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CHAPTER 6

THE TRANSITION:AL AREA

This area is dominated by a wide uniform sand flat backed
by a gravel ridge which extends from Hunstanton to Wolferton,
a length of seven miles. South of Wolferton & typical Wash
association of sub-environuments is developed (see Chapter 7
and Evans 1965), while to the north the transitional aresa passes
into the beach~dune-marsh complex of the North Norfolk coast,
already discussed. This area may thus be regasrded as a transi-
tional one between the exposed coastline and the sheltered
embayment. It has two distinctive morphologicel zones or sub-
environments; the gravel ridge on its landward side and the
Arenicols sand flat known as Stubborn Send, which stretches

down to low water mark.

I The Gravel Ridge

1. horphology and Development

The gravel ridge runs in a southerly direction from
Hunstanton. It varies in width from about 120 to 400 yards
(generally being wider in the south) and rises up to 20 feet
above its sharp junction with the .irenicola sand flat to sea-
wiard., The seaward face of the ridge normally has a slopes of
1 in 10 and there is an abrupt change at its junction with the
sand flat. The sediment changes from a gravel or sandy gravel
on the ridge face to a fine sand on the sand flat, although
gravel may be detected below this sand. 4t its northern end
the ridge abuts against Hunstanton boulder clay and:;t undoubtedly
was originally banked against the Cretaceous deposits at )
Hunstanton before the human interference at this location, To
the south, the reclaimed marshes on its landward sides separate
it from the Lowsr Cretaceous and Pleistocene sediments. .t
the southerly limit the ridge divides into a number of fingers,
each of which is surrounded by marsh (fié. 6.1). A4t one locality






within the reclaimed marshes an older gravel ridge mey be
detected (fig. 6.2).

Throughout most of its length the ridge has been modified
for flood protection and on its landward side therse is an
artificial bank which runs the whole length of the ridge.
4t Hunstanton the building of a sea wall has either obliterated
or obscured the natural features of the ridge, while to the south
it has been modified by the extraction of gravel. The Heacham
River, which drains the immediate hinterland, once flowed sea-
ward through & gap in the ridge, but this has now been artifi-
cilally sealed and the water now passes through a culvert,

The termination of the gravel ridge at Wolferton is compar-
able to that at Gibraltar Point on the Lincolnshire coast. In
both areas the coarse sand and gravel, typical of the North Sea
coastline, terminate rather suddenly, but whereas on the east
side of the Wash, near Wolferton, they reach halfway along the
shore of the embayment, on the west, at Gibraltar Point, they
hardly extend into the feature, There is no abrupt change across
the opposite banks of the Heacham River, on the Norfolk shors,
and, although the coarse material does not extend across either
the River Steeping at Gibraltar Point, or Wolferton creek, it
seems unlikely that either the River Steeping or Wolferton creek
is a major factor in the restriction of the longshore transport
of coarse material. It is much more likely that the positions
of their outfalls are dominated by the littoral drift of coarse
material., The cause of this large accumulation of gravel on the
east, as compared with that on the west of the Wash, is the
relative abundance of supply of ocoarse material, while a sub-
ordinate factor may be the different aspects of the coastlines,
being on the opposite sides of the Wash., Evans (1967) suggests
that the abundance of gravel on the Norfolk shore may be due
to the abundance of Pleistocene gravels on the North Norfolk
coast compared with the small amounts of outwash gravel and sand
present on the Lincolnshire coast, .lso the offshore zone between
Sunk Send and 01d Hunstanton has a gravelly bottom, Supply of
this gravel to the backbeach and subsequent longshore transport

ocould acoount for this large gravel feature.
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It appears to be obvious; both from the configuration of
the ridge and also its composition, that longshore transport
to the south is the dominant process in its development.
Sediment is trapped on the north side of groynes end its
southerly transport is also impeded by the sea wall at Hunstanton
8o that at its southern limit erosion has to be constantly
checked, Here an open framework of slag and flint blocks is
used to absorb the wave energy, the full impact of the bresasking
wave being dissipated gradually as water peasses between indivi-
dual blocks. ZErosion of the face of the ridge is also dominant
on the southern side of Snettisham Scalp, where the ridge has
been raised and faced with a framework of slag, chalk blocks
and flint. Longshore transport south of the Scalp is limited
but the material is not readily replaced, as most sediment from
the north is at present retained at this feature (fig. 6.3).
Gravel and shell are gradually building southwards so that
this feature (the Scalp) is migrating in this direction to

produce, eventually, a wider ridge.

ot this locality the ridge is composed entirely of shells
of Cerastoderma edule with some Mytilus edulis (fig. 6.4, cf.
Greensmith and Tucker 1966). These shells are derived from the
Stubborn Send and from the liytilus beds surrounding the Inner

Road just to seaward. The presence of these displaced shells
suggests onshore transport at this locality. Thus, although
longshore transport of sediment is the most obvious factor,
onshore movement of coarse material is also important in the

consideration of sediment supply in this region.

The erosion and retreat of Hunstanton oliffs was probably
followed by a landward retreat of the gravel ridge. The author
has determined the presence of gravel under much of the sand
flat et Heachan and it is suggested that this gravel may be a
thin lag left cepping the boulder clay (see Jackson 1910) after
the transgression of the gravel ridge. It may, however, be the
result of the redistribution of gravel from the ridge by storms,
as this is definitely the origin of some of the gravel spreads
seaward of the ridge at Snettishem (local information). Betwsen
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Heachan and Snettisham, where the Heacham River at one time
entered the sea, there are gravel lags which are the reuains

of two promontories on adjacent banks of the old river course,

To produce this landward retreat,; accretion of material
must take place on the landward slope. ..ccretion on the seaward
face, hovever, causes a broadening of the ridge by seaward ad-
vance of the face. However, short term surveys, carried out
during 1966 and 1967, indicete that the seaward face of the
ridge is very stable and although minor modif'ications do take
place there is obviously no marked landward movement at present
(sheet 6.1). On Profiles 5 and 7 maximum scour occurred near
high water mark between October 1967 and January 1968, and in
the case of Profile 7 this scour was assoclated with deposition

at the foot of the ridge.

2. The Sediuents

a) Grain size

The ridge is composed of gravel or sandy gravel (Folk
1954); however, medium or fine sand mey ocour as a thin surface
fila or as lenses on the seaward face or on the crest. Other
sand accumulations may be found in the lee of small high water
mark swash ridges. Vegetation on the ridge crest aids in trapping
wind blown send, so in some places & thin cover of aeoclian sand
is formed. However, as the sandflat in this region is permanently
saturated, there is very little dry sand available for wind
transport, but sand deposited on the seaward face of the ridge
dries out at low tide and acts as a limited source area for the
aeolian sediment. The saturated nature of the sand flats accounts
for the lack of dumes south of Hunstanton, this being in very
marked contrast to the barrier development north of Hunstenton,

where dunes form an important element on the coast,

4 characteristic feature of the seaward face of the ridge
is the zonation already described for the beach faces to the
north of Hunstanton (cf. Bluck 1967). The seguence found has
a coarse gravel base which may be seen occasionally or aay be

covered by fine sand or silt, This coarse gravel is found beneath
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the asnd flat in many places. Superimposed on the gravel there
is commonly a thin strip of well sorted fine gravel and here

there is also an abundance of Cerastoderma edule, this being

due to the ease with which these shells are rolled down the

beach by the backwash. fbove the gravel the sediment is often
sandy, although this sand is generally only & thin surface
deposit, and passes into a sandy gravel below the surface.

Above this zone gravel again becomes predominant and beach

cusps may develop, the grevel being sorted into the horms, and
the sand into the intervening bays. Gravel is concentrated in
the uppermost zone of the seaward face. .s with similar develop-
ments elsewhere, the lower zones are not so apparent when there

is no abrupt change in slope at the foot of the sesaward face.

Size analysis of this gravel has not been carried out,
although the sandy sediments have been investigated in the
northern part of the area, in the region of the sea wall and
on the ridge at Snettishem Scalp (table 6.1). These sediments
are medium and fine sands with sorting velues of 0.35 to 0.40
phi (well sorted) and negative skewness of ~0.20 to -0.29.
These parameters may be very variable due to the varying

abundance of coarser material,

b) small scale sedimentaery structures

Large proportions of limonite fragments are found in
the sand fractions of the sediments and very of'ten these are
concentroted into laminae on the seaward face, enabling the
structures to be readily observed., The smooth beach face is
thus shown to possess thin laminae parallel to the surface and
dipping seawerds. Ripple marks are absent in this zone but
beach cusps develop as they do on the backbeach north of
Hunstanton, Sand domes end air holes (Emery 1945) are common
and rill marks occur where, during low tide, fresh water passes
through the ridge and flows onto the sand flat,

c) The sediment composition

The gravel is composed dominantly of flint, with
abundant chalk, red chalk, carstone and shell debris. Erratics

are common, the main types being similar to those found north



Teble 6,1 Grein Size Characteristics of the Sendy Sediments
of Gravel Ridge Ldge
Sample lMean Sorting Skewness % Gravel % Silt Locality
Number Diameter & Clay
outer edge of
18 2.11  0.350 ~0.278 ridge, Hunstanton
outer edge of
19 1.94 0.419 -0.209 0.090 ridge, Hunstanton
outer edge of
22 1.88 0.687 -0.198 L. 1,65 ridge, Heachem
25 2,28 0.779 +0.315 Jedge of gravel
Jridge at junction
Ywith mudflat,
26 2.07 0.710  +0.146 1.780 0.27 )Snettishem




of Hunstanton., The sands investigated near Hunstanton (table
6.2) contain a high proportion of Carstone derived fragments
and this decreases in samples to the south, .. sample of the
thin dune sand between Heacham and Snettisham (sample 36)
contained 20% Carstone fragments, this indicating that the
dune sand is derived directly from the face of the gravel
ridge, which dries out at low tide, rather than from the wet

sand flat, which has a much lower percentage of this component.

d) The displaced shell fauna
Aslthough studies of the region over the last few years

have revealed that there is a general decrease in the variety
of shelly organisms in the sediments of the sheltered Wash
embayment as compared with the sediments of the exposed North
Norfolk and Lincolnshire coasts (Evens 1967) no quantitative
studies of these differences have ever been attempted. The
results presented here are the first study of this kind on this

coasgstling.

It is of interest to note here that a similar decrease in
variety of shelly orgaonisms hes been recorded by ven Straaten
(1951) in the Wadden Sea sediments when they are compared with
the open North Sea coast sediments., The distribution of dead
shells on sand flats in the Solway Firth has been discussed by
¥ilson (1967) but the proportion of displaced forms could not
be determined as many of the species also live on the flats.
However, van Straaten (1956) has shown thet the composition of
shell beds in tidel channels gives a reliable picture of the

average mollusc fauna of the surrounding area.

4 comparison of the dead shell fauna of the backbeach at
Holme and the gravel ridge south of Hunstanton shows that there
is a distinct change in fauna along the shore. South of
Hunstanton, species noted for their abundance on the exposed

North Norfolk coast become scerce. These include Spisula solida,

Petricola pholadiformis, Zirfaea crispata, Mya sp., Enais sp.,

Venerupis pullestra end Nucula sp. (iiye sp. includes liya arenaria

and Mya truncata as these species could not be distinguished

in broken fragments., .lthough the abundance of shell fragments

<o



Table 6 * 2

Composition of the Sends from the Edge of the Gravel Ridge

Limonite Rock

Mollusc/

Semple No. Terrigemous = ... Froguent  Barnacle Forem
18 76.0 20.5 2.5 0.5
19 78.0 16.7 5.0 0.3
22 8.6 8.7 4.0
25 88. 4 2.3 6.0 2.3
26 92.0 3.3 3.7 0.3

Range 76,0 - 92.0 2.3 - 20,5 2,5 - 6.0 0.0 - 2,3

Dune sand
36 77.5 20.5 1.0 1.0

e erer ren

Coal Bryozoa
0.5

1.0

0.3 0.3

0.0 - 1.0 0.0 - 0.3

LT3
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decreases southwards, liya arenaria is common in the intertidal

flats of the Wash.) The number of species decreases, although
the number of individusls in the ridge mey remain high. 4
detailed exsmination of certain samples was carried out to inves-

tigate the main changes which oocur,

The sample sites were chosen randomly at positions near

profile lines and at various intermediate sites (fig. 6.5).
Where a distinot gravel beach face was present the sample was
taken Bpproximately half way between the gravel/sand flat
boundsry and high water mark., it each site a twenty inch

square was marked out and the sediment within this was excavated
end collected to a depth of epproximately & inch. This was then
transported to the laboratory where the sample was dried before
the sand and gravel fractions were separated snd the fauna in
the gravel determined (table 6.3).

Only some shell fragments were counted, however, and certain
eriteria were used to determine which fragments should be dis-
carded. Criteria used during counting of the fragments are
liated below:-

i) Bivalvia - fragments must possess at least part
of the hinge line, or in the case of liytilus

and Modiolus must include part of the umbo.

ii) Gastropods - fragments must possess ot least
part of the columella,

iii) Echinodermate - all plates, groups of plates and

spings counted.

iv) snnelida - all tubes and fragments of tubes

counted. .

v) Cirripedia - all plates counted.

The counts of fragments of each species or group in the
sample were uged to calculate the total number of fragments in
the gravel grade of each sample. From these the proportion of
each species was caloulated as a percentage of the total number

of fragments., For each group the percentage variation along
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Fig. 6.5. Locality of samples analysed for
displaced fauna.
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Table 6,3

Results of Counts of Displaced Fauna

Profile 2 T 3 /b n /5 6 8 | 8%
?o. of % ko. of ., iNo. of % No. of % JNo. of % No. of  {No. of % No, of #
rags. frags. frags. frags. frags. frags. frags. frags,
Biyalyia
Cerdiacea  Cerastoderma edule 11 2.1 9 2.,9] 22 %.8] T 6.9] 47 5.3 27 10.0{ 110 53.1] 130 55.7
Hactracea MNactra corallina .9
Spisula solida 5 .9 8 2.5 1.3 11 1.1 3 «3
Lyacea iye arenaria% 3 6l 2 6l 4 1.8 6 6l 2 2 2 .7
Itya truncata
Mytilacea  kytilus edulis 81 15.2! 42 13.3{ 54, 24.1} 246 23.7( 151 17.0f} 44 16.4] 20 2.7/ 28 12.0
Modiolus modiolus 2 ol 1 .l 7 .8
Nuculacea Nucule tenuis 107 20.1 7 2.2 7 3.1 3 3 1 o1
Qstracea Ostrea varia 1 .2 3 «9 1 o 3 3 1 ol 1l oh
Pectinacea Chlamys varians 3 .6 1 3 oh 1 .1 .1
Solenacea Ensis ensis % L .8 13 5.8 23 2.2] 17 1.9 2 .7 1 .5
Ensis siliqua)
Tellinacea Dliacoms balthica A2 6 5 2.2 8| 7. .8 2 TJi05 2.4 6 2.6
Scrobicularia plana 2 ol 7 2,2 8 3.6 3 <3 3 o3 2 o7 1 5 ol
Veneracea Venerupis pullastra 8 1.5 6 1.9 6 2,70 19 1.8f 28 3.2 1.1
Pholadecea Petricola pholediformis 1 3 1 o 4 ok 2 o2
Zirfaea crispeto 1 o2 5 1.6 1 .1 1 ok

072




Table 6.3 (continued)
— r T .
Profile; 2 3 3/ L 4/5 6 8 8/9
Py e -,: ’
iNo. of _, [INo. of _ |{No. of _ iNo. of _ {No. of % No. of w |INo, of _ iNo., of
frags. : frags. ° ifrags. /° |freags. # lfrogs. # |frogs. # frags. frags. *°
Gastrcpoda
—————————— Hydrobia sp. 1 3 2 02 L 1.7
Littorina littorea L 1.3 2 .9 24 2.3 21 2.4 28 10.4| 29 14.0! 3L 14.6
Gibbuls cineraria 2 ok 1 3 L 1,8] 15 1.4 9 1.0 L 1.5
Buccinum undatum 1 o2 1 o3 2 «9 7 o7 L 5 11 4.1
Nucelle lapillus 6 .6
Littorina littoralis 2 2
¥chincdermata
____________ Psammechinus miliaris 12 2.3 5 1.6 2 9 17 1.6] 25 2.8 2 .7
Echinocardium cordatum ; 2 .6 1 ol 3 .3 2 2
Annelida ’ | ’
T Lenice conchilega 8 .8 2 o7 2 1.0
Pomatoceros triqueter 9 1.7 2 .6 2 .9 36 3.5 10 1,1 1 o
Cirripedia 230 L3.2] 206 65.4f 51 22.8] 467 L45.1} 498 56.1} 118 43.9{ 1k 6.8f 19 8.2
Unidentified pholads 7 1.3 1L 6.3 6 .6 8 .9
Crab chelea 3 o3
Derived belemnites 1 ol 1 ol
TPerebratula (derived) 2 .9
Unidentified L2 7.9 17 7.6 39 3.8 4o L.5| 19 7.1 25 12.14{ 11 L7
Totel no. of fragments 533 315 22l 1036 888 269 207 233
Weight of gravel (gms) 1710 68L 6030 j 6120 6480 8370 6750 2205




the coastline is shown graphically (fig. 6.6). Some variation
in fauna must be dug to differences in the grain size of the
gravel samples collected, but this is nowhere thought to negate

the general conclusions obtained.

Certain species, Cerastoderma edule, liytilus edulis,

Cirripedia, Nucula sp., and Littorina littoralis, are present

in large percentages. The general results showed:-

i) Cerastoderma edule

This increases from Holme towa ds Hunstanton eliff's,
where there is & small peak of 10%. From the southern end of
Hunstanton there is & large increase towards Snettisham and the
maximum velue of 56% occurs in the sediment at the southern end
of the ridge.

ii) Mytilus edulis
This attains a maximum of nearly 250 below

Hunstanton cliffs and although it decreases in both directions
the percentage does not fall below 10%.
iii) Cirripedia
.. maximum value of 65% at 01d Hunstanton drops
off rapidly to less than 10% at Snettisham.

iv) Nucula sp.
This rapidly decreases from 20% at Holme to 0.1%

at the southern end of Hunstanton, It does not appear in samples
south of this point.

v) Littorina littorea

This is the only really abundant gastropod in the
gravel fauma, It increases from 0% at Holme to nearly 15% at
the southern end of the gravel ridge. There is a rapid inorease

between Hunstonton and Heacham.

vi) oOther species

Other species, such as Spisule solide, hya arenaris,

liya truncata, Ensis sp., Venerupis pullastrs end Psammechinus

miliaris show a decrease towards the south. These species are

derived largely from the offshore zone.
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This variation in displaced fauna must reflect to some
extent the source variation. In this case, the souwrce is the
send flat or forebeach and the offshore zone. Other factors

which must affeoct the distribution of d&isplaced fauna are:

i) the variable rate of onshore movement of various

gravel sized shell;

ii) the variable rate of longshore transport of various
gravel sized shell along the backbeach;

iii) the rate of destruction of the various groups and
speciss. Fragile components, such as liacoma
balthica and echinoids, will be relatively easily
broken down, whersas massive shells such as

Bucoinum undstum will be abraded but not sasily

broken;

iv) the variation in grain size of the gravel sampled,
€.8. small plates of Elminius sp., a cirripedian,
ere concentrated in very coerse sand and fine
gravel of -1.0 to -2,0 phi, vhereas fragments of

Cerastodserma edule are generally concentrated in

coarger grades.

North of Hunstanton, the offshore zone must supply a
considerable amount of living shells as many forms found as
empty tests on the beach are never seen living within the beach
sediments. Occasional live specimens are washed ashore, Sspar-
ate valves of Nucula sp. are abundant in offshore gravels at
Holme, Hunstenton and in the mein shipping channel north west
of Ferrier Sand. The only intertidal occurrences are, however,
north of Hunstenton, this indicating thet storus are able to
transport the offshore fauna across the relatively narrow exposed
beach zone north of Hunstanton, whereas inside the Wash, this
material is not transported across the sand flats and on to the
gravel ridge. However, the sbundance of (erastoderma eduls and
Jytilus edulis on the ridge at Snettishoam indicetes thet gravel
sized shell on the lower parts of the sand flat are readily

transported landwards. The combination of & deep channel with

little wave action and strong longshore tidal currents must prevent
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the onshore transport of offshore fauna. To the north of

Hunstanton, the chennel is shallower and tidal currents wsaksr.

Thus in the Wash the displaced fauna reflects in general
the shelly faune living in the sand flat, whereas north of
Hunstanton the fauna is & mixture of forebeach and offshors

fauna. 1In the latter case, Liytilus edulis living on the fore-

beach dominates the derived fauna of the backbesch.

The ebsolute abundance of fauna has also been calculated
(fig. 6.7 end table 6.4) and the results are shown as the number
of fragments in 1,000 grams of gravel., Thus this does not

inelude the sand fraction,

For one sample & count wes made for the coarse sand fraction
(0s5 - 2.0 mm) and this may be compared with the gravel count
(table 6.5). In both fractions cirripedia form the highest psr-

centages., Psamnechinus miliasris fragments were very abundant

in the very coarse sand but not in the gravel. This is an
example of sorting according to size, as the delicate echinoid
tests readily break down to single plates of sand size, and
there is very little indication of echinoids in the gravel

fraction. Hydrobia ulvas is also found in the very coarse sand

but is too small to be abundant in the gravel,

e) Shell orientation

4t the southern end of the gravel ridge, south of
Snettisham Scalp, the seesward face has large numbers of

Cerastoderma edule valves with their convex surfaces uppermost

and their umbos oriented in preferred directions., (Qriented
photographs were used to produce rose disgrams of these shell

orientations (fig., 6.8).

The umbos are directed mainly into the ebb current (i.e. to
the south) which here flows northwards parallel to the ridge.
Many umbos also point north, these presumably being oriented
by the flood current, while some specimensshave umbos pointing
up the beach, being oriented by backwash. Very few specimens
point down the beach face.






Table 6.4 Displaced Fauna:

Number of Fragments per 1,000

grems of Gravel

Profile

2

3/

Cardiaces
Cerastoderma edule
Mactracea

Mactra corallina
Spisula solide
liyacea

Mya arenaria )
liye truncata )
Mytilacea
Mytilus edulis
Modiolus modiolus
Nuoul.acea

Nucula sp.
Ostreacea

Ostrea varia
Pectinacea
Chlamys verians
Solenacea

Ensis ensis )
Ensis silique )
Tellinacea

Macoma balthica

+ Scrobicularia plana

Venerupis pullastra
Pholadacesn

Petricola pholadiformis
Zirfaea crispata

Gestropodia
Hydrobia sp.
Littorina littorea
Gibbula cineraria
Buccinum undatum
Nucelle lapillus
Littorina littoralis

Echinodermata
Psammechinus miliaris
Echinocardium cordatum

Annelida
Lanice conchilega
Pomatoceros trigueter

*

Cirripedia
Unidentified pholads
Crab chela

Derived belemnites
Terebratula (derived)
Unidentified

r——

7.0

5.3

13.2

11.7

2.9
6l.4
10.2

bedy
1.4

2,9

134.5 301.2

4.1 f
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o3
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1.3
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1.0
5
.2
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4/5

8 8/9

1e3

2.6

1.1
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3.8
o3

1.5
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1.2

o2

6.1

3.2

.2

5.3

o2

2
o2

3

33
1.3

o2

ol

4.1

2,2

16.3 59.0

3.0 12.7

el

.7 2.7
.1 «5

1.8
L.3 15.4

o3

2.0 8.6

3.7 5.0

-

i Total in 1,000 gms

311.9 460.1

36,7 169.6 137.8

31.7

30.5 105.7




Table 6.5 Comparison of Faunal Counts for Coarse Sand

and Graovel

Coarse sand Gravel
Oo 5"2 [ 5 mm
Semple No. 3 No. of . No. of
frags. frags.
Bivalvia
b+ A i i §
Cardiacea  Cerastoderma edule 3 ol 1l 2.1
lMactracer  Mactra coralline - - - -
Spisula solids 1 o1 5 .9
Myacea Mya arenaria ) _ - o &
liya truncata ) ‘
lytilacea  Mytilus edulis 1 1.9 42  13.3
‘ kiodiolus modiolus - - - -
Nuculacea Nucula sp. L .5 7 2.2
Ostreacea (Qstrea varia 3 o 3 .9
Pectinecea Chlamys varians 1 .1 1 3
Solenacec  Ensis ensis ) L 5 _ _
Ensis siliqua ) d
Tellinacea Iliacoma balthiea - - 2 o6
Scrobicularia plana - - 7 2.2
Veneracea Venerupis pullastra 2 o3 6 1.9
Pholadacea Petricola pholediformis - - 1 3
Zirfaea crispata - - 5 1.6
Gostronods
FAREEEtr T IR
Hydrobin sp, 10 1.3 1 3
Littorina littorea - - L 1.3
Gibbula cineraria 1 el 1 )
Buccinun undatum 2 «3 1 3
Nucella lepillus - - - -
Littorina littoralis - - - -
Echinodermata
Psammechinus miliaris 65 8.9 5 1.6
Bechinocardium cordatum 3 o 2 .6
Annelida
S RIDe
Lanice conchilege - - - -
Pomatoceros triqueter 1 .1 2 .6
Cirripedia 617 8Bh.4 206 65.4
Total number of fragments 731 315
Weight of fraction (grems) 161 68l

248






Thus the direction of orientation of the majority of
individuals is controlled by the ebb, this being the last
current which passed over the beach face, while other specimens
have retained the orientation imposed by the previous flood.
From this data it is shown that the shell fraction of the gravel
ridge has been controlled predominantly by tidal currents and
weve action is limited by the wide mud flat and sand flat to

seaward,

II The .renicola Sand Flat -~ Stubborn Sand

1.  korphology

Stubborn Scnd extends as a wide, gently sloping and uniform
sand flat from Snettishem to Hunstanton. it the northern limit,
where it passes into the beaches described earlier, the zone is
only 200 to 300 yards wide, but it widens rapidly southwerds
end reaches & maximum width of approximately one mile in the
area secwerd of Heacham., In the south, it is restricted by a
channel, called the Inner Road, which separates it from Ferrier
Sand and the intertidal complex of mud flats and marshes to the
south. This sand flat shelves gently seewards. The thickness
of the send body is not known, although in many pleces gravels
are found at depths of only three or four feet beneath the sur-
face and Jeokson (1910) has detected the presence of boulder
clay beneath the sand at Hunstenton., It is thought that the
sand flat is 2 thin deposit of sand overlying & gravel lag

which in turn rests upon boulder clay.

In contrast to the cosstline north of Hunstanton, repeated
profiling has shown no significent chenges in the level of the
surface over the lest two years (sheet 6.1). Slight fluctuations
in the level of the send flet usually less than six inches are

detectable in pleces but generally no change is shown.

Profile 4 ot Hunstanton (discussed in Chepter 4) shows a
lipited emount of beach change, but Profile 5 is very stable.
Thus, although reworking of the sediment may occur, this does
not eppreciably elter the general topogrephy.



2. The Sediuents

a) Grain size characteristics

The sediments of Stubborn Sand are wostly fine sands
with mean diecmeters ranging from 1.86 to 3.03 phi and an average
value of 2.59 phi. (teble 6.6). They are mostly well sorted
with low positive skewness values, but some high positive volues
of skewness are found. There is no non-skeletal grevel in most
samples but gravel sized shell debris is present. Silt and
clay are present in varying proportions, being alweys less than
7%, the average being 1.67%%:. The silt and clay content is thus
higher than that found in the beach sedinents to the north, but
is lower then thet found in the sand flat sediments to the gouth
(e.g. Ferrier Sand). This zone is thus transitional between the

two.

Hisbogramas of the grain size distributions of these sedi-
ments are shown in figure 6.9. . visual comparison of these
with those of the forsbeach sediments north of Hunstanton, shows
the differences in sorting between the two, the greater wave

activity in the latter area leading to better sorted deposits.

i) The mean grain size

There is generally no persistent trend in mean
grein size between high end low water marks. However, on Profile
8 there is & decrease in mean grain size from high to low water
mark, i.e. towards the Inner Road. &lsewhere this decrefise is
not found. .t Profile 7 the mean is constant at about 2.5 phi,
while to the north, disregarding samples taken near the gravel
ridge, there is & slight incre&se in mean grain size to.ards

low weter mark,

The seaward decrease on Profile 8 is probably due to the
concentration and deposition of very fine send, silt and clay

caused by the large kytilus edulis bed at the edge of the Inner

Road and because there is a lack of wave sctivity hers, due
to the high relief of Ferrier Sand on the west bank of the

channel,

s

b.g;.}



Table 6.6

s v . e 2w

lieen

Profile Sample Sorting Skewness %% Gravel ¢ Silt &
Number Dianmeter Clay
5 121 2.58 0.530 +b.585 1.38
6 96 2.05 0.40L +0,159 2.85
98 2,71 0.418 -0.149
100 2.54 0.438 -0.135 0.65
104 2,33 0.339 0,033 0.58
7 108 2.57 0.465 +0.040 1.86
112 2.49 0.39, +0.050 0.66
116 2.56 0.357 -0.049 0.05 0.08
8 125 2.57 0.375 +0,140 0.54 1.54
127 3.03 0.525 +0,392 6.93
129 2.78 0.288 +0.027 1.73
131 2,81 0.290 +0,012 1.76
21 2.17 0,315 -0.389 0.27 not mees.
23 1.86 0.339 ~0.145 "
3l 2.81 0.311 +0.00L4 2.97
8B 2.58 0,212 -07018 1.77
9B 2.43 0.387 ~0.071 2,12
Rangs from 1,86 0.212 -0.389 0.00 0.00
to 3.03 0.530 4+0.583 0454 6.93
iverage 2.53 0.376 +0.035 0.03 1.78
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The seaward increase in sediment size on Profile 6 may »
reflect the proximity to deeper tidal channels floored with

conrser sands and gravelly sands,

ii) Sorting (table 6.6)

These sediments are mostly well sorted and in
general sorting improves towards low .oter mark where sone
samples ore very well sorted. Calculated vslues corroborate
the sorting estimated from histograms ond show a distinct
difference between these sediments and those from the fore-
teach to the north. . groph of mean grain size vs. sorting
(fig. 6.10) shows that the sediments from each of these two

sub-gnvironnents fall into distinct fields.

iii) Skewness (table 6.6)

The average skewness is +0.036 and the renge shows
that high positive and negative values occur, although positive
values are uore comnon, No trends perpendicular to the const
are detectable but there is a noticecble change parallel to
the coast frowm predominantly negative values in the north to
positive velues in the south. This sssessment does not include
samples from the inner edge of the sand flat where anomalies
occur, This trend in skewness correlates with the broad trend

found throughout the area from Holme to King's Lynn.

b) The composition of the sediments
i) The bulk composition (toble 6.7, fig. 6.11)

The sands sre composed predominantly of terri-

genous nmateriel and carstone oolites or fraguents of these

are alweys present and meoke up as uuch as 11% of the sediments
adjacent to the gravel ridge. Elsewhere the content of oolites
is small, indicating that the carstone is retained in the zone
near high water mark &nd only a small amount of sediment is
able to move towards low woter mark. Carstone is more abundant
at the upper edge of Stubborn Send than it is to ths north of
Hungtanton c¢liffs, this indicating that longshore movement here

is predominantly towards the south.

Molluse end barnacle fracments asre always present in amounts

of up to 12%. Generally the higher percenteges are found at
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Teble 6,7 Composition of Stubborn Sand Sediments

N il

Sample Terri- Limonite Rock Kolluse/ , e s aox Calcareous
No? . genous oolite Frogment Barnacle Foram, Ostracod Echinoid Coal Mica Bnyqzoa sponge
8B 94.5 3.0 1.5 0.5 0.5
9B 97.0 1.7 1.3 .

21 73.6 4e? 11.7 Te3 1.0 0.7 0.7 063
23 87.7 11.0 1.3
96 83.5 6.5 1.0 6.5 0.5 1.5 0.5

100 92.0 2.0 0.5 4.5 0.5 0.5

104 93.0 3.5 1.0 2.0 0.5

108 92.5 3.0 3.0 1.5

112 93.5 l.5 2.0 3.0
116 95.5 1.5 3.0

122 B7.5 2.5 0.5 8.5 1.0 )

125 89.5 4.5 2.5 3¢5

129 9.0 1.0 0.5 3.5 1.0

131 94.5 1.0 1.5 1.0 2.0

G269 80.0 9.5 1.5 9.0

G272 95.5 1.5 2.5 0.5

G275 95.0 1.0 2.5 1.5

Range 80!‘0'9535_; 100"‘1100 0.0‘3.0 1.0"‘11.7 0.0-7-5 0.0-0.5 0,0-1.0 0.0-2.0 000‘0.7 0.0-0.5 000-005
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the upper edge of the sand flat. This ney be due to the break-
down of shell into sand sized particles by wave action on the

face of the gravel ridge.

Usually, foreminifera do not exceed 1%, but in one sempls
(21) from the upper edge of the send flat, the foreminifere

smmonie becarrii forms W, of the deposit. Other minor compo-

nents such as echinoid platss, spines, bryozoa are present in
similar amounts to those found in the sediments of the North
Norfolk coast.

ii) The composition of graded fractions (fig. 6.11)

The variation of composition with gediment size

wag investigated for two sedinents from this sub-environment.

4 seaple from low weter merk at Heacham (116) had a very
uniform composition throughout all the grades anelysed. Only
minor ewounts of carstone were present and molluscan fragments
#were present in nearly equal proportions in each fraction.

Terrigenous components formed 90 to 9%% of the sauple.

i sauple nearer the gravel ridge but further north (122)
shows & wmore variable composition with size. Cerstone oolites
are more abundent in the finer fractions, whersas molluscan
and barnecle fraguents become increasingly abundant in the
coarser grades., Coal and peat, foraminifera and ostracods srs
also more abundant in the coarser frections., <These lighter

components are concentrated on the upper pert of the sand flat.

c) Sedimentary structurss

The study of the sedimentary structures of Stubborn
Sand was limited to an exemination of surface structures and
a compilation of the organisms present which are capable of
producing bioturbation within the sediment. Only e few samples

were taken to investigate the internal sediuwentary structure,

i) Ripple marks

The most common forms present on the sand flat are
wave formed asymmetric ripples with steep landward faces, crests

parallel to the shore and wavelengths of between two and four
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inches and heights of one half to one inch. silthough this type
is normelly predominant on the send flat, during calm conditions
rippling may be completely absent or syuwetrical ripples may be

fornmed.

&t the lower edge of the sand flat, asymmetric ripples,
probably produced by the northward flowing ebb current, are
abundant (cf. Evans, 1959). They generally have ripple lengths
of up to eight inches, crests perpendicular to the coastline
and steep slopes facing north. 4symretric ripples are not
comuonly seen on higher parts of these flats, but during spring
tides they may be present with superimposed symuetric and

asymretric wave formed ripples.

In the vicinity of Cockle Drain, two sets of ripples formed
by the ebb current are preserved when there is little wind or
wave action (fig. 6.12). The largest and earliest formed face
north to north north east indicating currents parallel to Inner
Road, vwhile et a late stage of the ebb shallow sheets of water
pass off the sand flat parallel to Cockle Drain to produce
smaller features which interfere with the ecrlier forms. These
small ripples have larger wavelengths but similar ripple heights
(i.e. ripple indices are larger) to the wave formed asymuetric

ripples.

Longitudinel ripples (ven Straaten 1951) with crests
parallel to the channel are a common feature adjacent to the
Mytilus banks in the Inner Road, where sediments contain a

higher proportion of gilt end clay.

ii) The fauna
Kindle (1930) briefly discussed the faune of

Stubborn Sand and remarked on the abundance of Cardium edule

(now Cerastoderma edule, see Tebble 1966), Mytilus edulis and

Branchiouima vesiculosum (Lanice conchilega). However, since

that time the feauna of this sand flat has not been studied

until the present writer commenced his work., Here the mein
elements of the fauna are discussed but the ecology is being

investigated in more deteil by Croome (unpublished).
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Fig.6.12. The ripple pattern on the intertidal
flat near Snettisham.
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Stubborn Sand is extensively colonised by the woru,
srenicole merina (fig., 6.13). The casts of this species ray
be seen over the entire surface from the foot of the gravel
ridge to low water mark neap tide. These individuals become
most abundant in the central part of the sand flat, whilst

towards low water mark they decrease in abundance rapidly.

The wori, Lanice conchilega, becomes important on the lower

part of the sand flat and increases in abundance towards low
water mark. In only one locality, adjacent to the southern end
of Hunstenton sea wall, is it found on the upper pert of the
sand flat. On Stubborn Sand this worm tends to have an even
distribution near low water mark, whereas at Holme it is some-

times found concentrated into clumps (fig. 5.17).

hytilus edulis has colonised a swaell area along the east
side of the Inner Road near low water mark. .s at Hunstanton,
this orgenism has aided the deposition of silt and clay so that
a linear bank has been formed along the chonnel edge. This
mollusc is also found associated with some of the gravel spreads

on the upper part of the sand flat.

Cerastoderna edule (the comuon cockle) is very abundant
on Stubborn Sand and the highest concentrations are found just
above low water mark, where they sre collected in bulk by
fishermen. Kindle (1930) noted the presence of & 'Cardium'
of reduced size in the black sand near Dersingham (presumably
seaward of Snettisham Scalp) but no size reduction wes detected

by the author. Small Xytilus edulis are often found on the

surf'ace with groups of Cerastoderma edule attached to the byssal
threads.

ifjacoma balthica is common in these sedinments and although

it may be found over the whole sand flat it is generally more
abundant where there is & higher proportion of silt and clay.
Pellets of crushed liacona fraguents (Wilson 1967) produced by

birds are common over the entire ares,

e






Tellina tenuis is not commonly found living except in the

extreme north east of Stubborn Sand, but separate valves may be
found on the surface of the sand flat. Wilson (1967) mentions
the rare occurrence of this species in the intertidal zone of
the Solway Firth.

Littorina littorea is commonly found et the landward edge

of the sand flat, especially where small spreads of gravel are

present, as between Heacham and Snettisham.

Various barnacles, such as Elminius sp. and Balanus balanoides,

occur on these gravels and the individual plates form notable

constituents of the send composition.

Echinocardium cordatun tests are very common on the surface

of the send flat, although no living specimens have been ob-
tained in the zone above low water mark. . grab sample from
just below low water mark adjacent to the southern end of °

Hunstanton brought up one living specinen.

The sbundence of infauna throughout Stubborn Sand is due
primerily to the lack of sediment disturbance by wave and current®
action. The black sand noted by Kindle (1930) is extensively
developed in this area and is presunnbly due to the decay of
organic matter in an anaerobic environment. Similar, although
not so intense, discolorations are found in the Wash sub-

environments to the south.

No attemnpt has been made here to determine the 'crush
factor' (vean Straaten 1956) for the shells present, although
it would appear that very little breskdown of shells occurs
prior to deposition on the gravel ridge. Wilson (1967) con-
siders that most of the broken shell fragments on a saend flat
are produced by the feeding habits of predators, predominantly

birds such as oystercatchers.

iii) Internal structures

The predominant primary structures &re normal hori-
gontal lemination, rippled lamination with ripple drift lamination

and consequent small scale cross lamination, and small scours
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(fig. 6.1l4). However, the asbundance of .renicola marina results

in intensive bioturbation so that meny of the primary structures
are destroyed. Near the edge of the gravel ridge sands are
interleminated with thin gravels. The sands are rippled or may

have steeply dipping cross lemination (fig. 6.15).

Cerastoderma edule and Mytilus edulis are often found in

clusters on a bedding plasne. Ihese shells often fall into the
cone shaped depressions of srenicolsa marina and it is thought
that this may account for some of the clusters found at depth.
However, no concentrated shell layer, as observed by van Straaten

(1954) is seen at the base level of normel worm bioturbation,

Burrows of jrenicola marina are common in the box samples

(fig. 6.14) and primsry horizontel leminae of sediment are
turned down around the burrow wall, which is partially cemented.
Examples from elsewhere show that lsaminse from the surrounding
sediment are drawn down into the burrow and some of this is
used to line the wall (fig. 7.24).

The sediments nesr low water mark retain very little
primary structure. They contain ebundant shell debris, normally

present as unbroken single valves, and tubes of the worm Lanice

conchilega (fig. 6.16).

II1 ggpclusions

0f the two sub-environments in this area the gravel ridge
shows the characteristics of the niore exposed coastline north
of Hunstanton, while Stubborn Sand is very gsimilar to the
arenicola sand flat of the inner 'fash (see Chapter 7). ‘The
offshore banks are one of the factors which cause these two
sub-environments to occur adjacent to each other. .t high
water the offshore banks are covered so that wave conditions
on the gravel ridge way be vigorous. During lower stages of
the tide and st low water, waves may break on the offshore sand
benks and dissipate much of their energy before reaching
Stubborm Sand. Leworking of the sediment by wave action is
thus limited end organisms, being relatively undisturbed, have

been gble to colonise the sub-environment and produce charac-
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teristic sedimentary structurss.

ilthough this sand flet is described as a transitional
area, there is very little change in sediment properties along
the area from north to south. The transitions in sediment
properties occur in the extreme north st Hunstanton and in
the extreme south at Snettishai, where the sand flat merges
into a mud flat sub-environment. The area as s whole, however,
has been described as transitional as it separstes the sub-
environuents of the exposed north Norfolk coast from those of
the sheltered arems of the inner Wesh and it also shows some

characteristics of both these areas.
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CHAaPTER 7

THE INNER ¥..SH CO4STLINE, SNETTISH.ili TO KING'S LYNN

I General

The shoreline from Snettisham Scalp to King's Lynn is
about eight miles long end varies from a few hundred yards to
three miles in width between high and low water spring tide
levels., Its maximum width is developed in the region of the
Ferrier Sand (fig. 2.2). To the south, the area is bounded by
the Quse channel and in the north it passes across Wolferton
Creek to extend around and partly envelop the gravel ridge
which runs south from Hunstanton. The upper intertidal flat
zones of mud flet and salt marsh have grown in front of this
ridge end in this transition area the norial gequence of zones
found between high end low water lines are not arranged in a
sinple wanner as they are in the south, This is due to the
presence of the Inner koad, a channel which runs parallel to
the shore and which at one time separated the Ferrier Sand from
the coast., Thus a traverse here passes into channel sediments
and then on to a high sand body (Ferrier Sand) before dropping

into Cork Hole, a deeper channel west of Ferrier Sand.

South of this area a more normal succession of zones (i.e.
sub-environments) is shown and the sequence from low water to
high water levels of lower sond flat, jrenicola sand flat,
higher mud flat end salt marsh, with a restricted lower nud
flat sub-environment developed in places and & network of
creeks which cut across all these zones, is similar to that
described by Evans (1965). He has described a number of physio-
graphic zones which were also sub-environments of deposition on
the intertidal zone of the Wash between the itham outfall and
Butterwick Low on the Lincolnshire coast. .ilthough he studied
only a small intertidal area extending about four miles alongshore,
it appears that the zonation established there is typical of

much of the coastline of the ¥Wash.
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.t the southern limit of the study area the sub-environments
pinch out &and marsh sediments are found adjacent to the channel

near King's Lynn.

Detailed traverses were made between the artificial sea
wall and low water merk to show the nature of the profile at
various points along the coastline and to determine the locality
of sediment samples (sheet 3.1l). Seeward of the sea wall the
marsh top is almost horizontal while the outer marsh has & marked
seaward slope., This slope continues but decreases over the
higher mud flat. The steeper slope of the outer warsh may be
related to the more rapid accretion of sediment where the mud
flat is first colonised by plants. ihereas in the south the
profile continues with a gentle slope across the jirenicola sand
flat before dropping into the Ouse channel, in the north it
falls rapidly into the creek complex leading south from the
Inner inoad and then rises to a wide platform known as Ferrier
Sand., [he profile then falls away at the edge of the irenicola

sand flat, just as it does in the south.

The various sub-environments of deposition are discussed.
In their broader aspects they correlate with those described
by Evans (1960) on the opposite shoreline of the Wesh. ~[here
are, however, & number of important differences and these are

discussed later in this section.

1. The Salt iiarsh

This forms a continuous sub-environment from Wolferton
creek to the banks of the River Great Ouse near King's Lynn.
Much of the wature salt marsh has been reclaimed, the dates
and areas of reclamations being shown in fig, 2.6. In the
past few years two lerge reclamations of 708 and 316 acres have
been made (Great Quse kiver ,uthority); the former was completed
in 1965 and the latter in 1966. Seaward of these new euwbankments,
the marsh is imuwature and only one to two hundred yards in width.
liany of the differences between the higher intertidal zone here
and that at the Witham outfall may be attributed to these recent

reclamations.



Shallow depressions in the outer marsh surface often
develop into salt pans when the marsh becomes more mature.
Most of the marsh seaward of the training walls is immeture.
as the mature regions have recently been reclaimed. [t the
southern end of the gravel ridge there is, however, & small

area of mature marsh where salt pans are well developed.

The dominant plant living on these marshes is Spartina
tovnsendii (Swenn 1965) but other species of this plant are also

present, Spartine maritima has become increasingly rare at

Wolferton, being confined now to depressions and salt pans in
the upper part of the marsh. Here it is associated with

Pucinella maritina and Festuce rubra. The spread of Spartina
townsendii has lately blocked the channels and has led to the

disappearence of Zostera sp. This latter species used to be
found on the inner part of the mud flat some distance frowm the

marsh edge. The genus Salicorniec sp. is, however, still present

in sbundance and extends to the seaward limit of marsh vegetation,

Nowhere is the seaward edge of the marsh cliffed as it is
at Friskney flats north of the Witham outfall (Evans 1965).
These cliffs are found on wmany intertidal zones along the north
Norfolk coast end heve also been described on the Essex coastline
at Bradwell (Greensmith and Tucker 1966), in the Wadden Sea (ven
Straaten 1954) and in Jede Bay, Germany (Keineck 1967). The
significance of & marsh ¢liff in the embayment of the Wash is
discussed by Kestner (1962). By using aeriel photographs and
by trenching, he discovered a sequence of various old salt mersh
edges. These indicate that before reclamation work started in
the seventeenth century, the foreshore of the Wesh was not pro-
gressively accreting but had reached a state of stability. His
work showed that saltings become stabilised when they are one
third to half a mile wide with a wider mud flat zone to seaward.
Mud flat accretion is balenced by lateral erosion so that & warsh
cliff may be formed. . lthough there is no cliff on the open
shoreline today, an earlier c¢liff has been observed by Kestner at
Wolferton and this was re-exsnined by the author (fig. 7.1).

This is now enclosed within the 1965 reclamation. It has a
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height of between nine inches and one foot and its position
shows thet the old marsh had an irregular outline with small
promontories extending seawards. . section through one of

these shows that the cliff had a steep almost vertical edge,

The sediments of the earlier, higher cliffed marsh are
laminated fine and very fine sands and silts. it the surface
the sandy laminae may be up to half an inch thick, while the
silts form numerous thin laminae. Some of these are rippled.
»t a depth of four inches the silt laminae become sparse and
very thin. Seasward of the marsh cliff there is much more silt
and clay present in the sediment, which is still laminated.
Sand laminae may occur up to & thickness of 0.2 inches but
generally they are thinner than this. 4t a depth of 20 inches
the sediuent mey become predominantly sandy with only thin
laminae of silt. 260 yards landward of the c¢liff the sediment
is predowminantly silty while sands form only very thin laminae,

not exceeding 0.1 inches.

Although the sediment in the vicinity of this cliff is
sandier than thet of the marsh elsewhere, the extremely high
sand content in the ¢liff edge is not shown in the mersh to
landward. This cliff is only 600 yards from the termination
of the gravel ridge and it is suggested thet the coerse sedi-
ment of the marsh is associated with the gravel feature. .n
exarination of the gravel ridges of the north Norfolk coast
shows that at low water large sand flats are exposed eround
ridge edges and these flats are often adjacent to marsh sedi-~
ments which nay be cliffed (e.g. Thornham harbour, between Holme
and Broncester). The mersh sediments of this region are thus
undergoing some lateral erosion, although accretion of sediuent,
which is often sandy, occurs on the upper surface. Thus the
area near Jolferton creek, at the southern end of the gravel
ridge, is analogous to ridge terminations on the north Norfolk

coast, although it shows a later stage of development.



2. The Higher Mud Flat

This sub-environment is very much broader than that des-
cribed by Evans (1960) and here it may reach a width of 1,300
yards. The gradient here varies between 1 in 800 and 1 in 1,400,
whilst near the Witham outfall the average gradient is 1 in 461,

The mud flat of the latter area has a very irregular sur-
face with elongate depressions and drainage channels which may
have depths of up to one foot. .t its outer edge the mud flat
may heve a cliff several inches high. Inglis and Kestner (1958 B)
consider that this irregulaer surface is typical of well estab-
lished mud flats and it is not found in front of new training
wells., Greensmith and Tucker (1966) described a similar type
of relief ot Bradwell, Essex, where tongues of silty mud are
elongated parallel to the depositional slope and are scparated
by shallow drainage channels. The development or degradation
of these features is dependent on the balance between erosion
and deposition. In the well esteblished mud flats of the Wash,
erosion and deposition have resulted in the production of this

irregular surface.

However, the higher mud flats examined in the present study,
generally have & smooth surface although there are occasions
when shallow scoured ereas exposing eroded laminae are found
(fig. 7.2). Dreinage chennels mey develop but these are broad
shallow features having depths of less than three inches. 'Near
the outer edge of the mud flat these channelled areas are often

sendier and are colonised by jrenicola marina, whereas the

intervening ridges have & more silty composition and an abundant

feuna of Corophium sp. (fig. 7.3).

There is never a sharp junction at the outer edge of the
higher mud flat, but merely a gradusl tronsition onto the irenicola
sand flac, Because of this an inner sand flat, as described by
Evens (1960) was not distinguished. In the north, near Snettishem,
the higher mud flats gradually merge into the sediments oi the
Inner Kkoed creek complex but in places small areas of .renicola

sand flat are developed.






Where creeks cut obliquely across the intertidal zone
the sub-environment is occasionally found to change across
the creek boundary. On the landward side of the creek the mud
flat sediments prograde further towards low water rark, whilst
on the seaward side ebb scour removes the finer sediment (fig.

Tek)e

Enteromorpha sp. is very common on the mud flat near the

Withaw outfall, this becoming abundant when the deposition rate
is slow. During rapid deposition, as in the study ares, the

algae do not appear to colonise the zone.

3. The srenicola Sand Flat

The sub-environment is very extensive here, as it is else-
where in the "'ash, and its maximum width is approximately 1.5
miles. Small areas of .renicola sand flat are developed between
the higher mud flat and creek sub-environments near the Inner

koad in the extreme north of the ares,

In many places the .renicola sand flot ends abruptly at
the top of a steep slope which passes down into the channel,
end is succeeded by a lower sand flat or occasionally a lower
mud flat. 4t the northern limit of the TFerrier Send, however,
the sand flat near low water mark has a very gentle greadient
and there is no well defined channel near low water merk.

Arenicola marina is found here only occasiocnally and the sedi-

ments appear similar to the sediments found in the lower part

of Stubborn Sand, with an infauna dominated by Cerastocderumsa

edule and Lanice conchilega.

L.  The Lower jud Flat

This forms a very restricted sub-environment and only
appears along the banks of channels which have a limited tidal
flow or have some form of protection from erosion, There appears
to be a criticel slope factor for the deposition of the lower
mud flat. It is found on the west bank of the Inner hoad, on
the bank of the trained channel of the Quse near North Wootton

- . - g . - .
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Fig. 7.4 Environment boundary near oblique creeks.
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and in the lower regions of creeks neer the outer edge of the

Lrenicola sand flat.

In all three localities the deposition of the lower mud
flat sediment tokes place on a steeper slope than thst of the
Arenicola sand flet. However, if there is e very steeprslope from
the edge of the .renicola send flat into the channel, this sub-
environment is not present. It is also absent where there is
no change in slope towards low water mark. On the opposite
shoreline of the Wash the lower mud flet is developed in the
area studied by Evans (1960), but to the north the irenicola
send flat passes seaward into a sand flat at the channel edge
with very little change in slope. Where the lower nud flat
gradually disappears, it shows its maximum development on the
southern side of creeks (fig. 7.5) whilst on the northern side
the 1ud flat does not readily develop due to the constant removal
of fine sediment by ebb water from the creek. This is probably
due to the influence of the northerly flowing ebb current in

the niain chennel,

The occurrence of lower mud flat in the Inner Load is
considered to be analogous to its occurrence near the Witham
outfall., In the case of the former it is to some extent related

to the presence of 2 lytilus edulis bank at the upper limit of

the nud flat. This separates it from the Arenicola sand flat

of Ferrier Seand.

The lower mud flat in the south, adjacent to the training
wall of the Great Quse has a very recent origin. When this area
was first viasited, in the early part of 1966, the Arenicola sand
flat and higher mud flat were being rapidly eroded and a cliff
had been formed at the edge of the chennel (fig. 2.9). Since
then, however, the channel has been pertially trained (the top
of the training walls has an approximate height of -1.0 feet
0.D.) and erosion of this cliff has ceased. Xepid accretion of
sediment took place here so that now the intertidal flat surface
slopes gently into the channel. The upper part of this surface
is a typical lower mud flat sub-environment, whilst the lower

pert is equivalent to the lower sand flat of Evans (1960) (£ig.7.6).
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Fig.7.5. Restriction of the lower mud flat
at Butterwick Low.
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At most localities north of this area the Arenicola sand flat
has a steep edge and passes directly into the sands of the
channel or lower sand flat. Some zones show patches of more

silty sediments but these are not continuous,

5. The Lower Sand Flat

This is also a restricted sub-environment end in many places
occupies merely the narrow steep slope bordering the channel.
The lower sand flat of the Inner Load has more silt present than
is found adjacent to the channel at the western edge of the ares.
Near the training wall of the Great Quse, it is similer to the
sand flats described by Evans (1960). The lower sand flat may
be considered as a channel margin sub-environment and the sedi-
ments here are very variable due to the variations in tidal

aotion in the channels.

6. The Creeks snd Bordering Areas

4 large number of creeks between 7olferton and Ferrier Sand
coalesce to form a wide creek belt at the southern limit of Inner
Road., South of Ferrier Sand the creeks run east - west, approxi-
mately perpendicular to the shoreline, and enter the main tidal
channel. Thus drainage of water from the tidal flats is to the

north at Wolferton, while south of here drainage is to the west.

The creeks in this region are relatively shallow compared
with those near the “yitham outfall. In the lower intertidal
sub-environments the creeks do not exceed a depth of three feet,
whereas in the higher sub-environments they become more incised,
reaching depths of about six feet. The shallow creeks of the
lower flats are thus able to migrate rapidly (cf. van Straaten
1954) whereas in the marsh, lateral migration is slow. Ebb run-
off has less erosive power when the intertidal environment is
broad and gradients are low. This must account for the relatively
shallow creeks compared with those of the tlats near the Witham
outfall.



The area to the south of Inner Road can be considered as
& wide creek zone, which interrupts the normal succession of
intertidal sub-environments. Sediments here are closely compar-
able to lower mud flat sediments, Throughout the area levees
of silty sediment are common, while ripnled sandy sediments are

present in the floors of the creeks.

In the marsh, the levees are composed of coarser sediment
than the warsh and are often colonised by the marsh plant,
Halimione portulacoides. On the mud and sand flats the levee
and bank laminations vary considerably compared with the tidal

flat areas,

Adjacent to the Arenicola sand flat, some levees and banks
may have & higher silt content than the surroundings (see van
Straaten 1954), the sediment surface may be smooth and the fauna
may differ from the sand flat fauna. In the lower parts of creek
zones, small arees of mud flat are formed. These intérfinger
with and occupy low creek areas between the Arenicola sand flat.
These arees are found surrounding thé creeks immediately south
of Ferrier 3and, They occupy & similsr position in the vertical
succeasion, as does the lower mud flat., However, these mud
flats are directly associated with creek zones and are not found

adjacent to the main tidal chennel st the edge of Ferrier Sand.

ITI The Grain Size Distributions of the Sediments

l. The Salt iiarsh

Sand-silt-clay ratios plotted on & triangular diagram
(after Shepard 1954) shoa that the marsh sediments sampled
contein less than 10% sand, and that silt and clay are present
in more or less equal proportions (fig. 7.7). These sediments
are clayey silts and silty clays (Shepard 1954). The samples
show a very restricted distribution on the triangular diagram.
The averagc percentage of sand is 2.88 and in most samples

there is slightly more silt present thesn clay (table 7.1).



Fig.7.7. Sand-silt-clay ratios for sediments of the various
sub-environments of the intertidal flats,
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Table 7.1 Grain Size Porameters for Inner Wash Subenvironments

PR P

Profile/ , ..

Semple Sorting Skewness % Sand % Gravel % Silt % Clay

Number Diameter - o
Moarsh ,
9/151  7.87 2,05 ~0,045 0434 49.78 49.88
12/19%  7.65 2.12 -0.005 1.15 52.36 46,49
12/199  7.85 2.08 -0.042 0.51 49.85  49.6h
12/202  6.33 2.2, +0.552 8.99 66.66 24.35
10/220  7.77 2,12 -0.049 0.46 50,11  49.43
10/223  7.28 2,26 -0.095 1.9L 55,01 43,08
11/250  8.16 1.90 -0.115 0.83 44,18  54.99
7B - - - 8. 82}- 58. 02 330 ll}-
Higher Mudflat
9/155  4.18 1.04 +0.490  L6.64 L7.4y  5.92
9/157  4.33 1.43 +0.625  53.4l 40.43 6,13
9/160 3.8, 1.18 +0.536 72.88 21.21 5. 91
12/206  3.31 1.28 +0.668 80.46 12.58  6.96
10/226  4.09 1.31 +0.586 63.69 28.28  8.03
10/228 3,94 1,37 +0.190  69.1%4 22.9%  7.92
10/229  4.29 1.56 +0.602 54.70 36,17  9.13
11/254% 4,49 1.55  +0.550 4k lbk 46.3h  9.52
11/259  4.00 1.45 +0.908 68.42 22,64 8.9
11/260 3,67 1,34 +0.583  76.71 17.13 6.16
1B 5.11 2.09 +0,632 50.27 .14 34.31  14.28
6B L..27 1.39 +0.641  65.40 26,66 7.9
28 3. 56 1. 68 +0. 7’-!-0 7li-l 75 15. 88 9- 36
29 3.92 1.15 +0.460  63.84 © 30433 5.73
30 3.7k 1,28 +0.4.38 76.14 17.89 5.79
Arenicola Sandflat
4B 2.80 0.38 +0,167 97.11 1.49 ,1.09
9/163  3.22 0.50 +0.394  92.05 575  2.20
9/166 3.10 0.35 +0.270 95. 33 0.0k 3.11 1.56
9/168  3.02 0.30 +0.196 97.18 1.29 1.53
9/170 2.80 0.45 -0.030 96, 9l 0,06 1.20 1.86
9/17%  2.93 0.30 +0.092 97.62 1.03  1.35
9/177  2.71 0.32 -0.005  97.66 0,90 1.4k
8/185 - - - 76 44 17.52 2.88 3.16
8/189  2.86 0.47 40,117 92,40  2.45 2,72 2,43
10/233  3.26 0.85 +0.529 86,07 9.57  L.36
10/235 3.12 0.51 +0.205 92.04  0.09 5.16 2.71 !
10/237 3.21 0.81 +0.476 90.40 0.07 5.29 L2k |
10/242 2,97 O34 +0,132 95.89 1.1l 1.68  1.29
10/245  2.79 0.39 +0.036 97.39 1,11 1.50
11/263 3.07 0.39 +0.177 95, 64 3.09  1.27
11/265  2.93 0.36 +0.112 96. 84 2.03  1.13

Continued
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Table 7.1 (continued)

Profile/ y..o
Sample
Number

Diameter Sorting Skewness % Send % Gravel /% Silt % Clay

Lower Sandflat and Lower iudflat

9/180 2,76 046 +0.240  95.56 2.67 1.77
8/181 2.30 0.61 -0.196 97.46 0.27 0.94  1.33
8/183 2. 74 0.98 +0.240 90.62 2.01 3,29 4.08
8/191 3,17 1.15 +0.625 85.63 1,12 8.13 5,12
8/193  3.89 1,9 +0. 743  71.36 17.84 10.80
11/267 3.20 1.59 +0,68L 83.09 8.31 8.60
Musselbed
8/133 5.07 2.82 +0.010 57.91 21,22 20.88
Crest of Megaripple
10/247 2.32 0.27 +0.085 99, 74 0,26
Channel Edge
10/2L9 2.72 0.26 -0.021 100,00
11/3B 2.67 - - 85.82 6.12 L.79  3.27
Creecks and Creek Levees
222 6.21 2,23 +0. 558 10.63 65.05 24,32
221, 5.43 2,10 +0.616 31.48 52.49 16.03
251 7.73 2,08 +0.029 1.16 51.89 L46.95
159 3.99 0.64 +0.237 56.49 . L40.12 339
204 5.01 2,11 +0. 608 43.95 .7 14.33
243 312 1.00 +0.585 91.06 3.91 5.03
2B 5. 39 1,96 +0.700 42,96 41,39 15.65

Continued




Table 7.1 (continued) Ranges and Average Values

e —— A v

lean Sorting Skevmess % Sand % Gravel % Silt % Clay
liarsh . .
Range 6.33 to 8.16 1.90 to 2.26 =0.095 to +0.552 0.34 to 8.99 . 4418 to 66,66 24.35 to 54.99
Average 7.56 2.11 +0,028 2.88 53.25 43.87
Standard Deviation 0.54 0.11 0.216
Higher Mudflet
Range 3,31 to 5.11 1.04 to 2.47 +0.190 to +0.908 44.lh to 80.46 12.58 to 47.44 5,73 to 16.84
Average 4.11 1.47 +0. 581 63.35 28.24 8.41
Staendard Deviation 0.46 0.36 0.149
Arenicola Sandflat
Range 2.80 to 3.26 0.30 to 1.23 ~0.030 to +0.529 76.44 to 97.66 0.00 to 17.52 0.90 to 9.57 1.13 to 5.74
Average 3.00 0.50 +0.218 93.08 1.35 3.26 2,32
Stendard Deviation 0.27 0.26 0.182
Lower Sandflat and Lower MNudflat
Range 2.30 to 5,07 0.26 to 2.82 ~0,196 to +0.743 57.91 to 100.00 0.00 to 6,12 0.00 to 21.22 0.00 to 20.88
Avereage 3,08 0.49 +0.241L 86.72 0.95 6.73 5.59
Standard Deviation 0.81L 1.30 0.341
Creeks end Creek Levees
Range 3.0l to 7.73 Q.47 to 2,31 +0.029 to +0.700 1.16 to 94.37 3.41 to 65.05 2,22 to 46.95
Average 5.25 1.66 +0.400 41.80 39.04 19.16
Standard Deviation 1.57 0.68 0.247

80
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Histograms of the sediment distributions are broad and
often polymodal, although the modes are not generally very
pronounced (fig. 7.8). Two modes are persistent in the analyses,
and these are at 4.75 - 5.00 phi and 5,75 - 6.00 phi. In sample
202, from the outer marsh edge, the coarse mode is very dominant
but in other samples there is no obvious relationship to the

sample locality.

liean grain diameter varies from 6.33 to 8,16 phi and the
average size is 7.56 phi, The sediments are very poorly sorted
(Folk & Jerd 1957) and most samples have low negative skewness.
Sample 202, from the outer warsh edge, has a high positive skew-
ness and in this respect it compares closely with the sediments
of the higher mud flat,

2. [he Higher hud Flat

The sediments of this sub-environnment show a wider range
of sand-silt-clay proportions than do the marsh sediments,
although most samples are included in the silty sand field
of the triangular diagrem (see fig. 7.7). There appears to be
a2 rapid cosrsening of sediment seaward of the marsh edge, as
the fields shown for the higher mud flaot and salt marsh are
widely separated. This is largely due to the effectiveness of
vegetation at the marsh edge in trapping silt and clay and in
preventing erosion of this finer sediment. The sediments of
the higher mud flat descrihed by Evans (1965) are silty sands
and sandy silts, the sand-silt-cley ratio having a broader range,
so that the composition sometimes approaches the composition of

the salt marsh sediments,

Grain size distributions are unimodsl, the mode being more
dominant then those of the sediments of the salt marsh (fig. 7.9).
The modal size is generally between 3.0 and 4.0 phi (very fine
sand) although some samples are coarser with a mode in the fine
sand grade. 411 these distributions have large fine tails but
the proportions on the coarse side of the mode drop off abruptly.

This is reflscted in the values of skeimess.



Fig.7.8. Typical Grain Size Distributions of
Salt Marsh Sediments.
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The mean grain diameter ranges from 3.3l to 5.11 phi and
the average value is 4.1l phi (table 7.l). The sediments are
poorly and very poorly sorted although the average values show
thet they have a higher degree of sorting then the sediments of
the salt marsh. In marked contrest to the salt marsh sediments,
the sediments of the higher mud flat have high positive values
of skevmess. This is due to the large tail of fine sediment

which may be seen in the histograms.

3. The irenicole Send Flat

The sediments found in this sub-environment are fine and
very fine sands with low percentages of silt and clay (fig. 7.7).
The silt content varies from 0.90 % to 9.57 %, while there is
less clay present, this varying frowm 1.13 % to 5.74 %. Gravel
sized material, normally shell and never lithic or gquartz

particles, is found as small proportions in some samples,

Histograms of these sediments show that the distributions
are usually unimodal, although two seuples have bimodal distribu-
tions (fig. 7.10). The most common modal-size is 2.75 - 3.00 phi,
while modes of 2,50 - 2.75 phi and 3.00 - 3.25 phi are also found

The average mean diameter is 3.00 phi and the range is more
restricted than thet for the sediments of the higher sub-

environments (see table 7.1).

The degree of sorting of the sediments is highly variable
and the distributions renge from poorly sorted (1.225 phi) to
very well sorted (0.298 phi). ‘he average velue and standard
deviation of the sorting show, however, that the sediments are
generally well sorted. The extreme value of 1.225 phi was
obtained from a small wud flat zone within the Arenicola sand
flat., uspart from this the sediments show & more limited range
end n distinctly higher degree of sorting than the sediments
of the higher mud flats.

Skevmness varies from -0.030 to +0.529 but most samples
have low positive values, the average being +0.218, The higher

positive velues were obtained from samples having higher percen-
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tages of silt ond clay. These sediments are characteristic
of the inner edge of the sand flat adjacent to its junction with
the higher mud flats.

L. The Lower Sand Flat and the Lower iud Flat

The sediments of the two lower sub-environments are sands
and silty sands and the content of silt and clay is very
variable (teble 7.1). The silt content ranges from 0.0 % in
the clecn sends of the sand flat to nearly 20.0 % in the mud
flat sediments. The sediments of the Mytilus reef conteain
over 20 % of silt. The sediments contain similar proportions

of clay.

A plot of the sand-silt-clay proportions shows that these
sediments cannot be clearly differentiated from the sedimsnts
of the arenicola sand flat (fig. 7.7). The grain size distri-
butions are unimodsl, and the modal size generally lies between
2.5 phi and 3.0 phi (fig. 7.11). The average meen grein diameter
is 3.08 phi and is almost exactly the same as the value for
the sediments of the Arenicola sand flat. However, the sediments
of these lower sub-environments show a wider range of grain
size and this reflects the variable nature of the freguency

distributions of the sediments.

The sorting also shows a wide spread, frou very well sorted
to very poorly sorted (0.26 to 2.82 phi) although the average
value is in the well sorted category. Skewmess results range
from low negative to high positive values but most of the

sediments are positively skewed.

5. The Creeks and Bordering Areas

There is an increase in mean grain diameter from high
to low water mark; the sediments near high water mark are
clayey silts, while seawards they pass into silty sands and
sands (fig. 7.12).

The sediments of the creek floors and levees 2re character-

istically coarser than the sediments of the adjacent higher






Fig. 7.12, Sand silt clay ratios for sediments of the creeks
and bordering areas .
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tidal flats. This is not, however, shown for the sediments

adjacent to the Arenicola sand flat.

Sedinents adjacent to the marsh are polymodal, while
nearer the Arenicola sand flat the sediients are unimodal
(fig. 7.13). In this respect they are similar to the sediments
of the adjacent sub-environments. Lodal sizes for the marsh
creeks compare with the modal sizes of the marsh sediment
distributions, but in some samples a coarser mode, between
3.75 and 4.00 phi,is present. This mode is also the dominant

mode shown by creek semples adjacent to the higher mud flat.

The modal size of creek sediments adjacent to the Arenicola
sand flat is 2,75 - 3.00 phi. This is also the commonest model
size for Arenicola sand flat sediments. Values for sorting and
skewness of these sediments are also very similar to those of

the adjacent sub-environment.

Sorting and skewness parameters have wide ranges although
the results are similar to the values for the adjacent sub-
environments. The sediments near high water mark are very
poorly sorted, while seawards the sorting improves., All skew-
ness results are positive. In this respect the marsh creek
sediments differ from the marsh sediments, where negative

skewness is more COLMON.

6. Conclusions

1his sequence of sub-environments, from low to high water
marks, shows a gradual decrease in the mean grain diameter of
the sedirents., Some exceptions to this do occur due mainly to
the proxinity of creeks and restricted tidel chsnnels., Evans
(1960) has shown this to be true for the tidal flats near the
Witham outfall and it would appear that this also applies to
the remaining shoreline of the Wash., The fine and very fine
sands and silty sands of the lower sub-environments pass up
into the sendy silts, clayey silts and silty clays of the

upper sub-environments (see Shepard 1954 for terminology).



Fig. 7.13. Typical Grain Size Distributions of Sediments of the Creeks
and Bordering Areas.
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Evans (1965) notes that the sediments north of the area
which he studied ere much sandier and there is less mud present.
This is true for this area between Wolferton and King's Lynn.
The higher mud flats here are noticeably sandy (mostly silty
sands) and the range of mean diameter is 3.31 to 5.11 phi. At
the inner edze of this sub-environment, however, there is a
rapid decreese in the sand content, The median diameter which

Lvans measured ranged from 4.00 to 6.75 phi.

4 consistently high degree of sorting is shown by the sedi-
ments of the irenicola sand flat of both this area and thet
studied by Evans (1965). Some of the sediments of the lower
sand flat have high degrees of sorting (e.g. sample 247 from
the crest of a megaripple (table 7.1) and 249 from a steep channel
edge) but other sediments of this sub-environment show lower

values,

The high degree of sorting of the irenicola send flat
sediments reflects the extensive reworking by weves and organisms

which tekes place in this sub-environnment.

The high degree of sorting seen in some of the lower sand
flat sedinents is due to reworking by longshore tidal currents.
The poorly sorted sedaiments in the lower sub-environments ere
the result either of rapid sedimentation (as in the small lower
muad flat in the south, in the lower mud flats near the ¥itham
outfall and where liytilus sp. aids the deposition of fine sedi-
ment) or of deposition in an aree which is not subject to strong
tidal current action and wave action, e.g. low areas fingering
into the Arenicola sand flat south of the Ferrier Sand. These
are sheltered from longshore tidal currents by the surrounding
sand flots end they are too deep at slack water high tide for
effective wave action. Evans (1965) has shown that the sediments
of all the sub-environments are positively skewed, although he
did not obtain results for mersh sediments. 4 similar skewness
was generally found in the sediments of the study area. The
skew ess of mersh sediments wes determined by extrapolation of
the cumulative curve. As the frequency distribution of the clay

fraction of each sample has not been determined and as & large
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percentoge of clay is present, the significance of these results
may be questionable and it seems that they are of little value,
The low results of skewness, both positive and negative, merely
aid in distinguishing these sediments from those of the higher
mud flat.

apart from the marsh, the sediment distributions of the
Arenicola sand flat have lower skewness values then those of
the other sub-environments, showing that they have only small
tails of fine sediment and are almost symmetrical. Similarly,
sore sediments of the lower sand flat show these features
(samples 181, 247 and 249) and there is a considerable overleap

of skewness results.

The higher mud flat sediments have higher positive values
of skewness because of the large tail of silt and clay which

is present.

Thus the reworking of the irenicola sand flat sediuments
results in the production of a well sorted sediment with low
positive skewness. The higher mud flat is not reworked to the
sane extent and thus silt and cley accumulate here to form the

fine tail.

III The Composition of the Sediments

The coarse fraction composition of these sediments was
investigated using & siniler procedure to that used for the
sediments from the areas already discussed. The coarse fraction
was first exeirdined in bulk (teble 7.2) and for some samples
graded splits were examined. The feldspar content of o limited
number of samples was determined and it was found to range
between 6.5% and 16.0%. These sediments should therefore be
classified as subarkoses (Folk 1954). These results compere
closely with those of Evens (1965).

1. Ihe $elt Nersh

The terrigenous component of the salt marsh ranges between

215 and 62%, Coal, mica and rock fraguents form a large propor-
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tion of the sediment (14 to 62%, the grester part of this being
coal), while plant fragments are slso exceedingly abundant.

Some samples were treated in order to remove the plant fragments
and hence the asctual proportion here is not known. Carstone
oolites are present in very small proportions, whilst molluscan
and barnacle fragments, foraminifera, ostracod, diatous and
echinoid fragments and aggregates of iron hydroxide are abun-
dent. Bryozon and spheres (described by Evens (1965)) sre also
found but only in troce quantities. The sediments of the salt
marsh were not split into size fructions in order to determine

the variation of composition with size.

2, The Higher lMud Flat

The terrigenous component here has a more limited rangs
and forms the major proportion of the sediment. Coal and rock
fragments form less than 5. of the total. Corstone oolites are
present in minor amounts. Plant fragments are present in only
minor proportions, showing that there is a very rapid decrense
in plant remains sesward of the marsh edge. liolluscan and
barnacle freguents and schinoid spinss and plates are present
in siwilar proportions to those found in the salt marsh but there
are fewer foraminifera and ostracods in the sediments of the

higher mud flat.

The finest grade (3.75 - 4.00 phi) of the coarse fraction
contains very high proportions (generslly over 90%) of the
terrigenous component, whilst the other 10% is predominantly
molluscen and barnacle fregments (fig. 7.14). In the coarser
grades there are larger quantities of these and other components,
foraminifera being reasonably abundeant. The proportion of
minor components increases towerds the cosrser end of the dis-
tribution. Here coal and peat become apparent and these increase
in abundence very rapidly to reach proportions of 12 to 20% at
2.25 to 2,50 phi., &4t this size interval the terrigenous component

normally forms only 20 to 30 of the sediment.



Fig. 7.14. Variation of composition with size for higher mud flat sediments
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3. The .renicola Sand Flat

The sediments of the /irenicola sand flat contain between
90 and 95% of terrigenous components. The most abundant of
the minor constituents are the molluscan and barnacle fragments
and the average value of these is 3.,55. Carstone oolites are
present in proportions of up to 3%, whilst coal is present as
less than 1%. Foreminifera are generally present and usually
form at least 1% of the deposit, whilst ostracods and echinoid

fregments are more rare.

The terrigenous component thus forms a higher proportion
of the sediment than it does in the higher sub-environments.
Carstone oolites are slightly more common in the sediments of
the sand flat, whilst coal is much less abundant. Hiolluscan
frogments, foraminifera, ostracods, bryozoa and echinoids are

all less abundant.

The finer fractions of these sediments also contain very
high pronortions of the terrigenous components and molluscan
and barnacle fragments form the predominant minor component of
this size (fig. 7.15). There is o marked increase with size
in the proportion of the molluscan and barnacle fragments and
in one sauple these form over 65 of the 1.25 to 1,50 phi
fraction., There 1is also an increase in the proportion of the
other minor components although coal and peat do not form such
8 large proportion here, Other minor constituents include
foraninifera, ostracods, echinoid fragments, bryozoe, mica and

calcareous sponge fragments.

4. The Lower Sand Flat and Lower iiud Flat

The sediments of these sub-environments have compositions
which are closely similar to those of the irenicola sand flat.
The terrigenous component again forms approximately 90% of the
deposit, the remaining lOj% being composed of the minor consti-

tuents as described for the Arenicola sand flat.

The minor components in the sediments of these sub-environments

do not show the seme rapid increase in proportion toward the



Fig.715. Variation of composition with size for Arenicola sand flat
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coarser fractions, as is found in the graded compositions of

the sediments of the higher mud flat and the .renicola sand

flat. In the sediments of the .renicola sand flat the increase
in proportion of the minor components is first shown by the

2,25 to 2,50 phi fraction, wherees in these sub-environments

this increase is shown in the coarser fractions, the 1.25 to

1.50 phi and 1.75 to 2,00 phi groups (fig. 7.16). This shows
that in the sub-environments near the chennel edge the coarser
fractions oi the sediment have higher proportions of the terri-
genous conponent. The coarse tail in the sediments of the lowest
sub-environments has a higher proportion of the terrigenous
component, whilst the coarse tail in the sediments of the sirenicola
sand flat hus a higher proportions of minor components, predomi-
nantly molluscen and barnacle fragments. The most abundant of
the minor components in the lowest sub-environments is the
uolluscan ond barnacle group, while Carstone oolites, rock frag-

ments, coal and organic freguents are also present.

5. The Creeks =nd Bordering ireas

These sedinents sre also variable in composition, this
being related to the composition of the adjacent tidal flat
gediment. Thus marsh creek sediments have high proportions of
coal end rock fraguents and of foraminifera, plant fragments
and ostrrcods. The sand flat creeks have fewer of these com-

ponents,

The creek and creek associaeted sediments appear to have
similar graded compositions to the sediizents of the sub-environments
which the creeks traverse. The increase in cinor components in
the creeks adjccent to the sénd flat-.occurs:at:2:25 to 2.50 phi,
whereas in the creeks adjacent to the higher sub-environments
this increase occurs in & finer fraction. Foraminifera, ostracods,
bryozoa, celcareous sponges, coal and peat are all abundeant in
the coarser fractions and the graphs shoiw very similar variations

in composition to those of the higher mud flat (fig. 7.17).
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Fig. 717. Variation of composition with size for sediments from creeks
and bordering areas
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6. Conclusions

The compositions of the total coarse fractions of the
sediments of the upper three sub-environments show easily
recognisable differences, Plant fragnents are only abundant
in the wersh as they are formed in situ. Very few plant
fraguents are transported seawards on to the higher mud flat
and none are found on the jrenicola sand flat. The light
fragients of coal, forcminifera, ostracods, molluscan fragments
and echinoid spines nre readily transported landwards. There
is thus an inecrease in proportion of these components from the
outer tidal flets landwards and they are concentrated in the
sediments of the upper sub-environments. Foraminifera are
most recdily trensported to the marsh due to the very buoyant
nature of their tests, Thus they are concentrated in the marsh
(he0 to 7.5%) and are appreciably less sbundant in the sediments
of the higher mud flat (0.5 to 5.5%), the concentrotions here
being similar to those of the Jrenicolec sand flat, This trend
is also shown by the ostracods and diatoms, The concentration
of molluscan and barnacle fragments is similer for the marsh
and the higher mud flot and, within these two sub-environments,
no landward increase in concentration has been determined for

this component.,

The very high proportion of the terrigenous component in
the jrenicolae sand flat (overage 92%) is due to the reworking
and winnowing to which it is subjected. There is thus a crude
correlation between the proportion of these components in the
sub-environments and the sorting of the sediments, both of these

factors being dependent on the same physical process,

No significant differences may be detected between the
composition of the jrenicola sand flat and the lower sub-

environnents,

The graphs of composition vs. size for higher mud flat
sediments show that there is generally a very marked change in
composition between 2.5 and 3.5 phi, with & very marked increase

in the proportion of the minor components as the sediment size



increases, This trend is also shown by the coarser sediments
of the .renicols sand flat although it is not cs narked as

those of the higher mud flat.

Generally, thers are few significant differences between
the size vs. composition graphs for aedimenta from the sub-

environuents.

IV  The Sedimentary Structures

1. The Salt umarsh

The sediments of the salt marsh are vinely laminated and
there is very little disturbence by orgenic activity. Very few
burrowing orgenisms inhabit this zone and crabs are probably the

most effective in disrupting the primary structures.

Plant roots are sbundant in the marsh sediment. In the
outer marsh gpartina sp. is often found in depressions of the
surface. It is thought that these depressions are farmed by
scour around the plant roots., “there the plant cover is thicker
the vegetation aids in the accretion of sediment. <The emount of
erosion or accretion around these stems probably depends on the
relative amount of movewment a2t the base of the plant. Lf this
is small the stem does not break up the sediment and 2id its

erosion.

Unlike the salt pans described in Holwe marsh, the salt pans
of this arec show very little evidence of disturbance of the
sediment by orgenic activity. However, ct Tolferton, some burrows
of crabs mey be seen in the salt pan edges and occasionally casts
of Arenicola merina ere found in salt pan floors. This is in

marked contrast to the salt pans of the north Norfolk coast

marshes (ses Joysey in discussion of Evens 1965) and of Gibraltar

Point (see Evens' reply), where irenicola marina is very sbundent,

In the outer marsh the shallow depressions resadily dry out during

neap tides. Here burrows of Scrobicularia plana, i‘acoma balthica

and Nereis diversicolor are occasionally found (fig. 7.18).

Littorina littorea and Hydrobia ulvae are present in abundance
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on certain perts of the outer marsh., Generally, therefore, the
marshes are areas showing little evidence of animel activity
except for the pans, as pointed out by Evans in his reply to
Joysey (&vans 1965).

2. The Higher iud Flat

a) Stratification
The sediments of the higher mud flat are laminated
sands and siltas, Generally they are thinly laminated and nearly

always the primery structures are disrupted and even obliterated
by burrowing organisms. Occasionally, thicker laminae of sand
are found. although the cores show only horizontal laminae,
creek bank sections show that eross stratified deposits are

common here, as was shown on the opposite shoreline of the Wash
(Evans, 1960). The angle of dip of these cross strata is varisble
but may reach very steep angles (over 60 degrees) depending on
the original inclination of the creek bank on which the sediments
were deposited. The process of creek migration and deposition
has been adequately described by van Straaten (1954), Evens (1960)
and Davies (1962).

b) hipple Marks
Ripple marks are commonly found on some arees of the
higher mud flat, although these are neither as abundant or as

large as those formed on the /Arenicole sand flat,

Longitudinal ripple marks, parallel to the direction of
the ebb ocurrent ere found in areas adjscent to oreeks. They
are conmon on the mud flat seaward of the gravel ridge and the
orasts are generally north-south, parallel to the gravel ridge.
Here the ebb current flows north into Inner Road. In places,
longitudinal ripples may interfere with normal asyumetric ripples,
but the latter ore only found when there are high proportions of
sand in the surface sediment. isymanebtric ebb ocurrent ripples
are found in the elongate depressions of the outer higher mud
flats.



¢) Erosional features

rthe large scale morphology of this sub-environment and
the balance between erosion and deposition has been discussed in
& previous section, where the sub-environment was compared with

the nmorphology elseihere within the Wash.

Although erosion is only of minor importance in the mud
flat studied, smell scour marks are coummon fentures here, sdjacent
to the gravel ridge, thin laminae of s8ilt overlie sand and gravel
(fig. 7.19) and these are frequently eroded to produce mud pellets.
Here, also, small channels in the mud flat may contain deposits
of gravel which have been transported seawnrds from the gravel
ridge (fig. 7.20).

When the channels and depressions contein shallow sheets of
water, erosion of the edges of these mey occur, especially if
the water is disturbed by wind. Wavelets erode the leeward edges
of the depressions so thot low cliffs may be formed. These low
cliffs, which have heights of only 1 or 2 inches, face into the

direction of the wind.

d) iwud cracks

nud ecracks are & very coummon feature of the higher mud
flat., During neap tides the water does not completely cover the
mud flat at high water, hence the sediment surface dries and
often produces mud flakes and cracks, Concentrations of iron
hydroxides are found lining the walls of these cracks and the
migration of creeks often causes the erosion of the sediment
surface go thet the sediment within the crack, normally partially
cemented, stands @s a thin vertical sheet. These sheets consist
of three layers, the outer two being cemented by iron hydroxides
end the inner consisting of loose sand which has wagshed in between

the linings of the crack.

iiud blisters, described by Evans (1960) and Davies (1962)

are also observed here,

e) Orgonic structures

The sediments of the higher mud flat ere intensely bio-

turbated es there is a large infauna in this sub-environment.






Counts of the absolute concentrations at various localities have
been made by Croome (unpublished). The box samples and cores
from this sub-environment show that the primary lauinae are
disrupted and in some cases completely obliterated by bio-
turbation due to Corophium volutator (fig. 7.21). Evans (1960)

distinguishes an inner sand flat between the higher mud flat

and the .renicola sand flat. Corophium volutator was found to

be most abundant in this zone., However, in this study ares

Corophiun volutator is abundant throughout much of the higher

mud flaet. Birds feeding on high concentrations of this organism
nay be seen to break up the sediment at the surfece into smell

fragments of pebble size,

Scrobicularia plana is also found on some parts of the

higher mud flat, together with Macoma balthica and Hydrohie ulvae.

hNounds of lLacoma balthica shell fraguents regurgitated by birds

are distributed widely over most parts of the tidal flat (see

Wilson 1967). lya arenaria is occasionally found in the mud

flat seaward of Snettishem Scalp and nearby large numbers of
shells in life position are being exposed by lateral erosion

in Wolferton creek (fig. 7.22). liya arenaria burrows deep into

the sediment (twelve inches or more) and is able to retreat
rapidly down into its burrow (see heineck 1967) when the sedi-
ment surface is eroded. Fig. 7.23 shows & coarsely laminated

rud flat sediment with & burrow of Lya erenaria. The laminated

sediment is drawn down around the burrow wall,

In the southern part of the higher mud flat erosion of the
surface leyers of sediment has washed out numerous tubes of
Pygospio sp. and these are now present in the depressions on the
mud flat,

In arees where the mud flat surfice has & low relief (three
or four inches) of shallow channels and ridges, the surface sedi-
ment varies slightly in relation to the relief. The channels
heve higher sand contents than the ridges as run off removes
some s8ilt and clay. Towards the outer edge of the mud flat

the channels are colonised by .irenicola marina and sometimes

Cerestoderma edule, whilst the intervening ridges have en entirely
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different fsuna, dominated by Corophium volutator, Nereis diversi-

color and Hydrobia ulvae, with occasionally Nephthys sp., Thus

the type of bioturbation must vary laterally. 4s these small
channels are not deeply incised they are able to migrate and
change position rapidly so thet the sediment suffers bioturbation
by the typical higher mud flat fauna and by the feuna of the
sandier sub-environments. This process is particularly marked in
the mud flat region south of the Inner Load where there are

some large areas of this type.

The alga Enteromorpha sp, so well developed on the higher

wud £lat described by Evans (1960), pleys only & minor role in
the mud flet development of the study area. Evans (1960) des-
cribes how the alge binds the sediment together and hinders
erosion of the surfece. ..8 the higher mud flat of this arsa

is accreting more rapidly the alga has not been able to colonise
the surface layers. Zostera sp., described from depressions

of the higher mud flat by Evans, was not found between Tolferton
end King's Lynn. Swann (1965) noted the disappearance of
Zostera sp. from this cocstline end attributes it to the spread

of Spertina townsendii.

3. The irenicola Sand Flat

a) otratification

Ihe sirenicola send flat of this inner ‘Wash area is
closely similar to the .renicola sand flat between Snettisham
and Hunstanton. The sediments are coersely laminated, although
in many cases the lamination is not apparent dus to bioturbation.
The leminse contain very little silt except at the upper and
lower limits of the sub-environment and adjacent to creeks,

where silty sediments are interbedded with the sands,

Reworking of these sediments by iave action is common and
this prevents the accumulation here of fine sediment which is

carried towsrds the higher mud flat sub-environment.



b) Ripple Marks

kipple marks are found throughout this sub-environument.
48 on Stubborn Send they are normally esymmetric with crests
parallel to the coastline (cf. Evans, 1965). /implitudes and
wavelengths of these ripples are similar to those from the area
previously described: Syumetrical ripples having the same

orientation and of similar size are occasionally found.

4t the outer limit of this sub-environment the ripples nay
be oblique or perpendicular to the shoreline end the asdjacent
tidal channel. This is presumably due to the increasing influence

of the longshore tidal ocurrents,

4 traverse from the upper to the lower limits of the sub-
environments often shows that ripples have steep slopes facing
landwards at first, then may become syumetrical and finally
have steep slopes facing seawards or at on oblique angle to the
constline, The ripples described by Evons at the outer edge of
the irenicola send flat, have crests parallel to the coastline.
However, in this study aren, due to the limited extent of the
lower sub-environments, the outer edge of the irenicolo sand
flat is often very close to the tidal channel. Hence, this has
a greater influence on the ripple pattern of the outer edge of

the sub~environment.

«djacent to creeks the orientetion of ripple crests is
often influenced by local water movement. Here, interference

ripples are occasionally observed.

In general, ripple marks are wodified ot low tide by water
passing out of the ripple troughs. <fhey may also be completely
oblitercted during heavy rainstorms or when high winds drive
thin sheets of water over the tidal flats.

c) Foune and Bioturbation

sbundent cests -of the worm Jdrenicole merina cover the

sediment surface of this sub-environment and the activity of
this worm is responsible for the large emount of bioturbation
found hers. The burrows (fig. 7.24) are generally sand filled,

but where silty laminae are present these show that the sediment
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is drawm down end lines the burrow walls. The burrows ney have a
diameter of up to half an inch. Sediment is drawn down into

the burrow from the surface and here cone shaped depressions

are formed. The burrows attain a depth of approximately one
foot. <+here the worm is particularly abundent the numerous
mwounds of feecal pellets interfere with the ripple patterns.

4t the norther edge of Ferrier Sand, srenicola marina decreases

in abundance, being replaced by the worm Lanice conchilega.

Cerestoderma edule is obundant on the Jjrenicola sand flet.

his species lives within the top inch of sediment and disturbs
the privery lamination by its movements. s on Stubborn Send,
the surface is often scattered with groups of Cerastoderme

edule which are attached to the byssal threads of jiytilus edulis.

4 single valve of Ensis silique has been found on the lower

paert of this sand flat, although no living specimens have been
observed. insis sp. valves have not been found in the *fash
south of this point, although they are pressnt in abundance on

the coastline to the north.

The sediment of this lower region generally has a slightly
higher content of silt. This may be ossociated with the proxi-
mity of the lytilus bed on the eastern side of Ferrier Sand,
adjacent to the Inner Road. This separates the ,renicola sand
flat from the lower mud flat which has developed here.

L. The Lower kud and Sand Flats

. small area of lower mud flat (having a higher éontent of
silt than the irenicola sond fiat) is present between the Inner
Road tidal channel and the Ferrier Send. This is not generally
rippled although, occosionally, longitudinal ripple marks of very
low amplituce and with long straight crests are present., The
crests of these ripples are parallel to the axis of Imner hoad
(ef. Lvens 1965). These are similar to those found on the
opposite bank of Inner Road at the edge of Stubborn Sand. The
mud flat surface may be cut by small shallow run off channels

or rill nmarks.
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In some parts of the Imner Road this mud flat passes into
a lower sand flat. This also has a higher silt and clay ocontent
than the lower sand flat elsewhere and this is due probably to
the restricted neture of the Inner Road compared with the main
tidal chonnel west of Ferrier Send. ~rhis sand flat is commonly
rippled, the crests being short and cuspate and oriented perpen-

dicular to the tidal channel. No megaripples are developed here.

In both these sub-environments there is very little faune
and no evidence of bioturbation (see figs. 7.25 and 7.26).

Some areas have been colonised by Lanice conchilege, though these

are generally confined to the lower psrts of the .renicola sand

flat where there is no development of these lower sub-environments.

At the edge of the main tidal channel between Ferrier Sand
and King's Lynn, the lower mud flat shows & very limited develop-
ment. In general, there is a steep edge to the channel and

this often shows the effsct of tidal scour. .irenicola marina is

not found along this steecp slope, but Lenice conchilega is present

in places. /s at Holme, this worm has an uneven distribution
and is of'ten present in groups. The worm tubes are often seen
to project well above the sediment and these aid in preventing
erosion. Ridges of sediment perpendicular to the channel and
having a form similar to transverse negoeripples may be observed

with Lanice tubes projecting from the ridge crests.

‘Where there is & more gentle slope into the channel a
wider, lower sand flat sub-environment is developed. Here,
large transverse megaripples may develop. Crests are generally
straight and amplitudes may reach twelve inches, The sediment
forming these features is sand and there is negligible silt
present, The sands umay be slightly coarser than those of the
arenicola sand flat. The steep slopes of these ripples normelly
face south, although sometimes they have a wore symmetrical
form, This would indicate that they are formed dominantly by
the flood current although modified by the ebb. The troughs of
these megaripples cre generally filled with silt and cley
deposited during the last stages of the tide. Where megaripples
are not developed, asymmetric cusp shaped ripples are generally

formed, these crests also being transverse to the channel axis,
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Mud clasts are coumon throughout the lower sand flat sedi-
ments. [hese are derived from the small areas of lower mud
flat and from the muddy creek zones where they enter the tidal
ochannel, 3cour of parts of the higher mud flat produces blocks
which are rounded off to produce mud pebbles. These often form
mud pebble conglomerates which are found interbedded with the
olean sands of the lower sand flat (fig. 7.27). The sediments
of the lower sand flat are often coarsely lamineted sands and
silts (see fig. 7.26) and box samples show the evidence of
scour (fig. 7.28).

5. . The Creeks and Bordering .areas

Sedimentation in the creeks and their adjacent areas differs
widely from low to high water mark as this sub-environment cuts
pcrosg others. The creek floor sediments, if present, are
generally coarsely laminated, may be rippled and show evidence
of scour. The shallow creeks cutting the .renicole sand flet
are often eroding and do not have e characteristic deposit on
their bed. Lateral erosion and deposition in tidal crecks of
the 7ash has been described by Zvans (1965) and the dip of the
cross stratificetion produced by the meandering of the creeks

is perpendicular to the direction in which the creeks drain.

Slumps cre not so common in these creeks and they are
generally confined to the upper part of the sub-environuent,
where the creeks are uwore incised, than they are in the lower
areas., Slumping is on a small scale compared with thet found
near the @itham outfall., The slumping of cohesive sedirment
breaks it into blocks which ere eroded to form mud pebble con-
glomerates. Leysrs of these and of shell gravels are found in
creek floors and these are eventually covered by the cross-
stratified sediments of laterally prograding creek banks. Cross
section in creek banks show the presence of numerous infilled

channels,

Crab burrows are very extensive in the creek beanks of the
marshes (fig. 7.29) and in some channels, deposits of crab faecal

pellets line the floors (fig. 7.30).
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In the creeks of the outer warsh, valves of Scrobicularia

plena ere seen in the creek floors and these orgenisus live in

the creek banks and adjacent areas, Mhya arenaria is abundant

in some areas of the higher mud flat adjacent to creeks. The
migration of Wolferton creek has exposed the valves of this

species in their life position (fig. 7.22). Corophiuw volutotor

is present in abundance in some creek walls and their burrows
are often at right angles to the surface slope. In some creeks
this species is found to extend well seawards of its norual

position.

The uud flat areas surrounding creeks south of Ferrier Sand

have high ccncentrations of young Cerastoderma edule. “hether

or not these migrate to the adjacent .renicola send flat at a

later stoge of growth is not known.

#ytilus edulis reefs are present in the Inner Road at the

lower limit of the creek zones. These have caused the accretion
of large quantities of silt and clay by the production of and
deposition of fmecal pellets. This orgenism is probably respon-
sible for much of the silt and clay deposition in the lovier
regions of this creek zone., On the tidel flat adjccent to one

of these creeks, groups of this organism are arranged in a

linear pattern, elongeted parallel to the creeks and the main
directions of tidel currents (fig. 7.31) (ef. ven Strasten 1953B).
.

6. Conclusions

Exarinetion of the intertidal flats between Snettisham and
King's Lynn has shown that the sequence of deposits may be grouped
into & nuwber of sub-environments of deposition which closely
correlate with those identified by Evens (1965) on the opposite
shoreline of the Wash near Boston. fhese sub-environments may
readily be distinguished in the field by their surface cherac-
teristics. 'he sequence of deposits found on the tidal flats
of the .edden Sea has been discussed by van Straaten (1954) end
it way be seen that these sediments show a closely analogous

succession of sedimentary structures. Van Straaten distingulshes
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four zones:
a) a thick series of channel bottom deposits with

current bedding and current ripples, overlain by
b) low flat deposits with laminated structures,
c) high flat deposits with burrowing structures, and

d) & cover of finely lauinated morsh deposits.

4 detailed comparison of the intertidal flets near Boston
end those of this study area shows that there are a number of
important distinguishing features, and these have been pointed
out in the description. These differences are largely &

result of:
a) the recent construction of training walls (see

Inglis and Kestner 1958B);
b) the coalescence of Ferrier Sand with the shoreline;

¢) the construction of training benks along the

estuary of the Greet Ouse north of King's Lymn.

Thus the intertidsl flats near Boston form & well established
series of sub-environments which are parallel to the constline,
whereas, in the ares studied, these sub-environments are to

someg extent immature.
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CHAPTER 8

THE OFFSHORE . RE.L

I Introduction (fig. 8.1)

The embayment of the Wash has a more or less constant width
of about sixteen miles and extends in a south south westerly
direction for approximately the scme distance. sround its
shoreline and adjacent to the coastal intertidal flats, numerous
sand benks are exposed during low weter, leny of these are
slongate features parallel to the axis of the ¥ash. 4 limited
area of the Wash and its environs, immediately adjacent to the
Norfolk shors, was exemined during this study as it was con-
sidered that the offshore environment is closely related to
the intertidel and supratidel compleX.

Very little work has so far been carried out on the sedi-
mentology of the offshore areas adjacent to the Lincolnshire
end Norfolk coests. Skertchley (1877) reviewed the evailable
deta on the bottom sediments of the Wash., He showed that the
floor of the Wash is composed chiefly of fine cnd coarse sand
and shingle and that the sand banks which rise above low woter
mark arec composed of fine send and gravel. Skertchley noted
the abundance of fragments of peat, mainly on the Lincolnshire
coast, which he considered to be derived frow offshore deposits.
The Admiralty Survey, 1948 - 1956, indicates briefly the distri-
bution of sand and gravel on the floor of the Wash and also
details the nature of tidel currents at various locations. Using
this tidsl dcte, Roy (1967) has predicted the patterns of resi-
dual sediment movement in the area, Tidal current measurements
rnede during this present study in the vieinity of Sunk Sand,
have shown residual current directions which support some of

Roy's predictions (see later),

In recent years, areas of the North Sea adjacent to the

Wash have been examined. The general configuration of the sea
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bed and the patterns of sediment movement have been described
by Stride (1963) and Houbolt (1968). Houbolt hos investigated
the internel and surface sedimentary structures of linear sub-
marine sond bodies in the area to the north of the Norfolk coast.
Some sediment movement studies have been carried out on the
nearshore sediments adjacent to Scolt Head lsleand (Steers, ed.,
1964) and during these studies an onshore wovement was detected.
Studies of the east coast of East inglia by Robinson (1966)
showed & relationship between the offshore environuent ond
shoreline evolution. Xobinson's work showed that the influence
of tidal streams extends to the coastline where, combined with
wave action, favourable conditions for sedimentation are
occasionally creasted. The Ness features, such as at Vinterton,

Caister, Benacre end Thorpeness, are formed by such conditions.

approximately sixty sediment semples were collected frou
the offshore area between Cork Hole and The Bays, using a Lafond
and Dietz (1948) grab (see sample locolity map, sheet 3.1).
Some sampling was attempted with a small van Veen greb but this
was normelly swept éideways by the tidal cuwrrents and gave very
poor recoveries. uost sauples were obtained frouw the channels
and sand bank edges, while only a few samples were obtained

from the offshore sand banka due to their inaccessibility.

& limited number of tidal current measurements were carried
out in the offshore area end in the intertidal zone. These
results ere compared and releted to idmiralty current measurenents
in the area. 4 n investigation of sediuent movement, using
fluorescent sand, was initiated during this study and these
results are releted to tidal currents in the lower intertidel

zone,

IT The Offshore Morphology (fig. 8.1)

The middle of the Wash is a deep elongate basin with a
distinct seawerd lip. The basin, knowm as Lynn Deeps, rsaches
a maximum depth of 162 feet below jdmiralty datum but shoals
rapidly towerds the Lincolnshire and Norfolk coasts (see
Skertchley 1877).



Phe present channel to King's Lynn enters Lynn Deeps in
the area north of Ferrier Sand. Between this point end King's
Lynn the chennel is narrow and shallow, except for the basin

known as Cork Hole.

Between Ferrier Sand and Holme & shallow channel, which
almost dries out in places during low water spring tides,
separates the sand banks known as South Sunk Sand, Sunk Sand
and liddle Benk,from the shore. it its north eastern end this
channel widens into an area called The Bays. The sand banks

e sepcreted from each other by shallow channel s which trend
from south east to north west, where they pass into Lynn Deeps.
On this north west side the sand banks have steep edges and

drop rapidly into Lynn Deeps.

III The Sediments

1. Grein Size Characteristics

i detailed grain size analysis was not carried out for most
of these semples, which were described according to Folk's
classification (1954) (fig. 3.4). The sediments range from
sandy muds to gravels whilst they are predominantly fine sonds
(fig. 8.2).

In The Bays and the channel seaward of OLd Hunstanton,

gravelly sediments are common and at one locality near the south

eastern side of Sunk Sand the channel is floored by flint cobbles

Generally, however, the sediments have high sand contents and
oocasionally silt end clay are also present. ~The proportions

of gravel in the sediments of this channel decrease south of

the area adjacent to Hunstanton c¢liffs and the shallow chamnel
between Sunk Sand and the shore is floored by fine sand with
less than 10% silt and clay. Detailed grain size analysis of
one sample (325) from this area showed the presence of o well
sorted, fine send (table 8.,1) with a bimedel frequency distriou-
tion (fig. 8.3). Further south, adjacent to Stubborn Sand,

fine sand is still the dominant sediment type, although some

sediments have higher proportions of silt and clay and are

3id
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Fig. 8.2. Sediment Grain Size -
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Table 8.1 Grain Size Characteristics of an Qffshore

Sediment (sample 325)

Mean Diameter Sorting Skewness
2.4 0.46 -0.053

Table 8.2 Groin Size Characteristics of Chamnel

Sedimenta, King's Lynn

31t

Sample Jedian Diameter Mean Diameter Sorting  Skewness
B3 2.87 2,84 0.249 -0.138
B6 2.98 | 3.00 0.255 +0.049
Bll 3.00 3.01 0.226 ~0.001
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Fig. 8.3. Grain size distribution of
an offshore sample.
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described as muddy sends. The proportion of silt and clay in-
creases in some sediments on the floor of Cork Hole, where
sandy muds are also present, The elongate depression in the
channel floor here may aid in the deposition of fine grained

sediment,

Gravel is present in the channel floor north of Cork Hole,
while in the deeper channel to the west of South Sunk Sand two
samples indicate the presence of sandy unud and gravelly muddy
sand. .8 the sand bank is epproached, the sediment becomes &

fine sand.

The few samples collected from the sand banks are all
well sorted fine sands and very little gravel, silt or clay is
present. Thus, in contrast to the channels, the sediments of

the sand banks show very little variation.

The sediments on the top of the sand banks are constantly
being reworked by wave action and by tidal currents. 8ilt and
clay would not normally be deposited in these areas but even if
deposited, they would be rapidly removed. These send banks,
composed of well sorted sandy sediments, are & result of the
redistribution of glacially derived sediment on the floor of
the North Sec, whilst the gravelly sediments of the chonnels
are predominantly lag deposits., . similar sediment pattern has
been described by Houbolt (1968) for other arems of the North
Sea. although gravelly sediment is cbundant around the margins
of the banks, it appears that very little is carried up the
steep slopes to the tops of banks. Kidson and Carr (1956) heve
shown, however, thet pebbles on the sea bed in this vicinity
may be moved by wave and tidal current action., Thus if conditions
on the sea bed are occasionally vigorous enough to move pebbles,
then the finer components of the sediment may be readily trans-

ported.

During radioactive tracer tests off Scolt Head Island, e
landwerd transport of gravel was detected (Steers, ed., 1964).
In this present study, the forebeach at Holme has often been
scattered with small pebbles after storms, while pebbles attached
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to sponges were frequently seen on the intertidal zone. The
offshore gravel, lying immediately seaward of the shoreline,
must act as a limited, but more or less constant, source of

supply to the beach sediments.

Three samples were collected from the bed of the Great Ouse,
in the vicinity of King's Lynn, using a van Veen grab. These
sediments are fine end very fine sands, with negligible silt
and clay (less then 0.10%) (fig. 8.4). liean dismeter values
range from 2.84 to 3,01 phi and the sediments are very well
sorted and heve low positive and negative values of skeimess
(table 8.2). Their closest counterparts in the intertidsl zone
are found in soue of the megarippled sands of the lower sand
flat, whilst they have & higher degree of sorting and less silt
and clay than most intertidal flat sediments. These featurss
are due to the strong tidal currents in this artifiecial chsannel.
Silt and clay are deposited on the banks of the channel where

tidal action is less vigorous,

2. the Sediment Composition

The composition of the twenty five samples from the offshore
zone was investigated. These were weshed to remove the silt
and clay and the sand and gravel fractions were then separated.
The compositions of the sand fractions were determined by point
counting and estimations of composition were made for the gravel

fractions.

a) The sand fractions (table 8,3)
The terrigenous minerals form the bulk of thess sedi-
ments (72.0 - 96,5%), as they do in the sediments of the inter-

tidal sub-environments, whilst rock fragments are present in

small proportions, not exceeding 3%. Coal is present in nearly

all samples although it does not exceed 1l.%%.

Cerstone oolites and fragments were identified in rnost
samples, the highest percentages being found immediately sea.ord
of Hunstanton (4%). In the channel north of this the proportion

decreases gradually, although even in the area seaward of Gore
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Table 8,3 Ihe Composition of Offshore Sediments (Send Fraction)

Limonite ock iollusc/ Forami-
oolite TFragments Barnacle nifere

Semple  Terrigenous Plants Ostracods Echinoids Coel Bryozoe Spines

R = o PP

. ety o A e e

s

B3 96.0

!

0.5 1.0 1.5 0.5 0.5 !
300 87.5 4.0 1.0 5.0 1.0 2,5 0.5 0.5 i
304 87.5 1.5 2.5 7.0 0.5 1.0 é
305 77.0 2.0 2.5 12.0 2.0 2.5 1.5 1.0
307 72.0 3.0 1.5 22.0 0.5 0.5 0.5 i
308 92.0 1.0 3.0 1.0 1.5 1.5
310 90.0 1.0 1.0 6.0 1.0 1.0
312 87.0 2.0 1.0 8.5 0.5 1.0
31k 90.5 3.0 0.5 5.0 0.5 0.5
315 86.0 1.5 1.0 L5 6.0 1.0
317 90.5 0.5 7.0 1.5 0.5
321 86.0 4.0 1.0 5.5 1.0 0.5 0.5 1.5
325 9l1.0 2.0 1.0 L.5 1.0 0.5
326 92.5 1.5 1.5 3.5 1.0
334 92.5 2.0 1.0 4.5
337 87.5 1.5 1.0 9.0 0.5 0.5
341 8.5 2.5 1.5 10.0 0.5 Lo |
343 92.5 2.5 0.5 3.5 0.5 0.5 ¢
345 91.0 1.5 2,0 4.5 1.0 ‘
346 85.5 0.5 3.0 7.5 1.0 0.5 1.0 0.5 0.5
349 87.0 4.0 2.0 5.5 0.5 1.0
352 89.0 2.0 6.0 1.0 1.5 0.5
411 96.5 1.0 2.5
K2 90,0 2.0 1.5 5.5 1.0
513 96,0 1.0 3.0

12¢€



Point, proportions ranged up to 3%. South of Hunstanton the
percentage drops rapidly to 1.5%, this being in merked contrast
to the high velues in the sediments of the intertidal zone

at the edge of the gravel ridge (near high water merk).

Seaward of Stubborn Send velues of betwesn l.5 and 2,0k are
common, while in Cork Hole the percentage is low and variable.
The sand bank sediments generally contain between 1 and 2% of

Carstons oolites and frogments.

The proportion of molluscan and barnacle fraogments is
generally higher than in the sediments of the intertidal zone
and in one sample (from the channel adjacent to the liytilus reef
north of Hunstanton cliffs) this proportion reached 22%. In the
area seasard of Hunstanton and Holme, the highest percentages
occur slong the channel axis, these decreasing both towards the
shoreline and towards the offshore sand banks. Seawerd of Stuobora
Send, the percentage increases to reach 10% in the area north of
Cork Hole. Graded fractions of & sample (325) from the offshore
area imuedintely adjacent to Stubborn Send show an increase in
the proportion of coel, peet, and mollusc and barnacle fragments
in the 1.25 - 1.50 phi fraction (fig. 8.5). Carstone oolites
ond fregments are most abundant between 2.0 and 2.5 phi, This

semple is very similar to the sediments of the adjacent shoreline,

Foraminifera are present in most sediments although they
are noticeably absent from the sediments of the off'shore sand
benks, Other minor components include ostracods, plent fraguents,
echinoid fragments, mice, bryozoa, caloareous sponge fragments

and diatoms.

The sediments in the bed of the Great Ouse at King's Lynn
(ssmple B3) is composed aslmost entirely of terrigenous minerals
(96%), the remainder consisting predominantly of wolluscan
fragments. .n anelysis of graded fractions (fig., 8.6) shows
thet there is very little variation with size and no consistent

trend in variation.

b) The gravel fractions

In wost samples shell fraguents form a large proportion

of the gravel fraction. The terrigenous component is predouinently
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Fig.8.6. Variation of composition with

size, sample B3 from the
River Ouse
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flint, much of this being encrusted with bryozoa, The shell

component is largely composed of fragments of Cerastoderna edule,

many of these being from immature forms.

Fragments of Mytilus sp. are abundant, especially in the
area north of Hunstanton. Here, fragments of Petricols pholadi-
formis, Nucula sp., Gibbula sp., Tellina sp., Venerupis pullastra,

echinoids, cirripedis and calcareous and grain cemented worm

tubes are also common, eand in this region the displaced shell
fauna of the backbeach reflects the varied nature of the offshore

fauna,

Fewer species are present south of Hunstanton. Valves of

young Cerastoderma sp. are very aebundent end may form the entire

gravel fraction, but Tellina tenuis is often present here.

Gravel from the desper and more distent chennel north of
Cork Hole is composed of terrigenous and shell fragments in equal

proportions. Nucula sp. valves are abundent here, with some
fragments of Chlamys sp. and Mya sp. .lthough Nucula sp, is

abundant in this channel, it is not transported to the adjacent

intertidal zone (i.e. the Snettisham Sealp area),

IV  Tidal Current ileasurements

1. Introduction

An examination of tidal currents was considered to be an
important factor in the study of the offshore zone as sediment
movement must be related to these currents to some extent, 4
general discussion of the pattern of tidal currents in the Wash
is followed by some details of Admiralty current nmeasurements
and an outline of Roy's (1967) suggestions concerning residual
sediment transport in the vicinity of Sunk Sand. J[idal current
measurements carried out by the author in both the offshore and
intertidel zones are then described together with a study of
sediment movement in the intertidanl zone, detected by & fluorescent

sand tracer.
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24 Patterns of Tidal Movewent in the Wash

The pattern of surface water circulation in the Wash is
shown by idmiralty chart no. 108, Tive hours before high water
et Imminghem (on the lLincolnshire coast north of the Wash) the
flood current starts to flow through Lynn Deeps into the “ash,
elthough at this time the current &t King's Lynn and at Boston
is still ebbing, At Brancaster, on the north Norfolk coast,
water is flowing westwerds while between Hunstanton and Sunk
Saend the direction is towards the south west. .n hour later
the flood current reeches Boston, while soon after this it reaches

King's Lynn.

This condition remains unchanged until just before high
water at Immingham, when the inshore current adjecent to Hunstanton
(i.e. between Hunstanton and Sunk Sand) beginsg to flow towards the
north east, West of Sunk Sand, however, water is still floaing

into the Wash, although soon after, the current here also reverses.

8ix hours after high water at Immingham, although the ebb is
8till continuing in the ecentre of the +vash, the current hus
reverged in the aree adjacent to Hunstenton. Thus the neurshore
tidal currents et Hunstanton precede those in the centre of the

Wash by an hour,

The .dniralty current station (I) between Hunstanton and
Sunk Send (fig. 8.7) indicates a residual effect to the north
(i.e. ebb current velocities are greater than flood current
velocities) (fig. 8.8)., In Lynn Well, at station H, there is a
regidual towsrds the south, in the flood direction. Koy (1967)
concluded thet there is probably an anti-clockwise direction of
residucl currents (and hence residual sediment trensport) around
Sunk Sand and South Sunk Send. By a comparison of idmirelty churts
for successive years, Roy has also shown that sediment is steadily
acereting on the southern side of Sunk Send, so that the bank is
extending towards the south. The tidsl current measurements of
this study were located eround Sunk Sand in order to determine

in more detail the current pattern in the area,
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Fig.8.7. The location of tidal current stations.
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Fig. 8.8. Current velocities at Admiralty current
stations near Sunk Sand and Ferrier
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3 0ffshore Tidal Current Measurenments

These measurcnents were made at two locations in the

offshore gone (stations 1 and 2, fig. 8.7).

a) Station 1, Sunk buoy (figs. 8.9, 8.10)

Current roses, indicating both velocity ond direction

for surface and bottom currents, show a relatively simple pattern
of ebb and flood. The maximum ebb current velocity ot the sea
bed was 0.6 metres per second, whilst the uaximum velocity of

the succeeding flood current reached 1.0 metres per second. .t
the surface the maximum velocities were 1.0 and 1.25 metres per

gecond respectively.,

.8 these measurements were made during the period following
the highest spring tides and before the true neap tides,; the
maximum velocities of each tide would be expected to decretse
through this cycle. But in this cose the flood velocity is
much greater then the preceding ebb velocity, indicating that
there is o strong residual current in the flood direction, i.e.

towards the south west.

A8 would be expected, bottom velocities were slightly lower
than those ot the surfece. During both ebb and flood there was
very little change in current direction, the current in each

case flowing parallel to the edge of the sand bank.

b) Stetion 2, South Sunk Sand (figs. 8.9, 8.11)

The tidal currents in the region south of South Sunk

Send show & very complicated pattern, although the rate of change
of water depth between high and low weter remains very constant
(fig. 8.12).

In one tidel cycle the surface current velocity shows
three major maxiva, the highest of these (0.68 metres per second)
appearing just after high water when the current is flowing
towards north north east, This veloecity grodually decreases
but increases again to reach & maximum of 0.48 metres per second
at one hour before low water. During this time the current

gradually changes direction until it is flowing towerds the west,
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Fig.8.10, Current Velocity and Direction , Station 1,
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Fig.8.11. Current Velocity and Direction

, Station 2,
South Sunk Sand.
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Fig.8.12. Rate of change of depth at Station 2,
South Sunk Sand.
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It retains this direction until soon after low water when there
is a rapid reversal and the current flows east to south east

for a short period of about an hour. Ihe current 2gain reverses
and flows towards the south west, recching a moaxinum velocity of
O.4 metres per second. This velocity decreases to almost zero

at high ueter.

4 similar current pattern is shown nt the sea bed, although
the three dominant meximum velocities all range betiween 0.35

and 0.40 metres per second.

This complicated current pattern may be expleined by the
time differénces for the flood and ebb currents on either side
of Sunk Send. During the ebb, water first passes towards
Hunstanton, but just before low water it changes direction and
passes westwards around the southern side of South Sunk Sand,
This may be related to the early flood current flowing scuth
from Hunstenton. The later flood cwrrent passing south on the
west of Sunk Send then produces an easterly flowing current at
Station 2 for a short period only, while the dominant socuth or

south south west current prevails here after this.

o) Conclusions
These offshore tidal current measurements confirm the
presence of a strong enti-clockwise residusl current around Sunk
Sand, although no measurements were made at the northern limit of
the bank, Ebb current megaripples cbserved on the esast bank of
Sunk Send also indiecte that the ebb current (i.e. flowing north)
is dominant here.

It is suggested that sediment is trcnsported south along
the western edge of Sunk Sand and thsn moves east to accrete on
the southern side of the sand body. This pattern of wmovement is
predominantly due to the residual tidel currents and explains
the growth of the southern limit of Sunk Sand.
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4. Tidal Current bieasurements and Sediment Movement Tests

on the Intertidal Zone

Tidel ourrent measurements were corried out in the lnner
Road and in Wolferton oreek (stations 3 and 4). In Inner Load,
measurements were continued from one high tide to the next,
although the channel was dry for approximately two hours. In
Holferton creek, however, measurements were made only a few

hours before and after one high tide.

a) Station 3, Inner Road, Snettishem (fig. 8.13)

Here, a long, slow ebb current is contrasted with a

high velocity flood current of short duration. This station
was situated to one side of the creek axis. ‘hen the station
dried out, weter continued to drain off the tidal flats and
along the central part of the creek until the flood current
started to flow. These measurements were made during a spring
tide and a maximum flood velocity of 0.50 metres per second was

recorded on the channel bed.

b) Station 4, Wolferton creek (fig. 8.14)

These records show that tidal currents may reach feairly

high velocities in the creeks otf the intertidal zone. The
final ebb velocity reached 0.42 metres per second, although
higher values would be recorded during spring tides. .lthough
the dominance of the flood current is shovm in the Inner koad,
this is not found ¢t station 4 in Jolferton creek, which is o
tributary to Inner Road. Higher velocities of both flood cond
ebb currents were recorded during the periods when the ndjccent

intertidel flcots were covered with water.

¢) Sediment movement tests

The results of a sediment trocer expsriment cariied.out
et the north end of Ferrier Sand (fig. 3.2) ore discussed. Sumples
were collected twenty-four hours after the fluorescent sand wes
dropped =t the injection site and the cnalysed scmples indicated
o distribution pattern ns shown in figure 8,15. The distribution
indicntes that during this period the sediment wos tronsported

predominently by the tidal currents, elthough affected to a2 slight
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Fig.8.13. Current Velocity and Direction, Station 3,
Inner Road , Snettisham.
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Fig.8.14. Current Velocity and Direction,
Station 4 Wolferton creek.
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Fig.8.15. Sediment Tracer Experiment, Ferrier Sand.
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extent by wind action. Due to the limited time available, further
analyses could not be carried out. It was hoped, however, to
carry out tasts simultaneously at three or four sites on the
intertidel zone, in order to investigate the relative movement

of sediment throughout the area,
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CHAPTER 9

CONCLUSIONS

This study was designed to further the work of Evens (1960)
end Davies (1962) carried out in the ‘Wash region. Similnr
methods and techniques to theirs were used in this study to
define in detnil the charecteristics of the region as a whole,
In addition, different research technigues were also used to
extend these investigations (Chepter 3). These latter techniques
included beach profile measurements, which eccurately recorded
the.chenges which occurred in the beach zone (Chapter 4), o
gquantitative study of the displaced shell fauna of ports of
the upper intertidel zone (Chopter 6), and ¢ brief offshore
survey which examined offshore sediments and tidal conditions
(Chepter 8), 4 detailed exemination of test sieves wcs cerried
out prior to the investigantion of the groin size properties of
the sediments (Chapter 3), and a fluorescent trucer technique,
designed to investigete sediment movement in intertidal zones,
was tested (Chapters 3 and 8).

In this chapter a brief outline of the physical processes
affeocting the region is followed by a summary of its morphology
and sedimentology. The stratigraphic significance of these
deposits ond the relevence to ancient sequences are exnuwined.
Further sections discuss the source of the sediments of the /ash

and the possible future development of the area,

I. A Summary of Physical Processes throughout the Legion

Considering the region as & whole it cen be seen that there
are veriations in the physical processes affecting the coastal
zone end these variations occur in directions both along and
across the shoreline. The changing nature and extent of wove,
wind and tidel action throughout the region are discussed and

related to the morphology and sedimentology of the sub-environments,
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1. Tave sction

Wave action is most pronounced in the north of the region
where the coastline has only limited shelter from the offshore
sond banks (Chapter 4). Wave action graduslly decreases towards
King's Lynn; waves brenking against the coastline to the south
have only a limited fetch and therefore cannot develop as they
do in the north of the region. Pronounced bresking waves are
commonly observed north of Hunstanton, generally most marked
in the beckbeach sub-environment and at high water they are
elso frequently developed along the gravel ridge south of

Hunstanton.

2. Tidal Jction

Tidal current action is present throughout the region and

is not as variable as wave action. Longshore tidal currents
may be strongly developed in the offshore zone and these affect
the intertidal zone at various stages between high and low
water (Chapter 8). Tidel action in the intertidel zone is

concentrated in creeks end runnels.

3. Wind .ction (see Appendix)

#ind speeds at any particular moment in time may be con-
sidered to be the same throughout the area. Wind action alone
is responsible for the transport of loose, dry sediment and this
is generally only found in the northern area, either in the dune

belt or in the gravel and sand ridges and berms.

II. Variation in Coastal Morphology and Sediment Properties

The area divides itself naturally into four distinet regions
and these have been described seperately in the text. This
division was based originally on the more obvious features of
the coastal morphology, although during the investigation it
has become apparent that these sections also differ in many

other respects which were not at first obvious.

The northern area - the barrier coacstline of north Norfolk -
ond the trensitional area mey both be considered as borrier

coastlines, whereas the southern area of the inner Wosh is =
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sheltered embayment. The transitional arec shows charccteristics
of both the sheltered embayment and the well developed barrier

coastline to the north.

The variations in the major features of the area are sum-
marised in figures 9.1 and 9.2, which also show the variations

in physical processes in the resgion.

1. Coastal Norphology

a) Relationship of sub-environments

Tour separcte sub-environments are recognised in the
northern area and these may be related to those of the transi-

tional area,

The forebeach of the northern area and the Stubborn Sand
Arenicola sand flat of the transitional area exhibit many
similar features, while the backbeach, well developed in the
north, is represented by the gravel ridge in the transitional
area. Dunes, elso well developed north of Hunstanton, are not
found in the tramsitional area, aelthough some thin accumulations
of wind blown sand are found on the orest of the gravel ridgs.
Holme salt marsh has its counterpart in the transitional aree,

although the marshes here have been reclaimed.

The southern area shows a different suite of sub~-environments
and these are typicel of the inner part of the Wash (Evans 1965),
Distinctions between the study area and previously described
areas have been pointed out in Chapter 7. The sub-environments
common to both this area and the barrier coastline are the salt

marsh end the 4renicola sand flat.

In the transitional area, the zone neer high water nark,
i.e. the gravel ridge, exhibits the characteristics of an exposed
coast, while the lower zone, i.e. the grenicole sand flat,
exhibits characteristios more typical of a sheltered intertidsl
region. Within the transitional area there is very little
variation and chenges are found at its northern and southern

limits, where it merges into the other areas.









b) Gredient of the intertidel zone (cf. Chapters L and 6)

4 comparison of profiles across the shoreline indicotes

the differences in gradient, the barrier beaches generally
being steeper. In the area studied, the barrier beach zones
show low gradients towards low water mark and these coumpare
closely with the gradients of the intertidal flats to the south.
The low gradients of these intertidal zones is also indicated

by their large widths.

c) Profile variantion (Chapters 4 and 6)

Profile variation is common on the barrier coast benches
north of Hunstanton, as these are often exposed to severe wave
conditions which may cause rapid erosion or accretion of sedi-

ment on various parts of the profile (Chapter L4).

A comperison of profile changes for the northern and tran-
sitional areas shows thet the transitionel area is relatively
stable and not subject to such dramatic varictions. Generally,
the szand flat of the transitional area shows gradual accretion
of sediment (Chepter 6).

No measurements were wade to indicate profile changes in
the southern area. However, it has been shown that for a similer
intertidal zone slow accretion of sediment takes place over the
whole area (Inglis and Kestner 1958B).

Profile varietion north of Hunstenton has been studied in
detail. In particular the development of beach ridges wes exoldaed
and it was shown that these features undergo seasonal changes.
Generally, they become more prominent in summer and are cut down
in winter, when their lendward migration is most rapid. It wes
shown thet large volumes of material are removed and redeposited
on the beach over & short period and that the most unstcble
region of the beach is the beach fece, During the period of this
study (October 1965 to January 1968) the beach gained sedinent,
the volume accreted being largest at Gore Point aznd becoming less
towards Hunstanton. The profile studies showed that accretion is
dominant on the beach face and the berm, while it is very liwited

on the forebeach, 4 'ridge and runnel'! beach topography,.as is



found in this area, is considered to originate from the forma-
tion of awash ridges at the limits of wave action at stationary
states of the tide.

2. Sediment Properties (Chapters 5 to 8)

The overell trends in sediment properties throughout the
area are sumuariged and variations both perpendicular and
parallel to the shoreline are indicated., These trends are

related to the physicel factors previously summarised.

a) Sediment grain gize

i) liean grain diameter

The trend in mean grain diameter of the sediments
of the intertidal flats of the Wash, contrasts with thaot of the
sediments of the barrier coastlines. In the Wash, south of
Snettisham, there is a seawerd increase in grain size, whereas
on the barrier coastline there is a sceward decrease., This
trend of grain diameter has been shown for other areas in the
Wash (Evans, 1965) and in the ¥Wadden Sea (van Straaten 1961,
van Streeten and Kuenen 1957). It may readily be explained by
the pattern of decreosing current velocity across the inter-
tidal zone and by the settling lag and scour lag effects described
by ven Straaten and Kuenen (1957).

The reverse trend on the beaches north of Hunstanton reflects
the variation in wave energy on the shore zone (King 1959,
Davies 1962)., Material of all sizes moves londwards but the
backwash carries only the finer sediment seawards, this producing

o concentration of conrser sediment towards high water mark,

On Stubborn Sand, at Heacham, there is little varietion in
the mean dismeter of the sediment. High values, however, are
present in the sediment of the gravel ridge and in this respect

the intertidal zone is comparable to that north of Hunstanton,

South of Snettisham, clayey silts of the marsh pass seaward
into very fine asnd fine sands, while north of Hunstanton, mediun

sand, with some gravel, passes seaward into fine sand. & lobe of



fine sediment is associated with the creeks around Inner Road,
while a smaller lobe near Heacham masy possibly be associated
with the old outfall of the Heacham River.

ii) Sorting
The pattern of sorting is not immediately obvious.
In most ereas sorting improves seawards but in the area around
Inner Road, the pattern is more complex and sedinents near low
water mark are poorly sorted. Considerable variation in sorting

is also found north of Hunstonton.

In the intertidal flet environment of the inner ‘wosh, the
seawerd increase in the degree of sorting is predominantly due
to wave ection which reworks the sediment. This wave action is
most effective on the irenicola send flat and sediments here
show superior sorting to those of the other sub-environments.
In the lower sub-environments tidsl action is responsible for
sediment sorting but genertlly this is not as efficient as wave
cction. 4t slack water fine sediment is deposited and this is
not always removed but may become interlaminated with subsequent
deposits of sandy sediment. The sediments of the lower sub-
environments are not subjected to such prolonged wave action

es is the Arenicola sand flat.

To the north, the sediments of the forebeach are better
sarted then the .sediments of the other sub-environments of the
barrier coastline. Coarse material is rare here as the limited
proportion derived from offshore is eventually transported lend-
wards to be deposited on the backbeach, while silt and clay arc
generally not deposited here, due to the constant wave action.
Backbeach sediments are not so well sorted due to the mixture of
coarse sediment, while dune sediments show an intermediate
sorting, between that of the forebeach and the backbeach. The
sorting of the dune sediments reflects to some extent the sorting

of the source area, which in this case is the backbeach.

iii) Skewness
In general, sediments in the south are normally
positively skewed, while to the north they are negotively skewed.



There is also & general trend towerds symmetrical distributions

or to low negative values from high to low water merk.

The positive skewness of the intertidal flat sediments is
due to the presence of a tail of fine sediment, whereas the
negative choracter of the barrier sediments is a reflection of
the tail of coarse sediment present. This contrast indicates
clearly the difference in physical processes affecting the coast-
line. The tail of fine sediment in the inner Wash sediments is
due to the lack of winnowing of the sediment by wave and tidsl
currents. The tail of coarse sediment, generally present in the
barrier sediments, may be considered due to coarse materinl
being trensported into the environment during periods of strong
wave action. Subsequently this coarse material remains in the

environment.

b) Sediment composition

The moin variations in the coarse frection composition
are found in the inner Wash erea, where higher proportions of
generally minor components are found in the sediments of the
upper sub-environments. The marsh sediments of the barrier
coastline also show high proportions of these minor components,
The sandy sediments, predominently terrigenous, show little
significent variation in composition, except in a few cases,
Determinations of feldsper content indicate that the sediments

are subarkoses.,

The Carstone oolites end fragments, derived predordinantly
from the Hunstanton cliffs, are easily recognizable in the seandy
fr;ctions and form a useful tracer for sediment movement, They
are, however, very soft and their resistance to wave action is
considered to be limited., The concentration of these frogments
in the sediments surrounding Hunstanton shows that in the high
water mark zone, transport is predominently to the south, althouih
some transport does occur in the opposite direction (fig. 9.3}.

At low water mark and in the chennel, sediment moves predowinantly
towards the north. These opposing directions of movement are
due to the relative effectiveness of wave action and tidal current

action., ..t high water mark, wave action predominctes and although



Fig.9.3. Distribution of Carstone
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this moy move sediment in either direction elongshore, due to
the differences in fetch of the waves, the preferred direction
of transport must be towards the souths In the channel and in
the lower intertidal zone, tidel currents are more effective
in the transport of sediment. The northerly residual current

is responsible for sediment transport in this direction.

It is also interesting to note that although this component
may reach proportions of over 60% in the backbeach sediment
immediately adjecent to the Carstone cliffs at Hunstanton, very
little sediment is transported seawerds and the sediment at low
water mark contains only 4% of this component., For this reason,
the proportions seen in the sediments of the offshore zone and
of the lower sub-environments are very limited compored with

those of the backbeach and gravel ridge sediments.

The distribution of molluscen and barnacle fragments shows
an increase from low to high water mark in the inner 7ash arec,
whilst on the barrier coastline the reverse trend is found,
with high percentages in the offshore area. The abundance of
shell fragments in the offshore area in the north must be due
to the proximity of an abundant source, while the concentration
in the upper intertidel flets in the south is due to the preferen-
tial landwerd trensport of these relatively light fragments by
waves and currents. This distribution is also discussed in the

following section on fauna.

¢) Sedimentary structures

Sedimentary structures were studied in detail by visual
examination of the exposed sediment surface and by box and core

sampling.

Considerable varietion in types of sedimentary structures
oceurs throughout the area and box samaples have been used to
illustrate in cross section the nature of the sediments frow the

various sub-environments.

The sediments of the sub-environments, seen in cross section,
are generally distinguisheble by their sedimentary structure and
approximate grein size. The sedimentary structure of the offshore

deposits was not investigated due to problems of sampling.



i) The barrier coastline of north Norfolk (Chapter 5)

The sub-environments of the barrier coastline north

of Hunstanton generally showed distinctive characteristics in
cross section, although the backbeach showed a wide range of
sedimentary structures and some of the examples could egually

be representative of the forebeach.

The major characteristics of the sub-environments cre
summarised: -
1, The forebeach - rippled laminae, normally dipping
gently seawards, coumonly bioturbated, very

little coarse sediment.

2. The backbeach - high and low angle cross stretifi-
cation (high angle stratification generally dips
landwards), coarsely laminoted, sometimes rippled,
coarse sediment present, generally very little
bioturbation although some lenses of bioturbated

sediment.

3. The dunes - may have high angle cross stretificetion,
dipping both landwerds and seawards, finely
laminated, root structures, no bioturbation,

usually no coarse sediment,

Corss from Holme marsh contained finely lamineted clayey
s8ilts and silty clays interbedded with medium to fine grained
clean sands. The sands are deposited on the marsh during break-
throughs of the adjacent barrier. Similer horizons of send coulil
not be identified in the marshes of the 'Wash, there being no

edjacent source of send.

ii) The transitional area (Chapter 6)

Only a limited number of box samples was collected

in this ares and these were taken from Stubborn Sand.

Characteristic sedimentary structures include horizontal
lamination, rippled lamination and small scale cross lanination.
Many of the primary structures are destroyed by intensive bio-

turbation caused by .renicola marina and Cerastoderma edule.




iii) The inner Wash coastline (Chapter 7)

Distinetive internal sedimentary structures are
present in the dominant sub-environments of this area and the
characteristics of each compare closely with those illustrated

by Evans (1965). The major characteristics are:

l. The salt marsh -~ finely laminated silts and cleays
with very little disturbance due to orgtnic

activity. Root structures are abundant,

2. The higher mud flet - finely laminated sands and
silts, where the primary laminations are disrupted
and even obliterated by organic activity. Occasion-
ally thicker laminae of sond are present. Creek
bank sections indicate that cross stratified deposits

are common in this sub-environment.

3, The firenicola sand flat - the sediments are coarsely
lamineted although in many sections this is not
apparent due to bioturbation. Thin laminae of silt
may be present ot the upper and lovier limits of the

sub-environment. Burrows of Arenicola merina are

CONImON .«

L. The lower mud and sand flats - well defined undulcting
end discontinuous coarse laminae of silts and sands
characterise these sube-environments. There is a
noticeable lack of bioturbation compared vith the
higher sub-environments., kud pebble gravels are
common in the lower send flat. The lower sand flat
shows evidence of sediment scouring and contains
thicker and more abundant lauinae of sand than does
the lower mud flat,

d) Fauna

A brief survey of both the in situ fauna and the dis-

placed fauna has been carried out during this project.

i) In situ founo

North of Hunstanton an‘in situ fawna is present

in the forebeach sediments and in the runnels of the beckbeach



(Chapter 5). The dominant species here is irenicola marina,

while towards low water merk Lanice conchilega, Telline tenuis,
Macoma balthica, Mytilus edulis, Petricola pholadifornis and

Cerastodermun edule also occur., In the bockbeach runnels a more

limited fauna is developed, consisting predominantly of Cerasto-

dermn edule, Macoma balthica, and Hydrobis ulvae,

The creeks of Holme marsh also contain a limited founa

consisting notably of Arenicola marina, Scrobicularia plana,

Macoma balthica, Hydrobia ulvae and Littorina littorea.

Stubborn Sand, in the transitional area (Chapter 6), supports
& similar fauna to the forebeach sub-environment north of Hunstaenton,
although here the species are generally present in greater abun-
dance. This is considered to be due to the more sheltered noture
of Stubborn Sand,

The fauna of the sub-environments of the Wash are described
by Evans (1960) in his work on the intertidal flets near Boston.
This study demonstrates that the faunal zonation established
there is typical of the immer 7ash coastline as a whole (Chapter 7).

ii) Displaced feuna (Chapter 6)

in examinetion of the displaced shell faune of the
backbeach north of Hunstanton and the gravel ridge of the tran~
sitional area was undertasken in order to establish accurately

the distribution and variation in abundance of displaced species.,

It was shown that in the Wash (i.e. the tronsitional area)
the displeced fauna of the gravel ridge reflect the shelly faune
living in the intertidal sand flat (Stubborn Sand). North of
Hunstanton the fauna are o mixture of forebeach and offshore
fauna., ‘This distinction nay be related to a variation in the
offshore fauna from one part of the coastline to the other but
it is also considered to be due, in part, to the more sheltered
neture of the trensitional area, where offshore shell fauna have

less likelihood of being transported to the gravel ridge.

Mollusc and barnacle fragments were counted in the analysis

of the coarse (i.e. sand) fraction. North of Hunstenton, these



form up to 10% of the coarse fraction near low water merk,

but decrease in sbundence towards high water mark. Davies (1962)
found thet the backbeach sediments et Gibreltar Point contained
higher concentrations of shell than did the sediments from other
sub-environments. <t is considered that the high shell concen-
trations of the forebesmch north of Hunstanton are due to the
ndjacent reef which provides an ample source of shell material.
Displaced foraminifere are present in the sediments although

they never exceed 2% of the coarse fraction.

The sediments of the upper limit of Stubborn Sond contain
higher proportions of mollusc and barnacle fraguents than else-
where on the sand flat. These results are compcroble to those
of Davies end contrast with the results immediately north of
Hunstenton. The higher velues are probably due to the concentra-
tion of shell fragments by wave action and the relative ease

with which they are broken down to sand sized particles.

In the intertidal area of the inner "ash & similar increase
in mollusc end barmacle fragments and in foreminifera occurs

towards high water mark.

In the sediments of the offshore area the proportion of
mollusc and barnacle fragments is higher than in the sediments
of the intertidel areas, and this is considered to be related

to an abundent adjacent source of shelly orgenisms.

III The Conmparison of Recent and Ancient Sequences:

Stratigrephic Significance

1. Eroblems

Onc of the mein aims in the study of Recent sediments is
to determine characteristics which may be used to explain the
depositional relationships and sedimentary history of ecrlier
deposits, The difficulties encountered in the comperison of
Recent and ancient seqguences have been discussed by Doegles

(1959).



359

Perhaps the mejor difficulty is that, in studies of Recent
sedimentation, thin surface layers over large areas are examined,
whereas in ancient sequences, vertical sections of restricted
laterel extent ere described. Other difficulties arise due to
the time correlation of ancient sequences and the separation of
sediments of different transgressions and regressions. Doegles
suggests that methods of investigation of Recent and ancient
sequences should be standardized and that in research work on
Recent sediments undisturbed samples should be collected from
borings through the sequence. Potter (1967) claims that the
main problem in producing en environmental interpretation of =
sand body lies in the lack of systematic and quantitetive data
on petrology, texture, sedimentery structures &nd internal
organisation of the sand body. In the past, the detailed anelysis
of a thin succession has not been considered important in the
investigation of a thick sand body, which may be the result of
a large number of regressions ond trensgressionsg. Thus it
appears that there is here a problem of scale; the Recent
environment investigated indicates the distribution and relation-
ship of sediments at one period of time, whilst in en ancient

sand body, a large number of cycles may be represented.

2. Relationship of the Deposits in Cross Section

Complete sections through the Recent deposits were not aveil-
able for this study and the sections described are therefore,
to some extent, hypothetical, being derived from an interpretation
of surface information and from & limited number of relatively
shallow pits and auger holes, which penetrated only & small part

of the succession.

Progradation of the barrier sand body is occurring at Holue
and also along the coastline immediastely to the east, although
this progradation is not found along the whole length of the
north Norfolk barrier coast. . section through a part of this
barrier would be expected to show the sequence of deposits
indicated in table 9.1. Hoyt and Veimer (1963) illustrate a
similar sequence in the Recent and Pleistocene sediments of

Sapelo Island.



Table 9.1 Summary of Characteristics of Barrier Sediments
Sub~-environment| Sediment type |Nean Diam, {Sorting Skewness Composition | Sedimentary Structures |Fauna and Bioturbation
Dune medium sand |limited  |well low, leminated // to surface | no bioturbation
sorted normally results in horizontal plant root structures
negative very little| and steep dips
change in
composition
Backbeach fine/medium |wide renge |well or symmetrical ithroughout | landwerd dipping cross |rare lenses of intense
sand moderately |and stratified beds with bioturbation
sandy gravel well negetive horizontally bedded nil elsewhere
gravelly sand sorted rippled sediments
gravel
decreasing
~
Forebeach fine sand limited very symmetrical rippled horizontal limited bioturbation
well or low Mollusec or slightly seaward by Arenicola sp.
sorted positive & |content up | dipping laminae Lenice sp. abundant
negative to 10% towards base
Offshore sands and wide range |poorly negative structures not intense bioturbation
gravels sorted (esti- investigated by Lanice sp.
(esti- mated) -
mated)

ol
C.

<

<



In the transitional area some progradation of the gravel
ridge has cccurred at Snettisham Scelp, and here a broad gravel
ridge has been produced. On the landward side of this ridge
other elongate gravel features are also present, surrounded by
mersh sediment. 4 oross section perpendicular to the gravel
ridges would show lenses of gravel pessing laterally into marsh
sediments which overlie intertidal sand flat deposits.

The sediments of the imner Wash area are considered to
show a similar stratigraphic relationship to that described by
Evans (1965), with some notable differences. The inner sand
flat deposits of Evans are not clearly defined in this area
and the lower mud flat deposits do not form a continucus belt.
Evans (1965) shows that the lower mud flat deposits pass north-

wards into a sandy equivalent.

Evidence from borsholes in the vicinity of King's Lynn
indicates that early Holocene deposits probably underlie the
intertidal flat sequence, although the upper surface of these

deposits is likely to have been cut into by later channels.

v The Source of the Sediments

In the last century, Skertchley (1877) concluded thet the
sediments of the Wash are being derived from the sea rather
then from the rivers which enter the region. This conclusion
was also reached by Evans (1960) and Davies (1962), who investi-
gated the Lincolnshire shoreline and by Kestner (1963) who has
carried out an investigation of the suspended silt around the
Wash margins, Kestner agreed that sediment derived from the
rivers is negligible but does not rule out the pessibility thet
the material at present in suspension and accreting around the
mergin could originally have been derived frem the rivers.

He considers the immediate source for suspended moteriel to be
the marginal areas where high concentrotions are present. These

values decrease rapidly in a seaward direction.

Van Straaten and Kuenen (1957) have discussed the eccumulction

of fine sediment in the Wadden Sea and have shown how this weterisl



is derived from the North Sea and concentreted in the 7adden
Sea. It is considered that a similer process must operate in
the Wash. The fine sediment which is present in the wershes

of the north Norfolk coast must be derived from the sea, as here
there ars only a few small rivers and most marshes have no

connection with them.

The grovelly sediments both in the srea south of Hunstanton
and on the north Norfolk coast are mainly derived from offshore
end it is apparent that both onshore and alongshore sediment
movement is responsible for the emplace of gravel in the backberch
and in the gravel ridge. Onshore movement of gravel has been
shown by Kidson, Carr-and Smith (1958) ond by the author (Chepter
5), whilst longshore movement is seen to produce spits and other
related features. The immediate source of the gravel north of
Hunstanton is obviously the offshore area called The Bays.

Gravel is only rarely present in the offshore zone south of
Hunstanton and has not been observed on the sandflat surface.
Here longshore transport is considered to be the most effective
agent in sediment supply to this gravel ridge and most of the
coarse sediment has probably been previously transported to high

woter mark either at Hunstanton or forther north.

The sands and gravels of the off'shore area are probably
reworked glacial deposits on the floor of the North Sea. Other
sources which must contribute material to the Wash aren include
the eroding part of the Yorkshire, Lincolnshire and Norfolk
coasts. The cliffs et Hunstanton must provide considerable
quantities of sediment, some of which is recognised in the Kecent

deposits.

v The Future Development of the .ree

The future development of the area depends ultimately on
the relationship between the rates of sedimentation and erosion
and the relative movements of land or sec level (¥Willis 1961).
Wide barriers of a prograding nature are seen on certanin parts

of the Norfolk coast (e.g. at Holkham end at Stiffkey) whereas,



elsewhere, there are narrow berriers moving landwards across
intertidal sediments (e.g. ot Soolt Head Islond ond ot Blakeney).
If the landwerd advence of the barriers continues, then it noy
result in the complete destruction of the marsh sediments behind
so0 thot eventuelly the beach face lies adjacent to the high
ground. If sufficient sediment is introduced to these barriers

then progradation may prevent this transgression.

In the Netherlands, coastol accretion of barrier sediments
has been followed by & period of continual coastal erosion.
Kruit (1963) considers that the coastel retreaet is related to
o dwindling supply of marine gand from the North Sea floor,

The narrow barriers of the Norfolk const mey be en indieation
of the restricted supply of sediment to this region. There is

certainly no major progradetion due to on abundant supply.

The inner Wash area should continue to prograde repidly,
especially if this progradation is aided by the construction
of training walls. It is difficult to judge whether this
accretion will continue until the 7ash is completely infilled
but if this happens it may result in the formation of a barrier
coastline similar to that developed around the liadden Sea, The
repid accretion during the lagt 150 years around Sunk Sand, at
the mouth of the yash, and around its counterpart on the opposite
side, the Inner Dogshead Sand, maoy bc the first indication of

such & barrier.

The construction of an artificial barrage across the Jash
would considerably alter the pattern of aceretion which hes been
taking plece. No further sediment would be brought into the
arena and, hence, progradation of the sedimentary sequence would
cenge, Furthermore a barrage would couse o confluence of the
tidal streams which flow along the Norfolk and Lincolnshire
consts and this might result in a zone of accretion between
Skegness and Hunstanton. The restriction of sediment transpoi-t
into the Wash might also result in a more rapid progradation of

the barrier coastline north of Hunstanton.



Further work in this area could be related to the proposals
for a barrage across the Wash. Sediment movement experinents,
using fluorescent sand tracers, a technique which was experi-
mented with in this work, should prove a very interesting and

valuable study,

another possible topic for resecrch would be the examination
of the sediments in the regions immediately bshind the coast,
A series of core holes which penetrate the complete seguence
of intertidal and subtidal deposits should indiceate the extent
of these, their nature, and their relotionships with the under-

lying deposits.



APPENDIX

WIND DATA

Wind observations have been mede at Lynn Well lightship
by the Great Quse Catchment Board and the main results of these
have been noted by Steers (1936).

1. The prevailing wind throughout the year is south west,

except during the second quarter, when it is eest.

2. The prevailing strength of the wind is 3, i.e. a

gentle breeze, 12 m.p.h.

3. Strong gales, usually from the west north west,

occur about twice a year, at any season.

Roy (1967) has used wind date from lanby and Gorleston
meteorologicael stations to produce frequency diagrams for
various wind speed categories (fig. A.l). 48 these were
prepared from date for a short period only, the wind distribu-~

tions are not representative of a yearly average distribution.

The asuthor obtained hourly wind records from the meteoro-
logical station at Gorleston and these were used to plot wind
roses, consisting of twelve directional sectors, for various
wind speed categories. These were chosen in order to coincide
with Beaufort's scele of wind force and also so that the results
could be coupared with those of Roy (1967). The deta were
plotted for periods between beach surveys (see Chapter 4) so

that wind roses could be compared with beach changes.

Figure 4.2 shows the dominant wind speeds eand directions
during the first survey period, i.e. October 1965 to January
1966, In the lowest speed cetegory (7 to 10 knots) westerly
winds predominated. Winds of 1l to 16 knots were dominently
west and south west, but there was also an east and south east
component, Higher wind speeds were generally from the east ond

south east, although winds from the south west and south were
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Fig. A 2 WIND ROSES 363
22 October, 1965 - 19 January, 1966
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common, Gele force winds were predominantly east south east.

Wind roses were also constructed for the same period of
the following year (fig. A.3). These compare favourably with
those already shown and it is seen that the preveiling wind
strengths were again west and south west, while higher wind

speeds were predominantly from the south and north east.

Rose diagrams for the period between the 4pril and July
surveys in 1966 indicate that the lowest speed category winds
were from the south west and north east, with south west winds
most frequent (fig. d.4). The low velocity north east wind
is not seen in either of the October to January disgrems. Winds
of 11 to 16 knots were meinly south east or north, while winds

of higher velocities were dominantly from the north east,

Comparison of the rose diagrams for wind strengths of
22 to 27 knots indicates the lack of wind of this strength
between .4pril and July. In fact, the highest wind velocities

recorded during this period never exceeded 35 knots.

Although these results show the general pattern of wind
behaviour in the area, no direct relationship to the beach
profile changes has been determined, .ny correlation would be
rother speculative, as short-term surveys during periods of
high winds have shown that considerable quantities of material
may be eroded or deposited very rapidly (see Chapter L). The
change in a beanch profile over three months must be due to the
effect of the combination of wind, wave and tidal conditions
which prevailed during that period. It was found that the
resultant profile could not be readily related to all the physicel
processes affecting the beach. In order to determine the couse
of specific changes in the profile, it hes been shown that surveys
should be repeated after much shorter intervals, during which

all the processes affecting the beech should be recorded.
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Sheet 6.1 Profile changes between Hunstanton and Snettisham .
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