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Abst¡act: Analysis of sealevel data from the east coast of England identifies local-scale and
regional scale factors to explain spatÌal and temporal variations in the altitude of Holocene
sea-level index points. The isostatic effect of the glacial rebound process, including both
the ice (glacio-isostatic) and water (hydro-isostatic) load contributions, explains refional-

. .. scale differences between eight areas: c.20mrange at 8cal.ka¡p and,by  cai..kasÞ.rela-
tive seaJevel in Northumberland was above present, whereas in areas to the south relative
sea level has been below present throughout the Holocene. Estimates for pre-industrial rela-
tive sea-level change range from I .04 * 0. I 2tnrna-t in the Fenland to - i.30 + 0.6g mm a 

-r
(i-e. sealevel fall) in north Northumberland, although this may overestimate the current rate
of sea-level fall. Isostatic effects will produce similar relative differences in rates of sea-level
change through the twenty-first century. The data agree closely with the patterns predicted
by glacio- and hydro-isostatic models, but small sysiematic differences alõng the east coast
await testing against new ice models. Local scale processes identified include differential
isostatic efects within the Humber Estuary and the Fenland, tide range changes during the
Holocene, and the effects of sediment consolidation- These processes help explain the vária-
tion in altitude between sea-level reconstructions derived from index poinis ta-ken from basal
peats and those from peats intercalated within thick sequences of Éiolocene sediments.

Analysis of data from estuaries and coastal
lowlands around Great Britain reveals different
relative seaJevel changes owing primarily to the
spatially variable consequences of glacio- and
hydro-isostasy (e.g. Shennan 1983, 1989; Lam-
beck1993a,b, 1995; Peltier 1998). These isosratic
factors combine with eustatic changes in ocean
volume to produce regional-scale rel¿tive sea-
level changes. Great Britain lies beyond the limit
of Scandinavi an ice at the last glacial maximum,
but close enough to result in isostatic movement
caused by that ice-sheet. Although small in
comparison, the British ice-sheet is the primary
cause of the spatial variation of regional-scale
relative sealevel changes along the east coast
of England. Both observations and model pre-
dictions (e.g. Shennan 1989; Shennan et al. li95;
Lambeck 1993a,b, 1995) in areas under thick
ice-cover from relatively small ice-sheets such
as the British ice-sheet typically record a fall-
rise-fall relative sea-level from the Late Deven-
sian to the present (Fig. 1). The age and alti-

tude of the early Holocene minimum and mid-
Holocene maximum varying according to geo-
graphic location relative to the centre ofthickest-
ice. In contrast, areas close to the limit of the ice,
and beyond, record a general trend ofrising rela-
tive sealevel (RSL) throughout the Holocene.
(Fig. 1).

Although the interaction of eustasy and
isostatic factors produces the general pattern of
relative sea-level changes various factors operate
at the coast and within an estuary that influence
the registration of relative sea-level changes in
the sedimentary record. These local-scale factors
include modifications in the tidal regime along
the estuary and the relationship between the
freshwater table and tide levels. Furthermore,
changes in elevation of the sediment recording a
past sea-level since the time of deposition must
be taken into account. Such changes in elevation
may include consolidation due to the accumula-
tion of overlying sediments and consolidation
due to land drainage.
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Fig. 1. Site location map with inset of schematic
relative sea-level curves from northwest Scotland and
southeast England based on glacio- and hydro-
isostatic rebound models (after Lambeck 1995).

For each site the change
time r, and location g can
matically as

in RSL (AÇ,) at
be expressed sche-

A(.'r(", p) :AÇ*(r) * A(¡*(r,9)

* A€ro""r(z, p) (1)

where AÇ,,(r) is the time-dependent eustatic
function; A{i"o(r, rp) is the total isostatic effect of
the glacial rebound process, including both the
ice (glacio-isostatic) and water (hydro-isostatic)
load contributions; and A{ro"ul(2, p) is the total
effect of local processes within the estuary. In
order to use observations from the sedimentary
record to reconstruct sea-level change the local
factors can be expressed schematically

Â6o""r(¡, ç): L€r¡a.G,ç) * LÊ""a?,ç) Q)

where Af,¡¿"G,ò is the total effect of tidal-
regime changes and the elevation of the sediment
with reference to tide levels at the time of deposi-
tion, and A€""¿(r, tp) is the total effect of sedi-
ment consolidation since the time of deposition.

This paper is one of a series arising mainly
from two projects (Project 316, Modelling
Holocene depositional regimes in the western
North Sea at 1000-year time intervals, and Pro-
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ject 313, Differential crustal movements within
the river-atmosphere-coast study (RACS) site,
Berwick-upon-Tweed to North Norfolk) within
the Land-Ocean Interaction Study (LOIS).
These two projects address different aspects of
reconstructing relative sealevel change and
crustal movements since the last glacial max-
imum (e.g. Shennan et al. this volume, in press
a,b). Other LOIS projects contributed data to
this paper (see Andrews et al. 1999; Brew et al.
1999; Metcalfe et al. 1999; Orford et al. 1999;
Plater et al. 1999). Previous modelling studies
(e.g. Lambeck 1993a,b, 1995, 1996: Lambeck
et al. 1998) demonstrated the general trends in
Holocene RSLs for different parts of the east
coast and indeed the previously available data
from eastern England were used to develop and
validate the earth and ice models. These studies
provide robust parameters for the earth model
(e.g. Lambeck 1996) and the eustatic function
(Fleming et al. 1998). Lambeck et al. (1998)
updated the model of the Scandinavian ice sheet
compared to the earlier papers and a separate
paper arising from the current LOIS projects
discusses a modified model of the British ice-
sheet (Shennar et al. this volume). Therefore,
the present paper does not discuss the detail of
the ongoing glacio- and hydro-isostatic model-
ling. The major discrepancies between observa-
tions and predictions occur mostly in those areas
under the thickest ice or where ice limits and
volumes are less well known, and for the Late
Devensian and early Holocene times, i.e. before
Scal.kanp, for which there are few data points
from the east coast of England.

The aims of this paper are threefold. Firstly to
distinguish and quantify the local-scale factors,
A(,ia"(r, rp) and AÇ"a(r,p), for separate sections
of the east coast of England between Berwick-
upon-Tweed, north Northumberland, and north
Norfolþ secondly, to quantify the regional-scale
differences (i.e. between the separate sections
of coast) in RSL caused by the interaction of
eustasy and isostasy; and finally, to quantify
the pre-twentieth century rate of sealevel rise
for the different coastline sections and compare
them to the Intergovernmental Panel on Cli-
mate Change (IPCC) predictions of future sea-
level change.

Data

A number of recent projects in eastern England
(e.g. Waller 1994; van de Noort & Ellis, 1995,
1997; Long et al. 1998) and the LOIS pro-
gramme have greatly enhanced the database
available for reconstructine Holocene sea-level
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change since the analyses ofShennan (1989) and
Lambeck (1995). Collectively, they provide a
large dafabase of reliable index points for
reconstructing Holocene sealevel changes. The
procedures for evaluating individual samples as
relative sea-level index points are routinely
explained in many publications (e.g. Shennan
l986a,b; van de Plassche 1986; Long et al.
1998). In brief, Iithostratigraphic and biostrati-
graphic data are used to quantify, with an error
term, the waterlevel at which the sample forms
in relation to tidal regime and identify the
tendency of sea-level movement represented by
the sample. A positive tendency is deflned as
an increase in marine influence and a negative
tendency is a decrease in marine influence. The
age of the indicator comes from calibrating the'' 
radiocarboh age of the sample, expressed as
the mean calibrated age and the 95o/o probability
range (from 'method A' of Stuiver & Reimer
1993). The pollen data also provide a coarse-
scale chronological check on the accuracy of the
radiocarbon ages.

Much of the sealevel data used in this
analysis existed before the LOIS project began.
The ¡adiocarbon database held at the Environ-
mental Research Centre (ERC), University of
Durham, consisted of 790 validated sea-level
index points of which 225 came from the east
coast between Berwick-upon-Tweed and north
Norfolk. The temporal and spatial distributions
of the index points were uneven and limited the
value of earlier analyses. Most of the recorded
index points were of mid-late Holocene age, aî
imbalance reflecting the field distribution of
surviving sediments suitable for field investiga-
tion. Sediments younger than about 2cal. ka¿p
have been destroyed by recent agricultural and
industrial development in the coastal zone. Index
points of earlier Holocene age often lie at very
great depth or seaward of the current coastline.
In addition, other important factors such as
sediment compaction and tidal-range variations
were not quantified in the existing database.
Therefore the sampling strategy within the LOIS
projects aimed, where possible, to fill gaps in the
geographical distribution (Fig. 2) of sea-level
index points and to extend the temporal range of
the data set (Fig. 3). The scatter shown in the
age-altitude distribution of sea-level index points
(Fig. 3b) indicates the magnitude of the sum of
the spatially dependent components, A€i*(", p),
A6,i¿"(", p) and A€."a(r, p), that are to be
explained.

In general the spatial improvement of the data
set and its extension towards the earlier Holo-
cene was very successful. The database now
available from the east coast of Eneland

Fig. 2. Location of sea-level index points from the east
coast of England and western No¡th Sea. The dots
represent study sites; each site may contain several sea-
level index ooints.

between Berwick-upon-Tweed and north Nor-
folk comprises 388 sealevel index points quan-
titatively related to a past tide level together with
an error estimate, and a further 7l data points
that provide limits on the maximum altitùde of
the contemporary local sea-level. Less successful
was the recovery of samples more recent than
2cal. kanp, due mainly to the great scarcity of
surviving deposits of that age. New data
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Fig. 3. Age-altitude plot, and frequency distribution (inset), of sea-level index points f¡om the east coast of
England and western North Sea.

collection also targeted basal peats, which, being
less susceptible to compaction, should provide
more reliable altitude data and allow an assess-
ment of compaction effects on intercalated peats
of comparable age. Where possible, sampled
cores were placed within a sedimentary context
by the addition of transects of cores, prior to the
selection ofthe core to be analysed. The original
sampling design identified six geographical
regions, each with different pre-existing data
and thus sampling requirements. The final
sampling programme also had to conform to
the requirements of the other LOIS projects (see
other papers in this volume).

Examples of data collected

In the following section we present litho-,
chrono- and biostratigraphic records from two
sites that illustrate the types of sea-level index
point and the limiting data used to reconstruct
relative sea-level changes. Pollen and spores are
shown as percentages of a total land pollen sum
of at least 300, which does not include aquatics
and spores. Foraminifera and diatom data are
shown as numbers counted, as at some levels only
small though significant totals were achieved
due to poor preservation. Stratigraphic symbols
follow a simplified Troels-Smith (1955) scheme.

Bridge Mill (BM95l7A), north
Northumberland

This site in northern Northumberland (Fig. 1)
lies in a small area of coastal plain below
l0mOD to the west of Holy Island. Coring
transects across this area show the Holocene
sediments to consist almost everywhere of silt,
clay and sand, but localized organic intercala-
tions occur within the clastic sequence in a
sheltered area in the lee of the upland to the
west. A thin upper peat occurs in several cores,
and impersistent lower organic units are also
present, although usually with a high clay
fraction. Two distinct peat layers are best
preserved at the hillslope foot in core BM95/
7A fNU 0407 45671, where the lower peat rests
upon sand, which could not be penetrated. The
two organic units in BM95l7é- are overlain and
separated by slightly organic blue-grey silt clay,
the intercalated clay layer including a highly
organic horizon. The lithostratigraphy is shown
as part of Fig. 4 which presents detailed radio-
carbon and biostratigraphic data from the core.

Pollen levels were selected near lithostrati-
graphic unit boundaries, which represent
changes in depositional environment, as well as
at intervals throughout the units. Representative
levels from each of the lithostratigraphic units
were analysed for foraminifera and diatoms to
prove their depositional origin and, ifintertidal,
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to assess their reference waterlevel within the changing conditions of water-level and salinity.
tidal cycle. The lower peat is shown to be mid- Table I illustrates how these data are used to
Holocene in age by a rise in Alnus pollen. reconstruct past RSLs. All four contacts are'îhe 

Alnus pollen and a fall in Ulmus above the validated sea-level index points with a known
upper contact supports the radiocarbon date of altitude, date and indicative meaning, which is
5290+608P (6002-6266cal.nn) at *4.25mOD. linked to a past tide level. The indicative
The date of 6285 +658P (7014-7281cal.nn) at meaning, of a coastal sample is the relationship
+ 3.89 m OD on the base of this peat is also sup- of the local environment in which it accumulated
ported by the pollen data. Gramineae dominates to a contemporaneous reference tide level (van
local wetland taxa through this peat and into the de Plassche 1986). The indicative meaning can
overlying clay. Saltmarsh pollen such as Cheno- vary according to the type of evidence and it is
podiaceae and Plantago maritima are present comrnonly expressed in terms of an indicative
throughout, but increase in frequency and range range and a reference water-level. The former is
in the clay. Foraminifera test linings are pres- a vertical range within which the coastal sample
ent in the pollen preparations and in the sep- can occur and the latter a waterlevel to which .
a ra te |ypreparedsamplessa l tmarsh foramin i fe ra theassemblage isass igned, fo rexample ,mean
Jadammina mauescens, Miliammina fusca and high water spring tide (MHWST), mean tide " .:

' T r o c h a m m i n a i n f l a t a a r c e o m m o n i n . b o t h p e a t ' . l e v e l ( M T L ) ; e t c . . ' ( v a n d e P l a s s c h e .  1 9 8 6 ) . , T h e  -  . - , : , , ' i ' \ . . . . ' . : , :  i
and clay. Diatom preservation was poor except base of the lower peat records saltmarsh peat
for a single sample, from the upper part of the formation at MHWST and the upper-three
peat, with a varied saltmarsh assemblage domi- dated contacts record changes between clastic
nated by Diploneis interrupta. This Iower peat- and organic sedimentation occurring around
clay couplet represents intertidal deposition, MHWST. The lower peat records positive sea-
passing up-core from upper to lower saltmarsh. level tendencies and the upper peat records

The upper peat and surface clay are less negative then positive tendency.
clearly saltmarsh, containing no foraminifera
and a few freshwater diatoms. Although the full
range of saltmarsh pollen appears, increased South Farm, Sunk Island (HMB9),
Cyperaceae and Gramineae frequencies sug- Humberside :,
gest deposition in a reedswamp with regular -.,
tidal input. The lower and upper contacts of the This site exemplifies stratigraphic data that ";'
upper peat are dated 4105+558P (4426-4827 cannot be referred to a past tidal level and so i.
cal.nr) at +4.59mOD and 3360È60nv (3462- are not valid sea-level index points per se, but li.
3802caI.BP) at +4.77 mOD. which nevertheless provide valuable limiting +

The sediments at Bridge Mill represent data that constrain the position of past sea- :''

deposition in the upper intertidal zone under levels by providing maximum altitudes for

Table 1. Sea-level index points from Bridge Mill

Laboratory code AA24223 é^A24224 ¡^424225 ^424226

raC age* 1o (a)
Calibrated age (cal. a nr)

Max.
Median
Min.

Altitude (mOD)
Reference water-level*,t
Indicative rangef
Tendency
Change in RSL from present$

3360 + 60 4105 + 55 5290+60 628s X65

3802 4827 6266 728r
3606 4s65 6101 1200
3462 4426 6002 70t4
+4.77 +4.59 +4.25 +3.89
MHWST -0.20 MHWST +0.09 MHWST -0.20 MHWST
+0.20 +0.20 +0.20 +0.20
+ - + +
+2.57 +0.20 +2.10+0.20 +2.05 +.0.20 +1.49 +0.20

Change in relative sealevel (RSL) is calculated as altitude minus the reference water level.
*The reference water-level is given as a mathematical expression of tidal parameters plus/minus an indicative
difference. This is the distance from the mid-point of the indicative range to the reference water-level.
tLocal mean high water spring tide (MHWST) is 2.40mOD.

f The indicative range (given as a maximum) is the most probable vertical range in which the sample occurs.
$ The RSL error range is calculated as the square root of the sum of squares of altitudinal error, sample thickness,
tidelevel error and indicative ranee.
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highest tidal levels. HMBS L'1A257017601 lies
on Sunk Island, a reclaimed area near the
northern shore of the outer Humber Estuary
(Fig. l). More than l0 m of marine sands cover a
layer of organic clay which contains Phragmites
remains. This clay overlies a peat, organic clay,
limnic mud and silt clay sequence, which rests on
the pre-Holocene sand diamicton. The contact
between the peat and the Phragmites-rich
organic clay is very sharp and represents an
erosive break in the sediment pile. The lower
part of the succession is shown in Fig. 5, which
presents the biostratigraphic analyses.

The limnic mud and silt clay units contain a
pollen record that represents transitional Late
Devensian and early Holocene vegetation com-
munities. The lowest level near the base of the
limnió'mud is characterized by Betúla and Juni-
perus, with some Gramíneae and Cyperaceae.
Pediastrum algal colonies support the interpre-
tation of a lacustrine origin. At the start of clay
deposition, above the limnic unit, many tundra-
type open habitat herbs like Helianthemum,
Rumex and, Thalictrum appear. Within the clay
and in the peat above, the open ground herb
flora is replaced firstly by Juniperus and Betula
again, followed by Corylus and then deciduous
trees Ulmus, Quercus and Alnus. This succession
is typical of the sequence from Late Devensian
Interstadial to Loch Lomond (Younger Dryas)
Stadial and then to Holocene. The change
from clay to peat formation is dated 8555 +
65ny (9397-9646cat. ne), which agrees with pine,
birch and hazel pollen assemblages from other
regions. The peat below the sharp upper contact

Table 2. Limiting dates from Sunk Island

with the overlying clay is dated 7145 +
60 ne (7806-8063 cal. nr) at - I 1.67 m OD, which
again supports the mid-Holocene pollen data
with high Alnus. A rich marine diatom and salt-
marsh foraminiferal assemblage occurs within
this upper clay, suggesting a marine origin, but
the peat and other sediments below this marine
clay arc barren of diatoms and foraminifera.
There are no saltmarsh pollen indicators in the
upper level of the peat, which apparently formed
under completely freshwater conditions. These
biostratigraphic data confirm an erosive hiatus
between the peat and marine clay, of unknown
duration. This hiatus means that the dated
peat-upper clay contact cannot be accepted as a
sealevel index point related directly to a past
tidal level. Nevertheless, the age and altitude
(Table 2\ give á limitiñg valuè becàúse'at that
time freshwater peat was forming and tidal
influence must have operated at or below that
altitude. Such peats may form in a wide verti-
cal range depending on local palaeogeography,
especially their relationship to active tidal chan-
nels and the groundwater table. Therefore, the
indicative range for these dates is from above
MHWST, where freshwatel peat formation is
controlled by tidal influence, to just below MTL,
where groundwater level is the controlling fac-
tor (Godwin 1940; Shennan 1982). Subsequent
marine inundation truncated the peat profile,
and then laid down marine clays unconformably
over the peat.

The analyses described in the following sec-
tion use both sea-level index points of the types
described from Bridge Mill, with quantified

Laboratory code AA2558t é^425582

taC age|Lo (a)
Calibrated age (cal. a rr)

Max.
Median
Min.

Altitude (mOD)
Refe¡ence water-level *,t

Indicative rangef
Tendency
Change in RSL from present$

7145 +60

8063
7923
7806
-tt.67
>[MHWST+MTL|2
+1.58
Limiting
< -14.61 + 1.58

8555 + 65

9646
9481
9397
-i l .95
>IMHWST+MTL]/2
+  1 . 5 8
Limiting
< -14 .89  +  1 .58

.F.':

ä

I
i:i.
¡:..l

Change in relative sea-level (RSL) is calculated as altitude minus the reference water-level.
* The reference water-level is given as a mathematical expression of tidal parameters plus/
minus an indicative difference. This is the distance from the mid-ooint of the indicative ranse
to the reference water-level.

tLocal mean high water spring tide (MHWST) is 3.32mOD.
{The indicative range is the most probable vertical range in which the sample occurs,
although the sample could occur above that range.

$ The RSL error range is calculated as the square root of the sum of squares of altitudinal
error, sample thickness, tide level erro¡ and indicative range.
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relationships to tide levels (e.g. Table l), and the
limiting type of data points illustrated from
Sunk Island (e.9. Table 2).

Analysis

Differences in RSL along the east coast due to
A€"",(") and A(¡"o(r, g) produce a continuum
within the range shown in Fig. 3b. In order to
summarize the information in graphical form
the data are grouped into geographical units and
plotted against a single curve for that region
(Fig. 6). The curve is the prediction from
Lambeck (1995) for one location in the region
and does not indicate any predicted within-
region variations in RSl.. .

The ice model and earth models of Lambeck
(1995) predict RSL slightly below the observa-

283

tions from Northumberland, the Tees Estuary,
the Lincolnshi¡e Marshes and, to a lesser extent,
north Norfolk and the Humber. For the Fen-
land the predictions lie within the upper range of
the observations. Lambeck et al. (1998), Flem-
ing et al. (1998) and Shennan et al. (this volume,
in press a, ó) describe improvements in the ice
and earth models and the eustatic factor and
these are not discussed in detail in this paper.
Lambeck et al. (1998) discuss changes to the
Scandinavia ice model and Shennan et al. fthis
volume, in press a, b) evaluate earth-model
parameters and revisions to the ice model for
Great Britain, but at this stage they cannot
identify a unique solution for the ice model.
Furthermore, modelling of tidal ranges in the
No¡th Sea.during the Holoce¡e (Shennan et al.
this volume) predicts changes of the opposite
sign needed to produce a better fit between the
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Lambeck (1995) predictions and the observa-
tions. Also, all of the previous analyses do not
consider the possible effects of sediment con-
solidation and tidal-range changes through time.
Paul & Barras (1998) illustrate how sediment
consolidation can be estimated, but this requires
quantitative information on the lithology of the
sequences above and below the dated sample,
which is not available for a large majority of the
sea-level index points.

Therefore, we have adopted the following
exploratory approach based on analysis of
the residuals between the observations and the
summary relative sea-level curve. For each geo-
graphical region in the following section the sea-
level predictions from the model of Lambeck
(1995) are summarized with a best-frt poly.
nomial. The linear term is then modified to
produce a best-fit solution to the index points
from basal peats only, subject to the condition
that the same solution does not conflict with
the set of limiting dates. The reasoning for start-
ing from a solution for the basal peats is that
they are probably less influenced by sediment
consolidation than index points from peats
intercalated between thick Holocene clastic sedi-
ments (e.g. Jelgersma, 1966; van de Plassche
1986; Törnqvist et al. 1998). Where seaJevel
index points on basal peats are taken from the
bottom of the peat, compaction is not a factor.
If sea-level index points are taken from the top
of the basal peat, however, these too will be
subject to some compaction.

Modification of the linear term has a similar
net effect for the areas and time periods under
consideration to changing an earth- or ice-model
parameter (e.g. Lambeck l993a,b) or the effect
of a change in tidal range through the Holo-
cene. The distribution of residuals against time
evaluates the validity of changing the linear
term. Comparable analyses were undertaken for
each region. To illustrate the approach we pre-
sent details of the analysis of the Humber data
and then provide summary illustrations from the
other areas.

Detailed example: the Humber Estuary

In relation to its size very little is known about
the Holocene evolution of one of Britain's most
important estuaries (Gaunt & Tooley 19741' van
de Noort & Ell is 1995, 1997;Longet a/. 1998). As
a result almost 40 cores were allocated to the
Humber, distributed along the estuary and in the
several major river lowlands that drain into it.
Thirty-six new index points were added to the
database and the record now extends to almost

+

- RSL mdel

^ Liriting dates

o Basal ¡ndex points

I htercalated ¡ndex [þints

+
l , {' - 1

-5

0 2 4 6 8 1 0 1 2
thousand €librated years BP

Fig. 7. Humber Estuary relative sea-level index points.
Error te¡ms are calculated as described in the text for
each index point, but only appear when they extend
bWlnd the size of the symbol 

,: .

8cal.asp. Further details are given in other
papers in this volume (Andrews et al.;Rees et aI.;
Ridgway et a.l.;Ìl|l[efcalfe et al. this volume).

Regional factors
.The plot of all validated index points from the
Humber Estuary conflrms the upward trend of
Holocene RSL typical of an area at or beyond
the margins of the last British ice-sheet (Fig. 7).
The seaJevel predictions of Lambeck (1995) for
the Humber Estuary are modifled to produce
a revised regional RSL curve (compare Figs 6
and 7). Departures from the revised regional
RSL curve (Fig. 7) suggest the importance of
local processes, such as sediment consolidation,
changes in palaeotidal range or within-region
differences in the isostatic effects. Determining
the relative importance of each of these is
difficult at this stage in the analysis, but careful
examination of the residuals (i.e. the difference
between the RSL summary curve and observa-
tions) provides an indication of their potential
importance.

Local factors

Palaeotidal changes. Major changes in coastal
configuration have occurred during the Holo-
cene as changes in the rate of relative sealevel
rise, sediment supply and catchment inputs of
sediment and water have varied. Accompanying
these will have been changes in tidal range,
caused by variations in tidal prism as well as
estuary configuration. As a first analysis, the RSL
summary assumes no such changes and is based
on present tidal variations within the Humber
estuary. This hypothesis is now tested, initially
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Fig. 8. Humber Estuary relative sea-level index points
f¡om basal peats: inner and outer estuary.

by dividing the sealevel index points into those
from the inner estuary, west of the Humber
Gap and outer estuary, east of the Humber Gap
(Fig. 8).

Index points younger than 6cal.kanp from
the outer estuary plot above the regional rela-
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tive sealevel curve, whereas those from the
inner estuary plot below (Fig. 8). This contrast
must be qualified by the clustered distribution
of the data through time, and more data are
required to test this hypothesis further. Never-
theless these differences suggest that palaeotidal
changes or differential isostatic movements may
have occurred within the Humber Estuary.

The separation into inner and outer estuary
data is an oversimpliflcation because as the tidal
wave penetrates an estuary it is modified by
changes in width and depth, river flow and
increased friction, which together cause non-
linear tidal distortions of the higher tidal
harmonics. In the Humber Estuary this results
in an increase in the altitude of tide levels up
estuary. This relationship is used in the subse-
quent analyses by using the up-estuary distance,
from an arbitary reference point, Grimsby,
based on our reconstructions of palaeogeogra-
phy at the time of sediment deposition. This
still does not take into account possible changes
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Fig. 9. Humber Estuary: scatter plots for sealevel
index points from basal peats showing the
relationships between residuals (observed versus
modelled relative sea level) and five parameters
(age, distance up estuary, depth of overburden,
depth to base of Holocene sequence and total
thickness of Holocene sequence) that may indicate
local-scale processes. Table 3 gives the correlation
coefficients.

Fig. 10. Humber Estuary: scatter plots for sealevel
index points from intercalated peats showing the
relationships between residuals (observed versus
modelled ¡elative sealevel) and five parameters
(age, distance up estuary, depth of overburden,
depth to base of Holocene sequence and total
thickness of Holocene sequence) that may indicate
local-scale processes. Table 3 gives the correlation
coefficients.
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in tidal prism through time due to the chang-
ing sea-level, bathymetry and palaeogeography
within the Humber Estuary.

Vy'hen the residuals are plotted against dis-
tance there is a strong relationship for basal
(Fig. 9) and intercalated (Fig. l0) peats. The cor-
relation coefficients (ruasar : -0.61; r¡r¡erç¿1¿¡s¿ :
-0.43) are above the critical value at both the
5 and lVo significance levels (Table 3). The
residuals for both basal and intercalated sea-
level index points have weaker positive relation-
ships with age (Figs 9 and l0). One hypothesis to
explain the trend with age is that tidal range
within the whole estuary was less in the past
than at present. The trends seen with both age
and distance suggest that in the past the tidal
range in the inner estuary had decreased to a

. greater extent .-than the outer ,estuary com-
pared with the present day (i.e. the increase in
tidal amplitude up estuary seen at the present
day was reduced in the past). This suggestion
is not unexpected, given the progressive infllling
of the Humber Estuary during the Holocene.
An additional consideration is differential iso-
static movement within the estuary. The isolines
of predicted mean sea level for 10, 8 and
7 r4Ckasp lie almost north-south across the
Humber Estuary (Lambeck 1995) and an element
of the trend of residuals with distance up estu-
ary could result from such isostatic movement.

In order to discriminate between differential
isostatic movement and tidal range changes
through time within an area that lies across the
isolines of isostatic model predictions (e.g. Lam-
beck 1995) it is necessary to analyse residuals
from RSL predictions based on the geographic
position of each index point, rather than the
RSL summary for the large area used here. Until
the revised glacio- and hydro-isostatic modelling
described earlier is completed this preferred
approach is not possible.

Sediment consolidation. Following deposition,
sediment consolidation will lower index points
from their original elevation and, unless cor-
rected for, will lead to an over-estimate of the
rate and magnitude of relative sea-level rise in
the Humber Estuary. The effects of consolida-
tion can be especially severe for index points that
are found above and below considerable thick-
nesses of Holocene sediment (such as those from
intercalated peats). This problem is reduced, but
not entirely removed, by using index points from
basal peats, which rest at, or close to, the base
of the Holocene sediment column. Subdivision
of the index points into basal and intercalated
peats provides an initial assessment (Fig. 7), and
suggests that the influence of sediment consoli-
dation may indeed be signiûcant. Most of the
samples from intercalated peats lie below those

j

Table 3. Pearson's product-moment correlation cofficients

Area Typet No Critical Critical Age
value value
(0.05) (0.01)

Distance Depth of Depth to Total
overburden base of thickness

Holocene of
sequence Holocene

sequence

Northumberland
North
Central

South

Tees

Humber

Lincolnshire Marshes

Fenland

North No¡folk

6  0 .71
6 0 .71
1

6 0 .71
6 0 .71

L6 0.47
9 0.60

2t 0.42
23 0.42
40 0.30
11 0 .55
l7 0.46
85 0.21

r08 0.20
17 0.46
t4 0.50

-0.s8 0.62
-0.79 -0.56

0.01 -0.93
-0.70 0.07

0.2s -0.66
-0.68 -0.4s
-0.14 -0.48
-0.48 0.20
-0.52 -0.51
-0.09 0.27
-0.65 -0.41

0.25 _-O.rt
-0.48 -0.87

B
I
B
I
B
I
B
I
B
I
B
I
B
I
B
I

0.83
0.83

0.83
0.83
0.59
0.74
0.54
0.54
0.39
0.68
0.s8
0.27
0.25
0.58
0.62

-0.51 -0.90 0.34
-0.15 0.60 0.s7

0.16 -0.87 -0.97
0.76 0.36 0.26

-0.19 -0.48 -0.54
-0.03 -0.34 -0.28

0.01 -0.s3 -0.s9
0.42 -0.61 0.27
0.08 -0.43 -0.23
0.37 -0.60 0.28
0.54 -0.12 -0.23

-0.19 -0.06 -0.35
-0.04 0.09 -0.37
-0.09 0.1 I -0.28
-0.30 -0.01 -0.81

?1

l;,
+
!i

iii'

*Values in bold exceed the critical value at the 0.05 significance level (two-tailed).

t B, basal peat sealevel index points; I, intercalated peat sealevel index points. Basal index points include samples
from the top and bottom of Deats.
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from basal peats of the same age. This is not
wholly unexpected and invites further analysis.

In the absence of the detailed lithological data
needed for quantitative assessment of consoli-
dation (e.g. Paul & Barras 1998) its effects on
index points from peats may be considered to be
dependent upon three more easily available
parameters. This approach does not model the
consolidation process, but gives an indication
of the net effects. The parameters available for
each index point are: (a) the thickness of sedi-
ment overburden; (b) the depth of sediment
below to the base of the Holocene; (c) the
thickness of the whole Holocene sequence
(Figs 9 and 10). For the basal peat index points
only the depth of sediment to the base of the
Holocenç. is signiûcant (Table 3),, correlation
coemcient rbasal: -0.48. The positive correla-
tions with the other two variables are neither
statistically significant nor of the correct sign to
suggest consolidation effects.

For samples from intercalated peats, depth of
sediment to the base of the Holocene and the
thickness of the Holocene sequence suggest
strong empirical relationships with the magni-
tude of residuals (Fig. 10 and Table 3). The
correlation coefficients for both parameters are
gteater than the critical value at the 5 and l%o
significance level suggesting further research in
this area is justified. For example, at this stage of
analysis no account has been taken of thevaria-
tion in sediment types, including the proportion
ofdifferent grain size distributions, organic con-
tent, water content, or of drainage histories.

Summary: regional sea level, sediment
consolidation and tidal change within the
Humber Estuary

The regional sea-level curve (Fig. 7) provides a
summary of the Holocene sea-level data from
the Humber Estuary. It is suggested that sedi-
ment consolidation, tidal changes and differen-
tial isostatic movements have played important
roles in producing the scatter of relative sea-level
data around the regional trend. Establishing the
relative importance of these factors is not pos-
sible at this stage and requires further modeliing
of each process.

This procedure of data analysis is now
repeated for the data collected from the five
other study areas with the following amend-
ment. Graphs of the relationships between
residuals and local processes are only shown
for those exceeding the critical value at the 5o/o
significance level (Table 3). These relationships,

therefore, reject the null hypothesis suggesting
there is no empirical relationship between the
parameters.

Northumberland

This is a critical region, as it is the most
northerly in the study area and so is likely to
show most clearly the effects of differential
crustal movement. Only 14 pre-LOIS validated
index points were available (Plater & Shennan
1992; Shennan 1992). Twenty-eight new index
points have been produced with the database
now extending to pre-8 cal. ka nr (Shennan et al.
in press å). These index points. come from
individual sites, with almost 60 km between the
most southerly and the most northerly. Geo-
graphically the sites fall into three clusters,
labelled here north, central and south (Fig. 1,
although no index points come from the most
southerly parts of the Northumberland coast).
Previous investigations illustrate a systematic
increase in the altitude with distance northwards
for seaJevel index points of the same age (e.g.
Plater & Shennan 1992; Shennan 1992; also
Shennan et al. in press ó) and the threefold
division is used in the following analyses. None
of the data come from large distances up
estuaries, so the distance parameter used is
distance from the northernmost point. Since
the Northumberland coast lies along the axis of
differential uplift any trend against this distance
parameter will in part result from within-area
differential movement.

Despite the lack of index points for the last
3 ka in all three Northumberland areas, the
presence of intertidal clastic sediments above
present high tide level demonstrates a fall in
RSL since the time of the youngest index point.
The distributions of the data from the whole
of Northumberland constrain the form of the
summary RSL curves (Figs ll, 13, 15) and
the three differ only in the value of the linear
terms in the polynomials.

The summary curve for Northumberland
North (Fig. ll) indicates a mid-late Holocene
maximum around 2.5m above present. The
basal peat data come from only two sites, so
while the significant correlation with distance
north-south may indicate differential crustal
movement any local effects changing tide levels
at either site will also contribute to the distribu-
tion in Fig. 12. The significant correlation with
depth to base of the Holocene for index points
from intercalated peats indicates a sediment
consolidation effect (Fig. 12 and Table 3).
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Fig. 11.'Northrimberland, North: rêlative sea-levèl iidex'points. Error'teims aie'calculated as desciibed in the
text for each index point, but only appear when they extend beyond the size of the symbol.
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Fig. 12. Northumberland, North: scatter plots showing the statistically significant relationships from Table 3
between residuals (observed versus modelled relative sea-level) for basal and intercalated index points and
parameters that may indicate local-scale processes (distance north-south and depth to base of Holocene
sequence).
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Fig. 13. Northumberland, Central: relative sealevel index points. Error terms are calculated as described in the
text fo¡ each index point, but only appear when they extend beyond the size ofthe symbol.
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The very small data set for Northumberland
Central shows a maximu.m around lm a.bove
present (Fig. 13) and a within-area trend with
distance (Fig. 16), which again should be quali-
ûed by the fact that the data are from few sites.
Sediment consolidation effects are evident from
the significant correlations with both depth of

lntercalated index points:
distance

sediment overburden and total thickness of the
Holocene sequence.

Northumberland South reveals a mid-late
Holocene maximum less than 1m above present
(Fig. l5). The age distribution of index points
from basal peats is very restricted, and given the
error estimates for both the age and altitude
of residuals, no inference is made from the cor-
relation (Fig. 16 and Table 3). The significant
correlation with distance, in this case for data
from intercalated peats, must be qualified with
the observation that the largest negative resi-
duals of those data younger than 4cal.kasp
come from peat beds recently exposed on the
beach at Druridge Bay, south Northumberland.
These peats have been exposed following the
landward migration of sand dunes, so they were
once covered by many metres of dune sànd,
which would have caused consolidation of the
peat and underlying Holocene sediment. Sedi-
ment consolidation of intercalated index points
is further shown by the significant correlation
with depth of overburden and sediment thick-
ness (Table 3).

Tees Estuary

Nineteen index points were previously available
from within the Tees Estuary (Fig. 1) (Tooley
1978; Shennan 1992). Eleven new index points
have been gained under LOIS, which extend
the Tees record to most of the period 3-l I
cal. kanr; further details in Plater et a/. (this
volume). The data indicate that sea-level did not
rise above its present level (Fig. 17). Many of the
samples come from thick sediment sequences
and the scatter seen on the RSL plot appears to
result at least in part from sediment consolida-
tion. Significant correlations for altitude resi
duals against depth to base for the basal peats
and depth of overburden and total Holocene
thickness for the intercalated peat index points
support this view (Fig. 18). The distance param-
eter is, like the Humber, distance up estuary.
The correlation between residuals and distance
is only significant at the 5o/olevel for intercalated
peats, but this may indicate a change through
time of the tidal prism; although the basal
peat data do not show a significant correlation
coefficient.

Lincolnshire Marshes

The area between the Humber Estuary and the
Fenland south of Gibraltar Point (Fig. 1) had
not been studied in detail, and few index points
were available despite the importance of the
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Fig. 14. Northumberland, Central: scatter plots
showing the statistically significant relationships from
Table 3 between residuals (observed versus modelled
relative sea-level) for intercalated index points and
parameters that may indicate local-scale processes
(distance north-south, depth of overburden and total
thickness of Holocene sequence).
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Fig. 15. Northumberland, South: relative sea-level index points. Error terms are calculated as described in the
text for each index point, but only appear when they extend beyond the size of the symbol.
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Fig. 16. Northumberland, South: scatter plots showing the statistically significant relationships from Table 3
between residuals (observed versus modelled relative sea-level) for basal and intercalated index points and
parameters that may indicate local-scale processes (age and distance north-south).

-RSL model

O Basal index points

¡ Intercalated index points

Thousand cal¡brated yearc¡ BP

Fig. 17. Tees Estuary relative sealevel index points. Error te¡ms are calculated as desc¡ibed in the text for each
index point, but only appear when they extend beyond the size of the symbol.
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Lincolnshire coast as a geological and geody-
namic link between the major estuaries of the
Humber and Wash (Brew 1997). There are now
28 index points for this region, including for the

d¡stânc€ up ætuary Gml

Intercalated index points:
total thickness
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first time, data from calcareous material within
clastic sediment units (further details in Horton
et al. this volume). The sealevel index points
record a rising curve towards present (Fig. t9),
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Fig. 18. Tees Estuary: scatter plots showing the statistically significant relationships from Table 3 between
residuals (observed versus modelled relative sealevel) for basal and intercalated index points and parameters that
may indicate local-scale processes (distance up estuâ¡y, depth of overburden, depth to base of Hoiocene sequence
and total thickness of Holocene sequence). 'l:l'
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Fig. 19. Lincolnshire Marshes relative sealevel index points. Error terms are calculated as described in the text
for each index point, but only appear when they extend beyond the size of the symbol.
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with the majority of the samples from inter-
calated peats falling on or below the RSL curve.
Horton èt al. (this volume) discuss the data older
than 7.5cal. kasp, which includes dated samples
of foraminifera from clastic sediments. Differ-
ential crustal movement within the area is
suggested by the significant correlation with
distance, north-south along the coast as with the

Basal index points: distance

0 2 0 4 0 6 0
d¡stance N-S (km)

Intercalated index points:
age

0 2 4 6 8 1 0
cal ka BP

lntercalated index points:
depth to base

0  5  t 0
sediment (m)

fig.20. Lincolnshire Marshes: scatter plots showing
the statistically significant relationships from Table 3
between residuals (observed versus modelled relative
sea-level) for basal and intercalated index points and
parameters that may indicate local-scale processes
(age, distance north-south, depth to base of Holocene
sequence).

Northumberland analysis, for the basal peat
index points (Fig. 20 and Table 3). As discussed
in the Northumberland section, this could also
include a tidal change effect. The cluster of
samples from foraminifera discussed by Horton
et al. (this volume) heavily influences the correla-
tion with age (Fig. 20), and without which there
is no significant trend. Sediment consolidation is
suggested in the signif,cant correlation for sedi-
ment thickness to the base of the Holocene.

Fenland

Since a substantial mid Holocene Fenland data-
base existed already (158 index points), LOIS
sampling concentrated on deeper sediments
closer to the coast where earlier index points
could be recovered. In this way the Fenland
database has been extended by 35, including
several more index points of about 7 cal. ka np or
older. This region (Fig. l) is large enough to hold
out the possibility of recording differences in
crustal history within it. Furthermore, the spread
of the basal peat index points around the RSL
curve (Fig. 21) is no greater than other regions
with considerably smaller data sets (e.g. com-
pare Fig. 22with Fig. 9). The spatial distribution
of samples is large, over 90 km, and previous
investigations indicate separate areas within the
Fenland basin showing contrasting sediment
chronolo gies (e. g. Shennan 1 98 6 b ; W aller 199 4).
The limitations of differentiating between iso-
static and palaeotidal effects as outlined in
the Humber analysis also occur here. The lack of
a signif,cant correlation between residuals and
distance for either basal (r6""u1: -0.06) or inter-
calated (rintercalated :0.09) peat index points
(Table 3) should not at this stage be used to
say there is no differential crustal movement
within the Fenland basin. It is possible that a
change in tidal range through time could have an
effect of similar magnitude and opposite sign.
Model results indicate that tidal range changes
will have occurred in the Fenland area during
the Holocene, but the predictions are poorly
constrained by the resolution of the tidal models
available or by the palaeogeography and palaeo-
bathymetry models used (e.g. Hinton 1992;
Shennan et al. this volume).

The only sediment parameter available for the
majority of Fenland samples currently is the
depth of overburden. For index points from
both basal and intercalated peats the correlation
with residual altitude is significant (Fig.22 and
Table 3), indicating the effects o[ sediment
consolidation.
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Fig. 21. Fenland relative seaJevel index points. Error terms are calculated as described in the text for each index
point, but only appear when they extend beyond the size of the symbol.

zv5

Fig.22. Fenland: scatter plots showing the statistically significant relationships from Table 3 between residuals
(observed versus modelled relative sealevel) for basal and intercalated index points and parameters that may
indicate local-scale processes (depth of overburden).

Basal index points: depth of
overburden
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North Norfolk

Locating deeper sequences and recovering sev-
eral basal peats previously known but not
systematically sampled enhanced the existing
distribution of data points for north Norfolk
(Fig. l). Some extension along the north Norfolk
coast was also achieved and 23 new index points
added (Andrews et al. this volume). Index þoints
from basal peats and the limiting dates from
freshwater peats give a well-constrained seaJevel
curve, with most of the dates from intercalated
peats lying below the curve (Fig. 23). Cur-
rent tidal ranges change significantly east-west
along the north Norfolk coast, with MFIWST
for Cromer, in the east, at 2.55mOD, rising to
3.55mOD to the west at Hunstanton. The dis-
tance parameter used in the analysis of residuals

Intercalated index points:
depth of overburden

.t

f - ;

0 5 1 0
sed¡m€nt (m,

(Table 3) is distance west-east, but it shows no
signiflcant correlation with either basal or inter-
calated peat index points, which may have indi-
cated an important spatially dependent change in
tide levels between sites. Significant correlations
with depth of overburden and total thickness
of the Holocene sequence indicate the likely net
effects of sediment consolidation (Fig. 2q.

Regional summary: relative sea-leyel
changes between north Northumberland and
north Norfolk

The eight regional relative sea-level curves
described separately in the sections above (Figs
7, l l , 13, 15,17, 19,21,23) show a consistent
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Fig. 23. North Norfolk relative sea-level index points. Error terms are calculated as described in the text for each
index point, but only appear when they extend beyond the size of the symbol.

Intercalated index points:
depth of overburden

Intercalated index points:
total th¡ckness

the linear term may overestimate the current rate
of sealevel fall because the polynomials
are fltted to data for ¿.3.5-Scal.kasp and
show the rate of fall increasing from the sea-
level maximum to the present (Figs 11, 13, l5).
Linear solutions from the youngest index point
to the present give rates of c. =0.66mma-' for
Northumberland North and c. -0.l2mma-l
for Northumberland Central and South. At
present there are no observations to test this
further. Nevertheless, the observations of mid-
late Holocene sea-level index points above
present in Northumberland and below present
in the Tees Estuary support the change in sign
for current rates of sea-level change between
these regions (Figs 25 and 26).
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ßig. ?A. North Norfolk: scatter plots showing the statistically significant relationships from Table 3 between
residuals (observed versus modelled relative sealevel) for intercalated index points and parameters that may
indicate local-scale processes (depth of overburden and total thickness of Holocene sequence).
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sequence of increasingly higher sea level to the
north at any point in time (Fig. 25). This
sequence is consistent with model predictions
(e.g. Lambeck 1995), but explanation of the
offsets between predictions and observations
(Fig. 6) awaits the results of modelling using
recent analyses of the earth- and ice-model
parameters (Lambeck et al. 1998; Shennan et
al. this volume). Current rates of sea-level rise
range from 1.04t0.lr.mma-l in the Fenland
to -1.30t0.68mma-' (i.e. sealevel fall) in
Northumberland North (Fig. 26). The scarcity
of data for the last 3 ka from Northumber-
land, where the data sets are the smallest, gives
Iess well-constrained statistical summaries than
other regions. The approach of changing only
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Thousand calibrated years BP

Fig. 25. Holocene relative sealevel curves for the east coast ofEngland, based on the summary curves for each
area shown in the preceding figures.

Fig.26. Late Holocene-present rates of relative sealevel change for the east coast of England based on the
extrapolation of the summary curve for each area shown in the preceding figures. The error term is the 95o/o
regression confidence interval based on the sum of squ¿res of the ¡esiduals from the regression. For the
Northumberland areas the open square shows the rate based on the linear ût through the youngest index point
only (see text for discussion).
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Comparison with IPCC scenarios of future
sea-level rise

The report of the Intergovernmental Panel on
Climate Change 1995 (IPCC 95) summarizes a
range of global mean sealevel rise scenarios
(Houghton et al. 1996). The'best-guess' or'mid-
range' predictions described in the technical

summary and summary for policy makers in
IPCC 95 refer to sea-level predictions from the
IS92a prediction, which is discussed in detail by
Warrick et al. (1996). The rise in sea-level for
IS92a predicts a rise of 20 cm from I 990 to 2050,
within a range of uncertainty of 7-39 cm; and
49 cm for 1990¿100, range 20-86 cm. The mean
prediction translates into a rate of change in

--+- Northumberland-North
--¡- Northum berland-Centra,
-x- Northumberland-South
---r- Tees
--+- Humber
--¡- Lincolnshire Marshes
--r- Fenland
--.-- North Norfolk
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ôFenland

*global mean with lower &
upper limits

I Northumberland-North
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Years
fig.27. Rates of sealevel change 1890-2100. Global mean data with error limits from Warrick et al. (1996),
assuming zero eustatic sea-level rise in the pre-industrial era, shown as 1890. The late-Holocene rates for
Northumberland North and Fenland (mean values from Fig. 26), shown fo¡ 1890 and added to the global mean
data to give the values for 2050 and 2100.
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excess of 5 mm a-r by 2100 (Fig. 27). Assuming
maintenance of the late Holocene relative differ-
ences between the Fenland and Northumber-
land North (Fig. 26) these data in combination
indicate a rate of sea-level rise bv 2100 in excess
of 6mma-l for the Fenland and 4mma-l
for Northumberland North. Such predictions
have potentially very important implications for
coastline changes and management. Detailed
consideration of these is beyond the scope of this
paper except to point out that Northumberland
North has not experienced such rates of seaJevel
rise since before 4 cal. ka Bp (Fig. I l), though this
must be qualified by the different time-scales of
the comparison, and for much of the period the
coastline has developed under falling RSL. The
transition sometime in the next century from
relative fall to relative rise may initiate signifi-
cant coastline changes. Similarly, an increase in
the rate of seaJevel rise in the Fenland may be
sufficient to initiate a change from a regressive to
transgressive phase (e.g. Shennan 1987; Allen
L990, r99s, 1997).

The uncertainties of the IPCC projections are
Iarge relative to the mean predicted sea-level
rise (Fig. 2T. If sealevel rise is towards the
lower end of the range, the differential crustal
movement or isostatic factor, i.e. the difference
between Fenland and Northumberland North, is
ereater than the 1990-2100 increase. For sea-

level predictions at the higher end of the range,
the differential isostatic factor becomes propor-
tionately less important, around 25o/o.

Conclusions

This analysis ofsealevel data from the east coast
of England has identifled local-scale and regio-
nal-scale factors that explain spatial and tem-
poral variations in the altitude of sealevel index
points. The isostatic effect ofthe glacial rebound
process, including both the ice (glacio-isostatic)
and water (hydro-isostatic) load contributions,
explains the differences at the regional scale,
which are manifested in approximately a 20-m
range for features formed 8kasp. By 4kanr,
RSL in Northumberland was above present;
whereas in areas to the south RSL has been
below present throughout the Holocene. These
differences will produce different rates of sea-
level change through the twenty-ûrst century.
The data agree closely with the patterns pre-
dicted by glacio- and hydro-isostatic models, but
small systematic differences along the east coast
await testing against new ice models. New pre-
dictions based on the revised models will provide
the basis of testing further the effects of local-
scale processes identified here. These include
differential isostatic effects within the Fenland,
tide-range changes during the Holocene, and the
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effects of sediment consolidation. The paucity of
data for the last 3 cal. ka Bp remains a constraint
on the analyses from most areas and is another
priority for future research.
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