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Abstract

Observations of relative sea-level (RSL) change in Great Britain since 16 kyr BP and models of post-glacial isostatic adjustment
provide constraints on reconstructions of the British and Antarctic ice sheets from the Last Glacial Maximum to the present. We use
the global model from an earlier investigation, modified ICE-4G (VM2) with lithospheric thickness =90 km, which gives good RSL
fits globally as well as for much of the British data. A revised ice model for Great Britain that fits with recently published
observations on ice limits and heights fails to explain all the misfits between RSL observations and predictions. Much more
significant improvements result from models that incorporate a different chronology for the partial deglaciation of Antarctica, while
keeping the total ice melt, ~ 17 m, the same as in I[CE-4G (VM2). The results suggest Antarctic melting of ~3 m ice equivalent sea
level by 15 kyr BP, only ~1m contribution to the ~24 m rise of MWP1a, with the major melting 12-5 kyr BP, and a small amount
of melting, 1.0+0.3 m, between then and 3 or 2 kyr BP. These modifications produce RSL predictions for Barbados that show the
major changes in rate of sea level rise, but with an offset up to 1 kyr compared to the observations. Possible explanations that remain
to be investigated further are a delay in the melting of ice from some other region, a reduction in the total melt derived from
Antarctica, and a refinement of the 1kyr temporal resolution assumed in the construction of the theoretical solution. © 2001

Elsevier Science Ltd. All rights reserved.

1. Introduction

Although small in global terms at the Last Glacial
Maximum (LGM) the ice sheet that covered much of the
British Isles was sufficiently large for post-glacial
isostatic adjustment processes to produce vastly con-
trasting relative sea level (RSL) changes at different
locations (Figs. 1 and 2). Explanation of these involves
understanding two significant relationships. First, the
glacial isostatic component of RSL change is highly
sensitive to shallow earth structure, especially litho-
spheric thickness and the viscosity of the upper mantle
(Shennan et al., 2000a). This is in contrast to, and
independent from, rheological constraints obtained
from regions beneath the Fennoscandia and Laurentide
ice sheets where RSL changes show a more pronounced
sensitivity to deeper earth structure (Peltier, 1998).
Second, because of their similar magnitudes the glacio-

*Corresponding author. Tel.: +44-191-374-2484; fax: +44-191-374-
2456.
E-mail address: ian.shennan@durham.ac.uk (I. Shennan).

isostatic rebound in northern Britain and the global
meltwater influx result in RSL change that is highly non-
monotonic in time (Fig. 2) as these processes dominate
at different periods. Finally, research over many decades
by numerous research teams and individuals working on
different aspects of Quaternary environmental change
provide a large number of observations to test
quantitative models of the glacial isostatic adjustment
(GIA) process and the controlling parameters. Together
they represent a uniquely stringent test for models of
GIA-induced RSL change since they are sensitive to
both local rheological and ice sheet parameters as well as
the global meltwater influx.

In this paper we take the ICE-4G (VM2) global model
with a lithospheric thickness of 90km described by
Peltier et al. (in press) and investigate two parameters
that may help to explain the misfits between RSL
predictions and observations at sites within Great
Britain. First we present a revised ice model for the
British Isles that fits with recent observations on ice
limits and heights and see if it can reconcile the
differences between RSL observations and predictions
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Fig. 1.

described by Peltier et al. (in press). Second we evaluate
different models of far-field ice melt history during three
periods for which RSL data from GB sites provide
particularly good constraints. The number and precision
of the RSL index points provide constraints on
variations in the rate of RSL change from far-field
sources that could not be observed with the same
resolution from coral records that have larger height
error terms. Therefore the combination of a global
model of post-glacial isostatic adjustment, a local ice
model that fits the geomorphological data and well
constrained RSL data from a range of sites within GB
gives a stringent test of different models of global
meltwater influx from the LGM to present.

2. Data

Compilation and validation of sea-level index points
from Great Britain (England, Scotland and Wales; the
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data for Ireland have not been assimilated yet) produces
a databank of 934 index points (Fig.2) for the last
16 kBP from 55 locations that provide a good geogra-
phical spread (Fig. 1). Each index point gives the age,
height and direction of change of sea level for its
location. A further 91 data points (“limiting dates’’) give
a maximum or minimum limiting height. RSL changes
at one location are the product of processes that operate
at spatial scales ranging from global to local. In the
context of the EPILOG project (Mix et al., 2001) we
need to identify the local scale issues in order to
understand and quantify the regional to global scale
parameters. Local scale processes, especially those that
influence the formation of the individual sea-level index
points which are central to the analysis of model
predictions against observations, include changes in
tidal regime, sediment accumulation and sediment
compaction. These have been considered in recent
analyses (Shennan et al., 2000a,b) and are not
investigated further here. The error terms and scatter
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Fig. 2. (a) Plot of 934 sea level index points from Great Britain, shown
as change relative to present, and all radiocarbon ages calibrated to
sidereal years. (b) Summary of the RSL predictions for the 55 sites
using the modified ICE-4G (VM2) lithosphere=90km model de-
scribed by Peltier et al. (in press). The curves illustrate the major
features of the different RSL histories from Great Britain that form the
basis for the further analyses described in this paper. Comparisons of
predictions and observations for all 55 sites are shown in Fig. 10 of
Peltier et al. (in press).

of the data points for each site indicate their general
significance.

Recent analyses based on observations of ice limits
and surface heights at LGM (Ballantyne, 1997; Benn,
1997; Ballantyne et al., 1998; McCarroll and Ballantyne,
2000) provide limited but powerful constraints on the
model parameters of the British ice sheet. Others
provide radiocarbon ages on the ice limits and recession
stages (e.g. Bowen et al., 1986; McCabe et al., 1998).

This combination of comprehensive RSL data and
local ice model constraints enable the testing of a series
of non-local parameters and form the basis of two recent
analyses (Shennan et al., 2000a; Peltier et al., in press).
These analyses explain the nature of the RSL observa-
tions, the different approaches used in modelling the
post-glacial isostatic adjustment processes, and the
contrasting results obtained. Shennan et al. (2000a) use
the models developed by Lambeck (1995) while Peltier

et al. (in press) produce a modification of the ICE-4G
(VM2) global model of Peltier (1998). Significant
differences between the models include the radial
viscoelastic structure, the timing and pattern of ice-
equivalent eustatic sea-level change, and the timescale
used (radiocarbon or sidereal years). All of these are
discussed by Peltier et al. (in press) and are not repeated
here. Importantly we note that neither paper produces a
unique solution to explain the RSL observations and we
investigate this aspect further in this paper. Our analyses
use the modified ICE-4G (VM2) global model (Peltier
et al., in press), with all calculations, predictions and
observations on the sidereal timescale, and radiocarbon
dates calibrated using CALIB v3.0 (Stuiver and Reimer,
1993); recent revision of the sea-level database using
CALIB v4.2 showed no significant differences in the
model—data comparisons described later that justified
re-running the analyses. Whereas the model thickness of
the lithosphere in ICE-4G (VM?2) was near 120 km, best
fits to the GB data require a model lithosphere thickness
near 90km (Peltier et al., in press). This important
modification also produced a good fit with other sets of
RSL observations, such as those from a range of sites on
the east coast of the USA and numerous Pacific islands
(Peltier et al., in press).

3. RSL predictions

Fig. 2b shows the RSL predictions by Peltier et al. (in
press) for the 55 locations shown in Fig. 1. The full
range illustrates the regional scale (i.e. area of Great
Britain) response predicted from a global earth model, a
global model of ice melt since the LGM and a regional
(GB) ice model (see Peltier et al., in press, for details).
Sites in Britain beyond the LGM ice limits and those
under thin ice record RSL below present since the LGM.
Those for sites under thick ice record a non-monotonic
pattern of RSL change showing RSL fall ~19 to
~11kyr BP, a rise to a mid-Holocene highstand, and
RSL fall to present. The RSL observations that record
this non-monotonicity provide a crucial constraint for
the ICE-4G (VM2) model with a lithosphere of 90 km
(Peltier et al., in press). They also showed how the
timing and magnitude of the rise to the mid-Holocene
highstand and the fall to present could quantify a late
Holocene melting history for Antarctica different to that
defined in ICE-4G.

Additional important characteristics of these predic-
tions include that all the curves show gradual changes
between ~13 and ~10kyr BP (Fig.2b), a feature
consistent with observations from sites in NW Scotland
(Shennan et al., 2000a). This indicates that the Younger
Dryas ice cap, which reached up 700m thickness
(Thorp, 1986) in the highlands of Scotland and is
modelled as a 1kyr episode by Peltier et al. (2000a),
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caused little or no significant depression of the Earth’s
crust, contrary to previous arguments based on field
evidence. Analysis of new field evidence and a re-
evaluation of previously published data led Firth and
Stewart (2000) also to conclude that the Younger Dryas
ice advance may have produced localised crustal
depression, in the order of 1 m or so, but not the more
widespread impact formerly proposed. Thus we feel
confident in using the RSL records for this time period
from sites in Scotland to test other hypotheses in the
knowledge that there is little or no tectonic signal if
the trends are evident at sites at different distances from
the Younger Dryas ice limit.

We also draw attention to an inflection present in all
the curves at 15kyr BP (Fig. 2b). This results from an
acceleration in global meltwater discharge that was first
quantified from the coral record from Barbados and
called meltwater pulse 1a or MWP1a (Fairbanks, 1989,
1990), and is a key feature of the ice-equivalent eustatic
sea level function in ICE-4G (Peltier, 1998). At the | kyr
timestep of the model MWPIa is defined by the values
for 15 and 14 kyr (see Figs. 6 and 37 of Peltier, 1998).
Shennan (1999) shows how the RSL observations from
NW Scotland can be used to constrain MWPla,
although this analysis was in part based on the ICE-
4G ice model for Great Britain but this ice model had an
incorrect timing for the major ice melting in Scotland
(Peltier et al., in press).

3.1. Ice melt histories

We now evaluate how the RSL features summarised
in Fig. 2b and described above can be used to investigate
possible ice melt histories of both the British and far-
field sites. We shall use the same earth model as in our
first investigation (Peltier et al., in press, modified ICE-
4G VM2 with lithosphere =90 km) since this gives good
RSL fits globally as well as for most of the GB data.

The first aim is to present a revised ice model for
Great Britain that fits with recently published observa-
tions on ice limits and height in order to evaluate
whether this may reconcile the mid-Holocene highstand
in Wales and NW England predicted by Peltier et al. (in
press) with the RSL observations that show no evidence
for such a feature in these areas. This revised ice model
for Great Britain is used in all subsequent models in this
paper.

Secondly we evaluate different models of far-field ice
melt history, highlighting three time periods for which
the GB RSL data provide particularly good constraints,
namely the time around MWPIla, the early Holocene
RSL rise in the non-monotonic curves from sites under
thickest ice at LGM, and finally the mid-to-late
Holocene period. As we shall describe later, we model
the different far-field ice melt histories as variations in
the contribution from Antarctica, since the models of

other major ice sheets are well constrained by RSL
observations in ICE-4G (VM2) (Peltier, 1998; Peltier
et al., in press).

3.2. A revised ice model for Great Britain and the high-
stand in NW England and Wales

Peltier et al. (in press) identified pronounced misfits
between model RSL predictions and observations from
sites in NW England and Wales (Fig. 1, site 32
Lancashire, 33 Mersey, 34 north Wales, 44 mid Wales),
where the model is predicting the occurrence of raised
beaches which are not observed. Explicit analyses of the
sensitivity of this feature to the thickness of ice load
demonstrated that this cannot be resolved simply by
changing the ice load. For example, even an unaccep-
table ice model, with no ice south of the Solway Firth
(28, Fig. 1), does not totally remove the Holocene
highstand. However, modifications to the ice model for
the Irish Sea and adjacent land areas have an impact on
the total ice mass of the GB ice sheet and the pre-
Holocene RSL at many sites. Therefore we have
produced a modified ice model that better conforms to
the chronology of ice retreat in the Irish Sea (McCabe
et al., 1998), in particular rapid retreat by 20 kyr BP and
a small readvance at 18 kyr BP. The limits off Scotland
and the maximum ice height, just under 1200 m, a limit
extrapolated from the observations, follow Ballantyne
et al. (1998). Other limits follow Bowen et al. (1986), but
the 1kyr timestep does not allow reconstruction of
detail available for some areas, such as the Moray Firth
(site 4, Fig. 1; Merritt et al., 1995) where there is a
rounding to the nearest 1 kyr. We also note the evidence
for relatively thin ice towards the southern limit in NW
England (Glasser and Sambrook Smith, 1999). McCar-
roll and Ballantyne (2000) indicate mountain glaciers in
North Wales up to 850 m above sea level at the LGM.
The small area, less than one model grid cell, and the
high relief of the mountain area give an additional ice
load that is represented by a much smaller ice thickness
averaged for the cell. Given the limitations of model grid
cell resolution, maximum 0.5° latitude by 1° longitude,
the 1kyr timestep of the model, and the effects of relief
on the additional load provided by the ice, we
summarise the various, and sometimes conflicting,
observations in Fig. 3. There is complete or almost
complete deglaciation ~15.5-13kyr BP (Ballantyne,
1997) and the Younger Dryas ice cap is modelled by a
1 kyr episode, with a maximum thickness of ~700m
(Thorp, 1986).

Fig. 4 shows the effect of the new ice model (#1,
Table 1) on RSL predictions compared to the ice model
(#0, Table 1) used by Peltier et al. (in press). In this and
all following analyses we show nine of the 55 sites for
which we have observations. These nine cover the
spread of different RSL records (Fig. 2b), have observa-
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Fig. 3. Revised ice model (m ice thickness) for the British Isles from the LGM at 21-13 kyr BP. The area is ice free from 12 kyr BP to present.

tions for the critical time periods, and highlight the
major differences between observations and predictions.
For most sites the revised model results in little change
in RSL predictions. Even where the changes are
significant, they occur for time period for which there
are no observations. Nevertheless, it is important that
the GB ice model has a good fit with the glacial
geomorphological observations before we investigate
the effects of far-field parameters.

3.3. Antarctic ice melt and RSL in Great Britain

Peltier et al. (in press) noted that many of the Scottish
sites (1-6, 8, 9, 12, 13, 15, 18) and those in NE England

(20-24) have observations 8—7kyr BP lying above the
predictions, as illustrated by three of these, Arisaig (site
9), Forth Valley (15), NE England (north, 15) in Fig. 4.
They suggested that this may imply earlier melting of
some of the Antarctic ice, as concluded from sedimen-
tological and geomorphological evidence (e.g. Bentley,
1999; Domack et al., 2001). Bentley (1999) indicates
deglaciation of the Ross Sea shelf commencing by 16—
15kyr BP and Domack et al. (2001) record ice retreat
across the Palmer Deep before 13 kyr BP. In the version
of the ICE-4G model used, the eustatic sea level rise
induced by the partial deglaciation of Antarctica is
~17m and commences 10kyr BP. If we hypothesise
that a greater fraction of this eustatic rise were to have
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model outputs shown in Figs. 5 and 6.

Table 1
Summary of the ice models used (Fig. 7) as modifications

to the global model ICE-4G (VM2) lithosphere =90 km of Peltier et al. (in press)

Model British ice model Antarctic ice model

#0 ICE-4G (VM2) L =90km ICE-4G (VM2) L = 90 km, Antarctic ice melt commencing at 10 kyr BP

#1 new British ice sheet model (Fig. 3) ICE-4G (VM2) L = 90km, Antarctic ice melt commencing at 10 kyr BP

#2 new British ice sheet model (Fig. 3) Antarctic ice melt commencing at 11 kyr BP

#3 new British ice sheet model (Fig. 3) Antarctic ice melt commencing at 15kyr BP, gradual change in melting thereafter,
melting ends at 2kyr BP

#4 new British ice sheet model (Fig. 3) Antarctic ice melt commencing at 15kyr BP, stepwise change in melting thereafter,

melting ends at 3kyr BP
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Fig. 5. Models with different ages, 10 and 11 kyr BP, for the start of Antarctic melting. RSL observations and predictions for nine selected sites from
GB, showing predictions for the baseline model (#1: red dashes) and model #2 (solid black line) with an earlier start for Antarctic melting. See Fig. 7

and Table 1 for details of the Antarctic melting models.

been derived from the Laurentide ice sheet then we
would probably have to significantly modify the deep
radial viscoelastic structure of VM2 to model postglacial
rebound in the Hudson Bay region (Peltier et al., in
press). In the following section we consider different ice
melt chronologies for Antarctica, that may provide
better fits with the GB observations, and aim to satisfy
far field sea-level records such as Barbados. We keep the

total ice equivalent sea level rise at ~17m, close to the
best estimate of Huybrechts, 17.5m (this volume) but
note that our value is towards the upper limits of recent
estimates (Bentley and Anderson, 1998; Bentley, 1999)
and above the 14m of Denton and Hughes (this
volume). Figs.5 and 6 show the RSL predictions at
nine GB sites for the different ice melt histories shown in
Fig. 7.
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In our original comparison (Fig. 4) the minimum at
around 10kyr BP in the Scottish sites under thick ice
(e.g. Arisaig, Forth Valley in Fig. 5; also Dornoch Firth,
Moray Firth, Kintail, Tay Valley, Ayr in Fig. 10 of
Peltier et al., in press) shows the observations lying
above the predicted RSL. The minimum is well
constrained by the observations at both the Forth
Valley and Arisaig sites. At the latter, diatom analysis

shows that the minumum did not fall to below ~2.8m
above present 12-10kyr BP (Shennan, 1999). Fig. 5
shows the RSL predictions for a model (#2, Table 1) in
which the partial melting of Antarctica commences
I1kyr BP (Fig. 7), around the time of the proposed
MWP1b (Fairbanks, 1989, 1990). The magnitude of any
increase in the global influx of meltwater is closely
constrained by the observations in both the far field, at
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model #4 has no ice melt at 16 kyr and 3 m equivalent ice melt instantaneously at 15kyr.

Tahiti (Bard et al., 1996) and the near field, NW
Scotland (Shennan, 1999), which question the existence
of MWPI1b, or limit it to within the error terms of the
current observations. Model #2 (Fig.5) gives an
improved fit for sites ranging from those under thick
ice to those beyond the LGM ice limits: Forth Valley,
Solway Firth, Lancashire and Sussex. The minimum at
Arisaig is still too low. Apart from isolated index points
at Kentra and Applecross, and a record from Ardyne
for which the error bars are in the order of +6.5m,
Arisaig is the only site with a record that extends back to
16 kyr BP. A better fit is achieved by models #3 and #4
(Fig. 6) in which the partial melting of Antarctica

commences at 15kyr BP (Fig. 7). With insufficient data
prior to 15kyr BP we show a best fit with 3m ice
equivalent melting at that time, but cannot differentiate
between a gradual melt of this ice over 4kyr or rapid
melt. On the balance of the 9 sites there is a slight
preference for the stepwise melting pattern (model #4 in
Figs. 6 and 7). The early ice melt models (#3 and #4)
solve the misfit of the RSL minimum at Arisaig, whilst
preserving the good fits with all the other sites in Fig. 6.

We highlighted earlier (Fig. 2b) the inflection in the
RSL curves at 15kyr BP. This is the signal of the
meltwater pulse, MWPla (Fairbanks, 1989, 1990),
defined at the 1 kyr timestep of the model by the values
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for 15 and 14 kyr (models #0 and #1 in Fig. 7, the same
as ICE-4G, Figs. 6 and 37 of Peltier, 1998) and recorded
in the RSL changes at each site with the variation
resulting from the different isostatic adjustment affecting
each site. Shennan (1999) showed that the lithological
and microfossil evidence from sites in NW Scotland can
be used to constrain the timing, duration and magnitude
of MWP1a better than the resolution available from the
original coral data, although reliant on the calibration
of radiocarbon ages. For the coral data, each index
point has an error term of +3m, with additional
assumptions about borehole correlation and allowance
for tectonic movements. The original analysis from NW
Scotland (Shennan, 1999) was based on ICE-4G, in
which the GB ice model was in error over the timing of
ice retreat. Peltier et al. (in press) show that the
lithological and microfossil data that show no evidence
of a reversal in RSL (Fig. 2b) are compatible with a
pronounced acceleration in the eustatic (ice equivalent)
sea level (Fig. 7). The ~24m rise in Fig. 7b is of the
same magnitude as that described from Barbados,
although in the latter the rise occurred in less than
1 kyr (Fairbanks, 1989). The model, Fig. 7a, suggests
that only ~1m of the ~24 m came from Antarctica. A
26m rise in | kyr, the timestep of the model, would
produce a reversal in the RSL records from sites like
Arisaig that is not observed in the observations and
therefore provides an upper limit. The average rate of
24 mm/yr (ice equivalent sea level rise) is approximately
60% of the peak meltwater discharge shown by
Fairbanks (1989), but the calculation of rates is highly
dependent on the resolution of the timescale. In theory,
the observations in Scotland can be used to better
constrain the variations in the rate of ice melt, but this
will require modelling at a smaller timestep.

Fig. 8 shows the predictions for Barbados based upon
the different eustatic models along with observations
from the dated coral samples. In the age range from
~13 to ~6kyr BP, the models of Antarctic melting
constructed so as to best fit the Scottish data will be
observed to misfit the Barbados record, although the
misfit is little different to that in ICE-4G (Fig. 6 in
Peltier, 1998). The nature of the misfit is such as to
correspond to a time lead by up to ~1kyr of the
modified version of the theory as compared to the data.
This could be compensated by a delay in the melting of
ice from some other region, although it is as yet unclear
that this would not simply restore the original misfit to
the Scottish data that the adjustment of the Antarctic
melting history was designed to rectify. An alternative
adjustment could simply involve a reduction in the total
melt derived from Antarctica rather than the assump-
tion of earlier melting of the same amount of ice as has
been assumed in the present analyses. In all circum-
stances, one very significant consideration is that the
misfit induced to the Barbados sea level curve is possibly
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Fig. 8. RSL predictions for the models described in Fig. 7 and Table 1
compared to the RSL record from Barbados.

in part a spurious consequence of the coarse temporal
resolution of 1kyr of the theoretical solution and the
step discontinuous form whereby the ice models assume
instantaneous melting at each 1kyr timestep (see Fig. 2
of Peltier, this volume, as an illustration of the effect of
the 1kyr resolution and instantaneous melting). An
offset of only 500yr later, half the time step, would
virtually eliminate the misfits. These ideas will be further
developed elsewhere since they will require a significant
programming effort in refining the temporal resolution.

Decimetre scale changes in mid to late Holocene ice
melt from Antarctica give a little improvement in the fit.
Late Holocene melting continuing to 2kyr BP, model
#3, constrained to not eliminate the RSL highstands
observed on Pacific islands (see Peltier, this volume, for
further discussion of this point), reduces the predicted
highstand at mid Wales but does not eliminate it, and is
still too high at Lancashire. It gives subtle improvements
for Arisaig, Solway Firth and Sussex (Fig.6). In
contrast, Wick, Forth Valley and NE England (north)
have improved fits with the model #4 that has slightly
enhanced mid-Holocene ice melt 8-5kyr BP, with
melting ceasing at 3 kyr BP. At this stage we do not
attempt to resolve this further since the differences are
small. Further changes in the GB ice model, resulting



