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Glossary

Term

Definition

Accretion

Advance the Line (ATL)

AIMS

Bathymetry

Coastal Change

CD
Clay

Cell Eleven Regional Monitoring
Strategy (CERMS)

Cell Eleven Tide and Sediment Study
(CETaSS)

Coastal Erosion

Coastal Landsliding/Instability

Coastal Narrowing (including Coastal
Squeeze)

Coastal processes

Dso

EA

Accumulation of sediment due to the natural action of waves, currents and wind.

Advance the Line. A Shoreline Management Plan policy to build new def@mtles
seaward side of the existing defence line to reclaim land.

Asset Information Management System. National database being developed by
Environment Agency to replace NFCDD.

The seabed elevation and depth of water in relation to it.

Physical change to the shoreline, i.e. erosion, coastal landslip, permanent inunda
and coastal accretion.

Chart Datum
Sediment particles smaller than 0.002 mm

Regional Monitoring Strategy for the area known as Cell 11, which extends from
Llandudno to Solway Firth

Regional sediment transport study for coastal Cell 11, undertaken in two main sta
to support the devopment and implementation of the second round shoreline
management plan (SMP2). The study included modelling of tides, waves and sed
transport alongside desk based studies with a focus on issues and uncertainties
identified in the SMP1s and the irtiscoping phase.

A natural process that occurs as a result of waves, tides or curgéntsther words,
the seac striking the shore. Sediment or rocks are washed away (but can be a
sediment source for elsewhere), and our coastline cleasrghape as a result. This me
include cliff instability, where coastal processes result in landslides or rock falls.

Process that involves slope failure and mass movement of a coastal slope or cliff
may result in depdson of debris on the beach and foreshore. Some landslides are
very large and extend a considerable distance inland, offshore and deep below b
level and care must be taken to ensure their true extent is recognised. Cliff instab
and erosion is aolur stage process involving detachment of particles or blocks of
material, transport of this material through the cliff system, its deposition on the
foreshore and its removal by wave and tidal action.

The process whereby rising sea levels and other factors such as increased storm
push the coastal habitats landwards. At the same time in areas where land claim

coastal defence has created a static, artificial margin between land and sea or wh
the land rises relative to the coastal plain, habitats become squeezed into a narro
zone. Manifestation of this process is most obvious along the seaward margins of
coastal habitats, especially salt marshes, when erosion takes place.

Acollective term covering the action of natural forces on the shoreline and nearsh
seabed. Includes such processes as wave action tidal flows and sediment transpc

Median particle/ grain size in sediments; théGfercentile size of a distribui.

Environment Agency
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Term

Definition

Ebb dominant

Ebbtide

Estuary

Fetch

Flood and Coastal Erosion Risk

Management (FCERM)

Flood Defence Grant in Aid (FDGIA)

Flood dominant

Fluvial

Geomorphology/ Morphology

Hard structure of rock outcrop (Hard

point)

HAT

Headland

Hinterland

Hold the LingHTL)

Holocene

Hydrographic Survey

Infrastructure

Intertidal zone

LAT

Stronger current on ebb tide than flood tide. Coarser sediments may be moved m
by ebb direction currents than flood. The balance of net sediment transport deper
on the relative strength and duration of ebb afidod currents.

The falling tide. Part of the tidal cycle between high water and the next low water.

A semienclosed coastal body of water which has a free connection to the open se
where freshwater mixes with saltwater

Distance over which a wind acts to produce wavalso termed fetch length.

Flood and coastal erosion risk management addresses the scientific and enginee
issues of rainfall, runoff, rivers and floodindation, and coastal erosion, as well as t
human and soci@conomic issues of planning, development and management.

The mechanism by which most of the funding for flood and coastal defgodes in
England is provided by the Government. The grants are used to cover our operati
costs and to fund capital projects.

Stronger current on flood tide than ebb tide. Coarser sediments may be moved m
by flood direction currents thn ebb. The balance of net sediment transport depend
on the relative strength and duration of ebb and flood currents.

Belonging to rivers streams or ponds. e.g. Fluvial flooding, fluvial plants

Theform2 ¥ (i K SsurfateNdBludigithe distribution of the land and waerd the
processes responsible for their movement

Man-made feature or natural rock outcrop which acts to locally limit the natural
movement of the shoretie e.g. sea wall, rock groyne.

Highest Astronomical Tide. See Tide Levels.
Hard feature (natural or artificial) forming local limit of longshore extent of a heact
The area landward of flood or coastal defences.

Hold the Line. A Shoreline Management Plan policy to maintain or change the lev
protection provided by defences in their present location.

An epoch of the Quaternary period, spanning the time from the end of the Pleistor
(10,000 yees ago) to the present.

A field survey carried out to map the sea bed features which affect maritime
navigation, marine construction, dredging, offshore oil exploration/drilling and rela
disciplines

The basic faciles and equipment for the functioning of the country or area, such a
roads, rail lines, pipelines and power lines.

The zone between the high and low water marks.

Lowest Astronomical Tid&ee Tide Levels.

Vi
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Term

Definition

LiDAR

Littoral transport (drift)

LLFA

Managed Realignment (MR)

MHWS
MHWN
MLWN
MLWS
MSL

Mud

Mudflats

NFCDD

NTL

Neap tide

No Active Intervention (NAI)

oD

Partnership Funding

Policy Unit (PU)

Progradation

Light Detection andRanging; a method of measuring land elevations using a laser,
often from a light aeroplane.

The movement of beach material in the littoral zone by waves and currents. Inclu
movement parallel (longshorrift) and perpendicular (crosshore transport) to the
shore

Lead Local Flood Authority. Responsible body for local flood risk management in
accordance with the Flood and Water Management Act (FWMA) (2010).

A Shoreline Mnagement Plan policy that allows the shoreline position to move
backwards (or forwards) with management to control or limit movement.

Mean High Water Springs. See Tide Levels.
Mean High Water Neaps. See Tide Levels.
Mean Low Water Neap&ee Tide Levels.
Mean Low Water Springs. See Tide Levels.
Mean Sea Level. See Tide Levels.

A type of sediment containing more than 50% silt and clay size particles; may alst
contain sand and/or gravel and be described as sandy gragelly mud etc.

Expanses of mud which are periodically exposed at low tide, often found adjacent
saltmarshes.

National Flood and Costal Defence Database. Database of flood defence assets
developed by EA. Now being superseded by AIMS.

Normal Tidal Limit. The point to which the tide reaches in an estuary, under normi
conditions i.e. in absence of storm surge and with typical river.flow

Tides over a 14 day period with lowest tidal range between high and low water

A Shoreline Management Plan policy that assumes that existing defences are no
maintained and will fail over time or undefended frontages will be allowed to evolv
naturally.

Ordnance Daturthe standard reference levébr Ordnance Survey maps throughot
the UK from which the height of the land is measured. Currently based on mean ¢
level at Newlyn in Cornwall.

Funding contributions for flood and coastal erosion risk management from beyonc
traditional flood and coastal erosion risk management budgets (e.g. Flood Defenc
Grant in Aid (FDGiAhe grant by which government funds its share of the costs of
FCERM prefts in England

Sections of coastline for which a certain coastal defence management policy has
defined in the Shoreline Management Plaeee SMP.

Seaward movement of the shoreline (mean high water mark) due tomsedi
accumulation on a beach, dunes, delta etc.
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Term

Definition

Ramsar

Regression

Risk

Risk Management Authorities

SAC

Sand

Saltmarshes

Sediment sink

Sediment source

Shoreline Management Plan (SMP)

Silt

SPA

Spring tide

SSSI

Storm surge

Ramsar sites are wetlands of international importance, designated under the Ran
Conventionof 1971.

A seaward movement of the shoreline due to a fall in sea level

A combinatiorof both the probability of an event occurring and the expected
consequences if it does occur.

In the case of coastal change adaptation planning, risk relates to the impact and
consequences of a hazard, which may be coastal erosion, coastal landslidistg) co
accretion or coastal flooding resulting in regular or permanent inundation.

Organisations that have a key role in flood and coastal erosion risk management
defined by the Flood and Water Management Act (2010). Theséha Environment
Agency, lead local flood authorities, district councils where there is no unitary
authority, internal drainage boards, water companies, and highways authorities.

Special Area of Conservation. An area which has been given gpetéition under
GKS 9dz2NBLISIY !'yA2yQa I loAlGlFGa 5ANBO0

Sediment particles, often mainly of quartz, with a diameter of between 0.063mm &
2mm, generally classified as “fine', ‘'medium’, “coarse' or “very coarse'

An ecosystem in the mhi to high intertidal zone which is vegetated by galierant
plants

An area in which transported sediment is dsfied and accumulates over time.

An area from which sediment is derived and becomes availableansportto a
sediment sink.

A plan providing a largecale assessment of the risk to people and to the develope
historic and natural environment associated with coastal processes. SMP2 refers
specifically to the second generati®@MP.

Sediment particles with a grain size between 0.002mm and 0.063mm, i.e. coarsel
clay particles but finer than sand

Special Protection Area. An area of land, water or sea which has been identified ¢
being of international importancéor the breeding, feeding, wintering or the migratio
of rare and vulnerable species of birds found within the European Union.

Tides over a 14 day period with highest tidal range between high and low .water

Site of Special Scientific émest (SSSI) National conservation designation given to ¢
of biological or geological interest in England, Wales and Scotland

The local change in sea level associated with a change in atmospheric pressure ¢
onshore winds. Surges mhg either positive (higher than predicted astronomical se
level) or negative (lower than predicted), and typically have a duration of a few ho
to a few days

Vil
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Term

Definition

Strategy Plan

Tidal range
Tide

Tide levels

Tidal prism

Training walls

Transgression

Turbidity maximum

Up-drift

Wave Height

A long term documented plan for coastal management, including all necessekyavc
meet defined flood or coastal defence objectives for the target area. It is designec
provide the basis for decision making and action related to the provision and
management of flood or coastal defences. Strategy Plans develop the policies
recommended in SMPs by defining the preferred approach to shoreline managem
requirements over a 100 year period.

Microtidal < 2m; Mesotidal 2m4m; Macrotidal >4m; Hypertidal > 8m
The rise and fall of the sea caused by the gravitationtigfuhe moon and sun.

(1) High astronomical tide (HAT), lowest astronomical tide (LAT): the highest and
lowest tidal levels, respectively, which can be predicted to occur under average
meteorological conditions.

(2) Mean high water sprindMHWS): the height of mean high water springs is the
average throughout a year of the heights of two successive high waters during thc
periods of 24 hours (approximately once a fortnight) when the range of the tide is
greatest.

(3) Mean low water springdMLWS): the height of mean low water springs is the
average height obtained by the two successive low waters during the same perioc

(4) Mean high water neaps (MHWN): the height of mean high water neaps is the
average of the heights throughout the yedrtwo successive high waters during thos
periods of 24 hours (approximately once a fortnight) when the range of the tide is
least.

(5) Mean low water neaps (MLWN): the height of mean low water neaps is the av
height obtained by the two successive lawaters during the same periods.

(6) Mean high water (MHW), mean low water (MLW): mean high/low water, as sh
on Ordnance Survey Maps, is defined as the arithmetic mean of the published val
mean high/low water springs and mean high/low water neaps.

Volume of water entering and leaving an estuary during each tide, i.e. the differen
between low water volume and high water volume.

A walltypically constructed of rubble or masoriy constrainor guide themovement
of an ntertidal or subtidal channel.

A rise in mean sea level responsible for landward movement of the shareline

Location of high concentration of suspended sediment in an estuary; associated v
fresh / seawater mixing witkertical and horizontal salinity gradient resulting in
residual vertical circulation and flocculation of suspended sediment. Location varis
during the tide and with variations in river flow.

Longshore drift is the movement of beach materialsglthe shore, if a location is
described as wlrift; it is located further up the sediment pathway (closer to the
sediment source) than an alternative area; the opposite of dalnifi.

The vertical distance between a wave crest and the rexigh.
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Executive summary

The Duddon Estuaigan be considered to exterfctom a line betweerthe northern end of Walney Island
and Haverigg Point to the normal tidal limit at Duddon Bridgest of the estuary lies within sedell 11c
although the northern shore west of Hodbarrow Point lies within-salh 11d. The entire estuary$ high
nature conservation importance anddssignated asa SSSI, SASPAand Ramsar site

The River Dudth drains a large upland and largely rural catchment in the southwestern part of the Lake
District. The fresh water discharge is small compared to the tidal prism, mean and maximum monthly flows
being only 4.8r#ls and 122n¥s respectivelySalinity drivercirculation therefore plays only a minor role in

the depositional processeand fluvial supply of sediment is of relatively minor importance.

The estuary is macrotidal, with a mean spring tidal range of 7.6 m. Tidal currents are primarily responsible
for sediment transport throughout most of the estuary. The highest current velocities occur within the main
channel during the ebb tide, when the direction of tidal flow and river flow coinéitied tidal currents

enter the estuarymainlyalong its soutkeastern side while ebb currentmainlyfollow the northwestern

side. There is a largsbb-tidal delta which limits the penetration of waves into the estuary from the Irish Sea
and provides a source of sand for aeolian transport into the dune systems aroksHaws, Haverigg

Haws, Sandscale Haws and North End Haws. Howelren storms coincide withighspring tides there can

be significant wave activity in the estualumerical modelling undertaken as part of CETaSS showed that
the influence of the estary on tidal flow and sediment transport extends up to 5km offshbleder

conditions of tideonly transport the estuary marginally exports sediment across its mouth whilst the inner
estuary behaves as a sediment sink. However, when tidal transport arelindwvced littoral transport are
considered togetherthe outer part of the Duddon Estuary also behaves as a sediment sink, with sediment
moving into the estuary from the north and south. The estuary is shmdinated although there are areas

of sandy mudaccumulation in the high intertidal zone around the fringes of the inner estuary and the upper
intertidal zone closer to the mouth contains mixtures of gravel and sand, reflecting the higher energy
environment.

The estuary orupies a broad structuraepression whichhas beerover-deepened by glacial action during
the Pleistocene and partially filled by deposition of glacial sedimentpastglacialmarine sediments.

Mean sea level in the area reachatbundl1 m higher than present during threid-Holocere before falling
slightly in response to isostatic recovery of the Cumbrian landnk@smerintertidal areas around the

fringes of the estuarymow lie above the level of HAT and mamgre embanked and claimed for agriculture
from the 17th century onwardslhroughout thdate Holocene the estuary has been supplied with reworked
glacial sediment from the eastern Irish Sea and by sand and gravel transported by littoral drifthéropen
coast areas to the north and south. These processes continue, altfadaghreduced rate.

Morphological changes within the estuary over the last century have been dominated by changes in the
position of the low water channels, and to a lesser extent by temporal variations in wind/wave activity.
Historical maps suggest a geaktrend for saltmarsh erosion in the early 20th century, followed by
saltmarsh advance in the middle 20th century and a return to slow saltmarsh erosion in the last 25 years of
that century. Patterns of shoreline erosion and accretion have been significgaftuenced by the

construction of artificial defences and infrastructure associated with the railways and local iron industries.
the 19th and 20th centuriesaematite mining was carried out on a large sedlélodbarrow and Roanhead
and ronworks vere built at Millom and AskanDumping of slag anchiningspoil resulted in théormation

of Askam Pierlocally reducing tidal flow velocities and wave energy, and ledditige development of
saltmarsh in its leeThe estuary channel up to Millom Pieasvdredgedetween the early 20 century and
1968when the iron works closedh& channels in the estuary anew largelyfree to migrate, and changes

in the dstance between the low water channebéthe shoreline hava major influence on shoreline

erogon / accretion trends.
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Modelling carried out as part of CETaSS study suggested that the estuary is likely to continue to import
sedimentin the futureunder conditionsof sea level rise, extreme tidal surge and possibénaged
realignment The morphologial response of the estuary to sea level rise is unlikely to be sediment limited.
Sediment stored in the dune complexes around the estuary mouth could be eroded and partly reworked
further into the estuary.

The Duddon estuary has relatively low flood ardsion risks to properties and lanpartly due to the

relatively high land elevations around the estuary margins and partly due to the small number of properties
and industrial installations within the flood risk zofidhe SMP2 noted that there are a nher of

opportunities to allow parts of the estuary seaward of the railway line to return to a more natural shoreline,
creating space foiuture expansion ofhe intertidal flats and saltmarshes witii@re internationally

important. The long term plaproposed inthe SMP2 is to seek to realign or withdraw from defending
frontages where opportunities exist, btd continueto manage flood and erosion risk to infrastructure and
property where it is economically and environmentally viable.

The outer estiary and adjoining open coastal frontages are relatively well covered by topographic and
bathymetricmonitoring surveyines, but there isverylimited coverage in the mid and inner estuagy.
number of partial LIDAR surveys have been carried out, moshtigda 2013 but no comprehensive or
contemporaneous bathymetric datetshave been obtained for the suiidal areasThe Barrow tide gauge
provides data relevant to the Duddon atitere is anEA gauge at Duddon Briddmut it is located just
upstream ofthe normal tidal limit The recendeploymentof a wave buoy offiear Barrow provides eul
information, butno measuredwaveor currentdata are available fdocations withinthe estuary, making
model calibratiorand validationdifficult. Intertidal sedimentsamples were collectefiiom selected
topographic profile linein 200910 as part ofCERM®ut the lower intertidal and suttidal zoneswere not
sampled.

It is recommended that a bathymetrssvathsurvey of the estuary should be undertaken to allaw
composite DEM to be constructed using the 2013 LIDAR, and that gaps in sediment sampling coverage
should be filled as part of a wider regiande study to provide a better understanding of sediment transport
pathways . Before any larggeale managed reighment is undertaken, further studies will be required to
assess the effects on water levels, currents and sediment transport patterns within the eshasyboth
presentand possible future conditions and allow assessment of associated impacts onvinenenental

sites.
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1 Introduction

This report summarises the existing understanding of the Duddon Estigyré€l.1). It draws on
information from the second roun8horeline Management PlaBNKIR), the Cell Eleven Tidal and Sediment
Transport Study (CETaSS) and other more recent studies. It provides arguofim

1 The physical processes and evolution of the estuary;
1 The SMP policies for the estuary;

I The existing monitoring data;

1 Gaps in understanding; and
1

Recommendations for further monitoring, additional studies and review of flood risk ratings and SMP
policies.

This report forms one of a series of similar reports for the major estuaries on the coast of North West
England.

Scale (km)

SCOTLAND, ™ mam

ENGLAND

Isle
of Man
Duddon/
Estuary
IRISH
SEA

Liverpool
Bay

WALES ) <>

S

Figurel.1 Location of the Duddon Estuary.
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2 Coastal Setting

The Duddon Estuary is a large estuary located on the coast of southern Cumbria. It lies witét SLbof
the SMP2which extends from Rossall Point, Fleetwood to Hodbarrow Point on the west side of the Duddon

estuary, seeFigure2.1.

‘ 2 - Scottish Border \
Yy Solway Fi : A

Moricambe Bay

ddonEstuary
Sub-Cell 11d tuary
Kent Estye
Lune Estuary
Wyre Estuary
Irish Sea
Blackpool
Sub-Cell 11b 3 Ribdle Estuery
Southport
Sub-Cell 11a
Liverpool
o Great Orme's Head
Mersey Estuary
P Ciwyd Estuary % Dee Estuary
Legend Chester
Coastal flood risk area under
extreme events, Environment 0 10 20 40
Agency Flood Map, 2008 — ) Kilometres

Figure2.1 Overview of Cell 11 study area, showing SMPzsllifrontages (source: Halcrow, 2010c)

The River Duddon drains a large upland and largely rural catchment in the southwestern part of the Lake
District Figure2.2
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460000

305000 310000 315000 320000 325000 330000
Figure2.2 The River Duddaratchment, showing the main urban areas and general extent of the intertidal zone. Source:
adapted from Ordnance Survey Open Data, after Pye & Blott (2013).
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3 Estuary Review

3.1 Description

The Duddorkstuary is bordered by the Cumbrian open coast to the north and Walney Island to the south.
The estuary can be considered to extend from its mouth, defined by a line betiveemrthern end of
Walney Island and Haverigg Point to the normal tidal limDadidon Bridge (Halcrow, 2010dyigure3.1).

| 1

490000 L ! !
Scale (km) Aerial photography
I | flown 2010
0 1 2 3 4
Duddon Bridge
488000 -
limit of estuary below HAT NTL

Broughton

(Halcrow, 2010c) in Furness

SMP2 Policy Unit 11a.16

'Duddon Estuary' boundaries
486000

Millom

N

H . Hodbarrow
i{verlgg ; Outer Wall
478000 aws 4 A =

: - >
Haverigg 3%, Askham in
Point >9

Furness

y

‘ Sandscale
\4)

=~ North End
Haws

Walney |
Island K Barrow-in-Furness

312000 314000 316000 318000 320000 322000 324000 326000
Figure3.1 Limits of the Duddon Estuary and SMP2 Policy Area 11a.16.

The Duddon Estuary is wide relative to its tidal length and is bounded by reclaimed marshland and raised
shore platforms (Halcrow, 2010b).
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The Duddon Vallemmay haveormed during the Tertiary period and thér@enmaodified, particularlyduring

the last glaciation, with the modern river system developing since retreat of the last ice sheet (Yasin, 1991).
The Duddon Estuary is aligned parallel to a major fault, which indicates a structural origin to the lower
Duddon valley (Fahst al., 193).Limestone crops out around the mouth, at Dunnerholme and Hodbarrow
Point Much of the estuary is underlain by sandstones, siltstones and shales of the Midgr@eSupergroup

(Late Ordovician to Silurian ag&he solid geology of the area is overlajntbick Quaternary deposits. The
deposits include sands and gravels sandwiched between two more clayey glacial till deposits. Postglacial
marine deposits, consisting of greyish or greyish brown silts which grade upwards into peat, occur around
the marginsof the estuary. Raised sand and mixed sand/ gravel beach deposits occur on Sandscale Haws and
Walney Island, providing evidence for former higher relative sea level in southern Cumbria earlier during the
Holocene (Rose & Dunham, 1977; Yasin, 1991; Hal2@lod).

The subtidal area is characterised by a complex of channels that coalesce north of Millom to form the main
low water channel. These channels and banks are continually changing in position, and this can influence
water depthslocal shoreline expase and thereby evolution of the shoreline (Halcrow, 2010b).

Most of the Duddon Estuary comprises extensive intertidal sandflats with only a narrow channel of water
remaining at low tide. The intertidal flats consist of fine to vémg-grained sand withittle exposure of hard
substrates (English Nature, 1997), although relict shingle and boulder scars are present (Yasin, 1991). The
banks of the estuary are characterised by extensive areas of saltmarsh, with active and reclaimed
saltmarshes accounting fatmost half of the area of the estuary (Yasin, 1991). There is also a low till cliff at
Askamin-Furness which fronts a wave cut platform. Dune systems are also present at the mouth of the
estuary: Haverigg Haws on the northestmoreand Sandscale Haws the southernshore together with

North End Haws at theortheasterntip of Walney Island. There is also a stretch of linear dune ridges to the
north of Askardan-Furness which overlie reclaimed saltmarsh (Halcrow, 2010b).

The whole of the estuary is of tianal and international conservation importaneadis designated aa
SSSISPA and Ramsar Site and forms part of the Morecamb&BafFigure3.2).

The shoreline management plan (SMP2) (Halcrow, 2010a) estimated that there would be about 800
residential poperties, along with around 1(®ha of agricultural land, at risk in the long term for a No Active
Intervention (Do Nothing) approach to flood andsion risk management. Compared to the other North
West estuaries, the number of properties at risk around EheldonEstuary rank 6thamongst the NW
estuariesconsidered(CH2M HILL, 2013).
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Figure3.2 Nature conservation designations and reserves in and surrounding the Duddon Estuary.
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3.2 Coastal Processes

The Duddon estuary is a maetidal, shallow estuary, with a mean tidal range of 6.5m and a maximum
spring tidal range of 10.4m (Halcrow, 201@jncipal tidal levelat Duddon Bar, based okdmiralty Tide
Tables are shown inTable3.1.

Table3.1 Tidal levels tthe Duddon Basecondary port sitat the mouth of the Duddon Estuary. Chart Datum
conversions have been taken from St Bees Head to Earnse Point SMP (1998). Source: Admiralty Tide Tables (2012)

LAT MLWS MLWN MSL MHWN MHWS HAT
Duddon Bar nd -3.45 -1.75 nd 2.25 4.15 5.15

The estuary shows spatial separation of flood and-dbiminant currents, with the main flood current
entering the estuary along its southern margin and the main ebb current leaving the estuary along its
northern margin (Halcron2010b).

The fresh water discharge is small compared to the tidal prism, therefore salinity driven circulation plays only
a minor role in the depositional processes (Yasin, 1981§.mean and maximum monthly fleware 4.8m3%/s

and 122ni/s respectively (Halcrow, 2010d)ue to its orientation and form, the soutastern side of the
estuary faces westerly and northwesterly waves approaching from the Irish Sea. Under normal conditions,
the shallow nature of the estuary means that the wavesy is reduced, but when storms coincide with
spring tides there can be significant wave activity in the estuary. On the western side of the estuary, waves
are mainly internally generated and wave action is not very strong, although southwesterly fin@avethe

Irish Seaan impact on the shore. During normal conditions, tidal currents are primarily responsible for
sediment transport throughout most of the estuary. The highest current velocities occur within the main
channel during the ebb tide, when tlrection of tidal flow and river flow coincide. These currents cause
scour of the mobile sediments with sediment cliffs of up to 1.5m observed in the upper estuary along the
main Duddon Channel; the eroded sediments are mainly transported downstreamdfahylL993).

The River Duddon flows into the estuary, together with other small creeks and stréadesy the Duddon
doesnot contribute significantly to the modern estuarine sediment budgédthough in the past it may have
contributed a greater amountf fine sediments (Yasin, 1991). The main source of sand for the Duddon
Estuanyis therefore the Irish Sea bed and erosion of beaches and cliffs along the open coast (Halcrow,
2010b).

The Duddon Estuary has an efidie delta extending between Kirkstantddaws in the north and Walney

Island in the southwhich dissipates wave energy and affords some protection to the shorelines on either
side of the mouth. The delta also provides a source of sand for aeolian transport into the dune systems. Any
changes irthe size of this delta will therefore affect future shoreline evolution along these stretches
(Halcrow, 2010Db).

Annual average littoral and subtidabtential sedimentransport vectorgor the coastal area including the
Duddon, Walney aniMorecambeBay, indicated byregionalnumerical modellindor the whole of Cell 11
undertaken as part ahe Cell Eleven Tidal and Sediment Transport StG&Ta3$Halcrow, 2010¢hare
shown inFigure3.3.
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Figure3.3 Annual sediment transport vectors in the vicinity of the Duddon estuary (from Halcrow 2010c)

In addition to the regional modellingyore detailed modelling of the Duddowas alsaarried out as part of

the CETaS®alcrow, 2010e)Thisshowed that the estuary appears to influence the tidal flow and sediment
transport patterns as far as 5kaffshore.The results from the tide only transport showed that the estuary
marginally exports sediment across its mouth whilst the inner estuary behaves as a sediméhigsirk

3.4). However, considering the subtidal transport and the littoral transport together shows that the outer
part of the Duddon Estuary behaves as a sediment sinkd@tailed modellingalso showed that extreme
fluvial flow results in a netqiential export of sediment from the estuary (Halcrow, 2010e)
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Figure3.4 Residual sediment transport $fyear/m) overthe full Duddonmodel area fothe existing situation. (Source
Halcrow 2010e)

TheDuddon is a sandominated estuary although there are areas of sandy mud accumulation in the high
intertidal zone around the fringes of the inner estuary @hd upper intertidal zone closer to the mouth
contains mixtures of gravel and sand, reflecting liligher energy environment. A survey carried out as part
of CERMS in 208 showed awide range of sediment textural types ranging from gravel to silty sand and
sandy silt Only a very small number of samples (from the saltmarshes in the inner estuaeyjouad to
contain morethan 10% clay (Pyet al., 2010;Figure3.5).
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Figure3.5 GravelSandMud and SaniltClay trigons, based on the classification of Blott & Pye (2012), for sediment samples collected within the Duddon EXl@ary in
10 (data from Pye et al., 2010).
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3.3 Past Changes

The modern day morphology of the Duddon has formed as a result of rises and falls in relative sea level over
time. It has been estimated that the oldest saltmarsh depésitte from around 7,000 to 5,000 years
beforeLINSaSy i ODNB&aagSttI mMmppyOdcel HSKI Ay o8R8 Y MNBGLER NDSY
erosionof saltmarshes around the Duddon (Phillips and Rollinson, 1971). Yasin (1991) proposbkd that
Sandscale Haws dune field is likely to podedhe Little Ice age. Several dune ridges to the north of Askam
in-Furness lie in front of the railway line, suggesting they were formed after the 1840s (Halcrow, 2010b).

Between 1897 and the present day the outer shorelines of the estuary have remaiagigialy stable
although there has been accretion of the Haverigg Spit and associated sand banks, both at the estuary
mouth and within the estuary. The main areas of erosiotihe outer estuary have been associated with
changes in the low water channebnfiguration with migration towards the southern and eastern flanks of
the estuary (Fahgt al., 1993; Halcrow, 2010b).

Changes within the estuary over the last century have also been dominated by changes in the position of the
low water channel. Theralso appears to have been a general trend for an increase in the number and
complexity of channels throughout the estuary (Fatwl., 1993), which may be indicative of increasing bed
levels.

Yasin (1991) determined that there was a general trend forieroand retreat of the saltmarshes in the

early 20th century, followed by saltmarsh advance in the middle 20th century. Close to Millom Marsh the
channel moved northwards, but in the south it migrated close to AskiasRurness, with resultant erosion

of the sandflats (Fahgt al., 1993). The accretion of the saltmarshes along the westkone especially

Millom Marsh, has been marked by substankséralexpansion. Yasin (1991) suggested that there is
evidence of a current trend for saltmarsh retreatdaRahyet al. (1993) also suggested that since around
1905 there has been some retreat of saltmarsh edges within the Duddon (Halcrow, 2010c). Yasin (1991)
found the highest rates of marsh edge erosion during winter months when there is increased wiradidess
wave activity coupled with spring tides. Vertical accretion rates on high marshes have decreased over the
last 5,000 years as they have risen in the tidal frameratative regionakea level has fallen (Halcrow,
2010b).

Man has directly influenced éhestuary morphological evolution through reclamation of saltmarsh areas and
the construction of sea defences. A railway line, and associated embankment, run along the slagteot

the estuary, and represent a constraint on the shoreline positionlifhand Rollinson (1971) reported that
extensive defences were present by 1546. Yasin (1991) suggested that the inner estuary had been totally
reclaimed by the 16th century. Fabyal (1993) estimated this reclamation to have removed some 1,500 ha
of the intertidal area. These modifications will have reduced the tidal prism and potentially increased
accretion within the estuary (Halcrow, 2010b).

There was extensive mining of haematite in the 19th and 20th centuries on both sides of the estuary at
Hodbarow and Roanhead. Ironworks were also present at Millom and Askam. These works were associated
with the construction of further defencethe most extensive of which is at Hodbarrow (Halcrow, 2010c).

The historical dumping of slag and spoil deposits redilighe feature known as Askam Pier. This acts as a
constraint on the channel position and has also led to the development of saltmarsh in its sheltered lee
(Futurecoast, 2002; Halcrow, 2010c). The estuary channel up to Millom Pier was last dredgediatiass

with extraction of iron ore which ceased in 1968 (Fahgl., 1993). There has been little land claim within

the estuary since 1900 (Halcrow, 2010b).

1 These are not active saltmarsh deposits todthey lie well above HAT; the active saltmarshes at lower levels in some plagesverlie older
sediments including marsh deposits and peat
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3.4 Future Behaviour

There appears to be contrary evidence of whether the estuary is accretingdingr
1 Yasin (1991) proposed that the estuary had reached its capacity and was in an erosional regime;

9 Futurecoast (Halcrow, 2002) suggested that the estuary has further capacity for infilling and was flood
dominant;

1 SMP1 (Bulle€onsultants, 1998) suggested that the Duddon Estuary is generally filling with sediment
from offshore, supplemented by smaller quantities originating from Walney Island (Halcrow, 2010c).

1 Fahyet al. (1993) suggested that the sediment budget of the estweas either positive or approaching
dynamic equilibrium.

More recent modelling investigations carried out in the CETaSS study (Halcrow, 2010e) show that estuary
has a positive sediment budget when both littoral and tidal transport are considered (séerS&&). This
pattern was predicted to continuender conditions ofea level rise, extreme tidal surge and with the
introduction of managed realignments.

The results showed that with sea level rise there are no changes to the overall sediment trarspeoms
although the magnitudes of sediment transport are increased throughout the estuary. The outer estuary is
still predicted to export sediment for tidenly transport and the inner estuary is predicted to be flood
dominated, but both at a higher rat& he results suggest that the inner estuary will continue to function as a
sediment sink due to tidal sediment transport. The littoral transport modelling suggests that the import of
sediment towards the mouth will counteract the loss of sediment expotiedugh tide only transport. It

was concluded thawith sea level risegverallthe estuary will slowly fill with sediment (Halcrow, 2010e).

Halcrow (2010d) concluded that the morphological response of the estuary to sea level rise is unlikely to be
sedment limited). Sediment stored in the dune complexes at North Walney, Sandscale Haws and Haverigg
Haws could also be eroded and partly reworked further into the estuary. Additionally, there is considerable
potential for the supply of further sediment to ¢hDuddon as a result of soft cliff erosion, notably on the

coast to the north, and further growth of the sandravel barrier spit systems at the estuary mouth could
occur if there is a significant acceleration in cliff erosion rates (Halcrow, 2010e)ow#R2010b) noted that
higher sea levels in the future would also mean that some of the high marshes in the inner estuary would
enter the tidal frame again.

3.5 Conceptual Model of Estuary Behaviour

A conceptual modédbr the Cell 11c area, showing sediménatnsport pathways, control features and
sediment sources and stores is providedrigure3.6. A more detailed diagram has been developed for the
Duddon estuary ifrigure3.7.

The estuary occupiesbroad structurally controlled depression which has been -oempened by glacial

action during the Pleistocene and then partially filled by deposition of glacial sediments and Holocene
marine sediments. Mean sea level in the area probably reached amaaxil m higher than present during

the mid Hol@ene before falling slightly in response to isostatic recovery of the Cumbrian landmass. The
higher intertidal areas around the fringes of the estuary were embanked and claimed for agriculture from

the 17th century onwards, but reclamation has been on a smaller scale than in the Morecambe Bay estuaries
and a large active intertidal area remains.
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Figure3.6 A simple conceptual model for the Cell 11c area (source: Halcrow, 2010d)
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