gy N n
. W

Coastal Research Library 12 ey e R

Giovanni Randazzo
Derek W.T. Jackson
~J.Andrew G. Cooper Edltors

|Sand and
Gravel Spits

@ Springer



Coastal Research Library

Volume 12

Series editor

Charles W. Finkl
Department of Geosciences
Florida Atlantic University
Boca Raton, FL 33431
USA



The aim of this book series is to disseminate information to the coastal research
community. The Series covers all aspects of coastal research including but not
limited to relevant aspects of geological sciences, biology (incl. ecology and coastal
marine ecosystems), geomorphology (physical geography), climate, littoral ocean-
ography, coastal hydraulics, environmental (resource) management, engineering,
and remote sensing. Policy, coastal law, and relevant issues such as conflict
resolution and risk management would also be covered by the Series. The scope
of the Series is broad and with a unique cross-disciplinary nature. The Series would
tend to focus on topics that are of current interest and which carry some import as
opposed to traditional titles that are esoteric and non-controversial. Monographs as
well as contributed volumes are welcomed.

More information about this series at http://www.springer.com/series/8795



Giovanni Randazzo ¢ Derek W.T. Jackson
J. Andrew G. Cooper

Editors

Sand and Gravel Spits

@ Springer



Editors

Giovanni Randazzo Derek W.T. Jackson

Dipartimento di Fisica e di Scienze Environmental Sciences Research Institute
della Terra University of Ulster

University of Messina Coleraine, UK

Messina, Italy

J. Andrew G. Cooper

Environmental Sciences Research Institute
University of Ulster

Coleraine, UK

ISSN 2211-0577 ISSN 2211-0585  (electronic)
Coastal Research Library
ISBN 978-3-319-13715-5 ISBN 978-3-319-13716-2 (eBook)

DOI 10.1007/978-3-319-13716-2
Library of Congress Control Number: 2015936450

Springer Cham Heidelberg New York Dordrecht London

© Springer International Publishing Switzerland 2015

This work is subject to copyright. All rights are reserved by the Publisher, whether the whole or part of
the material is concerned, specifically the rights of translation, reprinting, reuse of illustrations,
recitation, broadcasting, reproduction on microfilms or in any other physical way, and transmission
or information storage and retrieval, electronic adaptation, computer software, or by similar or
dissimilar methodology now known or hereafter developed.

The use of general descriptive names, registered names, trademarks, service marks, etc. in this
publication does not imply, even in the absence of a specific statement, that such names are exempt
from the relevant protective laws and regulations and therefore free for general use.

The publisher, the authors and the editors are safe to assume that the advice and information in this
book are believed to be true and accurate at the date of publication. Neither the publisher nor the
authors or the editors give a warranty, express or implied, with respect to the material contained
herein or for any errors or omissions that may have been made.

Printed on acid-free paper

Springer International Publishing AG Switzerland is part of Springer Science+Business Media
(wWww.springer.com)



Contents

1  Evolution of Sandspits Along the Caribbean Coast
of Colombia: Natural and Human Influences. . . . ... ..........
G. Anfuso, Nelson Rangel-Buitrago, and Ivan Dario Correa Arango

2 Patterns of Sand Spit Development and Their Management
Implications on Deltaic, Drift-Aligned Coasts: The Cases
of the Senegal and Volta River Delta Spits, West Africa.........
Edward J. Anthony

3 El Paramo Transgressive Gravel Spit, Tierra
del Fuego, Argentina . . . .................................
Gustavo Gabriel Bujalesky and Gustavo Gonzalez Bonorino

4  Gravel Spit-Inlet Dynamics: Orford Spit, UK. ................
H. Burningham

5  Aeolian Sand Invasion: Georadar Signatures from
the Curonian Spit Dunes, Lithuania. .. ... ................. .
Ilya V. Buynevich, Albertas Bitinas, and Donatas Pupienis

6  The Joint History of Tréia Peninsula and Sado Ebb-Delta. . . . . ..
Susana Costas, Luis Rebélo, Pedro Brito, Christopher 1. Burbidge,
Maria Isabel Prudéncio, and Duncan FitzGerald

7  The Historical Evolution of the Tindari-Marinello Spit
(Patti, Messina, Italy) . . . . ...... ... ... ... . ... ........
Antonino Crisa, Stefania Lanza, and Giovanni Randazzo

8 Anthropogenic Influence on Spit Dynamics at Various
Timescales: Case Study in the Bay of Cadiz (Spain)............
L. Del Rio, J. Benavente, F.J. Gracia, C. Alonso, and S. Rodriguez-Polo



vi

10

11

12

13

14

15

16

17

18

The Development and Management of the Dingle Bay
Spit-Barriers of Southwest Ireland . . . . . . .......... ...
Robert J.N. Devoy

Polish Spits and Barriers. ... .......................
Kazimierz Furmanczyk and Stanistaw Musielak

Tidal Flat-Barrier Spit Interactions in a Fetch-Limited,
Macro-tidal Embayment, Lubec, Maine, USA . . ... ... ..
Joseph T. Kelley, Daniel F. Belknap, and J. Andrew Walsh

Sandy Spits and Their Mathematical Modeling . . . . . . . ..
Magnus Larson, Jaime Palalane, and Hans Hanson

Spits on the French Atlantic and Channel Coasts:

Contents

Morphological Behaviour and Present Management Policies. . . . . . 247

Hervé Regnauld, Stéphane Costa, and Jonathan Musereau

The Sand Spits of the Rhone River Delta: Formation,
Dynamics, Sediment Budgets and Management. . . . ... ..
Francois Sabatier and Edward Anthony

Long-, Mid- and Short-Term Evolution of Coastal Gravel
Spits of Brittany, France. . .........................
Pierre Stéphan, Serge Suanez, and Bernard Fichaut

Morphological Characterization and Evolution of Tahadart
Littoral Spit, Atlantic Coast of Morocco...............
M. Taaouati, G. Anfuso, and D. Nachite

Geomorphology and Internal Sedimentary Structure

of a Landward Migrating Barrier Spit

(Southern Sylt/German Bight): Insights from GPR Surveys
Tanja Tillmann

Morphology and the Cyclic Evolution of Danube
DeltaSpits................ .. . . . . .
Alfred Vespremeanu-Stroe and Luminita Preoteasa



Introduction

Among the most dynamic of coastal landforms, spits have been studied for many
years. Early studies described their physical form with little attention to their
formational processes. Among the first geomorphological studies of spits were
those of Douglas Johnston (1919) in the USA. Subsequently Evans (1942)
presented a landmark paper on evolutionary aspects of spit development, particu-
larly focused on recurve development. Zenkovich (1959) developed an important
model of cuspate spit development based on his work on the Caspian Sea. Schwartz
(1972), motivated by the intensification of coastal occupation for industrial, resi-
dential and recreational purposes, edited a volume on spits and bars, involving a
collection of previously published papers that set out the then state of the art. Since
then many studies of individual spits have been undertaken and understanding of
the formative processes has been much improved by advances in instrumentation to
measure wave and current dynamics, higher frequency of aerial observation and
topographic survey and application of new technologies such as ground-penetrating
radar. New approaches to conceptual modelling of spit evolution (e.g. Ashton
et al. 2001) have shown how small irregularities can create the nucleus for spit
formation and, importantly, that such irregularities grow to create previously
enigmatic rhythmic shoreline features (including spits) over long timescales.

Spits typically form from longshore transport of material from an up-drift source
and accumulation in or across a coastal re-entrant. In several instances, however,
downdrift sources are invoked as sediment sources for spit elongation as inlets
migrate (e.g. Aubrey and Gaines 1982). Once initiated, spits are responsive to
variations in the rate of sediment supply and dispersal, both of which may be
strongly non-uniform. Their morphological behaviour is further modulated by the
morphology of the re-entrant in which they are accumulating. The shape of the spit
at any given time is a major determinant of subsequent morphological change.

Spits form from a variety of materials of varying grain sizes from fine sand to
boulders. Gravel-sized grades, often reflecting glacial diamict sources, dominate in
higher latitudes while coarse carbonate material (coral rubble) builds spits in the

vii



viii Introduction

tropics under infrequent high energy events. Sand-sized material is, however, the
most common component of spits globally.

Once formed, spits evolve in response to wave energy and sediment supply.
Sections may develop planform equilibrium in response to wave energy distribu-
tion. When starved of sediment, cannibalisation of existing sediment may cause
narrowing and even breaching of the spit. Some of the most important work in this
regard was presented in conceptual models by Carter and Orford (1993) working on
gravel spits and barriers where slow relaxation times enabled spit evolution to be
observed more readily.

With their strong reliance on longshore sediment inputs, spits are highly sus-
ceptible to disruption by human interference. Sea defences (seawalls, breakwaters
and groins) placed on eroding source areas, interruption of longshore drift by
groynes, or interference in inlet bypassing system by jetty construction pose serious
threats to the integrity of spits.

Changing climate and sea levels are also likely to prompt future changes in spit
morphology. Spits may form and elongate or break down entirely in periods of sea
level rise depending on local factors. Under stable sea level phase, they may
become sediment-starved as sediment sources are depleted. Under such conditions
they may evolve toward swash-aligned equilibrium forms that involve cannibali-
zation of existing sediment and major changes in plan and profile.

Spits tend to be best developed in areas dominated by sea waves (short-period
waves that approach the coast at a high angle). As such they are common in
relatively sheltered sea environments (North Sea, Mediterranean, Caribbean,
Caspian) and less common in swell-dominated areas, where waves are more fully
refracted when they reach the shoreline.

This volume contains a series of contemporary studies of spits from around the
world ranging from high latitudes of southern Argentina (Bujalevsky et al.) to the
tropical Caribbean coast of Columbia (Anfuso et al.) and West Africa (Anthony).
The studies reported here involve a mix of sand and gravel spits. Stephan et al. and
Regnauld et al. focus on gravel spits of Atlantic France, while Burningham and
Bujalevsky et al. describe gravel spits in England and Argentina, respectively. Most
studies are concerned with a single spit, although Sabatier and Anthony and
Furmanczyk and Musielak present regional appraisals of spit morphology and
behaviour on the Rhone delta (Mediterranean Sea) and Polish coast (Baltic Sea),
respectively.

Many of the chapters are focused on the historical scale of spits, deduced from
cartography and aerial photographs (e.g. Anfuso et al.; Crisa et al.; Taaouati et al.),
while some authors have utilised historical sources (Burningham) and archaeolog-
ical data (Crisa et al.; Del Rio et al.). The role of extreme events, fairweather coastal
processes and longer-term geomorphological evolution are reported in studies using
ground-penetrating radar (Tillmann, Buynevich et al.). Larson et al. provide a state-
of-the-art review of contemporary engineering models of spit evolution.

Linkages between spits and adjacent sedimentary environments are stressed in
several of the papers. Kelley et al. describe spit-tidal flat interactions in Maine,
USA, noting an important supply from algal-rafted gravel. Buynevich
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et al. describe an important acolian dune component on Baltic sea spits linked to
historical climate variability while Costas et al. assess links between ebb delta and
spit development in an integrated approach that links the topographic evolution of
subaqueous and terrestrial landforms.

Spit evolution is often affected by anthropogenic interventions (Anfuso et al.;
Del Rio et al.), many of which are associated with the management of river basins
(Crisa et al.), especially dam construction (Anthony and Sabatier and Anthony).
Others are influenced by progressive reduction in sediment supply under natural
conditions, leading to spit disintegration (Devoy) or cyclic changes in morphology
(Vespremeanu-Stroe and Preoteasa).

While some authors (Sabatier and Anthony; Regnauld et al.; Anfuso et al.)
provide explicit suggestions for future spit management, all of the findings reported
in this volume have implications for the future management of spits under near-
future climate and sea-level change. The high degree of local influence on spit
evolution points to a need for detailed local knowledge to be combined with generic
knowledge of spit-forming and spit evolutionary processes when making manage-
ment decisions.

Environmental Sciences Research Institute J. Andrew G. Cooper
University of Ulster Derek W.T. Jackson
Coleraine, UK

Dipartimento di Fisica e di Scienze della Terra Giovanni Randazzo
University of Messina
Messina, Italy
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Chapter 1

Evolution of Sandspits Along the Caribbean
Coast of Colombia: Natural and Human
Influences

G. Anfuso, Nelson Rangel-Buitrago, and Ivan Dario Correa Arango

Abstract This work deals with the evolution of Bocas de Ceniza-Puerto Caiman,
Galerazamba, Isla Cascajo and Punta Canoas coastal sectors, located along the
120 km-long coastline between the Magdalena River mouth and Cartagena de
Indias, on the Caribbean coast of Colombia. Comparisons of coastline morphology
from reliable ancient charts, modern bathymetric surveys and remote sensing data,
show major changes (in some cases at kilometre-scale) related to the rapid erosion
and formation of offshore sandy shoals, spits and beaches. These sediment bodies
are linked to sediment supply from the Magdalena River. In 1935, after the
emplacement of two jetties at the river mouth, sediment was channelled offshore
and erosion ensued on the western part of the Magdalena delta. Spits and sandy
shoals rapidly migrated down drift. As a result, a spit at Puerto Colombia — present
on the 1935 and 1947 aerial photograms — progressively diminished and merged
with the coastline between 1953 and 1959. South of this location, a new spit formed
before 2000 and it presently shelters a marina at Puerto Velero.

At Galerazamba, a 5 km-long spit at a high angle to the coastline, was present
until 1864. It was replaced by a new spit, broadly parallel to shoreline, at some point
before 1947. This feature was much smaller than the one previously observed and it
has migrated down drift until the present. High rates of accretion were also
observed around Isla Cascajo, a rocky island that caused the development of a
rapidly growing tombolo. At Punta Canoas, a spit formed between 1947 and 1961
and, then migrated southwards.

G. Anfuso (0<)
Departamento de Ciencias de la Tierra, Facultad de Ciencias del Mar y Ambientales,
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2 G. Anfuso et al.
1.1 Introduction

Colombia has coasts on the Pacific Ocean and the Caribbean Sea. They are
populated by 4.3 million inhabitants, i.e. 11 % of the national population, distri-
buted into 16 and 30 coastal municipalities along Pacific Ocean and Caribbean Sea
coasts, respectively (DANE 2010).

The Caribbean littoral is a 1,600 km-long microtidal environment between
Panama and Venezuela (Fig. 1.1). The Caribbean coastal margin of Colombia is a
geologically complex region where Quaternary interactions among tectonic,
tropical climate and oceanographic processes shaped a varied and unstable coastal
zone characterized by spits, bars and beaches along the low coastal plains and
deltas, alternating with terraced and cliffed coastlines in rocky areas (Correa and
Morton 2010; Martinez et al. 2010).

Along the southern Caribbean coast of Colombia, offshore and onshore mud
diapiric intrusions are evidenced by weakened rock zones, domes and mud volca-
noes that deeply influence coastal geomorphology (Ramirez 1959, 1969; Correa
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Fig. 1.1 Location map of the four investigated sectors and wave rose




1 Evolution of Sandspits Along the Caribbean Coast of Colombia. . . 3

et al. 2007). Presently, some of these mud volcanoes (at Galerazamba, Punta
Canoas, Gulf of Morrosquillo and Arboletes) outcrop at or near the coastline and
partially affect littoral drift.

Calcareous sediment is common on island beaches (San Andres Islands, San
Bernardo and El Rosario archipelagos) and on a few beaches close to Santa Marta
and Cartagena de Indias. These sediments are linked to sub-aerial and marine erosion
of Plio-Pleistocene to recent coral reefs terraces and living reefs. The supply of coarse
terrigenous sediments (sand and gravel) is linked to four large rivers (Atrato, Sind,
Magdalena and Rancheria) and numerous small distributaries draining the Andean
region, and to the erosion of granular rocky sectors north of Cartagena de Indias.

Comparisons of coastline morphology from reliable historical charts and modern
bathymetric surveys and remote sensing, show substantial, in some cases kilometre-
scale changes in morphology of the Caribbean coastline. These changes are most
evident in the rapid erosion and accumulation of offshore sandy shoals, spits and
beaches (Martinez et al. 1990; Correa 1990). Most cliffed coastlines of this coast
are currently in an erosional state depending in part on the presence or absence of
frontal intertidal or subtidal depositional features (Correa 1990).

This paper is concerned with the geomorphological change on four of the most
rapidly changing sectors of the Caribbean littoral of Colombia, e.g. Bocas de
Ceniza-Puerto Caiman, Galerazamba, Isla Cascajo and Punta Canoas (Fig. 1.1).

1.2 Study Area

The four sedimentary systems are located in the Departments of Atlantico (Bocas
de Ceniza-Puerto Caiman sector) and Bolivar (Galerazamba, Isla Cascajo and
Punta Canoas sectors). They are developed along a 120 km-long coast extending
from the Magdalena River mouth to Cartagena de Indias, on the Caribbean coast of
Colombia (Fig. 1.1). This coast has two large commercial and touristic cities,
e.g. Cartagena de Indias and Barranquilla (DANE 2010) and is the most developed
area of the Colombian continental Caribbean.

The first significant human intervention in this zone was the construction in 1893
of a 1,200 m long pier at Puerto Colombia port which was the most important one
on the Caribbean littoral of Colombia until the emplacement in 1935 of Bocas de
Ceniza jetties to stabilize the main distributary channel of the Magdalena River
delta — the entrance to the new port of Barranquilla (Raasveldt and Tomic 1957).

These were followed in the last three decades by the construction of many
defense structures (groins and seawalls) and big developments including residential
buildings, condominiums and tourist resorts for both large-scale and exclusive use.
Most of these developments are presently (or will be in the near future) at risk from
the prevailing erosion, so the evaluation of magnitude and causes of coastal change
in this area is an essential issue for coastal management.

All the investigated sand bodies, three sandy spits and a tombolo, are composed
of terrigenous sand supplied essentially by the Magdalena River which is the largest
fluvial system in Colombia. It is 1,600 km long and drains a 257,438 km? basin,
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e.g. a great portion of the Colombian Andes, and has a sediment yield of 560 t km ™2

year ' (Restrepo and Lépez 2008).

A secondary source of sediments for this stretch of coast is erosion of cliffs north
of Cartagena de Indias (Correa 1990).

The Caribbean coast of Colombia is a tropical environment with maximum
precipitation of 2,500 mm/year. Seasonal variations in precipitation usually show
two rain periods (winter seasons, e.g. April-May and October—November) and two
dry periods (summer seasons, e.g. December—March and July—September).

Tides are of the mixed semi-diurnal type, with maximum amplitudes of 60 cm
(Andrade 2008; Correa and Morton 2010). Winds mean velocity is lower than
12 m/s, and higher values are associated with winds blowing from NE in the
December—March period. Lower values are observed in September—November
and are generally associated with winds from E. Surface sea currents are associated
with the Caribbean current -flowing during almost all the year from East to West-
and the Darien or Colombia current, which flows from Panama northeastward
(Thomas 2006).

Significant wave height generally fluctuates between 1 and 2 m, while the average
peak period is about 7 s (see wave rose in Fig. 1.1). Most of the year (November to
May), the Caribbean wave system is dominated by the presence of swell waves from
the NE. For the reminder of the year ower and less frequent waves from NW, WSW
and even SW occur. According to INVEMAR (2006) and Restrepo et al. (2012)
seasonal variations in wave approach directions are associated with changes in
significant wave height values, with the lowest records occurring each year between
August and October (<1.5 m), and the most energetic conditions occurring from
November to July, with significant wave heights sometimes exceeding 2 m. Conse-
quently, associated net longshore sand drift has a dominant south-westward compo-
nent, minor reversal occurring during the rainy periods when southerly winds become
dominant in some sectors and set up short, high-frequency waves able to cause
significant erosion along cliffed mud coastlines (Correa and Morton 2010).

Erosive events are also related to the impact of hurricanes and cold fronts (Ortiz
2012; Ortiz et al. 2013). Hurricanes, usually originating in the Caribbean area from
June to November may affect the Caribbean coast of Colombia with strong winds,
heavy rains and storm waves. Cold fronts, occurring during January, February and
March, cause strong swell waves which impact may be increased by trade winds
blowing from ENE. They usually hit the coast for about 48 h and have an average
occurrence of six events per year (Ortiz et al. 2013).

1.3 Methodology

Satellite images and aerial photogrammetric flights were used to reconstruct linear
coastline evolution and morphological variations of four sand bodies along the
Caribbean littoral of Colombia during different intervals from 1935 to 2013, i.e. the
medium to long-term period (Crowell et al. 1993).
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Following the methods described by Jiménez et al. (1997), Leatherman (1983),
and Pajak and Leatherman (2002), aerial photos were scanned, geo-referenced, and
computer rectified to eliminate scale and distortion problems (Chuvieco 2000;
Lillesand and Kiefer 1987; Moore 2000). Ground Control Points (GCP,) for
photo registration were obtained from the geo-referenced 2013 satellite image
and all information was presented in Projected Coordinate System UTM Zone 18.
Taking into account the smooth topography of the study area, a polynomial
transformation was applied in the registration process (Chuvieco 2000). The num-
ber of GCP; used varied from one photograph to another (from 9 to 15 units) and
their position was located in unequivocal places (Thieler and Danforth 1994).

The error due to document distortion (Moore 2000) was resolved and controlled
in the geo-referenced documents by visual observation, achieved by comparing the
registered photographs with the base map and deriving the root mean square error
(RMSE).

Given that the investigated area is a microtidal environment, shoreline position
was defined as the instantaneous water line position at the moment of the photo
(Pajak and Leatherman 2002; Boak and Turner 2005).

Wave height effects were not considered because no storm conditions were
observed in any of the photographs. In addition, effects of seasonal variation and
influence of individual storms on shoreline evolution have limited importance
because of considered time span and vast recorded morphological changes (Dolan
et al. 1991).

In order to quantify spits evolution, it was used the ArcGis 9.3 extension Digital
Shoreline Analysis System (DSAS), v. 3.2 USGS Woods Hole, Massachusetts
(Thieler et al. 2005) which uses, as an input, a series of shoreline positions
referenced to an arbitrary baseline. In this study, transects perpendicular to the
baseline were generated at 100 m intervals and the DSAS allowed calculation of
sand shoals surfaces.

Last, wave propagation was carried out using SMC (Gonzalez et al. 2007)
program in order to obtain prevalent current direction vectors along the
investigated area.

1.4 Results and Discussion

1.4.1 Coastal Evolution

The evolution of the investigated littoral was strongly influenced and linked to
Magdalena River delta evolution, river sedimentary supplies and, to a less extent,
the influence of neotectonic processes (Hoover and Bebout 1984; Correa 1990).

During the Pleistocene-Holocene period the Magdalena River delta complex
grew toward the WSW (Martinez et al. 1990) and great amounts of sediments
moved through the narrow shelf and into a canyon feeding the Magdalena Fan
(Shepard et al. 1967; Hoover and Bebout 1984).
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Fig. 1.2 Magdalena River delta reproduced in the historic map of Brigadier Fidalgo dated
between 1792 and 1812. Notice the large spit observed at Galerazamba broadly normal to the
shoreline

Around 1800, the delta front had a symmetrical form with the main river
distributary channel discharging on the west side (Fig. 1.2).

Heavy erosion of the western delta arm started in 1935 when the construction of
two 7 km-long jetties was completed. These structures were emplaced on the
western side of the Magdalena River delta to stabilise and reduce infilling problems
at river mouth entrance — the stabilised channel of the Magdalena River in fact
constituted the main entrance to Barranquilla port. After the jetties were
constructed it became the most important port on the Caribbean coast of Colombia.

As a result of jetties construction, the western part of the delta in successive
decades recorded hundreds of meters of retreat and vast areas of mangrove swamps
and coastal lagoons at Boca de Ceniza were eroded (Correa 1990; Matinez
et al. 1990).

Probably, this retreat and reconfiguration of the offshore sand bodies is at least in
part associated with temporal sediment deficits as a result of several submarine
slides. The first was immediately after the construction of the jetties in August
1935, and involved sinking along 484 m of the western jetty and depth changes at
the river mouth from 5 to 20-30 m (Koopmans 1971). Ten years later, in November
1945, another submarine slump destroyed 208 m of the western jetty and a new
slump was again recorded in July 1963 (Koopmans 1971).

From the Holocene to present, sediments supplied by the river created large
sandy shoals, spits and tombolos and constituted the primary sedimentary source
for downdrift beaches. Such sedimentary features migrated from NE to SW as far as
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Fig. 1.3 Wave heights and vectors of associated currents for the investigated area

Cartagena de Indias bypassing several rocky headlands and various human and
natural structures (Raasveldt and Tomic 1957; Correa 1990). The southward com-
ponent of sandbody migration was related to diffracted (at jetties) and refracted
swell wave fronts originally approaching from NE and ENE which give rise to
alongshore drift clearly SW directed (Fig. 1.3). The westerly component was
instead linked at places to specific bathymetric conditions (Figs. 1.1 and 1.3) and
perhaps to shorter sea waves related to west to east winds with velocities >1 m/s
and to eastern sea surface current (e.g. a component of the Caribbean current,
Thomas 2006). The specific evolution and behaviour of each of the investigated
sectors will be separately discussed from North to South.

1.4.1.1 Bocas de Ceniza-Puerto Caiman

This coastal sector is located immediately on the western side of Magdalena River
delta, hence sedimentary features were the largest and most dynamic (Fig. 1.4).

1935 aerial photographs recorded a well developed sand spit that was hundreds
of meters wide and >10 km long, with a surface area of c. 4.4 km?. The spit
originated from the mainland south of Punta Sabanilla and enclosed a coastal
lagoon (Fig. 1.4).

By 1947 the spit presented smaller dimensions (c. 3.3 km?) but similar form and
orientation (Fig. 1.4). Both the 1935 and 1947 features formed an angle of approx-
imately 40° with the shoreline. This is extremely high since spits are usually almost
parallel to shoreline (Carter 1988; Calliari 1994). Such singular orientation was
attributed by Martinez et al. (1990) to wave refraction and shoaling processes
linked to offshore uplifting of mud diapiric intrusions. Those authors stated that
sand spits were temporarily and eventually broke and migrated, but the reason was
unknown.
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Fig. 1.4 Evolution of Bocas de Ceniza — Puerto Caiman sector between 1935 and 2013
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The spit morphology, orientation and migration is related to wave propagation
patterns, influenced by jetties at the Magdalena River mouth, and to the bathymetric
characteristics of specific areas (Figs. 1.1 and 1.3).

Predominant wave fronts, approaching from NE, experience important
refraction and diffraction at the river delta acquiring, south of it, an almost shore
parallel orientation as also observed by Ortiz et al. (2014).

As aresult of wave action, the spit formed in the 1930s moved to the SW without
recording important morphological variations. Immediately south of the delta, the
feature probably started to impinge in a shallow area, e.g. a wide zone between —10
and —20 m, and began to adapt its form to the bathymetric contours linked to the
existence of a rocky seafloor (Correa 1990, see bathymetric map in Fig. 1.1).
Migrating further to the SW, at Punta Sabanilla, the spit migration (and conse-
quently its form) was again strongly influenced by bathymetric lines, specifically
the 10 m contour, which runs broadly parallel to coastline until Punta Sabanilla,
where it passes close to the headland, and than acquires a very different orientation,
i.e. it elongates westward, assuming an oblique orientation with respect to the
shoreline, similar to the one shown by the spit in the 1935 and 1947 aerial
photographs (see bathymetric map and spits orientation in Figs. 1.1 and 1.4).
Wave propagation presented in Fig. 1.3 evidenced as, at Punta Sabanilla, longshore
currents present a clear westward component and their velocities strongly increase,
this way confirming the importance of a westward directed drift at that point,
responsible for spit oblique orientation.

In 1953 the spit presented a very different form compared to previously
observations. This was because the sandy feature did not work as a spit sensu
stricto, e.g. a drift-aligned feature with a fixed end receiving sediments from an
updrift source and a free one migrating down drift (Carter 1988). After the jetties
construction, the spit no longer received sediments and thus it turned into a swash-
aligned sand shoal rapidly changing and freely migrating SW.

Specifically, in 1953, it appeared segmented into three parts. A sandy island was
formed about 4 km offshore of Puerto Colombia. The main body of the spit,
breached into two parts, was 4.5 km long and 1.1 km” smaller than the 1947 one.
The fixed spit edge was located at Punta Pradomar, between P. Sabanilla and Puerto
Colombia, and the free one about 2 km from the coast (Fig. 1.4).

The rapid migration observed during the 1947—-1953 period (respect to previous
time interval) and successive breaching between 1947 and 1953, were related by
Martinez et al. (1990) to storm impacts but may be also linked to the impact of
Hurricane Fox that in 1952, despite only having a category of Tropical depression,
directly hit the coast at P. Colombia.

The successive detachment of the spit occurred between 1953 and 1959 probably
because of the landward rolling of the spit associated with normal wave conditions
and storm effects (Martinez et al. 1990) and/or the impact of Hurricane Katie that
hit littoral — but not directly- in 1955 with the category of Tropical storm.

In 1973 the spit merged with large pre-existing sandy beaches forming a new
feature of about 4.6 km? elongated south-westward. In the following decade the
spit, still merged to coastline, continued its alongshore migration and experienced
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Fig. 1.5 Increasing beach erosion at Puerto Colombia, October 2012 (a) and 2013 (b) Flat beach
of fine sediments with umbrellas and chairs (¢) and human constructions (d) at Puerto Velero.
Long seawall (e) and groins constructed (f) south of Punta Sabanilla

0.49 and 0.47 km? of areal decrease in 1984 and 1991, respectively and creating
erosion problems at P. Colombia where some beaches totally disappeared
(Fig. 1.5a, b). In 1991 the spit reached Puerto Velero headland and in 2000 formed
a new small feature rapidly migrating SW as observed in 2011 and 2013 images.
Presently the spit shelters a water body where in recent years a recreational marina,
Puerto Velero, was constructed (Fig. 1.5¢, d). The spit is very flat and low and is
therefore strongly threatened by flooding events linked to storm waves. Further, the
fixed edge, is very narrow and will likely experience breaching in the near future
transforming the spit into a migrating sandy island with serious problems for human
settlements developed there.

The small spit which formed the coastal lagoon in 1935 south of Punta Sabanilla
persisted for several decades because it was protected by the headland and had a
sand supply from updrift eroding coasts such as at Bocas de Ceniza (Correa 1990).
In 2012 the spit was totally eroded exposing human settlements to potential erosion.
This was counteracted by emplacement of a long seawall and numerous groins
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(Fig. 1.5e, ). The groins trapped fine sediments and formed wide, smooth and low
beaches rich of quartz, feldspar and mica and heavy minerals that gave a dark
colour to the newly formed beaches.

1.4.1.2 Galerazamba Sector

Martinez et al. (1990) reported the existence from 1811 to 1864 of a 5 km-long spit
broadly normal to the shoreline at Galerazamba (Fig. 1.2). Such an uncommon
orientation was attributed by Martinez et al. (1990) and Correa (1990) to the
presence of offshore mud volcanoes (Ramirez 1969) and associated wave shoaling
processes that interrupted the drift patterns resulting in spit formation at an angle
almost normal to the coastline.

Within this study, it was observed that this ancient spit probably developed in a
bathymetric setting very similar to the one observed at Punta Sabanilla. Between
P. Caiman and Galerazamba, the 10 m bathymetric contour runs very close to shore
but at Galerazamba point it suddenly turns westward (see bathymetric map,
Fig. 1.1). Such bathymetric settings have influenced spit formation and orientation
blocking alongshore migration of a large sandy shoal that assumed an elongated
form parallel to the 10 m bathymetric line. Such observations are confirmed by
results of wave propagation: predominant wave fronts (approaching from NE)
favour the formation of intensive and clearly westward oriented currents at
Galerazamba point (Fig. 1.3).

A new spit, broadly parallel to the shoreline, appeared at some point before 1947
south of Punta Juan Moreno (Fig. 1.6). It is visible in recent aerial photographs and
satellite images, although with an area of 1.8 km? and it was much smaller than the

1947
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Fig. 1.6 Evolution of Galerazamba sector between 1947 and 2013
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ancient one observed until 1864. The modern feature enclosed different small water
bodies and migrated and changed its form in last decades (Fig. 1.6).

According to Correa (1990) the spit fulfilled an important protective function for
the backing lagoon and human settlements (the small village of Amanzaguapos)
until the beginnings of the 1950s. In the 1947-1954 period, erosion processes
produced 300 m of coastal retreat (Correa 1990). Spit erosion and narrowing
weakened spit protection function and erosion threatened human settlements that
were relocated landward. The new village, named Pueblo Nuevo, was founded in
1954 northeast of the previous one.

The spit experienced narrowing in 1964 and 1974 and the south part was totally
eroded in 1984, with the loss of 0.45 km2; as a consequence Pueblo Nuevo was
exposed to erosion processes and the settlement was relocated 100 m eastward in
1985 (Correa 1990).

In following years sandy supplies from alongshore drift favoured spit accretion
and southward migration of ¢. 500 m, with an associated growth of 1.0 km* (1991,
Fig. 1.6).

Southward migration in the following years allowed the free edge to merge with
the coastline (1997, Fig. 1.6). In successive steps it then disintegrated (2,000
images) because of the loss of 0.7 km?, increasing erosion processes at Pueblo
Nuevo. In 2013 the spit accreted of c. 0.7 km” and migrated down drift about 80 m.

1.4.1.3 Isla Cascajo Sector

Isla Cascajo was a calcareous Plio-pleistocene reef rocky island about 2 km from
the mainland as recorded in 1935 photograms (Fig. 1.7). Its distance from the
shoreline gradually reduced from 1935 onward because of coastline accretion of
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Fig. 1.7 Evolution of Isla Cascajo sector between 1935 and 2013
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0.7 and 2.5 km? in 1947 and 1954 (Fig. 1.7). Such behaviour was linked to the
formation and progressive accretion of a tombolo originated in the shadow area of
the island (Fig. 1.7). Accretion processes determined the connection of the tombolo
with the mainland in 1981 and an increase of 0.95 km? of beach surface in 1984
(Fig. 1.7).

Such accumulative processes continued in following decades and favoured
seaward shoreline migration with an increase of 0.53 and 0.54 km? respectively
in 1989 and 1997 (Fig. 1.7). Accumulation rates diminished in following years and
produced an increase of beach surface of 0.24 and 0.03 km? in 2003 and 2013.
Further, as evidenced in 1954 photograms, a secondary spit enclosing small lagoons
developed landward of a small rocky headland, south of Isla Cascajo. This spit
migrated to the SW and merged with the shoreline (1984). Coastal lagoons
protected by the tombolo and the spit progressively disappeared because they
were artificially drained and naturally infilled by landward migrating dunes.

Martinez et al. (1990) affirmed that sediments accumulated in this coastal sector
in recent decades derived from the breaking up of the Galerazamba large spit that
was observed in old maps until 1864. It is a plausible hypothesis but hard to
confirm. Indeed the lapse time between the dismantlement of ancient Galerazamba
spit (1864) and the formation of the tombolo is quite large considering the
dynamism of the study area. Alternatively, sediments deposited at Isla Cascajo
might have been gradually eroded from updrift areas.

1.4.1.4 Punta Canoas

According to Correa (1990) and Martinez et al. (1990) the spit, not visible in
1947 photograms (Fig. 1.8), was formed at some time before 1961. In 1974 and
1984 photographs it presented a similar form and a length of c. 2 km. In the period
between 1984 and 1989 the spit widened, increasing 0.1 km?, and migrated down
drift enclosing new small water bodies (Fig. 1.8). In 1991 a small amount of erosion
affected the free (southern) edge of the feature that, in the following years,
continued its southward migration until it joined the coastline in 1997 with an
accretion of 0.49 km?2. Successively, the northern spit area recorded erosion
(—0.59 km?, in 2003) and presently (2013) a new small spit is reforming (Fig. 1.8).

1.4.2 Morphodynamic Model

A conceptual model of spit and sandbody evolution was presented in Fig. 1.9.
It deals with Puerto Colombia spit study case but can be applied to other investi-
gated sectors. The model is broadly based on the works of Forbes et al. (1990,
1995a) y Orford et al. (1991) which described barrier evolution in paraglacial
coasts. Such environments are characterised by gravel (and gravel/sand) barriers
which size is typically of the order of 10°-10* m in length — depending on the
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Fig. 1.8 Evolution of Punta Canoas sector between 1947 and 2013
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Fig. 1.9 Morphodynamic sketch of investigated sandbody behaviour

rock-irregularities distinctive of many paraglacial coasts, and their origin is linked
to the erosion of glacial deposits. Systems formation and evolution take place over
time scales of decades to centuries, the lifespan depending in large part on the
volume and endurance of the sediment source (Forbes et al. 1995b). Specifically,
according to Carter et al. (1989, 1990) and Forbes et al. (1995a), the long-term
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evolution of coastal systems in paraglacial environments is controlled by several
external factors: (i) the geological and physiographic setting; (ii) relative sea-level
changes resulting from long-term glacial-eustatic and isostatic adjustments; (iii)
time-varying sediment supply, primarily from glacigenic or related deposits;
(iv) the climate system, i.e. wave climate and secular changes in related energy
inputs and also (v) tides and river discharges.

Sandbody systems analysed in this work presents similar dimensions to the
features described by Forbes et al. (1995a) but essentially consisted of sand deposits
which give rise to smooth dissipative environments strongly contrasting with the
reflective beaches observed in gravel barriers (Carter et al. 1989, 1990).
The formation of investigated sandbody and gravel barriers is in both cases linked
to the erosion of large sedimentary deposits, respectively coastal sediments of
fluvial origin (in this study case from the western arm of the Magdalena River
delta) and gravel deposits of glacial origin — as an exempla Carter et al. (1990) in
a study case from Nova Scotia, recorded a total sediment release in the order of
10°~10” m®. Formation of investigated sand bodies takes place at decadal scale so,
in contrast to gravel barriers of glacial origin cases, sea level variations are not
important in their formation and evolution, achieving major importance sediment
supplies and wave climate factors.

Despite mentioned differences in origin and sedimentological characteristics,
sandbody systems formation and migration follow the self-organisation, cannibali-
zation and transformation processes close to the ones observed for gravel barriers of
glacial origin. The investigated sand bodies (Fig. 1.9) followed the conceptual
model presented by Forbes et al. (1990, 1995a) y Orford et al. (1991) which
describes as a barrier is initiated, become established, and may eventually range
through different stages (transition, stranding, or breakdown), depending on the
external conditions (energy and mass inputs) and internal response (morpho-
dynamic feedback) of the system. According to the model, barriers may be initiated
from discrete or line sources, and give rise to drift- or swash-aligned embryos
(D0 and SO, Forbes et al. 1995a), depending on the local topography (coastline,
nearshore bathymetry, and backbarrier accommodation space). In the study case
presented in Fig. 1.9 there is no record of the “initiation” stage and it is only
possible to presume that the sandbody was originated at some point after jetties
construction probably from several minor sand bodies located at river mouth that
merged together and migrated downdrift (Fig. 1.2). Later, under conditions of large
and increasing sediment supplies from the river delta dismantlement, the sandbody
formed a drift-aligned structure (“establishment” stage, D1, Fig. 1.9). Following
Ruz et al. (1992), such structures can extend very rapidly in shallow water and this
was the case of the investigated spit which rapidly migrated downdrift. According
to the model, as supply declines, drift-aligned barriers may experience severe
sediment budget deficits, leading to alongshore cell accentuation, barrier breaching,
self-adjustment, and breakup. The “breakdown” stage (D2, Fig. 1.9) took place in
between 1947 and 1953, when the spit experienced fragmentation and started
to migrate landward, i.e. started the transition from a drift-aligned to a swash
aligned feature.
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In the following stage, “stranding” (D3 and S4, Fig. 1.9), both drift-aligned and
swash features are observed. Following to Forbes et al. (1995a), stranded barriers
may evolve from swash- or drift-aligned barriers which have lost their seaward
anchor or they may develop in place. In such kind of situations, interactions
between basement control and longshore cell development can produce a complex
pattern of morphodynamic variation alongshore. The volume of sediment
remobilised and the degree of self-organization depend on the amount of sediment
available and on the erosion and transport potential at a given coastal site. Deficient
supplies of material may prevent the development of coherent structures and favour
the breakdown of existing forms as well as exaggerated amounts of supplies my
alter the self-organisation mechanism in the system because saturate the transport
potential. This is often observed because cells develop in long spits in case of
sediment starvation (Carter and Orford 1991). As a result, cell formation produces
the subdivision of the shoreline into segments wherein the longshore transport
potential successively accelerates and decelerates, leading to updrift erosion,
downdrift deposition, and the growth of shoreline irregularities. The nearshore
wave field is affected by such irregularities and, as a consequence, the wave
approaching direction and surf dynamics change creating energy gradients associ-
ated with drift- to swash-alignment conditions that reinforce the cell growth. Such
self-organization mechanism produces barrier fragmentation, cannibalization of the
proximal sections and breakup in drift-aligned features where alongshore sediment
exchange represents the main sedimentary process but may give rise to thinning and
total feature failure in swash-aligned barriers which are dominated by cross-shore
sediment movement (Carter et al. 1990; Forbes et al. 1990, 1995a; Orford and
Antony 2011).

Last, at Puerto Colombia (Fig. 1.9), an “initiation” stage (D0) was observed
because the drift-aligned (D3) barrier in the “stranding” stage formed an initial,
small spit which is growing and migrating to the southwest. All described stages for
Puerto Colombia sandbody evolution take also place at other investigated places.

1.5 Conclusions

The investigated coastal sectors show great variability in the form and behaviour of
large sand bodies linked to important sediment supplies from Magdalena River, that
are transported toward Cartagena de Indias, about 120 km downdrift.

Until the construction in 1935 of two jetties at Bocas de Ceniza (Magdalena
River mouth), such sedimentary supplies formed sand spits and shoals and
maintained wide beaches in down drift areas. Huge sand spits were observed at
Galerazamba in the 1800s and at Puerto Colombia in 1935. Formation of these
features — at a high angle with shoreline was determined by bathymetric contours
patterns to be linked to structural control.

After the emplacement of jetties, fluvial sediment supply to the littoral system
was channelled offshore by structures. Huge volumes of sand were presumably lost
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to deeper areas by the occurrence of at least, three submarine slumps related to delta
front instability. Hence, sedimentary inputs to down drift areas were reduced to
those associated with erosion of the western delta arm. Hundreds of meters of
retreat were recorded in a few decades. Such supplies were not continuous in time
and spits started to migrate down drift, e.g. toward the SW, working as “free” sand
bodies. As a result, the spit at Puerto Colombia progressively diminished in size and
merged with the coastline between 1953 and 1959. South of this location, a new spit
formed before 2000 which now shelters a marina at Puerto Velero.

Sediment supply from coastal retreat at Magdalena River mouth also favoured
the formation of a spit at Galerazamba, much smaller than the one that had existed
until 1864, great accretion at Isla Cascajo, a rocky island that produced the
development of a rapidly growing tombolo, and the formation of a spit at Punta
Canoas. Sandbodies evolution recorded self-organisation, cannibalization and
transformation processes close to the ones observed for gravel barriers of glacial
origin by different authors.

Migration of fixed spit edges and the lack of natural replacement of eroded
sediments produced great erosion at several places of important tourist interest,
e.g. Punta Sabanilla, Puerto Colombia, etc. Such erosive processes were
counteracted by the progressive emplacement of protective structures, essentially
groins and seawalls. Structures partially interrupted alongshore transport and
favoured the deposition of fine suspended sediments that generated — in few
years — large sandy beaches, but created erosion in down drift areas.
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Chapter 2

Patterns of Sand Spit Development

and Their Management Implications

on Deltaic, Drift-Aligned Coasts: The Cases
of the Senegal and Volta River Delta Spits,
West Africa

Edward J. Anthony

Abstract The sand spits associated with the Volta and Senegal River deltas, the
two largest river deltas in West Africa, after that of the Niger River, show complex
patterns of morphodynamic development while also strongly reflecting the recent
impacts of human activities. The large spit of the Volta delta seems to be a direct
outgrowth of a natural change in the location of the mouth of the Volta and of a
marked reduction in sand supply on the eastern coast of Ghana that largely predated
the construction of the Akosombo dam, but which has been strongly aggravated
since this dam was completed in 1961. Spit formation has led, in particular, to
segmentation of the unique sand drift cell that prevailed on the Bight of Benin coast
between the Volta delta mouth and the western confines of the Niger delta. These
changes have been associated with strong gradients in longshore drift and funda-
mental modifications in the dynamics of sand barriers on the Bight of Benin coast
and hitherto fed by sand supplied by the Volta River. The spit has prograded
massively by the adjunction, in situ, of new individual beach ridges, rather than
by undergoing elongation, a pattern of growth that has entailed sand sequestering
within the confines of the delta. The distal tip of the spit has recently welded to the
shoreline, creating a new barrier-lagoon system, and assuring the resumption of
integral sand drift from the mouth of the Volta towards the rest of the hitherto sand-
starved Bight of Benin coast. The process should also offer limited respite from
erosion to the beleaguered town of Keta, located just downdrift of the former distal
tip of the now welded spit.

The Langue de Barbarie spit at the mouth of the Senegal River delta is an
outgrowth of strong longshore drift affecting one of the finest examples of a
wave-dominated delta. The spit developed jointly with the delta and appears to
have inexorably extended downdrift in conjunction with river-mouth diversion and
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migration southwards during the late Holocene, albeit with occasional breaches,
the oldest of which are only preserved north of the city of St. Louis. The spit has had
a downdrift migration range of about 30 km, beyond which alongshore sand drift
and river discharge conditions led to stabilisation of the position of the river mouth.
Numerous natural breaches have been identified on the Barbarie spit between 1800
and the present day, no doubt related to years of exceptionally high river discharge
in an overall Sahel-influenced climatic context of rather irregular discharge.
The recent evolution and potential future demise of the spit reflect the consequences
of hasty and short-sighted artificial breaching to solve an impending flooding
problem facing the historic city of St. Louis in 2003. An artificial breach through
the spit created by engineers in just a few hours to counter a risk of flooding of
St. Louis from exceptional river discharge in 2003 has had dramatic consequences
on the integrity of the spit, notably by acting as a new river mouth that underwent
rapid and significant widening. Part of the spit sand further downdrift of the new
mouth is being recycled into river-mouth bars, while the rest of the eroded sand is
transported downdrift by longshore currents, including beyond the sealed pre-2003
mouth. This dismantling of the spit has had dramatic consequences on recent
settlements and tourist facilities and infrastructure. The erosion is probably a joint
result of sequestering of part of the sand load transported by longshore currents in
the new widened river mouth and a reinforced tidal prism through this new mouth.
A new phase of spit dismantling and the formation of a second mouth a few
kilometres downdrift of the new mouth occurred during high river discharge
conditions in October 2012, thus illustrating the potential seasonal effect of high
river outflow on spit reworking.

2.1 Introduction

Much of the coast of West Africa is characterised by essentially rectilinear wave-
dominated sand barriers, with only a small proportion of muddy coast associated
with open estuaries, relatively large tidal ranges and interspersed sandy and shelly
cheniers between southern Senegal (south of the Gambia) and central Sierra Leone.
The distribution of the long stretches of wave-dominated coast and the much more
limited predominantly tidal estuarine sector is highlighted by continental shelf
width in Fig. 2.1, the latter sector being subject to significant wave energy dissipa-
tion over a broad, low-gradient shelf (Anthony 2006). The two sandy sectors on
either side of this muddy estuarine coast are under the influence of dominantly long
and regular swell and/or shorter-fetch trade-wind waves. In conjunction with
abundant fluvial sand supplies during the Late Pleistocene sea-level lowstand on
the presently drowned inner shelf, this swell wave regime has resulted in the build-
up of numerous sandy barrier systems. In Senegal, these barrier systems commonly
consist of dune-decorated spits. Many of the barrier systems on the rest of the West
African coast have been prograded ones and some are still progradational,
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Fig. 2.1 The coast of West Africa. Continental shelf width (clearer hue along the coast) is a fine
indicator of the distribution of long stretches of wave-dominated coast (narrow shelf) and the much
more limited, predominantly tidal, estuarine sector between Sierra Leone and Guinea-Bissau
(broad, low-gradient shelf), subject to significant wave energy dissipation. The two sandy sectors
on either side of this muddy estuarine coast are under the influence of dominantly long and regular
swell and shorter-fetch trade-wind waves. Abundant sand supplies and strong wave-induced
longshore drift have favoured the construction of numerous sand spits, including at the mouths
of the Niger, Volta and Senegal River deltas, the last two (boxes) of which are briefly described in
this chapter

characterised by sequences of wave-formed beach ridges under dominantly
‘drift-alignment’ patterns (as defined by Davies 1980). Locally, ‘swash-aligned’
patterns have developed in embayed settings bounded by bedrock headlands,
notably in Liberia. A hallmark of this constant wave regime is strong sustained
longshore drift responsible for the commonality of spit formation. Some of the
prograded barrier systems exhibit, in their distal sector (relative to drift direction),
initial successive spit recurves reflecting mid-Holocene closures of a rather irreg-
ular coastline with a succession of bays and headlands inherited from the late
Pleistocene sea-level lowstand. These spit recurves are succeeded by rectilinear
successive beach-ridge extensions in the course of progradation under a high sand
supply regime, although long stretches of the West African coast are also
characterised by such rectilinear barrier systems with no evidence of spit recurves.
This is especially so where a double barrier system exists, a common situation,
comprising an inner barrier combining spits and rectilinear ridges, and an outer
barrier of rectilinear ridges. In the vicinity of certain river mouths, however, the
interaction between fluvial processes and longshore drift has generated more or less
complex spit development. These spits are interesting in terms of manifestations of
river-mouth morphodynamic patterns and from a coastal management perspective,
especially where large deltas, such as those of the Volta and Senegal Rivers
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(Fig. 2.1) are concerned. In this study, two examples concerning these two deltas,
and illustrating variably complex patterns of sandy spit development in this
strongly wave-dominated setting, are described and their morphodynamics
analysed. The implications of the dynamics of these spit systems in terms of coastal
management problems are also discussed.

2.2 The Volta River Delta Spit

2.2.1 Setting

The Volta River delta (Fig. 2.2) forms the proximal sector, on the Bight of Benin
coast, of what was, until fairly recently (the 1960s), a single, very long sand drift
cell stretching 500 km eastwards to the western confines of the Niger River delta in
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Fig. 2.2 Morphology of the Volta River delta and shoreface, showing the prograded river-mouth
spit between Anloga and Keta. Massive spit growth appears to have occurred relatively recently,
with regards to the post-mid-Holocene history of sand barriers in the Bight of Benin, in response to
a westward shift in the river mouth and increased sequestering of sand by the Volta through
enhanced wave refraction in the area south of Keta. This sand trapping has initiated a wave of
important erosion of the narrower sand barrier linking the Volta delta to the Adina barrier system.
Spit progradation has diminished considerably in response to a decreasing fluvial sand supply but,
correlatively, the welding of the distal tip of the spit in the 1990s to the narrow Keta barrier has led
to a reduction in erosion of the latter barrier, the southern part of which has been further
consolidated by engineering works
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Nigeria (Fig. 2.1). The Volta delta has developed in a large salient trap created by
left-lateral offsetting on the coast of Ghana probably by the Romanche fracture
zone (Kutu 2013), one of the many fracture zones that has offset the West African
continental shelf and coast. The delta coast is bounded by a narrow shelf 15-33 km
wide, and characterised by a fairly uniform, moderately steep shoreface with a
gradient of between 1:120 and 1:150 up to —15 m, considered as the close-out depth
for significant wave movements on this coast (Delft Hydraulics 1990; Rossi 1989),
and beyond which the inner shelf levels out to a low-gradient (1:350-1:400) plain
covered by relict transgressive sands. The wave setting is a cyclone- and storm-free
West Coast Swell Environment as defined by Davies (1980), dominated by
moderate to high energy (H=0.5-4 m), long period (T = 10-15 s) southwesterly
swells from the Atlantic. Waves break on the coast after refraction, with angles of
4-9°. Tides impinging on this coast are semi-diurnal, with a mean range of around
1 m. The mean spring tidal range is about 1.95 m. Overall, the constant wave regime
of this coast, marked by long, moderate to high waves with low variation in
directional approach, and a tendency for the prevalence of relatively steep,
reflective beachfaces of medium to coarse sand, result in one of the highest rates
of annual unidirectional longshore sand drift in the world, with values of up to
1 million m? (Blivi et al. 2002). These peak values are probably exceeded over short
stretches of beach along the Volta delta. An important source of this sand has been
the Volta River, one of the three largest river basins in West Africa, with the Niger
and the Senegal. The Volta River drains a predominantly sandstone catchment that
also includes a wide variety of lithologic terranes covering an area of 390,000 km?,
much of it located in the semi-arid Sahel zone of West Africa. The river’s liquid
discharge varied between a low of 1,000 m?/s in the dry season and a high of over
6,000 m>/s in the wet season before completion of the Akosombo Dam in 1961,
only 60 km upstream from the sea. Discharge downstream of the dam has been
strongly reduced by the decrease in rainfall over the Sahel since 1975 (Oguntunde
et al. 2006). The Volta Delta covers an area of around 5,000 km?. The sand load
brought down annually by the river to its delta before dam construction has been
estimated at about 1 million m® (Delft Hydraulics 1990). Much of this sand was
injected into the longshore drift system via a single delta river mouth (Fig. 2.2).
Sand supply from the shoreface has also been deemed to be important, especially in
the early phases of barrier progradation as shoreface gradients in West Africa
adjusted to sea level (Anthony 1995).

2.2.2 Barrier Dynamics in the Bight of Benin: Prelude
to Volta Delta-Mouth Spit Development

The large spit at the mouth of the Volta delta is tentatively interpreted here, in the
absence of absolute dates, to be a relatively recent feature resulting from adjust-
ments between sediment supply from the river, delta dynamics and the strong
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longshore drift on this coast. The barrier systems that have developed in this sector
of the Bight of Benin coast exhibit a relatively complex history, elements of which
have been documented by Anthony and Blivi (1999). Much the bight coast exhibits
a regressive single or double barrier. This barrier has been shown to be a ‘hybrid’
system in terms of internal facies composition and plan-view morphology, in that it
has evolved from an essentially regressive to a stationary (synonymous with
cessation of progradation) system. Once progradation of an inner barrier resulted
in the regularisation of what was, hitherto, an indented shoreline, the succeeding
phase of coastal development involved the emplacement of the more continuous
outer barrier directly linked to the Volta river mouth, suggesting the establishment
of a highly efficient drift alignment and transition to an economy of massive
sediment sourcing by the Volta that predated the development of the Volta spit.
Radiocarbon ages from parts of the barrier front show a phased pattern of
progradation from the Volta delta to Benin. Ages of 5,000-6,000 years B.P. from
Ada and Anloga near the sea (Fig. 2.2) in the proximal to central sectors of the Volta
delta barrier (Streif 1983) suggest little net progradation of this part of the barrier
over this period. The Volta delta-mouth barrier zone has thus essentially comprised
a ‘stationary’ barrier sector of active through-drift of sand from the river up to
Anloga, beyond which progradation of the distal Volta barrier continued, serving at
the same time as a through-drift zone for the rest of the bight coast. This part of the
barrier has not been dated. Old maps show that this delta-mouth barrier stretched
continuously to Togo, with the zone between the old port of Keta and Adina acting
as one of through-drift of sand between the Volta mouth and the barrier in Togo
(Fig. 2.2). In spite of the massive sand supply from the Volta to the coast, the rest of
the barrier front in neighbouring Togo shows no significant progradation since
around 3,800 year B.P., and cessation of progradation occurred over 1,000 years
later in Benin, further east (Anthony et al. 1996, 2002). These ages therefore
suggest relatively rapid progradation over a fairly short time (5,000-3,000 year
B.P.), especially in Togo, once longshore drift conditions became favourable to
large-scale eastward advection of Volta sand. The ensuing phase of net long-term
longshore stability in Togo and Benin probably stemmed from some sort of
equilibrium among shoreline orientation, the nearshore profile and the hydrody-
namic regime (Anthony 1995). The final sink for this sand is the eastern end of the
Bight of Benin in Nigeria, near the western confines of the Niger delta.

2.2.3 Inception, Development and Geomorphic
Transformation of the Volta Spit

The inception of a distinct spit along the eastern sector of the Volta delta, in lieu of a
former distally shore-attached barrier-lagoon system, is interpreted here as the
result of increasing influence of the prograding distal Volta barrier on wave
refraction patterns. This has been further compounded by a recent reduction in
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direct fluvial supply that has induced a wave of erosion of the downdrift barrier and
shoreface deposits to fulfill the strong drift requirements. Although the construction
of the Akosombo Dam in 1961 and the drastic reduction in sand supply to the Bight
of Benin coast it caused (Ly 1980) readily come to mind as the trigger factor of such
erosion and barrier readjustments, the evidence pleads for a more complicated
scenario. There is clear evidence that coastal erosion antedated dam construction.
The barrier sector of Keta, the hinge point between the distal Volta barrier and the
Togo barrier, was a once flourishing colonial port, probably located in a sector of
stationary barrier that served as a transit zone for Volta delta sand to Togo. Since
the mid-1880s, net erosion of this area is probably close to 1 km (Kumapley 1989).
The most likely reason for this dramatic erosion is that sand supply from the Volta
delta area has progressively become insufficient to compensate for strong drift
supply to the rest of the Bight of Benin, probably because the distal delta barrier,
between Anloga and Keta had been increasingly sequestering a significant propor-
tion of the river’s sand supply to the coast, culminating in the formation and rapid
growth of the present Volta delta spit. This may have occurred in conjunction with a
shift in the river mouth from the distal barrier sector at about the present area of
Anloga, where the shoreface bathymetry appears to suggest the presence of a
deltaic lobe, to the present proximal position near Ada (Fig. 2.2). The estimated
amount of sand captured annually in this prograding distal part of the barrier has
been estimated, for the period 1968—1996, at about 750,000 m’a year (Anthony and
Blivi 1999). In particular, the necessity to satisfy the strong longshore drift budget
towards Togo has resulted in considerable reworking of the barrier downdrift of
this prograding distal segment, including the nearshore zone, threatening coastal
settlements such as Keta. As erosion around Keta has proceeded, this severely
eroded drift acceleration zone (Fig. 2.3) became characterised, by the 1990s, by a
narrow (<100 m wide) eroding transgressive barrier subject to overwash and
breaching during the summer months of strong swell (Fig. 2.3). A shoreline
stabilisation project completed in 2004 (Keta Sea Defence Project) and comprising
several groynes and a seawall (Fig. 2.3) have reduced erosion in this sector, which
is still estimated at about 5.5 m/year in a recent study (Boateng 2012). Downdrift of
this sector erosion is even stronger (Addo et al. 2011), whereas the Volta spit has
continued growing, increasingly with a concave seaward plan-view shape due to
accretion of successive beach ridges, but with restricted longshore growth of the
distal tip. Beach-ridge accretion occurs over subaqueous prograding of lobes of
coarse to medium Volta sand over a silty shoreface at a depth of around 10 m (Rossi
1989), and this explains the relatively steep shoreface-to-shelf transition of the
prograding sector off Cape St. Paul (Fig. 2.2). Once the initial through-drift
configuration in this zone was altered by the sediment budget imbalance evoked
above, accretion of the Volta spit forced further wave refraction, amplifying cell
segmentation, and resulting in the instauration of a swash-alignment associated
with sequestering of sand by this new spit complex. These changes have also
induced new patterns of barrier behaviour that include transgressive and regressive
dynamics at various locations alongshore. Drift requirements have been satisfied
by substantial barrier retreat and shoreface erosion east of the Volta barrier.



Fig. 2.3 Google earth images (top right and bottom left) and aerial views of the Volta spit hinge point
with the shoreline, a particularly fragile drift-pulse sector that has been subject to important erosion in
the past. Top left photograph taken in 2001 and fop right 2013 Google extract show the narrow barrier
and inlet system that connects the Volta delta spit to the Bight of Benin barrier system at Adina. The
barrier is still subject to erosion, especially north of the sector shown here. Bottom right photograph
(2001) and bottom left 2013 Google image show part of the town of Keta at the tip of the Volta spit and
engineering works completed in 2004 (Keta Sea Defence Project) aimed at consolidating the spit
hinge point and protecting the town. Broad arrowheads with dots show locations of photographs on
the Google images (Photo credit: Great Lakes Dredge and Dock Company)



2 Patterns of Sand Spit Development and Their Management Implications. . . 29

The situation has merely been aggravated since the 1960s by the construction of the
Akosombo Dam. A recent feature of this spit growth is that the formerly highly
eroded proximal zone of the drift acceleration zone, or drift ‘pulse’, is now being
protected by this spit. Anthony and Blivi (1999) considered that this probably
heralded a shift towards a less swash-aligned distal spit zone, and predicted
eastward ‘leakage’ of some of the Volta sand, rather than quasi-total sequestering,
thus alleviating erosion further downdrift. Recent images indeed show that the
distal tip of the spit has now welded to the shoreline, thus resulting in
the reconversion of spit to attached barrier, a process probably consolidated by
the engineering works in this sector (Fig. 2.3).

2.3 The Senegal River Delta Spit

2.3.1 Context

The Senegal River is about 1,800 km long, the second longest river in West Africa.
Reports regarding the area of the Senegal catchment range widely from 288,000 to
450,000 km?, which is quite surprising, given the modern possibilities of determi-
nation of river basin coverage from satellite imagery! The Senegal delta (Fig. 2.4) is
a classical text-book example of a wave-dominated delta, characterised by strong
longshore drift generated by Atlantic waves from the northwest. Two clear mani-
festations of such wave domination are the absence of a notable classic deltaic
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Fig. 2.4 The Senegal River delta, a fine example of a wave-dominated delta characterised by the
Langue de Barbarie spit and river-mouth system subject to strong north-south longshore drift. This
Google image shows a much widened river mouth in 2013 that developed very rapidly from an
artificial breach created to prevent river flooding of St. Louis in October 2003. The former natural
mouth much further south (sector not shown here) has been sealed by longshore drift
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‘bulge’, and the presence of a persistent sand spit, the Langue de Barbarie, an
extremely mobile feature, subject to repeated past breaches, associated with phases
of delta-mouth migration over a total distance of about 30 km at least since the
mid-seventeenth century. Of particular significance in terms of coastal management
is the historic and picturesque city of St. Louis (population: 200,000), a UNESCO
world heritage city at the proximal delta hinge point of the spit (Fig. 2.4), and
protected from the ocean by the latter.

The lower Senegal delta is characterised by high biological productivity, rich
agricultural and fishing sectors, a relatively high level of urbanisation and a recent
strong bent towards tourism. St. Louis is frequently affected by flooding of the
lower Senegal valley in the rainy season (May—October), as the discharge of the
river rises dramatically, much of the city lying at an elevation of less than 2.5 m
above sea level (Sall 2006). The mean annual liquid discharge of the Senegal River
is 676 m’/s. It varies from a low dry season value of 9 m*/s in May, to an extreme
flood value of 3,320 m’/s in September. The wet season discharge is thus relatively
moderate, given the size of the Senegal basin, and shows a slow rise, typical of large
tropical river systems. Interannual variability is extremely high, however, with the
mean annual discharge ranging from 250 to 1,400 m?/s. The river drains a large area
of the western Sahel, and its discharge has been particularly affected by droughts in
the Sahel since the 1970s.

The Senegal delta coast is characterised by a relatively narrow continental shelf.
The coast is dominated by waves that are predominantly from the northwest, and
this direction is especially active during the dry season from November to June.
Significant wave heights range from 1.5 to 2 m. NW waves impinge on the Langue
de Barbarie at angles of 10-20°, thus generating active longshore drift to the south.
Waves from the southwest and from the west account for the rest, and are only
active during the rainy season between July and October. Wave periods range from
6 to 12 s, reflecting a mix of distant swell and wind waves (Anthony 2006). The
tidal regime is semi-diurnal and the range microtidal, comprised between 0.5 m at
neap tides and 1.6 m at spring tides.

2.3.2 The Migration Dynamics of the Langue de
Barbarie Spit

The relatively moderate river discharge, including during the flood season, the
permanence of moderate waves propagating across a relatively narrow shelf,
and the microtidal regime are three conditions that explain the wave-dominated
character of the Senegal River delta and quasi-permanent river-mouth diversion by
the Langue de Barbarie. The Barbarie spit is a 100400 m-wide feature that has
fluctuated in length between 10 and 30 km over the last century. The spit is capped
by a 5-10 m high dune. The river-mouth depths range from 2.5 m in the rainy
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season when sand deposition results from high river discharge, to 3.5 m in the dry
season, when sediment flushing is assured essentially by tidal currents. A drift
volume that decreases from north to south along the spit from 0.70 to 0.60 x 10° m?
has been calculated by SOGREAH (1994), the gradient attributed to progressively
more significant aeolian dune abstraction of sand between the relatively urbanised
sector of St. Louis, where dunes have been fixed by vegetation, notably plantations
of Filao (Casuarina equisetifolia), and the relatively poorly vegetated distal zone.
Mild opposite drift towards the north occurs during the short summer period when
waves from the southwest dominate.

Rates of spit growth proposed in the literature from the analysis of satellite
images and aerial photographs and from field measurements vary widely, from
94 to 700 m a year. It is likely that rates actually vary interannually depending on
variations in wave characteristics, river discharge and mouth dynamics coupled
with breaching. Spit growth occurs through the classic adjunction of ridges at the
distal end, and the process is undoubtedly favoured by the shallow overall depths of
the mouth. Gac et al. (1982) conducted a historical analysis of the mobility of the
spit and of the corresponding locations of mouth openings. They showed that
the spit has varied neither in elevation nor in width since 1800, and that the farthest
downdrift position of the mouth of the river, which corresponds to the maximal
distal spit extension, did not exceed 30 km, no doubt constrained beyond this point
by the conjunction of sand supply taken up by dunes along the spit and river-mouth
discharge supplemented by drainage of the southern part of the delta which
comprises a shallow infilling basin. Joiré (1947) and Tricart (1961) situated the
mouth in the vicinity of St. Louis at about the mid-seventeenth century, but Gac
et al. (1982) have identified even earlier mouth scars north of St. Louis. Michel
(1980) dated the formation of the spit at between 4000 and 1900 BP. The spit
lengthened by 11 km between 1850 and 1900, and its distal tip was located at the
turn of the twentieth century 15 km south of St. Louis. It was affected over this
period by seven breaches, of which the most important, in 1884, resulted in a new
mouth opening that rapidly attained a width of 4 km (Gac et al. 1982). Since 1900, a
major coastal management preoccupation has been that of preventing breaches in
the vicinity of St. Louis, achieved through dune reinforcement via Filao planting.
Between 1900 and the date of their study, Gac et al. (1982) enumerated 13 breaches,
8 of which occurred between 1954 and 1973. The 1973 breach was also the last
natural breach of the twentieth century. The absence of breaches over the last
quarter of the twentieth century may be explained by the absence of major floods
over this period, characterised by the Sahel drought, and by the flow regulatory
effects of dams constructed in the lower Senegal valley. The mean reduction in
river discharge in Bakel, a hydrographic station located 550 km upstream of
St. Louis, attained 25 % between 1970 and 1990, and even diminished by half
between 1980 and 1990 (Mahé and Olivry 1995). An anti-salt dam, the Diama dam,
was constructed 54 km upstream of St. Louis in 1987, and a hydropower dam, the
Manantali dam, constructed in 1987 in the upper basin in Mali, thus resulting in
modification of the hydrological regime and in sediment trapping upstream.



32 E.J. Anthony
2.3.3 Impending Demise of the Spit?

One ancillary function of the two dams constructed on the Senegal River was to
alleviate floods in the lower valley, notably in the deltaic sector of St. Louis.
The flood control function of these dams has yielded rather mixed results (Mietton
et al. 2006), with flooding still being persistent in the critical area of St. Louis, as a
result of rainfall anomalies and the potential blocking of freshwater outflow at the
Langue de Barbarie inlet by strong wave activity. One such rainfall anomaly
occurred in October 2003, resulting in a rapid rise in water level around St. Louis
that led to the drastic decision, by the local authorities, to create an artificial breach
near the city to alleviate the flooding. In urgency, on the night of October 3, 2003, a
4 m-long, and 1.5 m-deep trench was opened up by engineers in a relatively narrow
(100 m-wide) portion of the spit about 7 km south of St. Louis (Durand et al. 2010),
enabling a rapid overnight drop in water level of up to 1 m, thus preventing
flooding. Following this opening, the tips of the two opposed spits were rapidly
eroded, the breach acting as the new river mouth, and attaining a width of 250 m
3—4 days after the opening (Fig. 2.5a), and 800 m 6 months later. The depth of the
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Fig. 2.5 Ground photographs showing the initial trench (top left) that preceded the artificial
breach of the Langue de Barbarie created in October 2003 in order to alleviate flooding of parts of
St. Louis. Top right photograph shows the breach considerably widened by river and tidal flow a
few days later (Photo credit: Service régional de I’Hydraulique, St. Louis du Sénégal). Bottom
photographs taken in January 2013 show a natural breach that occurred in October 2012 500 m
downstream of the artificial breach (Photo credit: Bertil Wilmotte)
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Fig. 2.6 Assemblage of sketches showing changes in the Langue de Barbarie spit and inlet system
between March 2003, prior to the October 2003 artificial breach, and 2013. The artificial breach
has been followed by significant destabilisation of the spit and by widening of the new river mouth
that has exploited this breach. Parts of the eroded spit are being reworked by waves and currents
into river-mouth bars and islets. Mouth widening has also led to an increase in tidal influence
within the lower Senegal delta and in direct wave attack of parts of the delta plain hitherto
protected by the spit

breach had also increased to 6 m, and its width by 1.5 km by 2007 (Ba et al. 2007).
Similar artificial breaches of an extremely mobile spit in Benin, with migration
rates of up to 700 m, are commonly operated in order to alleviate flooding, without
major consequences on the morphodynamic functioning of the river mouth (Laibi
et al. 2011). In the case of the Senegal River delta spit, the implications of this
breach, operated without a consideration of the consequences of subsequent behav-
iour of the spit and of river-mouth dynamics, has turned out to be dramatic for the
numerous villages in the lower delta plain south of St. Louis, and the tourism-based
structures that have developed on the Langue de Barbarie in the decade preceding
the opening. The spit may also have been lastingly destabilised by this artificial
breach, this new mouth characterised by in situ widening rather than migration
(Fig. 2.6). Channeling of the Senegal river flow in this new mouth led to closure of
the former natural mouth located downdrift. A natural breach 500 m south of the
artificial 2003 breach occurred in October 2012, thus creating a new additional
mouth (Fig. 2.5b). Following this breach, much of the remaining spit is now being
eroded, resulting in several washovers that tend to coalesce, widening sea intrusion
pathways, as the sand is transported downdrift by the strong longshore drift. This
has led to the dismantling of campsites and other tourist structures. The delta in this
eroding sector is now directly exposed to erosion, threatening numerous villages.

2.4 Discussion and Conclusion

The patterns of spit development of the two largest river deltas in West Africa, after
the Niger delta, strongly reflect the recent impacts of human activities and, in at
least the case of the Senegal delta spit, lack of foresight in engineering practice
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aimed at delta-plain flood control behind the Langue de Barbarie spit. The Volta
delta spit seems to be an outgrowth of a change in river-mouth location and of a
marked reduction in sand supply on the eastern coast of Ghana that largely predated
the construction of the Akosombo dam. The resulting strong gradients in longshore
drift have been responsible for changes in sand barrier morphology and, most
likely, in the initiation of the Volta delta spit. Spit formation led, in turn, to
segmentation of the unique sand drift cell that prevailed on the Bight of Benin
coast between the Volta delta mouth and the western confines of the Niger delta.
This unique drift cell has been further segmented in the 1960s by the construction of
deepwater ports in Togo, Benin, and Nigeria (Laibi et al. 2014). The formation of
the spit is a manifestation of sand sequestering within the confines of the delta,
under a delta morphodynamic regime of joint river and wave-domination, assuring
its future integrity in a context of sand deficit. The Volta delta spit has behaved
essentially as one of restricted longshore growth, prograding massively instead by
the adjunction, in situ, of new individual beach ridges. This pattern of growth has
ultimately led to the welding of the distal tip of the spit to the Bight of Benin
shoreline, thus creating a new barrier-lagoon system in replacement of the spit. This
change should be synonymous with the reestablishment of a single drift cell on the
western Bight of Benin coast between Ghana and Togo, thus assuring resumption of
integral sand drift from the mouth of the Volta. The process should also offer
limited respite from erosion to the hitherto beleaguered town of Keta.

The Langue de Barbarie spit at the mouth of the Senegal delta is altogether
different in its inception, dynamics and future evolution. The spit is an outgrowth of
strong longshore drift affecting one of the finest examples of a wave-dominated
delta. Its recent evolution and potential future demise reflect, however, the conse-
quences of hasty and short-sighted artificial breaching to solve an impending
flooding problem facing the historic city of St. Louis. The Barbarie spit developed
jointly with the delta and appears to have inexorably extended downdrift in
conjunction with river-mouth diversion and migration southwards during the late
Holocene, albeit with occasional breaches, the oldest of which are only preserved
north of the city of St. Louis. The spit has had a downdrift migration range of about
30 km, beyond which alongshore sand drift and river discharge conditions led to
stabilisation of the position of the river mouth. Over time, breaching appears to
have been essentially influenced by river discharge spates. Numerous natural
breaches have been indentified on the Barbarie spit between 1800 and the present
day, no doubt related to years of exceptionally high river discharge in an overall
Sahel-influenced climatic context of rather irregular discharge. In contrast, the long
phase of river-mouth stability between 1973 and 2003 was associated with a
decrease in river discharge related to the Sahel drought, and this phase of stability
was marked by the development of tourism-based activities on the spit. The
artificial breach through the spit created by engineers in just a few hours to counter
a risk of flooding of St. Louis from one such exceptional river discharge season in
2003 has had dramatic consequences on the integrity of the spit, notably by acting
as a new river mouth that underwent rapid and significant widening (Fig. 2.6).
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It is not clear why the spit is being progressively dismantled. One important
question relative to this is that of the net sediment budget. There are no reasons
to believe that sand supply from updrift, along the coast of Mauritania, and hitherto
feeding the spit, may have diminished, and this does not seem to be a likely
explanation for spit demise. A more likely reason may reside in sequestering of
sand drifting alongshore from the north within the confines of the new, wide river
mouth, a process that may be reinforced by a now larger tidal prism associated with
this new mouth. Much of the lower delta plain and the main river channel are now
situated over 20 km upstream of the former mouth, between the new enlarged
mouth and the anti-salt intrusion Diama dam that confines the tidal prism to the
lower delta plain. It is interesting to note that the latest phase of spit dismantling
occurred during high river discharge conditions in October 2012, thus illustrating
the potential seasonal effect of high river outflow on spit reworking. As sand is
being sequestered within the confines of the new mouth, the spit downdrift is being
eroded to balance the strong requirements in longshore drift.
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Chapter 3
El Paramo Transgressive Gravel Spit,
Tierra del Fuego, Argentina

Gustavo Gabriel Bujalesky and Gustavo Gonzalez Bonorino

Abstract The northeastern Atlantic coast of Tierra del Fuego is located in the
extra-Andean lowlands of the island. This coast experiences a macrotidal regime,
moderate energy waves and intense westerly winds. Extensive beaches and other
littoral deposits are composed of gravel and coarse sand. This area has been free of
ice since 1.8 Ma B.P. Glacigenic deposits were re-worked by littoral processes that
formed beaches during sea level highstands of the Pleistocene. Peninsula El Paramo
(El Paramo spit) is a 20 km-long gravel spit barrier that closes partially the San
Sebastian Bay. It has formed during the last 6,000 years. The growth of the spit has
taken place under limited sediment supply. Its elongation is the result of erosion and
sediment recycling, resulting in a landward retreat.

The Atlantic beach is composed of gravel and coarse sand and exhibits a
reflective morphodynamics. Regularly spaced washover channels develop on the
crests of the Atlantic beach of El Paramo spit. These channels are active under
storm waves or swell during spring tides. The washover channels of the Atlantic
beach of El Paramo spit were formed as the result of subharmonic edge waves
generated by incident waves with periods of 1 1to 17 s. The modal spacing (90 m)
can be related to subharmonic edge waves generated by incident waves with periods
of 15 s. The waves in the bay rework the sediments of the washover fans at the inner
side of the spit, building a bayside beach ridge and plugging the backbarrier mouth
of the washover channels. This process helps preserve the spit crest.

A fossil gravel beach ridge at El Paramo spit shows regular and periodic spaced
washover channels. These are attributed to a single episodic event of high-energy
incident waves with a period of 6 s. Such waves are generated within San Sebastian
Bay by extreme south-westerly winds, during maximum high tide. Although
resonance or standing waves could also be generated by a strong earthquake,
or by a tsunami wave entering the bay.
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3.1 Introduction

El Paramo is a Holocene spit developed on the Atlantic coast of Tierra del Fuego,
Argentina (Fig. 3.1a). Like many spits on paraglacial coastlines (e.g., Forbes and
Taylor 1987), El Paramo is attached to a receding headland underlain by Pleisto-
cene till that supplied gravel and sand for its construction. The hydraulic setting has,
however, given El Paramo spit a distinctive morphological and sedimentological
character.

The El Paramo spit evolved under high-energy Atlantic wave climate
combined with a macrotidal regime, and, more significantly, facing the wide,
glacially-carved embayment of San Sebastian Bay, that provided a long fetch to
the strong and persistent westerly winds typical at these latitudes. Atlantic
longshore currents transported sediment southward to the spit terminus, and also
into the bay domain by overwashing across the spit and by wave refraction around
the spit end. In turn, wave-induced longshore currents on the bay flank of the spit
were competent to remobilize gravel-sized clasts and thus preclude the deposition
of fine-grained sediment between among the recurved ridges. The near-equal
transport capacity for gravel of the Atlantic and the bay longshore currents have
been responsible for the continued elongation of El Paramo. This paper describes
the processes involved in shaping the El Paramo spit and speculates on the reasons
for its persistence without breaching.

Bahia | ,f \\. |
San Sehastign —~, | |
e V| l.

0
C.San El;e bastidn|
| \

Isla de los
Estados

Fig. 3.1 (a) Shaded relief map of the Isla Grande de Tierra del Fuego. Dotted line marks the
extent of ice cover during the Last Glacial Maximum (Modified from Coronato et al. 2004);
rectangle shows location of panel b. (b) Coastal area around El Paramo spit; depths in meters
referred to spring low tide level; location shown in panel a. In both panels ¢ stands for Cape
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3.2 Geologic and Tectonic Setting

The island of Tierra del Fuego spans, from southwest to northeast, the southernmost
stretch of the Andean orogen and foreland (Fig. 3.1; Lodolo et al. 2003). The orogen
consists of severely deformed and partly metamorphosed, Cretaceous and older
marine sedimentary and volcanic rocks, unconformably overlain by moderately
deformed Tertiary shallow marine and continental strata. These rocks underlie
highlands attaining 3,000 m a.s.l. In the foreland, subhorizontal Cretaceous to
Tertiary shallow marine and continental deposits underlie fluvially-dissected
lowlands. This varied substrate is partly covered by dominantly Pleistocene glacial
deposits that, in the Andean orogen are lodged in glacially scoured troughs, and
over the foreland area form extensive sheets that locally underlie eroding coastal
cliffs. Holocene deposits occur as fluvial valley fills and peat bogs, and as extensive
tidal flats, strandplains and spits, along the Atlantic coast (Bujalesky et al. 2013).

Related to continuing Andean orogenesis in the Holocene, Tierra del Fuego has
experienced differential tectonic uplift at rates decreasing from about 3 mm/year in
the southwest to virtually zero along the Atlantic shoreline (Bujalesky et al. 2013).
By the Last Glacial Maximum (ca 20 ka BP) glacier ice fronts had largely retreated
from the Atlantic shelf to the Andean highlands (McCulloch et al. 2000;
Araya-Vergara 2001). Only a few outlet glaciers reached the sea, flowing along
glacially-scoured depressions presently occupied by the Strait of Magellan, the
Inutil Bay-San Sebastian Bay corridor, and the Beagle Channel. About 12 ka BP
these depressions were flooded as the rising sea level outpaced tectonic uplift. The
sea entered deeply into a much more extensive San Sebastian Bay, carving cliffs on
the sides of the glacial scour. Shortly after, however, around 7 ka BP, glacio-
eustatic sea-level rise slowed down to match tectonic uplift along much of the
Atlantic shore. The late Holocene was thus a time of relatively stable sea level that
favoured the development of numerous accretionary coastal landforms, among
which El Paramo spit. El Paramo spit partly encloses San Sebastian Bay and
interacts with tidal sedimentation within the bay (Fig. 3.1b).

3.3 Dynamic Setting

The British Meteorological Office reported ship observations on wave hydraulics
offshore from San Sebastian Bay between 1949 and 1968 (IMCOS Marine Limited
1978). These data indicate a very low frequency of wave heights higher than 3.5 m.
Strong northeasterly gales with a return period of 50 years generate wave heights of
12 m with periods around 11.5 s. A 1 year record of nearshore observations 60 km
north from San Sebastian Bay indicates a maximum significant wave height of
3.4 m, with maxima up to 7 m for north to northeasterly winds with 50 year return
period, and a maximum significant period of 12.9 s, with maxima of 17.5 s
(Compagnie de Recherches et d’Etudes Oceanographiques and Geomatter 1985).
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Fig. 3.2 Wave refraction patterns at San Sebastian Bay referred to high spring tide level and
incident waves with periods of 11 s from the (a) north-northeast, (b) northeast, and (c) east-
northeast and east (Computations as per Elliot 1990). CN Cape Nombre, PP El Paramo Peninsula,
CSS Cape San Sebastian. Depths in meters

In turn, the waters of San Sebastian Bay are swept by SW-NW winds attaining
velocities in excess of 120 km/h with 50 year return periods (IMCOS Marine
Limited 1978; Compagnie de Recherches et d’Etudes Oceanographiques and
Geomatter 1985). For these wind conditions and a 29-km-long fetch, significant
spectral wave heights attain 2.74 m, with maximum periods of 5.9 s (calculations
done with the Automated Coastal Engineering System, of Coastal Engineering
Research Center 1992). On the upper intertidal zone of the bay beach plunging
breakers may reach heights of up to 1.5 m and periods of up to 5 s. The mean tidal
range at Bahia San Sebastidn is 6.6 m (maximum recorded range is 10.4 m), with
flood and ebb currents reaching velocities of 2 knots (Servicio de Hidrografia Naval
1981, 2011).

The influence of submerged topography on El Paramo spit was explored through
wave refraction modeling (Elliot 1990). The runs were carried out for ordinary
swell conditions, high spring-tide levels and incident waves with periods of 11 s.
The shore platform off Cape Nombre induces wave convergence on the central
sector of El Paramo spit. A 36-m-deep channel bounds the spit to the south. The
channel is likely a Pleistocene glacifluvial feature but may have been re-excavated
by tidal currents (Fig. 3.2).

3.4 Spit Morphology and Composition

El Paramo spit is a 20-km-long, narrow landform attached to the Cape Nombre
headland (Fig. 3.3a). The headland is part of a 50-km-long coastal stretch extending
to the Strait of Magellan, lined by cliffs of Pleistocene till and Tertiary sandstones
up to 90 high. The shoreline is currently receding episodically; at Cape Nombre the
cliff face was stable from February 20th 1987 until February 20th 1988. At that
time, strong swells at spring high tide level were accompanied by breaker heights
>3 m and periods of 9-12 s. This event caused cliff retreat of 3.7 m in a few days
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Fig. 3.3 (a) Evolution of El Pdaramo spit. Numbers /, 2, 3, and 4 approximately indicate
successive plan-view reconstructions of El Paramo spit, starting as a cuspate foreland attached
to a former coastal cliff. Depths in meters referred to spring low tide level. The location of panels
(b—e) are indicated. (b) Wave-cut erosive scarp on the Atlantic beach exposes beach ridges of the
cuspate foreland. Ridge crests are approximately 1 m above the present storm berm, and are
covered by colluvium derived from the paleocliff at Cape Nombre interlayered with eolian
deposits; modern overtopping gravel caps the sequence. (¢) Atlantic beach facies where recycling
of fossil gravel bay-domain ridges occurs. (d) Bay beach facies composed of medium to coarse
openwork gravel. (e) Middle section of the spit facies, washover channel domain where by-pass of
sediment supply to the bay beach takes place and constitutes a significant factor in landward
migration

(Bujalesky 1990). In addition to these episodic events, continuous percolation and
freeze-thaw processes on these unconsolidated deposits contribute to their erosion.
Cliff recession has left behind a wide shore platform cut in the Pleistocene deposits,
that is partly exposed at lowest tides.

The northernmost gravelly beach ridges, at the base of a palaeocliff, are concave
toward the bay area (Fig. 3.3a). They are interpreted as a remnant of a cuspate
foreland that predated spit formation; erosive faces in these ridges on the Atlantic
beach show crests 0.6—1.0 m above the present Atlantic storm berm (Fig. 3.3b).
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The spit can be subdivided into three segments. In the north, over 200 gravel
beach ridges form a strandplain 1,200 m wide and 8 km long that accreted into San
Sebastian Bay (Fig. 3.3c, d); in plan view the ridges are convex toward the bay area.
Spit terminations indicate northward growth. Interference with tidal flat expansion
is reflected in the diminishing northward extension of the ridges from older to
younger. One of the fossil beach ridges, located 50 m east of the bay shoreline,
shows numerous washover channels showing evidence of eastward palacoflow
(Fig. 3.4a).

Fig. 3.4 Washover channels of El Paramo spit. (a) Fossil washover lineament and gravel beach
ridges of the northern segment of the spit. (b) Central section of the spit. (¢) Plugged bay discharge
mouth of the central section of the spit. (d) Overwashing in the central section of the spit (02/20/
1988). () A 400 m> washover fan on the bay beach (02/20/1988). (f) A 0.7 m deep gully carved by
overwashing discharge on the bay beach of the spit (02/20/1988)
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The second segment is 7 km long and narrow; its width varies from 50 m at high
tide to 200 m at low tide (Fig. 3.3e). About 55 washover channels occur along this
segment, sloping towards the bay (Fig. 3.4b). The channels are funnel-shaped,
narrowing toward the bay from 25 to 95 m (mean width 70 m) to 5 to 60 m
(mean width 25 m). The depth of the channels reaches 0.7 m. Associated with the
overwash channels are gravelly washover fans that reach the bay beach (Fig. 3.4e).
Shortly after overwashing, however, bay waves relocate the fan gravel onto high
beach levels, plugging the channels (Fig. 3.4c).

The third spit segment, at its southern end, shows a lozenge-shaped strandplain
with a maximum width of 900 m and a length of 2 km (Fig. 3.5a). The strandplain
comprises three distinctive sets of gravel ridges. The larger set consists of ridges
accreting to the south and southeast that are erosively truncated by Atlantic wave
action. An intermediate-sized set of ridges, interspersed with set A along an
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Fig. 3.5 (a) Geomorphology, sediment budget and gravel transport (measured between February
1987 and February 1988) in the southernmost segment of El Paramo spit. Deposition and
overtopping dominate in the southeastern end of the spit, meanwhile tangential strong sediment
transport operates in the bay domain. These processes are evidenced in the crest height difference

of the beach ridges of the sets A and B (sections I-1V). (b) Simplified erosion and deposition trends
along the present beach of the spit
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irregular central suture, reflects accretion to the south-southwest and west (set B in
Fig. 3.5a). Ridge geometries suggest contemporary erosion of set B in the north-
west. The third, smallest, set of ridges (set C in Fig. 3.5a) erodes into set B. The
ridges of set C are built from amalgamated swash bars and beach ridges accreting to
the north-northwest and west.

The present-day sediment budget and circulation of gravel on the southernmost
strandplain, was studied by topographic beach profiling and using painted pebbles
and cobbles as tracers. Beach profiles repeated 12 months apart in the Austral
summer, revealed erosion at a mean rate of 10 m*/m of beach length where beach
ridges of set A are truncated, shifting southward to accretion of 23 m*/m of beach
length near the spit end. On the bay side, slightly negative values indicate
non-deposition to erosion, and revert to accretion as the zone of overwashing is
approached (Fig. 3.5). Painted clasts clearly showed that southbound Atlantic
gravel is delivered to the bay domain by wave refraction around the spit point, as
is typical of other recurved spits (Bujalesky 1990), but also that bay waves build
sufficient energy to relocate some of this gravel southward, and even send part of it
back to the Atlantic domain. Painted clasts also indicate that although gravel still
reaches the northern strandplain, it does so at an extremely low rate.

The modern beach is formed by gravel and sand on the Atlantic flank of the spit
and almost exclusively by gravel on the bay flank. Relevant morphological and
textural parameters of the modern beach are given in Table 3.1.

Table 3.1 Morphology and texture of the modern beach (surf scaling parameter: e = a mz/g tan® B;
a: breaker amplitude, : wave frequency —2x/T, T: wave period-, g: gravity acceleration, f:
breaker zone slope, Guza and Inman 1975; Guza and Bowen 1977)

Width | Slope
Zone (m) ) Texture
Atlantic beach
Storm berm | 15 3.5 72 % disc-shaped boulders to pebbles; 28 % very coarse

to medium-grained sand

Storm swash |25 2 64 % boulders to pebbles; 36 % medium to very coarse sand
terrace
Tidal berm 10 58 % medium-grained sand
Upper 60 7 58 % medium-grained sand; surf scaling parameter (g)
intertidal shows a mean value of 3.5; reflective domain
Lower 70 ca0 Fine-grained sand; exposed at low tide; surf scaling parameter
intertidal (e) shows a mean value of 183; dissipative domain
Bay beach
Storm ridge | 10 Disc-shaped pebbles (mean size 28 mm)
Tidal ridge 10 Cylindrical and spherical pebbles (mean 23 mm)
Intertidal 65 4-6 Spherical and cylindrical pebbles (mean 22 mm)
Pavement 10 Boulders and cobbles
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3.5 Overtopping and Overwash Processes

On February 20th, 1988, El Paramo was affected by north-northeasterly swell with
periods of 9—12 s, that at a high tide level of 10.5 m gave rise to plunging breakers
up to 3 m high (Fig. 3.4d). The tidal berm of the Atlantic beach behaved as a bar,
where the waves broke, and immediately behind it a shore-parallel channel
developed. Furthermore, small return channels with a 50 m spacing cut the crest
of the tidal berm. Overtopping was observed in the northern and southern reaches of
the central, narrow, spit segment, the run-up extending 20 m landward.

Overwashing of Atlantic waters and sediment was more common than
overtopping, however. Saturation of the core of the spit increased the washover
discharge. Four washover channels became active simultaneously; two of them lay
side by side. Overwash flows breached the bay berm ridge and transported signifi-
cant quantities of gravel toward the bay, forming washover fans 400 m> in volume
(Fig. 3.4e). The bay beach face was gullied by the joint action of the washover flows
and the seepage discharges (Fig. 3.4f).

Bujalesky (1997) analyzed the spacing of washover channels in the central section
of El Paramo spit and in a fossil beach ridge following the statistical methodology of
Orford and Carter (1984). Distances between the channels axes were obtained from
aerial photographs (scales 1:5,000 and 1:10,000) taken by the Argentine Servicio de
Hidrografia Naval in 1970-1971. The statistical tests carried out for the washover
channels spacing of both sets support the hypothesis of uniform spacing. Tests of
randomness also indicated that the washover channel distribution does not adjust to
the Poisson theoretical model, consisting of uniform distributions of regular pattern
(Table 3.2; Bujalesky 1997).

To test for spatial periodicity of the washover channels (Orford and Carter 1984), a
Markov Chain analysis was performed in order to determine if certain spacing is
probabilistically dependent of a precedent state (Bujalesky 1997). In developing the
transition matrices each interval was considered as a determinate state (e.g.: 2029 m
spacing state). Then the number of times that each state was followed by each of the
others was established. Overall, the independence hypothesis proved to be statisti-
cally valid. One exception occurred with the fossil washover channels, for which the
10 m interval size allowed the statistical independence hypothesis to be rejected. If k
is the number of steps through which the memory persists until forgotten (Davis
1986). The k number for the mentioned matrix was equal to 10. The largest proba-
bility (0.49; k = 10) was evidence for 15-24 m spacing (Bujalesky 1997).

3.6 Discussion

3.6.1 Overwash Processes

Edge wave processes can explain the occurrence of rhythmic littoral forms (Bowen
and Inman 1969). Guza and Davis (1974) demonstrated that on reflective beaches
the edge waves are subharmonic (the period is twice the period of the incident
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Table 3.2 Stem and leaf diagrams and statistics of the washover channels spacing

Atlantic beach Fossil beach ridge (bay domain)
Unit = 1m; 112: 12 m Unit = 1m; 112: 12 m
Depth Depth
2 4 55 6 0o 578888
3 5 0 16 1* 0000000002
10 6 0000555 (18) lo 5555555555555578
18 7 00000255 30 2% 000000000022
23 8 00577 17 20 555
(12) 9 000000005555 14 3% 000
13 10 0000005 10 30 5
4 11 00000555 9 4% 000
3 12 0
3 13 Outliers 45, 50, 50, 55, 62, 65
2 14 5
15 0
Outliers 165
N:55 N:64
Mean: 90.20 m Mean: 21.33 m
Standard deviation: 24.61 m Standard deviation: 13.55 m
Coefficient of variation: 0.27 Coefficient of variation: 0.64
Median: 90 m Median: 17.5 m
Lower fourth: 70 m Lower fourth: 12.75 m
Upper fourth: 105 m Upper fourth: 25 m
Skewness: 0.57 Skewness: 1.51
Kurtosis: 0.61 Kurtosis: 1.72

Modified after Bujalesky (1997)

wave, Te =2 T;) and operate with zero mode, that is, their troughs and crests lie,
respectively, below and above the mean water level. For mode n = 0 the following
formula is valid (Huntley and Bowen 1979):

L = %Tﬁ tan B (3.1)

where, L. is the wavelength of the edge wave, g is the acceleration of gravity, T, is
the edge wave period (Te = 2T;), and  is the beach slope. Orford and Carter (1984)
considered that the regular and periodic spacing pattern of washover channels
is controlled by subharmonic edge waves that reinforce the uprush and mould
beach cusps on the upper levels of the beach, favouring washover channel formation.
During the overwash event of February 1988 at El Paramo spit, wave periods of 9, 11
and 12 s were measured. By Eq. 3.1, these incident wave periods correspond with
subharmonic edge wave periods of 18, 22 and 24 s and wavelengths of 110, 93 and
62 m. The two adjoining washover channels that operated simultaneously would
have been subjected to edge waves forced by 11 and 12 s period incident waves.
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Table 3.3 Relationship between washover channels spacing, cero mode subharmonic edge waves
length (Le) and period (Te) and incident wave period (Ti, modified after Bujalesky 1997)

| Spacing (m) | Le (m) | Te (s) | Ti (s)

Atlantic beach washover channels: beach slope (f) =7°; tan  =0.123

Minimum 45 90 21.7 10.8
Lower fourth 70 140 27.0 13.5
Median 90 180 30.7 15.3
Upper fourth 105 210 33.1 16.6
Maximum not outlier 150 300 39.6 19.8
Outlier 175 330 41.7 20.8
Fossil beach ridge (bay domain): beach slope (f): 10°; tan p: 0.176

Minimum 5.0 10.0 6.0 3.0
Lower fourth 12.8 25.5 9.6 4.8
Median 17.5 35.0 11.3 5.6
Upper fourth 25.0 50.0 13.5 6.7
Maximum not outlier 40.0 80.0 17.1 8.5
Outlier 65.0 130.0 21.7 10.9

Table 3.3 shows the relationship between channel spacings, subharmonic edge
wavelength and period, and incident wave period, for both the active (Atlantic
beach) and the fossil (bay domain) washover channels. The maximum wave period
measured for the northern Atlantic coast of Tierra del Fuego was 17.5 s. This fact
indicates that spacings larger than the upper fourth percentile (ca 105 m) are
unlikely to be related to subharmonic edge wave dynamics. Incident waves with
periods of 11 and 12 s that are able to cause overwash on the spit have a return
period of 624 months. The recurrence interval of incident waves with periods of
15-17 s is more than 2 years.

In the case of the fossil washover channels, the median spacing (17.5 m)
corresponds to incident waves with periods of 5.6 s and would be compatible
with the maximum estimated wave periods (5.89 s) from 124 km/h winds with a
return period of 50 years. No washover channels were observed on the other fossil
beach ridges indicating that overwash from the bay domain is a rare event with a
probability of occurrence much less than that of the extreme winds. The significant
result of the Markov Chain analysis and the larger probability (0.49) of the row
vector of the equilibrium matrix for the spacing 15-24 m indicate that these
channels originated from a unique storm event. Considering the seismotectonic
setting of Tierra del Fuego, however, an origin of the overwash processes in the
bay domain by resonance or standing waves generated by a strong earthquake, or by
a tsunami wave entering the bay cannot be ruled out.

3.6.2 Spit Development

The continued growth of gravel barriers is conditioned by the sediment volume that
reaches their distal points (Carter et al. 1987). Elongation is maintained when the
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extreme part of the barrier is within the wave transport capacity and sediment is
available. With greater distances from the distal point of the barrier, the possibility
that a clast reaches it decreases. Then, the sediment along the barrier is recycled
causing a thinning of its proximal part (cannibalisation, Carter et al. 1987).
Gravel barriers that develop in areas with limited sediment supply tend to
migrate landward, even under stable sea level conditions, and they turn into
transgressive features. This results in a landward gravel transport, due to the
beach reflective behaviour, high infiltration rates and washover processes (Orford
and Carter 1982, 1984; Carter and Orford 1984, 1991; Carter et al. 1987, 1989;
Forbes and Taylor 1987).

Tidal flat development in San Sebastian Bay likely started after relative sea level
stabilized, by the mid-Holocene. Initially, a cuspate foreland developed in the
north, attached to a paleocliff carved during sea-level highstand. The greater
part of this early foreland has been cannibalized and the detritus relocated in the
spit that grew from the tip of the cuspate foreland (Bujalesky and Gonzélez
Bonorino 1991). Speculatively, it is postulated that while the spit was short, littoral
drift and wave refraction brought Atlantic sediment into the bay domain, from
where bay waves picked it up and transported it northward to accrete the wide
strandplain convex to the west. As the spit lengthened, overwashing of gravel into
the bay domain became relatively much more significant. Erosion along the
Atlantic beach of El Paramo spit has been compensated by deposition along the
bay beach due to overwash and sediment transport around the spit end (Bujalesky
and Gonzalez Bonorino 1991). The bay waves in turn redistribute the sediments
supplied by overwash and reconstruct the upper beach ridge, giving stability to the
beachface. This process preserves the central section of the spit under successive
overwash episodes.

Formation and elongation of El Paramo spit has resulted from an unusual
combination of hydraulic processes. In general terms, southward-driven gravel on
the Atlantic shoreline is partly washed over into the central bay beach, from where
westerly-wind-generated waves transport it northward to the accreting northern set
of recurved ridges. Remaining gravel accretes to the southernmost spit platform and
is partly transported around the spit end by wave refraction. When wind provenance
rotates to the northwest, bay-side gravel at the spit end is partly reverted southward
and southeastward, resulting in the non-deposition to slightly erosive behaviour.
In turn, alternating directions of longshore transport around the spit terminus give
rise to the zig-zag junction between ridge sets A and B. The younger set C may have
developed in response to an increase in the supply of gravel to the bay through
overwashing across the central, slender spit segment. This is the first recognizable
sign of change in the main body of the spit system after several thousand years of
growth but the likely consequences are unknown. Spit elongation to the south
may be progressively checked for two reasons: the deepening sea bottom as the
spit platform dives into the 30-m-deep channel, and the strengthening of the
erosional power of the ebb tidal flow due to constriction of the bay outlet.
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3.7 Conclusions

El Paramo spit has exhibited progressive thinning during its evolution which gives
it a very mature stage character. During the Holocene, the growth of the spit took
place under limited sediment supply. The progressive elongation was sustained by
erosion and sediment recycling (cannibalization) at the seaward side, resulting in a
significant landward retreat.

The active and fossil washover channels are uniformly spaced, and have been
generated by edge waves; return periods for overwash events range from 6 to
24 months. The modal spacing of 90 m relates to incident waves with periods of 15 s.

The washover channels on the Atlantic beach do not show periodicity, which
suggests that they are the consequence of a superposition of incident waves with
different periods. It is unlikely that the Atlantic washover channels spacings longer
than 105 m resulted from subharmonic edge waves because that would imply incident
waves with periods longer than 17 s, the maximum recorded. These large spacings
might be associated with height variations over the central section of the spit crest.

The washover channels on a fossil bay domain beach ridge of the northern section
of the spit would have been originated due to incident waves with periods of 5.6 s as
consequence of extreme south-westerly winds, during a maximum high tide level.
However, taking into account the seismotectonics of Tierra del Fuego, an origin of
the overwash processes in the bay area by resonance or standing waves generated by
a strong earthquake, or by a tsunami wave inflowing the bay cannot be ruled out.
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Chapter 4
Gravel Spit-Inlet Dynamics: Orford Spit, UK

H. Burningham

Abstract The Orford Spit and Ness complex on the gravel-dominated shoreline
of Suffolk, eastern England comprises over 350 ha of beach ridge shoreline
that diverts the channel of the Alde estuary c. 12 km southward. Centuries of
progradation have formed an extensive foreland at Orford Ness, but south of this,
Orford Spit has exhibited significant phases of growth and retreat which are in part
linked to the dynamics of Orford Haven, the inlet and ebb-delta system at the mouth
of the Alde/Ore estuary. Examination of an extended history (500 years) of this
system shows a definitive reduction in scales of change over the centuries, and
implies a decrease in sediment availability and transport, and a shift from sediment
sink to sediment source. Spit dynamics are instrumental in the development and
decay of transient lagoons and estuary-oriented spits which rely on breaching,
ebb delta bypassing and changes in protection facilitated by the shifting spit.

4.1 Introduction

Spits are wave-formed sedimentary structures that develop primarily within natural
embayments where littoral sediment transport supplies the longshore extension of
a sub-, inter- and supra-tidal bank system. The longshore planform of spits is
generally smooth, reflecting their drift-aligned formation. Sediment delivered to
the distal portions of the spit is usually reworked locally to form a succession of
ridges and recurves that may (or may not) be linked to pulses in supply and/or shifts
in transporting energies. Spits can comprise a range of sediment grades, though are
typically composed of sand and/or gravel. This sedimentology is largely a product
of geography (gravel is generally a feature of paraglacial, mid-high latitude coast-
lines), but can impart significant controls on the morphology and dynamics of spits
and their associated sedimentary environments.

Here, the morphology and historical development of the gravel-dominated
Orford Spit, which extends for several kilometres on the east coast of England
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and forms the updrift margin to the Alde/Ore inlet, is described. Orford Spit has
arguably one of the most well documented histories of any coastal landform,
primarily due to its connection to Orford Ness, a gravel-dominated cuspate
foreland. The work of Carr (1965-1986) dominates this literature, and his final
work on Orford Spit (Carr 1986) reported on 30 years of monitored change at the
mouth of the Alde/Ore. In this paper, he noted that “In the light of nineteenth
century experience it is tempting to suggest that over the next decade or so Orford
spit will extend rapidly southwards while sowing the seeds of its own destruction”.
This current work offers a timely re-evaluation — 25 years on — and re-assessment
of the historical morphodynamics of Orford Spit.

4.2 Regional Setting

The Suffolk coast, southeast England comprises a series of estuarine valleys that
connect with the open coast through sediment-filled inlets. Except for the breaks
that these inlets form, the open coast beach provides a near-continuous sediment
pathway along the length of Suffolk. Geology is dominated by the shelly sands of
Pliocene — Pleistocene Coralline and Red Crags that are underlain by London Clay
(Carr and Baker 1968; Funnell 1996; Kendall and Clegg 2000), which is exposed in
places on the adjacent southern North Sea shoreface. Coastal sediments are largely
sorted by depositional environment: fines (silts and clays) are found almost exclu-
sively within estuaries, gravel (colloquially referred to as shingle) dominates the
littoral shoreline and sand is found extensively across the shoreface, and variably
across the foreshore and inlet shoals.

Large gravel deposits exist on the inlet-adjacent shorelines associated with the
Alde/Ore, Deben and Stour/Orwell estuaries, although the sedimentary system of
the Alde/Ore is by far the most extensive (Fig. 4.1). The main tidal channel of the
Alde estuary is diverted 12 km south from the town of Aldeburgh by a gravel ridge
foreland and spit (Orford Ness and Orford Spit respectively). This extended
estuarine channel is referred to as the River Ore, which connects with the Butley
river just north of the final connection to the North Sea at Shingle Street. The
consequence of this diversion is that the Alde/Ore system has a total tidal length of
over 30 km. Combined with a mean spring tidal range of 2.8 m at Shingle Street,
this equates to a spring tidal prism of around 26 x 10° m>. Tidal currents maintain a
permanent inlet near Shingle Street (known as Orford Haven) which comprises a
dynamic ebb delta that is surveyed annually for navigation purposes.

The wave climate of Suffolk is bimodal (Fig. 4.1). Northeasterly waves have a
median significant wave height of 0.9 m and account for 47 % of waves recorded at
the West Gabbard Buoy: southwesterly waves have a median height of 1.1 m and
account for 36 % of the record (2010-2012 inclusive) (Carr and Baker 1968). The
99th percentile wave height is around 3 m irrespective of direction. Inshore
(Sizewell) the modes shift eastward but bimodality is retained with northeasterly
waves accounting for 46 % of the record (Hgs0 = 0.6 m, Hygo = 2.6 m) and southerly
waves 41 % of the record (Hgs9 =0.7 m, Hgg9 =2.2 m).



4 Gravel Spit-Inlet Dynamics: Orford Spit, UK 53

Aldeburgh

o A \ s}
Slaughden | "B

1km

Orford Spit gravel
Shingle Street gravel 10m

R NORTH
- SEA

West

Bowmans 0 100 200 200 Gabbard

Creek:
Shingle
Street i

AA-

Buckanay 2| / | 7/
Farm | (]

v 100 200 o 100 200

Fig. 4.1 Site map and geomorphological summary of Orford Spit and Orford Ness, illustrating
locations referred to in the text (black markers south of Shingle Street show locations of Martello
Towers and The Beacons bungalow). Topographic transects (a-h) are derived from Lidar survey
data (2008). Wave roses summarise the wave climate recorded at Sizewell (c. 14 km north of
Orford Ness) and West Gabbard (c. 36 km offshore of Orford Ness) over the period 2010-2012
inclusive (CEFAS)

4.3 Method

Published accounts of the historical evolution of Orford Ness and Spit (e.g. Steers
1926; Carr 1965, 1986) are revisited here in the context of more recent data sources
and analytical tools. The relative position of the terminus of Orford Spit was
assessed from early historical maps and charts, Ordnance Survey maps, aerial
photography, satellite imagery and Lidar data. Most of these analyses were under-
taken within a GIS, but where geographic control was lacking (i.e. in maps and
charts produced prior to the nineteenth century), positions were derived relative to
consistently represented locations (such as local villages and stationary geomorphic
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features). The contemporary geomorphology is described using topographical
profiles derived from Lidar survey data (acquired 2008), digitised bathymetric
soundings from Trinity House navigation surveys and field observations. Analyses
were undertaken in ArcGIS (including the use of DSAS (Thieler et al. 2009))
and Matlab.

4.4 Orford Spit: Morphology

The main spit form of Orford Ness and Spit comprises multiple gravel-dominated
beach ridges. The spit is fringed on the landward side by saltmarsh, mud flats and
tidal channels of the Alde/Ore estuary. Lulls between ridges and multiple ridge
units, which reflect the progressive development of the system, are occupied by
saltmarshes of varying ages. McGregor and Green (1990) suggested that Orford
Ness and Spit could be divided into two depositional units: an earlier deposit
extending from Aldeburgh to the apex of Orford Ness and a later unit from Orford
Ness through to North Weir Point (Fig. 4.1). This is certainly reflected in the
geomorphology, although it could be said that the anthropogenic history has
imprinted as much on the system as its historical development. In many places,
the gravel beach ridge structures are somewhat compromised due to the modifica-
tions and damage associated with 70 years use as a Ministry of Defence atomic
weapons research facility and bombing range (McGregor and Green 1990).

The spit is narrowest at Slaughden, just south of Aldeburgh, where the 25 m wide
ridge is protected by groynes and seawall. This section is vulnerable to breaching
and has been the focus of modelling and strategy studies to evaluate the most
appropriate management and coastal defence options (e.g. Guthrie and Cottle
2002). This part of the system has a history of sediment recharge dating back to
at least 1965 and undertaken on a near-annual basis in the 1990s (Green and
McGregor 1990; Guthrie and Cottle 2002). Most of this northern section comprises
a single, tall beach ridge (which was until relatively recently artificially steepened),
supplemented in places with storm berms high on the foreshore (Fig. 4.1a—). The
spit is widest just south of the apex of Orford Ness, where there are 30+ ridges
(Fig. 4.1d), and from here to North Weir Point, beach ridges are smaller than their
northern counter parts, reaching 3.5-4.5 m above sea level. This southern section
broadly tapers toward North Weir Point, but is variable in width, specifically where
the Alde/Ore channel meanders along the landward spit boundary in contrast to the
smooth seaward shoreline. Ridge structure is notably consistent throughout this
section (Fig. 4.1d-g).

Orford Spit reaches a terminus at North Weir Point, where the Alde/Ore
connects with the North Sea through the ebb delta of Orford Haven (Fig. 4.2a).
The inlet comprises a number of gravel and sand shoals through which the main ebb
channel passes: some smaller marginal flood channels dissect this ebb delta
(Burningham and French 2007). On the south side of Orford Haven, the hamlet
of Shingle Street is located on a series of gravel beach ridges (Fig. 4.2b) comparable
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Fig. 4.2 Photographs of (a) view of North Weir Point from Shingle Street across the ebb delta
shoals of Orford Haven (with Orford Castle visible in the distance); (b) gravel beach ridges at
Shingle Street; (¢) modern saltmarsh peat exposed on the seaward foreshore of the Shingle Street
gravel; and (d) small gravel spit extending into the Alde/Ore inlet

in structure to those present on the southern section of Orford Spit (Fig. 4.1h).
Reclaimed land and infilled wetlands lie landward of this gravel foreland.

Sedimentologically, the Orford Ness and Spit gravel is largely flint (>90 %)
with some sandstone (<3.3 %) and quartz (<3 %), and falls primarily in the fine to
very coarse gravel size range (Carr 1970; McGregor and Green 1990). This material
can be directly linked to Pleistocene deposits exposed in cliffs at Dunwich (the
Westleton Beds), approximately 15 km north of Orford Ness (McGregor and Green
1990). As Dunwich has experienced a long history of cliff erosion (Robinson 1980;
Pye and Blott 2006), it is generally supposed that this recession has supplied the
gravel accumulation at Orford Ness (Fuller and Randall 1988; McGregor and Green
1990). Sand is not commonly found in the sub-aerial spit, but does occur in patches
and stratigraphic lens within the foreshore.

4.5 Spit Development: A 500 Year History

The earliest map evidence of Orford Spit is from c. 1539 depicting the coast from
Yarmouth in the north to Stour/Orwell estuary entrance in the south (British Library
2013a). Orford Ness is a prominent feature on this map, as is Orford Castle, which
is located just inland of the Alde estuary mouth and distal point of Orford Spit.
This map is widely used as evidence of a considerably shorter spit, and a gauge
against which the growth of the spit has historically been measured (Redman 1864;
Steers 1926). Although the date is likely imprecise, there is general agreement with
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written records that Orford town was relatively close to the open sea during the
Middle Ages when it operated as a port (Steers 1926). Historical development of
the spit can really only be assessed in terms of the relative position of North Weir
Point — the terminus of Orford Spit. Due to navigation needs, this feature is
generally better described or represented than other features of the Spit or Ness,
certainly until the modern mapping and surveying era.

A map c. 1575 (unattributed), equivalent in detail to that from 1539, locates
Orford Haven half way between Dove Point and Shingle Street (British Library
2013b). Appleton’s 1588 map is very similar, which suggests that the spit had
extended by almost 5 km in half a century. This may be a fair reflection of a
particularly dynamic period in the history of Orford Spit, but placing confidence
in the historical record that these older maps provide is challenging as many
maps published before the twentieth century are copies of earlier maps, and the
chronology isn’t always clear. The two states (short or long spit) represented in the
earliest maps continues to be illustrated in maps across the sixteenth to eighteenth
centuries, with evidence also of an intermediate state (Fig. 4.3a). As previously
noted, it is very likely that the later maps which show a shorter spit are simply
copies of earlier maps; for example, a Blaeu map from 1645 is redrawn from a 1579
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map credited to Saxton. The exact temporal sequence is uncertain, but comparing
these approximate locations with the more recent history does confirm that
Orford Spit extended southward quite significantly (by over 6 km) over the period
1500-1800.

Although maps from the nineteenth century benefited from increased accuracy
and geographic control, lags between surveys and publication continue to imprint
noise on the time series (Fig. 4.3a). It is fair to note though that Orford Spit was in
its most extended form during the early 1800s, and that the envelope of variability
over the most recent 200 years has been substantially less than during the preceding
300 years (Fig. 4.3). From its maximum extent around 1810-1820, the spit spent
much of the mid-nineteenth century in a process of retreat or was stationary
(Redman 1864), which contrasts with the predominance of growth prior to this
time. The spit reached a minimum length c. 1850-1860, after which it extended
southward again until 1893 when November storms breached the southern part
of the spit, causing breakdown and some recession over the following 10 years
(Cobb 1957; Steers 1927). Progradation reportedly recommenced shortly after, but
mapping evidence for this is inconclusive (Fig. 4.3a).

The first aerial photography survey available dates to 1945, and this places North
Weir Point around 700 m north of its breached position in the early 1900s,
suggesting that the accounts of growth by Steers (19277) and Cobb (1957) were
small-scale and short-lived. Since 1945, the evidence for change has been signifi-
cantly enhanced by (i) the topographic monitoring undertaken by the Nature
Conservancy (1956—-1985) and (ii) the onset of airborne and satellite image acqui-
sition (since 1975). The time-series produced from these and other data is detailed
and displays a strong signal, the most striking aspect of which is the decreasing
envelope of variability, particularly when comparing pre- and post-1945 periods
(Fig. 4.3b). Considered at the century timescale, the main shift from shorter spit and
large scale change, to longer spit and smaller-scale change occurs toward the end of
the eighteenth century (Fig. 4.3c). The spit length achieved by 1800 seems to
represent a limit to growth as subsequent centuries cluster around the same average
length, whilst century-scale magnitudes of change continue to decline.

The long-term picture is one of episodic, but significant spit growth until the
early 1800s when the spit experienced smaller-scale and shorter periods of reces-
sion followed by growth. Between c. 1810 and 1945, the North Weir Point cycled
through recession, growth and recession, each phase taking around 40 years. The
cycles have continued throughout the last 70 years, but in general, each part of the
cycle reduces in time scale and magnitude of change. Certainly, the rapid growth
that Carr (1986) expected in the late 1980s and 1990s did not occur; in fact this
period was dominated by recession with only relatively small-scale (<200 m)
growth toward the end of the 1990s. The post-1980 spit has been largely recessional
and North Weir Point is currently located 600 m to the north of its 1980 position.

Analysis of shoreline position along the entire spit, from published OS maps and
aerial photography reveals a spatially variable pattern of recession and advance
(Fig. 4.4). Pye and Blott (2009) showed that the Walberswick-Dunwich gravel
beach-barrier (c. 14 km north of Aldeburgh) has progressively receded over the last
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Fig. 4.4 Shoreline change analysis of Orford Spit, illustrating the spatial variation in net change
(recession and advance) between 1881 and 2011

500 years, with an average erosion rate of 0.3—1.3 myr " over the last 160 years,
which is thought to be slower than the rate during preceding centuries. Orford Spit
does not present a similar ‘barrier rollover’ behaviour. Although it is not possible
to map accurate shorelines from the earlier maps, it does seem that most of the
1500-1800 history was dominated by spit extension. More recently, recession has
taken place along discrete sections of shoreline, which are divided by sections of
progradation (Fig. 4.4): 56 % of the Aldeburgh to North Weir Point shoreline has
prograded over the 1881-2011 period, with an average seaward shift in the mean
high water of 37 m (0.28 myr '). The remaining 44 % of shoreline has eroded,
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with an average recession of 63 m (0.48 myr'). Over this same time frame, the
total gravel deposit of Orford Spit has decreased in area from c. 3.9 x 10° m? in the
late 1800s to the present area of 3.5 x 10° m?. A large portion of this decrease is
associated with the damage caused by years of defence-related activity during the
mid-twentieth century, where gravel ridges have been removed from the landward
margin of the spit. Overall, these figures suggest a general decline in sediment
volume, but this is not expressed in a simple landward shift in the barrier. Washover
fans akin to those present along the Walberswick-Dunwich barrier are not evident
on Orford Spit, and the spit has experienced reshaping (primarily in the form
of reduced curvature in the shoreline) rather than rollover. This is particularly
evident at Orford Ness where the maximum recession has occurred along the
apex (1.7-1.8 myr ).

4.6 Spit-Inlet-Delta Dynamics

As noted, North Weir Point and the broader inlet system of Orford Haven have
received much attention throughout the 1950-1980s. The terminus of Orford Spit
was surveyed on a near annual basis by the Nature Conservancy, and reported
extensively by Carr (1965, 1969, 1970, 1972, 1986) and others (e.g. Cobb (1957);
Kidson et al. (1958); Kidson and Carr (1959); Kidson (1961); Kidson (1963);
Randall (1973)). During this period, Carr described how Orford Spit extended
through the accumulation of gravel at North Weir Point in the form of
progradational ridges, which forced the infilling and down-drift shift of the Alde/
Ore tidal channel and erosion of the Shingle Street foreland. In his most recent
reporting of this system Carr (1986) presented a cycle of development that
described a form of sediment bypassing similar to the inlet migration and spit
breaching model defined by Fitzgerald (1988). This model is a fair description of
the longer-term behaviour of this gravel spit, ebb delta and inlet, but spit-inlet
dynamics over the last 40 years do not align quite so well. Certainly, spit recession
is now a far more common process than spit breaching.

Morphological changes in the ebb delta imply sediment is delivered to intertidal
banks on the northern/updrift portion of the delta (attached to North Weir Point)
causing southerly growth and extension of the ebb shoals (Fig. 4.5a). This continues
until a point when the ebb channel route is so significantly constrained to the south
and against the Shingle Street shoreline that it re-routes to the north, cutting through
the North Weir Point banks. This switch from an extended southerly path to a
shortened easterly path (breaching the ebb delta), occurred in 1998-1999 and again
in 2011-2012, a period of 13 years between ebb delta breaches. The late 1990s ebb
delta breach immediately followed a short period of extension in Orford Spit after
more than a decade of progressive recession (Fig. 4.5b). It is possible that this
recession was reflecting a more general decline in sediment supply to the inlet
system, which would have also led to some breakdown in the ebb delta. The short
period of spit extension at this time could have been facilitated by an increase in
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Fig. 4.5 Inlet (a) and spit (b) dynamics over the 1986-2013 period, and summary of behaviour
(¢). For geographical reference, markers show the position of The Beacons bungalow and Martello
Tower AA

the rate of sediment supply, but this was perhaps insufficient to strengthen the
ebb delta. The ebb delta breach in 2011-2012 again followed a period of recession
that was dominated by 300 m of erosion during the winter of 2006/2007. This
erosion was most likely associated with the 31 October—1 November 2006 storm
surge that was also responsible for significant breaching and overwash of the
Walberswick-Dunwich barrier (Pye and Blott 2009). There is no explicit evidence
of a spit breach at this time, and if any form of breaching occurred, speedy
reworking of the breached spit across the ebb delta followed, as no spit remnants
are visible in 2007 aerial photography. It is worth noting that storm surge events are
not particularly well associated with change in this spit system; for example the
1953 storm surge that caused extreme flooding throughout southeast England
(Steers 1953) had little impact on North Weir Point (Fig. 4.3). Progressive
shortening of Orford Spit continued from 2007 at around 40 myr~ ' until 2012.
It is therefore apparent that the inlet migration and spit-breaching model of
bypassing has not applied over the last 40 years despite clear evidence that the
system has undergone at least one bypassing cycle.
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Although the dominant morphological changes within the inlet region are those
associated with spit growth/decay and ebb delta shoal migration and breaching,
smaller scale changes are evident along the Shingle Street shoreline. The Shingle
Street beach ridge system is a product of the inlet bypassing process whereby
breaching of the ebb delta and shift in ebb jet position further north supplies large
volumes of sediment to the down drift (Shingle Street) foreshore. An additional
consequence of this shoal migration is the development of lagoons within the gravel
foreland. Past expressions of these lagoons have been described extensively by
Cobb (1957), but these transient features are also now recognised as important
habitats described as percolation lagoons in the EU 1150 Coastal lagoon habitat.
Lagoons were well developed at Shingle Street in the 1940-1950s, and are reliant
on the supply of gravel in the form of substantial banks that migrate onshore and
attach to the downdrift shoreline in the later stages of the bypassing cycle. The
onshore and alongshore movement of shoals and sediment ensure that the lagoons
themselves are temporary features but, as with the varying scales of change
recognised in Orford Spit itself, the lagoons at Shingle Street appear to be increas-
ingly transient, as illustrated by the most recent lagoon development (Fig. 4.6).
The ebb delta at Orford Haven was breached during the winter of 1998—1999, with a
shift in ebb jet position just to the north of The Beacons bungalow and closure of the
previous route along the Shingle Street shoreline. Closure of this previous channel
was achieved through the onshore migration of the downdrift ebb delta shoal, and
its attachment to the Shingle Street shoreline. This process facilitated the develop-
ment of a lagoon within the gravel ridge foreland (Fig. 4.6). The lagoon was intact
from spring 2001 and persisted for around 30 months, but was infilled by the end
of 2003. Between 2000 and 2004, there was no appreciable change in the position of
North Weir Point.

Features within the Shingle Street gravel retain evidence of decadal-scale inlet
dynamics, and the sediment transport patterns within the inlet region are ostensibly
more complex than suggested when considering the full extent of the spit system.
Decadal-scale barrier rollover is evident along the Shingle Street shoreline, where
the gravel ridges have migrated over the backbarrier sediments, exposing modern
saltmarsh stratigraphy within the foreshore (Fig. 4.2c). The tidal flat and saltmarsh
within the Bowmans Creek area have had substantial protection by either Orford
Spit or the mid-twentieth century lagoonal foreland of Shingle Street, allowing
saltmarsh sedimentation through to the near-present, as shown in the presence of
plastic litter within these exposed sediments. In addition to landward transport of
gravel, small gravel spits have extended northward from Shingle Street into the
narrow estuary (Figs. 4.2d and 4.7), clearly showing that the inlet sediment trans-
port processes are operating in multiple directions. These small spits are very
responsive to changes in the position of North Weir Point and extent of Orford
Spit. As the ebb delta shoals would obstruct low tide wave processes, and that the
small spits occupy the upper foreshore and supratidal, these Shingle Street features
are evidence of northward sediment transport by high tide wave processes,
presumably from a southerly direction.
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Fig. 4.7 Shoreline change and estuary-directed spit development at Orford Haven

4.7 Conclusions

The gravel spit and inlet system associated with Orford Spit has exhibited
significant shifts in scales of development over the last 500 years. Throughout
this history, sediment supply and spit-inlet dynamics are non-linear, but there is a
significant downscaling and dampening of system dynamics over this 500 year
period. The 1500—1800 period seems to be characterised by century- and km-scale
growth, presumably facilitated by a plentiful, though likely episodic, sediment
supply. The spit length reached in the early 1800s appears to present a morpho-
logical limit to spit extension on this coast which was only achieved again in the late
1800s. The post-1800 period represents a change from progressive growth to
cyclical change where periods of growth and decay are evident. During this time,
the extended spit is known to have breached significantly.

During the 1800s to mid-1900s, the inlet system migrated large distances as a
result of accumulation and progradation of North Weir Point, and bypassing of
sediment was primarily achieved through spit breaching and re-positioning of the
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inlet to an updrift location. More recently however, the spit has not reached the
length achieved during the nineteenth century, and has tended to adjust through
smaller scale accretion and recession. The Alde/Ore ebb channel has continued to
migrate, though again on a smaller scale, and the bypassing cycle is now
characterised by ebb channel migration and delta breaching. Although the inlet is
predominately facilitating a southward movement of material, the smaller-scale
counter-spits within inlet show evidence of northward sediment transport, but not
northward bypassing. These features are most active when the main Orford Spit is in
a shortened state, primarily due to their dependence on high tide waves, particularly
those from the south. The extension of Orford Spit would benefit from northeasterly
waves and continued sediment supply, though it seems likely that the inability of the
spit to attain the extents evidenced in the nineteenth century is a reflection of a
decline in sediment supply and a possible decrease in transporting efficiency.

The morphological history of Orford Spit suggests in many ways that the
alongshore supply of sediment has substantially reduced over the long-term.
Reports in the mid-nineteenth century of plentiful gravel causing navigation prob-
lems at Languard Point and Felixstowe harbour to the south (Redman 1864) are in
contrast to the more recent need for coastal defences and sediment recycling.
Historical shoreline dynamics suggest that the entire Orford Ness and Spit system
has shifted from sediment sink to sediment source, perhaps evidence that cliff
erosion to the north no longer supplies gravel-sized material, and that the Suffolk
gravel of Orford Spit is a relic and diminishing deposit.
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Chapter 5
Aeolian Sand Invasion: Georadar Signatures
from the Curonian Spit Dunes, Lithuania

Ilya V. Buynevich, Albertas Bitinas, and Donatas Pupienis

Abstract Aeolian landforms may occupy large portions of coastal spits and often
consist of multiple generations defined by periods of stability and reactivation. Where
earlier phases of aeolian activity are masked by subsequent deposition, continuous
high-resolution (200 MHz) ground-penetrating radar (GPR) images are used to
reconstruct their dynamic history. Subsurface profiles from younger segments of
the Great Dune Ridge massif along the northern Curonian Spit, Lithuania reveal
several phases of dune migration, which generally correspond to climatic deteriora-
tion during the Little Ice Age. Exacerbated by regional deforestation, 15-30-m-high
dunes have invaded coastal settlements, causing their repeated relocation. Along the
study transect, an optical age of the younger slipface strata is consistent with the
record of village entombment by drifting sand by AD 1797. This study demonstrates
that in the absence of mappable paleosols, a combination of geophysical,
luminescence-dating, and documentary databases offers a means of reconstructing
the history of human-landscape interaction, with potential implications for the future
stewardship of natural and cultural resources along spit coastlines.

5.1 Introduction

Positioned near the land-water interface, coastal dunefields have been active through-
out various phases of the Holocene and are sensitive to major reorganization in
climatic forcings and geological processes along marine and lacustrine margins
(Hesp and Thom 1990; Carter 1991; Pye 1993; Jimenez et al. 1999; Clarke
et al. 2002; Hesp 2002; Murray-Wallace et al. 2002; Loope et al. 2004; Maia
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et al. 2005; Pedersen and Clemmensen 2005; Clarke and Rendell 2006; Hart and
Peterson 2007; Bristow et al. 2009; Buynevich et al. 2010a; Dobrotin et al. 2013).
Understanding the effects of environmental and anthropogenic changes on coastal
landscapes is particularly important in a current regime of rapid shifts in climate, sea
level, and sediment supply, combined with ever increasing population pressures along
sandy coasts.

One of the fundamental issues regarding the evolution of aeolian landscapes is
determining whether a particular dunefield represents a single generation or devel-
oped through multiple phases of activity, stability, and reactivation. The latter
sometimes leads to sand invasion into coastal settlements (Sherman and Nordstrom
1994; Rick 2002; Buynevich et al 2010a; Girardi and Davis 2010). Therefore,
understanding long- and short-term dune dynamics is an important aspect of
regional coastal management practices (Zilinskas et al. 2001; Povilanskas
et al. 2009). Many earlier studies of long-term dune dynamics have been limited
to exposures and sediment cores, inability to trench into the older part of the
sequence below the water table, and challenges in establishing regional correlation
of aeolian and intervening organic horizons (Bakker et al. 1990; Klijn 1990; Sevink
1991; Junger et al. 2000; Halfen and Johnson 2013).

In recent decades, advances in high-resolution subsurface imaging technology,
such as ground-penetrating radar (GPR), allow rapid collection of continuous
records, with decimeter-scale resolution and penetration depths of 5-10 m common
for freshwater-saturated coastal successions (van Heteren et al. 1998; Neal and
Roberts 2000; Jol and Bristow 2003; Pedersen and Clemmensen 2005; Buynevich
et al. 2007a, 2009, 2010a). Greater penetration (10-30 m) has been obtained in
unsaturated dune sands (Schenk et al. 1993; Clemmensen et al. 2001; Neal and
Roberts 2001; van Dam et al. 2003; Havholm et al. 2004; Bristow 2009). GPR
allows for rapid imaging of dune stratigraphy, both above and below the water
table, and provides information about apparent dip angles of lateral accretion and
truncation surfaces, thickness of aeolian units, depth and extent of buried soil
(paleosol) horizons, distribution of buried structures, and relative chronology of
dune formation, migration, and deflation (Botha et al. 2003; Havholm et al. 2004;
Bristow et al. 2005; Clemmensen et al. 2007; Bristow 2009; Buynevich 2009;
Girardi and Davis 2010; Dobrotin et al. 2013).

The Curonian Spit along the southeast coast of the Baltic Sea presents an ideal
opportunity to investigate the signatures of reactivation of aeolian activity (Fig. 5.1).
It is located north and east of the sites where dune dynamics and its links to climate
change (e.g., storminess and North Atlantic Oscillation regime) have been investi-
gated in recent years (van der Meulen 1990; Seppild 1995; Wilson et al. 2001;
Clarke et al. 2002; Clemmensen et al. 2007; Forman et al. 2008). Furthermore, this
sand spit is the home to famous “wondering dunes” that invaded tracts of maritime
forests and a number of coastal settlements in historic times (Mager 1938;
Sherman and Nordstrom 1994; Gudelis 1998; Buynevich et al. 2007b). The aim
of this paper is to present the first subsurface evidence for historical dune
reactivation along a section of the northern Curonian Spit, Lithuania (Fig. 5.2),
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Fig. 5.1 Study area. (a) Location of the Curonian Spit along the southeast Baltic Sea coast.
(b) Aerial photograph of the Great Dune Ridge along the Lithuanian part of the spit

e P Ui

Fig. 5.2 Examples of Curonian settlements buried by migrating dunes. (a) Map of historical
villages along the northern half of the spit (database: archival materials summarized by Mager
1938; Gudelis 1998; Bucas 2001). (b) Photograph of a partially buried house along the lagoon
shoreline (From Gudelis 1998). (¢) Inscription on the monument at the site of the Old Karvaicit I
settlement (“1797 — burial by thick sand”, in Lithuanian)
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which is used to reconstruct dune thickness and establish independent chronological
control of sand invasion into a coastal settlement.

5.2 Physical Setting

Curonian Spit, a UNESCO World Heritage Site, is a 100-km-long barrier spit
divided between Russian Federation in the south and Lithuania (Neringa munici-
pality) in the north (Fig. 5.1). It has the highest coastal dunes in northern Europe
(more than 65 m above sea level), most of which today comprise the Great Dune
Ridge (Fig. 5.2). With prevailing westerly winds driving the aeolian transport, this
landward (eastern) part of the spit is dominated by both active and stabilized
Holocene dunes (Gudelis 1998; Zilinskas et al. 2001; Povilanskas et al. 2009).
Due to the width (1-3 km) and height of the dunes preventing breaching and
overwash by storms, the entire spit has been migrating landward during the
Holocene due to aeolian processes (Gudelis 1998; Zilinskas et al. 2001; Buynevich
et al. 2007a; Povilanskas 2009; Dobrotin et al. 2013).

Deflation of relict dunes on the northern part of the spit exposes a number of
mappable paleosol horizons, with the youngest dating back to the beginning of the
Little Ice Age (Fig. 5.2b; Gudelis 1998; Buynevich et al. 2007a; Gaigalas and
Pazdur 2008; Dobrotin et al. 2013). The geometry and extent of these paleosols
allow reconstruction of dune morphology and migration direction similar to some
examples of relict dunes along the Polish coast (Borowka 1995). The earlier,
cursory studies in this region suggest that at least four paleosol horizons are
regional in extent and that charcoal within paleosols may be related to burning of
coastal heathlands as early as 2,000 years ago (Moe et al. 2005). The first set of
optical dates from several sites place the latest acolian activity phase at <500 yBP
(Bitinas 2004; Dobrotin et al 2013).

The history of human-landscape interaction along the southeast Baltic Sea coast
dates back to at least the mid-Holocene and the impact on the landscape became
evident during medieval times (twelfth to fifteenth centuries AD; Mager 1938;
Gudelis 1998). The scale and speed of geological impact on local population have
reached their peak during the fifteenth to nineteenth centuries (Gudelis and
Michaliukaité 1976; Bucas 2001). During this time, a number of communities
were established along the Curonian lagoon seeking protection from the Baltic
winds behind the high dunes. Only a few small areas remained forested by the end
of eighteenth century. Historical documents suggest that this time was also marked
by several mobilization episodes of large dunefields, triggered largely by land
clearance. During this period, a number of Curonian villages were buried by
migrating dunes (Fig. 5.2a; Gudelis 1998; Povilanskas and Chubarenko 2000;
Bucas 2001; Povilanskas 2009; Buynevich et al. 2011). In addition, dune migration
triggered extrusion of lagoonal muds (Bitinas et al. 2009; Buynevich et al 2010b)
and likely generated micro-tsunamis through occasional massive grainflows into
the Curonian Lagoon (Gudelis 1998).
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5.3 Methods

The internal stratification of Holocene and recent dunes was investigated using
high-resolution, continuous ground-penetrating radar imaging. We used a digital
Geophysical Survey Systems Inc. SIR-2000 GPR system with a 200 MHz
monostatic antenna (Fig. 5.3; for technical aspects, see van Heteren et al. 1998;
Neal and Roberts 2000; Jol and Bristow 2003; Buynevich et al. 2009). Penetration
of up to 15 m and vertical resolution of 0.16-0.20 m was typical for unsaturated
sand. The two 50-60-m-long profile segments chosen as examples were extracted
from a 2-km-long traverse of the Curonian Spit (Fig. 5.3a). GPR images were
analyzed using Radan v6.0 software package, which involved standard post-
processing routines, including surface normalization that accounts for changes in
topography (Figs. 5.3 and 5.4).

To groundtruth key bounding surfaces and assess textural variations within the
upper part of the imaged sections, geophysical data were groundtruthed by rotary
and Edelman hand augers, with penetration depth of 4-5 m (Fig. 5.3c). For
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Fig. 5.3 Example of a historically active dune north of the modern Preila settlement: (a) Location
of the GPR transect and optical samples (KPO) at the site of a former settlement. (b) Geophysical
data collection with a 200 MHz antenna (upper slipface). (¢) Georadar profile across a recently
stabilized dune (see Figs. 5.2a and 5.3a for location; PR-1 — hand auger). Note the gently dipping
(<15°) older accretion surfaces separated by a superimposition bedding plane from the steeper
(30-31°) paleo-slipfaces above
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Fig. 5.4 Georadar profile along the slipface of the dune. Hyperbolic diffractions at right show
buried utilities along the road. Similar radar signatures beneath 6—7 m of dune sand likely represent
part of a historically buried settlement or forest The water table is slightly higher than the present
lagoon water level (see Fig. 5.3a for transect location; KV-1 — hand auger). The end of the GPR
profile is within 100 m of the monument (Fig. 5.2¢)

chronological control, two optically stimulated luminescence (OSL) samples were
taken from trench walls 50 cm below the ground surface. Guided by geophysical
data, all samples were taken from above the key superimposition surfaces, avoiding
toplap and ensuring upper sections of slipface strata are sampled. Aeolian sand was
collected in lightproof cores and dated at the OSL Laboratory at the University of
Nebraska-Lincoln (for discussion of methodology, see Huntley et al 1985). Two
dates presented here are relevant to the historical record of landscape dynamics and
are part of a larger regional dataset that will be published elsewhere. A hand-held
GPS provided georeferencing for geophysical and chronological datasets.

5.4 Results

A 2-km-long sea-to-lagoon geophysical transect across the Curonian Spit in the
vicinity of Preila, Lithuania allowed high-resolution imaging of coastal landforms
ranging from recent beach sediments to acolian sequences of the Great Dune Ridge
(Figs. 5.2, 5.3 and 5.4). At the location adjacent to a buried eighteenth-century
village of Karvaiciu, the imaged dune sequence is at least 12—15 m thick, extending
below the modern water table (Figs. 5.2, 5.3 and 5.4). The upper seaward (stoss)
and landward (lee) flanks of a massive show distinct bounding surfaces that
separate gently landward-dipping reflections in the lower part of the record (10—
13° apparent migrated angle) from steep (31-34°) sigmoidal-oblique reflections
above (Figs. 5.3c and 5.4). The latter either have a toplap contact or continue
upward to the dune surface. In the landward segment, a number of high-amplitude
diffractions are located at or above the water table (Fig. 5.4).
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Due to approximately W-E profile orientation, the apparent dip of the GPR
reflections is close to a true depositional dip. A hand auger taken at the seaward
segment penetrated 4.3 m of unsaturated fine-medium-grained dune sands with no
visible heavy-mineral component, which suggests that slight textural variations (grain
fabric and water retention; Bristow 2009) within the cross-stratified aeolian sediments
are responsible for the upper third of the imaged sequence. At the landward section, a
4-m-deep rotary auger terminated at the water table (Fig. 5.4). Two optical samples
of the upper slipface strata (KPO-3 and KPO-1) yielded downwind-younging ages
of 415+ 60 and 215 £ 30 years before present (present = AD 2013), respectively.
These dates complement the chronology of historically documented burial of the
coastal village — Old Karvaiciu II (AD 1740-1797; Fig. 5.2c).

5.5 Discussion

Where exposures are lacking or organic-rich horizons have not developed, geo-
physical surveys provide the only means of assessing the internal architecture of
aeolian deposits. The key discontinuity (bounding) surfaces imaged in GPR profiles
represent superimposition (higher-level reactivation) surfaces (Figs. 5.3 and 5.4)
indicative of changes in depositional regime. The dip angle of the upper (younger)
lateral accretion surfaces (paleo-slipfaces) approach the angle of repose and similar
to modern active and vegetated slipfaces.

Along the landward flank of the dune, high-amplitude hyperbolic diffractions
represent point-source signal return due to buried objects (Buynevich 2009).
Whereas modern utilities are responsible for a cluster of targets near the road
(lagoon-ward part of the record; Fig. 5.4), those covered by 4—6 m of dune sand
with mature trees likely represent remains of buried trees or man-made structures
left during the relocation of the Old Karvaiciu II settlement. The fact that it is a
second location of the “Old” village indicates that it existed in the older location,
prior to moving to the study site and subsequently relocating father south due to
complete sand burial by 1787 (Fig. 5.2¢). Optical dates are consistent with histor-
ical records of settlement movement, with a rapid dune migration within a 200-year
period (ca. AD 1600-1800), culminating in village abandonment at this site and a
number of other parts of the Lithuanian half of the spit (Fig. 5.5).

Abrupt climate shifts have been recognized as an important driving force of
aeolian system dynamics in both coastal and inland dunefields (Klijn 1990; van der
Meulen 1990; Lancaster 1997; Clemmensen et al. 2001; Clarke et al. 2002).
Climate deterioration during the Little Ice Age, likely exacerbated by deforestation,
was the likely cause of the latest massive dune migration (Wilson et al. 2001;
Hurrell et al. 2003; Wiles et al. 2003; Clemmensen et al. 2007; Forman et al. 2008;
Povilanskas 2009; Buynevich et al. 2010c). Prior to this period, the regional
destabilization of forested landscapes resulting from natural (lightning) and man-
made fires, have been the likely causes of devegetation (Fillon 1984; Seppild 1995;
Moe et al. 2005; Gaigalas and Pazdur 2008).
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Fig. 5.5 Summary of forest cover and settlement burial along the northern Curonian Spit (Data
from Gudelis 1998; Bucas 2001; Moe et al 2005). KII — Old Karvaiciu II village

Burial of lagoon-side Curonian settlements by drifting sand began shortly after
regional deforestation (Fig. 5.5; Gudelis 1998; Moe et al. 2005). In contrast to other
parts of the Great Dune Ridge that reveal 5,000 years of dune migration and
deflation during the Little Ice Age (Buynevich et al. 2007a; Gaigalas and Pazdur
2008; Povilanskas 2009; Dobrotin et al. 2013), the Preila dune has migrated
landward more than 1 km during the LIA. New geological evidence for increased
wind activity just prior to LIA (Buynevich et al 2010a) is consistent with findings
from inland dunefields during the Medieval Warm Period (Sridhar et al. 2006;
Halfen and Johnson 2013).

Reforestation efforts that started more than a century ago have stabilized por-
tions of the Great Dune Ridge (Fig. 5.5), however such efforts are in conflict with
the long-term translation of the spit via dune migration (Povilanskas et al 2009;
Dobrotin et al. 2013). Future research efforts will address the role of natural and
anthropogenic factors in driving century-scale landscape dynamics along the south-
east Baltic Sea coast.

5.6 Conclusions

Geophysical profiles from the younger portions of the Great Dune Ridge, Curonian
Spit, Lithuania reveal distinct phases of aeolian deposition that spanned only
several centuries. In contrast to other parts of the dune massif that took more than
5,000 years of dune migration and recent deflation (Buynevich et al. 2007a;
Gaigalas and Pazdur 2008; Dobrotin et al. 2013), the Preila dune has moved more
than 1 km in a few centuries during the Little Ice Age. This migration culminated in
the burial and abandonment of the lagoon-side village by AD 1797. Within 15-30-
m-thick dune sequences lacking such exposures, lateral accretion surfaces indicate
the direction of sediment transport before and after the stability period, or a change
in the direction of dune migration. In some cases, the upper sections of large dunes
have been deflated exposing slipface-angle deposition following periods of
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stabilization (paleosols). However rapid dune migration (or organic matter con-
sumption in low-latitude dune sites) often precludes soil formation. In such
instances, integrated geophysical, OSL, and historical databases are crucial for
reconstructing the landform dynamics, vegetation history, and cultural context of
coastal dunefields.
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Chapter 6
The Joint History of Troia Peninsula
and Sado Ebb-Delta

Susana Costas, Luis Rebélo, Pedro Brito, Christopher 1. Burbidge,
Maria Isabel Prudéncio, and Duncan FitzGerald

Abstract Traditionally, the study of coastal evolution has focused on emergent
barriers or stratigraphic sequences on the adjacent shelf, but seldom are these two
systems studied holistically or the information combined into a single model. Here,
we combine data sets from the emerged and submerged sectors of a prograding
coast, from the coastal dune to the innermost continental shelf, to reconstruct the
long-term history of shelf reworking and spit elongation of Trdia Peninsula in
Portugal. This analysis involves synthesizing high-resolution reflection seismic
profiles from the shoreface, Ground Penetrating Radar images from the emerged
sand barrier, high resolution digital terrain models, and Optically Stimulated
Luminescence and radiocarbon dating of sediment samples from the emergent
sand barrier and backbarrier. The results document the growth of the sandy penin-
sula in five major phases of progradation represented by massive foredunes sepa-
rated by hiatuses of sedimentation and periods of shoreline stability. Formation of
the peninsula began circa 6,500 years ago by spit elongation from the south as
documented by the oldest beach sediments within the spit. The spit enlarged until a
tidal inlet was formed around 3,300 years ago, which caused the construction of the
ebb-tidal delta. The latter sequestrated the sand supplied to the spit inhibiting spit
progradation until the ebb delta reached an equilibrium volume, allowing shoreline
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progradation out of phase with delta enlargement. Hiatuses in spit progradation are
tentatively related to the onset of erosive conditions caused by enhanced storminess
around 4,000 and 1,800 years ago and to a tsunami 250 years ago. These results
suggest that the growth of the spit is largely controlled by self-adjustment processes
and/or major climate shifts.

6.1 Introduction

Spits represent a subaerial projection of sediment forming on top of a larger and
thicker submarine structure known as the spit-platform (Meistrell 1972). These
features are generated by vigorous alongshore currents transporting sediment that
ultimately accumulates along the distal position of the platform where there is an
abrupt change in the direction of the shoreline; a coastal reentrant or a bay that
drastically reduces wave energy and current velocity, forcing sediment deposition.
A second mechanism for spit elongation is associated with the migration of a tidal
inlet (Aubrey and Gaines 1982). Based on wave tank experiments and fieldwork,
Meistrell (1972) found that the growth of spits and platforms are inversely related
and occur in alternating cycles. Spit platform growth is controlled by sediment
supply and water depth; as the spit platform builds into deeper water it requires a
greater volume of sediment to fill the greater accommodation space, forcing the spit
to elongate at lower rates.

Spits are relatively common features along the Portuguese coast, because of the
strong and persistent longshore transport of sediment. However, the present
sediment-starved condition of the Portuguese coast and the highly dynamic nature
of these coastal features, limit the preservation of the sedimentary and historical
record within these sedimentary deposits inhibiting our capacity to reconstruct and
understand the major factors controlling their formation and evolution. The age of
coastal barriers in Portugal has been inferred from the record of lagoonal sedimen-
tation (Freitas et al. 2002, 2003), which is largely controlled by the presence and
stability of the enclosing barriers. In this regard, the onset of lagoonal sedimentation
about 5,300 years BP was interpreted as indicator of barrier formation (Freitas
et al. 2002). Additionally, lagoonal sedimentation documents complex histories of
barrier evolution dominated by changes in barrier permeability (Bao et al. 1999;
Freitas et al. 2003). Similar to most barriers and deltas worldwide, Holocene
formation of coastal barriers in Portugal has likely been influenced by a decelera-
tion in the rate of sea-level rise (Freitas et al. 2002).

The Tréia peninsula is a very large coastal system located at the entrance to the
Sado estuary. Because of its dimensions, presence of several dune ridges, and a long
period of human occupation, beginning with the Romans (Etienne et al. 1994), there
is a long and detailed history contained within its deposits. The Roman settlement is
partially covered by a transgressive dunefield produced by northerly winds
orographically enhanced by the Palmela valley (Fig. 6.1). The ruins provide
information concerning a nucleus of Roman occupation at the downdrift spit end
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Fig. 6.1 Location of the study area within the Sado estuary. The subaerial morphology of the spit
and its adjacent nearshore region are shown in the DTM obtained from the LiDAR dataset
provided by the Dire¢do-Geral do Territdrio and the Agéncia Portuguesa do Ambiente. Surveyed
GPR lines and collected sediment samples for OSL and vibrocorers are shown. Detailed images of
the zones identified within the spit are shown together with a typical elevation crosshore profile in
the left of the figure

associated with the development of important fish-salting factories between the end
of the first and the first half of the fifth century AD (Etienne et al. 1994; Pinto
et al. 2011).

Its size, age, and progradational history, indicate that the Troia spit is an
excellent candidate to study the onset and evolution of these coastal elements in
relation to sea-level oscillations and climate and sediment supply variability. In
addition, the presence of an ebb-tidal delta at the downdrift end of the spit
represents an opportunity to explore the relationship between the submerged sand
platform and emergent ridges. An integrated dataset from different sources
(i.e. Ground Penetrating Radar, seismics, LIDAR, luminescence dating) allows us
to image the evolution of the emerged spit and submerged embankment and obtain
a holistic reconstruction of the coastal system.
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6.2 Regional Setting

Tréia Peninsula represents the northern end of the 62 km-long Tréia-Sines littoral arc.
This sandy spit is attached at its southern end to the mainland and extends for 24 km
to the north thereby restricting the exchange of water between the estuary and the
Atlantic Ocean to the Sado Inlet (Fig. 6.1). The spit is located within the shadow zone
generated by the Espichel Cape located to the north (Jacob et al. 2009) (Fig. 6.1). The
cape protects the coast from the direct effect of NW-WNW waves, but has much less
effect on waves approaching from the west and southwest, which is the direction of
the storm waves along the Portuguese coast. Offshore wave climate in the study area
is dominated by significant wave heights of 1.7 m and peak wave periods of around
11 s, whereas waves greater than 3 m constitute only 10 % (Costa et al. 2001). Most
frequent waves (around 70 %) approach from the NW quadrant while waves from W
and SW represent 20 and 2.5 %, respectively. This wave climate and sheltering
afforded by the cape are responsible for a net longshore sediment transport rate of
about 10° m*/year, directed to the north (Gama et al. 2006). Sediment supplied to the
littoral arc is sourced from the erosion of Mio-Pliocene sea cliffs, intertidal benthonic
macrofauna communities, and the inner shelf (Gomes 1992). Mean grain size varies
alongshore between 0.3 and 0.6 mm increasing to the south. Prevailing winds during
the year are from the N and NW. However, the Arrabida mountains located to the
north of the bay, with elevations around 500 m, deflect and reduce wind power
forcing northerly winds to more westerly directions along Tréia (Gomes 1992). Tides
along the southern Portuguese coast are semidiurnal, increasing from 0.2 m during
neap tides to 3.9 m during spring tides.

Gomes (1992) provided a detailed description of dune building along the entire
littoral arc, documenting significant differences alongshore and demonstrating
seaward progradation as the major mechanism of spit growth. Conversely, Psuty
(1992) related the formation of offset foredune crests to the downdrift progradation
of the spit and wave refraction on the ebb-tide delta. They hypothesized that
decrease in dune elevation downdrift was a consequence of a longshore gradient
from an updrift negative beach and dune sand budget to a downdrift positive budget
producing beach ridges. Rebélo et al. (2009) proposed episodic formation of spits
alternating with erosive episodes to explain the growth of the Peninsula.

An important element of the coastal system at the mouth of the Sado estuary is
the submerged ebb-tide delta. The delta has a maximum sediment thickness of
approximately 40 m and has been classified as a high-angle half-delta by Brito
(2010). It comprises a large reservoir of sediment (960 x 10° m?) and its relatively
shallow nature reduces wave energy reaching the northern part of the spit (Fig. 6.1).
It has been speculated that the delta developed 7,500-5,000 years ago when the rate
of sea-level rise rate slowed (Brito 2010). The internal stratigraphy of the delta
suggests two major episodes of delta growth; a lower unit characterized by an
aggrading stratigraphy and an upper prograding unit (Brito 2010). This shift in delta
accretionary style has tentatively been related to a slowing of sea-level rise
3,000 years ago documented by Psuty and Moreira (2000) in the adjacent Sado
estuary.
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6.3 Methods

Reconstructing historical spit growth at the Troia peninsula was studied as means of
understanding the evolution of coastal barriers since the last transgression. To
accomplish this, we must first explain the spatial and temporal evolution of the spit.

6.3.1 Subaerial Morphology

To determine the subaerial morphology and distribution of major depositional
elements of the spit, a high-resolution (2 m) digital terrain model (DTM) was
produced from detailed LiDAR datasets that were collected during 2011 by the
Diregdo-Geral do Territdrio and the Agéncia Portuguesa do Ambiente, to determine
the number, size and morphology of the ridges along the spit. A series of cross-
shore transects were subtracted from the DTM to describe and classify aeolian and
beach elements within the spit.

6.3.2 Internal Stratigraphy
6.3.2.1 The Emerged Spit

Ground penetrating radar (GPR) has successfully resolved the distribution of
sedimentary environments within coastal barriers (Costas and FitzGerald 2011;
Bristow and Pucillo 2006; Hein et al. 2012) and reconstructed sea-level oscillations
from coastal barriers by mapping the foreshore-shoreface (Tamura et al. 2008) or
the dune-beach boundaries (Bristow and Pucillo 2006; Otvos 2000).

Images of the subsurface were acquired using an Ingegneria Dei Sistemi-Ground
Penetrating Radar (IDS-GPR) system RIS MF Hi-Mod #1 equipped with a dual
frequency antenna (200 and 600 MHz). Most GPR transects were run across the spit
resolving the estuarine and seaward shorelines (Fig. 6.1). Maximum penetration
(depth around 12 m) was achieved using the 200 MHz antenna. The high dielectric
constant of water molecules within the freshwater aquifer and/or the presence of
salt water attenuates electromagnetic waves and limited the penetration of some
GPR lines (Daniels 2005). The GPR was synchronized to a RTK-GPS system in
order to obtain the topographical information for static correction during the
processing of the radargrams. Raw data were processed using the program package
Reflex-Win Version 5.0.5 by Sandmeier Software. Processing included application
of filters and gains, velocity profile estimate, migration and static corrections. An
average subsurface velocity of 0.12 m/ns was estimated using the interactive
hyperbola-adaptation method and is a typical velocity for dry sand.
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6.3.2.2 The Submerged Spit

The analysis of the internal stratigraphy was extended to the submerged part of the
spit and ebb-tidal delta using a very high-resolution seismic reflection system. The
Seistec profiler system was expressly created for shallow water seismic profiling by
IKB Technologies Limited (Simpkin and Davis 1993) and consists of a boomer
source (1-10 kHz) associated with a line-in-cone receiver mounted in a catamaran.
Signal penetration reached up to 15 ms with an estimated resolution of 0.3 m in the
vertical and 1.0 m in the horizontal for a central frequency of 5 kHz. Data
positioning used a R6 Trimble GPS receiver mounted in the system catamaran, at
an equidistant position from the seismic source and receiver.

A total of 260 km of 2D seismic profiles were surveyed following parallel and
normal transects to the coastline in three grids with a spacing ranging from 200 to
1,500 m. Additionally, seismic profiles (chirp, boomer and sparker) surveyed in
previous cruises during 2003 and 2007, were revisited to support the present work.
Seismic data processing and interpretation were carried out using Landmark soft-
ware from the Halliburton, and included band-pass filter, tide correction, swell filter
and deep scan stack or trace mixing.

6.3.3 Age Determination

Results from GPR and DTM were integrated in order to select the best locations for
dating the growth of the Peninsula. Samples were taken in opaque tubes, from
homogeneous layers above the base of 1 m test pits in each location. Optically
stimulated luminescence (OSL) dating analyses were made by ETN, CTN,
Instituto Superior Técnico.

Field gamma spectrometry measurements were conducted in situ to obtain
concentrations of K, Th, and U. In the laboratory, water content as a fraction of
dry sample mass was measured as received, saturated, and following free drainage.
For instrumental neutron activation analysis (INAA), 50 g of dried sample was
milled and 200 mg subsamples in HDPE phials were irradiated in the Portuguese
Research Reactor at CTN/IST. Samples and standards were analyzed using high-
resolution gamma spectrometry to quantify 27 elements including K, Rb, Th and U
(Dias and Prudéncio 2007). Dose rates from alpha, beta and gamma radiation were
calculated from elemental concentrations and corrected for time averaged water
content (for further details see Burbidge et al. (2014)), which was constrained based
on the measured values and the elevation of each sampling position relative to the
water table. The dose rate from cosmic radiation was calculated for the site location
and an estimate of the time averaged burial depth of each sample. For OSL
measurements light protected material from each sample was wet sieved, acid
washed, density separated, HF etched and re-sieved to obtain 160-200 pm quartz
grains. Twenty-four cups each were measured using a single aliquot regenerative
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(SAR-OSL) protocol with six calibration doses up to 10 Gy, and repeat points at
0 and 2-3 Gy, including following infrared exposure. These yielded on average
1,800 cts Gy ' and repeat dose-response points within 6 %. Zero dose response was
on average equivalent to 0.2 Gy, however Troia samples with absorbed doses as low
as 0.1 Gy yielded ages in agreement with historic records (Rebélo et al. 2013). On
average three results per sample were rejected, where systematic effects on
absorbed dose as a function of preheat temperature (180-280 °C) and/or repeat
points were significant relative to statistical uncertainties. The remaining results
were analyzed using a weighted maximum likelihood estimate for a single popula-
tion. Ages were calculated as the quotient of absorbed dose and dose rate, and
converted to calendar years.

Additionally, three sediment cores were collected at the backbarrier to obtain
samples for radiocarbon dating in order to determine the age of low-energy
backbarrier sedimentation (Fig. 6.1). The vibra-cores were opened and described
in the laboratory separating the sediments indicative of marsh deposition. The
samples were treated at Leibniz Labor fiir Altersbestimmung und Isotopen-
forschung, Christian-Albrechts-Universitit, Kiel where plant materials were
selected for AMS radiocarbon dating. Calibrated or calendar ages were calculated
using CALIB rev 5.01 (dataset: IntCal04, Reimer et al. (2004)).

6.4 Results

6.4.1 Subaerial Morphology

The DTM allowed the identification and mapping of the different morphological
elements along the spit: dune ridges (foredunes and precipitation ridges), blowouts,
parabolic dunes, beach ridges and interdune depressions. In this work we adopted
the terminology proposed by Hesp (1999), which integrates the processes respon-
sible for dune development.

Based on the spatial distribution and the dimensions of these elements, the spit
was divided in three zones alongshore according to the morphology of the dune
ridge sets: updrift, central and downdrift zone (Fig. 6.1). The distribution of these
zones is related to the two axis of spit elongation displayed by the spit; the updrift
axis is directed to the north and to the interior of the estuary whereas, the second or
downdrift axis represents a westward or seaward rotation in the updrift axis
downdrift of the central zone. The rotation of the former axis of elongation
produced the realignment of the spit that evolved to a swash-aligned spit with a
pronounced concave curvature. The spit curvature defines the transitional or central
zone of the spit (Fig. 6.1).

The updrift zone extends from the anchor point of the spit to the central curving
zone. This zone is the narrowest area of the spit (around 500 m wide) and is
characterized by two to three dune ridges that increase in dimensions inland; larger
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ridges reach 25 m above MSL and 300 m wide (Fig. 6.1). The landward most and
larger ridges are precipitation ridges that advanced onto the backbarrier marsh,
which in some areas was transformed into rice fields. The seaward ridges are
smaller and are represented by regular or fragmented foredunes. Interdune depres-
sions are frequently around 4 and 6 m above MSL though they may reach 2 m above
MSL (Fig. 6.1). Depressions present evidence of aeolian deflation producing a
concentration of shell fragments at the surface suggesting the landward transfer
of sand from a former shoreline or foredune to the precipitation ridge. The cross-
shore present-day beach profile is characterized as an intermediate-barred coast
(Masselink and Short 1993). The beachface is steep (~7.4°) and commonly exhibits
two inflexion points at 2.5 m and 4.5 m above MSL. Both levels are related to the
vertical migration of the berm crest associated with typical water oscillations
generated fortnightly tidal cycles tide and effects of wave and wind climate.

The number of dune ridges increases to the central zone of the spit. This zone is
characterized by a high diversity of dune forms ranging from the typical narrow,
evenly spaced, and fragmented foredunes to parabolic dunes (Fig. 6.1). This zone
reaches 1,500 m wide and comprises four to six massive foredune ridges with
irregular spacings and crescentic morphologies. Highest elevations of dune ridges
in the central zone are between 14 and 18 m above MSL. These forms correspond to
parabolic dunes advancing to the south and to large blowouts moving landward
(west to east) cutting through dune ridges. Interdune depressions in this zone are
5 and 6 m above MSL. The backbarrier region is characterized by the presence of a
backbarrier marsh or estuarine beaches. The latter developed in the estuarine side of
the spit due to the erosive action of the ebb channel over the backbarrier. Former
wave-built beach-ridges can be observed at the estuarine side of the spit where they
have not been covered by aeolian deposits (Fig. 6.1). Cross-shore beach profiles
have a typical intermediate-barred profile with beachface slopes around 6°. Inflex-
ions within the beachface are found at 2.3 and 3.6 m above MSL.

The downdrift part of the spit exhibits a high diversity of morphological ele-
ments with lower elevations and abundant evidence of post-depositional foredune
reworking within the estuarine side. Massive foredunes are rare in this zone and are
replaced by lower landforms that mays, in turn, suggest faster shoreline progradation
following sigmoidal planform dune crests (Fig. 6.1). These patterns repeat the
complex morphology displayed by the present-day shoreline, which is dominated
by cuspate features, entrances and the recurved downdrift spit end (Fig. 6.1). The
estuarine side of this zone is characterized by the presence of parabolic dunes
migrating to the southwest from the estuarine beaches. Seaward, these dunes are
replaced by a very low area with elevations around 2 m above MSL (Fig. 6.1). The
latter resembles the inter-ridge depressions found within the spit end or the deflation
surfaces left by the advance of the parabolic dunes. This area becomes lower to the
north where it contacts the Caldeira basin, a depressed area with average elevations
below MSL (Fig. 6.1). The cross-shore beach profile in this zone is represented by
reflective morphologies. Foreshore slope decreases towards the spit end where it
terminates onto the adjacent ebb-delta with a slope around 5°. Beach berm in this
zone is around 3 m above MSL.
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6.4.2 Internal Stratigraphy
6.4.2.1 The Emerged Spit

Classification of the internal reflectors is primarily related to their continuity,
attitude, and interval, using the terminology developed by Mitchum et al. (1977).
The internal variability identified within the GPR images was simplified into three
facies associations. Interpretation of the radar facies was aided by the morphology
of present day coastal features resolved from the high-resolution DTM and previous
works carried out in similar environments (van Heteren et al. 1998; Bristow
et al. 2000).

A horizontal-paired, strong reflector running across the spit at 1.2-2.1 m above
MSL is interpreted as the water table associated with a subsurface freshwater
aquifer (Figs. 6.2 and 6.3). Reflection-free areas within the radargrams are a
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Fig. 6.2 (a) and (c) Segments of the 200 MHz radargrams GPR-S1 and GPR-S3 measured across
the barrier spit. (b) and (d) Interpretation of the radargrams and location of the OSL samples
(asterisks)
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Fig. 6.3 (a) 200 MHz radargram corresponding to line GPR-S1 measured across the barrier
within the updrift zone of the spit. (b) Interpretation of the radargram

consequence of signal attenuation due to the presence of salt water intrusions from
the ocean and estuarine beach, the presence of fine-grained sediments from the
backbarrier, and the actual freshwater aquifer. The freshwater aquifer in the center
of the spit is around 11 m deep, with a 2 m diffuse zone due to the entrance of the
salt water beneath it (Dill et al. 2009).

Radar Facies Assemblage 1 (RF1). The Upper Beach

RF1 extends from around 2 m above water table downwards to the penetration
depth limit. This assemblage comprises high-amplitude, sub-horizontal and high-
angle (4-7°) seaward-dipping reflectors that can be traced for more than 40 m
(Fig. 6.2). Two facies can be identified within this assemblage (Fig. 6.2). The first
(RF1-1) is represented by reflectors with similar to slightly steeper slopes compared
to the present beach foreshore. The reflectors show complex sigmoid-oblique
configurations prograding seaward. The inclined reflectors are not only
sub-parallel, but can also truncate other reflectors and may be onlapped by other
dipping reflectors. The second (RF1-2) consists of sub-horizontal reflectors that
onlap the inclined reflectors and document the constructional stage of the beach
through beach berm welding. Van Heteren et al. (1998) associated complex
sigmoid-oblique configurations with periods of alternating aggradation and
progradation associated with beach recovery processes.
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Radar Facies Assemblage 2 (RF2). The Aeolian Cover

RF2 dominates most of the GPR radargrams, as aeolian sedimentation commonly
forms the top 2 m above MSL. Internal configurations within this assemblage are
highly complex and diverse mostly because of the presence of the vegetation cover
(Figs. 6.2 and 6.3). The most common facies within RF2 are represented by
hummocky discontinuous reflectors (RF2-1) represented by concave down reflec-
tors that are frequently found at the termination of RF1. RF2-1 uses to concentrate
within the internal architecture of large dune buildings extending upwards in pace
with the vertical aggradation of the ridges (Fig. 6.2). This facies is interpreted as the
vertical accretion of blown sand from the adjacent beach trapped by the vegetation,
which is in turn the responsible for the discontinuous and chaotic configuration of
this facies.

High-amplitude sub-horizontal and tangential-oblique reflectors (RF2-2) dip-
ping seaward may downlap onto RF1-2 (Fig. 6.2). RF2-2 are parallel to the
underlying RF1-2 and are interpreted to represent the vertical aggradation of the
backshore through the accumulation of blown sand with reduced vegetation cover
and frequent deflation surfaces. These surfaces resemble the inter-ridge depressions
that can be found at 6 m above MSL. High-angle seaward dipping reflectors cutting
through the water table may reach the dune crest and represent bounding surfaces
erosively truncating RF1 and RF2 (Fig. 6.2). These surfaces represent the retreat of
the shoreline and the eventual erosion of the frontal dune and are recorded as
erosive scarps that use to affect the entire foredune. Tangential-oblique reflectors
(RF2-3) dipping seaward onlap these bounding surfaces promoting the recovery
and progradation of the dune seaward coincident with beach progradation
(Buynevich et al. 2007; Costas et al. 2006).

Finally, a series of well-defined radar packages can be identified within the
radargrams represented by oblique parallel reflectors (RF2-4) with erosional upper
toplap terminations (Figs. 6.2 and 6.3). These facies were identified in the sectors of
the GPR lines running across blowouts, precipitation ridges or parabolic dunes,
which in turn explain their origin. RF2-4 reflectors downlap onto erosive or
non-depositional bounding surfaces (Fig. 6.3).

Radar Facies Assemblage 3 (RF3). The Backbarrier

RF3 is represented by discontinuous and sub-horizontal reflectors and are found
within the estuarine side of the spit (Fig. 6.3). These reflections constitute the
onlapping surface of RF1-2 and in some cases the downlapping surface of RF2-4.
Stratigraphy interpreted from vibracores collected in the estuarine margin of the
spit support the interpretation of the RF3 facies. The core logs show a vertical
succession of lithological facies represented by oxidized coarse sands at the base
overlaid by well-sorted medium sands and organic-rich very fine sand to silt at the
top of the cores. Oxidized coarse sands were also documented by Psuty and Moreira
(2000) and interpreted as Plio-Pleistocene deposits. This sequence suggests the
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Fig. 6.4 (a) Seismic line SCARPS-69 running across the nearshore area of the updrift spit zone.
(b) Interpretation of the seismic line showing major identified units and surfaces including surface
SS1 interpreted here as the marine ravinement surface

onset of spit deposition on top of previous Plio-Pleistocene sediments and the
subsequent onset of low-energy backbarrier environments that could explain
the sedimentation of fine-grained deposits at the top of the sequence.

6.4.2.2 The Submerged Spit

As in the GPR data, the interpretation of the seismic reflection data was based on the
principles developed by Mitchum et al. (1977). The interpretation of the seismic
reflection data documents one main seismic surface (SS1) that individualizes two
seismic units, SU1 and SU2, respectively above and below SS1. SS1 is marked by
an offshore slopping reflection with high amplitude and continuity, whose erosive
character is denoted by the truncation of the underlying reflections (Fig. 6.4). The
interpolated morphology of this surface appears very similar to the present day sea
bottom, reproducing both the general trend of the spit platform (Fig. 6.5). This
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Fig. 6.5 Interpolation of the bounding surface SS1 identified within the surveyed seismic lines.
This seismic surface was interpreted as the marine ravinement surface associated with the last
marine transgression

seismic surface was interpreted as the marine ravinement surface associated with
the last marine transgression.

SS1 is overlain by the seismic unit SU1, which is topped by the seafloor. SS1
represents a prograding unit with two medium-amplitude and medium- to
low-continuity reflections that downlap onto SS1 and divide SU1 in three
sub-units, SU1-1, SU1-2 and SU1-3 (Fig. 6.4). The two lower sub-units (SU1-2
and SU1-3) are thin (less than 5 and 2 ms TWT in thickness, respectively) and
almost reflection free. These sub-units are bounded by two unconformity surfaces.
The upper sub-unit (SU1-1) is characterized by high amplitude chaotic point
reflections. Yet, it was possible to identify low-continuity reflections dipping
offshore and downlapping onto each other or onto the top of SUI1-2. The unit
SUL1 is interpreted as post-transgressive and it is here speculated that the two
surfaces that limit its sub-units can eventually correspond to old shoreface erosive
surfaces associated to coastline retreat while the subunits would represent the
subsequent beach recovery. The lower unit SU2 underlies SS1 and its base is
beyond the seismic signal penetration. SU2 was characterized by oblique to sig-
moidal, onshore dipping, high-amplitude and medium-continuity reflections trun-
cated by SS1 (Fig. 6.4). It was interpreted as the pre-transgression unit.
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6.4.3 Spit Age

Table 6.1 summarizes the results of the optically dated samples of dune and beach
sediments. The dune samples were collected within blowout lobes and parabolic
dunes. The OSL ages are presented in years before the sampling in 2010.
The radiocarbon ages are presented in calibrated thousands of years before 1950
(cal year BP).

Samples were collected along three transects across the central and downdrift
zones of the spit. Oldest ages correspond to the beach deposits collected within the
estuarine side of the spit and suggest the onset of the spit at least 6,500 years ago.
The downdrift end of the spit has formed relatively recently; the oldest age within
the estuarine side of the spit yielded an age about 2,500 years.

Ages obtained from beach sediments across the central zone of the spit docu-
ment the seaward progradation of the spit (Fig. 6.6). Conversely, dune samples
collected within large blowouts document major events of sand transference inland
around 3,800, 1,870 and 300 years ago. Minor aeolian remobilization was centered

Table 6.1 Luminescence and radiocarbon dating results

sample | ITNLUM# Dis::ec:tm Elevation :: ntahl H,0 (gfg) | Doserate Absorbed Age (years)
P sh:reline (m) (m, MSL) (:‘) 20 (/8] (mGy/year) dose (Gy) e ly
TR-10-01 663 791 11 1.00 0.06 1.0940.03 3.98£0.09 3,660£140
TR-10-02 664 620 11 0.90 0.04 1.19:0.03 3.420.08 2,860+110
TR-10-03 665 544 6 0.90 0.06 1.1340.04 3.78£0.06 3,340£120
TR-10-04 666 221 16 0.85 0.06 1.20£0.04 0.30£0.03 25020
TR-10-05 667 980 16 0.85 0.05 1.05+0.03 1.87+0.07 1,780+90
TR-10-06 668 1,181 18 0.75 0.07 1.0210.04 3.87+0.21 3,870+210
TR-10-07 669 1,440 3 1.00 0.09 0.95+0.04 6.47+0.31 6,470+310
TR-10-08 670 152 5 0.75 0.05 0.91+0.03 0.76+0.05 76050
TR-10-09 671 954 5 1.03 0.07 1.06£0.04 4.00£0.21 4,000£210
TR-10-10 672 1,051 11 0.90 0.03 1.1240.04 1.72+0.09 1,720£90
TR-10-11 673 1,127 4 1.20 0.05 0.98+0.03 5.84+0.28 5,840+280
TR-10-12 674 582 3 1.10 0.09 1.22+0.05 3.24:0.16 3,240£160
TR-10-13 675 362 5 1.70 0.07 1.03%0.04 1.11+0.06 1,11060
TR-10-14 676 337 10 1.05 0.06 1.20£0.05 0.95£0.05 79060
TR-10-15 677 533 12 1.10 0.03 1.2140.05 1.87+0.09 1,870+90
TR-10-16 678 220 4 1.05 0.03 1.26+0.04 0.81£0.03 640130
TR-10-17 679 897 2 0.60 0.08 0.940.04 1.98+0.15 1,980+150
TR-10-18 680 1,116 3 0.90 0.14 1.0440.04 2.4610.12 2,460£120
TR-10-19 681 700 2 0.92 0.26 0.93+0.03 1.98+0.11 1,980+110
TR-10-20 682 349 4 1.30 0.02 1.5240.05 2.4310.04 1,60060
TR-10-21 683 - 5 1.65 0.04 1.64+0.05 0.62+0.04 380430
TR-10-22 684 890 2 1.25 0.06 0.93+0.04 1.00+0.04 1,080£60
TR-10-24 686 1,100 3 1.15 0.04 1.36+0.05 1.4240.04 1,040+40
Sample | Lab code Depth (m) 8"*C (%) Conventional '*C age BP 20 Calend?:aﬁ'"e:r:;l; age BP
D1-195 | KIA36122 1.95 -26.3740.14 2,405425 2,492-2,350
D4-227 | KIA36123 2.27 -25.8610.19 390420 507-429
D2-133 | KIA36124 1.33 —22.7610.33 3,135435 3,445-3,319

OSL ages are represented in years before 2010 while radiocarbon ages are presented in cal year
BP. Shadow rows correspond to samples collected within the dunes



6 The Joint History of Tréia Peninsula and Sado Ebb-Delta 93

1040 yrs

S

i |

16 (2 : 380 yrs
=12 600 1980 1980 - 1%0%.@% ! 4
, /MW \ &3 ..
o yrs

. i/!swyrs
) "_/1980\"3
] 200 400 600 8OO ~1000 1200 1400 1600 ) o

Cross-shore distance (m)

Elevation (m,

20 Ebb-tide 1600 yrs
516 @ 790 720 oune delta
g 1870 SAMPLES
= 12 640 yrs
g Y
2 4 ®)( S
- 640 yrs y \_:_‘fd?ows
o Z 640 1100 3240 4000 5849 1100 y ,:
0 200 400 600 BOD 1000 1200 1400 1600 3240y oY |
Cross-shore distance (m)
760 yrs' °
6500 to 4000 yrs
4000 to 3300 yrs A 1
- 3300 to 1870yrs 340 yrs
2 1870 to 1100 yrs |
E 1100 to present yrs
fg - Erosion J.
@ e Vibrocorer

051 beach samples

o 200 400 600 200 1000 1200 1400 1600
s OS5SLdune samples

Cross-shore distance (m)

Fig. 6.6 Results of the OSL ages for the beach samples and major phases of spit progradation and
elongation. (/), (2) and (3) show the crosshore elevation profiles with the location and age of the
OSL samples for the dune and beach sediments

around 2,800 and 790 years. In contrast, the aeolian activity that centered around
1,700 years was related to the formation and southward advance of parabolic dunes
from the estuarine beaches.

The age of the backbarrier deposits determined by radiocarbon dating yielded
ages between 3,400 and 420 cal year BP suggesting the onset of the marsh after
3,300 cal year BP. The sample from the transition between the sandy deposits and
organic-rich silty sediments was collected 2 m below present MSL, which could
correspond to low marsh sedimentation.

6.4.4 Progradation Rates

Figure 6.6 shows the age relationship between sample locations and the present
shoreline. The occurrence of beach deposits located 1 km from the present shoreline
with ages between 2,000 and 4,000 years alongshore (Fig. 6.6) supports the model
of downdrift spit elongation. The major morphological differences observed along
and across the barrier are related to the volume of sediment stored within the
foredune ridges, which in turn yields information concerning differences in the
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progradation rate and dune enlargement mechanisms. In this regard, three different
patterns have been identified within the spit: (1) rapid beach progradation with
small foredunes, (2) moderate beach progradation with fragmented and massive
foredunes, and (3) low beach progradation with large ridge heights.

The first pattern of ridge morphology was observed within the downdrift spit
end. Most foredunes in this zone formed during the last 1,100 years, which indicates
a progradation rate of at least 0.30 m/year. The second pattern was observed within
the central zone of the spit where foredunes store large volumes of sediment. This
zone was characterized by variable rates of progradation: (a) 0.26 m/year between
6,500 and 5,800 years, (b) 0.09 m/year between 5,800 and 4,000 years, (c) 0.45 m/
year between 4,000 and 3,300 years, and (d) 0.14 m/year between 3,300 and
1,100 years. These rates were based on OSL-dated paleoshorelines (beach samples)
and foredune architecture.

Two major episodes of shoreline retreat were identified around 4,000 and
1,100 years ago from the significant decrease in the progradation rate and from the
presence of large blowouts that fragmented foredune ridges. Beach sediments dated
around 4,000 and 1,100 years show clear evidence of intense erosion (abundant and
strong beach scarps), including large blowouts that were dated around 3,870 and
1,870 years ago. Conversely, progradation rates increased significantly between
4,000 years ago and 3,300 years ago, coinciding with the enlargement of the foredune
ridge. This ridge is mostly unfragmented and dominated by radar facies indicating
vertical aggradation and seaward progradation (RF2-1, RF2-2 and RF2-3). This
architecture is interpreted as a temporary stabilization of the shoreline around
3,300 years ago. Shoreline progradation continued around 1,100 years ago before
being interrupted by the last major phase of instability and hiatus in deposition along
the spit around 250 years ago, coinciding with the Lisbon tsunami (Reb€lo et al. 2013).

Finally, the third evolutionary pattern was observed in the updrift zone of the
spit. This narrower zone should record all of the identified phases, because it is the
oldest part of the spit. In fact, if we look into detail within the internal architecture
of the barrier, these phases can be isolated even though they merged into a single
very large landform, the precipitation ridge. The latter is the result of the landward
transfer of sand from a former shoreline during several sediment pulses. In this
regard, the transgressive character of the aeolian landforms may be related to the
retrograding character of the shoreline in this zone. In fact, this zone has shown
lower architecture than the northern and central zones probably due to its higher
exposure to wave action, lower sediment input and greater accommodation space.

6.5 Discussion

6.5.1 Initiation and Elongation of the Spit

A model of spit evolution was reconstructed by integrating information from
diverse data sources: high-resolution subsurface stratigraphy revealed by GPR
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and seismic profiler system, OSL dating of dunes and beaches, and high resolution
surface morphology (DTM). Dated beach deposits from the estuarine margin of the
central zone of the spit suggest its onset at least 6,500 years ago, coincident with a
significant reduction on the rate of sea-level rise ca 7,000 cal year BP (Leorri
et al. 2012). This suggests spit formation approximately 1,000 years before previ-
ously published dates for SW Portugal (Alday et al. 2006; Freitas et al. 2002;
Cearreta et al. 2007), but simultaneous with similar systems along the northern
coast of Portugal (Naughton et al. 2007) and southern coast of Spain (Goy
et al. 2003). Differences in timing could be explained by the fact that the age of
barriers has been previously inferred from depositional changes within lagoons or
estuaries whereas the present work is based on the actual age of the coastal barrier.

The analysis of barrier architecture and mapping of the spatial (vertical and
horizontal) distribution of the transition between the upper beach and the foredune,
suggest that sea-level during the first stages of barrier formation was about 2 m
below present MSL supporting the sea-level curve proposed by Leorri et al. (2012)
for the SW of Portugal. Conversely, previous reconstructions of sea-level in the
Sado estuary suggest a sea-level rise of about 6 m during the last 7,000 years (Psuty
and Moreira 2000), which conflicts with documented beach deposits in a position
close to present MSL and is 4 m below the estimates presented here.

Coincident with spit formation was a reduction in the rate of sea-level rise,
which is interpreted as an unequivocal signal of causality (Thom and Roy 1985;
Stapor et al. 1991). However, other factors such as sediment supply, wave exposure
and accommodation were important in determining the actual shape and location of
the spit. In this regard, the Cape Espichel diminished the impact of energetic waves
that approach from N and NW thereby faciliting the formation and preservation of
the spit as well as promoting its northward progradation and enclosure of the
estuary. On the other hand, the morphology of the ravinement surface documented
here suggests the presence of inherited topography that may have had a significant
role on the construction and growth of the spit and the delta by reducing accom-
modation space. The latter would promote rapid barrier enlargement by reducing
the volume of sediment required for barrier growth while also providing an anchor
point for spit accretion. In addition, the presence of this topographic high could
have acted as part of the spit platform encouraging the accumulation of sand that
ultimately was transferred to the spit system promoting spit growth.

As the spit elongated northward (Fig. 6.6), it restricted the circulation within the
embayment eventually transforming it into an estuary. The transformation to a
more restricted environment may have had consequences on the hydrodynamics
within the bay promoting the onset of low energy sedimentation. This may have
contributed to the formation of the backbarrier marsh documented in the work
around 3,500 years ago and to the expansion of fringing marshes in the estuary
around 2,600 years ago observed by Psuty and Moreira (2000) and previously as
attributed to a reduction in the rate of sea-level rise.

Spit elongation is also expected to have influenced ebb delta formation. As the
spit elongated, the cross-sectional area of the opening of the embayment gradually
decreased while the tidal prism remained approximately constant. The large tidal



96 S. Costas et al.

prism of the estuary should ensure a permanent communication with the open sea
for the foreseeable future. As the entrance narrowed and tidal currents increased,
sand would have been transported offshore causing the progradation and vertical
accretion of the ebb-tidal delta (Brito 2010). The change in the facies architecture of
the delta had previously been related to a deceleration in the rate of sea-level rise as
documented by Psuty and Moreira (2000) for the Sado estuary ca 3,000 years ago
(Brito 2010). Alternatively, and considering the magnitude of sea-level change
inferred from the present work, we propose a process of self-organization related to
local hydrodynamic conditions (tides and waves) as the responsible of delta stra-
tigraphy. The general shape of ebb-tidal deltas is determined by a balance between
tidal currents, waves and the amount of supplied sediment (Hayes 1980). The
aggradational phase identified at Sado ebb-tidal delta represents the formation of
the delta once tidal flow became constricted at the inlet. This process could only
occur after spit elongation narrowing the opening to the estuary and forming the
tidal inlet.

Evidence points to the development of the ebb delta around 3,300 years ago
when the downdrift end of the spit reached a position close to the present terminus.
This resulted in backbarrier mash sedimentation and a significant change in the
progradation rate from rapid progradation to stabilization. Despite a relatively
stable sea-level, the delta aggraded to attain an equilibrium volume with the tidal
prism and the dominant hydrodynamic conditions. The shift from aggradation to
progradation may mark the point that the former delta attained its maximum
elevation and further enlargement was accommodated by delta progradation. This
shift could be indicative of the period when the estuary achieved its approximate
present circulation pattern. This circulation regime within the estuary also likely
coincided with the development of the flood delta. This shoal development could
have forced the channel towards the estuarine margin of the spit, thereby promoting
erosion of the shoreline. The eroded backbarrier shoreline became exposed to
northerly winds that provoked the formation of blowouts and parabolic dunes
around 1,700 years ago. In turn, spit elongation provided new land for habitation
by future human communities during Roman occupation. Comparing the age of the
parabolic dunes that advanced from the north covering the Roman ruins, we
speculate that sand invasion from the estuarine beaches could have forced the
temporal abandonment of the spit by the end of the second century.

6.5.2 Barrier Progradation

Foredune ridges are the most prominent morphological elements within spit
systems, and understanding the processes responsible for ridge formation is critical
to determine spit evolution. To accomplish this, we have integrated information
from the surficial morphology of the dunes and the internal stratigraphy. We have
documented the presence of foredunes exhibiting different degrees of complexity,
parabolic dunes and precipitation ridges. In spite of the increasing number of
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studies (Mauz et al. 2013; Bristow and Pucillo 2006; Tamura 2012) and definitions
of beach ridges (Otvos 2000), we have adopted the nomenclature defended by Hesp
et al. (2005) as it integrates the mechanisms responsible for the formation and
growth of coastal ridges and maintains a clear relationship with the ridge and
adjacent former shoreline. One of our goals was to understand the landforms in
terms of growth mechanisms; whether or not are they wind- or wave-built, and in
situ or transgressive landforms with significant landward migration. Indeed, we
have found the latter process particularly important to understand and reconstruct
the history of the system in terms of sediment budget and progradation rates.
Therefore, we have adopted the term foredune to describe the seaward-most
vegetated sand dune formed on the backshore zone of beaches formed by aeolian
sand deposition within vegetation (Hesp 1999). In turn, blowouts, parabolic and
precipitation ridges were included into the erosive and transgressive dune types and
were excluded from the backshore dunes (Hesp 1999). These latter types cannot be
used as indicators of sea-level elevation or shoreline position as they have been
deposited independently of the position of sea-level.

Most blowouts were associated with erosion of a former foredune, which in
many cases had already been eroded by wave action while the depositional lobe
advanced landward, merging into an antecedent foredune (Fig. 6.2). Conversely,
blowout advancement may destroy the original topography or foredune, and may
create a deflation surface contributing sand to enlarge of inland foredunes or
precipitation ridges (Fig. 6.3). Therefore, the frequency and type of dune may
indicate the dynamic state of the spit.

The subaerial morphology of the spit documents four massive foredune ridges
that can be traced alongshore and are ubiquitously represented within the central
zone (Fig. 6.1). The large ridges document the progradation of the spit as they result
from cumulative processes of beach progradation, beach and dune scarping,
foredune aggradation and aeolian sediment transport inland as informed by the
GPR images. The age of the ridges was estimated by dating the beaches within the
interdune depressions, which separate major ridges or progradation packages
(Fig. 6.6). Interdune depressions are interpreted as the result of a change in the
progradation usually associated with shoreline retreat and landward aeolian sedi-
ment transfer due to the onset of a temporary negative sediment budget in a context
of shoreline progradation. Interestingly, interdune depressions could be related to
the bounding surfaces separating progradational subunits in the shoreface beach
profile. If so, this would confirm the erosive character of the depressions separating
successive ridges that would provoke the retreat of the entire beach profile.

The occurrence of erosive events or periods prevents an estimate of the actual
temporal boundaries separating progradation packages. The upper limit of these
packages is represented by the age at which the beach starts recovering and not the
age of the onset of the shoreline instability. Conversely, aeolian sediments that have
been dated from blowouts are supportive evidence of shoreline instability, since
they originate from foredune fragmentation, erosion and a slight negative sediment
budget in the beach (Psuty 1992).
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The first phase of spit progradation (6,500—4,000 years) corresponds to the initial
stages of elongation and progradation. The end of this stage is marked by a
significant retreat of the barrier prior to 4,000 years ago. Shoreline retreat between
1,870 and 1,100 could be related to an increase on the frequency and/or intensity of
storms that could promote shoreline scarping and enhanced longshore sediment
transport to the north. Storm winds in this region approach from the west and
southwest, explaining the occurrence of very large blowouts around this age.
Shoreline instability and inland aeolian sediment transference were also
documented in other regions along the coasts of Portugal (Costas et al. 2013),
France (Billeaud et al. 2009; Sabatier et al. 2012), England (Spencer et al. 1998) or
Denmark (Clemmensen et al. 2009) and have been related to the onset of storminess
conditions in the North Atlantic and the southward displacement of the westerlies
(Sorrel et al. 2012).

Following this erosive event, the spit continued elongating and prograding until
it stabilized approximately 3,300 years ago. It is speculated that this elongation of
the spit and concomitant constriction of the estuary could have initiated the
formation of the ebb delta. During this time (between 3,300 and 1,100 years) the
longshore transport of sediment was intercepted by the ebb delta substantially
reducing the sand supply to the spit and diminishing spit progradation. The aggra-
dation of the delta likely lasted between 3,300 and 1,700 years. Once the delta
attained its equilibrium volume, progradation commenced. This evolution suggests
shoreline progradation was out of step with delta progradation resembling the spit
elongation mechanism proposed by Meistrell (1972). Seaward rotation and
progradation of the spit is expected to become more pronounced once growth of
the ebb delta equilibrates. Moreover, shoreline retreat, barrier scarping and blowout
formation around 250 years ago were related to the erosive effect of the tsunami of
Lisbon in 1755 AD (Rebélo et al. 2013).

6.6 Conclusions

In this study we have presented the evolution of a barrier spit since its formation and
discussed the major drivers involved in its elongation and progradation. Although
elongation processes dominate most spits worldwide, at Trdia seaward
progradation may also play a significant role. This multi-disciplinary approach
allowed a reconstruction of the entire system by integrating geophysical data sets
from the emerged and submerged barrier, high-resolution digital terrain models,
and OSL and radiocarbon dating.

Results suggest the initiation of the spit occurred at least 6,500 years ago while
elongation continued until around 3,300 years ago. Spit elongation provoked the
confinement of the estuary entrance and the subsequent formation of a single tidal
inlet, which in turn determined the end of spit elongation and caused the construc-
tion of the ebb-tidal delta. The process of delta construction involved sequestration
of part of the sand supplied to the spit, inhibiting its progradation until the ebb delta
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reached an equilibrium volume. Foredunes have recorded complex histories of
barrier progradation and retreat or instability, the larger the foredune, the more
complex will be the growth history of the coastal barrier. In this regard, we have
demonstrated that the internal architecture and morphology of dune ridges may
provide significant information regarding the progradational history of a spit based
on a conceptual model proposed by Psuty (1992).

It is notable that changing progradation rates do not necessarily require changes
in sediment supply but rather, changes in accommodation or self-organization
within the spit embankment. In this regard, we have invoked changes in accom-
modation space, storminess regime, tsunamis and processes of self-adjustment
within the spit system, the delta or even the estuarine circulation to explain the
occurrence of major shifts in the progradation of the spit.
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Chapter 7
The Historical Evolution of the Tindari-
Marinello Spit (Patti, Messina, Italy)

Antonino Crisa, Stefania Lanza, and Giovanni Randazzo

Abstract The aim of this paper is to investigate the evolution of Tindari-Marinello
spit, which comprises a natural reserve and small lakes between Tindari (west) and
Oliveri (east) towns of Messina province (Sicily, Italy). In particular, the spit is
certainly worthy of analysis because it represents a significant case study of
interaction between human activities and geological evolution of the lakes and
coastline. The paper will also provide data on antiquarian studies on Tindari and
information on cartography, which are beneficial to understand the spit evolution
through the past and present history.

7.1 Introduction

This paper focuses on the geological evolution of the Tindari-Marinello spit over
the last 2,000 years, examining the coastline of Tindari (Fig. 7.1) and the history of
the site in relation to the sea and its exploitation by humans.

This chapter provides a reconstruction of the Tindari-Marinello lagoon system
(Fig. 7.2), according to historical and recent cartographic evidence, demonstrating
the progressive changes and evolution of the site. This methodological approach is
significant for two main reasons. Firstly, it enables us to analyse the system
chronologically in relation to the historical and cartographic representations.
Secondly, it provides an outline of the on-going transformations of the coastal
territory. Natural and anthropic events have constantly occurred due to a mutual
cross-adaptation. Historical and recent maps show how the Tindari-Marinello spit
has been altered its shape over the past few centuries, presenting different stages of
growth, consolidation, stagnation, and ultimately a progressive decline and closure.
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Fig. 7.1 Map of Sicily showing Tindari and the Gulf of Patti

Fig. 7.2 View of the lakes of Marinello (From the Sanctuary of Tindari)

Tindari, now a religious site in the province of Messina (northern Sicily) about
60 Km from the provincial capital and under the jurisdiction of municipality of
Patti, stands on the promontory of Capo Tindari (38°13' N-15°05" E) along the
Tyrrhenian coastal strip. This area encompasses the large Gulf of Patti, which
includes Capo d’Orlando (Western limit), Capo Calava and Capo Tindari (central
seaboards) and Capo Milazzo (Eastern limit).

Tindari is also important for two reasons. First, it corresponds to the ancient
Greco-Roman centre of Tyndaris, which antiquarians and archaeologists have
investigated since eighteenth century. Now, visitors and scholars can visit many
ancient remains (e.g. the theatre, the Roman Basilica, the insula IV private quarter,
Cercadenari, etc.). Secondly, the Sanctuary of the Holy Black Madonna,
represented by a medieval wooden sculpture, is still visited by pilgrims (Reitano
1961; Mollica 2000; Ross Holloway 2000; Spigo 2005; Leone and Spigo 2008;
Crisa 2012b; Fasolo 2013).

Archaeological investigations, performed by Luigi Bernabo Brea and
M. Cavalier in the insula TV (1950-1952), have revealed finds of an Early Bronze
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Age settlement (facies Rodi-Tindari, twentieth to seventeenth century BC). The
discovery reveals that the site was occupied during the Bronze Age (Cavalier 1970;
Ross Holloway 2000; Spigo 2005).

Ancient Tyndaris was founded in 396 BC by Dionysius I, tyrant of Syracuse,
who occupied the promontory of Tindari, probably subjugating territories of the
indigenous centre of Abakainon-Tripi (Messina). Tyndaris became a notable city,
due to the strategic and advantageous position for commerce in the Tyrrhenian Sea
between northern Sicily and the Aeolian Islands. For instance, historical sources
report that naval battles occurred in this area. In the Gulf of Patti commerce was
prosperous from antiquity to the modern age (Diod. 15.5-6; Pettignano and
Riccobono 1992; Spigo 2005; Crisa 2012a).

Soil exploitation and human activity along the Gulf of Patti coastal strip have
constantly altered its complex environment. Recently, the coastal wetland system of
Marinello-Tindari has been declared by the Government of Sicilian Region a
natural reserve (Riserva Naturale Orientata — Natura 2000) (Decree n. 745/44,
December 1988).

7.2 Geological and Geomorphological Aspects
of Tindari-Marinello Spit

In historical times, the coastal system of the Gulf of Patti has undergone major
geomorphic change. This change has favoured the deposition of a wide alluvial
plain in the western area of the gulf and the formation of the Tindari Marinello spit
on the slopes of the promontory. Furthermore, the progressive alteration has left
geological evidence in the area, which have been reported in historical maps and
documents as well.

The entire area of the Gulf of Patti from Capo d’Orlando to Capo Tindari
represents an extended portion of land showing most of the main characteristics
of a typical Sicilian landscape. The most significant is certainly the historical
stratification, linked to the different past land uses. Geology, land morphology,
biology, and ecology, have persistently interacted with the development/exploita-
tion of land, sometimes influencing the historical evolution of the area making the
Gulf of Patti and the Tindari-Marinello spit of ongoing scholarly interest (Crisafi
et al. 1981; Giacobbe and Leonardi 1986; Giacobbe et al. 1990; Amore et al. 1991,
Di Natale and La Loggia 1991; Bonfiglio et al. 2003a, b; Randazzo et al. 2004,
2005a, b; Nigro and Renda 2005; Leonardi et al. 2013; Privitera and Torre 2013).

There are three main natural physiographic units or coastal tracts (Fig. 7.3: see
Units A-C) along the shorelines of the Gulf of Patti. These can be defined as a
spatially contiguous set of morphological units, which represent a “sediment-
sharing coastal cell” (Cowell et al. 2003).

These units include large headland bays and narrow pocket beaches with sand,
pebble, and large boulder deposits (@ 10-12 m), detached by steep and high
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Fig. 7.3 The Gulf of Patti between Capo Calava and Capo Milazzo headlands with two main
coastal cells divided by Capo Tindari

rocky cliffs. Along the rocky coast of the main four headlands (from W to E: Capo
d’Orlando, Calava, Tindari, and Milazzo), erosional processes are predominant
mainly where the slope angle is dependent on the jointing, bedding, and hardness
of the cliff’s geological materials. Several sea-stacks and caves represent a mech-
anism for slowing down the erosion of beaches and act as efficient reflector of high
wave energy levels at predominate here (Venneri and Randazzo 1999; Randazzo
et al. 2005b).

In this coastal portion, several waterways have gradually brought substantial
sediments during flooding, with torrential flow in the western (Timeto,
Montagnareale and Fetente) and east areas (Elicona, Mazzara, Termini and Mela)
of Capo Tindari.

The promontory of Capo Tindari, located in the northern area of the Peloritani
Mountains, is oriented NW-SE, following the main tectonic paths and shows a high
overhanging cliff (290 m a.s.l.). Capo Tindari is subjected to intensive tectonic
activities, being crossed by a system of strike-slip faults (NW-SE orientation)
which intersect with direct faults (NE-SW orientation). Recent tectonic activity of
the main fault, called “Tindari-Novara di Sicilia” (Ghisetti 1979; Catalano and Di
Stefano 1997; Lanzafame and Bousquet 1997), has revealed and raised up the
metamorphic substrate, giving rise to steep cliffs and escarpments that surround
the promontory (Barbano et al. 1979; Lentini et al. 2000; Nigro and Renda 2005;
Billi et al. 2006).
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Fig. 7.4 The faulted cliff of Cape Tindari

The ridge of Capo Tindari was quickly uplifted during the Late Pleistocene, as
the elevation of the coeval deposits suggests. Today the deposits emerge for several
hundred metres above the sea level (Bonfiglio et al. 2003b).

The recent discovery at Capo Tindari headland of an emerged marine notch
(24 m a.s.l.), partially coated by sterile coarse clastic beachrock and not laterally
continuous, supports a new interpretation of the Late Quaternary evolution of Capo
Tindari region. In fact, it can be inferred that Capo Tindari has uplifted all together
with the entire south-eastern sector following the same uplifting rate after one or
more post-Tyrrhenian tectonic phases. Then, the northern margin increasingly
receded (Bonfiglio et al. 2003a).

In Capo Tindari, a bounded block fault, the on-going morphological processes
structurally affect the steep cliffs (Fig. 7.4), represented by very young tectonics
which have not yet been dated (Bonfiglio et al. 2010). Moreover, ancient and
present coastal features show evidence of erosional forms cut into carbonate
rocky cliffs of Capo Tindari headland (e.g. caves and marine notches). Thus, they
testify that the site area has been subjected to a recent neo-tectonic vertical motion
and catastrophic landslides.

At the base of the promontory the Tindari-Marinello spit is visible, extending to
the 30 m isobath, the emerged portion of which is about 3 km long (NW-SE
direction). Since their formation, due to the currents that regulate the coastal
drift, the emerged sections have taken the shape of elongate barriers extending
south-easterly. These portions are continuously moved, cut and anastomosed by
the wind.

In fact, the bar has undergone intense changes in terms of its size and shape, and
recently researchers have observed a directional variation from E to the coast,
showing a type of closure of the system. According to this complex development,
the lakes of Marinello initially formed on the land surface (maximum of six lakes)
and then subsequently, the lakes decreased because of an evident involution of the
system.
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Recently, some sand barriers have developed along the north-eastern side with
alongshore sediment transport developing a microtidial, wave-dominated coarse
sandy-gravelly spit platform. It is connected to a wetland system, formed by four
permanently flooded littoral lacustrine habitats. The spit and the steep cliffs have an
unstable equilibrium, characterized by a curvature of advanced beach ridge ends
and a long backshore and embryo dune zone.

The lagoon of Marinello probably formed in the seventeenth to eighteenth
centuries, due to the first intensive local deforestation. This circumstance plausibly
increased the erosion processes in the hydrographic basins and accumulation of
Timeto river sandy debris to the mouth and coastal areas. Particularly, deforestation
of substantial woods of western Peloritani mountains intensified during that period.

In summary, the sandy spit and brackish lakes of Marinello represent a natural
environment of high scientific interest because of its rapid and continuous evolu-
tion. Above all, these bodies of water are currently the only coastal lagoons still
active along the Tyrrhenian Sicilian coast. The spit is also a valuable case study for
understanding the relationship between human activity and the surrounding envi-
ronment. Its genesis and recent evolution depend not only on currents, waves, wind,
sediment budget, and tidal range (Bastos et al. 2012), but also on past human
activities.

7.3 Historical Aspects and Geomorphological Evolution

Archestratus of Gela, author of the second half of the fourth century BC, mentioned
the importance of tuna fishing at Tyndaris (Ath. 7.63.302). Two naval battles were
fought between the Romans and the Carthaginians on the coast of Tyndaris during
the third century BC (Zon. 8:12; Poly. 1.25.1-5). Pliny the Elder (first century AD)
even indicated the good taste of the pearly razorfish (Xyrichtys novacula), caught in
the sea of Tyndaris (Plin. Nat. Hist. 22.53.11).

Following the creation of the province of Sicily (241 BC), the substantial grain
exports towards Rome also involved Tyndaris. The grain, which derived from the
decima tax (1/10 of the harvest), was transported by sea to Halaesa Archonidea-
Tusa (north-western Sicilian coast) or other crop-collecting centres. Then, it was
moved to Rome (Facella 2006; Crisa 2012a).

During the Civil Wars (42-36 BC) Tindari became the cornerstone of Pompey’s
troops. Octavius, who became Augustus a few years later, was encamped quite close
Tyndaris commanding a huge army (21 legions and 25,000 soldiers). It is not so
clear where the fleet took refuge. However, we can speculate that at that time the
bay of Patti from Capo Calava and Tindari was much deeper than now. Thus, the
Timeto stream was plausibly navigable in the section near its estuary (Lo Iacono
1997).

Pliny the Elder writes of a devastating earthquake that hit Tindari during the first
century AD. This event destroyed half of the town, which collapsed into the sea
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(Plin. Nat. Hist. 2.94). The earthquake, which might have damaged Tyndaris’s
economy, also activated the progressive formation of the Tindari-Marinello spit.

The mass of rubble that slumped into the sea from the cliff likely changed the
bathymetry across the seabed. The collapse of the city resulted in the formation of a
substantial deposit, partially below sea level, which eased the settling of materials
coming from the nearby Timeto river. Therefore, the river contributed to the
sandbar over the next 1,500 years.

These deposits, which must have been quite visible during the long Imperial
period (first to fifth century AD), created a convenient landing area, mostly used for
navigation, commerce, and import of goods, as shown by archaeological finds.
Above all, scholars consider Tyndaris to have been a stopover on the routes to
Africa. The centre was probably an intermediate step in navigation along the coast
of northern Sicily, often traversed by ships sailing in the open Tyrrhenian Sea. Of
course, Tindari was also the departure centre en route to the Aeolian Islands (Uggeri
1997-1998; Crisa 2012a).

The area of Tyndaris has also been affected by numerous high-intensity earth-
quakes in late antiquity, such as the violent earthquake in AD 365, which caused
serious damage to most of the Roman centres on the Tyrrhenian coast (Spigo 2005;
Bottari 2008; Leone and Spigo 2008; Fasolo 2013). These events and the constant
marine erosion may have caused the collapsing of rock blocks still visible today.
More importantly, it is significant that the whole cliff, which borders the promon-
tory of Capo Tindari, is still subject to continuous detachment of blocks or some-
times rock falls.

A few years after the Arab invasion (AD 836), Tyndaris was still occupied by its
inhabitants, but it lost much of its importance in comparison with the past centuries.
Meanwhile, Patti played a leading role in that territorial district, at least in the last
years of the eleventh century (Cadili 2000; Irato 2004; Fasolo 2011).

During the medieval period, Tindari became a centre of pilgrimage. At that time
pilgrims probably venerated the Black Madonna. According to historical sources,
since twelfth century, there was monastery of St. Elias de Scala. It was built in
1110, “not so far from the ruins of the ancient Tindari close to climbing passage (La
Scala), which started at the mouth of river Oliveri and went towards Patti”. Scala is
now a hamlet (less than 300 inhabitants) under the jurisdiction of the municipality
of Patti (Cadili 2000; Crisa 2012a).

Muhammad al-Idrisi, a distinguished scholar born in Morocco in 1099, who
spent 20 years in Sicily at the court of King Roger II, offers insights for the
reconstruction of the territory of Patti in the twelfth century. Al-Idrisi’s work
documents the continuity of this advantageous exploitation of the sea from antiq-
uity to the middle ages, carried out by the inhabitants along the coast between Patti
and Oliveri-Tindari and already attested to by Archestratus Gela (Edrisi 2004; Crisa
2012a).

According to historical sources, archival records and building remains, the
coastal area of the province of Messina (section from Falcone to San Giorgio di
Gioiosa Marea), had many ronnare (factories for tuna fishing), intensely used from
the modern age until the twentieth century. In particular, the tonnara of Oliveri
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(east of Tindari) was one of the most remarkable plants: built in the fourteenth
century, it reached peak production in the early twentieth century. San Giorgio’s
tonnara, closed after World War II, has been recently transformed into a residence
(Consolo 2008; Crisa 2012a).

During the modern era the production and trade of ceramics has been vigorous.
Most of ceramics were massively produced in Patti Marina, especially between the
fifteenth and twentieth centuries. The beach of Patti Marina was very close to the
production workshops and represented a key place of these activities. In fact the
products, moved from the workshops to the beach, were loaded on numerous ships.
They could arrive already full of goods to be traded, then emptied and filled again
with ceramics. According to records, it can be also inferred that the seaport of
Tindari-Oliveri offered additional support. It is clear that ships could wait to be
loaded in Patti Marina, on the occasion that the landing was too hard here due to bad
weather and sea condition. Unfortunately, only scant remains of this substantial
manufacturing system still survive in Patti, because of past demolition of work-
shops and structures in favour of local urban development (Pettignano and
Riccobono 1992; Crisa 2012a).

7.4 Antiquarian Studies and Cartography
on the Tindari-Marinello

Tiburzio Spannocchi (1543-1606), military engineer at the court of King Philip II
and Philip III of Spain, carried out the earliest surveys of the Sicilian coasts.
Spannocchi visited Sicily from 1577 to 1578 on the orders of Viceroy Marco
Antonio Colonna. The main aim of Spannocchi’s survey was to make detailed
maps of the coastlines for defensive purposes. Regarding the coast between
Mongiove and Capo Tindari, Spannocchi reported no natural harbours, sand
banks or lagoons, although he detailed the above-mentioned tonnara of Oliveri
(Mazzamuto 1986; Polto 2001).

Even the Belgian cartographer Gerardus Mercator (1512-1594), who accurately
mapped the Regum Siciliae (1830) (scale: approximately 1:700,000) did not report
lakes or sand banks on the slopes of Capo Tindari. On the contrary, he drew the
coastal wetlands at Ganzirri (Messina) and Vendicari (Syracuse). This is important
information indeed, as Mercator’s maps testify that the formation of the spit (at least
only its emerged and visible part) began between the second half of the seventeenth
century and early eighteenth century (Fig. 7.5).

The deserted ruins of the ancient Tyndaris, especially the theatre and the Roman
basilica, aroused interests among travellers and antiquarian scholars from the
second half of the eighteenth century. First of all, Ignazio Paterno Castello
(1719-1786), Royal Custodian of Antiquities in Sicily, mentioned the presence of
underwater archaeological remains (“sommerse rovine”), which he linked to the
first-century AD earthquake. Jean Houel (1735—-1813), French painter and author of



7 The Historical Evolution of the Tindari-Marinello Spit (Patti, Messina, Italy) 111

Fig. 7.5 Mercator’s map of the Regum Siciliae

Fig. 7.6 View of Tyndaris (Houel 1782-1787,1: pl. 53)
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the Voyage pittoresque des isles de Sicilie, de Malte et de Lipari (1782) (Fig. 7.6),
reported similar information. Tindari’s inhabitants informed him that they had
sometimes observed ruins in the sea below the promontory. Nevertheless, Houel
could not trace or see these remains (Houel 1782; Paterno Castello 1817; Pagnano
2001; Crisa 2012a).

Early nineteenth-century historical sources detail the existence of a natural
harbour and offshore sand bar. There were also three small lakes at Marinello,
which appeared only in a later map (1842), discussed below. In particular, in 1806
Colonel Errico Sanches, who was Director of the Hydraulic Unit of the Royal Navy
(“Direttore del Corpo Idraulico della Real Marina”), ordered an inspection of the
Tindari-Marinello harbour to assess its potential for sailing and military use. The
Library of the City Council of Palermo (“Biblioteca Comunale di Palermo”) still
keeps a detailed report on Tindari harbour, written by Camillo Manganaro on
15 September 1808 (“Porto detto della Marinella del Tindaro”). This report
described the harbour as an ancient sand deposit from marine currents and winds.
Unfortunately, this caused many problems to ships. Even two small vessels coming
from Cefalu (Palermo) (“due Schifazzi Cefalutani”) remained beached in the
harbour’s mouth for months, waiting to be emptied and moved with difficulty.
Therefore, we know that sailors could use the harbour only occasionally, being
aware of headwinds and dangerous sandbanks (Columba 1991; Crisa 2012a).

As stated above, the report provides remarkable details on the potential military
uses of Tindari’s harbour. In particular, Manganaro asserts that the area was
naturally protected because of the substantial sandbanks. Therefore, the Bourbon
Royal Navy did not need to build military structures (e.g. fortified docks) to protect
the area. Nevertheless, ships and trade vessels could struggle to enter or exit from
the harbour due to currents, tides and adverse winds (Crisa 2012a).

Francesco Ferrara (1767-1850), Royal Custodian of Antiquities, described the
beach in the western area of Capo Tindari (1822), where he made many scattered
finds (e.g. fragmentary pottery and bricks) evidently from the rubble corresponding
to the first-century AD earthquake. Stunningly, Ferrara argued that they were the
same fragments that could be seen on top of Tyndaris’ ruins. Nicola Giardina, priest
at the Sanctuary of Tindari and author of L ‘antica Tindari (1882), confirmed what
Ferrara had reported about 60 years before. Thus, we can argue that those remains
were still on the beach, uneffaced by coastal erosion, tides or sea storms (Ferrara
1822; Giardina 1882; Crisa 2012a).

William Henry Smyth (1788-1865), astronomer and admiral, visited Tindari
between 1815 and 1818, when he was charged by the British Navy with drawing
maps of Sicily. After arriving at Marinello and carrying out deep dredging, he
discovered fragments of bricks and mortar (“sand mixed with triturated brick”).
Then, Smyth argued that they could be part of the ancient port of Tyndaris (called
Port Madonna). This information testifies to the presence of archaeological remains
at Marinello. Above all, local fishermen often find fragmentary bricks in that area
(Crisa 2012a).
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Fig. 7.7 Plan of Port Madonna and the Bay of Olivieri (Smyth 1824)

Part of Tyndaris is said to have been precipitated into the sea by an earthquake (the same,
add the good monks of the convent, that took place at the crucifixion of our Saviour); but as
I traced the walls, and found them continuous, I should imagine to have been a suburb that
fell, or rather a necropolis, as the whole of that side of the rock abounds with fragments of
vases, lachrymatories, lamps, and idols. The cliff that was separated, no doubt, damaged the
port beneath, as I found not only the dry sand, but also that which I dredged up in four
fathoms’ water, on the bank, mixed with numerous pieces of brick and cement triturated
into small pebbles (Smyth 1824).

The Plan of Port Madonna and the Bay of Olivieri reveals a long sandbank in
parallel to the coast and a small deep creek corresponding to a natural harbour
(Fig. 7.7):

Point Tyndaris is bold, and easily distinguishable from afar, by the monastery on its highest
summit. On the east side is a curious little anchorage, called Port Madonna, where small
vessels find secure shelter against all winds; the circumference is not above half a mile, and
its depth is fourteen feet in the middle; and this is all that remains of the ancient harbour. A
sand bank extends from it to nearly half a mile in the offing, which ships bound into the bay
must avoid by giving it a wide birth, stearing well to the eastward, and bringing the castle
Scalaproto to bear S.S.W., before standing to southward (Smyth 1824, Appendix 1, Chapter
1. VII).

Smyth’s accurate description clearly adds to our knowledge of the conformation
of Marinello’s lakes in the early nineteenth century. In addition, the author pointed
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Fig. 7.8 Sicilia antiqua (Lo Faso 1834)

out a landslide deposit, which basically gave rise to the spit. It can be argued that a
particular circumstance, formed between the Roman age and the modern period,
altered the flow of currents, favouring a changing of deposition. Above all, the Gulf
of Patti was shallower and streams more navigable than now.

A few years later, the Bourbon Topographic Office (Officio Topografico), based
in Naples, published a new map of Sicily (Carta generale della isola di Sicilia,
1826; scale: approximately 1:270,000). This map showed a long sandy offshore bar
(S-E direction) at the base of the rocky cliff and a lagoon behind it. Subsequently,
the architect Francesco Saverio Cavallari (1809—1896) drew a map of the ancient
Tyndaris, published in the 4-volume work Le Antichita di Sicilia (1835-1842)
by Domenico Lo Faso (1783-1863), Duke of Serradifalco. The new map by
Cavallari reported details of the archaeological ruins and displayed a sandbank at
Marinello (direction NW-SE) forming a natural harbour (Figs. 7.8 and 7.9) (Lo Faso
1834-1842, V, pl. XXX).

Regarding the cartography during the Kingdom of the Two Sicilies, we finally
mention the Carte des Cotes de la Sicilie et de la Regence de Tunis (1840) (scale:
1:1,500,000), published by the admiral Albin Reine Roussin (1781-1854) on the
behalf of King Ferdinand 1. Again, the map showed a sandbank at Marinello
(direction S-E).

After the Unification of Italy (1861), the Geographic Military Institute (Istituto
Geografico Militare, IGM) published a map (1865) (scale: 1:25,000) (Fig. 7.10). It
reported a vast beach on the slopes of Tindari’s cliff (178,620 m?) and a small
harbour in the eastern area, close to the escarpment (Porto di Tindaro). The latter is
formed by two inlets and protected by two sandy strips (direction NE-SW).

The nautical map, produced by the Hydrographic Institute of Navy (Istituto
Idrografico della Marina) (1881) and based on data previously collected by the
Royal Navy of Washington in 1877, presents a coastal sandbank (c. 1,500 m long
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Fig. 7.10 Tindari’s spit shape evolution between 1865 and 1938
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and 300 m wide) and a beach. The natural harbour appeared to be closed on the
map. We can assume that the substantial build-up of the sandbank, compared with
the previous 1865 shape, was caused by agricultural transformations along the
Timeto river and its mouth. At that time, Church’s estates were expropriated
(Laws of 7 July 1866 and 15 August 1867) and divided in smaller lands, while
the new agricultural crisis of the mid-nineteenth century changed the end use of
many pastures and forests. These circumstances evidently changed the surrounding
environment and the sandbank.

The following IGM map (1895) (scale: 1:25,000) highlights a considerable
increase of Marinello beach (emerged area: 224,878 mz; lagoon area: 14,198 mz)
and shows two small lakes close to the sandbank, which are not, however,
connected to the Tyrrhenian Sea (Fig. 7.10). Meanwhile, the on-going construction
of the Messina-Palermo railway and the tunnel excavation under the Tindari’s
hillock produced massive rubble, which was dumped under the promontory. There-
fore, it can be argued that the substantial surface increase of Marinello beach was
caused by this continuous disposal of debris. Finally, the construction sites between
Barcellona and Patti closed in the early 1890s (http://www.ferrovieitaliane.net/rete-
sicula).

In the early twentieth century, the beach and sandbank dramatically reduced and
the system began an escalating involution. Clearly, natural and historical events in
the province of Messina stimulated this phenomenon along the Tindari-Oliveri
coast. First of all, the catastrophic earthquake and tsunami of Messina (1908)
substantially moved back the coastline and softened the bathymetric external
isobath (5 m). Secondly, during the early stages of Fascism, the Italian government
imposed new regulations on forest, mountain areas, and unhealthy marshes, subsi-
dizing land reclamation works (Royal Decrees n. 3267 of 30 December 1923 and
n. 23 of 03 January 1926). A strict project was established to safeguard coastal belts
and promote massive works. Many lands were tilled and cleared, becoming conse-
quently drier and more vulnerable to progressive erosion (Sturani 1984).

Afterwards the IGM published a new map of the territory of Patti (1938, scale:
1:25,000) (Fig. 7.10), which distinctly features a sharp reduction of the surface area
(emerged area: 150,682 mz; lagoon area 32,060 m2). This demonstrates an involu-
tion of the system. Two sand bars, starting in parallel from the beach (direction
S-E), extended to the sea. The first bar bordered a small creek and gave rise to a
natural harbour, while the inner bar created an inlet close to the so-called lake
Marinello. The map showed six small lakes also.

After World War II, the IGM map (1968) (scale: 1:25,000) highlighted a more
extensive area than before (emerged area: 595,287 mz; lagoon area: 40,743 mz)
(Fig. 7.11). At the same time, a new system of internal channels appeared inside the
sandbank, as well as five lakes. A sand strip (S-E direction) gave rise to a deep
creek, which local inhabitants used as small tourist port.

The pronounced increase in the sandbank, reported in the 1968 map, represents
the last beneficial event in the history of the Tindari-Marinello. The event was
probably caused by the considerable flood in October 1951 and by the more
extensive use of arable lands, implying more erodible soil. Between 1968 and
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Fig. 7.11 Tindari’s spit shape evolution between 1985 and 2012

1978 the system appeared to be quite stable, although the sandbank’s tip started to
continuously change its shape and conformation. The cause could be the
construction of the new port of Capo d’Orlando (1972), which partially deviated
the coastal currents (Venneri and Randazzo 1999; Zanghi and Randazzo 2000).

The 1985 map (scale: 1:10,000) demonstrates how the emerged area remains
constant (623,783 m?), while the lagoon increased in surface area (110,313 m?). At
the time, the final part of the sandbank followed an easterly direction and the natural
harbour was shallower than before (Fig. 7.11). Thus the inlet was partially closing.
In addition to the above-mentioned construction of the new port of Capo d’Orlando,
the expansion of the local area from 49 ha (1968) ha to 139 ha (1989) provoked this
change in Marinello beach (Di Natale and La Loggia 1991).

The Regional Technical Map (Carta Tecnica Regionale) (1999) (scale 1:10,000)
reflects an increase of both surface areas (emerged area: 565,380 m?; lagoon area:
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Table 7.1 Scheme showing a time progression of the surface area of Tindari-Marinello spit
(1865-1999)

Year Author Scale Emerged area (mz) Lagoon area (mz)
1865 Istituto Geografico Militare 1:25,000 178,620 Absent

1895 Istituto Geografico Militare 1:25,000 224,878 14,198

1938 | Istituto Geografico Militare 1:25,000 150,682 32,060

1968 Istituto Geografico Militare 1:25,000 595,287 40,743

1985 | Regione Siciliana 1:10,000 | 623,783 m* 110,313 m?

1999 | Regione Siciliana 1:10,000 | 565,380 125,500

125,500 m2) (Fig. 7.11). Furthermore, the map shows a shift of the spit (direction
E-SE) and a northward recession of coast. Thus, the central inlet extends from the
sea to form two expanded basins (direction NW-SE). This is roughly the current
shape of Tindari-Marinello spit. Evidently, the massive concreting of the surround-
ing seaboard, especially during the 1990s, increased the coastal erosion, causing
those changes in the lakes and sandbank shape.

The most recent maps (survey 2012) testify to the way in which the sandbank is
becoming thinner and shifting towards the E-SE (Fig. 7.11). Therefore, the involu-
tion of the geological system is evident. More recently, construction of new
embankments of the Timeto river and installation of breakwaters have both stopped
the natural supply of sediments coming from the western territories (Table 7.1).

7.5 Conclusion

As demonstrated, the Tindari-Marinello spit is a remarkable case study for envi-
ronmental research in the province of Messina. Its complex evolution indicates how
the lagoon and lakes have been changed in the past centuries, due to on-going
human activity, modifying the surrounding environment and landscape.

We reiterate that the early origins of the Tindari-Marinello sandbank came from
a sudden catastrophic event. As historical sources report, an extensive landslide
occurred in the ancient period, creating an underwater structure on which the
lagoon slowly developed. Immediately after the landslide, sediments carried by
local rivers were quite scant. In fact, Sicily was almost entirely covered by forests at
that time and soil eroded less than today because of this substantial woodland
coverage. Thus, it is possible that a very small beach arose in the area between the
cliff and the collapsed debris.

For many centuries, the situation remained largely unchanged until the defores-
tation of the seventeenth and eighteenth centuries drove a significant morphological
change. In fact, deforestation facilitated the accumulation of river sediments, which
began to accumulate on the undersea step, gradually giving rise to the sandbank. It
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seems that Manganaro was the first scholar to describe the sandbank in 1808 and to
detail the natural harbour at Marinello.

Finally, the analysis of historical and recent cartography has clarified how the
geological system underwent a rapid evolution, which was strictly connected to the
human activity. Today, many transitory small lakes appear and disappear. On-going
massive constructions on the province of Messina’s seashore (e.g. breakwaters) are
still transforming the coastal conformation and altering the marine currents, thereby
dispersing the sediments and augmenting erosion.
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Chapter 8
Anthropogenic Influence on Spit Dynamics

at Various Timescales: Case Study in the Bay
of Cadiz (Spain)

L. Del Rio, J. Benavente, F.J. Gracia, C. Alonso, and S. Rodriguez-Polo

Abstract Human interventions are one of the main drivers of coastal change in
many areas, often generating undesired impacts like shoreline retreat. Sandspits are
especially sensitive to anthropogenically-induced changes, especially those related
to sediment supply. This work presents a case study of Valdelagrana spit in SW
Spain, a sandbody where anthropogenic influence has been evident since Roman
times. A variety of methods were applied to assess geomorphological and
morphodynamic changes in the area at various timescales. Historical interventions
involve mainly river course diversion, which caused important changes in sediment
supply. More recently, coastal engineering structures and land reclamation deeply
modified wave and current patterns in the area, triggering massive coastal erosion.
As a consequence of this, the system has evolved from a drift-aligned spit to a
swash-aligned barrier. This study provides insights into the consequences of human
interventions at similar coastal settings.

8.1 Introduction

The dynamic nature of coastal systems is related to a variety of drivers, of both
natural and anthropogenic origin, often acting simultaneously at different spatial
and temporal scales. In this respect, it has been widely stated that anthropogenic
influence on coastal behaviour has greatly increased worldwide over recent decades
due to the accelerated occupation of littoral zones which had remained pristine until
recent times (Komar 2000). However, in some areas where development started in
ancient times, anthropogenic transformations of coastal landscape and dynamics
have been going on for centuries.
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This human influence on coastal behaviour generally involves changes in the
conditions that determine the geomorphological and morphodynamic character of
each particular coastal area. The most common small-scale impacts are related to
interventions altering local sediment budget on the coast, such as building shoreline
defence structures, sand mining, artificial beach nourishment or destruction of
coastal natural systems by urban development, among others (Komar 2000). The
main medium- and large-scale impacts are associated with human interventions on
river basins, such as dam construction (Syvitski et al. 2005), and those related to sea
level rise and coastal erosion (FitzGerald et al. 2008).

The extent and nature of the effects of these activities will depend on the type of
coastal system involved. Sandy coasts are extremely dependant on sediment supply,
so their evolution and behaviour will be highly determined by human interventions
that alter the sediment budget. In this regard, sandspits are particularly sensitive to
changes in conditions such as wave approach direction or sediment input (Komar
1998).

This work presents a case study of Valdelagrana spit barrier in SW Spain, a
sandbody where different types of human interventions at various timescales have
been altering the natural behaviour of the system during the past 2,000 years. The
analysis of this study case provides an understanding the response of a sandspit to
anthropogenic modifications at diverse spatial and temporal scales. Thus, it can
ultimately contribute to predict future consequences of planned interventions at
similar settings, in order to avoid undesired impacts.

8.2 Study Area

Valdelagrana spit barrier is located in the Bay of Cadiz (SW Spain) (Fig. 8.1). Itis a
north-south oriented sandy body with a total length of 7.2 km and an average width
of 1.5 km, running from the Guadalete River mouth to the outlet of Rio San Pedro
tidal channel. Guadalete River is the main fluvial course in Cadiz province with a
total length of 170 km and a drainage basin of 3,677 km?. The river mouth at the
northern limit of the study area is a 200 m wide, tide-dominated estuary.

Valdelagrana shoreline shows a Zeta-bay shape developing downdrift of Santa
Catalina headland (Martinez del Pozo et al. 2002), but due to wave refraction
around Cadiz tombolo it is a mixed geomorphic system between a drift-aligned
spit and a swash-aligned barrier (Benavente et al. 2006). It includes a broad range of
morphosedimentary environments, both active and relict (Fig. 8.1): a sandy beach
(Valdelagrana or Levante beach); embryo dunes and discontinuous ridges of
foredunes less than 2 m high; four Holocene beach ridges indicating old growth
stages of the spit (Zazo et al. 1994); mud flats; and wide areas of vegetated salt
marshes. The area is crossed by two narrow tidal creeks. At the southern end of the
spit barrier (Saboneses Point), a wide tidal delta composed of two main sandy lobes
is developed at the mouth of Rio San Pedro tidal channel (Fig. 8.1).
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Fig. 8.1 Location and geomorphological sketch of Valdelagrana spit barrier

The beach is composed of fine quartz sand, and it shows a typically dissipative
profile about 250 m wide in the northern and central sectors of the spit. Intertidal
slope tends to decrease southwards, and at the southernmost end the profile turns
ultradissipative and is nearly 500 m wide; here the beach almost transforms into a
tidal flat as it connects to the tidal delta at Saboneses Point (Benavente et al. 2006).
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Valdelagrana is located in the centre of a heavily populated area, the Bay of
Cadiz, with over 400,000 inhabitants. The spit barrier shows different levels of
human occupation: the northernmost sector is densely urbanized and the beach is
backed by a seafront, apartments and summerhouses, while the rest of Valdelagrana
is part of a protected area, the Bay of Cadiz Natural Park. The only man-made
structures in the natural area are a former road that ran N-S along the whole spit,
with four transversal secondary junctions and small car parks next to the beach
(Fig. 8.1). Most of these structures were dismantled in 2002 as part of a conserva-
tion programme of the Natural Park, with the aim of trying to restore the natural
environment.

The area is located on a mesotidal coast according to Davies (1964), with a
MSTR (Mean Spring Tidal Range) of 2.96 in Cadiz harbour (Benavente
et al. 2007). Dominant winds blow from east to southeast and west to southwest
directions, although the former is not significant in wave generation due to its short
fetch. For this reason, prevailing sea and swell waves approach the coast from the
west. The highest waves occur in winter associated with Atlantic low pressure
systems, when they can reach heights of up to 4 m. However, over 70 % of annual
waves are less than 1 m high, so the Cadiz littoral can be classified as a low-energy
coast. Coastal setting and the prevalence of westerly waves determines longshore
drift to generally flow in a SE direction.

8.3 Historical Evolution

A combination of methods was used to reconstruct the main phases of spit evolution
and the possible causes of the changes. Data included detailed geomorphological
mapping from aerial photographs spanning the last five decades, geoarchaeological
analysis of settlements and their surroundings, historical documents, data from
existing and new sediment cores, radiocarbon dating of samples taken from the
cores and field inspection.

Strictly speaking, Valdelagrana is a beach-barrier generated over 3,000 years
ago, which has experienced a complex evolution during historical times as a result
of variations in the incident energy. Very energetic events, like strong storms and
especially tsunamis, as well as human activity, have played a key role in the
evolution of this area (Luque et al. 2002). Valdelagrana contains a series of
historical beach ridges, more or less parallel to the present coastline. In the southern
area, many of the ridges form hooks characteristic of spit ends, indicative of the
prevailing longshore drift and wave refraction processes. Detailed mapping of
ridges and hooks allowed the identification of a set of over 20 different prograding
episodes (Rodriguez-Polo et al. 2009), with complex inter-relationships.

Since the eustatic sea level highstand was reached in the zone, about 5,300-
4,800 year BP (Gracia et al. 2006), sea level has remained in a more or less stable
position until present; this favoured the development of coastal prograding
sedimentary systems. The oldest beach ridges in Valdelagrana date to 3,500 year
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Fig. 8.2 Diagrammatical representation of historical evolution of Valdelagrana spit barrier.
Brown zones indicate present remains of different sets of historical beach ridges

BP (Zazo et al. 1994), by which stage they were already occupied by humans
(Lopez Amador and Pérez 2013). This age is significantly younger than the oldest
Holocene beach ridges in other nearby coastal prograding systems, such as Dofiana
(Goy et al. 1996). This apparent absence of older ridges in Valdelagrana has been
interpreted as the consequence of an initial sedimentary infilling of the original
Guadalete estuary, by which a slow aggradational process would have prevented
the generation of coastal prograding bodies (Dabrio et al. 2000). Nevertheless,
some new cores in the back-barrier marshlands seem to indicate that perhaps beach
ridges formed earlier, approximately at the same time as in other nearby systems,
but in Valdelagrana they were fossilized by subsidence and burial under marsh
sediments. Other outcrops may have been eroded by lateral migration of the
Guadalete River near its mouth, as revealed by the numerous abandoned channels
and meanders found in its floodplain near the river mouth.

The southward growth of the first set of ridges caused the migration of the
Guadalete River mouth in the same direction (Fig. 8.2a). During pre-Roman and
early Roman times several very energetic events, probably tsunamis, affected the
Gulf of Cadiz coast. Archaeological and sedimentary records point to events that
likely occurred in the seventh and third centuries B.C. (Luque et al. 2002; Lario
et al. 2010). Very probably, one or both of them broke the Valdelagrana ridges,
opening a breach in the central-northern sector and destroying a significant part of
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the pre-existing sedimentary records. This can be deduced from the large gap
existing in the central zone of the older set of ridges. This breaching surely caused
the relocation of the river mouth into the central sector of Valdelagrana (Fig. 8.2b)
as new, younger ridges began to form in an outer position, growing to the South and
making the river mouth drift in this direction. The following stability period
allowed the growth of new prograding ridges, from the third century
B.C. onwards. The development of this episode is documented for the Roman
Epoch (Fig. 8.2¢).

About 2,000 B.P. historical documents briefly describe how a new artificial,
straight channel was opened in the northern area to facilitate ship navigation and to
control trade (Gracia and Alonso 2009). Archaeological remains in the zone have
been used to confirm this opening (Lopez Amador and Pérez 2013). This important
intervention is also verified by several geomorphological evidences, like a minor
NW-SE incision which can be continued at both sides of the channel, or the old
meander imprints left by the river during previous stages, which draw a natural
tendency of the channel to drift to the SE instead of flowing to the SW. The cutting,
about 2 km long, generated a fluvial estuary with two active mouths, one in the
North, near the present town of El Puerto de Santa Maria (Figs. 8.1 and 8.2d), which
has maintained its location until the present due to continuous dredging works. The
other mouth was located in the South, west of the present town of Puerto Real
(Fig. 8.1), and it was finally closed by humans much later, in the eighteenth century,
through works described in detail in different historical documents.

The intervention in 2,000 B.P. occurred at the time of maximum historical
occupation in the Bay of Cadiz, during which several cities and villages developed,
leading to the construction of roads, port facilities, coastal and fluvial hydraulic
works (aqueducts, river and tidal channels, salt pits, etc.). From that moment on the
sediment supply of the Guadalete River discharged directly into the coastal zone
around Valdelagrana. This favoured a period of very rapid coastal progradation. In
fact, radiocarbon dating of different ridges suggests a shoreline advance of over
1,000 m in only 800 years (Fig. 8.2d, e; Gracia and Martin 2009; Rodriguez-Polo
et al. 2009). This progradation could have been affected by several historically
documented energetic events, both of climatic and seismic origin, recorded in the
Gulf of Cadiz (Campos 1992; Gutiérrez-Mas et al. 2009). According to historical
records, a devastating tsunami affected the Gulf of Cadiz in 881 A.D. Dating of
samples taken in Valdelagrana suggests that this event deeply eroded most part of
the Roman-age ridges and opened a new breach (Fig. 8.2f), again in the central
sector — the most vulnerable one according to its position, orientation and nearshore
morphology. Sedimentary records of this event on the ridges indicate that they were
directly exposed to the marine action and that the Guadalete River had never flowed
to the west of this position (Gutiérrez Mas et al. 2009, Alonso et al. 2014). More
recent historical maps (seventeenth century) show how the river flowed to the west
of this point, as it does at present. Hence, it can be deduced that as a consequence of
the 881 A.D. energetic event, a new capture of the southern river course occurred,
which moved its mouth to the breaching point. Subsequent modal, low-energy
conditions led to a rapid growth of new sedimentary ridges, which in this case
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developed as barrier-spits that migrated southwards; this can be deduced from the
geometrical relationships between the new sets of ridges and the former one
(Fig. 8.2g) As this new set of ridges grew, the southern river mouth also migrated
in the same direction and progressively eroded part of the previous Roman ridges.
Some remains of the ancient Roman ridges, not completely eroded by the south-
ward drifting of the river mouth, can still be recognized in 1950s aerial photographs
to the south of the present Rio San Pedro creek (Fig. 8.1). These Roman ridges were
destroyed in the 1970s and occupied by a shipyard.

In the eighteenth century a new human intervention deeply altered the fluvial
dynamics of the Guadalete River. An artificial cut was excavated in 1721 in the
inner marshlands that made the Guadalete river flow to the sea entirely through the
Northern mouth, leaving the Southern one completely inactive (Baldera and Falcon
1987). This intervention had two purposes: increasing the water depth in the Puerto
de Santa Maria harbour, of growing importance for its commercial activity with
America at that time, and preventing the formation of wide intertidal sandbars in
front of the Northern mouth (Lépez Amador and Pérez 2013). As a result, the
southern mouth transformed into a tidal channel, losing any significant sediment
supply and the ability of active lateral migration, as it remains nowadays (Rio San
Pedro tidal creek).

In 1755, the devastating tsunami associated with the Lisbon earthquake, with
waves about 8 m high in this zone (Campos 1992), flattened all the previous
historical ridges (Fig. 8.2h). Two new transverse breaches, which abruptly cut all
the previous ridges by forming small E-W microcliffs, could have been produced
by this tsunami. These breaches affect recent ridges dated to 340 cal. year
B.P. (Gracia and Martin 2009). Two minor tidal channels occupy the bottom of
these breaches and at present they form small tidal deltas that partly block
longshore sediment transport. From then on, a new system of beach ridges devel-
oped in front of the historical ones, although aerial photographs from the last six
decades suggest that the rate of progradation has been much lower than in previous
historical epochs (Martinez del Pozo et al. 2001).

8.4 Recent Behaviour

Recent changes occurred in Valdelagrana spit barrier were assessed using 14 sets of
aerial photographs and orthophotographs spanning the period between 1956 and
2008 (Del Rio et al. 2009, Rodriguez-Polo et al. 2010). GIS tools were employed to
georectify the photographs and digitize the high-water line or HWL (Crowell
et al. 1997) and the dune toe (Moore and Griggs 2002). Detailed rates of change
were calculated by linear regression on shore-normal transects drawn every 20 m
along the spit, by means of the DSAS extension for ArcGIS® developed by the
USGS (Thieler et al. 2005).

Shoreline behaviour in Valdelagrana over the last five decades shows very clear
patterns, with marked contrasts between both ends of the spit (Fig. 8.3) (Del Rio
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Fig. 8.3 Shoreline change rates along Valdelagrana spit between 1956 and 2008. The left section
of the graph corresponds to the northern sector of the spit, i.e. the urban zone where dunes are
absent. For reference purposes, the areas affected by tidal creek dynamics have been highlighted,
as well as the location of the car parks

et al. 2009). The evolution of the HWL reveals a strongly accreting trend in the
northern section, with average rates of up to 6 m/year in the shadow zone of the
Guadalete river jetty that gradually diminish southwards. The accretion rate was
maximum between 1977 and the late 1980s. The central portion of the spit exhibits
generally low variations, except at points affected by local migration of the minor
tidal creeks. In contrast, the southern spit end has recorded extreme erosion, with
rates between —6 m/year immediately to the south of the second creek and up to
—14 m/year in front of the southernmost (dismantled) car park at Saboneses Point
(Del Rio et al. 2009).

These trends are also reflected in the evolution of the dune toe (Fig. 8.3), with an
average accretion of 3.2 m/year in the northern and central zones and important
changes in the areas adjacent to tidal creeks. A new dune ridge developed imme-
diately to the south of the first parking lot from 1977 onwards, revealing the
intrinsically stable character of this sector (Benavente et al. 2006). The inflection
point between the accretionary and erosive zones is located in the second creek.
Here a change in the position of the inlet was recorded between 1977 and 1982,
possibly related to the breaching of the dunes by a very energetic storm event; this
could have occurred in February 1979, when wave height exceeded 7 m according
to SIMAR-44 dataset from the HIPOCAS project (Del Rio et al. 2012).

As with the HWL, the dune toe also recorded extreme recession at the southern
spit end (Figs. 8.3 and 8.4). Here average retreat rate for the last decades was
—7.7 m/year, increasing southwards up to a maximum of nearly —12 m/year in
front of the last car park (Del Rio et al. 2013). This erosion around Saboneses Point
has involved the loss of a 200450 m wide strip of beach, dune and salt marsh areas
(Rodriguez-Polo et al. 2010) (Fig. 8.4). Modern dunes in this zone are low, narrow
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Fig. 8.4 Changes in the position of the dune toe at Saboneses Point along the study period
(1956-2008). Note the initial stability of the shoreline until 1977, followed by very fast erosion
until mid-1990s

and discontinuous, further increasing the vulnerability of this area to erosion,
flooding and overwash processes in case of storms (Benavente et al. 2006).

Temporal analysis of shoreline changes reveals that stability and accretion
dominated in the dunes between 1956 and 1977; by that time, however, the beach
had already started to erode at Saboneses Point. Dunes turned then rapidly to
erosion, and maximum dune retreat took place in the period 1977-1982 (up to
30 m/year), and at Saboneses Point also between 1982 and 1992 (Benavente
et al. 2006) (Fig. 8.4). These periods of maximum dune toe erosion coincide with
the maximum HWL accretion at the northern zone of Valdelagrana. Over the last
years this accretion has stopped and dune erosion in the southern sector has greatly
slowed down, although recession rates were between —1.5 and —6 m/year in the
period 2002-2008.

From the above data it is clear that recent behaviour in Valdelagrana spit barrier
represents an example of fast response to anthropogenic changes in sediment
budget. In this way, the evolution of this zone over the last five decades has been
determined by three main factors (Del Rio et al. 2009):

(i) The building of three dams in Guadalete river basin between 1956 and 1977
probably contributed to the initiation of beach retreat at the southernmost end
of the spit, due to their effect of fluvial sediment trapping (Rodriguez-Polo



132 L. Del Rio et al.

et al. 2010). Two bigger dams were built in the 1990s, but their effect is
overlapped by that of other factors affecting the area (see below).

(i) The timing of building and lengthening of the jetties located at the mouth of
Guadalete river (Fig. 8.1) is clearly related to the patterns of shoreline change
in the study zone (Martinez del Pozo et al. 2001; Rodriguez-Polo et al. 2010).
In 1956, before these structures were built, the shoreline of both La Puntilla
and Valdelagrana beaches constituted a single unit; the planform shape fitted
a log-spiral function (Yasso 1965) or a parabolic bay equation (Hsu and
Evans 1989), being adapted to wave conditions according to the static
equilibrium model of Terpstra and Chrzastowski (1992) (Martinez del Pozo
et al. 2002). The southern beach started eroding in the mid-1970s when the
jetties were built, while the dunes started eroding a few years later and
recorded the strongest erosion when the jetties were lengthened in the early
1980s (Fig. 8.4). In this headland-bay system, the main effect of the jetties
was the shifting of the upcoast control point of the log-spiral, which is the
point from which wave diffraction starts (Terpstra and Chrzastowski 1992).
The building and especially the lengthening of the jetties moved this control
point southwestwards, so the planform shape of the spit barrier had to rotate to
adapt to these new wave conditions, by eroding in the southern end and
accreting in the northern (Martinez del Pozo et al. 2002). Other impacts of
these structures include the interruption of longshore drift, that generated
massive sand accumulation at La Puntilla beach (Del Rio et al. 2013), and the
injection of fluvial sediments into the outer Bay of Cadiz, where transport by
tidal ebb currents prevents sediments from reaching Valdelagrana spit end.
Overall, this produced a transformation of the system from a sand spit
controlled by longshore drift to a swash-aligned beach controlled by wave
refraction.

(iii) The land reclamation performed in 1976 for the building of Matagorda
shipyard, which is located south of Rio San Pedro inlet, significantly affected
the evolution of Saboneses Point (Martinez del Pozo et al. 2001). Tidal
hydrodynamics in the area were completely changed by this reclamation,
as the mouth of the Rio San Pedro tidal channel was narrowed, thus increas-
ing the velocity of the ebb flow currents. This triggered erosion of its
southern bank, where defence works and artificial nourishments had to be
performed (Herrera et al. 2010). As a consequence, the tidal delta, which is
mainly formed by sediments eroded from Valdelagrana beach, started devel-
oping and growing westwards (Martinez del Pozo et al. 2001); at present it
covers an area of about 2 km? and constitutes a problem for operations at the
shipyard.

In the last few years it seems that Valdelagrana shoreline is reaching a new
equilibrium with the surrounding conditions of sediment supply and forcing agents,
especially wave patterns, as northern accretion has stopped and southern erosion
has greatly slowed down. However, coastal recession on the southern section of the
spit is still significant, especially after energetic storm seasons such as the winter of
2009-2010 (Rangel-Buitrago and Anfuso 2011).
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8.5 Present Dynamics

A 3-year program of topographic beach monitoring was performed to evaluate
short-term morphodynamic behaviour of Valdelagrana beach. The surveys were
performed on a monthly basis on shore-normal topographic profiles distributed
along the whole spit, extending from the dune toe or the seafront to a depth
equivalent to the mean spring low water level (Gracia et al. 2005). Beach sediment
samples were collected and analysed by dry sieving. Wave data used to calculate
beach morphodynamic parameters were obtained from the offshore buoy “Cadiz”
(National Ports Authority), located at a depth of 20 m about 10 km from
Valdelagrana. Present dynamics of the tidal delta at Saboneses Point was assessed
by detailed DGPS surveys and deployment of current meters and pressure trans-
ducers on the delta (Rodriguez-Polo 2009).

Beach monitoring reveals a clear alongshore (north-south) gradation in morpho-
logical and sedimentological parameters. Beach profile morphology is visually
dissipative in the northern sector, with a gentle slope around 2.3 % and some
intertidal bars (Anfuso et al. 2006). Beachface slope gradually decreases south-
wards, and in the southern sector of the spit the profile morphology is visually
ultradissipative and resembles a tidal flat (slope 0.7 %) without bars, cusps or other
features (Gracia et al. 2005). Beach profile variability also shows a north-south
gradient, with moderate seasonal changes occurring in the northern sector, while
the southern profiles show a continuously retreating trend (Fig. 8.5) without any
significant seasonal variations. In fact, dune disappearance was recorded at
Saboneses Point during the study period, as well as outcropping of fossil saltmarsh
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sediment in the intertidal zone after storm periods, clearly indicating landward
recession of the spit. Similarly, volumetric changes reveal a slightly accreting
pattern on the northern profiles, while the southern area displays an erosive trend
(Gracia et al. 2005) (Fig. 8.5). The areas close to the tidal creeks are greatly
influenced by inlet-related processes and so they differ from this general behaviour.

Regarding sediment characteristics, the beach is composed of well-sorted fine
sand; average grain size (Dsg) is 0.16 mm, with a slight decrease in the southward
direction. According to Benavente (2000), this can be related to the differential
transport of finer sediments by longshore drift (Komar 1998) from the source area,
i.e. the Guadalete River. Grain size patterns in the southern profiles show a distinct
increase in mean grain size, indicating erosive processes.

As for beach morphodynamic state, Valdelagrana is clearly dissipative
according to classic models of Wright and Short (1984) or Masselink and Short
(1993). No changes in morphodynamic state were recorded during the monitoring
program (Anfuso et al. 2006). However, and as mentioned above, gradients in
beach slope and grain size indicate the northern area is closer to intermediate states
while Saboneses Point shows some typical ultradissipative morphologies
(Benavente 2000).

From the above information it can be stated that present morphodynamic
behaviour in Valdelagrana is determined by three main factors: tidal influence,
sediment supply and evolution of beach planform shape, the two latter being highly
dependent on human activities. In this respect, strong tidal currents are responsible
for generating beach morphologies more typical of macrotidal environments,
despite the study area being mesotidal (Benavente et al. 2007). On the other
hand, there is a gradient in beach characteristics and hence morphodynamic behav-
iour as the distance to the sediment source increases. Sediment supply is an
important factor controlling how the beach reaches equilibrium planform shape,
so the aforementioned decrease in sediment delivery over the last decades due to
anthropogenic interventions would mean that the beach has not reached equilibrium
yet. In fact, it can be stated that if the beach was in equilibrium, shoreline at the
distal zone of the Zeta-bay (close to Saboneses Point) would be swash-aligned so
there would not be any longshore drift or gradient in morphodynamic variables
(Hsu et al. 1989). Therefore, medium-term anthropogenic interventions in
Valdelagrana sediment budget have also triggered changes in present-day beach
dynamics, as shown in the evolution of beach profiles, which are stable or accreting
in the northern sector and clearly erosive in the southern one (Fig. 8.5).

As mentioned above, tidal influence also plays a significant role in the observed
behaviour, since the gentle beach slope at the southern sector is related to strong
tidal currents, which are not taken into consideration by models of Zeta bay
planform evolution. These currents have speeds above 50 cm/s at the mouth of
Rio San Pedro tidal creek (Gonzalez et al. 2010). As a consequence, in
Valdelagrana beach the relative importance of wave energy gradually decreases
southwards due to the presence of the ebb tidal delta, while the importance of tide
energy increases, determining contrasting beachface morphologies and an ultradis-
sipative profile in the southernmost sector (Benavente et al. 2007).
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The development and growth of the tidal delta at Saboneses Point greatly
influences beach behaviour. On one hand, wave dissipation on the delta determines
the beach at the southern end of the spit being a very low-energy area, similar to the
estuarine beaches described by Nordstrom and Jackson (1992), where the upper
intertidal zone works as a proper beach but the lower intertidal shows a tidal flat
behaviour. During high-energy storm conditions, erosion of the beach profile occurs
by parallel retreat so that shoreline recession is recorded but beach slope remains
unchanged (Rodriguez-Polo 2009).

On the other hand, water flow on the tidal delta is directed through two main
channels: a main one running WNW-ESE close to Matagorda shipyard breakwater,
and a secondary one running NNE-SSW in a shore-parallel direction at Saboneses
Point. Current velocities in the main channel are around 60 cm/s and the highest
velocities are recorded during ebb tide, while in the secondary channel they reach
80 cm/s during the flood tide, due to the coupling between the tide and prevailing
wave direction and hence longshore drift. As a consequence of this, the secondary
channel probably contributes to the scouring and erosion of the lower intertidal
beach at this area (Rodriguez-Polo 2009).

8.6 Conclusions

Valdelagrana spit barrier is a clear example of multi-scale anthropogenic disruption
of natural coastal behaviour. A variety of geomorphological and morphodynamic
changes, including particular patterns of shoreline evolution, have been triggered
by human activities in the area since Roman times. These are superimposed on
other important natural sources of coastal change, such as energetic storms and
tsunami events.

On the historical scale, major anthropogenic interventions occurred in Roman
times and in the 18™ century, and were focused on improving navigation in the
Guadalete estuary. They generated massive progradation of beach ridges and the
isolation of the Rio San Pedro as a tidal channel, respectively. During the second
half of the twentieth century, the building of two jetties at the river mouth and the
reclamation works performed south of Rio San Pedro produced significant beach
accretion at the northern sector of Valdelagrana and extreme shoreline retreat at the
southern sector, as well as the development of a wide tidal delta at Saboneses Point.
The changes in spit dynamics generated by these interventions could still be noticed
on beach profile behaviour over recent years.

Plans for future human interventions around Valdelagrana spit are lately being
considered by national authorities. These include dredging the tidal delta, increas-
ing harbour development both in Guadalete River mouth and Matagorda shipyard,
and restoring the natural behaviour of old salt marshes which are currently dry. It is
likely that dredging the delta would trigger erosion by waves due to the increase in
shoreline exposure; nevertheless, present-day beach erosion at Saboneses Point is
partly generated by the secondary channel of the delta during ebb tide, so the
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dredging could reduce this impact. Regarding the building of new harbour struc-
tures at Guadalete River mouth, they would produce a more efficient blockage of
longshore sediment supply to Valdelagrana, as well as a further modification of the
control point in the Z-bay planform. These processes would combine to intensify
coastal erosion in the Southern end spit. As for the restoration of the reclaimed salt
marshes, this would increase the tidal prism at Rio San Pedro tidal channel, thus
increasing the size of the tidal delta.

In any case, further research must be performed before any of the above
interventions are executed, in order to avoid undesirable consequences in coastal
stability. This research should be mainly focused on modelling wave propagation
and longshore sediment transport in the coastal zone under different weather
conditions, as well as assessing the volume of sediment supplied to the area by
the Guadalete River.

In any case, it is important to note that besides human interventions, the long
term evolution of Valdelagrana is also highly influenced by the short term erosion
produced by storms during the most energetic winter seasons, so the storminess
conditions in the future will be determinant in future shoreline evolution.
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Chapter 9

The Development and Management

of the Dingle Bay Spit-Barriers of Southwest
Ireland

Robert J.N. Devoy

Abstract The palaeoenvironmental and morphodynamic functioning of three
closely linked spit-like structures are examined from the high energy Atlantic
margin of Europe, at the head of Dingle Bay, southwest Ireland. The ‘spits’ are
formed within a long (c. 40 km) and narrow (c. 10 km) sedimentary
compartmentalised embayment and are controlled by a mixed wave and tidal
dominated regime. The features demonstrate the quasi-unique, local (micro- to
meso-scales) functioning of coastal systems. The ‘spits’ represent essentially
composite beach- and dune-barriers, developed under Holocene sea-level rise
(SLR) on N-S aligned glacial end-moraines formed at the end of the last glacial
stage (MIS 2—4) and orientated normal to present onshore wave action. Minor drift
aligned shoreline spits are found at the distal ends of these barriers. The two
seaward fronting structures of Inch and Rossbehy are separated by an ebb-tidal
delta and probably formed as a single barrier in the early- to mid-Holocene across
Dingle Bay, before moving by roll over mechanisms to their present positions.
Extensive back-barrier wetlands began to form behind this structure in the
mid-Holocene. This earlier barrier was breached c. 3,000 years BP, leading to the
formation of the three present spit-like morphologies. Whilst the Inch Spit appears
to be relatively stable today, Rossbehy Spit was breached by a storm surge in 2008
and continues to erode at rates of 30-50 m/year along its core-length and at
c. 25 m/year on the seaward shore face, with the breach doubling in size to
1,400 m wide from 2012 to 2014. Under future climate warming this structure is
likely to disintegrate, with significant impacts on Inch and the morpho- and
hydrodynamics of neighbouring coastal systems. The processes now in operation
evidence the likely coastal squeeze that will occur on many World coasts under
SLR in the twenty-first century.
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9.1 Introduction: The Context of Spit-Barriers
on European Atlantic Coasts

Understanding of the primary mass and energy drivers operating in coastal systems
and in the creation of coastal morphological and process operation variability is well
established (e.g., Hails and Carr 1976; Clifford et al. 1993; Carter and Woodroffe
1994; van Rijn 1998; Short 1999; Cooper et al. 2001; Aagaard et al. 2004; Cowell
et al. 2006; Cooper and Pilkey 2007a, b, 2008; Cronin 2010). The outcomes of coastal
geomorphological research over many decades (e.g., Carter 1988; Woodroffe 2002;
Davidson-Arnott 2010; Masselink et al. 2011; French and Burningham 2011) show
that coasts are comprised of almost unique sets of components. Further, that coastal
functioning often operates at local time and spatial scales (micro- to meso-levels) of
minutes — weeks and m? — km?, rather than at regional (macro-scale) levels (Cooper
et al. 2004, 2007); part of the still ongoing classic ‘geomorphological processes and
events operation debate’ (e.g., Hart 1986; Thorn 1988).

Many generic controls influence all coastal systems, e.g., for mid latitude, clastic
dominated; paraglacial and high latitude, glacial; carbonate and reefs systems; low
tidal range and energy (Davies 1980; Woodroffe 2002) and are linked in different
combinations over varying time and spatial scales. For mid -high North Atlantic
coasts, which often contain a wide range of spits and associated sedimentary
geomorphological forms, these include especially the controls of wind-wave actions,
currents and linked radiative shoreline stresses; storm-surges, tides, relative sea-level
(RSL) changes and other hydrodynamic contributors; 3-D coastal configuration, near-
to offshore bathymetry and sedimentary accommodation space; sediments availabil-
ity, sizes, supply and flux rates. These drivers in coastal systems vary in number and
mass-energy significance. For each driver though there will be wide variations in its
operation, integration with other controls and in feedbacks within systems over time,
particularly at the ‘real’ operational scale of the local coast. Further, coastal systems
will undergo significant process and domain changes over time (e.g., Orford
et al. 1996; Jennings et al. 1998). These are likely to occur as stepwise type domain
crossovers, through transitive and intransitive thresholds responses to forcing ‘events’,
or to grouped process changes at different timescales, leading to the development of
new domain states (Dury 1981; Carter and Woodroffe 1994; Delaney et al. 2012).
These generic coastal process concepts are valuable in helping define the development
of cohesionless sedimentary structures, such as spits. It is the local pattern in
the operation of these controls, coupled with the integration of their behaviour with
stochastic events and process functioning, that is critical in understanding the
development of spit-barrier systems within coastal geomorphology.

The genesis and even the concept-definition of ‘what is a spit’ is part of this
reality of understanding what coastal systems are and how they work. Spits are a
common depositional geomorphological feature of many World coastlines, com-
prising swash and drift aligned accumulations of cobble to sand sized sediments. In
spite of their readily recognisable shape, and the almost intuitive understanding of
their structural development from their shapes, as a process-response to a range of
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Fig. 9.1 Location map of the Rossbehy, Inch and Cromane Spits, southwest Ireland (Source:
Delaney et al. 2012)

coastal hydrodynamic drivers with sediments, definition and process controversy
may still exist. Similar issues occur elsewhere in coastal and wider geomorphology,
of ‘what’s in a name?” (e.g., lagoons, tombolos and glacigenic features; viz., e.g.,
Finkl 2004; Goudie 2004). Many spit-type forms occur on Ireland’s coasts (Davies
and Stephens 1978; Carter 1988). These result primarily from the widespread
provenance of coastal fine sized sediments (fine — coarse sands, as well as gravel
— boulder sized materials), derived generally from earlier glacigenic sediments
(e.g., Edwards and Warren 1985; Knight et al. 2004). The nearshore — offshore
and Shelf zones are important sources for these sediments and their re-working
onshore into the contemporary coastal systems (Devoy et al. 1996; Cooper 2007).
The development of distinct gravel beach-barrier beach systems with associated
‘spit forms’ is also particularly notable in Ireland, with sediments again derived
from glacigenic materials. Their significance in Ireland’s beach systems and
dynamics, as a former paraglacial coastal environment, has been studied in detail
since the 1980s (e.g., Orford and Carter 1984; Orford et al. 1988).

This question of nomenclature, ‘what is a spit’, particularly where the landform
inherits characteristics influenced by former terrains (e.g., glacial, former coastal),
and the effects of other process controls (e.g., acolian, fluvial, glacial) applies to the
spits of Inch, Rossbehy in Dingle Bay, southwest Ireland (Fig. 9.1). Studies of these
structures show them to be complex in origin and functioning and that Inch Spit and
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Rossbehy Spit are better referred to as beach-dune barrier systems (Cooper
et al. 1995; Delaney et al. 2012; O’Shea and Murphy 2013). A third structure at
Cromane lies behind these barriers. Though this feature is spit-like in plan view and
is fronted by a cobble — boulder beach, it is clearly recognisable in the field as
glacigenic in origin (Devoy 2009). In each of the two main beach-dune barriers the
operation of local scale factors (including, e.g., geology, localised wind and wave
regimes, human impacts) have led to the development of almost unique features.
Further, these appear to function and behave very differently, at least in the present
day, under the more generic coastal boundary controls operating within the framing
coastal systems of Dingle Bay — Castlemaine Harbour.

9.2 The Coastal and Offshore Environments:
Regional: Local Settings

These spit-like barriers of Inch, Rossbehy and Cromane are located at the head of
Dingle Bay, between the uplands of the Dingle and Iveragh Peninsulas (c. 600—
1,000 m high) (Fig. 9.2). The structures are orientated approximately north — south
and offset west — east from each other, with Cromane c. 2 km behind Inch.
Rossbehy was c. 4 km long prior to its breaching and erosion initiated in 2008,

Fig. 9.2 Southwest Ireland Peninsulas, showing topography, Ria-type embayments and link to the
approximate southwest to northeast aligned regional structural. The Inch and Rossbehy Spits are
shown at the top-centre of the photograph (Source: LANDSAT image)
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Fig. 9.3 Photograph sequence (2000-2011) of the changing Inch — Rossbehy ebb-tidal delta
positions (bars and main tidal inlet channel) and the two beach- dune-barrier distal ends (Source:
O’Shea and Murphy 2013)

projecting northwards from the Iveragh Peninsula (Delaney et al. 2012; O’Shea and
Murphy 2013). To the north, Inch is c. 5.5 km in length and aligned NNW — SSE
from Dingle toward Rossbehy. The spits are separated by an ebb-tidal delta system
(Fig. 9.3), which is now undergoing radical change in shape and functioning (O’Shea
et al. 2011; O’Shea and Murphy 2013; Gault et al. 2011). Together these barriers
divide the high wave energy and coarse sedimentary areas of Dingle Bay (Sala 2010;
Marine Institute 2014) from the lower energy and predominantly finer silt-clay
sized sediments, wetlands and freshwater modified environments of Castlemaine
Harbour (Delaney et al. 2012). Similar features are found on neighbouring coasts,
e.g., southwards on the Iveragh Peninsula at Derrynane Bay and northwards in
Tralee Bay at Derrymore (Davies and Stephens 1978).

The Dingle Bay-Castlemaine dune-barriers occur within the embayed regional
coastal setting of southwest Ireland. This is characterised by crenulate, rock domi-
nated coasts; defining c. 10-40 km long and relatively narrow c. 4-12 km wide bays
and linked river valleys, separated by high peninsula-structured uplands (Fig. 9.2)
(Devoy 2009). These embayments result from the approximate NE — SW trending
Hercynian-Armorican age structural folding of the region. This has created deep
synclinal basins, composed primarily of Devonian and Carboniferous rocks of
sandstones, quartzites, shales and slates (Whittow 1974; Pracht 1996; Higgs 2009).
These valley-folds were submerged during the Holocene RSL rise, with near- to
off-shore water depths today of 50-100 m. The embayments are still often referred
to, incorrectly, as rias (Goudie 2004; Devoy 2009). The elongate shape of these
embayments results in the strong compartmentalisation, localised transport and
storages of the coastal sediments.
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Southwest Ireland, affecting the present day coasts of Dingle Bay and Castlemaine Harbour
(Source: Devoy 2009)

Study of the late Quaternary pattern of glaciation in southwest Ireland shows that
this area was heavily affected by ice action (Edwards and Warren 1985; Knight
et al. 2004). Valley-type glaciers passed westwards through Castlemaine — Dingle
Bay (Fig. 9.4), leaving an over-deepened glacial trough, with gorge-like channels
incised into the pre-glacial seabed. On deglaciation, these features were infilled
with glaci- and fluvi-glacial materials (Shaw et al. 1994) and later by Holocene
re-worked coastal-marine sediments. Geotechnical and field surveys of Inch (Coo-
per et al. 1995; Vial 2008) Rossbehy and Cromane, show that they are built upon ice
recessional end-moraines. These date from the final stages of ice retreat eastwards
from Dingle Bay at c. 16-18 k years BP, hence, the approximate N — S alignment of
the barriers (Devoy 2009). The seabed sediments within Dingle Bay and
Castlemaine Harbour provide consequently a wide particle size range (sands —
boulder sizes) for supply onshore. Hydrographic (e.g., sidescan sonar, multibeam)
and seismic surveys of the Bay show the partitioning of these sediments, with fine —
medium sized sands concentrated on the northern side and in front of the barriers
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(Shaw et al. 1994; INFOMAR 2014). Extensive areas of coarser sands and
sub-angular — rounded gravels -boulders occur predominantly southwards. This
sedimentary separation may result from the initial glacial deposition and glaci-
fluvial sorting, but has probably also been affected by subsequent Holocene RSL
changes and wave action. Erosion and cliffing of the Iveragh’s coastal glacigenic
sediments, under the dominant westerly storm wave action continues to re-enforce
this sedimentary pattern (O’Shea and Murphy 2013). The hydrometric surveys also
indicate the preservation of biogenics, possibly of fresh to brackish-water,
lagoonal-type deposits, in shallow ‘basinal’ structures within the sediments depths
of >—10 to —15 m ODB (Ordnance Datum Belfast). The biogenics are likely to
date from lateglacial to early postglacial times (c. 13,000-9,000 years BP).
They probably record the position of former back-barrier environments developed
behind earlier beach-barrier structures at times of lower RSL (Devoy 2009;
Delaney et al. 2012).

9.2.1 Boundaries and Drivers

The geological structural and coupled earlier geomorphological controls, with the
inheritance of extensive glacigenic sediments and the now submerged glaciated
terrains, condition the primary character of the Inch-Rossbehy-Cromane Spits and
barrier systems. Further, Holocene RSL rise and regional isostasy (Devoy 1991,
1995; Devoy et al. 1996; Edwards and Brooks 2008; Brooks et al. 2008), coupled
with the mid-late Holocene growth of extensive fringing coastal wetlands in
Castlemaine Harbour (Delaney et al. 2012) have also been important contributors
in their development. Additionally, late Holocene (post c. 1000 AD/BCE) human
influences, with the heavy post eighteenth century impact of people on these coasts
has been particularly significant in the barrier environments (Duffy and Devoy
1999; Delaney et al. 2012). These include, farming practices of pasture develop-
ment and animal grazing of the dunes, as well as local woodland clearances, adding
to the effects of longer term post Neolithic regional vegetation changes. Times of
temporary occupation have occurred, most recently during the Great Famine (Foley
2009; Crowley et al. 2012) and evidenced in shell middens of this period and of
earlier ages preserved within the barrier sediments, most notably on Inch. Further,
the abstraction of sands and gravels for building materials and agriculture, together
with present day tourist impacts have all contributed directly to changes in the
morpho-sedimentary development of the dune-barriers (Devoy et al. 1995; Duffy
and Devoy 1999; Vial 2008; Science Direct 2013).

West of the barriers water depths are relatively shallow, averaging < c. —10 m
ODB in the nearshore zone (c. 0—5 km from the barrier shorelines), but shelve
westwards to depths of >—70 m ODB 35-40 km offshore (Fig. 9.5). For
Castlemaine Harbour, water depths are generally >—5 m ODB and the wetland
environments here receive substantial freshwater inputs from the Maine and Laune
rivers (Fig. 9.1), smaller streams from the adjacent uplands and direct rainfall
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Institute, INFOMAR 2012)

(current regional average rainfall >1,200 mm/year) (Duffy and Devoy 1999;
Delaney et al. 2012; Met Eireann 2014). Tidal ranges within Dingle Bay are of
meso- to macro-tidal type (2—4 m), with a Spring Tidal range of c. 3.2 m. Until the
2008 Rossbehy breaching event, tidal exchange with Castlemaine was maintained
via a c. 1.5 km wide ebb-tidal delta. Measurement of main channel tidal currents
during mid- flood conditions show velocities of c. 0.9 m/s, reducing to 0.6 m/s at
mid-ebb, with averaged tidal current velocities again lower at c. 0.3 m/s southwards
in the swash aligned zones of the barrier (O’Shea and Murphy 2013).

Waves heights reaching the beaches facing into Dingle Bay are often >2 m Hs,
with mean significant wave heights of c¢. 2.8 m Hs and periods (Tz) of 7 s (Sala
2010). Both Inch and Rossbehy are subject to the impacts of onshore high wind —
wave energy conditions from the dominant Atlantic SW — W directed swell waves
and storm surges (Jenkins et al. 2009; Marine Institute 2014). The bathymetry and
the approximate N — S orientation of the barriers lead to changes, through wave
refraction, in alongshore currents, wave alignment and sediment transport on the
barrier shorelines. These conditions are now being modified further by the rapid
alterations in the ebb-tidal delta geometry. Broadly, alongshore current and sedi-
ment drift patterns remain operating from S to N in direction (Cooper et al. 1995;
O’Shea and Murphy 2013). The wind regime affecting the barriers is conditioned
primarily by the SW-W onshore winds, from Atlantic storm tracks (Lozano
et al. 2004; Sweeney et al. 2002, 2008; Dunne et al. 2008; Met. Eireann 2014),
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though this may alter under climate warming (Dwyer 2012; IPCC 2014a, b). Well
developed land-sea breezes and turbulence created by air down-draughts and
eddying from the neighbouring uplands often complicate this wind pattern (Sher-
man et al. 1995; Duffy and Devoy 1999; Devoy 2012). These local winds create
significant wave action in the areas of longest fetch within Castlemaine Harbour.
Significant back spit-barrier and marsh front erosion occurs under these conditions,
with accompanying sand and coarse sediments transport (sands — gravel sizes)
occurring.

9.2.2 The Spit-Barriers: Significance for Science and People

The Dingle Bay — Castlemaine Harbour area has attracted persistent attention as a
valuable location for coastal geomorphological and wider science research, both
primary and applied in nature, and for student teaching. Contributory factors have
been the prominence of the Spits, their accessibility and the adjacent extensive
wetland environments. The dunes on Inch have also been seen as ecologically and
floristically significant and have been classified as Special Areas for Conservation
and Scientific Interest (SAC/SSIs) (National Parks and Wildlife Service 2011),
though this status is now under re-examination (Science Direct 2013). Geologi-
cally, however, the area remains of high science value. For the wider public
community, the visual attractiveness of the area is seen as high. This has been
important in attracting not only a persistent growth since the 1980s in tourist and
other recreational users to Inch and Rossbehy’s beaches and dunes, but as a draw for
coastal housing (both first and second homes) and small business developments
(Cooper and Boyd 2010). This growth in buildings in the immediate back-barriers
areas (>100 situated below <10 m ODB) has added significantly to the area’s
infrastructures (including those of, e.g., roads, harbours, jetties). Earlier buildings
were linked more to the needs of the local primary industries, of farming, fishing,
aquaculture and only later to tourism. This people-attraction factor is of particular
importance now, due to the vulnerability of these environments to coastal flooding,
erosion and cliffing-slope instability and collapse (Devoy 1992, 2008; Kerry
County Council 2001a; Sweeney et al. 2008; Cooper and Cummins 2009; Cooper
and Boyd 2010; Dodds et al. 2010; O’Connor et al. 2010). The consequences of this
vulnerability for investment have been costly, in terms of demands for increased
coastal protection works and earlier in the nineteenth and twentieth centuries in
extensive land reclamation schemes (Duffy and Devoy 1999; Kerry County Coun-
cil 2001b, 2003, 2009; Lynch 2009, pers. comm.; Kerry’s Eye 2010; Gault
et al. 2011).

From the coastal science and management viewpoints, a series of key studies have
been undertaken at these sites, beginning in the 1960s (e.g., Guilcher and King 1961;
Guilcher 1966; Regnaud 1989; Froger 2003). Since the 1990s the barriers and the
wider area have formed the focus for a series of large scale EU funded Climate and
Environment, Framework IV, VI and InterReg programmes, dealing with coastal
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palacoenvironmental reconstructions, hydrodynamics, process functioning and
management (e.g., projects SEA LEVELS, IMPACTS, Conscience and CoastAdapt).
The area has become effectively a coastal research laboratory (Devoy et al. 1995;
Delaney et al. 2012; Conscience 2010; CoastAdapt 2013; O’Shea and Murphy 2013).

9.2.3 Changes in the Barriers and Current Issues

Until recently the barriers appear to have been relatively stable in form since their
first precise mapping in the 1840s (Ordnance Survey of Ireland 2014). Subsequent
surveys of these systems (Cooper et al. 1995; Kerry County Council 2001a, 2003;
Vial 2008; Sala 2010; Kandrot 2013, 2014) have recorded significant alterations in
the shoreline positions of Inch and Rossbehy. In particular, changes of the distal
ends of both barriers have occurred since c. 2000, as well as in longer term, decadal
scale oscillations in sediment accumulation and erosion of the beach-barrier fronts
and of linked foredune areas. In the past, these movements may have been part of a
regular cycle of change in coastal progradation and retreat, linked to the process
functioning of these systems. Human impacts on the dunes and wetlands during
nineteenth century Famine times would also have been important in creating sedi-
ment movements (Duffy and Devoy 1999; Hanna et al. 2008; Hickey 2011; Crowley
and Sheehan 2009; Crowley et al. 2012). The growth in people and tourism-related
pressures on the dune-barriers since the 1990s, with the impacts of increased vehicle
use, horse riding and linked human intrusions on the beach and into the fronting
foredunes, may now be a further contributory factor to recent changes. There is even
renewed local demand at Inch to develop parts of the northern, stabilised dune and
back-dune environments as a golf course (Science Direct 2013).

At Rossbehy, large changes in barrier morphology and sediment distribution
have occurred since the breaching of its distal end by a storm surge in 2008
(Fig. 9.6). The breach area has subsequently continued to expand southwards,
with erosion of the main dunes and re-organisation of the hydrodynamic, tidal
regime and sedimentary movements of the northern end of the barrier. This erosion
and the wider system changes at Rossbehy, with probable future repercussions also
for Inch and Cromane, have caused great public concern (Kerry County Council
2001b, 2009; Kerry’s Eye 2010). The local residents and regular visitors to the area
are most affected, some with livelihoods at stake from the disruption of beach-
based tourism, aquaculture and related inshore fishing, small port activities, and for
Kerry County Council (KKC) and the Office of Public Works (OPW) as coastal
managers. As noted, many houses as permanent residences and holiday homes are
situated adjacent to the wetlands in Castlemaine Harbour and lie close to the current
high water mark (HWM). Continued morphological change, or even destruction of
Rossbehy, coupled with wider coastal flooding and erosion under RSL rise and
climate warming would threaten this housing, the linked coastal activities and the
wetlands (Devoy 2008; IPCC 2014a, b; Cooper et al. 2009). To some degree these
fears for the future of Rossbehy and Inch have already been realised in the extensive
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Fig. 9.6 Rossbehy Spit, showing the dune-barrier pre the 2008 storm breaching of the distal end
and post the 2008 breach event: (a) oblique ENE view along the western shore face; (b) plan aerial
view, the red line marking the post immediate breach shoreline (KCC survey 2008); (¢) view north
along the barrier length to the breach area and showing the dune-field on the Spit; (d) development
of the breach in 2009; (e) breach area at full tide 2010, showing development of drift aligned
sediment transport (Sources c—e: open access from web and KCC); (f) composite aerial views
(Sources: OPW and OS]) of the distal end of Rossbehy and the breach area in 2012, together with
the ebb-tidal delta area between the Inch and Rossbehy Spits (Source f: Kandrot 2013)

damage from the intense back-to-back storms (c. 950-960 Hp) of December 2013
and January 2014 (Irish Examiner 2014).

Consequently, the functioning of both barriers continues to be monitored for
morpho- and hydrodynamic sedimentary changes; to chart the progression in the
contemporary patterns of the on- and off-shore environments and as a basis for the
numerical modelling of inlet and barrier type coastal ‘behaviours’ (O’Shea and



150 R.J.N. Devoy

Murphy 2013; Kandrot 2014; Ranasinghe et al. 2013). In conjunction with the
earlier studies, few such concerted coastal process research programmes have been
undertaken in Ireland. The results will be of significance in contributing to deci-
sions on coastal management responses to such rapid changes, both locally and
possibly nationally (Gray et al. 2014). Importantly, these studies will add to the
understanding of the coastal processes operating on these compartmentalised
coasts. Particular significance here is in projections of the likely future responses
of these dune-barriers under climate warming, with RSL rise and storminess
impacts. The current changes, coupled with the projected increase in Atlantic
storm magnitude and probable increased frequency for the period 2021-2060,
RSL rise (range of c. 0.05-0.95 m by 2100 for IPCC 2014a RCP scenarios) and
other impacts of climate warming, will probably result in continuing coastal
squeeze and the partial to possible complete destruction of these barriers (Devoy
2008; Science Direct 2013). Numerical modelling studies to check the accuracy of
this view are now being undertaken (O’Shea 2015; Kandrot 2015). In essence, the
barrier changes now underway are an illustration of the likely outcomes to be
expected in many such coastal systems worldwide, marking the end of the Holo-
cene and the beginning of the Anthropocene (Zalasiewicz et al. 2010).

9.3 The Barrier Morphologies and Environments

9.3.1 The Inch Spit

Inch comprises a sand dominated beach- and dune-barrier and forms the largest
dune system in Ireland (c. 12,000 Ha). A series of shallow intertidal embayments
are developed at the rear of the dunes, on the eastern side and contain sequences of
fine-sized (<250 pm) sediments. Prominent vegetated and semi-vegetated sand
dunes, both foredune and transverse parabolic in type, have developed here (Carter
1988; Orford et al. 1997, 1999; Science Direct 2013). These reach ground heights of
generally >10 m, and often higher to >20 m ODB, with maximum heights c. 30—
35 m ODB in the central areas.

Currently, wave refraction and alongshore drift mechanisms move sediments
from Dingle Bay into the nearshore zone at Inch and also at Rossbehy. The resultant
beach system, with backing foredunes, is dissipative in form and predominantly
swash aligned, maintaining a wide (>c. 250 m at low water mark) and low angle
(<c. 2°) beach face with average sediment particle sizes of 235 pm (Vial 2008;
O’Shea and Murphy 2013; Kandrot 2013). In turn, these controls on the barrier
operate through tidal cycle variations and seasonal wave energy-conditioned move-
ments of sediments (timescales of months—years). The significance of this is in the
operation of storm events, the impacts of which are superimposed upon these
daily controls on sediment movements and appear to be particularly important
in developing the longer term morphology and supply of sands into the dunes
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(Sherman et al. 1994; Cooper et al. 1995, 2007; Devoy et al. 1995; Lozano
et al. 2004; Conscience 2010).

The dunes are the main visible morphological elements of Inch (Science Direct
2013) and are composed of fine — medium sized sands (c. 90-300 pm). The sands
are quartz dominated, but also contain a variable proportion (c. 3-10 % volume) of
broken shell fragments (CaCOs3), from offshore, intertidal and within-dune shell
communities. The dune sands, whilst containing broken marine shells, are not seen
as part of the machair sand systems developed further north in western Ireland, The
Western Isles (Hebrides) and western Scotland. The barrier lacks the extensive
back-dune cover sand sheets of the machair proper (Ritchie 1979; Gilbertson
et al. 1999; Hansom and Angus 2001). The sands are generally well-rounded,
having undergone probably numbers of sedimentary recycling stages over at least
the last c. 200,000 years. The sediments have moved from source to sink to
re-activation through river, glacial and marine actions and contain minimal shape
evidence of more recent movements by wind action.

Sands move into the dune-barrier under westerly and south-westerly onshore
wind and wave action, primarily during phases of storminess (Orford et al. 1997,
1999; Kandrot 2013). The dunes are accreting sands though in western beach-face
areas and in the southern portion of the barrier (between c. 2 and 5.5 km, N — S
down-barrier length). These areas support broken, or little long-term vegetation
cover. Marram (Ammophila arenaria) and Lyme (Elymus arenaria) grasses are
dominant, with large areas of exposed and moving sands. This southern area of Inch
forms the ‘active’ zone (Fig. 9.7) of dune slope and morphological changes
(Table 9.1). Drift alignment of the beaches at end of the barrier occurs, associated
with the adjacent ebb-tidal delta. To the north, from its junction with Dingle and in
the areas immediately southwards (c. 0.0-2.5 km) the dune-field is essentially
vegetated and stabilised. Away from the shore-face, the dunes currently receive
little, if any, new sands and have inherited much of their form from late Holocene
phases of barrier development (Cooper et al. 1995; Wintle et al. 1998; Orford
et al. 1997, 1999). Any changes here today in dune morphology result primarily
from the internal recirculation of sands. Human controls on dune slopes and erosion
mechanisms through farming practices are dominant, mainly from animal grazing
and associated vehicle movements, together with the activities of burrowing
animals.

On the western, Dingle Bay side of the barrier, the dunes are organised from the
HWM into a series of N — S shore-parallel foredune ridges, variably two to four are
recognised (Orford et al. 1997). The incipient foredunes, where sands are actively
accumulating occur along the length of the barrier, but are concentrated particularly
in the southern section, in the last c¢. 3 km. Behind these areas occur older and
stabilised dune ridges, with more established vegetation cover and separated by
intervening low elevation swales. The foredunes are backed throughout the length
of Inch by the main dune-fields (Fig. 9.7). These are comprised of transverse
(approximately E — W aligned) transgressive parabolic dunes, with flanking low
ground of the dune corridors (Cooper et al. 1995; Orford et al. 1997, 1999). The
basal surfaces of these corridors, and of other lower elevation inter-dune areas often
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stabilised dunes
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coastal marsh
__——— embayments
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and dune
corridors

Fig. 9.7 Inch Spit dune-barrier morphometric type areas and environmental zonations (Science
Direct 2013) (Photograph Source: Office of Public Works and Ordnance Survey of Ireland 2012)

now support extensive dune slack environments (Science Direct 2013). These form
important dune wetlands, dependent on the seasonal height of the local water-table,
as well as sites for other sand-adjusted open habitat plant communities.

Behind the main dune-barrier, on the Castlemaine Harbour side of Inch, ground
heights are generally low, at c. 3—5 m ODB. In the stabilised dunes (Fig. 9.7) this low
ground forms a bench-type morphology in the trailing edge of degraded parabolic
dunes. The ‘bench’ is of variable width, commonly c. 100400 m wide, but is less
well developed in the ‘active’ dunes at the southern end of Inch. Marsh and poorly
drained areas form part of this low ground surface and are replaced seawards by
intertidal saltmarsh and mudflats, developed particularly within three main embay-
ments. The embayments were formerly and, in some locations, continue as intertidal
areas subject to marine inundation. These areas have been embanked and drained in
the past, with poorly maintained and remnant protecting barriers, sluices and drainage
ditches still visible (Science Direct 2013). The built structures are part of the drainage
and wetland reclamation works in Castlemaine Harbour, begun in the nineteenth
century (Duffy and Devoy 1999; Delaney et al. 2012).
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Table 9.1 The main geomorphological and morpho-environmental area types and characteristics
comprising Inch Spit. From Devoy RJN in, Science Direct (2013)

Area
Types 1

Areas of low, degraded and stabilised dune field. Maximum variation in ground
elevations (highest to lowest surfaces) are c. 5 m, with areas generally <10 m ODB in
height (see OS map, 1:50,000). Slope angles are between c. 5-8°, developed as low,
undulating sand surfaces, with some discrete sand hills present. Slope mass movement
terracetting and small scale slumps are widespread. Large dug pits and other hollows,
also with some ‘levelled’ areas in the dunes/sands, have been created by sand mining
and other human impacts (e.g., nineteenth century sand ‘borrowing’). The dunes/sand
surfaces are well-vegetated, mostly with complete vegetation cover. No evidence of
recent dune blow-outs due to wind erosion mechanisms

Active shore parallel incipient and foredune systems, developed along the western
shore edge of Inch above levels of MHWMST (Mean High Water Mark of Spring
Tides) comprising sand dune ridges and separating swale areas. Between 2 and

4 foredune sequences have been noted along the length of Inch. These are variably
developed in width and depth, but are all aligned c¢. N — S. Maximum ground elevation
variations (swale bottoms to ridge crests), c. 5-6 m, with ground heights generally
<10 m ODB

The base of the swales show exposures of the earlier cobble barrier underlying the
dunes and which formed under RSL rise, with wave/storm action, on the basal
glacigenic surface of Inch. These are well developed in the central shore section of the
dune-barrier (southern end of the proposed golf course, in Zone A). Shell middens are
present on these exposed cobbles. Many are probably nineteenth century ‘Famine
middens’, dating from c. 1840 to 1860s, but possibly some are from earlier historical
times, or are even Neolithic and Bronze Age in origin. Shell middens have also been
noted from other parts of Inch, from the parabolic dune corridors and from the residual
sand hills on the eastern side of the dunes

Poorly drained and full coastal wetland environments (supra-tidal to high marsh —
saltings). This area is generally below c. 3 m ODB, with low angle slopes (<3°). The
higher elevation water-logged zones here comprise sandy, minerogenic-rich biogenic
sediments and overlie the sand dunes, often representing former intertidal areas on the
eastern side of Inch. Present day active marine wetlands (saltmarsh and mudfiats)
form on the seawards side of these higher level ‘freshwater/brackish water’ marshes.
The former intertidal/high tide areas were subject to embanking and draining works in
the nineteenth and early twentieth centuries as part of land reclamation schemes. The
drainage and protection structures (e.g., low earth banks/walls, ditches and sluices)
have now been ‘let-go’ and areas have reverted to zones of poor drainage and marsh,
characterised by Juncus spp., Carex spp. and Poaceae dominated vegetation

A low, undulating ‘sand-bench’, formed at the rear the main dune areas (parabolic
dunes). Low residual sand hills/dunes may also occur here. Ground heights are
characteristically c. +2-5 m ODB, with variations in surface elevations of c. 1-2 m
and variable low slope angles of <c. 2-5°. This represents a transitional environment
of low, irregular sand surfaces, separating the areas of distinct dune forms (Type 5)
and the sedimentary fines environments of the former and the present inter-tidal zones
(Type 3). The area forms a ‘corridor’ of low ground on the eastern side of Inch, with
vegetation characterised by rough pasture (grasses and sedges dominant as vegetation
cover) and calcicole meadowland type plants. The core of a proposed golf course is
planned in and around these areas

(continued)
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Table 9.1 (continued)
5 Stabilised and well vegetated dunes, developed to heights of >20 m ODB, though

most areas lie between c. 10 and 20 m, with variations in ground surface elevations
commonly of c¢. 5-10 m (high points to low points). Steep slope angles characterise
this area, with slopes of 5—>15°. Slope terracetting is common, generally as large-
scale features and affecting areas of most dune slopes. These indicate the continued
mass movement of the dune forms, due to the original dune morphology and steep
primary slopes. The terracette features measure at c. >0.3 x 0.3 m height and width
and are controlled by factors including, e.g., climate variables, inherited/original dune
slope angles, sediment size, vegetation cover, soil — organic sediment cover, pore
water pressure, burrowing animal activity. Slope movements (under gravity) will
operate and accelerate if animal and human activity cause reductions, or other
changes, in vegetation cover (‘climate warming’ controls could be significant here in
future by 2050). Dune blowouts and erosion scars developed under wind action occur,
especially on the seaward facing slopes. Vegetation is dominated by Marram
(Ammophila arenaria) and Lyme (Elymus arenaria) grasses. Mosses (e.g., Sphagnum
spp.), other grasses, sedges and a diverse herb flora form in the sheltered microclimate
at the base of the Marram and Lyme grasses. This ground flora develops an important
vegetation mattress on the dunes and reinforces the initial stabilisation of the sand
dunes, which has resulted from the development of the primary vegetation cover.
Vegetated dunes of this type extend across Inch from W — E, though are dominant now
on the western and central sections of the dune barrier in zone B. Shell midden
materials have been recorded as emerging through animal burrowing from the eastern
side of Inch in these areas

Dune slacks in the main dune field areas (i.e. Types 5 and 7) are common; also links to
the swale environments of Type 2 areas. These represent relatively extensive areas
(order of 10%3 mz) of low, ‘flat’ ground (slope angles <1-3°) formed between the
main sand dune ridges and hills. Drainage from the dune slopes may develop seasonal
standing water bodies here and the slacks support extensive sand-adjusted and
potentially wetland open habitat plant communities. These are formed as an integral
part of dune field morphodynamic mechanisms (e.g., possibly as extensive blowouts,
more commonly as part of parabolic dune formation) under wind action. Where these
inter-dune hollows intersect with the watertable then areas of longer term standing
water may form (not observed on Inch). The occurrence of the wet sand sediments
reinforces environmental and linked slope ‘stability’ in these areas

Active parabolic dune fields (southern end of Inch, last c. 2.5-3 km), with dune
heights commonly reaching >20-30 m ODB and steep slope angles (commonly >15—
20°). This terrain differs from that of Type 5 by having larger areas of incomplete
vegetation cover, extensive blowouts and sand is clearly dynamic under current
onshore dominant wind action. ‘Linear’ parabolic dune corridors, formed in between
side-marginal, residual dune ridges are aligned c.W — E across Inch in the direction of
dominant wind blow. At the western shore-face foredunes (Type 2) front these areas
(representing contemporary deposition and sediment storage sources for sand inputs
and for dune re-organisation into the main dune areas). At the southernmost end of
this type area contemporary coastal wave action has led to the reworking of the dune
sands and the development of wave refracted, spit sedimentary structures. The area is
likely to be the most vulnerable to immediate erosion with the break-up of the
Rossbehy barrier

(continued)
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Table 9.1 (continued)

8 Contemporary intertidal areas of saltmarsh (vegetation dominants include variably,
Spartina spp., Salicornia spp., Festucia spp. (grasses), Carex spp.(sedges), Armeria
maritima, Plantago spp., Aster tripolium: i.e., common species of the saltmarshes in
Ireland and Britain). The saltmarsh vegetation is semi-salinity adjusted by the sea-
ward dipping, cross-shore gradient from high to low tide levels. Slope angles are very
low (<1-2°) though and the vegetation is often graded more by the occurrence of
isolated areas of higher ground. Beyond the saltmarsh extensive sand- and mudflats
are formed, developing offshore into Castlemaine Harbour

9.3.2 The Rossbehy Barrier and the Ebb-Tidal Delta

The Rossbehy beach and dunes (Fig. 9.1) form a separate barrier system, but an
important element of the boundary control to the linking ebb-tidal delta and
possibly to the long term maintenance of Inch. Full tidal and wave action travelling
into Castlemaine Harbour and the eastern shore of Inch, is controlled by the
geometry of the ebb-tidal channel (Fig. 9.3), with Rossbehy forming a mixed
wind-wave and tide regime dominated barrier (Fitzgerald et al. 2000; O’Shea and
Murphy 2013). The breaching of the adjacent distal end of Rossbehy occurred in
2008 at the narrowest part of this northern end of the dune-barrier (width then
c. 0.35 km). A near-breach storm event also occurred here in 1842 (Delaney
et al. 2012). Extensive erosion of the Rossbehy dune face southwards is occurring
currently, with rates of c. 25 m/year since 2010 recorded at the northern end of the
barrier close to the breach zone, as well as losses in areas of back-barrier sedimen-
tation (O’Shea et al. 2011; O’Shea and Murphy 2013; Kandrot 2014, pers. comm.)

The Rossbehy dune-barrier is less complex than Inch, but is fronted similarly by
a wave-dominated, dissipative and swash aligned beach, with relative tidal range
(RTR) of 2.5 and a Dean’s parameter (Fall velocity, ) of 6 (Sala 2010). Fine-
medium sized sands are dominant on the beach, though extensive spreads of gravels
and cobble sized sediments occur. The dunes behind are, as at Inch, characterised
by fine — medium sized sands (<c. 350 pm) with massive bedding. The barrier
probably results from the development of a series of foredunes, which have
undergone some re-organisation but comprise now essentially a single dune-field,
with little evidence of secondary parabolic dune development. The dunes com-
monly reach heights of 5-16 m ODB and have developed to a maximum width of
c. 0.5 km midway along the pre-2008 barrier length. Many of the dune forms are
heavily degraded through the direct impacts of people entering the dunes and from
animal grazing. At Rossbehy village, the southern end of the barrier is composed of
a cobble-boulder beach, developed from mid-tidal levels to above HWM, where
there is a prominent berm structure. This cobble-boulder beach has been
re-structured and re-enforced with additional boulder-sized material by Kerry
County Council (KCC) to form part of coastal protection measures. These were
destroyed in the 2013/2014 storms, with consequent public demand for their
reconstruction; together with much of the coastal defences for the west and south
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of Ireland (Examiner 2014). The beach forms the narrowest point of separation of
the barrier from mud — sand flats and remnant wetlands behind. These were
formerly embanked and reclaimed in the 1840s, but subsequently allowed to revert
to intertidal areas (Duffy and Devoy 1999; Delaney et al. 2012). Sand dune
development begins c. 0.5 km from the start of the boulder beach.

9.3.3 Cromane

Behind Rossbehy and Inch occurs a similar spit-like structure within Castlemaine
Harbour (Fig. 9.1), aligned approximately N — S and c. 3.4 km in length. It differs
from the two main fronting barriers in having no sand dune cover. A relatively
steep, reflective beach of coarse sand and gravels, with an upper beach-berm area of
cobble sized materials fronts the structure. The beach has developed eastwards,
topped by the present roadway, as a thin veneer of these coarse clastics overlying
basal glacigenic sediments. These form the core of the spit and represent an ice-
recessional end-moraine feature (Devoy 2009). The beach-barrier and moraine
ridge are at c. 34 m ODB in height and are backed by lower biogenic and silt to
clay-rich organic dominated marshes cut by inter-tidal creeks. Spring Tides regu-
larly flood these wetlands and associated saltings, which occur at uniform levels of
c. 2 m ODB and are composed of c¢. 1-4 m of homogeneous monocot peats, with
occasional thin bands of sands and clay-silts (Cott et al. 2012; Delaney et al. 2012).
Human impacts on these areas is clear, with plough furrowed surfaces and dug,
linear drainage ditches joined into the natural inter-tidal creeks (Duffy and Devoy
1999). The dumping of overburden on the northern, more fragmented end of the
marshlands began in the 1990s, as a prelude to intended housing and road devel-
opment, though construction has not occurred to date. The wetlands link eastwards
into Castlemaine Harbour, forming thicker sequences of similar biogenic sediments
above the underlying glacigenics (Delaney et al. 2012). The beach at Cromane
continues south and westwards towards the Caragh River (Fig. 9.1), grading into
finer beach sands and a narrow zone of low sand dunes (c. 5-6 m in height),
containing thin interbedded organics and nineteenth century Famine shell middens.

9.4 Holocene Spit-Barrier Development in Dingle
Bay-Cromane Harbour

9.4.1 Large- to Meso-scale Models of Holocene Barrier
Development

Conceptual and behavioural models at macro- to meso-scales for the development
of coastal sedimentary barriers, under the conditions of rapid (>10 mm/year) to
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decelerating RSL rise (to < c. 2-3 mm/year) are well established (e.g., Belknap and
Kraft 1977; Kraft and John 1979; Kraft and Chrzastowski 1985; Thom 1984;
Cowell and Thom 1994; Roy et al. 1994; Cooper 2007; Cooper and Pilkey
2007a; Cooper et al. 2007a, b; Backstrom et al. 2007). Barrier systems at these
time and spatial scales are controlled primarily by, the rate of RSL rise, tidal range,
barrier sediment volume (as expressed in barrier width, height and sediment
supply), sediment size, wave climate, storm magnitude and frequency, the degree
of wave overtopping and overwash and of barrier-foot erosion (Carter 1988; Roy
etal. 1994; Jennings et al. 1998; Orford and Carter 1984; Orford et al. 1992). Under
these conditions barrier structures in the Holocene have moved progressively
on-land over time, dependent particularly on the RSL factors operating locally,
the slope-gradient of the offshore zone and its degree of ‘roughness’, the 3D seabed
geometry and the available sedimentary accommodation spaces. The process of
movement has been referred to broadly as barrier roll over. The changes of
associated individual coastal sedimentary features over time, such as spits, will
also be controlled by a similar combination of controls.

Validation of the operation of these controls has been undertaken on many
medium to high energy coastlines (e.g., of the North and South Atlantic, Northern
European Shelf Seas, eastern Australia, New Zealand and southern Africa),
together with numerical modelling of barrier process functioning (e.g., de Vriend
1991; de Vriend et al. 1993a, b; Cowell and Thom 1994; Roy et al. 1994; Cowell
et al. 2003a, b; Hanson et al. 2003; Aagaard et al. 2004; Stive 2006; Cooper 2007,
Geleynse et al. 2010; Tung et al. 2009; Roelvink et al. 2009; Rossington
et al. 2011). Dependent on other key characteristics of the coastal setting in
which the barriers occur, e.g., estuarine, deltaic, arctic, paraglacial, tectonic-
earthquake conditioned (Carter and Woodroffe 1994; Woodroffe 2002), then
other types of broad-scale process model may also apply, e.g., estuary-tidal basin
(Roy et al. 1980; Heap et al. 2004), erosion front (Orford et al. 1991; Carter and
Orford 1993; Greenwood and Orford 2007), tectonic-tsunami (Nichol et al. 2007).
In spite of the understanding of coastal behaviours at these scales, and of the
conditions under which eventual barrier breaching and breakdown occurs, the
specific hydrodynamic mechanisms operating at the meso- to micro-scales (decades
to days) and their feedbacks to the macro- levels is less clear (Carter and Woodroffe
1994; Cooper et al. 2007). At these levels many other different coastal process
factors become more important, or dominant (e.g., as linked to beach radiative
stresses, tides, wave climate, storminess, sediment supply and coastal geometry).
Barriers may not roll over as such, but undergo degrees of lateral spatial translation
and morphological change, particularly where breaks in the barriers and consequent
tidal and wave forcings occur. A useful summary of the high resolution hydrody-
namic modelling needed and detail of the range of possible processes and outcomes
for barriers is given in Cronin (2010), O’Shea and Murphy (2013) and Cooper and
Jackson (this volume).
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9.4.2 Castlemaine Harbour: Palaeoenvironmental Evidence
of the Spit-Barriers

The coastal wetlands and offshore sedimentary records of Castlemaine Harbour
(Fig. 9.1), evidence the genesis of these two spit-like barriers (Devoy et al. 1995;
Delaney et al. 2012)." These data show the likelihood that the two barriers probably
formed a single sedimentary structure until c. 3,000 years BP. But they were not
necessarily in their present separate and moraine-stranded position till post this
time. Coring, geotechnical and related palacoenvironmental studies within the
harbour show the sedimentary sequences here to overlie an irregular glacigenic
surface, though at the coastal margins found commonly at depths of >
c. —4 m ODB.

The stratigraphic evidence shows a complex and changing west to east sedi-
mentary sequencing, of predominantly inorganic-rich biogenics interleaved with
clay-silts and thin sands. Grass and sedge dominated peat, with detrital and in situ
wood (i.e., rooted pine stumps and other woody parts of the leaves and fruits of
pine, oak, alder and hazel) developed first on the underlying glacigenic surfaces.
The basal organic sediments, showing essentially plant communities growing under
rising sea levels and consequent high groundwater conditions, are dated at western
sites within Castlemaine to c. 6,000—4,500 years BP and at heights from —2.7 to
—1.2 m ODB. To the east and higher on-land, the timing of the onset of this
sedimentary and environmental pattern becomes relatively later, though there are
significant intra site differences. These basal biogenic sediments become transi-
tional to a monocot peat, of sedges, Phragmites and other grasses. This unit is
replaced, sometimes with a sharp boundary contact evident, by an organic-rich
clay-silt. In western areas particularly, stratigraphies show the inclusion of signif-
icant percentages of coarse silts — sands in the sediments, some sites recording
distinct sandy units present. This widely recognisable sandy stratigraphic unit and
boundary change is dated to c. 2,900-3,000 years BP between sites and often shows
channelization and erosion of the underlying organics. After c. 3,000 years BP there
is a marked alteration in the sediments. The earlier dominant peats are replaced by
heterogeneous clay-silts and biogenics, formed in intertidal to high marsh settings.
Full discussion of the site stratigraphies and palaeoenvironmental reconstruction is
given in Delaney et al. (2012).

The initial fresh — brackish water environments, represented by the basal bio-
genics, are replaced in most areas at c. 3,000 years BP by a brackish-marine
environmental signal in the progressively minerogenic rich sediments. Evidence
of an earlier strong brackish water — marine signal is common at many sites,
however, from the central — western end of Castlemaine Harbour. In the outer
harbour area of the Caragh River, close to Rossbehy (Fig. 9.1), a strong marine
influence is detectable in these basal mid-Holocene sediments, dating from at least

! “Radiocarbon dates are given as calibrated '*C ages (Delaney et al. 2012)”.
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4,700 years BP. These marine influenced palacoenvironmental signals may have
resulted from frequent marine overwash events of the seaward protecting sand-
barriers in Dingle Bay (i.e., proto Inch and Rossbehy), or of temporary breakdowns
in these barriers under storm conditions and RSL rise. Similar situations in Ireland
have been recorded in the late Holocene to the present day at other coastal barrier
sites, e.g., Tacumshin (Orford and Carter 1984), Ballycotton Bay (Carter
et al. 1989) and Greystones and Wexford Harbour, eastern Ireland (Sinnott 1999).

9.4.2.1 Rossbehy Early Barrier Evidence and Coastal
Morphodynamics

The dating to c. 6,100 years BP (6,275-5,950 BP, UB-3813) at —1.22 m ODB of
organic clay-silts beneath the modern beach at Rossbehy indicates that blocking
beach-barrier structures were seaward then of their present separated positions,
providing sheltered and brackish-fresh water dominated back-barrier environments
(Fig. 9.8a). This view is supported by the presence of younger, thin interbedded peat
and dune sands found beneath the beach at the northern end of the present boulder
(coarse clastic) barrier. The upper and lower contacts of this peat at +0.94-0.97 m
and +0.0.89-0.92 m ODB gave ages of 508-470 BP (UB-3811) and 728-685
(UB-3812), respectively. The sediments are comparable to the stratigraphies also
recorded behind the present dune-barrier and probably represent a former dune
slack. They show the marine erosion of the back-dune edge in the last c. 400 years,
with the coarse clastic- and dune-barrier moving progressively on-land: an inter-
pretation further supported by historical evidence for barrier roll over.

Behind Rossbehy biogenic deposition has continued landward of the salt marsh
margins almost to the present day. In the more seaward areas, the presence of
channelised sands and silts in cores shows that after c. 2,873 BP (UB 3815) there
was an abrupt change to high energy, marine conditions with tidal scouring of the
marsh — intertidal areas (Fig. 9.8b, ¢). The ‘main palaeo-barrier breaching’ phase
probably occurred at this time, possibly in the area of the pre-2008 tidal channel,
allowing marine inundation and the rapid deposition of intertidal sediments. In
coring transects behind the dune-barrier a basal sequence of freshwater organics
(peat) was found underlying the late Holocene intertidal sediments in the sample
core (Fig. 9.8a). This peat was not identified elsewhere at Rossbehy and may
represent an isolated, allochthonous balk of sediment. The peat may have been
rafted into position following storm-linked erosion of the neighbouring marsh edge
and then compressed by the subsequent and possibly rapid deposition of over 2 m of
silts and sands. The upper eroded surface of the peat unit, and '*C dating to
c. 2,900 years BP, shows that these sediments could also have been associated
with the main barrier breaching. Alternatively, it is possible that this organic unit
might be the remnant of an in situ stratigraphy; indicative of freshwater dominated
sediments formed within a local, glacigenic basinal topography that provided
protection from RSL rise (Delaney et al. 2012).
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Fig. 9.8 (a) Clay-silt-rich biogenics (peat) on foreshore at start of the Rossbehy dune-barrier, '“C
dated to c. 6,100 years BP; (b) Rossbehy Spit, the main across-barrier core Transect (Delaney
et al. 2012), showing beach to back-barrier stratigraphy. The foreshore organics shown in (a) are
circled in core 1 and the possible storm rafted peat ‘moorlog’ circled in core 4; (c¢) Palaeoenvir-
onmental changes at Rossbehy from Transect A (b), showing summary relative percentage
frequencies of diatom habitat — life-form assemblages (Delaney et al. 2012)
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Fig. 9.8 (continued)

The main barrier breakdown at c. 3,000 years BP was most likely associated with
a major storm, or cluster of storm events (Jennings et al. 1998; Orford et al. 1999;
Stone and Orford 2004; Clarke and Rendell 2006), acting against a slowing rate of
RSL rise, possibly as low as <0.75 mm/year in this region (Carter et al. 1989;
Delaney et al. 2012). This coastal change in the outer harbour was on a scale large
enough to have impacted rapidly the entire Castlemaine Harbour area. The timing
of the barrier breaching corresponds approximately with a ‘cycle’ of increased
wetness, storminess and on-shore coastal sediment movements recorded on
European Atlantic coasts and in northern Europe (Lamb 1995; Mackay
et al. 2003; Devoy et al. 1996; Clarke and Rendell 2006; Gilbertson et al. 1999;
MacClenahan 1997; Dawson et al. 2004; Ritchie and Angus 2012). A case for wider
regional to hemispherical scale teleconnection drivers to such events, such as a
reduction in solar activity linking to NAO and ENSO type oscillations, sea surface
temperature (SST) and Arctic sea ice changes has been made, but remains specu-
lative (e.g., Pestiaux et al. 1988; Finkl 1995; van Geel et al. 1996; Campbell
et al. 1998; Bond et al. 2001; Dawson et al. 2003, 2004; Allen 2005; Berner
et al. 2008; Sabatier et al. 2012; Gomez et al. 2012).

Subsequently, the transition in intertidal areas at Rossbehy into mixed biogenic
and fine-sized minerogenic sedimentation, evidences a later re-formation of the
dune-barrier post c. 2,800 years BP. Sheltered conditions were re-established,
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allowing salt marsh formation. The complex interleaving of biogenic, clay-silt and
sandy sediments in this final phase of deposition, following the coastal systems’
tipping point of barrier breaching, indicates probable frequent changes in dune
morphology and back-barrier environments (Fig. 9.8b). These resulted possibly
from direct storm action, with some sedimentary evidence for further breaching and
barrier overwash, but also from the increasing impacts of people and agriculture on
this barrier, and on similar coastal environments, from the late eighteenth century
onwards (Wiggins 1852; Allanson-Winn 1899; Quinn 1977; Devoy et al. 1995;
Crowley and Sheehan 2009). Further breaching at Rossbehy almost occurred again
in 1842 and finally did happen in the same location in 2008.

9.4.2.2 The Inch Spit Palaeo-Barrier

In contrast to the stratigraphy of Rossbehy, Inch lacks a clear linkage with the
wetland palaeoenvironmental record of Castlemaine Harbour and appears to have
operated in the late Holocene as a large scale dune field. Coring, geotechnical
studies and radiometric dating of the beach- and dune-barrier environments shows
no evidence for the occurrence of extensive biogenic sediments beneath the barrier,
or interleaved in the massively bedded dunes. Evidence of dune slack type organic-
rich sediments (peats) is also absent. Only minor, discontinuous thin and poorly
humified vegetation units and proto-soil horizons occur within the barrier
(Table 9.1) (Cooper et al. 1995; Wintle et al. 1998; Science Direct 2013).

The dune-barrier, as at Rossbehy, has developed over the position of a glacial
recessional end-moraine. This landform, and the wider occurrence of glacigenics
(fine sized — coarse clastics) in the region, have been an important immediate source
of sediments into the beach — intertidal environments in Dingle Bay (Devoy
et al. 1995; Shaw et al. 1994; Vial 2008; Sala 2010). The end moraine at Inch
has formed a stable base for the subsequent development of the dunes and
provides a transient location and ‘stage’ in the progress of the dune-barrier sands
from the sea toward the land. Barrier movement here was again probably in the
form of coastal sediment roll over (e.g., Devoy 2009; Delaney et al. 2012). The
immediate surface of the glacigenic sediments appears to have been initially wave-
eroded, under mid- to late Holocene rising sea-levels. This resulted in the devel-
opment of marine re-worked and wave refracted gravel — cobble sized sedimentary
ridges, with the inclusion of broken marine shell material identified in some locations.
These ridge surfaces are now overlain by the dunes, but are often exposed in the
swales of the older, stabilised foredunes on the western side of the dune-barrier. They
have also been identified beneath the parabolic dunes at the southern end of Inch.
Radiocarbon dating of included oyster shells gives a minimum age of c. 1,100 years
BP, a terminus ante quem for the building of the ridges in this area of the barrier
(Wintle et al. 1998). These marine re-worked sediments may exist under much of
Inch, but this has not been proven by ground-work to date (Devoy et al. 1995; Orford
et al. 1999). Depths of sands overlying the glacigenic and cobble ridge surfaces
appear to be >5 m in the western beach areas, though sands thickness varies



9 The Development and Management of the Dingle Bay Spit-Barriers. . . 163

seasonally. Eastwards, into the main dunes, the height of this contact is unknown.
Sand depths, below the basal low-ground elevations within the dunes are likely to be
irregular, but relatively shallow and are estimated to be between 3 and 10 m thick.

Some sand dune cover may have begun to develop on Inch prior to the con-
struction of the main coastal barrier system, both here and at Rossbehy. Though no
clear dating for this phase exists, it is inferred from the palacoenvironmental data
from Castlemaine that it would have occurred before c. 3,000 BP and the timing of
the main barrier breakdown. Dating of the dune sediments along the N — S length of
the barrier has been undertaken using Optically Stimulated Luminescence (OSL)
techniques (Wintle et al. 1998). These show dates from the main dune ridge surface
sediments, the parabolic dune corridors and a short beach core section, from heights
of c. =3 m — c. 18 m ODB, of no older than c. 600 years BP. The oldest dates
(c. 500-600 years old) were found from the currently ‘stabilised’ northern end and
from the deepest sediments sampled. The data indicate the occurrence of substantial
sand movements within the dunes during this recent timeframe, but with the dates
showing a conformable vertical surface height sequence of dune ages in the range
c. 368151 years old. A second ‘cluster’ of dates from sands within three parabolic
dune corridors gave an age of c. 150 years old. These may evidence a later distinct
phase of sand mobilisation, possibly from a major storm event (e.g., the Big Wind
1839), or also from the impact of people living on the dunes at this time of the Great
Famine and in subsequent famine periods. Radiocarbon dating of shell middens
exposed at the back edge of a parabolic dune gave a calibrated age of 340-500 years
BP (UB 3970), possibly relating to the Famine period, or times of older human use
of the dune-barrier. Sand movements were probably a combination of both factors.
The Big Wind of 1839 is certainly recorded as having a major impact on Inch, with
blowing sand in the storm driving cattle on the dunes to distraction and forcing them
to take to the water and swim across to Rossbehy (Shields and Fitzgerald 1989; Carr
1993; Devoy et al. 1995).

This OSL and linked '*C dating survey, indicates the likely occurrence of a
number of phases of dune erosion and sand re-deposition on Inch since the building
of the cobble beach ridges at c. 1,100 years BP, or earlier. The dating, though
limited in extent and giving no direct age for the basal dune sands, does suggest that
repeated sand movements have operated as the key driving mechanism for dune
morphological changes and regeneration over the last c. 600 years and probably
longer (Wintle et al. 1998; Orford et al. 1999), with the present dune surfaces as the
most recent expression of this process. Documentary records do also show though
the occurrence of a possible storm breaching event in the north of Inch during the
eighteenth century, approximately in the area of its junction with Dingle and the
intertidal marsh embayment at the rear of the Spit (Fig. 9.7). The breach was
‘healed’ by subsequent sand movements. No other evidence for direct breaching
of this barrier has been found so far (Smith 1756; Devoy et al. 1995; Delaney
et al. 2012, pers. comm.).
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9.5 Contemporary Spit-Barrier Functioning

Past studies of the dunes-barriers and the other coastal systems in Castlemaine
Harbour (Vial 2008; Sala 2010; Duffy and Devoy 1999; Delaney et al. 2012) show
these environments are impacted not only by Atlantic wave and tidal action, but also
to the influence of strong local wind turbulence and the generation of local wind
waves over short fetch distances. Together, these controls have caused significant
erosion of the barrier shorelines and of the marshes in the area. Under future climate
warming, changes in these controls are likely to happen (Sweeney et al., 2002, 2008;
Dunne et al. 2008; Devoy 2008; Dwyer 2012; IPCC 2007, 2014a), but their effects on
the dune-barriers and on wider shoreline erosion is unknown. Projections of future
bathymetric, RSL, storminess, wave refraction, sediments supply and linked controls
from climate warming, and the changes now occurring at Rossbehy, have yet to be
completed (O’Shea and Murphy 2013; Kandrot 2014), or even commissioned
(O’Dwyer and Gault 2014). However, any increases in wind speeds above critical
storm size threshold speeds of c. >17 m/s are likely to create barrier sand blows,
dependent on the degree of vegetation cover (Carter et al. 1992; Lozano et al. 2004;
Sherman et al. 1994; Houser et al. 2008; Houser and Hamilton 2009; Hickey 2011).

Pressures from recreation and tourism activities are currently minimal in the
main dune-barrier areas of Inch, though less so at Rossbehy. People impacts,
however, from seasonal and daily recreation on the western beach-front and
foredunes of Inch are heavy, especially in the summer months. Much of this activity
does not penetrate far into the main dunes (maximum distance of <200-300 m),
except through the impacts from beach- dune-buggy vehicles and some walking
and horse riding. Access by vehicles and horse-riding into the dunes has grown
extensively in recent years (post c. 2,000), particularly in the central sections of
Inch, with significant erosional and negative consequences on the vegetation and
dune surfaces. Means to limit general public access into the dunes, particularly the
prohibition of vehicle and horse riding access is now essential.

How the supply of offshore cobble — sands sized sediments and shell material to
these dune sands will alter under the impacts of climate warming is also unknown.
It is likely that the warming of coastal waters on this North Atlantic margin will
increase local shell productivity, which will have knock-on effects in the sediments
supplied from the beach into the dunes (IPCC 2007, 2014a). But, much will depend
on whether any of this material is moved actively into the dunes in the future. Its
immediate importance will be in affecting the nature of plant communities and the
linked ecology on the dunes.

9.5.1 The Inch Barrier

The dune sediments, nourished from the western shore-face, appear to be continu-
ing to move W — E across the southern ‘active’ areas of Inch (Figs. 9.3 and 9.9),
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with drift-aligned development of spit and linked beach sediments at the distal end of
the barrier (O’Shea and Murphy 2013; Kandrot 2014). Archival record (maps,
photographs and historical information), with contemporary monitoring and process
studies of the dune-barrier system (including the use of satellite, LIDAR and TLS
imagery), together evidence three major phases of progradation and recession of the
last 3 km of the western shore face areas (as upper beach and foredune ridges) since
1841 (Orford et al. 1997, 1999; O’Shea et al. 2011; O’Shea and Murphy 2013).

Fig. 9.9 (a) Inch Spit and Rossbehy Spit shoreline movements from OSI map, aerial photograph
and field survey data since 1842 (Source: O’Shea and Murphy 2013). More detailed survey data for
Inch pre-2000 are given in Orford et al. 1997; (b) Conceptual-behavioural model of Inch
functioning (Source: Orford et al. 1997)
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Fig. 9.9 (continued)

These beach and foredune sediment accumulation — retreat ‘cycles’ vary in size and
significance N — S along the dune-barrier and appear to be out of phase with
movements recorded at Rossbehy (Fig. 9.9a, b). Studies on Inch show horizontal
distance changes in shoreline position of maximally c. 300 m, with sediment volume
movements of c. 18,000 m*/year during periods of progradation (Cooper et al. 1995).
Times of shoreline retreat toward the inner parabolic dune edge within the barrier are
identified as beginning at c. 1840, c. 1900 and c. 1960. Beach and incipient foredune
recovery occurs subsequently at decadal timescales. Since the early 1900s, sediment
accumulation and dune growth have been dominant, though shorter term oscillations
along the barrier do occur and comparison of the 2000 and 2006 shoreline data shows
distinct distal end erosion (Vial 2008; O’Shea and Murphy 2013; Kandrot 2014).
From these accumulation areas, sediments move subsequently into the main dune
field under regular wind and storm-event actions, are ‘processed’ through the
parabolic dunes and probably re-enter the marine environment on the Castlemaine
Harbour side of Inch. A proportion of these sediments then return to Dingle Bay via
the outlet ebb-tidal delta, which serves as a short term (decadal scale) sink and
source area . From here they are again circulated northwards alongshore by wave,
current and tidal actions (Orford et al. 1997, 1999; Vial 2008).

Examination of past wind and tide data suggest that large storm events (with
wind speeds >30 m/s) may have triggered these mesoscale erosional phases,
operating on a quasi-60 year cycle (Orford et al. 1997, 1999). However, analysis
of storm surge magnitudes on Atlantic coasts since c. 1915 show no increased
significance for potential maximal storminess (storm surge potential) and wave
heights coupled with these events (Orford et al. 1992; Stone and Orford 2004). It is
likely that these large storms are only partly the cause of the beach-barrier move-
ments over the last 150-200 years. Orford et al. (1997, 1999) suggest that the
reworking and build up at decadal scales of sediments in the ebb-tidal delta and a
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linked steepening of the Inch shore face under longer term wave action may be
more critically involved. Development of an increased shore face gradient and
consequent nearshore water depths would allow greater storm impacts and in which
the larger events would become more effective in causing system changes. This
largely conceptual processes model, represents the beach and dunes at Inch as
effectively a semi-closed and self-nourishing barrier, in which mesoscale storm
events initiate the transitive crossing of the systems’ threshold and resilience
factors, leading at present to repeating cycles of barrier face erosion and recovery.
Elements of this sedimentary processes model (Fig. 9.9¢) still require validation,
through sediment monitoring and process-morphodynamic studies. The dramatic
changes occurring in the shape, extent and sediment volume storages of the ebb-
tidal delta system may well now alter radically the former apparent ‘cyclical’
operation of Inch. Under future climate warming projections, the impacts of RSL
rise and North Atlantic storm magnitudes (IPCC 2014a, b), coupled with the
repercussions of the 2008 barrier breaching at Rossbehy, may lead to much greater
erosion of Inch and breakdown of the main parabolic dunes.

9.5.2 The Rossbehy Barrier and the Ebb-Tidal Delta

This spit-barrier, represented by a single main dune ridge, is far less stable than
Inch, though it too has been effectively fixed in its location in the late Holocene on
the underlying glacial end-moraine (Devoy 2009). Historical and recent observa-
tions of the barrier, and of the adjacent ebb-tidal delta sedimentary system, show
that this barrier has also undergone a series of distinct shoreline position and
morphological changes since 1841 (Fig. 9.9b) (O’Shea et al. 2011; O’Shea and
Murphy 2013). Movements, however, appear to be on a non-cyclical, infrequent
and stochastic basis. Mapping, air photographic data with present field studies show
that there is little indication of direct sediment transfers between Rossbehy and
Inch, though the linking role of the ebb-tidal banks is probably critical in the
sedimentary functioning of Inch (Orford et al. 1997, 1999; O’Shea and Murphy
2013). Study of these data show that the 1,841 shape of Rossbehy was similar to its
2000-pre 2008 form, with a clear distal, thin end-neck, but that it was positioned
seaward of its later location. Subsequent surveys (in 1894 and 1977), show barrier
build-up and movement eastwards and on-land in the intervening 83 year period.
Little change in overall barrier shape seems to have occurred though, in spite of the
attempts at inning the back-barrier marshes (Delaney et al. 2012). There is indica-
tion of some erosion of back-barrier areas, but apart from some occasional photo-
graphs, no accurate data on barrier movements in this period exist. Since 1977,
erosion of the front edge of the dune-barrier has occurred and has increased in the
period 2000-2006, together with significant sediment losses in the ebb-tidal delta.
The breaching of the distal end of Rossbehy in December 2008 (Kerry County
Council 2009) in the thinned barrier area of 1841 (Fig. 9.6), was not caused by an
exceptional storm surge event (Met. Eireann 2014). It resulted more from the
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combination of, the occurrence of full westerly (c. 240-270°) onshore wind-wave
conditions, barrier orientation and the timing of tidal height — wave interaction with
ebb-delta bar shape and exposure (O’Shea et al. 2011; O’Shea and Murphy 2013).

Contemporary morphodynamic process functioning of the dune-barrier has been
recognised as being organised into two main components, linked by a ‘hinge’ zone
of variable width and position over time (Sala 2010; O’Shea and Murphy 2013) (see
Fig. 9.4). A northern end current drift aligned system is linked and driven by the
operation of the ebb-tidal delta and main tidal channel into Castlemaine Harbour.
Post c. 2000 this is expanding in influence along the remaining length of the barrier
(Fig. 9.3). This system changes southwards through the ‘hinge-line’, into the
formerly dominant swash aligned zone. Sedimentary pattern changes in this zone,
as dune-shoreline erosion and progradation, have been largely balanced alongshore
by regular seasonally driven onshore to offshore sedimentary movements. Map,
photographic and field data show that the growth now of the drift aligned system
results probably from the changes in sediment flux and higher current speeds
(>0.9 m/s) within the ebb-tidal delta and main channel, most recently since
c. 2000. Growth of the ebb bars pre by c. 2000 led to sediment starvation of the
nearshore zone along the barrier front, with consequent deepening water and
increased effective wave erosion of the dunes and loss of this sediment offshore,
possibly to the ebb-bars. This macro-scale cannibalisation of the barrier probably
facilitated the effectiveness of the 2008 storm event, and added further to subse-
quent sediment loss from the barrier with southwards propagation of the breach area
since 2009.

A notable effect of the breaching has been a change in sediment size distribution
and patterning on this now drift aligned end of Rossbehy. Extensive gravel-cobble
sized sediment bars, ridges and berm have developed in the expanding breach area.
Transport of these coarse clastics appears to be alongshore from the south of the
barrier, though these materials may also be partly sourced from re-working of the
glacigenics beneath the barrier and exposed in the breach (Kandrot et al. 2014). Post
2009 erosion of the remaining length of the dune-barrier core adjacent to the breach
and southwards has been fast, at rates of c. 30-50 m/m width of dune/year and
continues to accelerate. Since June 2012 precise Terrestrial Laser Scanning (TLS)
measurements show a further 90 m of shoreline and dune loss, with >40 m of this
recession occurring in the storm events of December 2013 to January 2014. The
breach zone has more than doubled in width since 2010, from c. 650 to 1400 m
(Kandrot 2014) (Fig. 9.10). The area has joined with the former main tidal inlet
channel, where tidal current speeds remain high in spite of the increased bed
roughness created by the areas of coarse gravel — cobble lags and bars.

Analysis of ongoing barrier sediment movements indicates that they are proba-
bly linked closely with the observed sequential morphodynamic changes in the ebb-
tidal bars and tidal inlet channel (O’Shea and Murphy 2013). The complex of large
sediment ebb bars and associated “S” curved channel system seen in 2000 (Fig. 9.3)
is coupled to extensive dissipative beach development and dune accretion: this ebb-
tidal system shape re-enforcing wider-scale sediment deposition. Subsequent
straightening of the tidal channel and loss of ebb bars between 2004 and 2007 led
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Fig. 9.10 (a) Screenshot graphics of TLS measurements of the rate of erosion and breach
widening at Rossbehy 2012-2014 (Kandrot 2014); (b) Shoreline and barrier-end recession of
the Rossbehy Spit from archive records and TLS measurements (Source: Kandrot 2014)
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Fig. 9.10 (continued)

to the reverse effect, with increased tidal current speeds and widespread erosion of
the different sedimentary components within the system complex. Aerial photo-
graphs of the delta post 2010 (Fig. 9.3) show re-growth of the back-barrier chan-
nels, outer ebb bars and a return to a curvilinear main channel structure, though
erosion of the former distal-end island of Rossbehy and outer channel area has
continued. Sediment deposition now looks as though it may be returning to a self-
balancing, and by analogy with similar spit- and dune-barrier systems the Rossbehy
barrier may now stabilise and re-grow, though this view remains speculative (e.g.,
Michael and Howa 1997; Vila-Concejo et al. 2003, 2004; Houser et al. 2008; Giese
et al. 2009; Cooper et al. 2007; Cooper and Jackson 2011; Green et al. 2013; O’Shea
2015; Kandrot 2015). In spite of this, erosion rates in the system and tidal channel
inlet speeds continue to remain high. Present monitoring of wave and tidal currents,
coupled with wave refraction and other large scale morphodynamic modelling of
the Dingle and Castlemaine coasts shows the situation to be complex. The ebb-tidal
delta system with the barriers doesn’t fit any single setting elsewhere. The question
of what is the primary driver to the growth and ‘decay’ of the ebb-tidal delta and its
sedimentary connection with Inch remains, for the present largely unanswered.

Clearly, the extent and height of the ebb bars, the tidal height and seasonal regime,

coupled with the orientation of wave and storms approach over the bars, will have

continued significant effects on the functioning of Rossbehy and the wider coastal

system. What will happen to the barrier under climate warming remains unknown.
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Consideration of increased RSL (worst case IPCC projection of >0.9 m), greater
frequency of large magnitude storms (as experienced in December 2013 — January
and February 2014) and a likely continued reduction in new onshore and land-
derived sediment inputs, should be built into the numerical modelling of this coast.
As stated at the beginning of the chapter, these Spits (dune-barriers) are unique, as
are all coasts at real operational scales. They don’t fit any single, other contempo-
rary spit- dune-barrier model (Fitzgerald et al. 2000; Ranasinghe et al. 2013).

9.6 The Future of the Spit-Barriers and Conclusions

Coastal morphodynamics studies since the 1980s show that single, dominant
controls (e.g., RSL, sediment supply, storm surges) are progressively less likely
to have operated in isolation by the late Holocene in driving coastal systems’
functioning. Decreasing RSL rise, coupled with increased variations in sediment
supply sources and rates, result in the progressive operation of a complex of coastal
process control factors and system feedbacks. These work at the site level to create
unique coastal geomorphological units, functioning within a wider regional scale
framework of controls (e.g., Carter and Woodroffe 1994; Devoy 1982, 1987,
O’Shea and Murphy 2013; Jennings et al. 1998; Klein et al. 2006; Swift
et al. 2006; Cooper et al. 2007; da Silva 2009; Houser 2009). Development of the
Inch and Rossbehy dune-barriers within the compartmentalised sedimentary coast
of Dingle Bay, provide a clear demonstration of this process of coastal ‘evolution’.
Onshore sediment movements in Dingle Bay during the Holocene resulted in the
fixing of these structures on former end-moraines. A third end-moraine behind them
at Cromane is covered by a thin veneer of modern beach sediments, with thicker
sedimentary organic sequences behind. This barrier forms more a part the low
energy sandy mudflat and wetland systems of Castlemaine Harbour, which devel-
oped in the fresh-brackish water environments maintained by the two fronting and
morphodynamically active dune-barriers (Delaney et al. 2012).

In the mid- Holocene and earlier, when RSL was regionally below c. —10 m
ODB, these barriers probably formed a single structure across the bay, moving
progressively on-land under sea-level rise (SLR) (Devoy 2009). By c. 3,000 years
BP large scale breaching of this main barrier had occurred, with the Inch and
Rossbehy structures forming in their present position, or soon after. This coastal
change in the outer harbour is shown through palaeoenvironmental reconstructions
to have been rapid and on a scale large enough to have impacted the entire harbour
area. However, whether a particular storm event was the cause, or a longer period of
increased storminess, coupled with reducing sediment supply and development of
the organic-rich wetland environments of the inner harbour and falling rates of
SLR, is uncertain (Delaney et al. 2012). The timing of the barrier breaching
corresponds approximately with a ‘cycle’ of increased wetness, storminess and
on-shore coastal sediment movements recorded on European Atlantic coasts and in
northern Europe (Dawson et al. 2003, 2004; Clarke and Rendell 2006; Gilbertson
etal. 1999). A case for wider regional to hemispherical scale teleconnection drivers
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to such events, such as a reduction in solar activity linking to NAO and ENSO type
oscillations, Sea Surface Temperature (SST) and Arctic sea ice changes has been
made, but remains speculative (Pestiaux et al. 1988; Finkl 1995; van Geel
et al. 1996; Campbell et al. 1998; Bond et al. 2001; Dawson et al. 2003, 2004;
Allen 2005; Gomez et al. 2012).

In the future at Rossbehy, the barrier breaching that occurred in 2008 and has
continued in the now rapid erosion of the dune-barrier (c. 1,400 m by 2014), may
result in its complete disintegration if left to itself and without human intervention
in providing protection measures. Such intervention is likely to be a double edged
sword though, in terms of wider scale coastal systems’ repercussions in Dingle Bay
and Castlemaine Harbour (Cooper et al. 2009; Cooper and Pilkey 2007b). The
erosion at Rossbehy is also likely to alter the recorded quasi-periodicity in storm
driven control of sediment movements in the active barrier and shoreline areas of
Inch. It presages the possible development of similar morphodynamic changes
throughout Inch, though this barrier is much larger than Rossbehy and with
probably greater in-built resilience to change. Forcing factors will result particu-
larly from the now radical alteration in the geometry and behaviour of the ebb-tidal
delta between the two barriers, changed seabed bathymetry, in tidal forcing and
elevations, wave set up and consequent storm surge penetration into Castlemaine
Harbour. These changes, coupled with local wind-wave climate factors, are likely
to expose progressively the eastern side of Inch to more extreme wave action.
But this is again, speculative without more detailed morphodynamic modelling
process-based study (O’Shea 2015; Kandrot 2015).

Additionally, and independent of the present barrier changes, then with the onset
of climate warming as currently developing (IPCC 2007, 2014a); these dune-
barriers will be forced to adjust morphodynamically to the altered local — regional
climate-linked boundary controls (e.g., SLR, increased frequency of large magni-
tude waves — storm surges, wind regime, precipitation and sediment supply). This is
estimated as very likely within the next 20-50 years. Modelling studies of other
inlet-interrupted coasts emphasise the significance of climate warming in future
(Ranasinghe et al. 2013), with SLR seen as accounting for 20-50 % of modelled
coastal changes, but with SLR-induced removal of sediment accommodation
spaces and precipitation with river discharges as also being critical to the
re-organisation of coastal systems. For Inch, such changes may result in the
re-activation of the now stable northern part of the dune-barrier areas, with probable
increased erosion of the southern active areas in the next decade. At present though,
little change of this southern shoreline is in evidence (Kandrot 2014). It is also
possible that breaching of the Inch barrier will now occur in the next decades,
following future climate warming induced changes in the coastal climate and
physical system boundary controls, but at present this is again speculative. In the
short term, much will depend on the immediate movements and re-organisation of
sands in the Rossbehy-Inch ebb-tidal delta (O’Shea et al. 2011; O’Shea and Murphy
2013). A further important factor in these future barrier changes may be the continu-
ing degree of destructive human intervention in these systems, e.g., uncontrolled
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tourism-recreational uses, agriculture and sand mining, leading to breaks in the
vegetation cover and/or direct erosion of the dunes (Science Direct 2013).

In the long term (i.e., twenty-first century), based upon the Holocene pattern of
dune-barrier roll over under SLR, and consequent upon the impacts of future
climate warming and the outcome of the morphodynamic changes occurring at
Rossbehy, then the present dune-barrier sediments are likely to move increasingly
landwards under coastal squeeze. Linked to this will be significant losses of the
seaward edges of the fringing wetlands in Castlemaine or, worst case scenario, their
complete removal given their low height in relation to Spring Tides and suscepti-
bility to erosion (Devoy and Duffy 1999; Delaney et al. 2012). The barrier sedi-
ments may be part dispersed around Castlemaine Harbour, possibly into smaller
new ‘true’ coastal spit structures. Some sediment losses seawards into Dingle Bay is
also likely, into storage in offshore bars. Alternatively, systems’ inertia resulting
from the inheritance factors of the existing barrier dimensions and sediment
volumes, the glacigenic core ground heights, and of morphodynamic feedbacks in
sedimentary adjustments to rising sea-levels, will help keep elements of these
barriers where they are, but changed radically in morphology and size.
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Chapter 10
Polish Spits and Barriers

Kazimierz Furmanczyk and Stanistaw Musielak

Abstract The landscape of the areas occupied at present by the Polish coast was
shaped by the Scandinavian ice sheet. The coast is dominated by morainic uplands
and the lowland relief occurs in fragments of glacier lake sedimentary remains, on
the bottom of ancient river valleys. About 5 Ka BP, the sea level was by 2.5 m lower
that it is at present, the shoreline being shifted about 1-2 km seaward. As aresult of a
prolonged impact of the sea on the “soft” shore, the profile of the latter is generally
even, with a dominance of barrier forms, specific for fluctuations of the sea level in
the Holocene. At that time, underwater long shore bars were produced in shallow
inshore areas as a result of interaction between the wave activity and the seafloor. As
the sea level rose, the bars were gradually shifted towards the shore. Peninsulas can
be found in the Gulf of Gdansk only, but they have evolved from barriers as well.

The Polish coastline borders the southern part of the Baltic Sea, an area for
millennia covered by an ice sheet. The southern Baltic coast was shaped by
phenomena and processes associated with ice sheet retreat and the accompanying
changes in sea level (Kostrzewski and Musielak 2008).

The Polish coastal zone is built of till clays as well as fluvioglacial and marine
sands, the latter forming, via aeolian transport, coastal dunes. It is only at the foot of
Pleistocene cliffs that a coarser material, gravel and even boulders, has been deposited.

Generally, the materials building the Polish coast are “soft”, very susceptible to
erosion. As a result of a prolonged impact of the sea on the “soft” shore, the profile
of the latter is generally even, with a dominance of barrier forms, specific for
fluctuations of the sea level in the Holocene. Peninsulas can be found in the Gulf
of Gdansk only, but they have evolved from barriers as well.

The landscape of the areas occupied at present by the Polish coast was shaped by
the Scandinavian ice sheet. The coast is dominated by morainic uplands
characterised by undulating relief, in places planar or hilly. The lowland relief
occurs in fragments of glacier lake sedimentary remains, on the bottom of ancient
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river valleys serving as conduits for the ice sheet meltwater, and on coastal
accumulation plains (Marsz 1984).

While melting, the ice sheet was releasing huge amounts of water. During the
last 10,000 years, the basin-like depression remaining after the ice sheet retreated
filled up with water to eventually become the Baltic Sea. Initially, the sea level was
about 60 m lower than it is at present, the coastline being located 20—100 km north
of the present seashore. During the first Baltic Holocene transgression persisting for
about 2,000 years, the sea level was rising at a rate exceeding 20 mm/year (Rosa
1984). About 8.5-5.0 Ka BP, the completely ice-free reservoir connected with the
Atlantic, which resulted in a rapid rise (by almost 25 m) of the sea level. About 5 Ka
BP, the sea level was by 2.5 m lower that it is at present, the shoreline being shifted
about 1-2 km seaward (UsScinowicz 2003).

The sea level, although constantly on the rise, fluctuated. At that time, under-
water longshore bars were produced in shallow inshore areas as a result of interac-
tion between the wave activity and the seafloor. As the sea level rose, the bars were
gradually shifted towards the shore (similarly to what has been observed on the
Atlantic US coast by Leatherman 1988). During periodic lowering of the sea level,
the bars emerged above the water. The next sea level rise would erode the bars
which would move landwards. About 4.5 ka BP, a somewhat longer period of
stabilisation, and even lowering of the sea level, occurred. At that time, the
emergent bar surfaces were affected by aeolian processes resulting in the formation
of chains of sandy barriers parallel to the shore, in the form of dune bars. Another
sea level rise moved the barriers towards the shore. At the same time, in areas of
today’s spits, the sea level rise produced a rise in the groundwater level and wetting
of coastal depressions, conditions leading to the development of peatbogs. When
the subsequent sea and groundwater level rises were faster than peat accretion,
coastal lakes emerged. The lakes were filled with barrier dune sands which moved
following the sea level rise. On occasions, the landward-shifting barriers cut off
parts of marine embayments. When the sea level rise was faster than the rate of
aeolian aggradation bar formation, the barriers were broken and inlets, connecting
the coastal lake with the sea, or flood deltas were formed (Rosa 1984).

On its both ends, a barrier usually adjoins morainic plateaus or terminal
moraines the sandy-clayey slopes of which are eroded by the sea. The material
produced is transported along the shore and feeds the neighbouring barriers. It is
carried by wind-driven waves and currents. The size of a dune-bearing barrier and
dune thickness height depend on the amount of sand supplied by seafloor erosion in
the coastal zone or by erosion of the neighbouring cliffs.

The processes involved in evolution of barrier shore and peninsulas were taking
place on the Polish coast throughout the Holocene, and are continuing. Generally,
those processes underpin the development of all sandy barriers on the Polish coast
(Fig. 10.1), both large (the Lebska, Dziwndéw, and Wista spits) and small (spits of
the lakes Bukowo and Jamno). Dominant in their formation was sediment move-
ment transverse to the shore, generated by sea level changes, the longshore bedload
transport being important during the barrier stage of evolution (Musielak 1988).
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Fig. 10.2 The Dziwnow Spit “Mierzeja Dziwnowska”

The Dziwnow Spit is located in the western part of the Polish coast (Figs. 10.2
and 10.3) and separates the Kamienski Lagoon from the Pomeranian Bay. The
Dziwna Strait connecting the Lagoon with the Bay is one of the conduits
transporting water from the Szczecin Lagoon, via the Kamieniski Lagoon, into the
Baltic Sea. It was already in early Middle Ages that the Vikings used the Dziwna
Strait to reach their settlement of Jomsborg (today’s Wolin). The Strait was first
mentioned by the name of Divenov In historical sources in 1243.

The Strait was frequently closed by intensive longshore sediment transport,
which diminished the inlet’s utility for commercial transport and leaving it mainly
to be used by fishermen from settlements in today’s Dziwndéw. Eventually, an
artificial channel, existing until today was dug in 1892—-1900 (Furmanczyk 2013).



184 K. Furmanczyk and S. Musielak

Fig. 10.3 The Dziwnéw Spit (eastern part) Fot. P. Domaradzki

The channel is backed, from the lagoon side, by a fishing harbour. A part of the old
strait is protected as a nature reserve.

The two other villages on the Dziwndw Spit, Dziwnéwek and Migdzywodzie,
were initially small fishing settlements as well. Towards the end of the first half of
the nineteenth century, they gained importance as holiday and spa resorts, and
began growing vigorously, mainly by addition of new boarding houses, hotels, and
health centres. However, some newly constructed buildings were placed too close
to the shore. A huge health centre, the Kurhaus, was built in Dziwnéw in 1890,
2 years before the digging of the artificial channel began. Construction, within
1892-1900, of the channel and of breakwaters protecting its mouth resulted in
coastal processes along the entire spit being modified. At the turn of the year 1913, a
heavy storm raising the water level significantly by: 1.59 m in Kotobrzeg and 1.98 m
in Swinoujécie (neighbouring harbors) eroded the belt of low dunes near the
Kurhaus. The water surged up the dunes and destroyed the prominent building.
The water-borne destruction affected many more parts of the shore and buildings
then, and left some buildings in serious condition. To protect the most endangered
stretch of the shore and objects it supported, groynes and a revetment shielding the
threatened buildings were built in 1918-1924 east of the channel, along an about
10 km section of the shore.

The channel divides the Dziwndw Spit into two parts, eastern and western. The
eastern part is narrow (300-500 m wide). It is covered by low (not higher than 4 m)
dunes and protected mainly by groynes, a seawall, and gabions; it is also artificially
nourished. The western part of the Spit is wide, its high dunes rising up to 12 m; it is
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only in the area of the former Dziwna Strait that the dunes are lower than 4 m and
protected by geotextile bags revetment. The shore stretch from the channel to the
former strait is strengthened with groynes, the remaining part bearing no protective
constructions. Dudzinska-Nowak (2006) showed some parts of the shore to be
prone to heavy erosion visible as a change in the dune base location in excess of
0.7 m/year. The present shores of the Dziwnow Spit are naturally nourished by
transverse bedload transport and longshore transport of sediment from cliffs located
east and west of the Spit. The beach at the foot of the dunes is about 30—50 m wide,
the shore being flanked by two to three underwater longshore bars. The villages on
the Spit support a population of about 4,100, more than 70,000 tourists visiting the
area in summer.

Bordering the sea on one side and the lagoon on the other, the Dziwndw Spit is
highly attractive for tourists (Fig. 10.3). Its location is ideal for sailing, angling,
kayaking, and beach recreation. Those amenities are supplemented by beautiful
natural landscapes of the Kamienski Lagoon and the nearby Wolin National Park
with its 90 m high sandy-clayey cliffs.

The spit situated between the islands of Usedom and Wolin, the so-called Swina
Gate, is one of the largest spits on the Polish coast. Although its origins are much
more complex, it evolved basically as described above. The spit consists of two
parts separated by the Swina Strait. The Swina Gate evolved mainly on account of
the longshore sediment transport and changes in the shoreline, as described in detail
by Keilhack (1912), Rosa (1984), and Osadczuk (2004).

The origin of the accumulative coastal formations located in the western part of
the Gulf of Gdansk, the Hel Peninsula and the Rewski Spit, is more complex
(Fig. 10.4). The Hel Peninsula has been usually presented as a simple scythe-shaped
formation built by the sediment eroded from a morainic hill to the west and
transported along the shore (Zenkowicz 1955; Stomianko 1968). In reality, how-
ever, the origins of the Hel Peninsula are more complex (Pazdro 1948; Musielak
1989; Tomczak 2005) and, similarly to the origins of the Rewski Spit (Bohdziewicz
1959; Musielak 1967), have not been adequately elucidated yet. On account of their
spatial and genetic connectivity, the two spits are here dealt with together.

When, more than 5,000 years ago, the sea level was low, the present inner Puck
Bay (the so-called Puck Lagoon) was a terrestrial part of the ground moraine, an
island being located to the east. The gradually rising sea level, and its fluctuations,
generated two barriers on the margins of the Lagoon: the Hel Peninsula barrier and
that of the Rewa Mew (Fig. 10.5). The Hel Peninsula barrier was fed with material
eroded from cliffs located west of it. The accumulated sand formed dunes which,
despite the successive sea level rise stages, remained emergent.

The material which eventually formed the Rewa Mew barrier (known locally
also as Ryf Mew) (Bohdziewicz 1959; Musielak 1967) was supplied primarily by
the transverse sediment transport, with a small contribution of sediment eroded
from the Oksywie cliffs to the south. The small dunes that had formed on the Rewa
Mew barrier were gradually broken and inundated during successive stages of sea
level rise. At present, the barrier is very narrow, its fragments periodically emerging
from the water (Fig. 10.6). Its southern part, intercepting material from the
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Fig. 10.6 The Rewa Mew Barrier Fot. P. Domaradzki

longshore bedload transport, features a small, emergent sandy peninsula called the
Rewski Spit, locally known as “Szpyrk” (Musielak 1980).

At a low water level, the Rewski Spit (Fig. 10.7) can be up to 1 km long and up to
100 m wide at its base. It grades into an extensive (about 500 m long) shoal. On the
cross-section, the Rewski Spit shows two longshore bars up to 0.5 m wide at the
base, separated by a flattened area (Musielak 1967). The Rewski Spit shores are
natural, unprotected. The Spit is very susceptible to effects of sea level change and
wave action. It is fed predominantly by the longshore bedload transport from the
Babie Doty cliff to the south, the sediment transported from the west contributing
somewhat to the nourishment as well. The base of the Spit features a small village
of Rewa with a population of 900. Initially, it was inhabited by farmers and
fishermen; for almost 20 years, it has been functioning as a suburb of Gdynia as
well as a holiday resort. The natural, sandy Spit is to some extent used as a beach,
but it lacks any tourist infrastructure. The beach infrastructure is to be found at the
Spit’s base, north and east of Rewa.

The island located east of the Puck Lagoon was undergoing various transforma-
tions resulting eventually in its connection (‘tombolo’) with the mainland to form
the Hel Peninsula (Musielak 1989). The Peninsula, with its very low dunes at the
base, in the barrier part, was shaped by a combination of sea level rise and the
longshore transport of sand eroded from the Kepa Swarzewska cliffs to the west. In
the past, the basal fragment of the Peninsula was frequently broken by storm surges
forming flood deltas in the barrier’s hinterland.
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Fig. 10.7 The Rewa Spit Fot. P. Domaradzki

The Dahlberg map of 1696 (Fig. 10.8) depicts the Hel Peninsula, in its western,
barrier part, as a chain of islands, which emerged due to overflow (Dahlberg 1696)
although, the earlier Getkant map of 1637 (Fig. 10.9) shows a solid peninsula there
(Getkant 1637).

In the seventeenth century, the Hel Peninsula featured, in today’s villages of
Chatupy and Kuznice, two forts: Wtadystawowo and Kazimierzowo, the Peninsula
itself being in those places broken a few times by storm surges. Occasionally, the
Peninsula served as a haven for pirates operating in the area.

Later on, the Peninsula became inhabited by fishermen operating from the
villages of Hel, Jastarnia, KuZnice, and Chatupy. The Peninsula dwellers used
various means to maintain and raise the dunes (Wunsche 1904). The Peninsula
was also supplied with sand from the longshore bedload transport, the sand being
eroded from cliffs to the west. The natural bedload transport was broken in 1939,
after a port was built at the Peninsula base (Fig. 10.10). Consequently, the base
became increasingly prone to shore erosion. Longer and longer stretches of the
shore were being strengthened with groynes (Basinski 1961), artificial beach
nourishment being used as of 1989. During the last 10 years, the dune ridge in
the most endangered places was reinforced with gabions. Along its seaward shore,
the Peninsula measures 35 km in length, about 13 km featuring groynes; artificial
nourishment is applied to a 25 km long stretch.

At present, the Peninsula is subject to substantial coastal dynamics-related
processes. The dune base of the unprotected seaward shore is known in places to
retreat on the distance of about 40 m during a year (1991/1992). However, during
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=
Fig. 10.10 The Hel Peninsula Fot. P. Domaradzki

34 years (1957-1991), the total erosion there did not exceed 64 m (Furmanczyk
1995). The changes on the sheltered Puck Bay shore are small and result mainly
from ice scour in winter.

When the port was constructed at the base of the Peninsula, a railway track
leading to the navy harbour at its tip was built, as were fishing harbours in Hel and
Jastarnia. The railway resulted in growth in tourism on the Peninsula. New resorts
emerged: that at the base of the Peninsula linked with the harbour of
Wiadystawowo, and a typically recreational one of Jurata at the Peninsula’s mid-
length. At present, the Peninsula supports a permanent population of about 8,000,
more than 80,000 tourists visiting the area in summer. The Peninsula is one of
Poland’s most touristically attractive coastal areas; the attractiveness is enhanced
by, i.e., the famous grey seal research, breeding and rehabilitation centre run by the
Hel Marine Station of the University of Gdansk.

On account of the area’s recreational assets, the Hel Peninsula is affected by an
immense anthropogenic pressure. Visitors come to bathe and sunbathe on sandy
beaches of the seaward shore (Fig. 10.11). Therefore, dune erosion is a concern for
local population needing the safety afforded by the dune ridge. At the same time,
hotels and boarding houses are located closer and closer to the shore. This induces
application of shore protection measures which would ensure maintenance of the
beautiful beaches valued by tourists. On the other hand, the shore line (the dune
base line) location is highly variable. To operate unhampered, natural coastal
processes need space which is now at premium, as emphasised by the major
conclusion of the European Union Framework Programme project EUROSION
(Doody et al. 2004).
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Fig. 10.11 Sunbathers on a Hel Peninsula beach 2005 Fot. K. Furmariczyk

The single-track railway line and the narrow, single-line road running along the
Peninsula are efficient constraints for the number of visitors to the Peninsula. While
this transport infrastructure is sufficient off season, it substantially hampers the
traffic during the summer season: the time it takes to leave the Peninsula on cloudy
days or when vacation periods turn is very long indeed.

Another characteristics of the Peninsula is its very shallow (about 1-1.5 m
depth) inshore zone on the Puck Bay side. This area is very attractive to windsurfers
for whom camping sites have been built. The sites have changed the natural
environment of the inshore zone on the Bay side, which supports important fish
spawning grounds and nurseries, fairly substantially (Fig. 10.12).

Maintenance of the shores at the base of the Peninsula presents the most difficult
problem. The Peninsula there is in places less than 200 m wide. The longshore
bedload transport which supplies sediment to this part of the coast has been
disrupted by the harbour breakwaters; the sediment with which underwater
longshore bars would have been built is deficient, and there is no space for natural
development of dune ridges. The shore is being strengthened with groynes, artificial
dunes with gabions inside, and an earth bar in the certain part. The entire endan-
gered section is periodically artificially nourished. Given adverse climatic effects
and sea level rise, the situation there could become critical.
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Fig. 10.12 Camping sites on the Hel Peninsula Fot. P. Domaradzki

The existing fishing harbours and havens are being successively modernised and
enlarged by adding marinas; this enhancement of tourist-related aspects of those
ports gradually changes their nature.

The shore protection measures already in place have not eliminated the threat of
erosion, but have significantly reduced it (Furmanczyk and Eecka 2005).

Of key importance at the present stage of development of all sandy barrier forms
at the Polish coast are changes in sea level (Wisniewski and Wolski 2009) and its
accelerated rise (Rotnicki et al. 1995) as well as ways of coastal management, the
shore protection measures applied in particular.

As demonstrated by research carried out at an about 80 km long section of the
shore in the western part of the Polish coast (Dudzinska-Nowak 2006a), the shore
protection measures applied there, while reducing the erosion at the dune base, have
increased the total length of eroded sections of the shore. It follows then that erosion
has diminished, but affects a larger area. In addition, the magnitude of sediment
accumulation has significantly decreased on accumulative shore stretches, which
can be associated with climatic change effects (mean sea level rise) and extension
of the protected shore length.
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Chapter 11
Tidal Flat-Barrier Spit Interactions

in a Fetch-Limited, Macro-tidal Embayment,
Lubec, Maine, USA

Joseph T. Kelley, Daniel F. Belknap, and J. Andrew Walsh

Abstract This report describes two sand and gravel spits and associated tidal flat
environments in a fetch-limited, macrotidal setting in Lubec, Maine, USA. The
spits have been remarkably dynamic since the late eighteenth century despite the
low wave energy. The beaches were originally sourced from erosion of glacial and
post-glacial bluffs, but the contemporary spits are apparently growing from clasts
reworked from former barrier sites on the tidal flat. Attached algae coupled with
strong tidal currents permits landward-directed floating and dragging of cobble-
sized clasts that could not otherwise move, underscoring the potential importance of
algal-assisted transport. This paper underscores the unexplored potential of algal
transport across macrotidal flats as a mechanism to permit barriers to transgress in a
punctuated manner from one location to another.

11.1 Introduction

Sometimes these plants (seaweeds) attach themselves by their root-like bases. . .which are
not in fact roots, for they serve only for support-to shells which lie prone or are fixed upon
the bottom. More commonly they adhere to a pebble left on the sea-floor by the melting
glacial sheet, or drifted out in the “pan-ice” which in winter forms along the sea margins.
All these sea-weeds have floats which hold them upright in the water, and as they increase
in size, they pull on their bases with constantly augmenting force. As the waves roll over
them, they increase the tugging action, until finally, in some time of storm, the plant lifts the
stone from its bed and floats it in the water, buoyed up by the vesicles of air contained in its
fronds. The plant and upturned stone are together borne in by the heave of the sea onto the
shore. Coming into the breakers, the weed is quickly beaten to pieces, and the pebble enters
the mill where so many of its fellows have met their fate. The close observer after a storm
may find any number of these bowlders along a pebbly shore which still show traces of the
sea-weeds which bore them to the coast...On a quarter of a mile of the Marblehead
(MA) beach I have estimated that as much as 10 tons of these seaweed-borne pebbles
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came ashore in a single storm. Many of the beaches, which are so adequately provided with
pebbles from the neighboring shores where the waves are attacking the firm land that they
could not be maintained from that source alone, are sufficiently fed by the means of supply
afforded by the action of marine plants. (N.S. Shaler 1895, p. 55)

Gravel barriers are much less studied than their sandy counterparts, yet along
rocky shores and in formerly glaciated regions (paraglacial coasts), gravel barriers
are common and often still front the eroding deposits which sourced them, or they
are attached as spits to those sources (FitzGerald and Van Heteren 1999; Boyd
et al. 1987). Although gravel barriers in differing wave and tidal regimes have been
reviewed, the range of conditions under which gravel barriers occur has not been
fully explored (Antony and Orford 2002). Gravel barriers in meso-macrotidal (2 to
>6 m) regions have appeared in some case studies and reviews (Short 1991; Antony
and Orford 2002; Masselink and Short 1993; Orford et al. 2012), but gravel barriers
in fetch-limited embayments, where tidal amplitude is large relative to wave height
(Type 3 barriers in Short’s (1991) nomenclature), are very rarely discussed. In such
locales, a tide-dominated flat environment commonly occupies the lower foreshore,
and a wave-dominated beach rests in the mid-high tide level (Antony and Orford
2002). There seems to be general agreement that in such settings “increasing tide
range retards the rate at which sediment transport and morphological changes take
place” (Masselink and Short 1993; p. 788). This is because there is limited time for
waves to break on the beach.

In wave-dominated, paraglacial settings, where tides seem less important, sand
and gravel barriers are often very dynamic and shift position relatively rapidly as
old sediment sources are depleted and new ones exposed (Boyd et al. 1987). Details
on mechanisms of sediment transfer from one barrier location to another are scarce,
but presumably abetted by extreme storms with high wave energy (Orford
et al. 1996, 2003). The dynamics of sediment transport and morphological change
in fetch-restricted, paraglacial embayments with large tidal ranges is presumably
much less, but relatively unexamined. Although most reports on meso-macro tidal
barriers describe sandy mid-low-tide environments, the lower beach-tidal flats of
macrotidal, paraglacial gravel barriers are seldom described.

In this study we describe two sand and gravel barriers and an associated tidal flat
in a highly fetch-restricted, macrotidal setting. The barriers have been historically
very dynamic despite the restricted wave energy. We examine the lower foreshore-
tidal flat in detail and consider its interaction with the beach to find mechanisms
capable of affecting rapid shoreline change.

11.2 Geological Setting

Lubec, Maine is near the easternmost point in the United States (Fig. 11.1), along
the border with Canada. The embayment is sheltered from swells from the Atlantic
Ocean (Gulf of Maine) by West Quoddy Head and from local waves by Campobello
Island and other, local headlands. The most common summer winds are from the
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Fig. 11.1 Location map for Lubec, Maine (Modified from Walsh 1988). The wind rose is from
http://www.wrcc.dri.edu/cgi-bin/wea_windrose.pl?laKEPO. Some small intertidal islands in
Canada were left out for the sake of simplicity

south-southwest, while the winter-fall (and annual average wind) wind is mostly
from the northwest. The strongest winds are from the east during winter storms that
occur several times per year (http://www.wrcc.dri.edu/cgi-bin/wea_windrose.pl?
1aKEPO; Hill et al. 2004).

The Spring tidal range is just less than 7.0 m and tides are semi-diurnal. Wave
height in the Lubec Embayment is fetch limited because storm waves generally
come from the east (Fig. 11.1). When large storms do occur in the winter, much of
the embayment is typically choked with sea ice, further impeding wave attack.
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Maximum fetch direction for waves approaching the Lubec Spit is northerly, for
which the typically strongest winds of 69 m/s occur less than 3 % of the time. The
fetch across the embayment at high tide from the north is about 4 km, but it is only
about 1.7 km at low tide. The highest likely waves impacting the spit are between
0.2 and 0.3 m (Coastal Engineering Research Center 1984), but these would occur
infrequently and for a short duration (<2 h). The large tidal range interacts with the
limited fetch to severely restrict wave energy in this embayment.

Paleozoic igneous and metamorphic rocks define the shape of the environment,
and crop out on the tidal flat and along the shoreline (Bastin and Williams 1914;
Osberg et al. 1985). Glacial till directly overlies bedrock. Owing to isostatic
depression of the land at the time of deglaciation, marine submergence led to the
deposition of muddy glacial-marine sediment over till. Radiocarbon dates from
marine fossils just above till deposits in the Lubec Embayment average around 15.5
(calibrated) ka B.P. (Dorion et al. 2001). A coarse-grained, layered sand-gravel
deposit uncomformably overlies the glacial-marine mud in the southeastern upland
of the embayment (Figs. 11.2 and 11.3). This regressive deposit was formed by
waves as post-glacial sea level fell across the area. A wave-eroded hill of till and
bedrock mark the highstand shoreline in this area just east of the present coast
(Fig. 11.3a). The wave-cut, sand and gravel platform is uniformly eroding on its
seaward side today. Sea level fell to a lowstand of —60 m by 12.5 (cal.) B.P., and
has risen to the present day (Kelley et al. 2010).

To the southwest of the raised marine sand and gravel deposits, an ombrotrophic
bog (Carrying Place Heath) borders most of the southern side of the embayment.
The peat deposits of this bog unit overlie glacial-marine mud and are rapidly
eroding, with a 3 m scarp exposed today along the border with the tidal flat.

11.3 Methods

Paleogeographic reconstructions of the Lubec Embayment were made from a time
series of historic maps and vertical aerial photographs (Walsh 1988). All maps were
reduced to an approximately common scale with a Kelch plotter. Errors inherent in
antique maps range from survey errors and use of an uncertain datum to a promo-
tional bias in emphasizing valuable landforms on old maps, and render these maps
useful for depicting only gross landform changes. The entire spit and tidal flat were
also surveyed with a conventional theodolite with observations gathered from every
significant slope change and at all contacts between landforms (approximately
every 50 m across the area; Walsh 1988). The most recent maps of the area are
available from Google Earth since 1996.

Thirty-seven bottom samples were collected from throughout the area and
subjected to grain size analyses by settling tube and pipette (Folk 1974). More
than 50 Dutch and vibracores were collected, mostly from the salt marsh.

To evaluate the role of algal dragging of clasts, 16 stations were established
across the tidal flat. At each station six algal-colonized clasts (Fucus vesiculosis)
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Fig. 11.2 Quaternary landforms of the Lubec Embayment (Modified from Walsh 1988)

were painted with fluorescent orange paint, labeled and sealed with a durable
marine varnish. The clasts were selected from the tidal flat and ranged between
—5 and —7 phi in size (32—-128 mm); great care was spent to avoid harming the
algae during drying and painting. Clasts were monitored for eight consecutive low
tides after the June 22, 1986 deployment, and then at 1-3 week intervals for the next
2 months, followed by a final check on October 25, 1986. Clast motion was
measured with a tape measure from the clast position to a stake located at the
station from which the clast originated.
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Fig. 11.3 Late Quaternary deposits: (a) Aerial photo of late Pleistocene raised shoreline and
wave-cut platform, Lubec, Maine. Dashed line shows wave-eroded shoreline position. A wave-cut
platform lies seaward of the paleo-shoreline. Note the abundance of algae attached to pebbles and
cobbles on the modern high-tide shoreline; (b) photo of raised sand and gravel nearshore marine
deposit. Section is located on Fig. 11.3a with arrow



11 Tidal Flat-Spit Interactions 201

11.4 Results

11.4.1 Time Series Changes in the Lubec Embayment

One of the earliest (ca. 1785) high-resolution maps of the Lubec Embayment
(1:48,000) shows a peninsula that projects northward, the opposite direction of
the modern Lubec Spit (Fig. 11.4a). It is curved in outline, and more than 2 km long.
Other maps from this period also depict a beach extending northward (Walsh 1988).

By 1805, this spit was broken up, and only an island with a trailing intertidal bar
remained near the former spit’s connection to the mainland (Fig. 11.4b). North of
the island, a new spit is shown in the shape of the present spit, though more seaward.
This new spit appears to have attached to the island by 1830 (Fig. 11.4c), and

Fig. 11.4 Historic maps of Lubec Embayment: (a) 1785 (Putnam et al. 1785); (b) 1805; Fifth
Division, 1805); (c¢) 1830 (Colby 1881; date of publication, not survey); (d) 1840 (Walling 1861;
date of publication, not survey); (e) 1862; (U.S. Coast Survey 1862); (f) 1907 (U.S. Geological
Survey 1908 date of publication, not survey) (Modified from Walsh 1988)
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meters 383

Fig. 11.5 Lubec spit 3-22-12 with dune edge digitized from 5-15-1-96 (black line). (a) The entire
length of Lubec Spit; (b) close up of the tip of Lubec Spit (Images from Google Earth)

formed a broad basin behind the spit. Marston’s Dike was constructed to render the
high salt marsh suitable for agriculture, a common practice at the time (Smith
etal. 1989), and is visible to the present day. This spit broke up by 1840 (Fig. 11.4d)
and a barrier island more than 0.5 km long was left where the spit existed seaward
of 1830s “Basin”. The breakup occurred at the northern bend of the 1830 map. By
the middle of the nineteenth century (Fig. 11.4e), a looped barrier enclosed a lagoon
on the site of the Quoddy Barrier. The Lubec Spit had re-established itself in the
location of the present barrier and was well developed. This spit grew rapidly and
structures were built on it by 1907 (Fig. 11.4f). A large recurvature marks the 1907
position of the spit, which is notable today (Figs. 11.5 and 11.6). An extensive low
salt marsh community has formed behind the 1907 barrier, but no substantial marsh
has yet colonized the tidal flat south of the 1907 spit tip. Buildings disappeared on
maps after 1907, though posts project from the lower beach today. A proposal to
develop recreational homes on the spit was denied by the State in the 1990s as too
dangerous, and the spit is owned by the State of Maine today.

Lubec Spit has continued to grow at a rate up to 3 m/year between 1996 and
2012, and averaging 0.4 m/year of growth at its terminus since 1907. This growth
has required at least 1100 m*/year of sand and gravel. At the same time, the spit has
widened near its tip, while narrowing slightly along most of its length (Fig. 11.5).
Quoddy Spit is more difficult to assess. Some historical maps fail to depict this spit,
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Fig. 11.6 Air photo of the modern Lubec Spit. An arrow marks the 1907 spit terminus. The
freshwater bog is at the bottom of the photo. Scale varies across the image, but it is about 120 m
from the seaward edge of dune vegetation to the landward edge of vegetation on the 1907 recurve tip

while others only show the most recent spit and not the lagoon-enclosing barrier.
Since 1996, there has been no obvious growth, but its unvegetated tip is impossible
to discern from the adjacent tidal flat.

11.4.2 Sedimentary Environments and Geomorphology
of the Lubec Embayment

Gravel is very abundant in the Lubec Embayment. It occurs as the dominant
component of the gravel flat, gravel bar, and Quoddy Spit environments (Figs. 11.2
and 11.7). In the northern part of the study area, a topographically high gravel flat
crops out over a large area (Fig. 11.8a). Here it is a very poorly sorted, bimodal
deposit (modes near —2 phi and <4.5 phi; 4 mm- >24 mm) (Table 11.1). Boulders
are rare, with many well rounded pebbles and almost no mud. Many of the larger
clasts are colonized by algae and are typically embedded in the deposit. No bedforms
exist on the surface of the gravel flat, and pits that occur across the gravel flat
(Fig. 11.8a) were dug by people harvesting the soft-shell clam, Mya arenaria.
Gravel, grading from boulders and cobbles (proximal end; Fig. 11.8b) to cobbles
and pebbles (distal end, Fig. 11.8c), form the Quoddy Spit (Figs. 11.2 and 11.7).
The spit crest varies from 7.4 m (proximal) to 6 m (distal) in height with a steep
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Fig. 11.7 Surficial material of the Lubec Embayment (Modified from Walsh 1988). Topographic
cross sections are located on map as a-a’ and b-b’. LS means Lubec Spit, QS means Quoddy Spit,
TC means tidal channel, MHW is the approximate location of mean high water. The triangular
diagram depicts the relative amounts of Sand, Gravel and Mud. Topographic profiles end at
approximate low water mark. The map scale precludes showing the location of the numerous
bedforms and scattered bedrock outcrops
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Fig. 11.8 Photographs of environments within the Lubec Embayment: (a) Gravel flat from the
northwest part of the embayment. Water-filled depressions were created by people harvesting
shellfish (Mya arenaria); the shovel is 50 cm high (Modified from Walsh 1988); (b) Quoddy Spit,
proximal end. The sediment consists of boulders and cobbles; the freshwater peat block in the
foreground is approximately 0.3 m long. Note the steep boundary with the lagoon and the more
gentle slope (lef?) to the tidal flat with its abundance of algae-covered clasts; (¢) The distal end of
the Quoddy Spit, with a steep slope into the lagoon. Here the sediment ranges from pebbles to
cobbles; (d) Intertidal tombolo-like bar connecting the Lubec Spit with a bedrock outcrop 1 km
seaward. It is used as a low-tide road by shellfish harvesters today, but is not a human construction.
Note the patchiness of the grain size and abundance of algae; (e) A gravel-sand flat with abundant
oscillation ripples and covered by algae-covered cobbles; (f) Air photo showing tip of Lubec Spit
and surrounding environments. Note the bend that the tidal channel makes around the ebb-tidal
delta (arrow) and the raised (lighter color) channel margin linear bars. The freshwater bog, crossed
by a road, is to the right

slope (>80 % grade (>40°)) into the lagoon and a gentle one (10 % grade (5.7°))
onto the tidal flat (Figs. 11.8b, ¢). No sedimentary structures occur on the spit, and
algal-covered clasts line the lower beach face (Figs. 11.3a and 11.8b). Algae with
attached clasts and freshwater peat blocks are also common on the spit.
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Table 11.1 Sediment grain size

Sample | Environment Mean (phi) | Sorting (phi) | %Gravel | %Sand | %Mud
1 Sandflat 22 0.4 0.0 99.5 0.5
2 Sandflat 2.1 0.5 0.35 99.5 0.1
3 Sandflat 2.0 0.5 1.7 98.3 0.1
4 Sandflat 1.7 0.5 0.5 99.5 0.0
5 Mixed Flat 2.0 1.0 13.3 86.3 0.4
6 Mixed Flat 0.06 2.8 31.8 68.0 0.3
7 Mixed Flat 1.37 1.4 13.5 86.1 0.4
8 Mixed Flat —0.38 2.6 39.4 60.4 0.2
9 Mixed Flat 2.12 1.4 6.9 86.9 6.1
10 Mixed Flat —0.1 22 36.1 63.2 0.7
11 Sand/Grav Spit —0.07 2.0 38.3 61.7 0.0
12 Sand/Grav Spit —0.47 2.5 383 61.5 0.0
13 Sand/Grav Spit —1.53 2.4 62.3 37.7 0.0
14 Sand/Grav Spit -2.7 1.8 87.8 12.2 0.0
15 Sand/Grav Spit —2.1 0.7 91.7 8.3 0.0
16 Sand/Grav Spit —2.7 1.3 90.8 9.1 0.1
17 Sand/Grav Spit —14 2.5 69.5 30.5 0.0
18 Sand/Grav Spit -34 1.9 84.4 15.6 0.0
19 Sand/Grav Spit —-2.4 2.6 68.2 31.5 0.3
20 Sand/Grav Spit -2.6 22 79.8 20.2 0.0
21 Gravel Flat —2.1 2.6 68.1 31.8 0.1
22 Gravel Flat —2.6 23 78.5 21.5 0.0
23 Gravel Flat -1.7 2.7 59.5 40.3 0.2
24 Gravel Flat -1.9 2.5 65.3 34.5 0.2
25 Gravel Flat 2.0 2.6 61.5 38.5 0.0
26 Gravel Bar -35 0.7 99.2 0.8 0.0
27 Gravel Bar -0.9 24 50.5 49.3 0.2
28 Gravel Bar —-23 2.3 73.0 26.9 0.1
29 Mixed Mud/Grav | —2.6 22 67.8 32.1 0.1
30 Mixed Mud/Grav 3.7 5.7 5.8 67.4 26.8
31 Mixed Mud/Grav 2.6 1.5 3.1 83.7 13.2
32 Dune 1.7 0.7 0.02 99.84 0.14
33 Dune 2.0 04 0.02 99.9 0.08
34 Salt Marsh 52 39 3.0 10.0 87.0
35 Salt Marsh 5.6 3.7 0.0 11.3 88.7
36 Lagoon 7.0 33 3.0 12.0 84.4
37 Lagoon 5.9 35 0.8 8.1 91.2

Sand and gravel bars (Fig. 11.2) are topographically raised, curvilinear land-
forms up to 1.5 m above the surrounding tidal flat. They appear to be relatively
static landforms and not migratory on decadal time frames. Pebble-sized gravel is a
common sediment size, with subordinate coarse sand and rare boulders, making the
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features poorly sorted. In many areas sand is segregated from gravel and is most
abundant over large areas. The 1 km-long predominantly gravel bar connecting the
northern bedrock outcrop with the Lubec Spit is the largest bar (Fig. 11.8d). It has
the form of an intertidal tombolo, with a flat, sandy upper surface and coarse gravel
clasts (often covered with algae) lining the margins. The predominantly sandy bar
extending landward from the eastern bedrock outcrop clearly shows the influence of
wave refraction in the opposite orientations of algae and drag marks on the east and
west sides of the feature.

Sand, mixed with subordinate-dominant quantities of gravel, is the most textur-
ally abundant sediment type in the Lubec Embayment. A mixed sand-gravel flat
(Figs. 11.2 and 11.7) lies seaward of most of the Lubec Spit and continues north of
the study area. The surficial sediments are extremely heterogeneous, and algal-
covered pebbles and cobbles are common (Fig. 11.8e). Small depressions exist in
places, and small ripples are locally common. Very crude stratification of sand pods
and gravel layers occurs in the subsurface, but as with the gravel-dominated
environments, there is little distinctive and continuous stratification.

On the seaward opening of the tidal inlet, an ebb tidal delta occurs (Figs. 11.2
and 11.8f). It is composed of distinct channel margin linear bars of sand and a main
body of mixed gravel and sand (Figs. 11.2 and 11.8f). Discrete ebb and flood
channels bound it and are bordered by the linear bars. The tidal creek (ebb channel)
makes two 90° bends around the landform, which stands 1.5 m above it. Historical
aerial photographs show that the bend in the creek has increased as the spit tip and
inlet have migrated to the south (right in the image).

The Lubec Spit is a large mixed sand and gravel deposit, with a mantle of wind-
blown sand less than a meter thick (Fig. 11.7). The spit crest ranges from 6.6 to
6.2 m in height from proximal to distal ends, and widens to more than 30 m where
spit recurvatures occur. The grain size has modes at 2.25 and —3.4 phi, but surficial
sediment is generally very spatially and temporally heterogeneous (Fig. 11.9a—c).
Alternating sand and gravel beds form layers within the steep beachface, but these
have limited spatial continuity (<1 m). A high frequency (500 mHz) Ground
Penetrating Radar line along the upper beach failed to record any coherent reflec-
tors within the beach or spit recurvatures. In the winter, the beach is often covered
with ice and an ice foot develops during extremely cold periods (Fig. 11.9c).

Well-sorted fine-medium sand dominates the lower, outer flat (sand flat,
Figs. 11.2 and 11.7) and tidal channel that crosses the flat. It represents 25 % of
the study area and its surface is covered with numerous ripples and other bedforms
created by time-varying current and wave directions (Fig. 11.9d). Cobbles are
relatively rare here, but those that occur usually contain attached macroalgae
(most commonly Fucus vesiculosis).

Muddy sediment dominates in the salt marsh and back-barrier lagoons, but mud
is also an important constituent of the mixed mud-gravel flat at the southern margin
of the embayment (mixed gravel-sand-mud flat, Figs. 11.2 and 11.7). Here, a veneer
of algal-covered cobbles rests over a thin (<40 cm) deposit of muddy sand
(Fig. 11.9¢). The gravel-sand-mud flat forms a shallow basin, with modern mud
resting uncomfortably over glacial-marine muddy sediment. On one edge of the
flat, a freshwater peat deposit with a 15 cm high scarp crops out (Fig. 11.9f).
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Fig. 11.9 Photographs of environments within the Lubec Embayment: (a) Lubec Spit following a
spring high tide. Note the concentration of algae, all of which have attached gravel clasts, at the base of
the sand dunes; (b) Lubec Spit a few days after a spring high tide. The algal wrackline borders the dune
edge as in Fig. 11.9a, but wind-blown sand covers gravel on the beach. This is very near Fig. 11.9a; (c)
Lubec Spit during a winter freeze. This is approximately the same position as Fig. 11.9a, b. Note the
thick algae deposits beneath the ice and the well developed ice foot at the base of the beach; (d) Sand
Flat showing complex bedform assemblage near the mean low water line (Modified from Walsh 1988;
(e) Mixed mud and gravel flat viewed from the freshwater heath. The substrate is soft mud mixed with
cobbles and pebbles. Algal-covered cobbles are very abundant on the flat. Note the shipwreck in the
background. This is the position of the “Basin” from 1830 (Fig. 11.4c); (f) eroding freshwater peat
deposit with a 10 cm high scarp (see Fig. 11.6 for location of peat)

11.4.3 Algal Transport of Clasts

The algal-covered clast transport experiment involved: (1) outer and topographi-
cally lower tidal flat locations (stations 1-3, elevation MLW-1.5 m); (2) mid-tidal
flat locations (stations 4-9, elevation 1.5-3.0 m above MLW); (3) upper tidal flat
locations (stations 10-14, elevation 3.0—4.0 m above MLW); and (4) back-barrier
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Fig. 11.10 Location of the algal-clast movement experiment and direction and distance of clast
movement. The tidal creeks and landform outlines of Lubec and Quoddy Spits are included for
spatial reference (From Walsh 1988)

locations (stations 15, 16, elevation >4.0 m) (Fig. 11.10). Of the 98 algal-colonized
clasts deployed between June 22-24, 1986 88 % were observed during the July 9-10
survey, 81 % during the August 2022 survey and 31 % in the final October 25 check.
Because of the poor recovery rate in October, comments are confined to the June—
August observations. All clast movements were monitored following an ebb tide.

All low tidal flat stations (1-3) were on sandy substrates (Figs. 11.6 and 11.10).
Clast movement here was more bi-directional than at higher elevations, with some
clasts moving generally landward and others seaward. Algal-covered clasts in the area
were few, but most had flood-oriented fronds when observed following ebb tide. Clasts
from stations 1 to 2 moved in a net landward direction; those from station 3 went
seaward. The mean distance traveled over the study was 0.5 m/tidal cycle (m/tc).

Stations on the mid-tidal flat were on mixed sand and gravel substrates
(Figs. 11.6 and 11.10), though station 8 was on a small sand/gravel bar. Clasts
averaged a short transport distance of 0.1 m/tc with a high degree of directional
variability. Stations 4 and 5, on opposite sides of the intertidal tombolo, showed the
probable effects of wave refraction, with clasts converging on the bar. The net
motion of clasts from all stations, except station 9, was generally towards land.
Station 9 was located near a tidal creek, and though movement was limited, clasts
went in a seaward direction in the apparently ebb-dominated channel.
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tip of spit

Fig. 11.11 Structures informally termed “algal bars” collect in the flood tidal channel near the tip
of the spit. Arrows point in the direction of transport, towards the spit tip

The high-tidal flat stations were on sand (stations 11, 13, 14) or sand and gravel
substrates (stations 10, 12, 14) (Figs. 11.6 and 11.10). All were near the tidal inlet
and displayed strong net landward (towards inlet) movement of clasts with an
average rate of 0.6 m/tc). All but station 11 showed unidirectional movement.
Clasts from several stations, and all from station 14, collected into “algal bars.
These bars possess up top 15 cm of relief and contain a large quantity of pebbles and
cobbles attached to the algae (largely Fucus vesiculosis). The algal bars migrate
towards the tip of the Lubec Spit where the algae and associated sediment add to the
growth of the spit at its terminus (Fig. 11.11).

The back-barrier stations (15, 16) were on sandy substrates (Figs. 11.6 and
11.10) and most clast movement was toward the Lubec Spit. The average transport
rate was 0.2 m/tc.

11.5 Discussion

11.5.1 Shoreline Changes

Contrary to expectations (Masselink and Short 1993), both the Lubec and Quoddy
Spits have been very dynamic since the eighteenth century (Fig. 11.4). The Quoddy
Spit grew southwest since the earliest map depictions and may still be growing,
though only slightly. The Lubec Spit changed its orientation 180° in the same time
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Fig. 11.12 Block diagram of tidal flat, spits and associated salt marsh. The vertical and horizontal
scales are in meters. Note how thin the Holocene tidal flat sediments are above the Pleistocene
material (From Walsh 1988). The main tidal channel runs directly on glacial-marine, muddy
sediment

interval, broke up twice into barrier islands and spits and migrated almost half a
kilometer landward. Its growth has permitted infilling of its backbarrier region by a
salt marsh, and deflected the drainage from its backbarrier region (Figs. 11.4 and
11.8f). In the sense of Orford et al. (1996), the Lubec Spit appears to have
transitioned from a “consolidated” domain in the eighteenth century through a
“breakdown” domain and is now in a “reformation” phase, whereas the Quoddy
Spit may be in an “inception” domain of slow growth. Although Orford et al. (1996)
implied no evolutionary sequence in domains, their terminology aptly describes the
historic dynamics of the spit systems in Lubec.

All barrier spit growth is towards the southeast corner of this embayment,
towards a raised freshwater peat bog. The bog margin is retreating at about
1.0 m/year (Mansfield 2012), and the U.S. Army Corps of Engineers built a stone
revetment along a small part of its length in 2012 to safeguard the road across the
top. It is not possible to evaluate historic changes to the tidal flat because there are
no prior maps of this environment. A block diagram (Fig. 11.12) shows that the
Holocene sediment is generally less than 1.0 m thick except beneath the barrier and
salt marsh. Residual freshwater peat crops out in the central flat (Fig. 11.9f),
demonstrating the formerly greater extent of that environment.
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11.5.2 Intertidal Environments

Tidal flats are typically zoned with outer sandy regions and inner muddy areas with
mixed texture deposits grading between these margins (Eisma 1998), although
Holland and Elmore (2008) have noted the importance of “mixed tidal flat”
environments (mixed grain sizes) and summarized literature on the subject. In
Lubec, there are “normal” outer sandy and inner muddy regions, but bedrock
crops out in several locations and gravel-sized material exists throughout the
embayment (Fig. 11.7). The largest gravel flat occurs around the outermost bedrock
outcrop (Figs. 11.2, 11.7, and 11.8a) and appears to be a reworked till deposit
resting on bedrock and overlain by modern sand and gravel (Fig. 11.12). Dense mud
is visible beneath some large boulders, though the surface of the till is armored and
largely obscured by algae-covered boulders and cobbles. Sand, apparently
reworked from the till, covers the gravel on part of the outer flat (Fig. 11.12),
though cobbles with attached algae are common on the sand. An extensive gravelly
sand deposit (with minor mud) dominates the northern central and inner portion of
the embayment and algae-covered cobbles cover its surface (Fig. 11.8e). Gravelly
sand similarly covers the area surrounding Quoddy Spit. Sand forms a very thin
cover along much of the tidal channel in the south, and continues into the back-
barrier flat.

These sandy/gravelly deposits rest on glacial-marine mud, but reflect the former
position of historic barriers (Fig. 11.4) and are likely reworked remnants of those
barriers. The small freshwater peat outcrop should be older than the gravel deposits,
but it is an erosional remnant with overlying materials removed (Fig. 11.9f).
Scattered throughout the embayment are sand and gravel bars (Fig. 11.2). The
only predominantly muddy areas are along the southern margin of the embayment
where glacial-marine mud lies close the modern sea floor and crops out at the base
of the fresh water peat (Fig. 11.7). Even here, cobbles and boulders with attached
algae are common (Fig. 11.9e).

Coarse-grained flats such as Lubec are not well described in the literature except
from high latitude regions where ice processes dominate (Dionne 1988). Lubec,
Maine is on a paraglacial coastline and glacial effects linger in the form of eroding,
raised gravel beach deposits and intertidal till and glacial-marine mud materials.
Just as wave-dominated beaches elsewhere recycle material during a general
transgression (Boyd et al. 1987), so here in Lubec, and likely other paraglacial
localities, sand and gravel traverse the tidal flat as they connect former and present
locations of beaches and bluffs.

11.5.3 Sediment Source(s)

The primary source of sediment to the beaches of the embayment is from erosion of
sand and gravel, along with glacial-marine mud, bluffs along the margin and from
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reworking remnant till deposits in the intertidal and shallow subtidal region. Bluffs
of peat, glacial-marine mud and regressive sand and gravel are all eroding along the
southern margins of the embayment (Fig. 11.3), but the peat is presumably being
oxidized and/or dispersed into the marine environment, while the mud is probably
collecting in the back-barrier salt marsh. The peat bluff is retreating at up to 1.0 m/
year (Mansfield 2012), and the linear shape of the margin suggests that all bluffs are
retreating at roughly equal rates.

Remnant till deposits crop out around bedrock outcrops in the intertidal region,
and drag marks on the flat and the tracer experiment indicate that some of this
material is moving towards the spits. The raised gravel flat and sand and gravel bars
also suggest that reworking of flat deposits remains an active process.

Carbonate sediment was not examined specifically, but qualitative observations
indicate that shell fragments are concentrated in patches and are unlikely to
comprise more than 5 % of flat and beach sediment.

11.5.4 Transport Mechanism(s)

The most remarkable aspects of the sand and gravel barriers in Lubec Embayment
are their rapid historic breakdown and reorganization in a location with relatively
low wave energy. The current growth of the Lubec Spit at more than a meter per
year is also notable in an area with such a small fetch. Growth of the beach since the
1907 recurvature (Fig. 11.6) has required approximately 1,100 m*/year for more
than a century. Waves clearly deliver and move some sediment to the beach,
especially sand (Fig. 11.8). The <20 cm waves, with only an hour or so each day
they can effectively influence the spit, cannot move cobble-sized clasts along Lubec
Spit, however. There is also no size sorting along the Lubec Spit to suggest wave-
driven longshore transport.

The Quoddy Spit, on the other hand, does display size sorting along its length
(Fig. 11.8b, c), with coarsest gravel near the eroding bluff source. Quoddy Spit is
more exposed to waves. It directly faces the dominant wind direction and its
position adjacent to the outer flat means that the water offshore is deeper than at
Lubec, and larger waves have an opportunity to strike the beach longer. Most of the
large clasts, and many attached smaller sand and gravel grains on Quoddy Spit are
attached to algae, and wracks of algae and stones cover the spit (Fig. 11.8b, c).

Shaler (1895) was one of the first observers to see the potential for algal transport
of clasts, though few others have continued a study of this process. In one early
paper Emery and Tschudy (1941) considered both onshore and offshore transport of
cobbles by kelp and discussed how important this mechanism was for both the deep
sea and coast. Ben Avraham (1971) thought that algae introduced onto sandy Cape
Cod (USA) beaches could transform them into gravel strands by algal transport of
larger clasts. Kudrass (1974) and Gilbert (1984) were the first to begin quantitative
studies, noting that the algae had to be three times the mass of the stone to float it,
but that both floating of smaller rocks and dragging of larger ones brought material
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largely towards land. More recently Garden and Smith (201 1) found that 27 % of all
seaweed on a New Zealand beach was still attached to gravel.

Despite the unanimity of the few authors who noted how significant algal
transport of clasts to beaches is, no study has developed a sediment budget
involving algal transport. Although we do not yet have the means to do this in
Lubec Embayment, clearly algal transport occurs there and could be a significant
component of the sediment budget. Furthermore, algal transport appears to be an
important mechanism for moving large clasts across tidal flats (and potentially
shallow subtidal regions) from one depleted bluff source or unstable barrier position
to another. This mechanism has not been discussed for other areas (Boyd
et al. 1987), but may possibly be even more important in a regime with larger
waves. Though lacking large waves, in Lubec, algal transport benefits from the
powerful tidal currents in this macrotidal setting.

Ice transport is another important process in northern regions (Dionne 1984) and
though not quantified in Lubec, was observed to carry blocks of tidal flat sediment
onto the beaches and salt marsh (Walsh 1988; Wood et al. 1989). Ice may also be
important in facilitating algal transport by pushing boulders and large clasts around
on former barrier sites and till localities and, thus, releasing trapped clasts buried by
larger rocks and abetting subsequent algal transport.

11.6 Conclusions

In a fetch-limited, macrotidal embayment gravel spits have undergone growth and
rapid dynamical changes through the historic period. The tidal flat is modified from
a “normal” textural zoning from outer to inner flat by reworking of older glacial and
post-glacial deposits possibly by ice and certainly through transport of gravel clasts
by attached algae. Gravel-sized clasts with attached algae abound all over the tidal
flat and line the tip of Lubec Spit, which is still lengthening rapidly. Ice is also a
factor in this north temperate location and ice may annually move large stones
around, freeing up algae attached clasts to later transport.
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Chapter 12
Sandy Spits and Their Mathematical
Modeling

Magnus Larson, Jaime Palalane, and Hans Hanson

Abstract A mathematical model of spit growth was derived based on the sand
conservation equation, where the boundary fluxes of sand were specified as input
and specific assumptions were made about the cross-sectional shape of the evolving
sandy barrier. Analytical solutions were developed to the governing equation to
primarily simulate spit elongation under unrestricted and restricted growth,
although the time evolution of the spit cross-sectional area was also described
for some cases. The solutions were validated with data from the field and the
laboratory, including field data on unrestricted spit growth from Sweden and United
States, and laboratory data on restricted spit growth from the Coastal and Hydrau-
lics Laboratory in the United States. The laboratory data allowed for validating
analytical solutions of spit growth involving varying spit cross-sectional area and
active profile height, as well as the effect of sand transport through an inlet that
erodes the tip of the spit. Two field cases constituting more complex sand transport
conditions at inlets, where different morphological features interacted with the spit
evolution, were also investigated, but numerical approaches were employed to
solve the governing equations. These two cases included spit growth at Fire Island
Inlet on Long Island in the United States, and at Chilaw Inlet in Sri Lanka. Overall,
the mathematical model of spit growth reproduced the data well, although some
calibration of relevant parameters and coefficients were typically needed.
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12.1 Introduction

One of the first definitions of a spit was provided by Johnson (1919) as “an
embankment (that) has its distal end terminating in open water”. Even earlier
than that, Wheeler (1902) pointed out the major characteristics of a spit: (1)
predominant drift in one direction; (2) shape of a long narrow bank; (3) commencing
at some salient point; (4) running in a direction parallel to the general coastline
trend; and (5) leaving a protected bay behind as it expands. For the present study,
the more specific definition given by Kraus (1999) is suitable where he defined spits
as “organized surface-piercing accumulations of sediment that grow by transport
directed from a landmass or sediment source toward a water body”. In the geomor-
phology literature a spit has often been classified as a type of barrier (Shephard
1952) and Otvos (2012) presents a comprehensive discussion of coastal barriers.

Spits typically consist of sand or gravel and are commonly occurring morpho-
logical features at inlets, river mouths, and the down-drift ends of a barrier islands
(Schwartz 1972). Thus, they may form at the ocean, lake, or bay side of inlets,
entrances, and river mouths (Kraus and Seabergh 2002). Apart from the scientific
interest in spits and their evolution, engineers have often studied spits with regard to
their penetration into river mouths or inlets, restricting the flow rate and possibly
even causing closure of the inlet (river mouth; e.g., Tanaka et al. 1996). A reduced
inlet opening could imply problems for navigation as sediment causes shoaling of
the channel. Furthermore, a smaller inlet area because of spit growth results in less
water exchange between the bay (lagoon) and the ocean (or lake), which may cause
water quality problems.

The spit growth can occur under a predominant longshore transport driven
by wave-generated mean currents with little interference from other currents
(e.g., tidal or wind-driven currents), denoted unrestricted growth (Kraus 1999).
If other currents, often directed perpendicular to the main spit growth direction
(i.e., the direction of the longshore current bringing the sediment alongshore), are
sufficiently strong to influence the sediment transport and spit development, the spit
growth is considered to be restricted. In the case of restricted spit growth, a balance
could be obtained between the longshore sediment transport and the transport by
other currents, so that the sediment supply to the spit equals the sediment removal
and a dynamic equilibrium prevails with a constant spit length.

The present study focuses on how to mathematically model spit evolution for an
increased understanding of their behavior and the governing factors. Also, by
developing such models quantitative predictions can be made that will be of use
in practical investigations. After a brief review of the physical processes governing
spit growth, a general model for spit growth is formulated based on the sediment
conservation equation, following the work by Kraus (1999). The model is only
applied to describe spit growth in the direction of the main shoreline trend, and not
cases where the spit is curving. A number of analytical solutions to the governing
equations are derived for schematized, yet realistic cases. These solutions primarily
encompass the spit elongation including both restricted and unrestricted growth, but
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also the case of a varying spit width is treated. Solutions are presented for spit
growth into increasing water depth and into an inlet where the offshore sediment
transport is changing under a reduced cross-sectional area. The analytical solutions
are compared with data from the field and laboratory. Two field cases are also
briefly discussed where spit evolution is modeled in a more complex setting of an
inlet with different morphological features and sediment transport paths. The paper
ends with concluding remarks concerning the usefulness of the model developed
and the solutions obtained.

12.2 Physical Processes of Spit Growth

Spits have often been classified with regard to their shape, which is closely linked to
the formative processes and geomorphological constraints to their development.
Again, Johnson (1919) was a pioneer in formulating a classification system for
spits, identifying the following types: (1) linear, (2) recurved, (3) compound,
recurved, (4) complex, and (5) serpentine (the latter type not very common and
not discussed here). Although the division into the different types was mainly based
on the spit configuration, Johnson (1919) provided explanations regarding their
formation as a result of the processes acting and how they varied in time and space.

A linear spit develops (in the direction of the main coastline trend), if the
sediment transport due to the longshore current (Q;) is dominant compared to
other transport mechanisms. The presence of tidal or wind-induced currents may
induce transport perpendicular to the main coastline trend (Qc), making the spit
recurve. Johnson (1919) only considered such currents as agents in the formation of
recurved spits, but subsequent research has shown that this kind of shape can also
occur due to wave refraction at the tip of the spit or variation in the direction of the
incoming waves (Evans 1942; Petersen et al. 2008).

If the transport mechanisms affecting spit growth vary in time compound,
recurved spits can evolve, as periods with dominant linear growth (Q; > Q) is
followed by periods when the spit recurves (Q; and Q. of similar magnitude).
Variations in O, that affect spit growth can occur on many time scales, from single
storm events, over seasonal fluctuations, and to long-term climatic changes (Allard
et al. 2008). Complex spits experience compound, recurved development at the
same time as secondary spits form, growing independently from the main spit,
typically on the bay side.

Kraus (1999) tabulated the most important parameters controlling spit geometry
and evolution together with the governing processes acting on different time scales
(short and long term). The parameters discussed were length, elongation speed,
width, elevation, depth of closure, tendency to recurve, and presence of overwash
fans. The five first of these parameters will be included in the mathematical model
of spit growth presented here.

The spit length refers to the distance from its origin (which may be arbitrarily
defined) to the tip. This length could refer to a specific time, but also to a situation
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where a quasi-equilibrium state has been attained where Q; and Q¢ are in balance.
Thus, the longshore sediment transport rate, and its temporal and spatial variation,
is a decisive factor for the length, both over the short- and long-term. If the spit
penetrates an inlet, Q¢ and its dependencies will be important, as well as any
geological controls present (Larson et al. 2002a). The elongation speed corresponds
to the change in spit length per unit time and is related to Q;, the spit geometry (e.g.,
width, elevation, depth of closure), and the presence of any currents generating a
transport Qc.

The geometry of the spit is often described in terms of the cross-sectional shape,
which in turn is characterized by the width (often taken at the mean sea level),
elevation (to the crest of the subaerial part of the spit), and the depth of closure. This
shape is to a large extent determined by cross-shore sediment movement initiated
by the waves, but also on the tidal range and the general bathymetry of the area
where the spit is developing. The maximum elevation is typically a function of the
wave runup, which is proportional to the square-root of the wave height and to the
wave period directly. For gravel beaches, the grain size will influence the wave
runup markedly, since percolation of water into the beach becomes important. The
width of the spit is also closely related to the wave runup, whereas the depth of
closure is primarily determined by the wave height, period, and grain size
(Hallermeier 1981).

12.3 Mathematical Modeling of Spit Growth

12.3.1 General Formulation

The derivation of a mathematical model for spit evolution will to a large degree
follow the work by Kraus (1999), also discussed in Kraus and Seabergh (2002).
However, the model will be generalized to describe varying spit width and will
employ different formulations for the influence of spit cross-sectional shape, active
profile height (i.e., berm height plus depth of closure), and inlet sediment transport.
Analytical solutions to the model will be developed for a range of situations,
necessitating simplified descriptions of initial, boundary, and forcing conditions.
For more complex conditions, numerical solutions can easily be obtained using the
present model.
The basic governing equation for the spit evolution may be written,

X

0
E JA.vdx = Qin - Qout (121)

0

where A, is the cross-sectional area of the spit at a distance x from the origin, x, the
location of tip of the spit, Q;, the longshore sand transport at the updrift end of the
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spit (x=0), O,,, the transport at the downdrift end of the spit (x =x;), and ¢ time.
Equation 12.1 is obtained by employing the sand volume conservation equation for
the entire spit with Q;, and Q,,,, being the boundary fluxes and the time derivative of
the integral represents the changes in spit volume. The selection of the initial
location of the spit, corresponding to x =0, is arbitrary, although closely related
to the specification of Q;,. For unrestricted spit growth there would be no transport
at the tip of the spit, that is, Q,,, =0, and all sediment supplied to the spit would
result in growth, either through elongation or widening of the spit. In the case of
restricted spit growth, for example, at an inlet or river mouth where cross-shore
flows may erode the tip of the spit, Q,,, would differ from zero and typically vary
with time.

In the general case, the cross-sectional area of the spit would vary with time and
for constant wave and water level conditions approach an equilibrium value
(A;=A,). For a growing spit, sand is supplied by the longshore transport, but the
build-up of the cross-sectional shape is due to the cross-shore transport. The cross-
shore response is often faster than the longshore response, so a reasonable assump-
tion may be that A;=A,, implying that the variation in time of A; is not described.
This assumption simplifies the solution of Eq. 12.1 and avoids the need to find an
equation for the build-up of the spit cross section. Here, both the cases where
A=A, and A, varies with time will be studied.

The particular cross-sectional shape of the spit may also be of interest, especially
since existing data often report the spit plan form with regard to mean se level.
Thus, assumptions have to be made about the spit shape and the active profile
height, that is, the vertical distance over which the sand transport occurs. Kraus
(1999) assumed that the active height (D) is the sum of the berm elevation (B) and
the depth of closure (D), and the same assumption is employed here. In his model,
Kraus (1999) estimated A, as a constant spit width (W) times D (= B+D,),
implying a rectangular shape over the active height. Other spit cross-sectional
shapes, however, may be more realistic, although in the present type of model,
emphasizing an analytical approach, the difference between various assumed
shapes is only a constant form factor. In the case of a trapezoidal cross section,
with a linearly sloping beach at the landward and seaward side, the cross-sectional
area is,

D.—B
AS:DWS<1+K[3 S ) (12.2)
N

where Kg = 1/tan p, + 1/ tan p, with B, and f; being the slope on the seaward and
landward side, respectively. In Eq. 12.2, A; = ¢»DW where 1 is a constant that
depends on the particular cross-sectional shape of the spit. Thus, in comparison
with data, the shape will not have any influence on the general trend concerning, for
example, spit elongation, but with regard to the magnitude of change and the
estimated Q;, from the data it will be of importance. This aspect will be discussed
more in connection with the data comparison.
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12.3.2 Unrestricted Growth

Unrestricted spit growth implies no transport at the tip (Q,,,=0), but all the
incoming sand will benefit the growth. Furthermore, if A;=A,, Eq. 12.1 may be
simplified to:

4 a) = 0 (12.3)

dt
Assuming that Q;, is constant, the following solution is obtained for the spit
elongation,
Qin

=0 (12.4)

where x, =0 when ¢ = 0. Thus, for a constant influx of sediment to the spit, a linear
growth rate is expected, as previously discussed by Kraus (1999). If Q;, is allowed
to vary in time, Eq. 12.3 can still be solved analytically for simple expression of this
variation. Kraus (1999) presented the solution for a sinusoidal variation in Q;,,. The
speed of propagation of the spit is given by dx,/dt=Q;,/A, and if this speed is
known from field observations, the mean longshore transport rate feeding the spit
may be estimated as Q;, = (dx,/dt)A..

12.3.3 Time-Varying Cross-Sectional Spit Shape

As previously pointed out, cross-shore transport is the main factor for building the
cross-sectional shape of the spit, implying that A, varies with time. A detailed
model of this build-up, will not allow for analytical treatment and here a simple
formulation will be applied that captures the main features of the process. The basic
assumption is that at a particular location x, a portion of Q;, is used to build up the
cross section towards its equilibrium value (A,) and the remaining portion is
transported down-drift. At any given time, A,/A, is assumed to attain a ratio
corresponding to Q/Q;,, where Q is the local transport rate, giving:

A, = Aeg (12.5)

Qin

In order to close the problem, it is necessary to specify how Q varies with x, and a
general, heuristic expression is,

ng (1 _x£> (12.6)

where m is a constant (>0). Equation 12.6 yields 0 =Q,, for x=0 and Q =0 for
x=ux,, with the value on the power m determining the shape of the variation
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between these two end points. If m =0, then Q = Q;,,, implying that A; = A, for all
x at all times, and Eq. 12.4 describes the spit elongation. For all other values on m,
the spit elongation will be larger for a specific O, since the cross section will not be
built up to equilibrium instantaneously, and more sand will be transported down-
drift towards the tip.

Substituting Egs. 12.5 and 12.6 into Eq. 12.1, still letting Q,,,, =0, results in the
following,

d
GAx) = (m+ 10, (12:)

which for Q;, being a constant yields:

Xy = (m+ 1)A (12.8)

e

The time variation in cross-sectional area at a particular location x is obtained from
Egs. 12.3, 12.6, and 12.8 as,

Ag.x m

where 0 < x < (m + 1)Q;,t/A.,.

12.3.4 Increasing Active Profile Height

Similar to Kraus (1999), the effect of an increase in D with x from a constant value
D, was investigated, but using a slightly different formulation. Kraus (1999)
assumed linearly increasing depth with distance from the spit starting at an active
height D,, whereas in the present study the following expression was used,

D =D, + AD(1 — exp(—ox)) (12.10)

where AD is the increase in D occurring at large distances from the spit and o a rate
coefficient quantifying the approach towards the final depth D,+ AD. Substituting
Eq. 12.10 into Eq. 12.1 and using Eq. 12.2 for introducing D yields an equation that
can be solved analytically. It is also possible to employ a varying spit cross-
sectional shape (i.e., W), but only for m = 1. The solution for this case is given by,

1 AD\ AD (1 0,
—xs( 1 —(1 — —og)) — 1| ==2%¢ 12.11
s (1+50) + e (@t —owcws) = 1) = %2 2

where A¢ is the equilibrium cross-sectional area defined based on D, and x; is given
as an implicit function of ¢. Again, Eq. 12.11 is valid for unrestricted spit growth.



224 M. Larson et al.

For small values on x;, Eq. 12.11 may be approximated by x, = 2Q;,¢/A?, which
corresponds to Eq. 12.8 for m =1 and using an equilibrium area based on D,,. For
the other asymptotic case when x; becomes large, Eq. 12.11 reduces to
X = 20;,t/AZ, which again is obtained from Eq. 12.8 for m =1, but using an
equilibrium area (AJ°) based on Do, =D,+ AD. Thus, Eq. 12.11 produces linear
growth rates for the spit elongation for small and large values on x;.

12.3.5 Restricted Growth

At an inlet (or river mouth) it is expected that Q,,, is different from zero (see
Eq. 12.1) and that the tip of the spit will suffer from erosion due to this transport. As
the spit grows across the inlet, a reduction in cross-sectional area of the inlet (A;)
occurs that typically implies a larger velocity in the inlet and a higher Q,,,,,. A state
may be attained when Q;, = Q,.,, which implies no change in the spit shape and
equilibrium prevails. If no such equilibrium is possible, the spit may grow across
the inlet and close it (e.g., Ranasinghe and Pattiaratchi 1999; Larson et al. 2009).

In order to model spit growth at an inlet, including a possible equilibrium state,
the variation in Q,,, as the inlet cross section is reduced has to be specified. Kraus
(1999) assumed that the spit evolved from a specific location x, towards the middle
of the inlet channel (located at x.), and when x =x,, Q,,,= Q;, and equilibrium
would occur. For x =x,, Q,,, =0, and between x,, and x, the transport through the
inlet would grow linearly. Although producing a correct behavior, the formulation
for Q,,, is somewhat ad hoc and x, is difficult to estimate for a particular case.

Here, a different expression for Q,,, was employed based on simple consider-
ations of the physics. It is assumed that the transport through the inlet can be
described by Q,,, = Cuix;/g (e.g., Watanabe et al. 1991; Kraus 1998; Larson
et al. 2011), where u; is the velocity through the inlet, x; the initial inlet width
(before spit penetration), C, an empirical transport coefficient, and g acceleration
due to gravity. Furthermore, assuming a rectangular inlet cross section and a
volume flow through the inlet that remains approximately constant as the spit
grows yields the following expression,

9,

Qou = m

(12.12)

where Q, is the transport through the inlet before the spit starts affecting the flow
(x;=0). It is apparent from Eq. 12.12 that inlet closure cannot be described since
Qs — 00 as x; — X;, and at some point Q,,,,. = Q;,, implying equilibrium. In reality,
the assumption of a constant flow will be violated as the spit grows through the
inlet; however, to model the effect on the inlet flow in a more sophisticated manner
requires a numerical approach.
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Substituting Eq. 12.12 into Eq. 12.1 yields:

Xg

0
E JAde = Qin -

0

9,

_— 12.13
(1 —x,/x:)° ( )

For a cross-sectional area not varying in time (A, =A,), the solution to Eq. 12.13 is,

\/st Xs Q
darctanh | ——— === 12.14
\/_aI'C an <(1 — 6)xi —x, + X Ax; ( )

where 6 =0,/0,, and x, is given as an implicit function of 7. At equilibrium,
Eq. 12.13 gives,

X = x,-(l - \/5) (12.15)

with x,, being the spit length at equilibrium, where the spit starts growing from one
side of the inlet. For small values on the relative spit length (i.e., xy/x;), Eq. 12.14
may be simplified to yield an explicit expression,

B lx. t B A1 =¥/t
X =3 ,(1 +t0> <1 1 e ) (12.16)

where t,=A.x;/Q;,, which corresponds to the time it would take for the spit to
propagate across the inlet assuming unrestricted growth. For small #/¢, Eq. 12.16
results in x; = x;(1 — 8)¢/t,.

Figure 12.1 illustrates in non-dimensional quantities the solution given by
Eq. 12.14 for different values on 8. The following quantities were introduced:
x{ =xgx;, ¢ =tft,, and & (= Q,/Q;,). The approximate solution (Eq. 12.16) is also
given and for small x,’ the agreement is quite good. In fact, for most values on §,
Eq. 12.16 is accurate up to more than 90 % of the equilibrium value (x,.'). The final
approach to the equilibrium spit length occurs asymptotically in time and in
Fig. 12.1 the calculation was stopped when x,' =0.99x,,’ = 0.99(1 — /3).

Equation 12.14 is the solution for A;=A,, that is, m =0 in Eq. 12.6. However,
Eq. 12.13 can be solved for any value on m and the only difference is that the right-
hand side of Eq. 12.14 should be multiplied by m + 1. Equation 12.6 was formulated
based on the assumption of unrestricted growth, and if the tip of the spit is eroding
because of Qour a more suitable formulation would be
0=0,,+ (01, — Qo) (1 —x/x5)". This expression yields Q;, for x=0 and
O ous for x =x;, and reduces to Eq. 12.6 for m=0. If Q,,,, is constant, the solution
is the same as Eq. 12.14, but the right-hand side should be multiplied with
(m+1)/(me+ 1), where € =0,,/O;n. If O, is allowed to vary with x/x; as
given by Eq. 12.12, an analytical solution is still possible, but it is rather extensive
and will not be reported here.
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Fig. 12.1 Analytical solution in non-dimensional form for spit elongation into an inlet, where
transport rate increases with reduced inlet width (complete and approximate solution shown)

12.3.6 Coupling to Inlet Processes

Restricted spit growth typically occurs at a river mouth or inlet where several other
morphological features are present, for example bars and shoals (FitzGerald 1988;
FitzGerald et al. 2000). The interactions between the spit and these features are
complex, but many times necessary to describe. Even if such a description is greatly
schematized, analytical solutions are in general not possible, but numerical
approaches must be taken to simulate the evolution of the spit and the features.

Kraus (2000) presented a schematized approach to simulate the sediment trans-
fer at an inlet by using the analogy between a specific morphological unit (feature)
and a reservoir. Each such unit (reservoir) has a certain maximum capacity to store
sediment corresponding to its equilibrium volume (V,z), and the rate at which
sediment is transported downdrift (Qp) from the unit is directly proportional to the
ratio between the amount of sediment stored in the unit (V) and V,g. Thus, the
governing equations for the evolution of the unit are, respectively, a sediment
volume conservation equation and a sediment transfer equation,

dav,
000, (12.17)
Vv
0, = QSV—M (12.18)
ME

where Qg is the sediment transport into the unit (could be transport coming out from
another unit or the beach located updrift).
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For each morphological unit modeled a set of equations as those given by
Egs. 12.17 and 12.18 is employed, where couplings between the units are obtained
through the sediment transport rates (Qg and Qp). The most updrift located unit will
typically be fed by the longshore sediment transport and the most downdrift located
unit will supply the downdrift beach with sediment through its output sediment
transport (i.e., bypassing). Often the units are connected in series and sediment is
passed through them from the updrift to the downdrift side (Larson et al. 2002b),
but more complex couplings are possible (Larson et al. 2006). In Eq. 12.18 the
equilibrium volume of the morphological unit must be specified, which is often
based on empirical relationships (e.g., Walton and Adams 1976).

Kraus (2000) in his first modeling efforts identified three morphological units,
namely the ebb shoal, bypassing bar, and attachment bar. Subsequently, other units
have been included in such modeling, including the flood shoal, inlet channel, and
spits. The main difficulties in applying the reservoir model is the schematization of
the inlet into morphological units and defining the pathways of sediment transport
between them. Typically, extensive observations and data from the site are required
to set up the model and to validate it.

In a spit modeling context, when solving Eq. 12.1 to obtain the spit growth Q;,
and Q,,,, must be specified. The transport Q;, may be given directly by the longshore
sediment transport (Q;), but often only a portion of Q; may feed the spit and the
other portion goes to offshore shoals and bars. Also, O, may be given by the cross-
shore transport in the channel (Qc), although other sources of sediment typically
contribute to Q¢ than the erosion of the spit.

12.4 Case Studies

A number of case studies were performed to test the analytical solutions developed,
both for unrestricted and restricted growth. Three field cases from the literature
focused on unrestricted growth, namely Skanor-Falsterbo Peninsula in Sweden and
San Bernardo River Mouth and Corpus Christi North Beach in Texas, United
States. In all these cases pronounced spits could grow unrestricted in the direction
of the main longshore transport. The laboratory studies on spit growth carried out at
the US Army Engineer Research and Development Center (ERDC) were employed
to validate the solutions for a time-varying spit cross-sectional area and active
profile height, as well as for inlet sediment transport eroding the tip of the spit.

Furthermore, two case studies from the field are presented that involve more
complex conditions of spit growth, requiring numerical solutions, and where the
spit growth model is a part of a larger model simulating coastal evolution. The first
case focused on modeling the evolution of the spit at Fire Island Inlet on Long
Island (Hoan et al. 2011). Spit elongation was simulated for conditions where the
input longshore transport varied in time as well as for inlet conditions involving
structures and dredging. The second case is from Chilaw Inlet on the western coast
of Sri Lanka, where a reservoir-type model was developed to simulate spit elonga-
tion (Larson et al. 2009).
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12.4.1 Skanor-Falsterbo Peninsula, Sweden

A pronounced spit, known as Badreveln Spit, has been steadily growing in the
northern part of the Skanor-Falsterbo Peninsula in the very southwest corner of
Sweden since the latter half of the nineteenth century (Blomgren and Hanson 2000;
Larson and Hanson 2013). The spit started to form after a harbor was constructed to
the south that caused a redirection of the transport and new growth path for the spit.
A relict spit exists behind Badreveln spit that indicates the transport direction and
spit evolution prior to the harbor construction.

Data on the evolution of the Badreveln Spit was presented by Blomgren and
Hanson (2000) and its elongation was modeled by Hoan et al. (2011) using the
analytical solution presented by Kraus (1999) for unrestricted growth. Here, the
data were first extended using images from Google Earth that encompassed the
years 2007, 2009, 2010, and 2012; thus, the studied period of spit growth was from
1916 to 2012, where the start of the period was selected based on the first clear
documentation of the spit location.

The procedure employed to investigate how well analytical solutions could
reproduce observed data was similar for all case studies. For each case, some
parameters in the solution was estimated to yield an optimum fit between measured
and calculated values. In order to assess the validity of the solutions, the general
trend of the calculations was compared with the measured trend. Also, the optimum
parameter values were, if possible, compared with observations at the site to judge
how realistic the values were.

Figure 12.2 illustrates how well Eq. 12.8 could describe the elongation of
Badreveln Spit. In spite of some fluctuations, the spit elongation rather well
follows a linear trend with a best-fit line indicating an elongation rate of about
28 m/year (k = (m+ 1)Q;,/A.). The figure also includes lines corresponding to
rates that are 20 % more and 20 % less than the best-fit rate to indicate the
sensitivity of the elongation to the variation in k (provides a quantitative estimate
of how uncertainties in k£ will affect x;). Overall the agreement between the
analytical solution and the measurements is good, although there is a tendency to
overestimate k during the first 50 years and underestimate it during the last 50 years.
This could be related to the reduction in sediment transport that the harbor initially
caused, before the deposition updrift the harbor was sufficient to allow for
bypassing of material to feed the spit.

Hoan et al. (2011) estimated that the width of the spit was about 70 m based on
aerial photos and Hanson and Larson (1993) observed an active profile height of
about 5 m from beach profile surveys (see also Larson and Hanson 2013). Thus,
setting m = 0 and assuming a rectangular spit cross-sectional shape (i.e., 1) = 1; see
Eq. 12.2) yields a Q;, of about 10,000 m3/year. However, for another shape, for
example, trapezoidal, Q;, would be about 25,000 m3/year after suitable assumptions
about side slopes (»=2.5). There is limited information on the net sediment
transport along the Skanor-Falsterbo Peninsula, but Larson and Hanson (2013)
estimated it to be about 40,000 m3/year south of the harbor from numerical
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Fig. 12.2 Fit of analytical solution for unrestricted growth to data on spit elongation from Skanor-
Falsterbo Peninsula in Sweden

modeling, and about half of this transport would pass the harbor and feed the spit.
Thus, the value on Q;, obtained from the analytical solution is in agreement with the
data existing from the site.

12.4.2 San Bernard River Mouth, Texas

San Bernard River mouth is located in Texas on the Gulf of Mexico coast (see
Kraus and Lin 2002). The river is a small stream with limited flow and sediment
transport. East-west directed sediment transport along the coast makes the mouth
subject to spit growth and closure. Dredging of the river mouth has been carried out
periodically since the 1940s to satisfy navigational requirements and to prevent
closure.

Kraus and Lin (2002) presented data obtained from aerial photos on the spit
length as well as on the width of the spit and the width of the river mouth (see also
Kraus and Seabergh 2002). These data showed that the spit grew linearly in the
westward direction with an almost constant width of 300 m. The time period
covered by the aerial photos was from April 1989 to July 2001. In the present
analysis the length of the spit was simply referenced to the location on the first
photo. Beach profiles around the river mouth were also surveyed at three occasions
with a distance between transects of about 30 m. The spit displayed an approxi-
mately trapezoidal shape, except close to the tip, with a maximum elevation of
1.5 m above mean low tide.
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Fig. 12.3 Fit of analytical solution for unrestricted growth to data on spit elongation from San
Bernard River Mouth, Texas

Figure 12.3 illustrates how well the analytical solution for unrestricted spit
growth (Eq. 12.8) could be fitted to the data on spit elongation from San Bernard
River mouth. By employing the solution for unrestricted growth it was assumed that
the erosion of the spit due to the river flow is negligible, which is in accordance with
the observed weak flow in San Bernard River. The best fit gave an elongation rate of
k =168 m/year for the time period studied. The effect of varying & is also shown in
the figure by plotting the spit evolution for k-values that are 20 % more and 20 %
less than the best-fit k. Although the data indicate somewhat more rapid spit growth
during the latter part of the studied period, a linear fit seems to work well.

The profile data obtained by Kraus and Lin (2002) yielded an estimate of the
active profile height of about 6 m, which would yield a transport rate feeding spit
growth of Q;, = 300,000 m*/year for a rectangular spit shape. However, a detailed
analysis by Kraus and Lin (2002) of the spit and river mouth bathymetry showed a
limited depth in the mouth that would indicate that a lower active profile height
contributing to spit growth; that is, sediment transported at a depth below the river
mouth depth would bypass the mouth and not contribute to the spit growth. Such an
interpretation would give D=3 m and Q;,= 150,000 m>/year (rectangular spit
shape). For this value on D, B and D, would be approximately the same and
=1 (Eq. 12.2). The value on Q;, is in agreement with the estimate of Kraus and
Lin (2002) provided based on their measurements and also in the range of previous
studies.
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12.4.3 Corpus Christi North Beach, Texas

Corpus Christi Beach is a bay shore located on the western side of Corpus Christi
Bay (Kraus 1999), which is connected to the Gulf of Mexico mainly through
Aransas Pass. The beach is approximately oriented north-south and is presently
contained by a jetty at its southern end and a groin at its northern end. During the
time of observation, however, there was no groin at the northern end and sediment
could be transported towards the north without any interruption.

In October 1977 the US Army Corps of Engineers started to construct an
artificial beach consisting of close to 400,000 m> of silt overlaid by 300,000 m>
of sand (mean diameter 0.4 mm). Longshore sediment transport to the north
immediately started to build a spit at the northern end that grew towards the opening
to Nueces Bay (Kraus 1999). By 1982 the spit had extended more than 600 m and
started to impinge on the causeway passing the opening to Nueces Bay. Kraus
(1999; see also Kraus and Seabergh 2002) digitized aerial photos to document the
spit location at specific times, including the spit length and the spit width. The
period of analysis extended from 1977 to 1984, where the spit growth during the last
few years was affected by the causeway, as observed through an increase in width.
During the major part of the spit growth, the width remained fairly constant, being
about 20 m, whereas towards the end of the investigated period when x, > 500 m the
width increased to about 30 m close to the tip.

Figure 12.4 displays the fit of the analytical solution for unrestricted spit growth
(Eq. 12.8) to the data on spit elongation from Corpus Christi North Beach. The
optimum value on k was estimated to 80 m/year, and lines corresponding to 20 %
more and 20 % less than the best-fit k are given as an indication of the sensitivity
towards k. A linear fit describes the spit elongation well, although there is a
tendency for the rate to decrease towards the end of the period, probably related
to the impingement on the causeway and the spreading out of the spit. Beach profile
surveys were conducted in order to monitor the beach fill and from that Kraus
(1999) estimated and active profile height of 3.5 m. Thus, for a rectangular spit
shape Q,, becomes about 5,500 m*/year, whereas if a trapezoidal shape is assumed
based on the surveyed profile shape, 1) =2.0, implying Q;,= 11,000 m>/year.
Kieslich and Brunt (1989) calculated the longshore sediment transport to be about
9,000 m’/year based on repetitive profile surveys and Kraus (1999) obtained
0;»= 8,500 m>/year using his analytical model for spit growth.

12.4.4 ERDC Physical Model Study

No data sets from the field were available to validate the analytical solutions
developed for varying spit cross-sectional area (i.e., width) and active profile
height, as well as for the influence of a current (river or inlet) on spit erosion.
However, one data set from the laboratory discussed by Kraus (1999) and Kraus and
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Fig. 12.4 Fit of analytical solution for unrestricted growth to data on spit elongation from Corpus
Christi North Beach, Texas

Seabergh (2002) was found suitable for this purpose, although the documentation of
the experiment is rather limited. For the present purpose enough information could
be extracted from the existing papers to perform a satisfactory validation of the
analytical solutions developed.

In the late 1990s the Coastal and Hydraulics Laboratory of the US Army
Engineer Research and Development Center (ERDC) constructed a physical
model to study processes around inlets (Seabergh 1999). The model consisted of
a 46 m wide, 99 m long, and 0.6 m deep concrete basin with parallel depth contours
in the offshore that followed an equilibrium profile (Dean 1977). An inlet was built
on the bay side of the model having an opening width of about 2.5 m and a
maximum water depth in the inlet just over 0.15 m. The basin was equipped with
a wave generator on the ocean side, and tidal flows could be induced through a
pumping system.

One experimental study carried out in the model encompassed spit evolution and
its interaction with the inlet flow (Kraus and Seabergh 2002). Sand with a median
grain size of 0.13 mm was placed in the model to build a beach updrift the inlet and
waves approaching at an angle of 20° created a longshore transport that built a spit
penetrating into the inlet. In total 22 experimental cases were carried out with
different wave conditions and tidal flows. Measurements were performed of the spit
properties (e.g., length and width) during the experiment. Kraus (1999) presented
some cases pertaining to the growth of the spit width towards equilibrium at
selected locations along the spit and spit elongation for the cases of no current in
the inlet and a steady flood current in the inlet. These data will be employed here to
validate the analytical solutions.
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The experimental case from Kraus (1999) displaying the development of the spit
width towards equilibrium at different locations was first utilized for comparison
with Eq. 12.9. This equation was developed for unrestricted growth, although it
may also be employed for the case of a constant transport rate at the inlet (Q,,,), if
the solution is multiplied with an appropriate factor as discussed above. The data
were given in terms of the spit width (W), whereas the analytical solution includes
the cross-sectional area A;. Thus, a conversion based on the spit cross-sectional
shape is needed (e.g., Eq. 12.2 for a trapezoidal shape). However, if the active
profile height is not changing, as well as the shape factor ¢, then A (and A,) may be
replaced directly by W (and W,) in Eq. 12.9.

When comparing Eq. 12.9 with the data some parameters have to be set that are
not known a priori, including m and the factor Q;,/(Di). These values were
calibrated through a least-square fit with the data. Furthermore, W, needs to be
specified as well, which was done based on observations, yielding a value of
0.65 m. Since some effects are expected regarding spit growth from the inlet flow,
the data was placed in two groups that displayed similar growth behavior and for
which the net supply of sediment (Q;,—0,,,) would be different. In reality, this net
supply would gradually decrease with time, but in order to simplify the data com-
parison, this grouping was applied. In fact, data from a location close to the tip of the
spit could have been yet another group, but these data were very limited and thus not
included. The first group of data included the measurements of Wy as a function of
time () at the locations x = 0.3, 0.6, and 0.9 m downdrift the inlet side from which the
spit growth started, whereas for the second group x=1.2, 1.5, and 1.8 m.

Figures 12.5 and 12.6 illustrate the obtained agreement with the data for the first
and second group, respectively. The best fit was obtained for m = 1 for both groups,
whereas the optimum value on the transport parameter Q;,/(Dvy) was 0.018 and
0.010 for the first and second group, respectively (note: Q;, in this expression
represents the net supply to the spit). The agreement obtained indicates that the
simple approach to model the growth of the spit cross-sectional area, resulting in
Eq. 12.9, works satisfactorily. The general trend in the measured evolution of W is
well reproduced together with the magnitude, although the latter relies mainly on
the calibration procedure. The transport was smaller for the second group, as
expected, since the reduced inlet cross section would have increased Q,,, (and
reduced the net supply of sediment to the spit), which should be of greater
importance at the more downdrift locations included in group two.

Another set of data presented by Kraus (1999) encompassed spit elongation into
an inlet for no tidal current. This corresponds to unrestricted spit growth, but since the
water depth varied as the spit penetrated into the inlet, the linear behavior predicted
by Eq. 12.8 failed to describe the observed response. Thus, Eq. 12.11 describing the
spit evolution for an active profile height increasing exponentially towards a maxi-
mum value was employed. The solution is valid for m = 1, which corresponds to the
best-fit value obtained when the time evolution of W, was studied.

In the least-square fitting of Eq. 12.11 to the data, three parameters have to be
specified, namely a, Q;,/A%, and AD/D,,. As previously discussed, for small values
on x;, the solution to Eq. 12.11 reduces to x; = 2Q,,t/A?, whereas for large values
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Fig. 12.5 Measured and calculated evolution of the spit width at different locations from the
ERDC experiment for the first group of data
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Fig. 12.6 Measured and calculated evolution of the spit width at different locations from the
ERDC experiment for the second group of data
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on x; it becomes x; = 20;,t/A°. Viewing the data presented by Kraus (1999), both
the earlier and latter phase of spit growth can be approximated by straight lines,
although with widely different slopes. The best-fit linear slope is k, = 4.5 for small
X, and k., = 0.45 for large x,. For constant Q;,, the ratio k, /k., is equal to 1+ AD/
D, which for the present case indicates AD/D,=9. This value seems high, yielding
a quite low value for D, but it will still be used here since detailed information
about the inlet cross-sectional bathymetry is lacking.

Using AD/D, =29 in the fitting procedure, optimum values on the two remaining
parameters became o =0.8 and Q;,/AJ = 0.043. The least-square fitting was done
utilizing a Newton-Raphson technique to solve for x, for specific ¢z, since Eq. 12.11
is implicit. Figure 12.7 illustrates the agreement between the analytical solution and
the measured data. The analytical solution catches the trend of spit elongation well,
even though it underpredicts a bit during the initial phase and overpredicts during
the final phase. The optimum value on the transport parameter for the present case
was similar to the optimum value obtained for the spit width modeling, after
correction with regard to the geometry.

The final case studied from the ERDC experiment presented by Kraus (1999)
involved spit elongation under the influence of an inlet current. The analytical
solution given by Eq. 12.14 was employed for this case and m = 1 was assumed. In
Eq. 12.14, there are two parameters to assign, namely & and Q;,/A.. However, at
equilibrium x,, = x;(1 — v/3), so if x,, and x; are known & can be calculated. In the
present case, x,, was estimated to be about 2.1 m and x; close to 2.5 m, implying
6 = 0.04. Using this value on §, Eq. 12.14 was least-square fitted to the data yielding
an optimum value on Q;,/A, = 0.019. A Newton-Raphson technique was also used
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Fig. 12.7 Measured and calculated spit elongation from the ERDC experiment for a case with
penetration into an inlet without flow
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in this case to obtain x, for a specific ¢, since Eq. 12.14 is implicit as well.
Figure 12.8 shows the agreement between calculated and measured spit elongation.
Although the agreement is good initially and when x,; approaches equilibrium, the
measured evolution exhibits a somewhat different behavior during the intermediate
period of spit growth.

An alternative, more direct way to estimate Q;,/A., would be to use the asymp-
totic solution (i.e.,x; = x;(1 — 8)t/t,) for small x; to get an optimum estimate of this
parameter. This estimate would then be used in the complete solution. The dashed
line in Fig. 12.8 shows the result of this method. A better agreement is obtained
initially, but for intermediate values the discrepancy with the measurements
become even larger than when all points were included in the fit. Overall, the
comparison between the analytical solution and the measurements indicate that the
formulation used for Q,,,, seems to work initially, but as x; becomes a large portion
of x;, the formulation becomes a poor description of how Q,,, varies with x;—x;.
This is expected since the assumption of a maintained flow is not suitable when a
large portion of the inlet is closed. Instead a more detailed model for the inlet flow is
needed, but such a model would not facilitate an analytical approach.

12.4.5 Fire Island Inlet, Long Island

Fire Island Inlet (FI) is located on the south shore of Long Island and is one of
several inlets that contribute to the water exchange between the Atlantic Ocean and
the Great South Bay (see Fig. 12.9). The inlet is located at the most western point of

2.5 —
2 - o
'

- ’ .
S /!
3 ‘
~ 1.5 - ’
£ / ®
g '

T . e
3 ) _
2 17 s ® measured
7]

i Fd calculated

" |- = = = calculated (lin.)
— ’
05 o
r
q 7
L/
0 L ' L] I L] I
0 40 80 120

Elapsed Time (min)

Fig. 12.8 Measured and calculated spit elongation from the ERDC experiment for a case with
penetration into an inlet with flow
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Fig. 12.10 Recorded spit growth at Fire Island Inlet (Courtesy of U.S. Army Corps of Engineers)

a sandy barrier island, which also includes two other major inlets, namely
Shinnecock Inlet (SI) and Moriches Inlet (MI). The net longshore transport rate
along this barrier island is to the southwest with an average annual rate gradually
increasing from zero at Montauk Point to about 200,000 m*/year at FI, with some
local variation at SI and MI (Kana 1995; Rosati et al. 1999; Larson et al. 2002b).
FI has existed since the early 1700s (Smith et al. 1999) and the western tip of the
barrier island has grown in the direction of the net longshore transport, creating a
spit, forcing the inlet to move towards the west. Figure 12.10 illustrates the growth
of the spit from the early 1800s based on data from Kana (1995) and Kraus and
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Fig. 12.11 Modeled and measured spit elongation at Fire Island Inlet

Seabergh (2002). In 1939 a jetty was constructed to prevent the movement of the
inlet, halting the spit growth. However, in the mid-1950s sand started to bypass the
jetty and fill in the channel, requiring periodic dredging to maintain navigational
conditions. Eventually, this bypassing enabled spit development west of the jetty
(Hoan et al. 2011).

In order to realistically model the spit elongation a number of complicating
factors that preclude an analytical approach must be taken into account, including a
time-varying net longshore sand transport (Q; ), the construction of the jetty, and the
dredging of the inlet. Hoan et al. (2011) employed a numerical model to simulate
the spit elongation using a regional coastal evolution model to predict Q; combined
with a spit growth model based on Eq. 12.1. The spit width and depth of closure
were kept constant (W,=500 m and D.=8 m, respectively), but Q,, and Q,,,
varied in time depending on Q;, dredging, and the presence of the jetty. Thus, the
spit was subject to restricted growth with the inlet sediment transport and dredging
contributing to Q... The sand transport in the inlet was calculated with the formula
proposed by Watanabe et al. (1991), similar to the expression used to arrive at
Eq. 12.12. The coastal evolution model used for simulating Q; is described in detail
in Hoan et al. (2011; see also Larson et al., 2002b), and here only the spit growth
will be discussed.

Figure 12.11 illustrates the result of modeling the spit growth on the eastern side
of FI. The location of the spit in 1825 was arbitrarily set to x; =0. The measure-
ments clearly show the influence of the jetty and the dredging, which significantly
affected the spit elongation rate (the measurement from 2010 was added by Hoan
etal. 2011, based on a satellite image). Several decades after the construction of the
jetty spit growth ceased completely, initially due to the blocking effect of the jetty,
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but after about a decade dredging was needed as well to prevent further spit growth.
After the implementation of proper boundary and forcing conditions, the model
yields good agreement with the measurements. Note that during the time period
when the spit was free to grow (i.e., before the jetty construction), the FI moved
accordingly, leading to an elongation rate that was close to constant, similar to
unrestricted growth described by Eq. 12.8.

12.4.6 Chilaw Inlet, Sri Lanka

Chilaw Inlet (CI) is located on the west coast of Sri Lanka about 120 km north of the
capital Colombo. During the summer monsoon (May to December) strong waves
produce a net longshore sand transport to the north that tends to close many inlets
on the west coast, including CI, since the tidal range is too small and the river flow
too low to keep the inlets open. The closure of CI occurs through spit growth across
the inlet, typically starting during the month of May (Wikramanayake and
Pattiaratchi 1999). Towards the end of July the inlet mouth is normally artificially
opened to allow for safe navigation; the lagoon serves as anchorage for a large
number of fishermen (Baranasuriya 2001; Ranasinghe and Pattiaratchi 1997). In
October or November, the flow in the nearby Deduru River will be strong enough to
flush away the spit and the inlet becomes open again.

Figure 12.12 provides an aerial photo of CI, a schematic description of the most
important morphological units around the inlet connected with the spit growth, and
a view of CI looking south. At the start of the monsoon (May), increased wave
action initiates a marked longshore sediment transport towards the north, passing a
sandstone reef before reaching CI. Also, on top of the reef, a sand dune is normally
formed during calm condition that is eroded away by the monsoon waves, contrib-
uting to the northward sediment flow. When the sediment reaches CI, two pathways
are possible at the tip of the reef: sediment will move (1) around the tip of the
sandstone reef and initiate a growth of the sand spit across the inlet or (2) seaward
and be deposited on the ebb shoal. Wave refraction, breaking, and diffraction occur
at the inlet because of the ebb shoal and the sheltering sandstone reef, causing
onshore movement of sand from the shoal to the spit. Thus, a combination of cross-
shore and longshore transport causes the spit growth and eventually inlet closure
(Wikramanayake and Pattiaratchi 1999; Ranasinghe et al. 1999).

Figure 12.13 illustrates in a schematized manner the sediment transport path-
ways and morphological units identified at CI (Larson et al. 2009). The rate Q,y is
the longshore sediment transport from the beaches south of the reef and Q) is the
transport from the dune on top of the reef. The transports Q;v and Qp yield the
sediment flow to the reef beach that will determine the outflow from the this beach
(Or) When the transport Qp reaches the tip of the reef it is divided into two transport
components: (1) the first component, caused by diffraction behind the tip, generates
an easterly transport across the inlet, initiating the spit growth, and (2) the second
component generates a transport in the north-east direction to the ebb shoal. The
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Fig. 12.12 Spit growth at Chilaw Inlet on the western coast of Sri Lanka; (a) aerial photo of the
inlet, (b) schematized description of morphological units and sediment transport pathways, and (c)
photo of the inlet looking south

ebb shoal connects the sediment pathways from the reef beach, spit, and the down-
drift side of the inlet. Sediment comes to the ebb shoal from Qf or from the spit
(Qc¢) when the inlet current is strong and erodes the tip of the spit.

Sediment leaves the ebb shoal through sediment bypassing (Qoy7) or through
QOp, which is the wave-related cross-shore transport. The reservoir model by Kraus
(2000) was used to describe the ebb shoal as well as the reef beach (see Eqgs. 12.17
and 12.18). The cross-shore transport (Qz) may either be onshore or offshore
directed, depending on the wave and sediment conditions. In the modeling, a
heuristic formula for Oy was employed where the rate depends on the dimension-
less fall speed (see Larson et al. 2009). The spit loses sand through the transport
generated by the inlet flow (Q¢), where the material moves both towards the lagoon
and the ebb shoal due to the tidal flows. The CERC formula was employed to
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Fig. 12.13 Schematized description of morphological units and sediment transport pathways at
Chilaw Inlet

calculate Qyy from a time series of measured waves, representative for the monsoon
period. The erosion of the dune on top of the reef beach (Qp) was estimated from
the formula proposed by Larson et al. (2004).

The evolution of the three morphological units (the reef beach, ebb shoal, and
spit) is governed by the following sand conservation equations,

dv
d_tR:QlN+QD —Og (12.19)
dVg
7 = (1 - }‘)QR +¢e0c — O — Qour (12.20)
av.
=40+ 0r — Qc (1221)

where Vy is the sediment volume stored along the reef beach, ¢ time, Vi is the
volume in the ebb shoal, € determines the relative amount of sediment that is
deposited on the ebb shoal, A a coefficient determining how much of Qf that is
transported to the spit, and Vg the volume of sediment stored in the spit. The output
of sediment from the reef beach, Qg, and the ebb shoal, Q,y7, is modeled using the
reservoir concept,

Vv
Or = (O + Qp)y - (12.22)
RE
1%
Qour = (1= N0k +£Qc)y (12.23)
EE

where Vgp and Vg is the equilibrium volume of the reef beach and ebb shoal,
respectively.

In the spit modeling, a constant Q. was assumed that is smaller than the
sediment inflow to the spit (Qs=AQr+ Qr > Oc). This implies that the channel
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Fig. 12.14 Modeled and measured spit elongation at Chilaw Inlet

maintains its transport capacity Q. and that the excess transport Qg-Qc will
produce the spit growth. The growth of the spit may be computed from:

dx; Qg —0Oc¢
S _=S  =C 12.24
dt WD ( )

where Eq. 12.21 was used assuming Vg =x,W,D (W, and D are taken as constants).

A field campaign was carried out from the 20th of May to the 30th of July in
2006 to survey the topography of the spit, sand bar, and part of the barrier island
(Angelbratt and Kluft 2007). The surveys were performed using both a leveling
instrument and a total station. Seven field days yielded sufficient data for detailed
analysis of the spit growth, namely the dates 060528, 060611, 060702, 060708,
060715, 060723, and 060730 (year, month, and day). Based on these field data, the
width of the spit was set to W;=40 m in the modeling.

Equations 12.19, 12.20, 12.21, 12.22, 12.23, and 12.24 was solved simultaneously
using a numerical approach to simulate the spit elongation taking into account the
interaction with the other morphological units. Figure 12.14 illustrates the agreement
between the simulated and measured spit elongation for the month of July when a
clear spit emerged. After 90 days (the 30th of July; the simulation was arbitrarily
started on May 1st), a spit length of about 800 m was obtained in the model, which
corresponds well to the measured spit length. From observations of the morphological
response, it seems like the spit grows at a slower rate early in the monsoon, during
May and June, and later, in July, the growth accelerates. The basic model shows this
behavior, and during the first 50 days the spit growth is retarded, after which the spit
grows at an almost constant speed. This speed is obtained when the reef beach has
reached its equilibrium volume and all the sediment from the south is bypassed.
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In order to solve the set of equations, a number of coefficients and quantities had to
be assigned values, which was done based partly on existing empirical equations and
partly on observations and data from the site. The equilibrium and initial volume of the
reef beach were estimated to 70,000 m> and 10,000 m°, respectively, whereas the ebb
shoal equilibrium volume was computed to 8,000 m® according to the formula
presented by Walton and Adams (1976). The ebb shoal was assumed to contain
about 4,000 m® sand when the south-west monsoon starts. The transport rate O was
calculated to 200 m®/day as a representative value using the transport formula
developed by Camenen and Larson (2005). The two non-dimensional parameters
was set to A =0.55 and € = 0.5. The former value was determined through calibration,
requiring that the correct spit length was obtained at the end of the measurement period,
whereas the latter value was based on the assumption that the tidal flow was sinusoidal.

12.5 Concluding Remarks

The mathematical model of spit growth was employed to describe the observed spit
evolution both in the laboratory and the field for a wide range of hydrodynamic and
sedimentary conditions. In order to solve the governing equation together with the
appropriate boundary and forcing conditions analytically, schematization and sim-
plifications were necessary. However, in spite of these simplifications, observed spit
growth could be well reproduced with these solutions. For the more complex field
cases studied, where the interaction between the spit growth and adjacent morpho-
logical features had to be included in the modeling, the system of equations devel-
oped could not be solved analytically, but numerical techniques were required.

In general, the behavior and trend of the spit quantities simulated (e.g., length,
width) were satisfactorily described by the mathematical model; however, to obtain
the correct magnitude of these quantities, the values of different parameters and
coefficients had to be determined through calibration against data. Thus, in any
application of the spit model developed in this study, in order to yield robust and
reliable results, comparison with data is necessary for proper validation and selection
of appropriate parameter and coefficient values.

The basic formulation of the model assumed a spit growth in the direction of the
longshore sand transport and the main shoreline trend. No effort was made to
include recurved, compound, and complex spits. In general, for simulating such
spits, an approach is needed that resolves the two-dimensional transport field. Kraus
(1999) modeled a recurved spit employing a heuristic description of the evolution
by directly specifying the cross-shore movement of the spit in terms of location and
the velocity at the tip. Such a model will reproduce the recurving behavior of a spit,
but the pre-specification of the velocity is difficult.
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Chapter 13

Spits on the French Atlantic and Channel
Coasts: Morphological Behaviour

and Present Management Policies

Hervé Regnauld, Stéphane Costa, and Jonathan Musereau

Abstract Spits are present all along the Channel and Atlantic coasts of France.
They belong to different types, depending on their composition and genesis. Some
of them were initiated when RSL stabilized about its present level, 2,500 years ago.
Many others are much more recent and were created when major land-use changes
took place in mainland watersheds. Soil erosion increased the fluvial sediment
supply and many river mouths were stabilized. All these spits continue to evolve
under variable degrees of human control (mainly on sediment delivery). This paper
present three examples (Arcay, Talbert, Cayeux) which illustrate the main types of
issues faced by coastal planners dealing with spits in western France.

13.1 Introduction

Spits are frequent features along the French Atlantic and Channel coasts: a large
part of the coast lines follow an east-west trend and the dominant wave directions
are from the west (Fig. 13.1). Consequently, longshore drift is very active. There is
a significant difference between the Channel and the Atlantic coasts. In the Chan-
nel, dominant waves are from the west, irrespective of the path of low pressure
systems. Most of the storms are also from the west. From Ushant to Dunkirk
(Fig. 13.1) drift-aligned features may be found almost at each river mouth. Excep-
tionally, in a shallow bay just east of a important cape, wave are refracted and a spit
may grow from east to west, such as in Sables d’Or, along the Channel coast. On the
Atlantic coasts of the Bay of Biscay, low pressure systems may have many different
paths and waves may come from anywhere between South and North West. From
Ile de Sein to the Loire estuary, the coast follows a northwest—southeast trend.
Dominant waves vary between west and southwest. Drift-aligned features are not
very frequent, though some of them are very long, such as in Quiberon. Between the
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Fig. 13.1 Location of the main spits mentioned in the text

Loire estuary and the Gironde estuary (a north—south trending coast, with many
bays), dominant waves are from the west but many islands and river mouth create a
complicated pattern of local wave directions. South of the Gironde, the entire coast
is drift-controlled (dominant waves from west/northwest) and the sediment from
the estuary is moved south to the Pays Basque, where it is evacuated seaward by a
very steep submarine canyon the head of which reaches almost to the coast : the Cap
Breton Gouf (Gouf meaning canyon).

Most of these spits have a high present morphological variability and have been
creating problems for local coastal communities for centuries. They could extend
and temporarily close the entrance of a harbour (e.g. in Bethaon, Baie de la Vilaine,
South Brittany, Traini 2009), they could produce sand banks and change the
channels between an island and the main land, such as in Oléron (Bertin 2008).
More recently with the rise of coastal tourism and recreational sailing, moving spits
have been seen as problems because they make navigation difficult, such as in La
Courbe (Bressolier 1979). Many of them were reinforced by dykes or wooden
fences as early as 1832 in Oleron Island, (Musereau et al. 2007) and 1906 in Pointe
d’Arcay spit (Verger et al. 1972) so that they could withstand storms without
being breached. The general issue in their management is the input of sediment.
The spits are not fed by enough material to remain in equilibrium with the present
wind and waves conditions, though local situations are very different from one site
to the other.

In a first part this paper will present three examples which may serve as
archetypes. The first one is a perfectly natural feature. It is a 3 km-long gravel
spit, the Sillon de Talbert which is located on the northern coast of Brittany and has
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been extensively studied during the last 50 years. The second one in the Vendée and
Charente regions, Pointe d’Arcay is a “man-made” sandy spit which began to
appear during the eighteenth century when the mouth of a river, Le Lay, was totally
modified in order to create large polders. The third one is the Cayeux spit, at the
Somme river mouth. It is a very good example of a natural feature the evolution of
which is now entirely controlled by human activities.

In a second part the paper will address general issues about spit management
from two different points of view: from one perspective they can be seen as
protecting vulnerable low lands and if breached by storms floods cause impacts
on human activities in the lowlands, from an alternative perspective spits are
dynamic landforms and part of the geomorphological heritage and should be
considered as mobile forms.

13.1.1 Spits as Mobile Features

The many spits along the French coasts are of different types. Some of them (Cap
Ferret, Talbert for instance) are old features, dating at least from the late Holocene
RSLR (Stephan 2011) and are believed to behave today in a similar way as they did
in the past. Some are more recent and historical data shows they begun to grow
when land use and coastal management modified heavily the sediment cells and
delivered more material to the coast (e.g. Fleche de 1’Aiguillon, de Verbois-Oleron
island, d’Arcay...). Others display the opposite situation: human activity has
interrupted the sediment input and they are, today, undergoing a deficit.

13.1.2 Sillon de Talbert Spit

The Sillon (sillon means spit and tombolo in French) is a gravel spit (Fig. 13.2)
which extends about 3 km seaward and ends with a large hook. The Sillon de
Talbert has been used for years by sea weed gatherers. They came on the spit with
wheels carts, and later with small lorries at low tide and collected sea weed for a
local factory. This spit has been extensively studied because any time a storm
created a breach, sea weed gathering was interrupted. This happened in 1962 and
in 1967. In 1974, rocky armour was installed on the seaward flank of the proximal
end of the Sillon. This held the shoreline, but shifted the focus of erosion further
along the spit A subsequent proposal was to enclose the gravel with a textile sheet
(1987). A test installation on a short part (about 250 m long) of the center of the
spit was unsuccessful since the spit continues to retreat. The test zone was then
extended towards the spit hook but was not more efficient. So, the device was
abandoned.
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Fig. 13.2 Synthetic geomorphological behaviour of Sillon de Talbert spit. / Coastline 1775;
2 coastline by 1837; 3 coastline by 2010; 4 low cliff with periglacial head furnishing sand;
5 intertidal skerries furnishing gravel; 6 gravel ridge accumulation (with local areas of retreat);
7 sand accumulation (with local areas of retreat)

In order to understand the spit behaviour studies have been undertaken as early
as 1980 by the French Geological Survey, then by Hallegouet et al. (1989),
Regnauld et al. (1993), Pinot (1994), Morel (1995) and later by Stephan (2011).

The Sillon appears on a 1666 map and is also visible on maps in 1764, and 1789.
The oldest air photos go back to 1930. As the maps are not very precise the
measured movements have an unknown error margin. Between 1775 and 2000
the Sillon was retreating via roll over at a rate of 0.5—-1 m a year. During the same
period it lengthened by 200-250 m. From 1930 to 2000, (for which a higher
precision is achieved) the retreat rate is highly variable. Stephan (2011) showed
that it is above 4 m a year between 2006 and 2008 but was only 0.25 m a year
between 1998 and 2006.

An important point is that this spit is not mainly fed by longshore drift. Some
parts of the low cliffs which are located updrift are covered with periglacial head
deposits and they produce some sediment (caption 8 of Fig. 13.2), some gravel and
mainly sands which accumulate at the base of the spit. This source has been very
active during historical times but is almost completely spent today and the most
important present source sites are the skerries (small eroding topographic highs)
which are located in the intertidal zone (caption 9 of Fig. 13.2) and produce short
trailing spits in the direction of the Sillon. This Sillon is much more a swash-aligned
feature than a drift-aligned feature.

For this reason, by the year 2000 the French “Conservatoire du Littoral”, which
is in charge of managing large parts of the coasts decided to let the Sillon retreat and
behave “naturally”. In 2006 it was designed as a natural preserve. The only heavy
interventions are undertaken when a storm creates a large breach in the spit. The
breaches are artificially sealed.
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13.2 Pointe d’Arcay Spit (Fig. 13.3) and Belle
Henriette Lagoon

The Le Lay river mouth was initially a delta-like feature. The river had several
arms and was able to shift from to another if a large storm took place during high
waters season and high spring tide. The local population decided to channel the
river into one single arm, so that the rest of the area could be turned into polders,
locally named “prises”. The almost immediate consequence was that the abandoned
delta eroded very quickly (Cooper and Pilkey 2004). A spit began to grow from the
eroded delta sediment. It is not mentioned on Cassini’s map (1767) but was already
4 km long in 1850. The lagoon which is between the spit and the main land is called
“Belle Henriette”. By the beginning of the twentieth century the entire former delta
material was dispersed. The sediment input is considerably reduced, although not
totally absent, as some sand is moved from updrift areas. Now the spit is
cannibalising itself (Orford et al. 2002) and the retreat rate between 1880 and
1905 is 1 m/year. The storms are often able to breach it more frequently. The
polders were flooded in 1906 and a 600 m long dyke was built. The spit was
breached once more in 1911 during the peak of a spring tide. The army quickly built
a new dyke, which was destroyed in 1928, then rebuilt. Another flood took place in
1930, and again in 1957. During that time (from 1906 to 1960) the distal part of the
spit extended by some 2 km (Galichon 1984).

At the beginning of the 1970s the risk of breaching posed such a risk to the polders
and back-barrier villages that groynes were built across the beach in order to stop the

s R P ) s P e PO T R s

Fig. 13.3 Synthetic geomorphological behaviour of the Pointe d’Arcay spit. Caption 1-4 shows
the different positions of the coastline with a variable error margin (in space and in time).
1 Coastline by 1824; 2 coastline by 1960; 3 coastlines by 2000; 4 coastline by 2010. 5 former
river mouth material eroded after the river is diverted; 6 zone of cannibalisation. 7 Sand accumu-
lation (with local areas of retreat); § artificial devices, mainly groynes; 9 present accumulation
zones along the spit
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drift. They also had the effect of preventing southward growth of the spit. The first
scientific studies (Verger et al. 1972) presented a map, which at this moment is the
only analysis of the spit behaviour: it does not show the successive positions of the
coastline but the main wave patterns and sediment fluxes. With this map the
scientists present a list of all the processes that control the spit behaviour. From
that moment (this was an unexpected consequence of the map) the local people begin
to accept the idea that the spit behaviour is characterised by a great variability. The
amount of sand varies during the year and there are always one or two places which
have lower resistance than others. It means a breach may always happen and not
always in the same spot. Instead of building one single long dyke all along the spit
the local authorities built a short dyke and set some groynes where they thought the
breach would be the most dangerous. Storms of 1999 and 2008 produced floods
through breaches located elsewhere and the present situation is alarming. Down drift
of the groynes the retreat rate is 2—4 m/year (Musereau 2010). The present issue for
coastal managers is to consider if such an artificial feature can or should be
maintained for ever in its present condition as most of its sediment source is spent.

The debate is intense. The spit is an artificial feature because it was created when
local people changed the course of the Le Lay river. But once it begun to grow, it
has been behaving as a natural feature for about 100 years. When the first dykes
were built they were always located along the proximal part. The distal part of the
spit has never been managed, nothing has ever been built on it and it may be
considered (according to Tounsi and Verger 2007) as a natural feature. It extended
by 4,000 m between 1850 and 2000 and several scientists think it is one of the best
examples of coastal mobility. They think it should be taken as a part of the French
geomorphological heritage and should be considered as a laboratory for monitoring
relative sea level rise impacts on mobile coastal features.

13.3 Cayeux Spit

This gravel spit is also called Fleche des Bas Champs (Fig. 13.4) is about 16 km
long. It extends from a series of chalk cliffs which contain many flint layers. The
proximal section, from the cliffs of Normandy to the village of Cayeux is 7 km long
and is a 110-150 m thick gravel ridge with one single crest, about 8 m high (above
French 0 m sea level). The second part, north of Cayeux is a 5 km-long multi-ridge
complex. It may comprise as much as seven ridges for a width of 600 m. The last
part is about 4 km long and is a highly mobile accumulation of one single gravel
ridge overlying sand banks (Costa 1997; Dolique 1998; Dolique and Anthony
1999). According to ancient maps (the first one dating back to 1754) this spit has
not changed considerably in overall morphology. The accuracy of the maps is,
however, difficult to assess, especially at the root of the spit, where it leaves the cliff
(Ault harbour), therefore no precise conclusion may be drawn. It seems that the
mouth of the river Somme has had many different arms (or channels) and that one
of them used to flow along the spit, to the south, during the nineteenth century.
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Somme
estuary

Fig. 13.4 Synthetic geomorphological behaviour of Cayeux spit. / Coastline of by 1745; 2 coast-
line by 2000; 3 high cliff retreating and producing flint gravel; 4 abandoned cliff; 5 gravel ridge
accumulation (with local areas of retreat); 6 artificial devices, mainly groynes; 7 present accumu-
lation zones along the spit

The spit began to grow about 2,500 years ago (Broquet and Beun 1981) and was
fed by the erosion of the updrift cliffs which produced 20-30,000 m> of gravel per
year. During the nineteenth and twentieth centuries many harbours (Fécamp,
Dieppe) and jetties were built outside estuaries along the cliffs and at two nuclear
plants in Paluel and Penly. Longshore drift has been interrupted and today, only
2,000-3,000 m® of sediment reaches the spit. The consequences were easy to
forecast and gravel extraction was forbidden and groynes were built in an effort
to sustain the spit. A first series of 90 groynes, each one 90 m long and separated
from the next one by 90 m was erected between 1964 and 1984. Gravels taken from
the updrift area of the nuclear plants were brought to the spit (estimated to be about
780,000 m°> between 1984 and 1994). After a storm in 1990, 35 more groynes were
built and about 24 more are considered today, though the decision is not taken yet.

13.3.1 Spits and Coastal Management

The three above-mentioned spits are good examples of the variety of situations
coastal managers have to cope with. The first issue deals with short term events and
is about flood risks. The second one has a longer scope and deals with coastal
behaviour, storminess changes and RSLR.
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13.4 Spits, Breaches and Floods

In recent years (2008, 2010 and 2011) coastal floods have destroyed many houses
and killed many people in France. The most spectacular event (Storm Xynthia,
January 2010) happened in the region of Vendée Charente and the Pointe d’Argay
was one of the flooded sites. In 2008 a very strong storm (called Johanna) has
produced floods in Cayeux and in Talbert (Suanez 2010). The peak of these storms
(fast winds, surge) took place during the peak of a high spring tide. The following
estimations from local observations during the storm fit well with models (Caspar
et al. 2010). The tide was about 6 m above OD sea level in Arcay and the region was
flooded; there was a 10 m spring tide plus 0.6 m of surge with waves reaching 9.5 m
of height in Talbert and the sea overwashed the spit; about 10 m of spring tide,
0.8 m of surge and waves about 4 m was recorded in Pourville, south of Cayeux,
with floods.

Local communities would like to protect the villages from future floods and spit
breaching. An open question is to know why new houses were built in such a place,
where they should not be if a danger assessment map had been drawn. This paper
will not consider this point as it is still being debated between political entities in
France.

It will concentrate on old houses and old villages which have been built legally
but which are now exposed to floods.

In order to protect buildings behind spits in France two main types of manage-
ment operations are considered. Most of the time the first solution is to fill the
breaches in the spit so that water cannot flow into the land ward direction to the low
lands (the “Bas Champs” in Cayeux, the “Prises” in Arcay). This requires an
availability of sediment ready to be used. In Arcay, as the source is almost totally
depleted, sand is taken from the nearby sea floor, between the mainland and the
island of Ré. This area, the Pertuis Breton has strong tidal currents which move sand
banks from the northwest to the south. The sand which is extracted from the sea
floor is expected to be replaced by new sand banks, although the different estima-
tions about the quantity of sand transport vary by a factor of 3 (LCHF 1987; Bertin
2008). In Talbert (the only spit which is not currently underfed) the gravel used to
fill the breaches is taken mainly from overwash on the landward side of the spit. In
Cayeux it is brought from the up drift area.

The other common approach is to erect dykes and there is much debate
concerning where to build them. Should they follow the entire spit or should they
be limited to definite areas? The cheapest solution is to build the shortest dykes and
therefore local planers have to decide which areas are going to be let unprotected.
This issue is specially difficult in Arcay, where many camping sites are scattered
along the spit. Tourism is a very important part of the local economy as this part of
Vendée and Charente has more sun hours (over 2,200 per year) than any other site
along the French Channel and Atlantic coasts (Musereau and Regnauld 2009). The
dyke (caption 15 on Fig. 13.2) was built along the village and some land, especially
a former lagoon, called “Belle Henriette” was left as a flooding basin, supposed to
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collect waters in case of surge and storm during the peak of high spring tides. In
Talbert there is no tourist building on the spit. The tourist places are in the vicinity
of the Pleubian village and they are not threatened by floods. In Cayeux floods may
affect fields, small industrial activities and houses. This is why the spit is constantly
reinforced and when a very strong storm is forecast local authorities are on the alert
and have some quantity of gravel ready to be used in the event of a breach.

These management policies are costly and it is difficult to forecast if they will be
able to cope with any change in relative sea level and storminess patterns.

13.5 Spit and Global Change

Today some parts of the spits do accumulate material. The distal part of Argay has
extended at a rate of several meters per year during the last 10 years. In Cayeux two
areas are growing. One is just north of Cayeux and between 1961 and 2000 the
coastline was prograding seaward between 4 and 7 m/year. In le Hourdel the rate is
about 3.4 m/year, though some very localised parts are losing material (estimated at
2.8 m/year south of Le Hourdel and 1 m/year south of Cayeux). In Talbert the Sillon
is not accumulating a lot but is able to whistand storms with a 20 year return time
(Stephan et al. 2010).

There is much speculation about the pattern of storm intensity and frequency
along the Atlantic and Channel coasts of France. Recent PhDs (Jouan 2005;
Mastapaud 2011; Schoenenwald 2013) have extensively studied the storm record
and have not found any clear trend and many papers do not fully agree (Dalla Marta
2009; Dupuis et al. 2006; Tabeaud and Bredif 2013). On the Atlantic coasts, in the
Charente region the strongest known storm was in 1957 (since 1905) and this has
not yet been surpassed. The February 15th 1957 storm was characterised by fast
winds (above 24 m/s on average) and the tide level reached 6.27 m. The second
most intense storm was on February 28th 2010. Average wind speed was around
23 m/s and the tide level was 5.96 m. There is no clear trend to signify that storm
intensity is increasing. The frequency of events is another problem.

The sensitivity of these spits to storms is highly related to the frequency of
events. On the Talbert spit Stephan (2011) has shown that the spit is resilient
enough to cope with most of the marine surges and submersions. The same is
probably true for other spits or gravel features (Costa et al. 2004), though there is no
precise data to fix a threshold, after which the feature would be destroyed, or
severely hit. They are vulnerable in case of violent storms the peak of which
happens during a high spring tide. Other storms do not pose significant risks to
human activity. The question shifts from storm frequency in general to the combi-
nation of storm frequency, spring tide height and surges coinciding at each local site
(Cooper et al. 2004; Regnauld et al. 2004). Moreover, Ferreira et al. (2006) have
demonstrated that although one single storm may not be a problem, that storm
groups can be. A storm group is a series of storms following each other or a single
period of time with more than three consecutive (or nearly consecutive) days with a
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strong gradient pressure. If a storm happens shortly after the previous one the spit
has not enough time to re organise itself and is far more vulnerable. This leads to the
hypothesis that if low to medium intensity storms arrive in clusters they may be far
more impacting than one single extreme storm. A recent inventory shows that these
types of event were twice as frequent during the second half than the first half of the
twentieth century (Musereau and Regnauld 2014). There is no study to demonstrate
whether this is just a chance or if it is a real trend.

The Sillon du Talbert is probably the most interesting site to observe the impact
of these possible meteorological changes on coastal evolution. It is the least human-
impacted feature and there is almost no threat to any buildings. The decision taken
by the French “Conservatoire du Littoral”, to let it behave “naturally” is certainly a
very good one, even if it has not been without difficulties (Stephan 2011). The distal
part of Pointe d’Argay could also be allowed to behave “naturally”, but there is a
demand to secure the inhabited areas at the base of the spit. In Cayeux the scale of
development poses a severe limitation on efforts to allow the spit to behave
naturally.

13.6 Conclusion

The study of the behaviour of these three spits illustrates different points. First of
all, sediment supply is a crucial factor in spit behavior. The source sites are
probably the most important sites to survey regularly. The second point is about
sensitivity to storm and surges. A spit must be understood as a mobile feature. It
may roll over itself landward, it may extend along shore or change from one
behaviour to the other. This has not been easily accepted by local communities.
The very recent storms which have induced large floods have helped scientists to
convince local communities that they should regard spits as mobile features. The
non-intervention policy of the “Conservatoire” is also having the same effect:
coastlines are going to change with “global change”, but at locally variable rates
and patterns. The behavior of each spit is very site-dependent and each of them
must be considered individually.

References

Bertin X (2008) Morpho dynamique séculaire, architecture interne et modélisation d’un systéme
baie-embouchure tidale: le Pertuis de Maumusson et la Baie de Marennes Oléron. PhD
Université de La Rochelle, pp 1-198

Bressolier C (1979) Processus d’action dynamiques et réponses sédimentaires a la pointe de la
Courbe. Mem Lab Geomorph EPHE 27:1-157

Broquet P, Beun N (1981) La sédimentation holocéne dans les Bas-Champs de Cayeux (Somme).
Evolution des lignes de rivage et du réseau hydrographique. Ann Soc Géol Nord, Lille, t.C,
pp 31-41



13 Spits on the French Atlantic and Channel Coasts: Morphological Behaviour. . . 257

Caspar R, Costa S, Lebreton P, Letortu P (2010) les submersions de tempétes de la nuit du 10 au
11 Mars 2008 sur la cote d’Albatre. Norois 215:115-132

Cooper JAG, Pilkey OH (2004) Longshore drift, trapped in an expected universe. J Sed Res
74:599-606

Cooper JAG, Jackson DWT, Navas F, McKenna J, Malvarez G (2004) Identifying storm impacts
on an embayed, high energy coastline: western Ireland. Mar Geol 210:261-280

Costa S (1997) Dynamique sédimentaire et risque naturel: I’impact des aménagements, des
variations du niveau marin et des modifications climatiques entre la baie de Seine et la baie
de Somme. PhD, Université de Paris 1, pp 1-376

Costa S, Cantat O, Pirazoli P, Lemaitre M, Delahaye D (2004) Vents forts et submersions marines
en Manche Occidentale: analyse météo- marine sur la période historique récente? Actes XVII
Colloque International de Climatologie, pp 277-280

Dalla Marta PM (2009) The return period of wind storms over Europe. Int J Climatol 29:437-459

Dolique F (1998) Dynamique morphosedimentaire et aménagements induits du littoral picard au
sud de la Baie de Somme. PhD, Université de Dunkerque, pp 1-417

Dolique F, Anthony E (1999) Influence a moyen terme d’un estran macro tidal sur la stabilité¢ d’un
cordon de galets: la fleche de Cayeux (Picardie, France). Géomorphologie 1:23-38

Dupuis H, Michel D, Sottolichio A (2006) Wave climate evolution in the Bay of Biscay over two
decades. J Mar Syst 63:105-114

Ferreira O, Garcia T, Matias A, Taborda R, Dias JA (2006) The role of storm groups in the erosion
of sandy coasts. Earth Surf Proc Land 31:1058-1060

Galichon P (1984) Hydrodynamique sédimentaire des fleches littorales sableuses: cas de la point
d’Argay (Vendée). PhD Université de Paris 11, pp 1-234

Hallegouet B, Bouroules MA, Guennoc P (1989) Introduction des géotextiles dans les ouvrages de
protection du littoral contre 1’érosion marine. Bull Centre Géomorph Caen 36:227-230

Jouan D (2005) Evolution de la variabilité de la fréquence et de I’intensité des tempétes en Europe
du Nord Ouest. PhD, University Rennes 2, UMR CNRS 6554, pp 1-341

LCHF (Laboratoire Central Hydraulique de France) (1987) Catalogue sédimentologique des cotes
francaises, Collection de la Direction des Etudes et Recherches d’Electricité de France, pp
1-559

Mastapaud A (2011) Impacts des tempétes sur la morphodynamique du profil cdtier en milieu
macrotidal. La baie de Somme, Picardie. PhD Université du Littoral Cote d’Opale, pp 1-321

Morel V (1995) Impact des actions anthropiques sur les cordons de galets. Hommes Terres Nord
1-2:58-64

Musereau J (2010) Les tempétes et le recul du littoral frangais. Mise au point et application d’un
indice d’érosion dans la Zone des Pertuis Charentais (France). Approche de la gestion des
cordons littoraux : mise au point et application d’un indice d’érosion (Zone des Pertuis
Charentais, France). PhD dissertation, University Rennes 2

Musereau J, Regnauld H (2009) Coastal artificialisation and public policies; the example of the
beach of Marennes (Seudre estuary, France). Open Geogr J 2:16-24

Musereau J, Regnauld H (2014) Storms impact on morphodynamics of human controlled coastal
features in western France: the prevailing role of local management practices. J Coast Conserv
18(5):538-550

Musereau J, Regnauld H, Planchon O (2007) Vulnérabilité aux tempétes des dunes littorales:
développement d’un modele de prédiction du dommage a travers ’exemple de Saint Trojan (Ile
d’Oléron, France). Ann I’ Assoc Int Climatologie 4:1-22

Orford JD, Forbes DL, Jennings SC (2002) Organisation controls, typologies and time scale of
paraglacial gravel-dominated coastal systems. Geomorphology 48:51-85

Pinot JP (1994) Fixer le plan ou gérer le profil: I’exemple du Sillon du Talberv. Cah Nantais
41-42:307-316

Regnauld H, Carter RWG, Monnier O, McKenna J (1993) Modélisation de 1I’Evolution d’une
Fléche Littorale et relation avec une Elevation du Niveau Marin: Exemple du Sillon du Talbert,
Bretagne, France. Gaia Rev Geocienc 6:59-64

Regnauld H, Pirazzoli PA, Morvan G, Ruz M (2004) Impacts of storms and evolution of the
coastline. Mar Geol 210(1-4):325-337



258 H. Regnauld et al.

Schoenenwald N (2013) Les tempétes en France et dans les iles Britanniques: des aléas aux
événements. PhD dissertation, University of Paris 1 Panthéon-Sorbonne

Stephan P (2011) Les fleches de galets de Bretagne: morpho-dynamique passée, présente et
prévisible. PhD, Université de Bretagne Occidentale, pp 1-558

Stephan P, Suanez S, Fichaut B (2010) Franchissement et migration des cordons de galets par roll
over. Impact de la tempéte du 10 mars 2008 dans 1’évolution récente du Sillon de Talbert.
Norois 215:59-77

Suanez S (2010) Impact morphogéniques des tempétes. Norois Spec Issue 215:1-146

Tabeaud M, Bredif H (2013) Aux grands maux faut-il toujours préférer les grands remeédes? Bull
I’Assoc Géographes Fr 1:24-35

Tounsi I, Verger F (2007) Etude dia chronique de la point d’Arcay (Vendée) d’apres les images
aériennes et spatiales. Photo Interprétation 43(4):13-16 and 41-42

Traini C (2009) L’estuaire de la Vilaine : évolution naturelle et anthropisation. PhD Université de
Bretagne Sud, pp 1-162

Verger F, Auphan E, Moniot C (1972) La carte géomorphologique congue comme un modele
dynamique. Mém Doc Serv Doc Cartographie Géogr 12:223-263, éd. du CNRS, 2 pl., 1 carte
hors-texte



Chapter 14

The Sand Spits of the Rhone River Delta:
Formation, Dynamics, Sediment Budgets
and Management

Francois Sabatier and Edward Anthony

Abstract This chapter describes the morphology and dynamics of the three sand
spits flanking the Rhone river delta: Gracieuse, Beauduc and Espiguette spits. The
formation and distal extension of these spits (respectively +5, +10-15, +10-15 m/
year) results from active wave-induced longshore transport that generates sand
migration downdrift from erosional updrift sectors. These erosional sectors are
systematically associated with former delta distributary mouths that are being
reworked by waves. In other words, the sand brought down to the sea by the
Rhone participates in the construction of sand spits only following mouth aban-
donment. Finally, as a result of the curvature of these spits, the overall aeolian
regime induces sand migration seaward in the southern sectors of the spits near the
transition zone between eroding and accreting sectors. Understanding these func-
tional aspects of spit formation and growth is important in terms of management of
the Rhone delta shoreline and its sediment budget by public authorities.

14.1 Introduction

The strong influence of waves in the Mediterranean has led to the development of
deltas characterised by spit development. Among these, the Rhone delta, the third
largest in the Mediterranean, after the Po and the Nile deltas, exhibits three large
spits, Gracieuse, Beauduc and Espiguette (Fig. 14.1) and two much smaller delta-
mouth spits, the Roustan spits, which are not further considered in this review.
These three wave-formed spits are relatively recent features of the delta, having
been formed respectively in 1892, 1711, and between the eighteenth and nineteenth
centuries (Vella et al. 2005; Sabatier et al. 2006; Rey et al. 2009). Following the
classic spit inception model of Zenkovitch (1967), these spits are associated with an
updrift erosion zone, but no analysis of their morphodynamics has as yet been
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Fig. 14.1 The Rhone delta and names cited in the text

conducted. Understanding the way these spits evolve, is however, an increasingly
necessary requirement for the sustainable management perspectives of the Rhone
delta shoreline. These features, represent still relatively pristine natural areas, are
potential sand sources for the renourishment of eroding shoreline sectors, and good
indicators of the meso-scale organisation of the coastal sediment budget of the
Rhone delta and its sediment cells, with important implications for future sediment
husbandry in a context of rising sea level (Brunel and Sabatier 2009; Sabatier et al.
2005, 2009b). We will successively describe the morphology of these spits, and the
genesis and dynamics of their terrestrial and submarine segments, followed by a
conceptual model of the way they function.

14.2 Location and Description of Spits

14.2.1 Gracieuse Spit

The rectilinear Gracieuse spit, situated at the eastern extremity of the Rhone delta
shoreline, is stretching towards the NE, under a dominant drift driven by waves
from the SW (Fig. 14.2). The annual rate of growth of the spit is close to 5 m, a rate
inferior to that of the other two spits. The terrestrial accretionary part of the spit is
relatively flat, lacks proper dunes and vegetation, and is subject to regular marine
submersion. This part of the spit is subject to northerly winds that can blow over a
fetch of several hundreds of metres (<1 km), resulting in the seasonal formation of
barkhans bordering the shoreline. The accumulation sector of the Gracieuse spit
corresponds to a zone of marked shoreline curvature extending over 2—3 km. In the
updrift zone, oblique and or crescentics bars are regularly observed, and these
rapidly change into longshore bars the crest of the deepest of which lies about
2 m below the mean water level. The slope of the active part of the cross-shore
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profile, which goes down to about —10 to —12 m, is about 5-6 %. The distal
extremity of the spit exhibits one to two recurves under the effect of waves
generated by NW (Mistral) winds. Gracieuse spit protects the access to the Port
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Photo 14.1 Gracieuse spit. (a) Aerial view of the artificial dune created to counter erosion (photo
by M. Cotte, 1997). Washover deposits associated with spit shoreline retreat are visible on the
backshore of the spit. (b) Small mobile seasonal dunes on the foreshore migrating towards the SE
(Courtesy of IGG 2005). (¢) ¢/ A barge sunk in the 1970s on the shoreline. c2 The same barge
completely infilled with sand and now located 300 m offshore

of Marseille, the third largest port in the Mediterranean, from storm waves from the
SE. In order to reinforce this natural protective role, the eroding central sector of the
spit was consolidated through the creation of an artificial dune in 1992, whereas
accretion at the tip of the spit is impeded by old barges that are sunk and ultimately
become filled with sand. These barges block the longshore drift and therefore act
like groynes (Photo 14.1).

14.2.2 Beauduc Spit

Beauduc spit, in the central part of the delta, exhibits a recurved tip that is attached
to Beauduc bay, a net depocentre of sand on the Rhone delta shoreline. This spit
differs from the others by the distal adjunction of successive spit ridges, resulting in
a pronounced concave-seaward plan shape linked updrift to a still accretionary but
much narrower proximal zone (Fig. 14.2). Over the last 10 years, the spit has been
extending to the NE at a mean rate of 8 m/year and the distal accumulation sector is
now 5 km long. Beyond a zone of barkhanoid dunes lining the shoreline, the central
part of Beauduc spit exhibits a vast flat depression bounded by a continuous 3—4 m-
high foredune ridge located at a distance of up to 500 m from the shoreline near the
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R

Photo 14.2 Beauduc spit. (a) Eroding dune barrier in the transition zone between accreting and
retreating sectors. (b) Rock armouring on the Faraman coast. The beaches have practically
disappeared in this eroding sector

distal tip. This vegetated dune flanks a dyke constructed in 1972 in order to protect
the back-spit lagoon from marine submersion during storms (Beauduc lagoon).
Beauduc spit is under the influence of longshore drift generated essentially by storm
waves from the SE, but SW waves also contribute to growth of the spit at its distal
sector. The submarine morphology generally comprises two bars in the southern
sector of the spit and 3—4 bars in the northern sector. These bars are longshore
features but the innermost bar is sometimes crescentic. In relation with the along-
shore accumulation, the accretion zone down to depths of about —8 to —10 m shows
a slope of nearly 4-5 %. Beauduc spit is sourced by erosion of the updrift Faraman
sector of the Rhone delta. In order to combat erosion which had begun threatening
the industrial exploitation of the salt-producing lagoon behind the spit, this part of
the spit has been subject to various engineering interventions since the 1970s, and
especially in the 1990s (Sabatier and Suanez 2003). At present, nearly 9 km of the
spit shoreline in this eroding sector are equipped with groynes, a dyke and one
breakwater (Photo 14.2).

14.2.3 Espiguette Spit

Espiguette spit, at the western extremity of the Rhone delta, has had its distal zone
occupied since 1968 by the Port Camargue Marina and by a dyke aimed at blocking
sand movement, but in its natural state, the spit displays recurves stretching N and NE
(Fig. 14.2). Adjacent to the dyke, the spit shoreline progrades rapidly, by 10-15 m/
year, nourished by strong drift generated by waves from the S and SE. The beach
foreshore and backshore form a wide planar surface that tends to become infilled by
small extremely mobile dunes, especially in its central part. Near the shoreline,
aeolian dunes are formed seasonally and Espiguette spit is the only one of the three
Rhone delta spits having truly vegetated dunes, with sparse colonies of marram grass
and dense stands of pines. The spit submarine morphology is generally characterised
by 2-3 longshore bars with the inner bar often exhibiting a cresentic morphology.
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Photo 14.3 Espiguette spit. (a) Aerial view of hard defense structures on the Petite Camargue
coast. Erosion is so important that the groynes are now cut off from the beach 15 years after their
construction. (b) Mobile dunes in the central part of the spit. (¢) Aeolian transport seaward during a
Mistral event (Photo taken on the south side of the spit)

The slope (ca. 4-5 %) and depth (—8 to —10 m) of the distal spit zone are similar
to those of Beauduc spit. Espiguette spit is sourced in sand by erosion of the
Petite Camargue sector of the Rhone delta. This erosional zone, the backshore of
which is also exploited by the salt-manufacturing industry and by farmers, has been
consolidated by an impressive field of about 150 groynes over a length of nearly
20 km since the 1980s, with addition of dykes in places (Photo 14.3).

14.3 Spit Formation

14.3.1 Gracieuse Spit

The formation of Gracieuse spit commenced in 1892, in the wake of the artificial
opening of the Roustan outlet (Fig. 14.3) through which the main Rhone channel
now debouches. This opening marked the diversion of the liquid and solid discharge
of the Rhone from the Pégoulier outlet resulting in its erosion (Fig. 14.4). Sand
derived from this erosion was redistributed by longshore drift towards the NW,
progressively forming Gracieuse spit. Between 1895 and 1944, the Pégoulier outlet
retreat by 1,500 m, while Gracieuse spit extended by 1,400 m over the same period.
At the same time, the beaches of Piémanson and Napoleon on either side of this
mouth prograded respectively by 1,500 et 1,700 m. Beginning in the 1940s, the
shoreline morphology, which is similar to that of the present day, developed from a
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Fig. 14.4 Organisation of littoral drift cells on the Rhone delta shoreline (Modified after Sabatier
and Suanez 2003, and Sabatier et al. 2009b)

flattened sinusoidal plan shape to a rectilinear plan shape, while the spit grew by
another 1,200 m at a mean rate of 19 m/year. This evolution occurred in two stages:
(1) up to the mid 1960s, spit lengthening occurred towards the NE; (ii) since the
1970s, accretion has been affected by sunken barges at the tip of the spit, which
act such as groynes. The latter block longshore drift and favour the diffraction of
waves from the SW in such a way that the tip of the spit is now extending NNW.
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These interventions were implemented by the Port of Marseille in order to prevent
silting up of an access channel to the industrial sector of the port in Fos-sur-Mer
(Suanez and Provansal 1998; Suanez and Bruzzi 1999).

The change in shoreline orientation on this part of the delta coast is associated with
a hinge point that migrates towards the NW at a mean rate of 3 m/year. In conse-
quence, the central part of Gracieuse spit underwent a net retreat of 400 m between
1944 and 1989. This erosion has not, however, resulted in breaching of the spit. The
dominant effect here is that the migration of the main spit mass is resulting in
significant deposition in Carteau Bay. Since 1992, the bulk of the spit has been
artificially stabilised and retreat rates in the eroding sector are now relatively low
(about 2 m/year) compared to the preceding period (3—6 m/year). This change is, of
course, directly related to the spit rehabilitation programme implemented since 1988
and which included an artificial, 3 km-long dune (Suanez and Bruzzi 1999). Napoleon
beach has prograded by about 120 m but the shoreline changes are extremely variable
from one sector to another because this beach occupies a zone of temporary storage of
sand in transit from the mouth of the Grand Rhone to Gracieuse spit.

14.3.2 Beauduc Spit

The formation of Beauduc spit commenced in 1711, and was initiated by an
avulsion of the Rhone. Before this date, the main Bras de Fer channel (Figs. 14.3
and 14.4) of the river flowed towards the south and transported a considerable
amount of sediments under favourable climatic conditions associated with the Little
Ice Age (e.g., Arnaud-Fassetta 2003). The delta at this time exhibited an essentially
river-dominated morphology characterised by a river mouth that protruded about
2,000 m at its apex. As the Grand Rhone changed its course to the benefit of the
Pégoulier, Piémanson and Roustan outlets (Fig. 14.3), the beaches bordering the
abandoned mouth were rapidly eroded (Figs. 14.3 and 14.4). The Faraman sector
retreated by about 10 m/year, at least up to the 1940s while Beauduc spit was being
formed at the same time. The shoreline also prograded seaward by more than
1,500 m in the sector of maximum curvature of Beauduc spit. The rates of
progradation varied between 7 and 15 m/year at the tip of the spit, but were lower
in the bayside where they ranged from 1 to 6 m/year. The spit migrated towards the
NW, undergoing a process wherein the accretion sectors of the southern flank ended
up being eroded to source the north-facing flank, in a process akin to
cannibalisation. The spit recurves at the tip grow alongshore but never diverge
from the mainland shore and finally end up welding to the latter.

The transition between the accreting sink zone and the eroding source zone is
presently situated just south of the Veran lighthouse (Fig. 14.2). This limit evolves
slowly in time, migrating in the direction of longshore drift. Up to the 1950s, the
entire eroding Faraman coast experienced differing retreat rates on either side of the
Grau de la Dent outlet. To the east, retreat attains 2—4 m/year, but at about 1989/
1990 the shoreline became stable. This change occurred in the wake of the
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emplacement in 1987 of rock defences by the salt-manufacturing companies the
Compagnie des Salins du Midi and Salines de I’Est. This shoreline stabilisation
operation worked out fairly well (Suanez and Bruzzi 1999), but some poorly
protected sectors started retreating again in 1992. West of the Grau de la Dent
outlet, shoreline retreat in the sectors of Sainte Anne and Beauduc lagoons varied
between 2 and 10 m/year over this period. The strongest erosion has been recorded
at Veran where the beach has retreated by 650 m since 1895. Defense works
constructed in this sector in 1990 have also stopped shoreline retreat. However,
the 1997 storm and the damages it caused have left this part of the delta coast
vulnerable to erosion (Sabatier et al. 2009b). Following this storm, a seawall was
constructed, reinforced by rock revetments. The seawall was, however, progres-
sively weakened at its base by wave reflection, resulting in deepening of the toe of
the beach profile (Samat et al. 2005). Much of this wall has now collapsed.

14.3.3 Espiguette Spit

The formation of Espiguette spit started between the sixteenth and seventeenth
centuries, probably at about 1530, the year a presently abandoned former branch of
the Rhone (the Rhone Vif) changed its course to flow towards the Grau d’Orgon
outlet (Fig. 14.3). Starting from this time, the Petite Camargue coast became subject
to erosion, releasing sand for the construction of Espiguette spit by SE storm waves.
As in the case of Beauduc spit, the history of Espiguette spit is marked by constant
progradation. It is in this sector that the Rhone delta has prograded most in recent
times (+1,500 m during the twentieth century). This accretion became all the more
important following the construction of a dyke in 1970 at the distal tip of the spit to
prevent it from blocking the entrance to Port Camargue Marina and to prevent
harbour silting. Since the end of the 1990s, this dyke is, however, progressively
bypassed by sand (Fig. 14.2).

The transition zone between the prograding spit and the eroding shoreline of
Petite Camargue is now naturally migrating westwards at a rate of 6 m/year but the
migration rate has significantly increased following the various stages of emplace-
ment of rock revetments. We have here the classic downdrift erosion following the
updrift implantation of groynes. From the mouth of the Little Rhone branch to the
south of Espiguette spit, retreat rates progressively decrease, ranging from 4 to 1 m/
year. The shoreline bordering the mouth of the Little Rhone is the sector of the
Rhone delta that has retreated most since 1895. This retreat exceeds 1,000 m and is
characterised by rates ranging from 3.5 to 10 m/year, depending on sector. It is
worth noting, however, that retreat has slowed down since 1980, a consequence, as
in other areas of the delta, of the construction of groynes in 1975. However, the
efficiency of these structures remains doubtful (Suanez and Sabatier 1999). Rip
currents generated at the flanks of these groynes and a spacing too large between
groynes have been identified as two factors responsible for on-going erosion
(Sabatier 2001).
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14.3.4 Drift Cells and Sediment Budgets

A comparison of the Rhone delta shoreface bathymetric maps between 1895 and
1974 reveals a pattern of nearshore erosion and accretion echoed by the shoreline,
especially in the sector of the present Grand Rhone mouth (Fig. 14.4). On the
eroded shoreface, the relict sediments of the prodelta lobes of Little Rhone-St
Férreol, Bras de Fer and Pégoulier are reworked shoreward to feed growth of
Espiguette, Beauduc and Gracieuse spits (Sabatier and Suanez 2003). This organi-
sation reflects a classic drift cell structure wherein updrift shoreline erosion sources
downdrift spit growth (May and Tanner 1973; Swift 1976).

The easternmost cell (CELL1) is located east of the Grand Rhone, where the
prevailing sediment transport is eastward. It is bounded on its western side by the
mouth of the Grand Rhone, and on its eastern side by Gracieuse spit. This cell is
thus fed by the erosion of the fossil delta lobe of Pégoulier (Suanez et al. 1998).
Meanwhile, the present-day sand inputs of the Rhone (active source) have
decreased (Sabatier et al. 2009b). The second cell (CELL?2) also shows a general
direction of transport from west to east, and extends from Ste. Anne lagoon as far as
Grau de Roustan. Although shoreline retreat in this zone contributes to the supply of
sand to Piémanson beach, part of the eroded material is stored in the vicinity of the
Roustan prodelta, considered as an important sediment sink (Suanez et al. 1998).
The limit between cells 2 and 3, located generally near Ste. Anne lagoon, is
explained by a reversal of the longshore drift as a result of refraction of swell on
the fossil Bras de Fer delta lobe (Sabatier 2001). The third cell 3 (CELL3) extends
from Ste. Anne lagoon in the east as far as the Little Rhone in the west. This cell is
made up of a central part subject to accumulation (Beauduc spit and Beauduc bay),
fed in the east by beach retreat and erosion of the fossil Bras de Fer lobe, and in the
west by beach erosion in the Saintes-Maries-de-la-Mer sector. Thus, drift conver-
gence associated with the two eroded sectors results in an important sediment sink
in the very central sector of the delta shoreline. Sediment supply to Beauduc bay via
the Little Rhone is extremely limited, being dependent on the very low sand supply
of this branch (Arnaud-Fassetta 2003). To the west of the Little Rhone, the fourth
cell (CELL4) is defined by a dominant sediment transport directed towards
Espiguette spit. As seen on the Faraman coast, the opposite sediment transport
directions in cells 3 and 4 can be explained by divergence of the longshore drift
related to wave refraction on the prodelta of the Little Rhone (Sabatier 2001). The
sector in erosion from the Little Rhone to Baronnets releases sand for the spit.

The sediment budget of the shoreface discussed here concerns the western and
eastern sectors of the Grand Rhone mouth and between 0 and the —10 m depth
contour. The sediment budget of cell 1 (Gracieuse spit) involved erosion of the
relict Pégoulier prodelta lobe to the tune of about 380,000 (+40,000) m>.year ' and
spit accumulation of about 41,000 (+£50,000) m’.year™ ' between 1895 and 1974.
Thus, assuming that erosion releases sand for accumulation generated by longshore
drift, we can infer that the mean long-term sediment contribution of the Grand
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Rhone river to the littoral drift is of the order of about 30,000 (£90,000) m3.year_1
between 1895 and 1974 which is very low compared to the accumulation at the
mouth 2,490,000 (+250,000) m>.year .

Along the western part of the Roustan coast, the shoreface, less affected by the
river sediment input, yields a net sediment budget slightly in erosion
(—280,000 + 310,000 m>.year ") or in equilibrium if we consider the error margin.
This equilibrium budget implies longshore sediment redistribution between ero-
sional and accretional sectors. Beauduc spit shows a net gain of 600,000 m>.year '
whereas erosion of the fossil Bras de Fer lobe is of the order of about 510,000 m’.
year™'. This slightly positive budget suggests alongshore redistribution of eroded
sediments and/or opened boundaries between cells 2 and 3. In contrast, the
Espiguette spit budget is slightly negative (—120,000 m?.year '). This value
testifies to the extremely low, if not nil, sand supply by the Little Rhone river
branch to the cell 4, as well as potential offshore losses or to the benefit of the
neighbouring cell 3.

14.4 Shoreface Sediment Transport

Downdrift of the spits, the drift rates calculated from bathymtric charts (1895—
1974/1988) show values that are extremely high at the world scale and compared to
other Mediterranean deltas. These values are 410,000, 610,000 and 860,000 m>.
year ' for Gracieuse, Beauduc and Espiguette spits, respectively. These very high
rates are explained by: (1) the obliquity of storm waves relative to the eroding
sectors (incident angles are in the range of 40-20° in the breaker zone), and
(2) the fine sand size (Dsy of about 0.16 mm in the breaker zone). Both of
these conditions are conducive to large drift volumes, but these values may also
beover-estimated as a result of the bathymetric differencing method used to
calculate them. Finally, it is worth noting that there is a link between spit size
and the annual drift volume.

In accreting shoreline sectors, numerical simulations indicate that drift is exerted
in depths that progressively decrease in the dominant transport direction. Along
Beauduc spit, for instance, drift is progressively limited from —5 to —2 m towards
the distal tip. At the same time, the width of the breaker zone (equated with
the width of the barred zone) also diminishes in the same direction whereas the
submarine slope between 0 and —10 m becomes steeper. In contrast, the depth of
closure (Dc) increases in the same direction, from —6 to —7 m in the erosional
zones, to —9 to —11 m in the most prograded sectors. The spits are affected by
drift processes that lead to sand being stranded in the upper part of the profile,
leading to subaerial spit widening but also to an increase in the submarine
slope because of seaward profile translation into deeper water. The greater slope
generates cross-shore sand transport by gravitational processes to depths larger
than those affected by longshore drift.
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14.5 Aeolian Dunes and Sand Transport

14.5.1 Wind Conditions and the Potential Aeolian
Sediment Budget

The wind rose of the Rhone delta shoreline is dominated by offshore winds from the
N and NW (Mistral and Tramontane winds) and by onshore winds from SSW to SE
that generate storms. The potential aeolian transport shows an overall equilibrium
between these two sectors (Sabatier et al. 2009a). However, if we take into account
phases of beach submersion and rainfall that limit onshore aeolian sand transport
during storms, the N and NW winds are more efficient in terms of transport. Along
portions of eroding coast with an overall E-W orientation, the net resultant aeolian
transport is thus hardly favourable to dune construction. In contrast, in the distal
curved sectors of the spits, the situation is different because the change in orienta-
tion engendered by curvature favours significant aeolian transport mainly by winds
from the W to N sector, the dry fetch of which can exceed several hundreds of
metres. Shoreline orientation thus plays a primary role in source and sink zones on
the subaerial portions of the Rhone delta spits. In all three cases, the tips of the spits
are subject to a system of cross-shore aeolian sand transport from the inner shores to
the central parts of the spit, and then to the southern, seaward flanks. These seaward
flanks therefore serve as temporary storage zones for sand that is ultimately
transported to the sea by Mistral and Tramontane winds. Using the regional aeolian
sand drift potential concept of Fryberger (1979), a sand transport threshold with a
wind speed of 6 m/s at an above-ground elevation of 10 m, and data from aeolian
sand traps (Sabatier et al. 2007, 2009a), the beaches of Gracieuse, Beauduc and
Espiguette spit are thus stripped, respectively of 12,000; 24,000 and 40,000 m*/year
of sand by aeolian deflation. This sand is not lost to the sea, as it is simply recycled
into local swash-induced beach accretion (Photo 14.3b) or transported by longshore
drift towards the distal spit extremities.

14.5.2 The Role of Minor Seasonal Dune Activity

The beaches of the three spits commonly comprise small seasonal dunes. These
features are commonly barkhanoid, and extend over 10-50 m over a post-storm
season berm (Photo 14.1b). These mobile dunes have a maximum height of about
2.5 m and are completely submerged and reworked by waves and swash but can be
rapidly reformed (in a few days) by Mistral and Tramontane winds. Coalescent
barkhans during long periods of low wave activity can form mini-transverse or
linguoid dunes. These dunes are thus typical summer features but they can also
develop in winter between two storms whenever the northerly winds prevail. Even
though these dunes are aligned with spit curvature, their crest orientation is deter-
mined by Mistral and Tramontane winds which generate southward dune migration.
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In detail, these barkhanes are most commonly located on shoreline segments
oriented N340 to N30 along Gracieuse spit, and N125 to N 170 along Beauduc
and Espiguette spits. Work remains to be done to gain a finer understand of the
dynamics of these dunes, including aspects such as topographic steering along the
steep spit flanks.

Under the influence of the diminution of the longshore transport capacity, the
beaches of the Rhone delta spits are prograding rapidly, by up to 15-20 m/year. The
small dunes accumulating on the beach berms constitute a permanent but recyclable
background sand stock, ultimately reworked and transported seaward. The fine-
tuned local wind dynamics involved in the inception and evolution of these dunes
are not known but we presume that they become increasingly more mobile as they
grow in altitude above the level of the berm into an airflow zone of less impeded
transport. On the inner spit flanks, the dominant N winds are oblique to the
shoreline and lead to constant deflation, thus limiting the upward growth of these
dunes, leading to their relatively constantly identical elevation in time. Aeolian
deflation creates a flat surface seaward of the dunes, over which sand is transport
obliquely relative to the shore downwind. Where this aeolian fetch becomes
sufficiently large, which is the case of Beauduc and especially Espiguette, aeolian
accumulation can ensue and the dunes colonised and semi-stabilised by vegetation
(Fig. 14.2).

14.6 Discussion: A Conceptual Model of Spit
Morphodynamics

The large-scale behaviour of the Rhone delta shoreface allows us to draw up a
conceptual model of spit inception and growth: (1) accumulation of sediment at the
river mouth, with advance of adjacent beaches and little river sediment input to
beaches farther from the mouth; (2) shifting of the mouth; (3) erosion of relict
prodelta lobes with beach retreat, and; (4) longshore redistribution of sediment from
the eroded beaches to build up the spits (Sabatier et al. 2006). This conceptual
model suggests that there is a “time-shift” between river sediment supply to the sea
and the build up of a spit. In the course of the recent history of the Rhone delta, the
river channels have shifted many times to build up the present deltaic plain and
shoreface morphology and spits. Nowadays, because the river channels are
stabilised by dykes and other engineering structures, avulsion is no longer possible
(assuming that the dykes can resist the strongest flood events). Under these condi-
tions, and with the decreased input of fluvial load into the sea, it thus appears
unlikely that river sediments can supply the beaches of the Rhone delta coast.
Moreover, the relict prodelta lobes are sediment reservoirs that are gradually being
depleted. The chronic erosion of the coastline, which is caused by a deficit in
sediment, a very low fluvial sediment supply and the redistribution of river sedi-
ments, is thus likely to continue in the future. All relict prodelta lobes show the
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same trend: whenever natural avulsion or artificial channel diversion occurs and the
river mouth becomes abandoned, the shoreline in the vicinity of the mouth erodes to
feed adjacent spits.

At a relatively short timescale, the lengthening of the three Rhone delta spits is
merely a reflection of longshore drift on this coast. Beauduc and Espiguette spits
evince similar characteristics as far as shape, size and growth are concerned, both
evolving essentially under the influence of SE storm waves, but their distal tips
differ in behaviour. On Beauduc spit, the tip is characterised by recurves towards
the shoreline, whereas on Espiguette spit, the natural tip shows rectilinear extension
alongshore (before the construction of the marina). A probable reason for this
contrast is the difference in fetch length between Beauduc bay and Aigues Mortes
bay (Fig. 14.1). The first being larger (7.5 km) than the second (5 km), waves
generated by N to NE winds are better formed and can therefore more readily
generate the drift and refraction conditions that lead to recurves. Another explica-
tion may reside in slightly different wave rose conditions between the two sites,
with Beauduc probably being subject to stronger SE waves because of wave
refraction across the ancient mouth lobe of Bras de Fer. This difference certainly
expresses the complexity of the processes involved in distal tip growth. Gracieuse
spit differs from the other two spits in its relatively rectilinear shape. These shape
differences are probably related to the influence of the local bathymetry on wave
refraction.

In the cross-shore dimension, spit progradation is manifested by progressive
seaward sand accumulation, resulting in a body the seaward slope of which
increases towards its distal end. Over the beach, aeolian transport prevails within
a long-term NNW-SSE sand circulation system driven by Tramontane and Mistral
winds. The small seasonal dunes bordering the shoreline serve as temporary sand
storage features. The overall aeolian regime induces sand migration seaward in the
southern sectors of the spits near the transition zone between eroding and accreting
segments. This sand is then remobilised by wave-driven longshore drift towards the
distal spit extremities. This sediment transport cycle thus involves both longshore
drift and wind-driven transport but the volumes mobilised longshore drift are 10—
100 times larger than those generated by aeolian processes on the beach.

14.7 Conclusion

The shoreline dynamics of the Rhone delta over the last two centuries has been
strongly characterised by the development of three spits — Gracieuse, Beauduc and
Espiguette — reflecting the importance of wave-generated longshore drift in the
western Mediterranean setting of the delta. The plan shape, size and morphology of
these spits reflect local differences in exposure to waves, winds and wave-
bathymetry interactions. The three spits clearly reflect the organisation of the
shoreline sediment budget and sediment cells of the Rhone delta. Aeolian processes
play a variable, but much less important role in the morphological evolution and
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sediment budgets of the spits. The spits not only offer protection to port and marina
accesses but also constitute important sand stocks. The spits also offer relatively
pristine natural areas. They are, however, characterised, like many spits, by updrift
erosion that poses a constant threat to installations and activities. This has neces-
sitated the implementation of various shoreline defence projects that have met with
mixed success. The spits are potential sources of sand for the nourishment of
eroding shoreline sectors, but maintaining their integrity in a context of overall
waning sediment supply and rising sea level will be more and more of a challenge in
the twenty-first century.
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Chapter 15
Long-, Mid- and Short-Term Evolution
of Coastal Gravel Spits of Brittany, France

Pierre Stéphan, Serge Suanez, and Bernard Fichaut

Abstract Gravel spits of Brittany have experimented a long morphosedimentary
evolution over the last millenia. Based on analysis of several back-barrier holocene
sediment stratigraphies, distinct phases of construction and barrier breakdown were
recognized, indicating the role played by storminess and sediment supply during the
late-holocene period. Over the last centuries and decades, a deficit of sediment
budget affecting several gravel spits is highlighted. Therefore, actual coastal evo-
lution of most of them is mainly dominated by cannibalization, landward retreat by
rollover and complete destruction of the spits in some places. This coastal erosion is
related to the lack of significant offshore sediment input or from the erosion of
unconsolided cliffs. Locally, anthropogenic forcing have axacerbated the erosion
processes by sediment minings and/or the construction of hard defense structures.
For the swash-aligned gravel spits, frequency and magnitude of overwash processes
is controlling the rate of landward retreat by rollover. This morphodynamic behav-
iour is illustrated by topo-morphological surveys realised between 2002 and 2012
on Sillon de Talbert spit which has experienced a complete crestal removal during
the 10 March 2008 Johanna storm. Although this event have a 50-100 year
occurrence, the barrier has exhibited a rapid crestal rebuilding by overtopping
processes, illustrating the great resilience of the spit. Thus, coastal erosion
management strategies mainly based on hard defense structures are gradually aban-
doned for new management policies based on soft operations. Nowadays, gravel spits
of Brittany are also considered as a geological heritage and management plans are
establishing by local authorities.
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15.1 General Setting

In Brittany, gravel beaches are located mainly on the northern and western coast
(Fig. 15.1). Their construction is mainly due to the shoreward removing of
periglacial deposits initially accumulated on the coastal shelf during the post-
glacial marine transgression. The southern part of Brittany is characterized by
sandy beaches and coastal dunes, except locally where a coarse material is provided
by erosion of cliffs formed by Pleistocene deposits (head). Nowadays, unconsoli-
dated cliffs are considered as the most significant source of coarse sediments in
Brittany (Guilcher et al. 1957, 1990). In the Bay of Brest, the highly weathered of
shale cliffs also contribute locally to feed the gravel barriers. In the Bay of Brest, the
indentations of the jagged coastline were favorable to the construction of a numerous
small-scale barriers and spits with a high morphological diversity (Fig. 15.2a—d).
The length and the volume of gravel spits in the bay of Brest never exceed 700 m and
100.000 m® respectively. Nevertheless, the Sillon de Talbert spit studied in the
north of Brittany forms the bigger accumulation reaching 3.2 km long and sediment
volume estimated at 1.23 x 10° m? (Fig. 15.2e, f). Like most spits on the Channel
coasts, formation of the Sillon de Talbert spit began at about 6,000 cal.year.BP
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Fig. 15.1 Location maps of gravel beaches (shoreline in grey color) and spits (points) along the
west coast of France. Wave climate of the northern, the southern and the western part of Brittany
obtained by numerical run model over the period 1979-2002 (Source: LNHE-EDF and CETMEF-
Brest laboratory)
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Fig. 15.2 (a) Auberlac’h mid-bay spit, (b) Sillon des Anglais spit, (¢) Rosmélec and Mengleuz
opposite spits, (d) Loc’h spit, (e) Distal end of Sillon de Talbert spit, (f) Proximal dune section of
Sillon de Talbert spit, (g, h) Removing of the frontal armor located on units 2 and 3 of the Sillon de
Talbert spit in October 2004

when the relative sea-level rise decreased (Morzadec-Kerfourn 1995). This accumu-
lation was enhanced by the presence of many rocky outcrops scattered on a wide
seaward-inclined abrasion platform. A few hundred metres seaward from the spit, a
peat deposit shows at the surface, in which a Final Neolithic archaeological site



278 P. Stéphan et al.

dating from around 2800 BC was uncovered. This human settlement, then located in
the sheltered back-barrier area, bears witness to the considerable movement of the
sediment accumulation due to the sea-level rise during the past millennia.

Gravel spits of Brittany belong to “composite gravel beach” type (Carter and
Orford 1993; Jennings and Schulmeister 2002). The beachface is characterised by
two distinct morphosedimentary parts separated by a break in slope at the mid tide
level. The lower part of the beachface is dissipative with a low slope gradient
(0.01 %), and takes the form of a sandy or rocky platform. The upper part of
beachface is reflective and corresponds to the gravel barrier itself, mainly composed
by sandy-gravel material and a pebble fraction dominating on the crest. Interstitial
sandy fraction is important (around 50 %). Slopes values are between 5 and 17 %
according to the different types of sediment assemblages that form the barriers.
Gravel spits present generally a single ridge exceeding the high-water-spring-tide
level of a few decimeters. Nevertheless, the crest is potentially affected by episodic
overwash processes during storm events combined with high-tide level. Some spits
present multiple ridge-crest morphology in their distal part related to longshore
sediment supply. Behind the spits, back-barrier environments are most often
characterised by salt-marshes infilled by sandy to peaty mud.

The coast of Brittany is considered with macrotidal environment, with a maximum
tidal ranging from 10.85 m on the Sillon de Talbert, to 7.6 m in the Bay of Brest, and
6 m on the southern coast. Dominant swells mainly come from the west (Fig. 15.1)
and show a notable increase during the winter. However, wave conditions vary
locally depending on the shallow bathymetry. The spit of Sillon de Talbert appears
to be affected by the most energetic swell conditions. The modal height (Hs) is
between 1 and 1.5 m, and the modal period (Tpic) between 9 and 10 s. During storm
events, the wave height can sometimes reach up to 9 m and the period up to 20 s. In
these conditions, the Sillon de Talbert acts as a natural barrier against wave attack,
offering a sheltered environment for the Bréhat Archipelago to the east and
preventing flooding of low-lying Lanros peninsula to the south. The other spits of
Brittany are located in more sheltered environments as shown the spits of the bay of
Brest. The spits of Dibenn and Bétahon are protected by several shoals and islands.
The spit of Linkin is also sheltered from dominant waves by a rocky promontory.
Finally, the Bay of Brest is a fetch-limited environment and the waves height never
exceed 1 m, whatever the wind conditions (Stéphan 2011a). According to their
general orientation to incident waves, spits are swash- or drift-aligned (Fig. 15.1).

15.2 Long-Term (10° Years) Evolution of Gravel Spits
of Brittany

The lithostratigraphy and biostratigraphy of several back-barrier sediment
sequences were examined to reconstruct the late-holocene evolution of four gravel
spits located in the bay of Brest. Benthic foraminifera assemblages were analysed to
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identify the exposure of the salt-marshes and to determine the phases of construc-
tion and breakdown of gravel spits. The characterization and the chronology of
environmental conditions associated to sedimentary units were improved by using
a foraminifera-based transfer function and 20 radiocarbon dates (Stéphan 201 1a).

The results show that the stratigraphy of sediment infillings studied at Porzguen
and Troaon salt-marshes are transgressives and reveal a similar general pattern of
sedimentation. A basal well-humified peat containing reeds remnants (Phragmites
australis) and detrital wood fragments overlays a weathered shale pre-Holocene
surface on a maximum thickness of 1.7 m. The age of this basal unit is between
6,250 and 5,000 cal.year BP. Benthic foraminifera assemblages are dominated
by Trochammina inflata and, secondarily by Jadammina macrescens and
Haplophragmoides wilberti and are attributed by the transfer function to the upper
limit of the tide levels. The basal peat units are overlayed by an organic-rich silty-clay
4 m thick containing root fragments of salt-marsh plants. Foraminifera assemblages
are dominated by Trochammina inflata and Jadammina macresens. The contact
between the basal peat and this overlying organic mud is gradational and reflect an
increase of marine influence in a salt-marsh environment protected by a coastal
barrier. At Porzguen marsh, the foraminifera assemblages are homogenous until the
actual surface of the mash indicating no significant change of the back-barrier
environment and a great stability of the gravel spit during the last millenia. At Troaon
marsh, however, this unit contains two thin silty-sand horizons characterized by
numerous shell fragments and dominated by Haynesina germanica and Elphidium
species. These horizons reflect a change in the hydrodynamic conditions of the back-
barrier environment related to the erosion of the initial gravel barrier. These coastal
changes are not dated precisely but could be related to a phase of high storminess
recognised around 3,000 cal.year BP in western part of France. Barriers breakdowns
are identified in most late-holocene stratigraphies and correspond to a period of major
climatic changes, known as the Bond Cold events (Bond et al. 1997).

At Arun marsh, the sediment infilling has a maximum thickness of 4 m. At the
seaward marges of the salt-marsh, the back-barrier sediment sequence is characterised
by a set of coarse washover fan deposits interstratified with a silty-clay layers
dominated by Jadammina macrescens and Trochammina inflata assemblages. Two
barrier erosion and breakdown phases associated to washover deposits are dated
around 2,000-1,800 cal.year BP and 1,000 cal.year BP respectively. Here, long-term
coastal changes are more important because the spit is exposed to more energetic wave
conditions.

On the Loc’h spit, the sedimentary sequence is characterised by a coarse gravels
unit corresponding to an initial gravel barrier. Two radiocarbon dates obtained from
wood fragments located at the bottom and at the top of an underlying sandy-clay
organic-rich layer give an age of AD 889-1023 and AD 1023-1157, respectively
(Stéphan and Laforge 2013). Analysis of fossil foraminifera assemblages and use of
the foraminifera-based transfer function demonstrates that the underlying deposit
corresponds to a salt-marsh environment initially protected by an initial gravel
barrier. The destruction of this barrier appears to take place from the eleventh to
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twelfth centuries and could be related to important variations in sediment supply
from periglacial cliffs erosion, associated to extreme storm events. Storm deposits
from the end of the early middle ages have been recognized by Giot (1998) and
Devoy et al. (1996) in other coastal stratigraphies in the western part of Brittany.
This period is obviously characterised by high storminess in the western France.

The back-barrier sediment sequences studied in the bay of Brest indicate that
actual gravel spits have recorded a long morphosedimentary evolution over the last
millenia. Distinct phases of construction and barrier breakdown were recognized,
indicating a variability of storminess and sediment supplies during late-holocene
period. However, morphogenic events are not synchronous because the high spatial
variability of barrier exposition to the wind-waves in a fetch-limited environment.
At Porzguen marsh, sediment sequence highlights a great stability of the gravel spit
due to very sheltered conditions.

15.3 Historical Evolution of Gravel Spits

Ancient maps of the spits located in south Brittany which have been achieved at the
beginning of the nineteenth century show a trend to landward retreat. In the bay of
Brest, a landward migration is also suspected on swash-aligned gravel spits but the
rates of migration are difficult to assess. On the Sillon de Talbert, however, coastal
changes are more significant. On the first detailed maps drawn in 1666 and 1675,
the gravel spit is represented as a welded barrier attached to the islands of the Olone
Archipelago. A major morphological change can be seen on the Cassini’s map,
achieved in the second half of the eighteenth century. On that map, the Sillon de
Talbert is deconnected from the Olone Archipelago by a 200-300 m long breach,
transforming the barrier into a spit. This dislocation is dated in the early eighteenth
century, probably due to the violent storm on 26 November 1703. This storm
heavily hit the British Isles and western France and is supposed to have cost the
lives of between 8,000 and 15,000 people. In England, this storm alone is thought to
have killed 1,700 people and to have sunk 12 Royal Navy vessels. It is considered as
the most violent storm of the past centuries (Lamb and Frydendahl 2005). The
transformation of the initial welded barrier into a spit marked the beginning of a
slow cannibalistic process throughout the nineteenth and twentieth centuries, which
was accompanied by continuous landward retreat of the spit by rollover. The
cannibalistic trend on the Sillon de Talbert is linked to a gradual change in its
general direction in relation to incident waves, from a swash-aligned to a more
drift-aligned position, leading to an increase in longshore drift. This sediment
transport fed the distal end, which widened out through the formation of successive
accretion ridges on the lee side of the tip. In return, the proximal end experienced a
sediment deficit due to sediment loss by drift.

Over the last decades, the quantification of the recent mobility of spits in
Brittany shows a sediment budget deficit (Fig. 15.3). This sediment depletion is
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2011c)

illustrated by cannibalization (e.g. Dibenn spit, Fig. 15.4a), landward retreat by
rollover (e.g. Sillon de Talbert spit, Fig. 15.4b) and, in some places, complete
destruction of the gravel-dominated spits (e.g. Faou spit, Fig. 15.4c). Located on the
southern part of Brittany, Betahon spit is the only case of recent progradation with
a mean rate of seaward migration around 0.25 m.year ' (Fig. 15.3). The
progradation is related to the construction of a foredune during 1980s by impor-
tant sediment supply from the west of the bay. Six spits located in the inner parts
of the bay of Brest are stable due to their very sheltered position and fetch-limited
conditions. It is the case of Porzguen spit which also showed an exceptional
stability during the last millennia. Seven spits have experienced a slow landward
migration by rollover because of occasional impact of overwash events inducing,
in this case, rates of retreat never exceed 0.2 m.year™'. Seven spits show macro-
and microscale cannibalization trends, reflecting scarcity of the longshore sedi-
ment supply. Four spits recorded a rapid rollover with rates of landward migration
between 0.25 and 1 m.year . The highest migration rates are recorded on the
Sillon de Talbert (Fig. 15.4b). Finally, a case of complete destruction was
observed on Faou spit during last decades. After a rapid landward retreat around
0.6 m/year between 1948 and 2004, two large breaches were opened during the
1970s leading to the gradual lowering of the crest and the sediment dispersion in
the back-barrier zone by waves (Fig. 15.4c). Ultimately, the morphological
evolutions measured over last decades reveal a scarcity of coarse grain sediment
along the Brittany coastline.
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15.4 The Question of Sediment Supply from Periglacial
CIliff Erosion and Sediment Budget

The recent mobility of the gravel spits highlights the lack of significant sediment
input. Because the unconsolidated cliffs formed by periglacial deposits (head) are
nowadays the main sediment sources of coarse sediment to the coast, the recent
volumes provided by their erosion were assessed closed to three study areas. Cliff
erosion rates were determined near Betahon and Dibenn spits and in the bay of Caro
(Bay of Brest) by analysing changes of the backscar (cliff-top) plotted from aerial
photographs. Volumes were calculated as Shuisky and Schwartz (1983) and have
been estimated at 570 m3.yeaf1 in the bay of Betahon. This supply explains the
recent seaward migration of the spit. However, the bay of Betahon appears to be an
exception at regional scale. Generally in Brittany, the retreat of unconsolidated
cliffs is slow. For instance, erosion of Dibenn cliffs provides a sediment volume
estimated at 20 m>.year” ' which is not sufficient to prevent the cannibalization of
the spit. In the bay of Brest, taking the example of Caro studied site, the maxima of
volumes of sediment supply provided by unconsolidated cliff erosion is estimated
at only 48 m>.year .

Gravel barriers are formed by fossil deposits which have within a context of
sediment abundance and a decreasing of Holocene of sea-level rise around
6,000 cal.year BP. In the eastern part of the Channel, authors have shown that a
large amount of the gravel accumulations were originated from sea erosion of a
periglacial head deposits present on the continental shelf during the post-glacial
transgression (Bray et al. 1995). This sediment source was gradually depleted
during the last millenniums because of the decrease of the relative sea-level rise.
On Nova Scotia coast (Canada), the authors have explained the erosion of gravel
barrier and spit by the absence of major sea-level fluctuations during the past
millennia (Forbes et al. 1995; Orford et al. 2002). In that context, no sediment
supply on the foreshore by cliff erosion is realised. Stéphan (201 1c) showed that in
western Brittany (Bay of Brest), rates of relative sea-level rise have gradually
declined since 2,700 cal.year.BP and are below 1 mm.year ' for the last millen-
nium. This rise of sea-level is not sufficient to enable a widespread of large amount
of sediments. Field observations indicate that the base of unconsolidated cliffs is
nowadays rarely reached by waves attack (Stéphan 2011a). Furthermore, the
presence of a large platform in front of the current cliffs promotes the dissipation
of wave energy before it reaches the foot of the cliff.

15.5 Impact of Human Forcings

In Brittany, anthropogenic forcing have often been overstated to explain coastal
erosion of gravel barriers. Sediment mining has played a role only in places.
Pebbles were only extracted for industrial use in the Bay of Audierne during the
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Second World War by the Wehrmacht Todt Organisation, to built the german
defense (Atlantic Wall). In this area, sediment extraction represented a volume of
around 1.10° m>. For the Sillon de Talbert, no data is available to estimate the
volumes extracted, but historical documents indicate that during the eighteenth and
nineteenth centuries, the barrier was also used for pebble mining. However, this
practice was prohibited in the early twentieth century. In the bay of Brest, sediment
mining undertaken during the 1960s by oyster-farming activity has caused a
reduction of 10 % and 50 % of the total sediment volumes of Mengleuz and
Kersanton spits respectively.

Jetties constructed downdrift have led to a reduction of longshore sediment
supply towards the Troaon, Auberlac’h (Fig. 15.2a) and Mengleuz (Fig. 15.2¢c)
spits. This process is explaining cannibalization of Troaon spit and the erosion of
Mengleuz and Auberlac’h spits. On the Sillon de Talbert, following the 5 April
1962 storm, major defense management of the spit was undertaken. In 1967, the
breaches in the dune were artificially plugged. A riprap jetty was built between
1974 and 1982 in order to protect the dune section and to trap eastward sediment
transit. A frontal rocky armor was also built at the crest of the spit over a distance of
1,500 m to prevent overwash and rollover processes. However, the armor
perturbated the natural self-organisation of the spit and increased wave reflection
causing the erosion of the lower beachface. During winter 1989-1990, despite the
existence of this defense structure, series of storms caused considerable lowering of
the barrier, the formation of new breaches and the retreat of the spit. In 2004, the
main part of the frontal armor was removed by local authorities (Fig. 15.2g, h).

15.6 Morphodynamic Behaviours of Gravel Barriers
at Mid-Term

Natural forcing, such as waves and tide, was analysed between 1953 and 2011 in the
bay of Brest (Stéphan 2011c) and between 1979 and 2011 on the Sillon de Talbert
spit (Stéphan et al. 2012). This analysis was based on the reconstruction of high
water levels inducing crest erosion and/or overwash processes. On the Sillon de
Talbert spit, the rate of landward retreat by rollover is strongly controlled by
overwash frequency and magnitude. Between 1979 and 2010, Unit 1 (see on
Fig. 15.4b) was affected by very few overwash episodes, which explains the
stability of this spit section from the 1970s. Unit 2 was more frequently affected
by overwash, in particular after the 1989-1990 winter storms which created two
main breaches in this section. At the same time, the increase of overwash events
during the 1990s can also be explained by the lowering of the crest. Units 3 and
4 showed more frequent overwash events between 1979 and 2010. The most severe
ones were generated by 1989-1990 winter storms and the 10 March 2008 Johanna
storm. During these two storm periods, landward retreat by sluicing overwash
reached —15 m and —13.2 m for unit 3 and —17 m and —14.7 m for Unit 4. Several
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secondary discrete overwash events were also recorded during the spit’s low
mobility phases.

In the bay of Brest, spit mobility over the last decades was not so clearly linked
to overwash events. Nevertheless, three overwash regimes are identified according
to barrier alignment (Fig. 15.5). A first overwash regime (R1), characterized by low
frequency and high magnitude of overwash events, is driving swash-aligned gravel
spit processes causing slow landward retreat by rollover. A second regime (R2),
defined by high frequency and low magnitude of overwash events, is driving drift-
aligned gravel spit evolution dominated by relative stability and cannibalization. A
third regime (R3) concerns swash-aligned spits frequently reached by energetic
overwash events causing rapid landward retreat by rollover or complete destruction
of spits.

15.7 Short-Term Evolutions: Barrier Responses
to Extreme Storm Events

Between 2002 and 2012, morphological evolution of five gravel barriers affected by
erosion was annually surveyed using DGPS. The role played by overwash dynamic
was also studied by analysing hydrodynamic conditions. Results show different
pluri-annual morphogenetic phases. On Sillon de Talbert spit, the major storm
event of 10 March 2008 caused a barrier average retreat up to 10 m and a crest
lowering reaching —1.5 m. Volume of removed sediments due to barrier retreat
were estimated to 120,000 m® (10 % of the total volume of the spit). The morpho-
genetic impact of this extreme event is explained by the conjunction of high spring
tide levels and energetic wave conditions (hs = 9.5 m) inducing high surge level on
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the coast. The occurrence of this event is between 50 and 100 years on the coast of
Brittany. This sluicing overwash phase occurred after a period of stability related to
a low morphogenetic condition between 2002 and 2007 (Fig. 15.6a). After the
Johanna storm event, crestal overtopping phase corresponding to the progressive
spit recovery was recorded. The “ridge rebuilding activity” as defined by Orford
(2011), was undertaken between March 2008 and September 2012, showing the
great resilience of the barrier. During this post-storm recovery period, the average
of crest elevation was up to 1 m, reaching locally 2 m. These different morphoge-
netic phases were also recognised on other coastal areas along the Brittany coastline
(Suanez et al. 2011; Suanez and Stéphan 2011). In contrast, in the bay of Brest, the
recover of spits and barriers after the 10 March 2008 storm event was not so
obvious. For instance, Loc’h spit showed a tendency of erosion for the whole period
of measurements, especially since the 10 March 2008 Johanna storm (Stéphan and
Laforge 2013) (Fig. 15.6b).

15.8 Management Strategies of Gravel Spits

After several decades of coastal erosion management strategy mainly based on hard
defense structures, the Sillon de Talbert has experienced since 2001 a new man-
agement policy provided by the ‘Conservatoire du Littoral’. The principal goal is
not let the spit retreating naturally while attempting to prevent its breaching. In
October 2004, a large part of the frontal armor located on the Units 2 and 3 was
removed (Fig. 15.2¢g, h). The riprap was crushed and the material was deposited on



15 Long-, Mid- and Short-Term Evolution of Coastal Gravel Spits of Brittany, France 287

the rear of the spit, forming three embankments in a way to slow down the landward
retreat barrier. After the major morphological changes caused by the Johanna
storm, human interventions were only restricted to plug breaches in the dune, and
to set up new fences in a way to recover dune morphology. It denotes a radical
change in terms of coastal management strategy facing erosion in France. The
‘Conservatoire du Littoral’ is a national organisation in charge of the acquisition of
coastal lands for there preservation. Since the 2000s, the ‘Conservatoire du Litto-
ral’ initiated a policy of acquisition of low-lying coastal lands threatened to
flooding, situated on the rear of the Sillon de Talbert spit. This policy promotes
the strategic withdrawal of human settlements. In the bay of Brest, a management
strategy of gravel spits and back-barrier salt-marshes is establishing by local
authorities (Stéphan et al. 2012) in order to protect barriers affected by erosion
and restore ecological value of marsh environments. Gravel spits are also consid-
ered as geological heritage that must be protected from any human forcing using
management plans.
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Chapter 16

Morphological Characterization

and Evolution of Tahadart Littoral Spit,
Atlantic Coast of Morocco

M. Taaouati, G. Anfuso, and D. Nachite

Abstract Tahadart littoral spit on the Atlantic coast of Morocco is a mesotidal
environment composed of 6 km long sand spit with flat and wide beaches,
foredunes and vegetated dune ridges and well developed salt marshes. Tahadart’s
littoral zone is affected by east and west winds and is exposed to waves approaching
from the NE with an associated SW-directed littoral drift. Detailed 3D surveys
reveal the spit as a flat, dissipative beach with small changes that take place
homogeneously along the foreshore according to the parallel retreat model. Such
a dissipative morphodynamic state was confirmed by means of classical parameters
such as the Surf Scaling, Surf Similarity and the Dean number. The littoral
evolution of the area was determined through analysis of the position of the dune
foot evolution in 1981 and 1997 aerial photographs as well as the 2007 SPOT image
by means of GIS tools. Coastal evolution was revealed by examining changes
between the earliest (1981) and the latest (2007) shoreline positions. Accretion
clearly prevailed over erosion and was particularly so in the northern part of the
littoral (95 m, 3.7 m/year), at the river mouth (90 m, 3.5 m/year) and at southern part
(the free edge) of the sand spit, with seaward and southward displacement of
shoreline values increasing from north (12 m) to south (c. 180 m, 6.7 m/year).
Behaviour observed at the free spit’s edge matched well a model of continued beach
growth/progradation and allowed three different areas with specific beach growth
mechanisms and rates to be determined.
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16.1 Introduction

Morocco, located between Europe and Africa (Fig. 16.1), the Atlantic Ocean and
the Mediterranean Sea, has around 2,934 km of coastline that extends along the
Atlantic coast, from Cape Spartel (in the North), to Lagouira (in the South), and
512 km of Mediterranean coast, from Cape Spartel (in the West), to Saidia
(in the East).

The nature of the coastline varies hugely from one region to another in relation to
geological and tectonic factors and coastal dynamics. Rocky shores are relatively
extended on the Mediterranean coast, while sandy beaches, coastal dunes, rocky
platforms, marshes, lagoons and estuaries are well represented alongside the Atlan-
tic coast. In this sense, the littoral of Morocco hosts many environments, with a
particular ecological and socio-economic interest, such as lagoons (Nador, Khnifiss
Moulay Bousselham, Oualidia and Sidi Moussa), estuaries (Tahadart, Loukkos
Oum Errabia, Bouregreg, Sebou, Moulouya etc.), salt marshes and bays (M’diq,
Agadir, Dakhla and Cintra). See Castro et al. (2006) and Nachite et al. (2008) for a
fuller description.

Such important environmental heritage is quite often threatened by socio-
economic activities. The majority of large-scale industrial and economic activities
of Morocco are positioned at the coast, particularly the most powerful industrial
complexes such as the oil refining and petrochemical activities at Mohammedia,
phosphate industries at Safi and Jorf Lasfa and steel industries at Nador. In this
sense, the Kenitra-Safi axis, concentrates 60 % of industrial units and 80 % of
national industrial jobs (Nakhli 2010).

The littoral zone has also attracted a lot of tourist investments over the past
30 years and today it concentrates around 70 % of classified beds capacity.

0w g T g § FER

35N SRty Portugal -7

if |
S
R

Spain

pCadiz i !
| Guifof  Tamsicn & Sea |
| Cadiz  Asilahd, 1500w

Moroceo o
by

35°35'0N

350N

5/ <
gle. s
E00UW 5'55TW S EE0UW §'STOW S'5ETW

Fig.16.1 Location map of the investigated area with an aerial view of the Tahadart Estuary (From
Google Earth 2011) and the SPOT 5 image used for coastal evolution. The square at spit free edge
in the SPOT image indicates the area represented in Fig. 16.5a
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Four major tourist areas can be distinguished: Agadir and its region,
El Jadida-Casablanca-Mohammedia, Rabat-Temara-Skhira Bouznika and Tanger-
Tétouan. New important development projects encompassing marinas and golf
camps are planned in Tangier area within the Plan Blue 2020 (Nachite 2009;
CCIST 2013).

This chapter deals with morphodynamic characterisation and evolution of a
littoral spit on the Atlantic littoral of Northern Morocco, a long sandy coast
constituting the southern part of the Cadiz Gulf which incorporates as part of its
littoral arch Southern Portugal and the Atlantic coast of Spain and Morocco
(Fig. 16.1).

16.2 Study Area

The coastal sector is located in the Tahadart area, between Tangier and Asilah
towns, on the Northern Atlantic coast of Morocco (Fig. 16.1). The sector is
composed of a 6 km long spit that encloses an estuary with well-developed salt
marshes (Nachite et al. 2008). It is the most important and extended marshland of
the Atlantic coast of Morocco, with other important areas of similar type being
Loukkos estuary and Moulay Bouselham and Khnifiss lagoons.

The NNE-SSW oriented littoral, consists of a sandy spit with a field of well
developed vegetated dunes in the northern and central parts and foredunes in its
southward edge. Along the area, beaches show a smooth profile and are backed by
well developed and vegetated sand ridges (Jaaidi et al. 1993). The estuary shows
salt marshes with tidal creeks (Fig. 16.1), well developed slikke and shorre areas,
and it represents an area of great biological and ecological interest, e.g. SIBEL11 of
the National Plan of Protected Areas of Morocco (Nachite et al. 2008, 2010).

The climatic characteristics of the area shows temperatures and precipitations
levels typical of an occidental Mediterranean area, with a short, cold and rainy
winter (from November to April) and a dry and warm summer period (from May to
September). Precipitations show relatively strong values, ranging from 655.8 to
765.3 mm (Karrouk 1990), that are irregularly distributed throughout the year with
maximum values in December. Main annual temperature is 18.2 °C, with maximum
monthly values recorded in August (27.3 °C) and minimum in January (14.3 °C).

Predominant winds, named “Chergui”, blow from the East (27 % occurrence),
i.e. from land, are especially abundant in spring and summer and reach maximum
velocities of 130 km/h.

Secondary winds (Rharbi) blow from the West (16 %), e.g., the Atlantic Ocean,
are wet and prevail in winter and autumn.

Tidal range is 2.7 m (mesotidal) that has a semidiurnal periodicity (ONE 2002).
The hydrodynamic conditions are principally controlled by storms approaching
from occidental quadrants (Jaaidi and Cirac 1987).

The littoral area evolved during last decades because of natural processes and
especially human interventions since the progressive urbanization of the estuarine
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and coastal areas (Nachite et al. 2008). Two rural settlements, e.g. Qouasse Briech
and Boukhalef, are present in the area with a total population of 22,000 inhabitants,
main activities being traditional agriculture, salt harvesting, traditional fishing and
shellfish recollection (ONE 2002).

16.3 Methodology

16.3.1 Morphological Characteristics of the Coastal Area

Sediments samples were taken from salt marsh (slikke, schorre and tidal creeks)
and beach-dune environments and sieved in laboratory with a Ro-tap machine using
a nest of sieves at 0.5-phi intervals. Granulometric parameters were calculated
according to Folk and Ward (1957) and visual observations concerning grain
morphoscopy were carried out by means of a microscope.

Beach and dunes topographic surveys were carried out in July 2005 and January
and March 2006. A total station (GTS-Topcon 225) was used for obtaining detailed
3-D surveys extending from the dry beach to a depth equivalent to mean spring tide
low water level. Beach width and beach face slope were calculated later. The
adjacent dune field located in the southern part of the spit was also surveyed.

Various parameters and formulae commonly used in coastal geomorphologic
studies were employed to characterise beach morphodynamic state (Short and
Jackson 2013; Jackson et al. 2005). Wave breaking type was calculated using the
Surf Similarity index (Battjes 1974):

& = tan B/(Hy/Lo)™ (16.1)

where P is the intertidal beach slope, Hy, is the significant breaking wave height,
and L represents the deep water wave length. The index differentiates from surging
(& >2) to plunging (0.4 <& <2) and spilling breakers (§ <0.4) (Fredsoe and
Deigaard 1992).

In order to determine the morphodynamic state of the beach, Guza and Inman
(1975) proposed the following Surf Scaling parameter:

e = 6°Hy,/2g tan’p (16.2)

where ¢ is the wave frequency in radians, g is the acceleration of gravity and tan 3 is
the beach slope. The formula allows us to distinguish between reflective (e <2.5),
intermediate (2.5 <& < 30) and dissipative (¢ > 30) surf zones (Guza and Inman
1975). Significant breaking wave height (H,) was calculated following Komar and
Gaughan (1972) equation by considering the mean value recorded offshore during
the month before the beach survey.
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The Dean number was also calculated (Dalrymple and Thompson 1976):
Q=H/W,T (16.3)

where H and T represent, respectively, the height and time interval of the wave in
deep water and W is the settling velocity:

W, = 273(Dso) ! (16.4)

where D5 is the grain size (the median) in metres. Since D5, showed a minimum
seasonal variability range, a mean representative value was used (Taaouati 2012).
This parameter differentiates between reflective beaches with bars and beach cusps
(< 1), intermediate beaches with bars and cusps (1 <€ < 6) and dissipative
beaches (2> 6). The Dean number, employed in conjunction with the relative
tidal range (RTR) obtained by the relationship between tidal range and wave height
(Davis and Hayes 1984), was used to classify all investigated beaches according to
the model proposed by Masselink and Short (1993).

16.3.2 Coastal Evolution

A satellite image and aerial photographs from different years and timescales were
used to reconstruct and quantify shoreline evolution over a medium-term trend
period (26 years), (Crowell et al. 1993).

These documents were scanned, geo-referenced, and computer-rectified to elim-
inate effects of scale and distortion (Crowell et al. 1991; Moore 2000). Ground
Control Points (GCP;) for photo registration were obtained from the geo-referenced
satellite SPOTS image of 2007, and all information was presented in UTM/WGS84.
A polynomial transformation was applied in the registration process because of the
smooth topography of the study area (Chuvieco 2000) and GCP; were located in
unequivocal places (Thieler and Danforth 1994).

The error associated with the distortion of the photographs was solved and
controlled in the geo-referenced documents with visual estimations by comparing
the registered photo with the base map, and through the root mean square error
(RMSE), giving the photographs a geometrical error of approximately +5 m.

The precision and accuracy of aerial photogrammetric measurements depends
also on the difficulties of locating the shoreline position. Typically, the shoreline is
taken as the water line, especially in microtidal environments (Boak and Tarner
2005), or as the seaward vegetation limit, dune foot, or cliff top, in mesotidal
environments (Crowell et al. 1993; Boak and Tarner 2005).
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16.4 Results and Discussion

16.4.1 Wave Climate

Wave data were obtained from the prediction point SIMAR 1056043 (6.00° W,
35.75° N), developed by Puertos del Estado (Ministry of Development, Spain)
using the wave model WAM. Waves essentially approach from WNW and second-
ary from W (Fig. 16.2). Significant wave height is between 0.5 and 1.0 m (40 % of
records) and between 1.0 and 1.5 m (20 %). Higher waves are about 4 m (c. 2 % of
records) and approach from the West. Maximum significant wave height with
10 years return period is 7.8 m. Wave period ranges from 3 to 16 s, being 3—4 s
most common values, e.g. c. 90 % of cases. Wave climate shows an important
seasonal trend with the main storms observed during the winter period, especially
December and January. Wave height and period as well as storm distribution were
very similar to observations carried out at Cadiz area, in the northern part of the
Gulf of Cadiz, by Rangel and Anfuso (2011, 2013) which related storm distribution
with negative phases of AO and NAO indices.

Coastal orientation (NNE-SSW) and predominant wave approaching direction
(WNW) give rise to a main littoral drift that is clearly southward directed. This is
reflected by the orientation of all sand spits along the Atlantic littoral zone of
Morocco (Taaouati 2012). An opposite secondary drift is also observed and
associated with wave fronts approaching from the west.

Fig. 16.2 Wave rose
corresponding to the
prediction point SIMAR
1056043
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Sandy shoreline

Fig. 16.3 Main morphological characteristics of the Tahadart spit and estuary. Cartography was
based on the topographic map of 1963 and updated using the satellite Spot image of 2007

16.4.2 Salt Marsh Characteristics

Tahadart spit encloses an estuary with developed salt marshes including slikke and
schorre areas and a complex network of tidal creeks (Nachite et al. 2008, 2010). The
estuary is developed along the margins of Meharhar and El Hachef rivers that
merge at about 1.2 km from the coastline (Figs. 16.1 and 16.3).

The main estuarine elements are (Fig. 16.4): (i) the main channel, continuously
submerged and composed of clastic clay with low percentages of sand (<25 %).
Sedimentary supplies to the littoral are almost null and composed by fine suspended
particles. Vegetation is almost absent and represented by Zoostera and algae;
(i1) Slikke, the unvegetated area flooded at every high tide, shows a slope ranging
from 5 %, in the upper, to 10 %, in the lower part. Ganulometric analysis showed
the presence of clay (15 %) and sand (85 %) composed by fine rounded grains of
quartz; (iii) Schorre, upper, vegetated part covered only at spring tides, is separated
from slikke by an escarpment of a few centimetres. It is composed of medium
(29 %) and fine (70 %) sand and clay (1 %). Microscopy observations revealed the
presence of bioclastic sediments and minute vegetation debris. Vegetation is
represented by Spartina maritima, Sarcocornia perennis, S. fruticosa and
Salicornia europea.
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Fig. 16.4 Photo of Tahadart salt marshes showing slikke, shorre and tidal creeks. Un-vegetated
flat surfaces are for salt harvesting

Within terms of land use evolution of the estuary area, a progressive reduction of
marshes and ponds and an increase of cultivated and urban areas were progressively
observed within the past few decades. In 1958, salt marshes and ponds presented an
extension of 3,200 ha and occupied 37.3 % of the area. They were followed by
forests (1,200 ha, 14 %), cultivated lands, beaches, dunes and urbanised areas
(Nachite et al. 2008). In 1992, about 500 ha of marshes and ponds were lost,
meanwhile, an increase of urban occupation linked to the expansion of existing
villages and contraction of industrial emplacements was recorded. General
re-vegetation of coastal areas took place with forests replaced with acacias and
other inland areas with Quercus suber. Recorded trends in land occupation contin-
ued in successive decades but land use changes were actually very small because in
1996 the area was declared a site of biological and ecological interest (SIBE L11 of
the National Plan of Protected Areas of Morocco).

16.4.3 Sedimentological and Morphodynamic Spit
Characteristics

Location, morphodynamic and shape of spits are controlled by several different
geological factors including alongshore drift, tidal and fluvial currents, glacial and
fluvial sediment supplies, underlying geological framework, wave refraction and
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Fig. 16.5 Results of topographic surveys: (a) 3D model of the southernmost spit portion
(see Fig. 16.1 for location) and (b) beach profiles of the investigated area

angle of wave approach and sea level rise (May and Tanner 1973; Hine 1979; Park
and Wells 2005). Further, alongshore sedimentological differences give rise to
different morphodynamic states even along the same littoral spit (Carter 1988;
Calliari 1994).

Tahadart spit sediments are composed of fine, coarse to medium, quartz rich sand
with a mean grain size value (Dsg) of 0.24 mm with a homogeneous alongshore and
cross-shore grain size distribution.

Beach morphology showed a smooth and wide foreshore with minor alongshore
variations (Fig. 16.5a). Such homogeneous characteristics are associated with unidirec-
tional wave approach and related drift, and the absence of controlling geomorphologic
features such as rocky shore platforms (not observed at the investigation site) but
common at Asilah (Taaouati 2012).
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Fig. 16.6 Photographs at Tahadart spit showing a swash bar and associated landward trough (a),
developed foredunes at southern spit edge (b) and a wide deflation surface extended on the back of
foredunes (c). Image from Google Earth (7/30/2013) showing the spit free edge with oblique
swash bars (d)

Recorded morphological changes were usually slow, resulting in negligible daily
and even weekly variations (Taaouati 2012) as observed in similar smooth beaches
in the Cadiz littoral areas by Anfuso and Gracia (2005) and Rangel and
Anfuso (2011).

Beach profiles showed vertical changes of few decimetres, with the most impor-
tant variations being recorded at the lower foreshore areas due to welding and
migration of swash bars (Fig. 16.5b). Such morphologies were close to the ones
observed by Taaouati et al. (2011) and to bars observed in flat beaches of Cadiz area
by Anfuso and Gracia (2005) and Rangel and Anfuso (2011) and in Northern
Ireland by Jackson et al. (2007). They were characterised by a wide and smooth
crest with not much evidence of an avalanche face (Fig. 16.6a).

Regarding beach morphodynamic state, the beach was visually close to the
“Dissipative” beach state of Wright and Short (1984) and presented a flat foreshore
slope (tan § =0.013) that did not record relevant variations during studied period
(Fig. 16.5b). Morphological changes essentially took place under the “parallel
retreat” model of Nordstrom and Jackson (1992) which produced small morpho-
logical and seasonal slope changes usually homogeneous along the foreshore, and
very typical of dissipative beach states (Fig. 16.5b), as also observed in similar
types of beaches by Hughes and Cowell (1987) and Shih and Komar (1994) and, in
the Gulf of Cadiz, by Anfuso and Gracia (2005) and Rangel and Anfuso (2011).
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Such dissipative beach state behaviour characterised by spilling breaks was
confirmed through the use of various morphodynamic parameters, i.e. the Dean
number, Surf Similarity and Surf Scaling parameters. The Surf Similarity index
recorded low values corresponding to spilling conditions (€ =0.15, Fredsoe and
Deigaard 1992). Regarding the Surf Scaling parameter, the beach clearly showed
dissipative values (e = 177) according to the limits of Guza and Inman (1975). On
considering the Dean number, the mean obtained value (Q=7.2) is typical of
dissipative beach states.

In addition to previously described classic morphodynamic parameters, the RTR
and Dean number were also used to classify beach according to Masselink and
Short (1993): all data collected corresponded to the “dissipative barred beach
state”, this way confirming field observations.

In the northern part of the spit, the dune field is comprised of a continuous ridge,
vegetated by Mediterranean bushes and trees, essentially Juniperus oxycedrus,
Pistacia lentiscus and Pinus Pinea. The effects of Chergui and Rharbi winds are
very important in the Southern part of the spit giving rise to 3—4 m high and rapidly
migrating foredunes (Fig. 16.6b) with a wide deflation surface landward of the dune
field. This is characterised by the presence of flat, centimetric pebbles and small
sand accumulations on lee side of pioneer plants (Fig. 16.6c).

16.4.4 Medium Term Evolution and Shoreline Change Rates

This sand spit is part of a c. 35 km long uniform sector enclosed between Cape
Spartel (at North) and Asilah (at South, Figs. 16.1 and 16.3). Coastal evolution was
calculated by taking into account movements of the dune toe position in 1981 and
1997 aerial photographs and in 2007 satellite image (Fig. 16.7). The coastline along
sectors from transect 1 to 120 and from 174 to 250 was identified with a seaward
limit of dune vegetation. The coastline including transects 121-173 which corre-
sponds to the southern part of the spit, was identified by the position of dune foot —
because dunes were not vegetated. Mapped coastlines showed a linear and regular
trend in plane confirming this way the homogeneity of the investigated area.
Temporal and spatial coastal evolution was examined using shoreline changes at
each transect over the whole period (Fig. 16.8a). The first method (Fig. 16.8a),
describes the movement of the shoreline between the earliest (1981) and the most
recent (2007) shoreline, although this movement may be not the maximum shore-
line displacement recorded. The second method (Fig. 16.8a) deals with variability
at each transect taking into account the maximum spatial recorded displacement of
shoreline without mind about considered time span (1981-1997, 1981-2007 and
1997-2007).

Concerning the first method, accretion was recorded along (i) the northern part
of the littoral, in a sector of about 600 m between transects 1 and 28 that showed
maximum accretion values of 95 m (3.7 m/year); (ii) at the southern side of the river
mouth, along a ¢. 300 m long sector between transects 181-192 with a maximum
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Fig. 16.7 Coastal evolution along the investigated area with location of transects

shoreline increase of 90 m (3.5 m/year); and (iii) at southern part — the free edge — of
the sand spit, along a c. 1 km long sector (transects 121-173) that recorded both
seaward and southward displacements of shoreline with values increasing from
north (12 m) to south (c. 180 m, 6.7 m/year, Figs. 16.7 and 16.8).
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Fig. 16.8 Shoreline changes along investigated transects calculated with the Net Shoreline
Movement (NSM) and the Shoreline Change Envelope (SCE) methods (a); Coastal accretion/
retreat rates calculated with the “end point rate” (EPR) and the “linear regression” (LRR)
methods (b)

Erosion was observed along a 700 m sector between transects 29 and 58 recording
retreat values of 3040 m, and at other small sectors, with values lower than 25 m
(Figs. 16.7 and 16.8).

The second method allowed identification of the most variable sectors as well as
any homogeneity in their evolutionary pattern. Analysis of Fig. 16.8 is evidence of
a very good correspondence between the two methods employed, indicating that
any displacement recorded in the 1981-2007 period (NSM method) generally
corresponded with maximum variation at each transect (SCE method). The 1981—
2007 period was one that recorded the greatest variations with respect to 1981-1997
and 1997-2007 periods.

Specifically, along transects 1-29 (Fig. 16.8a), the NSM and SCE lines
presented similar trends but did not coincided because the SCE line showed greater
accretion than the NSM line. This was because maximum accretion was not
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recorded in the longer investigated time span (1981-2007) but in the 1981-1997
period since the 1997-2007 time span showed erosion. Opposite behaviour along
transects 30-50, 52—63 and 105-110 was linked to general erosion recorded during
the 1981-2007 period (NSM line) and small accretion during 1981-1997 period
(SCE lines). The NSM and SCE lines coincided perfectly from transect 110 to
254 indicating: (i) great prevalence of accretion along transects 125175 and 180—
194 during the 1981-2007 period and small changes in other time intervals,
(i) almost absolute absence of shoreline changes from transects 110 to 120 and
195 to 254, due to this coastal sector being strongly protected by the free edge of the
spit and influenced only by river mouth migration that was small or non-existent
(Fig. 16.7).

With regards to retreat/accretion rates, these were calculated according to the
“end point rate” and the “linear regression” methods (Dolan et al. 1991; Crowell
et al. 1997, Fig. 16.8b). The first is the most common method and determines the
amount of shoreline movement by selecting two shorelines, usually the earliest and
the most recent ones. The main disadvantages of this method are that all the
potential information between the two-used shorelines is ignored and the position
of one or both shorelines can be aberrant, consequently generating a large error. The
second method consists of calculating the regression for the whole data set (Crowell
et al. 1997). A problem associated with this method is that, when shorelines
positions are clustered, the same data will have more influence on the regression
than others (Dolan et al. 1991; Jiménez and Sanchez-Arcilla 1993).

In this study, results obtained with the two methods (Fig. 16.8b) presented a very
similar trend with a mean difference value of 0.08 m/year. Such small recorded
differences are due to the limited number of used shorelines, the small clustering of
the data and the steady coastal trend. Specifically, erosion rates — especially
recorded along transects 28—-61 — presented values ranging from 0.25 to 1.55 m/
year. Accretion rates presented great range with maximum values (6.9 m/year) in
the southern part of the spit (transects 130-174, Figs. 16.7 and 16.8b).

16.4.5 Considerations on Spit Evolution and Behaviour

In terms of the Tahadart spit evolution, two main periods have to be considered.
During the 1981-1997 period, spit accretion took place at both the northern and
southern sectors with no changes occurring in the central one (Fig. 16.7). Such a
trend follows the general development pattern of a spit with increasing sediment
supply (Carter 1988). According to Taaouati (2012), coastal sedimentation locally
observed at Haouara Beach in the northern area of Tahadart spit (Fig. 16.3) was
linked to nearshore supplies and to implantation of acacia trees carried out in the
1970s to slow down landward dune migration impacting the adjacent littoral road
(Nachite et al. 2008).

During the 1997-2007 period, the littoral presented — even if less evidently — the
prevalence of accretionary processes. Specifically, erosion prevailed in the northern
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part, at the foot of the spit, and accretion or no changes at the southern part, e.g. the
free edge of the spit. This trend indicated a declining sediment supply (Carter
1988). Such a sedimentary deficit was probably enhanced by important sand mining
started in 1988 of the beach foreshore and backshore at an area north of Tahadart
spit in order to reduce excessive sedimentation and associated infilling problems to
the littoral road. About 500 trucks on a daily basis transported c. 5,500 m*® of sand
representing approximately 15-20 million cubic metres extracted over 15 years,
from 1988 to 2003.

In relation to evolution during the 1981-2007 period, the majority of the littoral
showed accretion (95.2 % of transects), confirming results obtained by Taaouati
(2012) working on the coastal evolution of the Tangier-Asilah sector during the
1958-2007 period. The author investigated evolution of seaward limit of dune
vegetation at 344 transects and recorded a prevalence of accretion (77.3 % of
transects) over erosion (22.7 %) processes. This work also showed that there are
few human actuations in the littoral area and that sedimentary supplies from rivers
are small while important supplies arrive from the nearshore favouring beach
accretion (Abdellaoui and Ozer 2005). At a regional level, prevalence of accretion
processes linked to important sedimentary supplies from the nearshore was
observed in the southern part of Cadiz littoral (Anfuso and Gracia 2005).

Specific behaviour and evolution relating to the southern part of the spit (tran-
sects 130—174), demonstrates an increase in beach growth towards the tip of the
recurved spit linked to the shoreline orientation change and associated increase
of breaker angle, as observed in the theoretical model proposed by Hine (1979).
Such factors produce a decrease of longshore transport and associated deposition of
transported sediments which give rise to widespread swash bars formation and
welding and/or berm ridges development (Carter 1988). Examination of aerial
photographs and field observations at Tahadart spit indicated that swash bars
develop by onshore movement of nearshore bars that approach almost normally
to the coastline. Near the active spit where the beach is curving away from the
ocean into the inlet, the northern parts of swash bars weld to the shore first thus
leaving the southern ends open (Fig. 16.6d). According to Stewart and Davidson-
Arnott (1988), down drift direction of oblique sand bars indicates an environment
having a large net volume of longshore sediment transport (in this case SW
directed) with a low volume in the opposite direction.

The result is an idealised barrier-spit complex linked to continued beach growth/
progradation that takes place in a different manner along the spit: it is possible to
distinguish three different areas with specific beach growth mechanisms (Hine
1979).

The first area, nearest the tip of the recurved spit (transects 171-174, Fig. 16.7),
represents the location of greatest accretion (mean value 179 m) because it is
the place where most swash bars are formed and weld to the shoreline. At this
point, sand shoals are also formed at the river mouth entrance and are clearly
wave-dominated features, parallel to the coastline that control wave refraction
processes (Fig. 16.6d, Carter 1988; Park and Wells 2005). The second area is
located further up the recurved spit (transects 155-169, Fig. 16.7) and records
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less significant accretion values (mean 101 m) because the swash bars here are
not as broad or extensive but can migrate up to and weld onto the beach face
(Hine 1979). The third area includes the straighter portions of the beach (transects
121-154, Fig. 16.7) where longshore transport is dominant and only the growth of
berms formed at neap tides occurs with small beach accretion (mean value: 56 m).

16.5 Conclusions

Tahadart spit is located in a 35 km long homogeneous coastal sector between
Tangier and Asilah, on the Atlantic coast of Morocco and encloses a large estuary
with well-developed salt marshes. Detailed 3D surveys were carried out with a total
station to investigate morphodynamic behaviour and state of ocean beach spit. The
beach showed small and constant changes along the foreshore according to the
parallel retreat mechanism associated with a clear dissipative beach state. Such a
morphodynamic behaviour was confirmed by applying classic parameters as the
Surf Scaling, the Surf Similarity and the Dean number.

The coastal evolution of the site between 1981 and 1997 from aerial photographs
and a 2007 SPOT 5 satellite image were processed by means of GIS tools to obtain
medium-term spit behavioural trends. The coastline was identified with the seaward
limit of dune vegetation and dune foot and both indicators showed a linear and
regular trend.

Coastal evolution was examined by taking into account shoreline changes con-
sidering differences between the earliest (1981) and the latest (2007) shoreline.
Erosion/accretion rates were determined by means of the end point rate and the linear
regression rate methods which presented a very good correspondence. Erosion
affected a 700 m long sector. Accretion clearly prevailed over erosion and was
especially recorded in the northernmost part of the littoral (95 m, 3.7 m/year), at a
short sector close to the river mouth (90 m, 3.5 m/year), and at the southern part — the
free edge — of the sand spit, along c. 1 km long sector. In the latter seaward and
southward shoreline displacements were recorded with maximum values of c. 180 m
(6.7 m/year). Such a trend follows the general development pattern of a growing spit.
The results matched perfectly predictions of an existing model concerning the
evolution of the recurved spit sector, the location of the decrease in longshore
transport, and where associated deposition of transported sediments takes place.
According to the model, it was possible to distinguish three different areas: (i) the
nearest to the tip of recurved spit presenting the greatest accretion (179 m) due to the
proximity where most of the swash bars were generated and welded to the shoreline;
(ii) the area located further up the recurved spit, which recorded less significant
accretion (101 m) and (iii) the straighter portion of the beach where longshore
transport was dominant and small beach accretion took place (56 m).
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Chapter 17

Geomorphology and Internal Sedimentary
Structure of a Landward Migrating Barrier
Spit (Southern Sylt/German Bight):
Insights from GPR Surveys

Tanja Tillmann

Abstract Barriers comprise approximately 15 % of the world’s coastlines and are
formed due to the combined action of wind, waves, and longshore currents. In this
study ground-penetrating radar data (GPR) of different antenna frequencies and
sedimentological data were combined to reveal the sedimentary structure and
architecture of the southern barrier island spit of the North-Frisian island of Sylt,
to define different coastal environments and to set up a barrier island stratigraphy.

Based on these data, a sedimentological model has been generated for Southern
Sylt which describes the interaction between extreme events, coastal processes and
sedimentary development and elucidates the major episodes of barrier island
evolution. The model is concerned with the spit add-on zone where the barrier
spit is attached to the central island moraine core and shows a landward migration
through barrier rollover involving an interplay of barrier retreat and washover
associated with accumulation of sediment in a backbarrier environment as a result
of storm surges. With the exception of the uppermost dune facies the spit add-on
zone reveals a transgressive coarsening upward sequence starting with sandy mud
flat deposits at the bottom which grade into coarser sandy tidal flat deposits toward
the top. Sandy tidal flat deposits are overlain by washover sheet and washover fan
deposits. Eroded sediment was transported along the west coast of Sylt by
longshore drift and was added to the southern spit-end during fair weather
conditions.
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17.1 Introduction

Barrier islands are elongated sandy islands parallel to the shoreline and are sepa-
rated from the mainland by tidal flats, shallow bays, lagoons or marsh systems
(Nielsen et al. 1988; Prothero and Schwab 1996; Davis and FitzGerald 2004).
Barrier islands and barrier spits are geologically young, highly dynamic and
represent a complex coastal system that includes a number of different but closely
related sedimentary depositional environments and geomorphological elements of
varying origin, genesis and evolution.

Barrier spits are attached to the land mass at one end and terminate in open water
at the other end (Cooper 2012; Pilkey et al. 2009). Hence, the barrier spit is younger
than the land mass to which it is attached (Evans 1942). Spits generally grow in the
direction of the predominant longshore drift (Uda 2005) when shoreface deposits
are added to the spit-end.

The stratification of barrier islands is often investigated only by borehole data.
Therefore, the processes of evolution and the internal structure of barrier islands are
often poorly described. In recent years the ground-penetrating radar (GPR) method
has been widely used to examine the internal structures of Holocene sediments. As
opposed to coring, ground-penetrating radar provides continuous two- or three-
dimensional profiles with a high degree of geometrical and architectural detail. In
this study ground-penetrating radar data and sedimentological data were combined
to define different coastal environments, to reveal the sedimentary structure and
architecture of a barrier island, to describe the barrier island stratigraphy and to
reconstruct the geological development. Based on these data, a sedimentological
model of barrier spit development has been generated.

17.2 Study Area and Geological Setting

The North-Frisian Island of Sylt is part of a sandy barrier system that belongs to an
island chain lining the coast of the southern North Sea/German Bight. With an area of
approximately 99 km? and a south-north extension of nearly 40 km, Sylt is the largest
of these islands and is separated from the German mainland by a 15 km-wide tidal flat
area that is part of the Wadden Sea (Fig. 17.1). Sylt is subjected to a semidiurnal
lower to upper mesotidal regime with a tidal range of 1.8-2.2 m (Hayes 1979). Tidal
currents are strong, particularly at the northern and southern spit because of the
narrow inlets between the adjacent islands and the large tidal area between the islands
and the mainland (Kelletat 1992). Due to large fetch and dominant westerly winds,
Sylt is characterised by a high-energy wave regime (Hundt 1957).

Sylt as a whole consists of two main landscape elements: a Pleistocene core of
till and moraine deposits in the centre of the island and two long barrier spits in the
northern and southern part with extended Holocene dune areas (Dietz and Heck
1952).
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Fig. 17.1 (a) Location of the southern North Sea/German Bight and the position of Sylt.
(b) Overview of the North-Frisian Islands with the position of the study area of Southern Sylt
presented in (c¢). Close-up with the position of GPR lines 1 and 2 as well as the sediment core 1

With ongoing post-glacial sea-level rise during the Holocene and associated
coastal erosion, the coast retreated to the east because of the unconsolidated nature
of the glacial material and the abraded sediments of the central moraine core were
reworked and transported by longshore drift to the north and south to build up two
large sandy spit systems (Ahrendt 2007). Further sediment sources of eroded
moraine deposits occur in the Amrumbankmoraine and Pisamoraine northwest of
the modern coastline of Sylt (Bantelmann 1966; Ahrendt 1994). Additionally, a
smaller moraine core close to the village of Rantum was suggested by Hoffmann
(1974a) and Newig (1995, 2001) as a sediment source.

The moraine cores of Sylt have been settled by humans since Mesolithic times.
As aresult of ongoing erosion of the island’s west coast during storm surges Bronze
Age grave mounds and other remains of early settlement activity were revealed
beneath the dune cliff next to the village of Rantum (e. g. Kersten 1967; Hinz 1968;
Reichstein 2005). Since the Middle Ages that were marked by several devastating
storm surges in the North Sea basin, such as the 2nd “Marcellusflut” in 1362 and the
“Burchardiflut” in 1634 (compare Panten 2000; Ahrendt and Thiede 2002; Behre
2004), the village of Old-Rantum had to be given up from time to time and has been
rebuilt and resettled again farther eastwards (Newig 2001).

The focus of this investigation is on the reconstruction of the geological devel-
opment of the southern barrier spit of Sylt. In this study a representative area of the
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southern barrier spit is presented (Fig. 17.1) that is located in the south of the village
of Rantum and represents the spit add-on zone where the southern barrier spit is
attached to the central moraine core (Fig. 17.1).

17.3 Methods

This study integrates high-resolution geophysical and sedimentological data.
Ground-penetrating radar (GPR) is a non-invasive geophysical tool to provide
images of the shallow subsurface underground from different geographical settings.
GPR produces a short pulse of high-frequency electromagnetic energy from the
transmitting antenna into the underground. With abrupt changes in the electrical
properties of subsurface lithologies, a part of the energy is reflected and recorded by
the receiver antenna (Bristow et al. 1996).

For fieldwork a geophysical Survey Systems Inc. radar system, SIR-2000
coupled with a 100 MHz, 200 MHz and 400 MHz antenna, was used. To date, a
total of about 40 km GPR transects have been collected with individual profile
lengths between 30 m and 5 km at the southern barrier spit of Sylt. Although the
measurements primarily took place in interdune valleys and flats a topographic
correction with an accuracy between 0.10 and 0.15 m was applied to each profile
using a differential global positioning system (either Ashtech ProMark II or Topcon
GPS G3).

The software ReflexWin from Sandmeier Scientific Software was used for
editing and processing the GPR data. Different standard processing steps (e. g.,
time-zero correction, dewow-filter, bandpass filters, background removal filter,
gain function, fk-migration) were chosen to increase signal-to-noise ratio, to
improve resolution, to restore real reflector geometry and to provide a more realistic
image of the subsurface.

The local velocity of the radar wave was determined by the analysis of diffrac-
tion hyperbolas in each profile. Velocity analysis based on hyperbolas tends to
produce approximate velocity values with errors and variance of +/— 10 % (Cassidy
2009). Consequently, a direct correlation from radar data with sediment core data
was made. Values of radar wave velocity range between 0.04 and 0.09 m/ns with an
average of around 0.065 m/ns in fresh water saturated sand and silt. The ground-
water level was detected in a number of radar reflection profiles as a laterally
continuous and horizontal reflection with high amplitude. In dune sands which are
located above the groundwater level, the radar-wave velocity range was between
0.09 and 0.14 m/ns, with an average of around 0.11-0.12 m/ns. These values
correspond to radar-wave velocities estimated in previous studies for saturated
and dry sands as mentioned by Girardi and Davis (2010) and Neal et al. (2003)
and correlate with findings in comparable settings (Lindhorst et al. 2008, 2010;
Tillmann and Wunderlich 2011a, b, 2012; Tillmann et al. 2013).

GPR data interpretation is the most challenging component of GPR work and is
primarily based on imaging. For that reason, it is important to understand the nature
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and origin of reflections and to recognise reflection patterns characteristics of
specific sedimentary deposits in order to be able to interpret radar images with
confidence (Van Overmeeren 1998). Radar reflection profiles were interpreted
following the principles of radar stratigraphy, using the terminology suggested by
Neal (2004) that is originally based on the principles of seismic stratigraphy.
Sedimentary sequences, particularly those dominated by clastic sediments, appear
to display a hierarchy of depositional units (Miall 1991), starting from individual
laminae to whole sedimentary basin fill (Campbell 1967; Allen 1982). Radar
stratigraphy interpretation technique allows a nearly objective description and
comparison of the reflections patterns and configurations, as for example the
shape and dip of reflections, the relationship between the reflections and the
reflection continuity (Van Overmeeren 1998; Neal 2004). Different radar reflection
patterns are often caused by bedding and lithological variations in clastic sedi-
ments, for example differences in grain compositions, size, shape, orientation and
packing of grains (Bristow et al. 1996). Moreover, changes in grain-size parame-
ters, porosity and sorting of the sediments are usually associated with altering water
content that governs reflections in GPR data (Van Dam et al. 2002; Van Dam 2012).
Bearing this in mind, radar facies analysis ideally leads to the interpretation and
determination of environmental setting, depositional processes and lithofacies
(Mitchum et al. 1977; Jol and Bristow 2003).

In order to be able to interpret and define depositional environments as well as to
link ground-penetrating radar data with sedimentological data, vibracores were
drilled at selected positions along the radar profiles (Fig. 17.1). Samples were
analyzed by wet sieving (0.5 phi intervals) to determine grain size distribution.
Grain size statistics were calculated using the computer program GRADISTAT
(Blott and Pye 2001). All statistical grain size parameters mentioned in the text are
based on the graphical method (logarithmic phi scale) by Folk and Ward (1957).
Borehole data were also used to correlate the determined depth of the radargramms.

17.4 Results

17.4.1 Typical Radar Facies of a Migrating Barrier Spit

A total of eight different radar facies were identified (Fig. 17.2) and two
radargramms were chosen to demonstrate main sedimentological features
(Figs. 17.3 and 17.4) of the barrier spit. As a first step the identified radar facies
were subdivided into four groups. The first group consists of radar facies with
inclined reflection patterns, the second group encloses radar facies with horizontal
and curved reflections. The third group represents irregular reflections and
reflection-free parts of the GPR profiles. Radar surfaces and unconformities have
been put into the last group (Fig. 17.2).



312 T. Tillmann
Radargramm Interpretation  Radar Ampli- Shape, dip, continuity, position, Sedimentary
facies tude depth range, peculiarity environment
(Rf)
A. Inclined reflections
] E— ] —
Rf -A-1 high - uppermost part, above Ri-B-1, dune facies,
medium c - med ly conti aevlian cross-stratification
partly with soil development, roots,
internal bounding surfaces
Rf-A-3a  medium- Jeratel: i Ji k foresets strata,
law tangential, horizontal layers (2°-6%) and parallel to the dominant
short foresets (25°-30%) with gently land- flow direction, shaping a
ward dipping. mostly beneath Rf-B-1 washover fan ora
washover sheet
Rf-A-3b medium continuous, curved concave, trough - washaover channel
channel shaped cut-and-fill structures,
mastly beneath RE-B-1, cutting underlying
Aact, ionall lation of
hyperbalas on the bottom
B. Horizontal reflections
25m 2Em
Rf-B-1 high laterally continuous, linear, ground water table
harizontal- subhorizontal,
cutting other reflections
Rf-B-2a medium- horizantal planar, moderat backbarrier facies,
low continuous - discontinuous, sandy mud flat deposits
partly weak refelctions,
parallel - subparallel,
beneath Rf-B-1
Rf-B-2b  high herizental planar.continuous - backbarrier facies,
maderately continuous, sandy tidal flat deposits
parallel - subparallel,
beneath Rf-B-1
C. Irregular reflections
15m 15m
Rf-C-1 medium- discontinuous, oblique chaotic, undefined, partly overlapping
very low hummocky, partly weak reflections reflections, signal attenuation
and free of reflections, occasionally by salty groundwater
hyperbolas
D. Radar surface
35m —__35m __
Rf-D-1 wvery high- harizental, continuous, Pleistocene bedrock,
high lowermast part, beneath till deposits, surface of the
%, g Rf-B-1,accumulation of Saallan moraine
hyperbolas directly
at the main reflector

Fig. 17.2 Radar facies analysis. Eight different radar facies were recognized in the study area
of Southern Sylt. Based on geometrical criteria, the radar facies were divided into four categories:
(a) inclined reflections, (b) horizontal reflections, (c) irregular reflections and (d) radar surfaces

17.4.1.1 Rf-A-1: Dune Facies

Radar Facies

Rf-A-1 shows a high to medium amplitude and inclining continuous to moderately
continuous reflection pattern. The single reflections are parallel to subparallel
orientated. Reflectors of Rf-A-1 shows a medium to high dip angle in different
directions and are often bundled by numerous bounding surfaces into several radar
packages.
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Fig. 17.3 West — east striking line of GPR profile 2 (200 MHz) and position of core 1. For exact
location in the study area next to Rantum/Southern Sylt see Fig. 17.1. (a) Processing and
topographic correction of the radargramm were already applied. The left hand axis presents the
TWT (two-way traveltime) in ns, the right-hand axis provides the position of the profile relative to
msl (mean sea level) in meters. (b) Interpretation of GPR profile 1 provided in (a). For radar facies
definition see Fig. 17.2. Tillmann and Wunderlich (2013a)

Lithological Facies
RF-A-1 consists of well sorted medium sand which exhibits only little variation in

grain size and sorting. The mean grain size, according to Folk and Ward (1957),
ranges between 1.79 ¢ (medium sand) and 1.08 ¢ (medium sand) and is interpreted
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Fig. 17.4 West — east striking line of GPR profile 1 (200 MHz) and position of core 1. For exact
location in the study area next to Rantum/Southern Sylt see Fig. 17.1. (a) Processing and
topographic correction of the radargramm were already applied. The left hand axis presents the
TWT (two-way traveltime) in ns, the right-hand axis provides the position of the profile relative to
msl (mean sea level) in meters. (b) Interpretation of GPR profile 1 provided in (a). For radar facies
definition see Fig. 17.2

as Holocene aeolian dune sand. According to Davis (1992) dunes typically com-
prise the best sorted sediments of the barrier island environment. Roots as well as
organic horizons within the dune facies are common.

Interpretation

Corresponding to similar GPR studies measured in aeolian environments (e.g.,
Bristow et al. 1996, 2000a, b, 2010a, b; Harari 1996; Botha et al. 2003; Girardi
and Davis 2010) the facies of Rf-A-1 is interpreted as cross-bedded aeolian strata
formed by migrating dunes of various dimensions. Bristow et al. (1996) found, that
small changes in capillary water reflect changes in grain size in dune sands
stratification and are the main cause of the dielectric contrast detected by the
radar. The cross-stratification is occasionally interrupted by paleosols associated



17 Geomorphology and Internal Sedimentary Structure of a Landward Migrating. . . 315

with roots and other organic material. Organic layers and soil development within
the Rf-A-1 facies may indicate several dune building stages.

Dunes are a main element on the German North Sea islands. On Sylt beach sand
is reworked and blown out to build up primary foredune ridges. Prevailing westerly
wind causes inland dune migration from the west coast to the eastern part of the
barriers. The dune facies is found in the uppermost part of the GPR profiles above
the groundwater table.

17.4.1.2 Rf-A-3a and Rf-A-3b: Washover Facies
Radar Facies

Rf-A-3a comprises moderately continuous to discontinuous reflections of medium
to low amplitude. Bedding features include gently landward-dipping sigmoidal to
tangential clinoforms as well as more or less horizontal planar stratification nearly
always beneath the groundwater table. Rf-A-3b often cuts underlying reflections
and is identified as cut-and-fill structures. Trough and channel shaped reflections of
Rf-A-3b are assumed to be washover channel deposits caused by several flooding
washover events which are orientated perpendicular to the dominant washover flow
direction. On the bottom of Rf-A-3b, accumulations of hyperbolas occur quite
frequently.

Lithological Facies

Washover deposits differ depending on the process of inundation and the source of
sediment. Therefore, it is difficult to identify and separate washover deposits simply
due to their textural and bedding similarities. Core samples show for the most part
poorly sorted medium to coarse sand associated with lag layers of shells and shell
fragments. Sedimentary series of washover deposits often enclose graded bedding
sequences. Pebbles are common and are often located on the bottom of a fining
upward sequence.

Interpretation

Coastal overwash is defined as the transport of sea water and sediment during
storms across the island from the beachface to the backbarrier environment
(Leatherman et al. 1977; Leatherman and Zaremba 1987). According to Schwartz
(1982) overwash generally occurs where foredunes do not exist or the foredune
relief is low as well as where high foredunes have been breached or channeled.
Landward-dipping reflections of Rf-A-3a are interpreted as washover foreset
strata caused by flooding and inundation during several washover events. These
washover foresets are orientated parallel to the dominant washover flow direction
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from west to. Foreset strata and almost plane beds are the typical sedimentary
structure associated morphologically with a washover fan (Schwartz 1982) or a
washover sheet (Davis 1992; Buynevich et al. 2004). Similar features in GPR data
are also identified by Anthony and Mgller (2002) for the Danish Holmsland Barrier
and by Wang and Horwitz (2007) for hurricane caused overwash fans along the
coastline of Florida (USA).

A number of diffraction hyperbolas on the bottom of these washover channels
are interpreted as coarse gravels, cobbles, boulders and buried flotsam material
which indicates a higher flow velocity at the beginning of the washover inundation.
Afterwards, graded bedding including a fining upward sequence indicates deposi-
tion in standing water during and after washover events. Graded bedding in
washover sediments was previously confirmed by Leatherman et al. (1977) on
Assateague Island (USA) and can also be a result of the decreasing surge energy
to the end of the storm when overwash water flows back to the sea.

17.4.1.3 Rf-B-1: Groundwater Table

RF-B-1 is a laterally continuous and sub-horizontal reflector which appears to cut
other reflections. This almost linear reflector is recognizable in a number of GPR
profiles and is interpreted as the groundwater table. Because of the strong contrast
in dielectric properties between dry and water saturated sand the groundwater table
shows continuous high amplitude.

17.4.1.4 Rf-B-2a and Rf-B-2b: Backbarrier Facies (Tidal Flat Deposits)
Radar Facies

The facies of Rf-B-2a and Rf-B-2b include planar nearly even reflections mainly
below the groundwater table. Rf-B-2a shows a medium to low amplitude whereas
the amplitude of Rf-B-2b is rather high. The even reflectors are continuous (Rf-B-
2b) to moderately discontinuous (Rf-B-2a) and predominantly orientated in a
parallel way. Rf-B-2a often causes attenuation to the underlying reflectors.

Lithological Facies

Rf-B-2b comprises well sorted, fine to medium sand and silt sediment layers.
Theses sandy tidal flat deposits are well bedded containing plant material as well
as scattered shell fragments. On several sites thin and finely laminated peat layers
are also common within the sandy tidal flat sequence. In comparison, silt to fine
sand layers of Rf-B-2b are organic rich and generally finer laminated and
more frequently interbedded by clay and peat layers. Almost certainly sediments
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of Rf-B-2a and Rf-B-2b were accumulated in a low-energy marine setting that may
was always protected by an island barrier.

Interpretation

Almost planar reflections patterns of Rf-B-2a and Rf-B2b are assumed to be tidal
flat deposits of a backbarrier environment. Rf-B-2b is interpreted as well bedded
sandy deposits accumulated on an upper tidal flat area. Evidently, reflections of
Rf-B-2a represent sandy mud flat deposits of a lower tidal flat. In GPR data where
Rf-B-2a represents the uppermost unit, for instance in GPR profiles measured in the
present tidal flat area or on salt marshes, underlying reflections are strongly
attenuated in order that the ground penetration decreases. In that case strong
attenuation is affected by interbedded muddy sediments like peat layers and clay.

17.4.1.5 Rf-C-1: Reflection Free and Undefined

Rf-C-1 shows discontinuous irregular and oblique chaotic reflections with medium
amplitude which are partly hummocky. Hyperbolas are also common. It seems that
internal bedding of the sediments caused by altering layers is less clear and less
defined. Rf-C-1 also comprises weak reflections as well as parts which are even
completely free of reflections. The virtual absence of reflections in GPR data from
coastal environments often indicates brackish or salty groundwater as well as the
presence of clay or salt marsh peat near the subsurface which both cause an
increased attenuation of the electromagnetic wave. Massive homogeneous litho-
logic units without altering bedding structure can also lead to reflection free
configurations.

17.4.1.6 Rf-D-1: Surface of Saalian Moraine (Till Deposits)

Radar Facies

The radarsurface of Rf-D-1 shows an almost horizontal and continuous key reflec-
tor of high amplitude. Radar patterns of Rf-D-1 always occur in the lower part of the
profiles of the northern region of the study area in the vicinity of Rantum and are
dominated by numerous diffraction hyperbolas which are mainly located just
beneath the key reflector. Rf-D-1 is independent of GPR profile orientation.

Interpretation

Rf-D-1 is assumed to be the boundary between overlying Holocene sediments
and underlying Pleistocene bedrock of the Saalian moraine. Boulder-size stones
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and pebbles within the till deposits are considered to be diffraction hyperbolas
producing objects. Additional horizontal reflection patterns indicate minor internal
bedding within the Saalian moraine.

17.4.2 GPR Lines 1 and 2

GPR lines 1 and 2 (Figs. 17.3 and 17.4) are located in the south of the village of
Rantum next to a dune valley which is called Rantum Baakdeel (Fig. 17.1). Both
lines run almost perpendicular to the present coastline and were chosen to represent
the typical radar facies and stratigraphic order of this spit add-on region.

The profiles can be subdivided into five main parts. The upper part of the profile
which is located above the groundwater table (Rf-B-1) merely contains reflections
of the aeolian dune facies (Rf-A-1) with an estimated radar wave velocity of
0.11 m/ns. Below the groundwater table (Rf-B-1) the radar wave velocity decreases
to an average of 0.07 m/ns up to 0.04 m/ns in the lowermost part. Directly beneath
the groundwater table reflections of Rf-A-3a occur which indicate a gentle land-
ward dipping and are interpreted as washover foresets strata caused by flooding
during several washover events. These washover foresets are orientated parallel to
the dominant washover flow direction and belong morphologically to a washover
fan or a washover sheet. Post-storm aeolian modification of at least the upper-most
washover layers is common (Schwartz 1982). Hence, the washover unit sometimes
interfingers with overlying aeolian dune deposits.

In the lower part of the radargramm reflections of the washover facies (Rf-A-3a)
merge into the underlying facies of Rf-B-2b which comprises almost horizontal
reflections of medium amplitude which are considered to be layers of a backbarrier
sandy tidal flat. The underlying unit of Rf-B-2a contains significantly minor internal
horizontal reflections compared to Rf-B-2b and is interpreted as sandy mud flat
deposits of lower tidal flat environment. At approximately 3 m (GPR line 1) to
3.8 m depth (GPR line 2) below mean sea level reflections of Rf-D-1 occur that are
interpreted as till deposits of the Saalian moraine core. Due to increasing attenua-
tion, the lower boundary of facies Rf-D-1 was not observed.

17.4.3 Ground-Truthing: Core Data

A 3.5 m long core was collected 28 m from the western starting point of GPR profile
1 (Figs. 17.1 and 17.3). The topmost unit was composed of well to moderately well
sorted medium sand and represents Holocene dune deposits. Just below the present
groundwater table up to approximately 2.2 m below the surface poorly sorted
medium to coarse sand with bivalve shells were interpreted as washover fan
deposits. In a depth of 2.2-3.2 m below surface well bedded and well sorted layers
of fine to medium sand and silt are common. Several layers contain shells
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(Cerastoderma edule) as well as plant material such as roots. This unit is considered
to be sandy tidal flat deposits. From a depth of 3.2 m below the surface thin and
finely laminated silt and peat layers are located which correspond to sandy mud flat
deposits of the lower tidal flat. Bivalves (Macoma baltica) and gastropods,
(Hydrobia ulvae) are common. The core did not reach the lowermost unit defined
in the radargramm of GPR Profile 1 at this position. However, coring at other sites
(Dietz and Heck 1952) indicates Saalian moraine core deposits at a comparable
depth. Moraine core deposits of the spit’s add-on zone next to Rantum consist
of sand at the top that turns into sandy moraine till with increasing depth including
a Baltic and Scandinavian till spectrum of flint, quartzite, granite and gneiss
boulders.

17.5 Discussion

Comparison of GPR data and sedimentological borehole data provides new
detailed insights and a thorough understanding of the barrier island stratigraphy
and architecture of the southern island spit of Sylt. The internal structure of the
southern barrier spit of Sylt documents diverse types of sedimentary deposits and
environments in a barrier island setting.

17.5.1 Barrier Rollover Model of the Trangressive Barrier
Add-On Zone

The sequence of the spit add-on zone next to Rantum starts with Pleistocene
deposits (Figs. 17.3, 17.4, and 17.5). From GPR and coring data as well as previous
data (Dietz and Heck 1952) into consideration the top of the central moraine core of
Sylt can be detected in a depth of 5—-6 m below the surface (3—-3.80 m below mean
sea level). A gentle southward dipping of the moraine core as was previously
supposed by Hoffmann (1974b) is quite likely. An unconformity marks the bound-
ary between Pleistocene till and overlying Holocene tidal flat deposits and leads to
the assumption of erosion during sea level rising that is also in a line with previous
suggestions of Hoffmann (1974b).

Overlying sandy mud flat deposits of a lower tidal flat were induced by marine
inundation, maintained by an ongoing gentle sea-level rise. The presence of fine
grained sand and peat in a tidal flat environment suggests that the sequence was
initiated during a time of a protected and low-energy backbarrier environment.
With the exception of the uppermost dune facies the spit add-on zone reveals a
coarsening upward sequence starting with sandy mud flat deposits at the bottom
which turn into coarser sandy tidal flat deposits toward the top (Figs. 17.3, 17.4,
and 17.5).
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Fig. 17.5 The simplified “barrier rollover model” shows the geomorphological development of
the barrier’s spit add-on zone which was dominated by an interplay of storm surge erosion,
washover events and barrier retreat
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Sandy tidal flat deposits are overlain by washover sheet and washover fan
deposits. In relation to Davis (1992) this sequence corresponds to a typical trans-
gressive barrier sequence associated with landward migration under rising sea level.
Accordingly, the barrier spit add-on zone next to Rantum indicates transgressive
characteristics related to onshore west-east directed barrier migration during its
initial stage of development.

The consequence of this morphological behaviour termed “barrier rollover” by
Davis and Fitzgerald (2004: 151) is erosion of the front of the barrier occasionally
exposing backbarrier sediments such as sandy flats and sandy mud flats in the
current surf zone during ongoing retreat. That is also the reason why Bronze Age
grave mounds (Reichstein 2005), sometimes appear in the surf zone of the west
coast after storm surges.

The eroded sediment was transported along the west coast by longshore drift and
was added to the southern spit-end (Tillmann and Wunderlich 2011a, 2013). The
interplay of barrier retreat and washover accumulation in a backbarrier environment
are chiefly responsible for the barrier rollover and eastward migration of the spit
add-on zone to the south of Rantum.

A stepwise and simplified model of barrier rollover and stratigraphy is provided
in Fig. 17.5. The first stage of the model represents the geomorphological situation
at the beginning of the post-glacial sea-level rise (Fig. 17.5 picture 1).

Ongoing sea-level rise caused coastal erosion of the Saalian moraine core and
the island’s west coast retreated to the east because of the unconsolidated nature of
the till deposits. As a second step, accumulation of fine grained sandy mud flat
deposits in a backbarrier environment occurred (Fig. 17.5 picture 2). Sandy tidal
mud flat deposits grade upwards into coarser sandy tidal flat deposits (Fig. 17.5
picture 3). Fine to medium grained sand was reworked to build up some primary
foredunes (Fig. 17.5 picture 4).

Several storm surges caused washover events which were associated with
breakthroughs of the primary foredune ridges. As a result, the eroded sediment
has accumulated in the backbarrier environment as a washover fan or a washover
sheet (Fig. 17.5 pictures 5-7). Storm surge erosion, washover flooding and accu-
mulation caused barrier retreat but did not lead to the total destruction of the island.
Rather, the island was rebuilt as it shifted eastward.

Today, the situation is completely different. Infrastructure, settlement and tour-
ism demand a permanent conservation of the status quo. Hard coastal protection
structures as well as recurring beach nourishments are used to preserve the modern
position of the southern barrier spit. In this way, the natural barrier rollover process
as well as the erosion of the west coast is being prevented. As a consequence of this
lack of eroded sediment, the spit end will receive only little sediment by longshore
drift in the future and will be more and more vulnerable.
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17.6 Conclusion

GPR provides a successful tool for investigation concerning the shallow subsurface
of barrier islands. In contrast to coring, ground-penetrating radar presents a contin-
uous two- or three-dimensional profile with great geometrical and architectural
detail. GPR data revealed different sedimentary structures and provides new
insights into the sedimentary architecture of the southern barrier island spit of
Sylt. Additional borehole data led to the definition of different sedimentary facies
and environments as well as provided a tool for velocity and depth correlation of the
radargramms. Based on these results a barrier island stratigraphy for the spit add-on
zone has been generated.

GPR data as well as cores taken from the spit add-on zone of Southern Sylt
indicate a transgressive barrier spit sequence that led to an eastward migration. This
“barrier rollover” was mainly accomplished by an interplay of barrier retreat and
washover accumulation in a backbarrier island environment. The results show that
the development of the southern barrier spit of Sylt is much more complex than
previously supposed, and it is not only characterized by simple spit attachment on a
moraine core. In the past, high energy events like storm surges and washover
processes did not cause the totally destruction of the barrier. Rather, the barrier
was rebuilt and shifted eastward by a natural barrier rollover.
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Chapter 18
Morphology and the Cyclic Evolution
of Danube Delta Spits

Alfred Vespremeanu-Stroe and Luminita Preoteasa

Abstract This chapter is about the sand spits formation in relation with the evolution
and morphology of the Danube mouths and deltaic lobes, developed within the
general framework of the virtually tideless Black Sea basin in a medium-wave energy
environment. It deals with both barrier spits and islands, in respect to their processual
development as most of the Danube delta spits derive from former barrier islands.
The morphodynamics of the modern spit barriers associated to Danube mouths is
discussed in relation with human induced fluvial discharge decline and long-term
storminess variability. Regarding the Danube delta evolution, based on the morpho-
logy, internal structure and revised chronologies, the authors argue for the first time
that all open-coast deltaic lobes had or have an evolution marked by the cyclic
development of sandy barrier spits and islands in front of their downdrift units.

18.1 Introduction

A description of the modern barrier spits and islands morphodynamics, followed by
an overview of sand spits development as a cyclic sequence of the wave-influenced
deltaic lobes evolution ends up with the analysis of the imprints these morphological
features leave in the deltaic lobes architecture to conclude upon the key morphoge-
netic role they play in organizing large scale coastal units such as deltas. This is the
particular case of the barrier islands and sand spits developed at the mouths of the
Danube’s distributaries where individual spits barriers are documented to have been
formed since the last post-glacial stabilization of the sea level about 5,000 years ago
(Giosan et al. 2006) and which continues to form (Dan et al. 2011).

Most of the successive spits generations constructed during this interval are
nowadays preserved as barrier-marsh plain within the downdrift wings of deltaic
lobes; in places, morphological evidences (e.g. beach ridges, dune ridges or trun-
cation ridges) stand as important proxies for reconstructing the morphodynamics
of the Danube delta. The attempt to understand the evolution of such fragile
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morphological features recently resulted in several conceptual models of a sand spit
formed at a river mouth. Bhattacharya and Giosan (2003) based on qualitative
analyses developed the theoretical model of the barrier island construction pro-
posed by Vespremeanu (1983), Dan et al. (2011) modeled the wave-induced
sediment circulation along and cross-shore an idealized ellipsoidal spit formed at
a river mouth and assessed the major role played by overwash in Sacalin spit
evolution while a recent quantitative approach (Preoteasa et al. submitted) docu-
ments the cyclic evolution of the spit barriers development based on geochrono-
logical and sedimentological data interpretation.

18.2 Danube Delta: Regional Settings

The Black Sea is one of the largest semi-enclosed seas in the world (0.46 x 10° kmz)
delineated by a 4,350 km long shoreline with a highly diverse morphology related
to different geological settings and wind/wave climates with a marked contrast
between northwestern region (low-lying coast and macroenergetic wind regime)
and southeastern region (rocky coasts with low-wind/wave energy). The most
favorable conditions for barrier spits formation are primarily encountered in the
northwest Black Sea basin where some of the largest European rivers converge to
the sea: Danube with a medium water discharge of about 200 km*/year and the East
European rivers (Dnieper, Southern Bug and Dniester) amounting to 66 km>/year,
which altogether cumulate 80 % of the fresh water discharge into the Black Sea
(Bulgakov and Yurkova 1999). Consequently, the largest width of the Black Sea
continental shelf is located in front of the Danube delta (over 200 km wide). A
characteristic of the sand spits developed in this region is the wide spectrum of
shapes, ages and orientations, particularly in the Dnieper — Bug — Dniester river
mouth area and the regular pattern of barrier island and spits formation in front of
the downdrift part of the Danube’s distributaries mouths.

Danube is 2,870 km long and the watershed extends over 817,000 km?. Its delta
develops in the north-western part of the Black Sea where the river flows into the
sea through three main branches from north to south (Fig. 18.1): (1) Chilia, which
transports approximately 58 % of the water and sediment discharge, (2) Sulina, the
major waterway, 19 %, and (3) Sf. Gheorghe, 23 %, (Bondar and Panin 2001).

The wave climate along the Danube delta is medium-energy with a mean
offshore significant wave height of 1.43 m, increasing to 2-5 m during regular
storm events; the maximum wave height exceeds 5 m during severe storms. The
mean offshore wave period is about 5.5 s reflecting the short and medium fetches
(<250 km) specific to prevalent northern and eastern winds. The waves arrive
obliquely to the shoreline (e.g. the mean angle formed between the shoreline and
the wave crest is of 0-60°) yielding a strong longshore currents which in most
sectors transport 0.65—1 x 10° m*/year of sediments (Vespremeanu-Stroe 2004,
2007; Dan et al. 2007; Fig. 18.2a, b). In front of the Musura, Bistroe and
Sacalin spits the dominant northeasterly waves approach shoreline at acute
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angle producing a net longshore sediment transport (LST) with maximal values of
0.8-1 x 10° m3/year resulted from three times more sediment drifted southward
than in a reverse direction (Vespremeanu-Stroe 2004). The monthly multiannual
analysis of the LST shows a highly skewed distribution with ca. 60 % occurring
during winter, and 8 % during summer.

The Black Sea has a microtidal regime with amplitude of 0.12 m (Bondar and
Panin 2001) which has a neglectful morphologic influence. Black Sea level is
recorded at Sulina gauge since 1858. Data analysis shows a relative sea level rise
rate of 2.47 mm/year (Fig. 18.2c); otherwise, the eustatic oscillations are smaller if



330 A. Vespremeanu-Stroe and L. Preoteasa

taken into account the local deltaic subsidence which measures about 1.5-1.8 mm/
year (Panin 1999; Vespremeanu et al. 2004).

The biggest and oldest modern barrier spit from the Danube delta coast is Sacalin
spit which started to form at the mouth of the Sf. Gheorghe distributary as part of
the actively prograding deltaic lobe, with the sediment load coming from the littoral
drift and from the riverine input. Recent estimates show that St. Gheorghe solid
discharge is about 0.80 x 10°® m*/year (Panin and Jipa 2002), comparable with the
local LST. Thus, the mean annual sediment input within the Sacalin area is of 1.5—
1.8 x 10° m*/year, the spit extending within the distal part of the biggest littoral cell
along the deltaic coast (Sulina — Sacalin).

18.3 Morphology and Dynamics of the Modern Spits

All contemporary Danube delta barrier spits and islands are built-up in connection
to active prograding deltaic lobes (from north to south: Oceakov, Bistroe,
Stambulul Vechi belonging to Chilia lobe, Sf. Gheorghe 2; Figs. 18.1 and 18.2a)
which are major features protruding seaward. The two sides of the active lobes
usually develop shorelines with marked discontinuity in orientation, generating a

North

Sea level fom)

Fig. 18.2 (a) Delineation of the active and relict open-coast deltaic lobes: SGI Sfantu Gheorghe
1, S Sulina, D Dunavat, SG2 Sfantu Gheorghe 2, C Chilia; the numbers express their chronological
succession (Modified after Panin 1983 and Vespremeanu-Stroe et al. 2013). Net LST along the
present coastline (values from Vespremeanu-Stroe 2004 and Dan et al. 2007); (b) Directional
frequency distribution of wave height (H,) at 6 km offshore on Danube delta coast (1991-2008);
(c) Sea level oscillations at Sulina gauge (1858-2010)
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negative gradient in longshore sediment transport and consequently the appearance
and elongation of the sandy spits in front of the downdrift lobe (e.g. Damietta — Nile
delta, New Brazos).

Due to the high shoreline mobility, Danube delta barrier spits and islands are
very low, with mean heights of 0.5-0.8 m which allow frequent (annual) overwash
processes and significant backwards migration (up to 60 m per event) during severe
storms. The back roll-over migration preserves the general cross-shore morphology
with low and moist beaches and frequent salt crusts that inhibit the aeolian transport
activity. Excepting the Sacalin spit, on the others spits and islands the sand dune are
missing with very rare exceptions when small incipient foredune develop during the
(severe) storm-free periods (ex. 2006-2011) on the relatively stable sectors. In the
back-beach, the storm waves create successive generations of wash-over fans, with
most of them northeast-southwest orientated, preserving the dominant storm wave
direction. All barrier spits and islands are frequently breached with inlets develop-
ment depending on the storm climate and Danube discharge which are also the main
factors of the local sea-level oscillations. As a direct consequence, during the
extraordinary high Danube discharges of 2005-2006 interval the total number of
inlets increased threefold (14 vs. 5).

The present secondary delta of the northern Danube distributary (Chilia) which
collects =60 % of water and sediment discharge (Bondar and Panin 2001) has a
bird-foot morphology developed at a rapid pace during the last 200 years with mean
rates up to 2.2 km?/year in the 1830—1922 period (Brandus and Canciu 2011) after
which decreased with more than 50 % (1 kmz/year in the 1922-2013 interval)
concomitant with the appearance in the twentieth mid-century of the first wave-
build features: sandy beaches and spit barriers. During last decades (1980 — present),
the marine features became prevalent marking the gradual transition from a river-
dominated to a wave-influenced lobe morphology. The three main branches/mouths
of Chilia secondary delta (Oceakov, Bistroe and Stambulul Vechi) formed barrier
islands and spits which nowadays are about to close the adjacent arm mouths
(Akundinovo, Vostok, Musura) through downdrift elongation and to simplify the
hydrographic network. Oceakov, the northernmost branch of the Chilia arm (Dan-
ube), advances towards northeast, fronts almost perpendicular the storm waves and it
builds the only symmetrical lobe of the Danube. In fact, during the last 200 years the
main channel changed the flow direction from NNE to ENE under the stress of the
dominant northern waves. On the two sides of the lobe, the waves approach the coast
at acute angle and generate instabilities in coastline behavior (Ashton and Giosan
2011). As a consequence, both lobe flanks are fronted by flying spits, the northern one
being more fragile and wave-exposed, suffering from frequent breaching during
storms while the southern spit is less mobile and wider.

Bistroe arm mouth built up its first barrier island at the end of 1990s followed by
a fast southward elongation until 2006 when (it) fronted the next downdrift river
mouth (Akundinovo). Dredging works started in 2004 interrupted the alongshore
sedimentary bypass over the Bistroe mouth which reflected in a sudden decrease in
elongation and acceleration of the backwards migration (from 18 to 32 m/year,
prior and after 2006). Even though, the significantly reduced elongation process of
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the barrier, supplied by central sector cannibalization, laterally stresses the
Akundinovo mouth and determines its southward deflection with the potential
risk of closure.

Stambulul Vechi and Sfantu Gheorghe arm mouths present similarities in terms
of orientation (southeast), water and sediment discharge (20-25 % of Danube),
incident wave angle and LST magnitude (0.8—1 x 10° m®/year) which presently
impose a common general aspect of their lobes, with a sandy, north-south drift-
aligned updrift coast and an irregular muddy/organic downdrift coast, east-west
developed in fetch-limited conditions: lagoons and the shadow-zone of Sacalin spit.
Stambulul Vechi is much younger than Sfantu Gheorghe, and its evolution seems to
become similar with the later, changing from a fluvial-dominated lobe to an
asymmetric wave-influenced lobe whose downdrift wing evolves by a cyclic
development of barrier islands and spits.

Both arms mouth build shallow subaqueous platforms (with depths lower than
2 m) at the shelter of the seaward-positioned updrift coast, whose outer edge starts
to emerge after major floods and transforms into a new barrier island which evolves
by constant elongation and landward migration until it attaches the northern tip to
the bayhead secondary delta becoming a sandy barrier spit. In this context, the
present barriers are at different stages: Musura is a young feature while Sacalin
already became a mature spit.

After emergence, the new island reinforces the longshore sediment circulation
which moves the main depocenter (or creates a new one) to the southern tip,
favoring the rapid downdrift extension of both the island and the subaqueous
platform. It is the case of Musura Island which started to emerge in the late 1980s
as a series of drift-aligned islets and then merged and extended southward with a
mean rate of 176 m/year (1996-2013); presently, the southern end migrates with
150 m/year (2010-2013) reaching to just 200 m near the Sulina arm jetties
(Fig. 18.3a). Between Sulina jetties and the island, a flow channel of the Musura
arm 1is still active, but will probably be soon overwhelmed by longshore drift-
sourced sediments transforming the barrier into a spit connected to the Sulina
jetties, whereas the Musura waters flow will switch northward continuing to divide
the barrier by several mobile inlets.

Sacalin Lagoon } 1561

r:nﬁwa Black Sea
B 201 "

Fig. 18.3 The successive positions of the two main barrier islands/spits of the study site. (a)
Musura barrier island (1988-2013) and (b) Sacalin spit barrier (1898-2013)
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18.3.1 Sacalin Spit

Sacalin barrier spit formed at the southernmost Danube mouth (Sfantu Gheorghe
arm), representing the youngest downdrift feature of the Sfantu Gheorghe deltaic
lobe (1500 BP — present). Sacalin Island emerged at the end of nineteenth century
following a major flood interval (1895-1897) and developed by constant southward
elongation (Ionescu-Dobrogeanu 1909). Eighty years after the emergence, Sacalin
evolved into a sandy barrier spit (1985), with the northern tip attached to the
secondary delta, following a gradual backward translation (lateral migration) pro-
duced by overwash during storms. The high shoreline mobility of the barrier is
mainly driven by coastal storms and associated processes: longshore and cross-
shore sediment transport, breaching and overtopping, wash-over fan building. The
barrier island/spit was frequently breached in the central part (narrow inlets) and
episodically it experiences large elongation and retreat rates, up to 300 m/year and
respectively 60 m/year.

The barrier morphology and dynamics changed in time depending on the state
(island or spit), the cross-shore positions or plan-shape and length which resulted in
different exposures to wave climate. During first stage (until the end of 1920s) the
island was very exposed, occupying a 1.7 km seaward position than the present, and
usually split in two or more islets. The wave — fluvial current interactions imposed a
complex morphodynamics of the barrier with repeated advances and retreats and
new localized emersions of the platform outer bar crests which lagged the welding
of the shoals and islets into a firm barrier island. Consequently, the downdrift
elongation was moderate (120—150 m/year;) whereas the backwards migration
started later, around 1910, at very slow rates (<5 m/year) due to a high water
discharge specific to 1910-1920 wet period and until the Danube flow behind the
island significantly decreased in the favour of the northern channel. Following a
rapidly evolving intermediary-stage, from 1930s to the early 1960s (Fig. 18.3b),
when relatively high rates occurred for both the cross-shore and alongshore migra-
tion (27 m/year, respectively 189 m/year, with ca. 30 % bigger than the mean rates
of 20.5 m/year, respectively of 143 m/year), the frequency of the severe storms
significantly increased during the late period of the island stage (1960s and 1970s).
Storm reactivation overlapped on the strong negative North Atlantic Oscillation
phase and promoted the highest retreating rates of the central Sacalin (37 m/year).
As a result, the barrier was split in five to six islets divided by large inlets (100—
400 m widths). During the island stage, the central part of the barrier remained
narrow and low, susceptible to breaching and overtopping, while both the island
ends stayed wide and curved by diffraction, with the northern one less mobile and
usually accommodating free-vegetation sand dune; the southern end is highly
dynamic with a net tendency to become wider by the juxtaposition of the previous
tips and the initiation of temporary beach ridge plains (persisting several decades).

Once transformed into a spit, Sacalin morphology evolved from a symmetrical
arch, which defined the main aspect of the former island, to an asymmetric
increasingly downdrift curved barrier (Fig. 18.3b). The central part is almost linear
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with an aspect of N 125°, perpendicular on the river flow direction, and records the
highest shoreline mobility with frequent inlets. Nowadays, the Sacalin spit barrier
measures about 21 km length and is composed of very well sorted fine siliciclastic
material and a small fraction of residual organic matter drifted from inner delta. Spit
width increases from north to south in accordance with the back-barrier accommo-
dation space being limited by the bayhead delta in the north, forming large wash-
over fans in the center due to shallow depths (<2 m) of the lagoon and reaching
highest widths in the southern part where the former distal ends of barriers are
preserved as subparallel ridges and create small beach ridge plains of 300-600 m
width. The northern quarter of the barrier rolls backward over a reedmarsh bed
owing to the Sf. Gheorghe bayhead delta while the rest of the barrier rolls over a
shallow lagoon. Retreating rates are mainly dependent on the accommodation space
and barrier height which controls the overwash. During the last decade (2000—
2013) characterized by low storm frequency and high Danube discharge, the
northern sector where the spit joined the mainland become quasi-stable (in fact a
succession of slightly accumulative and eroding sectors), the central sector
remained erosive with retreating rates of 12-20 m/year smaller than before, while
the 7-km long southern sector where the island arcuates the most continued the
accretion regime established in the late 1980s. The erosive hotspot of the barrier is
placed just downdrift from the spit detachment point from delta plain and migrates
southward, parallel with the advance of the bayhead delta front.

18.4 Cyclic Spit Development and the Significance
for Deltaic Lobes Evolution

Spit barriers are assumed to play a key role in the development of Danube delta, as most
of the hypotheses regarding its evolution, despite the differences, have commonly
assumed the appearance during the mid-Holocene of an initial-spit which blocked the
Danube gulf and favored the rapid extension of a bay-head delta (Antipa 1917; de
Martonne 1931; Zenkovich 1956; Cotet 1960; Diaconu and Mihailov 1963; Panin
1974, 2003; Giosan et al. 2006). The age and evolution of the initial-spit are still in
debate as the first C14 datings (750011700 BP; Panin 1983, 2003) seem to be affected
by reworked samples (i.e. single-valve shells), whereas the only so far reported OSL
age indicate an younger age of 5200 BP (Giosan et al. 2006) which still differs from the
interpretation the recent geo-archaeological findings at Taraschina Neolithic settlement
(e.g. 6400 BP the minimum age of the spit, cf. Carozza et al. 2012).

Thereafter, a succession of five deltaic lobes developed seaward from the initial-
spit during the last six millennia composes the so-called “marine delta”: Old
Sf. Gheorghe (SG1), Sulina, Dunavat, Modern Sf. Gheorghe (SG2) and Chilia
(listed in chronological order). Excepting the oldest lobe (Sf. Gheorghe 1) which
downdrift side is completely subsided today and cannot be directly explored and the
newest lobe (Chilia) which recently built its first generation of sandy spits, the
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others had or still have an evolution marked by the cyclic development of sand spits
in front of their downdrift part.

The morphology and the internal structure of the five deltaic lobes indicate a
common morphodynamic model specific to the asymmetric wave-influenced river
mouth (Bhattacharya and Giosan 2003). They commonly develop an accretionary
updrift compartment creating a firm beach ridge plain and a downdrift unit com-
posed by a subparallel series of sandy ridges encased in delta plain (reed marsh or
lagoons). These ridges originate as barrier islands or spits on the river mouth bar
and then migrates landward until they attach to the delta plain, usually to a bayhead
delta developed in the backbarrier lagoon. Once a new cycle starts, with the
emergence of another barrier island or spit, the former barrier remains sequestered
within the delta plain as an isolated sandy ridge or as a ridgeset composed by
several spits ramified from the initial spit barrier.

18.4.1 Sulina and Dunavdt Lobes

Sulina lobe formed during 3400-2000 BP (Giosan et al. 2006). Its rapid expansion,
characterized by a mean progradation rate of 22.4 m/year (double than Sf. Gheorghe
lobe ~10 m/year), recorded a gradual acceleration up to 30 m/year during the later
centuries (2700-2000 BP) most probable due to the intensified human-induced land
use change within Danube watershed during late Iron Age and Roman Empire
(Giosan et al. 2012; Maselli and Tricardi 2013). The updrift wing is composed by a
large beach ridge plain with two distinct units (low/high in western/eastern part)
corresponding to different progradation rates which enabled or hampered the
foredune development (Fig. 18.2a). During most of its lifespan Sulina lobe had
three main channels — from north to south: Magearu, Sulina and Imputita —
excepting the final stage (2500-2000 BP) when the northern distributary (Magearu)
was abandoned concomitant with the initiation of Letea dunefield (Preoteasa
et al. 2009). Barrier islands and spits developed on the downdrift parts of the
Magearu and Imputita secondary distributaries but never in front of the river-
dominated delta of the main Sulina channel. The faster the river mouth advances
seaward, the lower the barrier spit frequency and bigger the lagoons developed
within the downdrift lobeside. Magearu which advanced at slower rates (=9 m/
year) left the morphological imprint of 11 cycles of barrier island/spit during
ca. 600 years contributing to the formation of a rhythmic barrier plain, whereas
the higher rates of Imputita distributary (~21 m/year) imposed a fast growth of the
downdrift lobe with big lagoons enclosed by island/spit barriers built during only
four cycles which occurred during 2800-2000 BP interval.

Southward of Sf. Gheorghe deltaic lobes (1 and 2) extends the young southern
Danube delta which is distinct in terms of altimetry, morphology and chronology.
This unit built during the last 2,000 years under the influence of rapidly changing
distributary courses, ancient deltaic lobes sediment reworking and active
neotectonics (subsidence) which generate large lakes delineated by beach ridge
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plains and narrow barriers which are either remnants of the ancient subsided deltaic
lobes or lacustrine barriers. Once with the sudden flow decrease on Sulina branch
the former southern branch of Danube (Sf. Gheorghe) was reinforced and it started
to develop a new lobe (Dunavit lobe) during 2000-1400 BP following a southward
track (Dunavat channel; Preoteasa et al. 2013; Fig. 18.2a). The central and outer
parts of the Dunavat lobe are affected by intense neotectonic movements which led
to their recent drowning and the formation of tectonic lakes. The only remnants of the
former barrier spits are currently visible at the western side of the lobe as Lupilor
barrier. It shares the same evolutionary pattern with Crasnicol and Periteasca barriers
which similarly formed on the downdrift wing of the Sf. Gheorghe 2 contemporary
lobe. All these fan-like barriers converge at one or several downdrift points,
expressing an evolutionary signature specific to the downdrift compartment of the
asymmetric wave-dominated deltaic lobes of the Danube delta. In fact, all the sub-
parallel sandy ridges that originated as barrier islands and spits or beach barriers are
entrapped within large volumes of fluvial sediments (mostly muds and fine sands)
imposing the rapid downdrift extension of the deltaic lobe and the building up of a
barrier-marsh plain (Preoteasa et al. submitted).

18.4.2 Sf. Gheorghe 2 Lobe

The modern Sf. Gheorghe lobe is the only in the Danube delta where spits formed
continuously during the last two millenia offering the opportunity to examine their
initiation and morphodynamics and to assess the role they play in the large scale
coastal development. Sf. Gheorghe lobe is the last feature of the old southern
Danube branch (Panin 2003). The presence of many fossil beach ridges sets
resembling former spits (Fig. 18.4) suggests that modern Sf. Gheorghe lobe has
an evolution controlled by the successive formation of sand spits. It started to form
1,500 years ago when Sf. Gheorghe branch suddenly turned its main flow to the
south-east in change of Dunavat channel; moreover, its mean sedimentation rate
(7-9 Mt/year) is similar to that of the abandoned Dunavat lobe which together
with their chronological succession is an evidence of the lobe switching of the
Sf. Gheorghe southern Danube arm (Preoteasa et al. submitted). Recent investiga-
tions revealed the succession of ten evolutionary cycles deployed as a four-phase
morphodynamic model (Figs. 18.4 and 18.5), common for each cycle: (i) building-up
of an extensive subaqueous deltaic platform in front and downdrift of the river mouth,
(i) the emergence of the platform outer edge as a new barrier island, (iii) conversion
into a sandy spit through landward roll-over of the island and attachment to the
bayhead delta of the updrift end of the barrier, (iv) embedding of the spit barrier
within delta plain as a beach ridge (Preoteasa et al. submitted).

During the first phase of intense subaqueous accumulation, a positive feedback
sets once the platform extends offshore; the waves energy reaching the coast is now
better dissipated enabling a more efficient entrapment of sediments on the platform
(Giosan 2007). As a result, the platform becomes strongly seaward offset and
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Fig. 18.4 Line drawing of the beach ridges (former barrier spits) grouped in ten ridgesets
composing the downdrift part of the Sf. Gheorghe 2 deltaic lobe

Fig. 18.5 Theoretical model of spit barrier formation through time and its contribution to an
asymmetric wave-dominated deltaic lobe development. (a) Subaqueous platform growth and
subsequent appearance of middle bars, (b) the emergence of a barrier island followed by rapid
elongation and backwards migration, (c¢) spit barrier merging with the mainland and the construc-
tion of secondary spits at a downdrift location (Modified from Preoteasa et al. submitted)

progressively wave-exposed enabling the accommodation of a bar at the outer edge.
The emergence of the bar and construction of a distinct barrier island is not an
instantaneous event. It usually happens after a significant flood and takes several
years necessary for the storm waves to rework the sediments and raise the bar height
over the mean sea level in a few sectors to finally merge alongshore into a firm
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barrier island. The same gradual process records for all the modern islands born in
front of the Danube mouths.

Once emerged, the barrier island evolves through constant elongation (south-
ward) and landward migration until it attaches the northern tip to the delta plain
(bayhead delta) and becomes a sandy barrier spit. The spit development cycles
produced during the last millennium, when Danube solid discharge progressively
increased, were characterized by the construction of complex ridgesets composed
by several secondary spits branched from initial spit-barrier.

The surface and total volume of each ridgeset increase exponentially with every
cycle which reclaims a longer lifespan. Thus, each new cycle lasts more than the
precedent in accordance with the lobe coastline elongation. The coastline of the
downdrift compartment of the asymmetric deltaic lobe specifically progrades as a
series of similar quadrilaterals conducting to a geometric progression of the delta
front size (Fig. 18.4). Even though the latest cycles (=350 years) became four to
five times longer than the first ones (50—80 years) the advancing rates of river mouth
remained constant of 10 m/year (Preoteasa et al. submitted).

The constant renewal of barrier islands and spits proves to be a key-phase in the
cyclic evolution of the lobe development which influence sediment dynamics since
they appear: (i) an exponential strengthening of the LST after the barrier formation,
(ii) frequent initiation of sediment bypass over the river mouth, and (iii) sheltering
of the downdrift coast which promotes extensive lagoon initiation, which either
follow rapid siltation via secondary bayhead delta or a slow degradation into several
lakes through bioaccumulation.
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