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ABSTRACT

Flandrian sea-level changes in the Fenland

Mieropalaeontological, stratigraphic, radiocarbon, and
published data have been assessed to elucidate sea-level changes
in the Fenland during the Flandrian Stage. Up to 8 periods
characterised by positive tendencies in sea-level movement have
been identified, Wash I - VIII, separated by up to 7 periods,
Fenland I - VII, dominated by negative tendencies in sea-level

1“0 dates form the chronological framework on which

movement. 102
this scheme is based. Negative tendencies cannot yet be confirmed
as absolute falls in sea-level due to the errors involved in the
assessment of sea-level indicators. These errors relating to age
and altitude have been quantified wherever possible. The variation
in stratigraphic surfaces has been briefly assessed and the
statistical limitations of pollen analyses have been shown by the
application of confidence limits to the pollen diagrams. A
computer program, NEWPLOT, has been developed to draw the pollen
diagrams, including pollen concentration, from 6 sites at Bourne
Fen, Cowbit Wash and Adventurers' Land. Models have been suggested
to assess the stratigraphic and micropalaeontological changes at

the salt marsh-freshwater fen transition and to identify tendencies

of sea-level movement.

Problems relating to the existing methodology of sea-level
studies have been noted from the difficulty in objectively
correlating the data and results of various authors. The errors
identified in the collection, interpretation and correlation of
sea-level data have repercussions for the planning of sea-defences

and land-use in low-lying coastal areas.
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rational order upon the data. Two examples of this approach

can be given,

"The... aim is through the analysis of data to provide
a rational and internally consistent series of
arguments that can be used to reconstruct the post-
glacial uplift, emergence and crustal deformation of
areas that vary in size from local, through regional,
to continental. The treatment is principally
inductive and statistical rather than deductive."
(Andrews 1970 p.1l).

"The argument is inductive,and stress is laid on the
nature and quality of the field and laboratory

observations and descriptions, as a basis for strong
empirical models." (Tooley 1978a p.2).

The development of explanation via inductive models
is the normal route followed by a science during the period
of data collection. Problems arise when a common language
is required for classification. Without adequately rigid
operational definitions, and strict adherence to them, even
statistically significant features are not capable of
comparison. Furthermore problems involving circular arguments

easily arise. These are described in parts 1.2 and 1.3.

Part 1.2 : Operational definitions

Without strict definition of terms comparability between
different research projects become increasingly difficult.
Most of the necessary definitions, eg. those used in the
pollen analyses, are given when they first occur in the
succeeding chapters, but the following, widely-used terms are

defined here:-

Altitude and depth : the altitude of a sample is it's

level related to Ordnance Datum, Newlyn by levelling and is
given in metres, whereas the depth of a sample to the local
datum, usually ground level for a borehole, is given in

centimetres.
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Radiocarbon age : these data, abbreviated to =~ C, are

given as uncorrected ages, as shown in Radiocarbon, with a half

life of 5570 z 30 years, and quoting the error to one standard

deviation. All dates are given as BP.

Flandrian, Holocene, post-glacial : the term used to

describe the last 10000 years is usually one of these. The

term Flandrian is used here for the following reasons:-

- the term "Post-glacial" can be misleading and is only
used in the form "post-glacial" as a genetic facies
term indicating sediments deposited outside the

influence of the receding ice (MBrner 1973a).

- both Flandrian and Holocene cover the last 10000
years. Flandrian is used here as the formal stage
name for the present interglacial stage following
the recommendation of the Quaternary Era Sub-
Committee (Michell et al. 1973) and the arguments
expressed by Hyvlrinen (1978 cf. Paepe et al. 1976,
Mangerud and Berglund 1978).

Sea-level and tide-levels : following Jardine (19752)

mean sea-level and mean tide-level are considered to be the
same within the constraints of present research techniques.
Tide-levels are abbreviated and defined from Admiralty Tide
Tables (1980).

Eustatic factor, isostatic factor : M8rner (1976a)

explains that the relative sea-level, or shoreline dis-
placement, for any given point and age is a function of the
water-based and the land-based variables. The former consist

of the following components : glaclal-eustasy, tectono-eustasy,



geoidal-eustasy, meteorological local effects, hydrological
local effects and oceanographic local effects. These are
collectively defined as the eustatic factor. Similarly the
land-based variables are crustal movement and local compaction,

which together represent the isnstatic factor.

Transgression and Regression : these terms are widely

used in sea-level studies but are seldom explicitly defined with

the result that meaningful correlation becomes difficult.

M8rner (1976b) uses transgression to indicate a positive
vertical movement in sea-~level, regression a fall in sea-level.
In correlating between his type area, the Kattegatt region,
and B8borg S8, Denmark, he clearly distinguishes between

shorelines, transgressions, and fjord stages.

However in different sedimentary environments, where the
record is represented by intercalated organic and clastic
horizons, the definition of terms is not so clear. This
contributes to the conflicting interpretation of similar
sequences (eg. Kidson and Heyworth 1973, 1979, Tooley 1979).
These papers illustrate the dispute over the form of the sea-
level curve during the Flandrian Stage. The interpretation of
"peat-above-clay" and "clay-above-peat" contacts determines
the form of the relative sea-level curve produced. These two
contacts have been described as the regressive and trans-
gressive overlaps respectively (eg. Streif 1979a) and the
problem arises when they have been applied in relation to
lithologic changes, sea-level movement and chronological

schemes.

The interpretation of intercalated organic and clastic
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a facies unit, ie. marine sediments, at a type locality and
then the use of this lithostratigraphic unit as the equivalent

to a period ef rise or fall in sea-level.

A simple stratigraphic model (fig.l.l) shows the dif-
ferent meanings of transgression and regression following the
examples of M8rner and Tooley outlined above. Using limited
evidence, ie. dating the lithologic boundaries in boreholes
A, B, C, the resulting chronologies of periods of transgression
and regression differ quite considerably. Therefore the
sequences designated Lytham I to X should not be used in a
chronostratigraphic scheme to correlate with the chronology
of transgressions and regressions proposed by M8rner (1976b)
since the time boundaries refer to different events (cf. Devoy

1979, M8rner 1976b, Tooley 1978a).

Devoy (1977a,b, 1979) recorded 5 organic, regression
sequences and 4 clastic, transgression, sequences in the lower
Thames estuary. However there are slight discrepancies between
the time limits given for the "Flandrian transgression
sequences" (Devoy 1977b table 1) and the movement of sea-level
as shown on the time-depth graph (Devoy 1977b fig.2). This is
despite a clear definition of the terms transgression and
regression contact. Devoy (1977a) asserts that a peat-over-
clay contact is interpreted as showing a net negative or
downward movement of sea-level and not simply the exclusion
of marine or open water conditions due to the local changes
in coastal morphology, and this vertical movement is termed

a regression.

This is quite different from Jelgersma (1961, p.87)






who states:-

"the expressions 'transgression' and 'regression’
phase should not be interpreted as a rise and
fall of sea level. Major fluctuations of sea-
level are not indicated on our curve, the word
transgression only expresses that land was
covered by the sea, regression a withdrawal of
the sea."

However it should be noted that Jelgersma (1979)
accepts a peat layer on top of the marsh clay in the Eem
valley as the start of the fall of sea-level during the

Eemian.

Jardine (1975b) indicated the problems associating
"transgression™ and "regression" with lithology, chronology,
and movements in sea-level by referring the terms to periods
of landward and seaward migration, either by horizontal or
by vertical movement or by combined horizontal and vertical
movement, of the line of intersection of the land and the

surface of the sea.

By using the terms transgressive and regressive
overlap Streif (1979a) indicates that the latter need not

necessarily involve a fall in sea-level at the open coast.

Therefore the consensus of opinion appears to favour
the use of the terms in a lithostratigraphic sense, referring
to the transition or tendency for change from semi-terrestrial

to marine/brackish sedimentation and vice versa. This leads to

confusion where the terms are applied to a chronostratigraphic
correlation scheme intrinsically linked to movements in
relative sea-level (eg. Devoy 1979 fig.31l) since the definition
of the terms is not suitable. Indeed the relationship

between lithologic changes in the tidal flat and lagoonal

zone and sea-level changes at the open coast is a major






_9_

The approach adopted here follows the guidelines given

by Tooley (1978b p.204) -

"The first criterion is that variates should come
from a small homogeneous area, so that the effects
of tidal inequalities, earth movements and
variations in geoid configuration would be
minimised."

This criterion is widely accepted in theory but no
figure is indicated to what constitutes a small homogeneous
area. Relative sea-level curves, due to their implicit space
dependence, should be published only with the areal measurements
over which they are applicable. Furthermore, the assessment of
the status of the variables is most important. The clearest
examples of this difficulty are the status of palaeo-tidal
range and geoidal changes. They may be invoked to hinder the
comparison of sea-level curves from different localities, ignored
altogether, or measured by the difference in altitude of sea-

level curves from different localities.

The problem of circular arguments is often difficult to
avoid. For example an earth viscosity model and a sea-level
curve can be used to verify a glacial history model; a glacial
history model and sea-level curve to verify earth viscosity
models j an earth viscosity model and glacial history model to
predict sea~level curves, with geoidal models sometimes added
as & further refinement (eg. Andrews 1974, Chappel 1974,

Clark and Bloom 1979, Clark and Lingle 1977, Farrell and
Clark 1976, Walcott 1972).

Therefore, the scope of the present study is sea-~level
changes in the Fenland during the Flandrian Stage. Within

this time it is hypothesized that such an area has acted
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uniform}y to changes in all of the components of the eustatic
factor. This uniformity is defined by the limits of the
presently measurable variation of sea-level index points.

Thus, the approach is one of gathering local information, its
quantification, and the development of locally valid inductive

models which can then be tested further locally and regionally.
Part 1.4 : Selection of the sampling areas

The Fenland includes all of the low-lying land,
generally less than +10 m.0OD, south of a line between Chapel
Point and Hunstanton (fig.l.2). The morphology and sediments
of the Fenland are primarily the result of processes under the
direct or indirect influence of sea-levels during the

Flandrian Stage.

The suitability of the Fenland as an area for study
is shown by its long history of investigation (eg. Godwin 1978,
Skertchly 1877) but now requiring re-investigation using refined
techniques. Furthermore the area has a recent history of
instability between the sea and the reclaimed marshes, for
example the 1953 and 1978 floods, and has been deemed a
possible site of nationally important development schemes,
eg. water storage, nuclear power generation. Together these
factors warrant the scientific investigation of sea-level

changes affecting the area during the Flandrian.

The location of individual sites for data collection
was decided at two levels of selection. Firstly the general
location was decided by reference to earlier investigations,
particularly those of Skertchly (1877) and Godwin (1940a),

which revealed both areas with little or no detailed
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investigation and sites of particular interest requiring
re-investigation. The exact location of the line of boreholes
was heavily dependent on ground conditions, particularly local

farming practices and access.
Part 1.5 : Data collection and statistical testing

The collection of samples was constrained by the type
of boring equipment available at different times during the
period of research. Samples taken were supplemented by published

th, pollen, stratigraphic and archaeological

data recording
analyses. The location of the sites mentioned in the text is

shown in fig. 1.2.

The collection of data for the resolution of a relative
sea-level curve for the Fenland attempts to follow the guide-
lines for the IGCP Project 61 (van de Plassche and Preuss 1978)

and the 14

C data additionally conform to criteria outlined by
Tocley (1978b) that the dated samples should come from similar
palaeocenviromments whenever possible and that they should be

capable of independent age cocrroboration.

Statistical testing of data is not widely used in sea-
level studies. This is probably due to the difficulty of
obtaining sufficient data but may also reflect an unwillingness
to test the statistical weakness of the data. In the present
research statistical techniques have been applied wherever
possible to indicate within-sample variation, thus giving an
indication of the resolution that can be expected from this
kind of study. Confidence limits and significance tests have
been applied to the pollen data (chapter 5). However it has
not been possible to use extensive statistical correlation

techniques for inter-regional comparison.
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Part 1.6 : Objectives

The objective of this research is to study the relative
sea-level changes and sediment accumulation in the Fenland

during the Flandrian. This is achieved in the following stages:-

- description of sites from the tidal flat and lagoonal zone.
- analysis of the data.
- interpretation of the data.

- establishment of a transgression/regression tendency
chronology.

- construction of a sea-level curve.

- correlation with UK. and European schemes to
indicate events of regional significance.

Within this program present methodologies, techniques
of data collection, presentation, classification and inter-
pretation are assessed to evaluate the resolution and
limitations of the research conclusions which can then be

used in other scientific programs.
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CHAPTER TWO

Geological history up to the Flandrian Stage

This chapter is divided into 3 parts in order to
cover the development of the regional geological environ-
ment which preceded the deposition of the unconsolidated

Flandrian sediments., The 3 parts are:

2.1 : The pre-Quaternary geology of the Lincolnshire

Marshes, Fenland and the North Sea.

2.2 : Envirommental changes during the Quaternary
Period up to 10,000 BP.

2.3 : The pre-Flandrian landscape of the northern

Fenland.

Part 2.1 : The pre-Quaternary geology of the Lincolnshire
Marshes, Fenland, and the North Sea

Since at least the Jurassic Period, when the oldest
outcropping rocks of the area were formed, the Lincolnshire
Marshes and Fenland have been an area of change between
terrestrial and marine environments. There have been
absolute vertical movements of both land and sea-levels,
The limestones and clays of the Lincolnshire Edge and
Huntingdonshire were deposited in a Jurassic sea of
varying water-quality and depth. Similarly, the sandstone,
ironstone, clay and extensive chalk deposits of Cretaceous
age, which are 330 m. thick in Norfolk and 100 m. in
Lincolnshire, are of marine and estuarine origin. However,
between these two periods of marine deposition was a
long period of relative land uplift with extensive land
denudation (Chatwin 1961, Swinnerton & Kent 1976).
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It will be appreciated that these relative sea-level
changes are due to changes of both land and oceanic var-
jables. However, the relative importance of these variables
changes when a different time scale is used. In geological
time, measured in 10 Ma, the changes of ocean basin shapes
and volumes are very important; indeed the scale of the
relative land~-and sea-level changes increases as the
timescale on which the movement can be identified becomes
greater. Ancient tectonic movements are recognizable in
the geological record but it has been argued (M8rner 1979)
that a tectonic component to uplift, in addition to
isostatic recovery, has been identified as a feature
solely of Fennoscandinavia and is not found in the records

from the United Kingdom, Iceland, and Baffin Island.

Regional folding and faulting during the Upper
Carboniferous Period replaced a north-westerly tilting by
an easterly tilting and marked the establishment of the
North Sea Basin (Pegrum et al. 1975). This basin, part
of the seismically inactive Eastern Atlantic continental
margin (Bott 1975) is characterized by substantial vertical
movements. Basin subsidence is explained, by Bott, as
the result of crustal creep in response to the stress system
at a margin, resulting in both regional and local subsidence
with normal faulting in the brittle uppermost crust.
However, the linear, sediment filled troughs, where crustal
extension was expreseed simultaneously along three converging
spreading axis, or triple points, (fig. 2.1), have also been
explained by a stretching motion in a rift valley stage

of development (Pegrum et al. 1975). Furthermore, Collette
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(1968,1971) has attributed the subsidence to crustal
thinning by transformation of gabbroic material to ecologite
in response to thermal changes in the underlying mantle
rather than proximity to a margin (Bott 1975). The resulting
structure is that the mid-and northern North Sea have a
central graben and fault block system, originating in
Permian times, with major subsidence during theJurassic

and Lower Cretaceous, concealed beneath an essentially
unfaulted deep basin of Upper Cretaceous and Tertiary

rocks (Kent 1975). The geology of the southern North Sea
Troughs is however further complicated by salt dome

intrusion and the development of inversimn troughs (Pegrum

et al. 1975).

Jurassic and Cretaceous rocks are the sole solid
outcropping rocks in Lincolnshire and around the Fenland
basin but the subsidence of the North Sea Basin during the
Tertiary and the associated erosion of the land surface
are probably the most important geological events in
explaining the present structure. Away from the Central
Graben, erosion was widespread at the end of the Cretaceous
period (63 MA ago), the inversion troughs of the southern
North Sea reached their maximum uplift (Pegrum et al. 1975
fig. 15), and the soft chalk was eroded, as were the cores
of older sediments. The combined results of the easterly
tilting and erosion was that the clays were more casily
denuded than the limestones and chalk and therefore the
clay vales were separated by ranges of hills with westward
facing scarps and more gently dipping eastward slopes.
Kellaway and Taylor (1953) have shown that in the basins of
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the rivers Welland and Nene the present "erosion cycle"
commenced as a surface gently sloping towards the North Sea.
Similarly, Posnansky (1960) argued that the pre-glacial
Trent flowed into the Wash Basin through the Ancaster Gap,
to be diverted during the Quaternary to the Lincoln Gap

and finally to the Humber estuary. The combination of the
Lincolnshire rivers, the Trent, and others from the south
were responsible for the wide gap in the Jurassic clays and
Cretaceous chalk sequence which now forms the Fenland

Basin and the Wash.

However, over much of the North Sea Basin, away
from the inversion troughs, uplift was only gentle, with
much of the chalk not berng removed. The basin was once
agdin surrounded by emergent land masses providing clastic
sediments, giving rise to the Tertiary clays, shales and
sandstones. The Tertiary sedimentary basin was never much
greater in extent than the present day North Sea, - the
London Basin, East Anglia, Holland and northern Germany then
lying beneath the sea. Where subsidence was continuous in
the central and northern North Sea the Tertiary sediments
locally attained thicknesses in excess of 3500 metres

(Pegrum et al. 1975).

The depth contours on the base of the Tertiary show
it to be elongated over the Central Graben and a general
conformity with the present coastline, except for the areas
noted above. A remarkable feature however, is that such
major ancient structures as the Mid-North Sea and Fyn-
Ringk8birg Platforms apparently had little or no control on

Tertiary sedimentation. Subsidence in the northern region
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appears to have been continuous for seventy million years,
but this was not the case for the whole basin. Thickness
variations in the Central and southern North Sea Tertiary
sequences show the continued plastic deformation of the
underlying Zechstein salt bearing strata. In the

Netherlands the Tertiary sequence is over 1700 metres thick
and testifies to the changes in the marine environment at

the edges of the basinwith $he interdigitation of marine

and non -marine conditions. Intervals of more rapid relative
subsidence alternated with still stands or posaible periods

of uplift and erosion around the margins. The identification
of peneplanation surfaces, benches and graded river systems
and their correlation with such still stands, however, still
appears difficult to prove unequivocally (Straw 1961,

Swinnerton and Kent 1976).

The Alpine epeirogenic movements, 25 Ma ago, made the
Paris-Hampshire Basin supra-tidal, and the Scottish Massif
was probably further uplifted relative to the North Sea
Basin (Pegrum et al. 1975). However, with the Tertiary Era
approaching its end the North Sea Basin was more uniform in
its response to land-and sea-level changes than previously
it had ever been. Apart from halokinetic disturbances the
ancient structures now exerted little control but during the
following Quaternary Period the North Sea area underwent
extreme changes in land-and sea-levels and environmental
conditions. Their causes, effects, and spatial variability
can be studied at much smaller spatial-and time-scales, and
in more detail than the earlier changes. Therefore the

recognizable variables change in importance as the precision
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and resolution of the time-scale is reduced from millions
of years to considerably less than 10,000 years in the Late-

Quaternary.

Part 2.2 : Environmental changes during the Quaternary
Period up to 10000 BP

The Pleistocene Epoch of the Quaternary Period
(Mangerud et al. 1974) covers the period 2 Ma ago to 10,000 BP
during which time sea-level is known to have risen above and
fallen below the present shoreline as the result of the
interaction of the extreme changes of climate, isostasy,
tectonic movements, the volume of water in the oceans, ice
volumes and the configuration of the geoid associated with
the glacial and interglacial stages. West (1972) has
presented evidence to suggest a fluctuation of sea-level
with an amptitude of 218 m. during thePieistocene in south-

east England.

The Pliocene/Pleistocene boundary ( Tertiary/Quaternary
Period boundary) in Britain is within the crag sequence of the
East Anglian basin; the Coralline Crag is of Pliocene age
and the Red Crag Pleistocene (Miller et al. 1979). West
(1972) and Mitchell et al. (1973) have outlined the stages
of the British Pleistocene Epoch and the former has
synthesized the evidence for changes in land-and sea-levels
within the period. There are many difficulties, acknowledged
by West, due both to the paucity of data relating the
sediments to theilr contemporaneous tide-level and the
difficulties of dating relative and absolute events. Indeed,

there is still controversy over the age and extent of the
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glacial deposits of Lincolnshire and the Fenlands as noted
by Turner (1973) and Catt (1977). Devensian tills occur
only in North Lincolnshire, while the "chalky boulder clay"
to the west of the Fenland basin has been ascribed both

Wolstonian and Anglian ages (Shotton 1973, Turner 1973).

The Pleistocene sequence reaches a thickness in
excess of 600 m. in the Netherlands and up to 70 m. near
to Great Yarmouth in East Anglia. These sequences provide
some information on land and sea-level changes in the
southern North Sea area. The combination of differential
land movements and a regression of sea-level to 183 m.
between Lenham and south-east Suffolk for the upper
Pliocene, and between Netley Heath and south-east Suffolk
f or the lower Pleistocene, is necessary to explain present
differences in height of the Crag deposits (West 1972).
Other estimates of net downwarping have been made for
interglacial deposits in East Anglia (West 1972 fig.T7)
but it is difficult to interpret regional rates due to the

limited distribution of outcrops.

There is some direct evidence of Pleistocene movements
of relative sea-level within the Fenlands and Lincolnshire.
The pre-Devensian shoreline, inland of the present coast
of Lincolnshire, consisted of bold chalk c¢liffs up to
75 m. high running north from Louth. The lower part of
these cliffs is buried beneath Devensian Till. This
shoreline is also exposed north of the Humber Estuary at
Sewerby. It age has ‘een gven as Ipswichian

i
(Straw 1961), butZwas undoubtedly formed earlier, for at

Sewerby pre-Ipswichian deposits rest on the platform and
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they themselves were planed by the Ipswichian sea (Catt 1977).

At Tattershall a peat bed of supra-tidal origin lies
below present mean sea-level. The pollen assemblage places
the deposit in Ipswichian zone IIb (Catt 1977). This
interpretation of a low relative sea-level in Ipswichian IIb
correlates favourably with the sites at Langham, Austerfield
and Sewerby described by Gaunt et al. (1974) where there is
evidence of a rise in relative sea-level from -14 m. to +1 m OD

between the end of Ipswichian I to the middle of Ipswichian III.

Horton et al., (1974) report a sequence of interglacial
raised estuarine and lacustrine beds to the west of
Peterborough. The Woodston Beds are up to 7 m. thick and
their surface is approximately +15 m OD. The interglacial
age inferred from the pollen assemblage is not refuted by the
radiocarbon assay; > 40000 (IGS-C1l4/125). The pollen spectra
indicate a transition from salt marsh and estuarine
environments to fluviatile and possible lacustrine sequences.
It is not stated with which interglacial period the beds

are associated.

Pleistocene gravels outcrop around the Fenland Basin.
Skertchly (1877) suggested that the gravels are all of marine
origin except for those off the Lincolnshire Wolds, but it
is probable that some of those along the western Fen edge
are of fluviatile or fluvio-glacial origin. However of
proven marine origin are the March Gravels. These occur
above the fen surface to a height of +10—12 m. OD at
March (Baden-Powell 1934). They contain a rich fossil
marine fauna and have been correlated with the third terrace

(Ipswichian) of the River Cam (Turner 1973, West 1977).
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The First and Second Terraces of the River Cam are of
Devensian age and a similar sequence of terraces is reported

for the River Nene (Shotton 1973).

However at Stutton, Suffolk, brackiah water deposits
from Ipswichian III are found at +1 m. OD and on this basis
West (1972) suggested a tilting of about 9 m. between the

western and eastern part of East Anglia since that time.

Jelgersma (1979) has summarised the evidence for
the Ipswichian (Eemian) sea-level maximum around the southern
North Sea. The highest level reported is +15 m. at Aveley
in the Lower Thames valley. On the continent and in the
adjacent North Sea Basin Eemian deposits trace the rise of
sea~level from about 40 m. below the present level to a
maximum 8 m. below in the Eem valley, Netherlands, 9 m.
below in Lower Saxony, 6.5 m. below on the Isle of Juist
and 5 m. below in Schleswig-Holstein. Near Brugge, Belgium,
marine Eemian deposits appear close to the present sea-level
(Jelgersma 1979). A late Eemian fall in sea-level is
indicated by a peat layer on top of salt marsh clays in the
Eem valley and in Friesland. Jelgersma concludes that the
differences in elevation of the Eemian sea-level maximum
might be caused by differences in tectonic downwarping in and

around the southern North Sea basin.

Eden et al. (1978) have discussed the Quaternary
deposits of the Central Graben of the North Sea. They note
that the greatest average rate of Tertiary subsidence
in the North Sea is of the order of 5 mm/100 years, whereas

the average subsidence for the whole of the Quaternary in
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the area north of the Forties Field is ¢. 30 mm/l100 years,
assuming the deposits to be shallow water facies. For the
Forties, Auk, and Josephine Fields the average subsidence
rates since the Late Devensian glacial maximum are reported
as 360,290 and 360 mm/100 years respectively. The conclusion
is that the Devensian, in particular, comprises a disprop-
ortionate amount of the sediments deposited since the
opening of the Tertiary Period. The authors argue that the
average subsidence rates for the late Pleistocene are too
high to be accounted for by tectonic subsidence alone, and
that isostatic movements, at times of glaciation positive

in the Central Graben and negative during deglaciation,

must be a major factor (Eden et al. 1978). They argue that
this is in accord with Bott's hypothesis (Bott 1971) of
mantle flow resulting in preferential isostatic subsidence
in the Northern North Sea. Their results are also compared
with the conceptual models of Cathles (Cathles 1975) which
involve a peripheral bulge followed by possible subsidence
during a glacial-deglacial cycle. Eden et al. (1978) argue
that the field data support, but do not prove, this type

of explanation (c.f. Jelgersma 1979). They conclude

(Eden et al. 1978 p.15) "that if peripheral bulge during
glaciation and subsidence following glaciation has involved
mantle flow, regional geological considerations lend support
to a hypothesis that vertical movement may have been greater
under the North Sea Graben than is predicted by assuming
laterally homogenous crust and mantle structure" (c.f.

Kent 1975). They add that the relationship between the

sequence of events in the area north of 56°N and that
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described farther south, particularly in the Dutch area,
where lower parts of t§2f§3€3§£ce appear to be better rep-
resented, remain to be investigated. As these southern
areas are more remote from the main centres of ice accum-
ulation, however, it may be expected that isostatic effects
would be less pronounced. Jelgersma (1961) noted that
tectonic subsidence even since Eemian (Ipswichian) times was
unlikely to have been a continuous process and that the
Pleistocene is characterized by increased tectonic activity
in the Netherlands. However, while accepting the peripheral
bulge hypothesis of geophysicists (e.g. Walcott 1972),
Jelgersma (1979) is of the opinion that in the area of the

sedimentary basins of the North Sea region the amount of

isostatic downwarping is questionable and highly speculative.

Therefore it would appear that until more data are
available from Quaternary sequences it is not possible to
quantify subsidence rates around the North Sea. Differ-
ential downwarping is evident but it is not yet possible to
differentiate between long-term subsidence of sedimentary
basins, e.g. movements initiated in Tertiary times, and
isostatic adjustment consequent upon the advance and retreat
of ice sheets. A further complication is the allowance to
be made for hydro-isostatic effects. Considerable research

remains to be done in this field.

Finally, the Pleistocene Epoch was one of marked
changes in the drainage pattern of the Fenland rivers. It
appears that during the Tertiary period the river systems
were initiated on a land surface sloping gently towards the

southern North Sea basin. However, the till of two
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glaciations filled many of the pre-glacial east draining
valleys, and along with the damming of valleys by glacier

ice and with glacial overflow channels, the present drainage
pattern was initiated. The pre-glacial valleys of the Trent,
Witham, Glen and Braceborough were established upon the
easterly sloping erosion surface but their present courses
now cut across these at right angles due to the till, sands
and gravels of the "chalky boulder clay" glaciation, of

Wolstonian or Anglian age (Rice 1965, Wyatt 1971).

Part 2.3 : The Pre-Flandrian landscape of the northern
Fenland

The pattern, extent and thickness of Flandrian coastal
sequences and associated environmental changes is aided by
a knowledge of the sub-surface topography of the glacial and
late-glacial sediments and landforms. This generally buried
surface upon which Flandrian peats, silts and clays have
accumulated will be referred to as the pre-Flandrian
topography or landscape even though, strictly, it will have
been modified during the Flandrian Stage prior to the

accumulation of the lowest peat or clay.

The cover of deposits of Quaternary age on the
Jurassic of the Fenland basin is not uniform and in places
it is absent. The thickness of Flandrian deposits varies
within the basin, attenuating against "islands" of both
pre-Quaternary and Quaternary sediments. Oxford clay rises
to the surface at Ramsey, Whittlesey and Thorney, while
Chatteris, Littleport and Ely (fig. 1.2 ) are situated

above the fen on outcrops of Kimmeridge Clay (Chatwin 1961).
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Quaternary sediments form islands at March( over Kimmeridge
Clay) Guthram Gowt and Stickney (Baden-Powell 1934,
Skertchly 1877). The pre-Flandrian landscape would control
the location and pattern of deposition of early Flandrian
sediments and therefore influence the course of early
transgressions, and possibly reveal the areas in which peat
formation may have been initiated without the influence of

a rising sea-level (c.f. Jelgersma 1961, 1979).

The data required for such an investigation are
borehole records. The density of data points controls the
detail of variation in relief which can be expected. For
example, 650 borehole logs were used for an area 11 x 11 km.
at Emden, West Germany, and it was possible to follow
ancient channels in the glacial sands which had subseguently
been filled with Flandrian (Holocene) sediments
(Barckhausen and Streif 1978). However it was during the
stage of data collection for the Fenland region, particularly
the northern part, that the investigation revealed its own
limitations. Data of the required quality were not available
in sufficient quantity. Most of the early records (Edmunds
and Spires 1945, Jukes-Browne 1887, Skertchly 1877,

Ussher et al. 1888) were not levelled to Ordnance Datum
(Liverpool) and only in a few cases was it even possible
to estimate their location and ground height to an accuracy

of ¥1.0 m. from the 1:25000 Ordnance Survey Series.

However, with the limited data available an attempt
to portray the topography has been made since it reveals a
series of methods that could be employed when, at a suitable

time in the future, sufficient information becomes available.
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It will also reveal the limitations in both the data and

the techniques, and how to recognize the limitations.

190 borehole records were used for an area bounded
to the north and south by the limits of the TF 100 km. grid
square, and landward by the +15 m. contour. Of these only
33% were accurate to 1.0 m. The figures produced in this
preliminary analysis utilize the SYMAP and SYMVU packages
developed at the Laboratory for Computer Graphics and

Spatial Analysis, Harvard University.

The location of the boreholes used is shown in fig. 2.2
and with a shaded contour map, with hand drawn contours
below 0.D. added (fig. 2.3), together reveal the effect of
clustering in the data, the complexity of the pre-Flandrian
topography increasing with the density of boreholes. The
CONFORMANT MAP elective in the SYMAP package, which divides
the map into nearest neighbour zones, shows how large areas
are covered by single data points in the coastal sites, while
the variation in the landward areas is much greater (fig. 2.4).
The problems associated with using the SYMAP package for
data sets without a suitable quantity of more or less evenly
spaced data points possessing a high degree of auto-
correlation have been discussed by Liebenberg (1976). With
these limitations in mind the SYMVU diagram, figure 2.5,
should be viewed cautiously, and only illustrative of general
trends and how such data can be presented. Again the
contrast between the coastal zones, showing large flat
areas, and the apparently more complex landward zones reflect

the limitations of the data. A larger data set should
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