chao-
tic than unit 3 facies.

Hook ridge terminus
Profiles D2-03 (Fig. 8C and C’) and D2-04
(Fig. 8D and D’) are a longitudinal and a cross-
section of the investigated hook, respectively.
D2-03 is a 60 m long profile from the intersec-
tion with D2-02 to the hook terminus [Fig. 8A
(I1)]. Signal penetration varies between 7.5 m at
the beginning of the profile and about 1.5 m
along the thinnest part of the hook. The signal is
completely dissipated on a high amplitude con-
tinuous and horizontal reflection at 4.5 m IGN,
the same elevation of the inter-ridge sandy
depression, interpreted as the water table
(Fig. 8C).  Moderate-amplitude,  continuous
reflections located below HST level are down-
lapping on the horizontal basal reflection with
an angle of 3°, and up to 9° at their termination
(Fig. 8C’). Sequences of downlapping reflections
are bounded by erosion surfaces (moderate-
amplitude reflections). Unit 1 described in pro-
file D2-02 is intersected in the first 20 m of the
profile, between 5 m and 6 m IGN, by a high
amplitude reflection with an angle of 1 to 2°.
Unit 3 is above this surface and represents a
berm facies (Fig. 4, F2). Unit 4, over unit 3, is
delimited by two concave and high amplitude
reflections at 7 m IGN. This last unit constitutes
the top of the main barrier, which reaches 8 m
IGN, and is composed of conform and discontin-
uous reflections.

Profile U2-04 intersects unit 1 perpendicularly
at 44 m [Fig. 8C’ (12)]. The profile is 17 m long

© 2022 International Association of Sedimentologists., Sedimentology
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Fig. 7. D3-01 GPR profile interpretation in the spit terminus domain D3. (A) GPR data. (B) Line drawing. (C)
Interpretation with unit numbers (sedimentary bodies), stacking pattern and Unit Set numbers (USt).

and shows a maximum signal penetration of
1.5 m down to the water table (Fig. 8D). Unit 1
has been subdivided into four cross-shore sub-
units separated by moderate-amplitude and con-
tinuous reflections. Unit 1a has a purely

aggrading geometry with conforming reflections.
Unit 1b is slightly prograding and unit 1c
slightly overwashing. Unit 1d overtops the three
sub-units and is slightly asymmetrical towards
the sea.
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Inflection point

D2-05 is a 45 m long profile, perpendicular to
the main ridge. It crosses profile D2-02 at the
ridge inflection point [Fig. 8E’ (I1)]. Signal pen-
etration depth is about 3.5 m at the top of the
main ridge and decreases to <1 m after 25 m.
The main ridge is symmetrical, with seaward
and landward slope angles of 10°, and lean on
an ancient hook with an almost flat top (Unit 0,
Fig. 8E’). The water table, located at an eleva-
tion of 4 m IGN and 4.5 m IGN below the main
ridge and the fossilized hook, respectively, is
identified by a strong reflection which progres-
sively disappears towards the main ridge sea-
ward face. The basal ridge wunit (Unit 1,
Fig. 8E’) shows a typical berm facies (Fig. 4,
F3) and its crest reaches an altitude of 6 m
IGN. Unit 3 represents another berm, with a
crest almost reaching 7 m IGN. Unit 4 is
aggrading above unit 3, reaching 8 m IGN, and
shows beach-face facies (compare Fig. 4, F1).
The position of the ridge crest moved 10 m sea-
ward from unit 1 to 4. According to its posi-
tion, the basal berm (unit 1) corresponds to a
hooked-ridge termination and forms the base-
ment of the inflection point. Units 3 and 4 cor-
respond to a new phase of ridge elongation,
and the subsequent abandonment of the hooked
terminus.

DISCUSSION

Depositional model for the Molliere spit

Development of individual ridges
Revealing the internal architecture of individual
ridges allows proposing a model for their

Fig. 9. Model of gravel-ridge
development. Two views (longshore
and cross-shore sections) of ridge
internal structures show beach-face
configuration, overwash deposits
and ridge core. HAT, Highest
Astronomical Tide.

Morphostratigraphy of a sand-gravel barrier spit 17

development, comprising two phases (Fig. 9).
The first phase is the creation of a ridge core sit-
uated below the HAT. This limit is linked to the
limit of the breaker zone, where the bedload
transport of pebbles by the littoral drift occurs
(Carter & Orford, 1993). The longitudinal section
of the ridge core is characterized by low-angle
sigmoid strata dipping in the direction of the lit-
toral drift (Fig. 8C’); the cross-section is symmet-
rical (Fig. 8D’). The aggradational architecture of
the core is associated with the beach drift in the
breaker zone which supplies gravels to the ridge
terminus, subsequently reworked by wave
refraction. This architecture, with steep
landward-dipping strata, is specific to barrier
spits, where ridge development is associated
with elongation through beach drift, and it does
not result from storm activity or berm develop-
ment as in beach ridge systems (Tamura, 2012;
Bendixen et al., 2013; Hein & Ashton, 2020).
The second phase, dominated by cross-shore
processes allows the aggradation of the ridge
above the HAT level, and is thus assumed to
occur during storm-surge events. Corresponding
structures are composed of swash deposits on
the seaward face of the ridge as well as overtop-
ping and overwashing deposits on its top and
back (for example, units 17 and 18, Fig. 6C).
Swash deposits generate the steepest strata of
the ridge, increasing the initial ridge core slope.
Landward-dipping strata associated with over-
washing deposits can be as steep as swash
deposits if the ridge is isolated. When the ridge
is close to or leaning against an older ridge,
overwash deposits can form a gently landward-
dipping terrace, with strata paralleling the basal
surface (for example, units 9 and 13b, Fig. 6C).
Similar cross-shore geometries associated with

Longshore transport

L=
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beach-face, overtopping and overwash deposits
have been reported by Bennett et al. (2009) on
the swash-aligned gravel barrier of Chesil Beach
(UK). Billy et al. (2014) investigated the internal
architecture of sand-and-gravel beach ridges on
both sides of the Miquelon—Langlade tombolo
(north-west Atlantic), with contrasting wave
exposures. They found that internal reflectors of
ridges formed along the more exposed coast are
1 to 2° steeper than those formed along the more
sheltered coast.

The development of individual gravel ridges
is thus characterized by a first phase comprising
spit elongation by deposition of down-drift dip-
ping strata below the HAT level, and a second
phase comprising aggradation associated with
swash and overtopping/overwash deposits
(Fig. 9). The coincidence between the top eleva-
tion of the spit foresets and the highest tide
level has been described by Fruergaard
et al. (2020) in a hypertidal sandy barrier spit.
In other systems (e.g. Lindhorst et al., 2008,
2010; Costas & FitzGerald, 2011), this distinction
is not observed. The sedimentary structures are
continuous across the highest tide level, and the
upper beach-face deposits show clear down-drift
dipping strata in longitudinal sections.

Hook formation

The combination of GPR data from profiles D2-
02 to D2-05 (Fig. 8) with timing derived from
image analysis allows proposing a morpho-
stratigraphical model of gravel hook formation.
This model (Fig. 10) is composed of five mor-
phological steps (1 to 5) associated with four
stratigraphical cross-sections (A to D). Step 1
corresponds to the longshore elongation of an
individual ridge over the sand platform, with
the previously described aggrading core archi-
tecture (Fig. 10—A1). Step 2 represents the
onshore migration of the ridge terminus, as doc-
umented by overwashing geometries that replace
the conform and symmetrical ridge core
(Fig. 10—B2). This architecture, located at the
base of the ridge (Unit 1, Fig. 8E’), may be asso-
ciated with a storm event or several storm
events during high tide levels. During Step 3,
the longshore elongation of the ridge terminus,
which is now recurved landward (hook mor-
phology), resumes (Fig. 8C) and the overwashing
beds are covered by progradational and aggrada-
tional geometries that result from longshore
transport (Fig. 10—C3, units 3 and 4 in Fig. 8E’).
In Step 4, the transport recovers its original
shore-parallel direction, and the sand platform

re-initiates growth. The welding of swash bars at
the hook front probably plays an important role
in initiating this new stage of ridge construction
through longshore elongation as this can be seen
in the intermediate domain between 1982 and
1991 cE (Fig. 3—D2). The sheltered hook is no
longer supplied by the littoral drift and becomes
abandoned (Fig. 10—D4). The first steps of
development of the new ridge are illustrated in
B5 and C5 (Fig. 10). In B5, the ridge is prograd-
ing and aggrading. In C5, a new ridge can form
and lean on the beach face of the initial
recurved ridge. The final Step 5 corresponds to
the development of the new ridge in front of the
abandoned ridge (D5).

The role of swash bars in the development of
sandy barrier spits has been studied in some
macrotidal inlets (Robin & Levoy, 2007; Robin
et al., 2009a, 2009b; Montreuil et al., 2014; Le
Bas & Levoy, 2018). These morphologies are
integrated into the terminus of the sandy spits
(Robin et al., 2009b, 2020) and have even been
found in the architecture of some barriers in
microtidal (Nielsen & Johannessen, 2009),
mesotidal (Lindhorst et al., 2008, 2013; Costas &
FitzGerald, 2011) and macrotidal environments
(Fruergaard et al., 2020). The role of swash bars
in the development of gravel barriers has not
been studied yet but they seem to be an impor-
tant element of gravel spit dynamics. According
to this conceptual model, hook formation is
thought to be triggered by storm-generated over-
washing that amplifies the ridge-terminus curva-
ture, and the following stage of shore-parallel
ridge-terminus elongation can be facilitated by
the welding of swash bars.

Alongshore evolution of the spit architecture

The Molliere spit shows contrasting morpholo-
gies and sedimentary architectures from the
spit root to the terminus (Fig. 11). The root of
the Molliere spit is located immediately down-
stream of the fulcrum point of the larger Cayeux
spit, which marks the transition from an ero-
sional to an accretional coast (sensu Ashton
et al., 2016). The root domain (D1) features a
characteristic morphology with stacked parallel
ridges. It can be seen from aerial photographs
(Fig. 3) that individual ridges in D1 grow down-
drift under the action of oblique waves. Because
of the strong linearity of the coastline at the spit
root, and because the sand platform is not well-
developed, there is little space available for the
new gravel ridges to elongate on the sand flat.
Thus, they develop at the foot of pre-existing
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ridges. Exposed to wave action, the new ridges
are reworked and amalgamated to the spit bar-
rier. The internal architecture of the root domain
reflects the reworking of individual ridges by
cross-shore  processes; stacked prograding
sequences of well-developed beach-face deposits
including large berms and some washover
deposits. The resulting architecture has some
common  characteristics = with  beach-ridge
sequences, as reported by Montes et al. (2018)
in sandy-to-gravel beach-ridge plain of Rio
Chico (Argentina). In that model, prograding
beach-face sequences are deposited during fair-
weather conditions and berm deposits are
emplaced during the post-storm recovery of the
eroded beach profile through the development
and migration of swash bars. On the Molliere
spit, it is also clear that berms form on flattened
beach-face slopes (2 to 3°), and subsequently
contribute to the beach face recovery with much
greater slope values. However, there is no evi-
dence from aerial photographs that sandy swash
bars can migrate atop the very coarse gravel

beach and contribute to the construction of the
berm deposits.

In the intermediate domain (D2), individual
spit ridges, which correspond to incremental
growth of the Molliere spit, are well-preserved.
There is, however, an increasing tendency of
ridge stacking from Unit Set 1 (USi1) to Unit Set
3 (USi3). This is attributed to the downdrift
migration of the Molliére spit and the subsequent
straightening of the coastline which reduces the
space available for ridge development; the mor-
phology and structure of the intermediate
domain are slowly evolving towards those of the
root domain. The aggradational geometry of ridge
cores is quite unusual in spit systems. Spit ridges
and barriers generally experience intense rollover
due to storm surge induced washovers, as indi-
cated by high-angle landward dipping stratifica-
tions (e.g. Tillmann & Wunderlich, 2013; Montes
et al., 2018). Only a few papers, such as those of
Smith et al. (2003) and Wright et al. (2018),
reported stacked sequences of convex-shape GPR
reflections constituting the core of a fossil coarse-
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grained spit at Lake Bonneville (Utah, USA) and
of a modern sandy spit at Long Bay (South Caro-
lina, USA), respectively. The absence of complete
ridge rollover on the Molliére spit is probably
due to the rapid elongation of new spit ridges on
the shallow sand flat, which protects the older
ones from further reworking. Moreover, in a
macrotidal environment, the co-occurrence of
energetic wave events and HST flooding is rare
and of short duration (Robin et al., 2020), thus
minimizing the time available for the reworking
of spit ridges.

At the spit terminus (D3, Fig. 7), the sand
platform plays a significant role in ridge devel-
opment. Due to the proximity of the ebb-tidal
delta of the Somme estuary, the sand platform
in front of this part of the spit is wider and has
a higher elevation (5 to 6 m IGN) compared with
the wupdrift parts of the spit (morpho-
sedimentary domains 1 and 2, 3 to 4 m IGN).
The ridges are thus more protected from wave
action, with wave energy dissipated on the
sandy platform. Despite having a slightly lower
thickness (<1 m), ridges are less frequently
flooded due to this protection from storm surges.
Gravel fluxes to the spit terminus are thus
reduced, and the dynamics of swash bars that
migrate shoreward on the sand platform sup-
plies sand to the spit. Besides wave action, the
wind blowing on the platform during low tide is
a significant factor in supplying sand to the

barrier. The sand is carried onto the ridges
where it settles into the interstitial areas
between coarser clasts and contributes to the
spit architecture or is deposited on the landward
side of the highest ridge creating a dune
(Fig. 7C). The high elevation of the sand plat-
form at the Molliére spit terminus is also proba-
bly responsible of the planform geometry of the
hooked ridges, which feature a relatively small
curvature. Based on numerical experiments,
Ashton et al. (2016) suggested that the depth of
the depositional basin controls the length and
curvature of the spit hook. In a deeper basin,
sediment flux conservation requires a shorter
shoreline arc length and larger curvature to pro-
grade the hook with the same rate as in a shal-
lower basin.

The three successive morpho-sedimentary
domains are related to the overall longshore
development of the spit. During the first stage of
development, which may be equivalent to the
present-day D3, the littoral drift mainly con-
tributes to the development of individual ridges.
As the spit is elongated in the following stages,
the fulcrum point migrates downstream (Ashton
et al., 2016), increasing sediment by-passing and
ridge amalgamation along the upstream domains.
The fulcrum point of the Cayeux spit, which
was initially located in front of Cayeux-sur-Mer,
moves downstream towards the intermediate
domain (D2). The root domain (D1) represents
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(A) Evolution of the barrier stratigraphy in the three morpho-sedimentary domains (spit root — D1, intermediate
domain — D2, spit terminus — D3; location on Fig. 2). (B) Main anthropogenic actions. (C) Number and severity of
historical storm-surge induced submersions in the Eastern English Channel (Letortu et al., 2012). (D) Cumulated
annual time of submersion exceeding 4.5 m IGN and 5 m IGN calculated with predicted tide-level data for
Dieppe, 40 km south-west of Cayeux-sur-Mer (SHOM, Service Hydrographique et Océanographique de la Marine).
Grey bars highlight the periods combining high annual tidal-induced submersion time and intense storm activity.

the most mature evolution of the spit and the
remnants of earlier ‘downdrift’ stages cannot be
observed in the GPR profiles. It is possible to
characterize a fulcrum ‘area’ where the prograda-
tional beach-face geometries reflect the sediment
by-passing towards the downdrift domain. In the
terminus domain (D3), the littoral drift is active
only during high-tide levels and the spit elonga-
tion is slow.

Climatic and anthropogenic control of spit
evolution

The temporal evolution of the Molliere spit is
characterized by alternating phases of beach-
face progradation and erosion, and major

periods of barrier retreat with associated trans-
gressive and aggrading deposits (Fig. 12A).
The number and length of hooked ridges also
seem to vary in time (Fig. 2). It thus might be
tempting to identify the major controls of spit
evolution.

At the scale of several decades (i.e. the devel-
opment of the Molliére spit), the evolution of
barrier spits is the result of complex interactions
between wave and tide dynamics (Allard
et al., 2008; Lindhorst et al., 2008; Nielsen &
Johannessen, 2009; Poirier et al., 2017), storm
impacts (Orford et al., 2002; Fruergaard
et al., 2013; Goslin & Clemmensen, 2017) and
sediment supply (Allard et al., 2008; Vieira da
Silva et al., 2016; Oliver et al., 2017).
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The sediment supplied to the Cayeux spit
originates from the erosion of chalk cliffs con-
taining flint. The construction of harbour jetties
at the end of the 19™ century and of two nuclear
plants in 1978 ce and 1981 ce has divided the
coastline into independent hydro-sedimentary
cells, which drastically reduced the gravel flux
to the Cayeux spit root (Ault-Onival), from
25 000 m® year ' to 2000 m® year ' (Leconte &
Viguier, 1996). The gravel (D > 20 mm) flux at
the Molliere spit root (Cayeux-sur-Mer) is esti-
mated at 80 000 m® year ', which results in
intense erosion of the Cayeux spit updrift of the
fulecrum point (between Ault-Onival and
Cayeux-sur-Mer). As a result of this erosion, two
measures have been undertaken: (i) the progres-
sive emplacement of 100 groynes every 90 m
from Ault-Onival to Cayeux-sur-Mer since
1965 ce (Fig. 12B), with the aim of slowing
down littoral drift in the eroding sector of the
Cayeux spit; and (ii) the regular nourishment of
the spit with gravels at Ault-Onival
(30 000 m® year ') and south of Cayeux-sur-Mer
(75 000 m® year™!), together with exceptional
nourishment following catastrophic erosion
events (for example, 660 000 m® year ' in three
years after the 1990 cE storm) and for the filling
of new groyne fields. Finally, well-rounded grav-
els are extracted directly on the beach-face for
industrial purposes along the Molliére root at a
rate of 20 000 m® year . It is clear that the sedi-
ment flux to the Molliere spit is strongly con-
trolled by human activities and is variable in
time. Also, it is very likely that exceptional
beach nourishment updrift of Cayeux-sur-Mer
produces pulses of sediment that lead to beach-
face progradation and ridge elongation, with a
lagged response difficult to estimate.

Storm-related submersion events from 1949 to
2010 ce along the coast of the Eastern English
Channel have been studied by Letortu
et al. (2012) (Fig. 12C). A succession of severe
storm surges associated with HST levels
occurred from the middle of the 1970s until
around 2000 ce, with the most severe events in
1984 ct and 1990 ck, and a cluster from 1935 to
2001 cE (Fig. 12C) (Costa, 1997; Bastide
et al., 2007; Letortu et al., 2012). Along the
Cayeux spit, damages due to barrier breaching
have been reported regularly since the 14™ cen-
tury, and during the development of the Mol-
liere spit (1935 cE, 1941 cE, 1972 c, 1974 cE,
1984 cE, 1985 cE and 1990 ce). Evidence of sev-
ere storm-induced erosion of the spit barrier are
visible on GPR line D1-01 (Fig. 5), where Unit

Set 2, deposited between 1952 ce and 1991 ck,
features large washover deposits.

Beyond the temporal variability in timing of
wave energy, the potential of beach sediment
reworking by waves in a macrotidal environment
is strongly related to the duration of tidal flooding
at the elevation of the gravel ridges (above 4 m
IGN at the study site). Prediction-based, tide-
related, cumulated annual submersion time (Weill
et al., 2013) above 4.5 m IGN oscillates between
125 h and 250 h, and suggests an 18.6 year nodal
tidal cycle (Haigh et al., 2011; Peng et al., 2019).
The 5 m IGN threshold shows the expression of
the 4.4 year tidal cycle (Ray & Merrifield, 2019),
with variation of the annual cumulated submer-
sion time between 0 h and 70 h (Fig. 12D). These
significant variations of the potential of sediment
reworking by waves may affect the development
and migration of swash bars on the upper tidal
flat, and the longshore gravel fluxes on the ridges
during fairweather conditions.

The relative contributions of the different con-
trols of spit evolution remain very difficult to
untangle, in this particular context of a macroti-
dal environment heavily impacted by coastal
management. This is without considering the
autogenic feedbacks (e.g. Cooper et al., 2007;
Chaumillon et al., 2014), potentially producing
autocyclic signals in the spit morphology and
dynamics.

CONCLUSION

In this study, the internal architecture of the
Molliere gravel spit in the Baie de Somme has
been investigated and correlated with its mor-
phological evolution since the 1940s.

Radar facies and surfaces were analysed and
interpreted in terms of progradational, aggrada-
tional and transgressive depositional units,
which helped to develop a depositional and
architectural model for this coarse-grained
coastal barrier. The spit can be divided into
three main morpho-sedimentary domains. The
first domain (D1), located at the spit root, shows
aggradational and progradational structures
which are mainly associated with the cross-
shore dynamics. For the intermediate domain
(D2), the internal architecture reveals the pre-
dominance of structures related to the long-
shore dynamics below the highest tide level,
associated with elongation of new ridges. Sedi-
mentary structures above the highest tide level
reflect cross-shore dynamics. The architecture of
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the terminus domain (D3) also reflects the long-
shore dynamics with aggradational and progra-
dational structures but is also significantly
influenced by the proximity of the ebb-tidal
delta of the Somme estuary, the sandbanks and
the development of swash bars.

The internal structure of a spit hook and of a
divergence point between two individual ridges
has been surveyed in detail. It is suggested that the
process of ridge curving (creation of a hook) is trig-
gered by storm-generated overwashing. The subse-
quent stage of hooked ridge abandonment and the
growth and elongation of a new ridge can be facili-
tated by the attachment of swash bars.

The temporal evolution of the barrier stratigra-
phy has been compared with human activities,
submersion frequency and duration of tidal
inundation during the period of spit growth.
The relative contributions of the different con-
trols of spit evolution are very difficult to untan-
gle in this context of macrotidal and managed
environment. However, severe storms are clearly
related to transgressive units described in the
ground penetrating radar (GPR) profiles, and
abundant beach nourishment after barrier
breaching is probably responsible for pulses of
spit-ridge elongation. Finally, the tidal modula-
tion of wave activity through submersion time is
significant and may play a role in barrier
dynamics. Future work has now to be under-
taken to understand how this decennial-scale
spit dynamics integrates within the long-term
evolution and stratigraphy of the main barrier.
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