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Abstract 

Holocene sea-level change along the French Atlantic and English Channel coast is not uniform because of the 
response of the crust to the changing ice and water loads in Late Pleistocene and Holocene time. The pattern of the 
spatial variability is a north-south trend, of decreasing sea levels levels at any time. This results primarily from the 
isostatic response to the melting of the Fennoscandian ice sheet. Superimposed upon this is a mainly east-west trend 
resulting from the isostatic response of the crust to the addition of the meltwater into the Atlantic ocean. The 
combined effect is that at any time sea levels vary spatially along this coastline by amounts that are predicted to reach 
20 m from the time of the Last Glacial Maximum to about 10,000 radiocarbon yr ago, about 15 m at 8000 yr ago 
and about 10 m at 6000 yr ago. Thus observations of past sea levels should not be combined into a single sea-level 
curve unless first corrected for the glacio-hydro-isostatic factors. Alternatively, the data should only be used to 
construct regional curves for relatively short sections of the coastline, such as Pas-de-Calais and Picardie, Normandie, 
C6tes-du-Nord, Finist6re, or the Vendee and Charente-Maritime region. Even within such constrained regions the 
spatial variability may still be of the order of a few meters. Analysis of the observational data by region indicates 
that major oscillations in sea level are unlikely to have occurred, that levels at no location exceeded the present mean 
sea level, and that there may have been a small (~  3 m) increase in eustatic sea level over the past 6000 yr. Palaeo- 
shorelines and palaeo-water depths for the English Channel and the Atlantic coast shelf have been predicted using 
the isostatic and eustatic models and the results indicate that in-situ marine deposits older than 6000-7000 yr are 
unlikely to be found along many sections of the present coastline. 
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1. Introduction 

N u m e r o u s  studies have been made  of  the sea- 
level change along the French coast  since the 
time of  the last glacial m a x i m u m  at about  
18,000-20,000 yr B.P. ( rad iocarbon  years before 

1FAX: +61 6 249 5443, E-MAIL: Kurt.Lambeck@anu.edu.au, 
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present, equivalent to years before 1950 AD) .  
Issues raised in these studies have included: (1) 
the quant i ty  and rate of  mel twater  addit ion into 
the oceans since the last glacial m a x i m u m  (e.g., 
Labeyrie et al., 1976), (2) whether  the rise in 
eustatic level occurred gradual ly  and smoothly 
since this time or  as a series of  rapid,  small-to- 
large ampli tude,  oscillations (e.g., Ters, 1973), (3) 
the time when the sea level first reached its present  

0031-0182/97/$17.00 Copyright © 1997 Elsevier Science B.V. All rights reserved 
PII S003 1-0182(96)00061-2 



2 K. Lambeck/Palaeogeography, Palaeoclimatology, Palaeoecology 129 (1997) 1-22 

value (e.g., Delibrias and Guillier, 1971), (4) 
whether the Atlantic coastal region of France 
has been subject to vertical tectonics and (5) the 
location of shorelines on the continental shelves 
during Palaeolithic and Neolithic times (e.g., 
Delibrias et al., 1971a). 

The available sea-level observations from the 
Atlantic margin have led to the broad agreement 
that at about 18,000-20,000yr B.P., sea levels 
were about 100 m or more below their present 
level, that much of the subsequent rise in level 
occurred between about 15,000 and 6000 yr B.P., 
and that during the past 5000 or 6000 yr B.P., sea 
levels have been relatively stable and near to their 
present level. (All ages used to define the ice-sheet 
models and the sea-level observations refer to the 
radiocarbon time scale. As long as a consistent 
time scale is used throughout, and the relation 
between the radiocarbon and sidereal time scales 
is nearly linear the choice of time scale is unimport- 
ant.) There are, however, different views on some 
of the finer details of the sea-level path from the 
time of the glacial maximum to its present position; 
differences that are significant in terms of their 
climatic or oceanographic implications. For exam- 
ple, the sea level at the time of the last glacial 
maximum provides a measure of the total volume 
of grounded ice that has melted since the last great 
ice sheets were at their maximum extent. A change 
of 100 m is roughly consistent with the amount of 
ice that can be stored in the northern hemisphere 
ice sheets at that time (Denton and Hughes, 1981) 
but indicators from other localities suggest that 
the maximum sea-level lowstands may have 
occurred at 130-150 m below present sea level 
(Chappell and Shackleton, 1986; Nakada and 
Lambeck, 1988). This suggests that the global ice 
volumes may have been from 30 to 50% greater 
than assumed in most models of the northern 
hemisphere ice at the time of the last glacial 
maximum, raising the question of the source of 
this additional meltwater. Reliable observations of 
sea level at the time of the last glacial maximum, 
from sites away from the former ice sheets, are 
therefore important in constraining the ice vol- 
umes. As a second example, some authors have 
argued that sea-level change during the Holocene 
can be characterised by oscillations of rising and 

falling sea levels on time scales of about a thousand 
years or less with amplitudes of up to a few meters, 
superimposed upon a longer-term trend of rising 
sea level (e.g., Ters, 1973, 1986; M6rner, 1980). If 
real and global, such oscillations provide con- 
straints on the changes in either the grounded ice 
volumes or on the global changes in ocean temper- 
atures. The Fennoscandian ice sheet at its maxi- 
mum extent contained only enough ice to raise sea 
level by about 15 m so that a 5 m oscillation, as 
suggested for example by Ters (1973, 1986), 
requires a cyclic change in ice volume equal to 
about 30% of the Scandinavian ice sheet within 
about 1000 years or less. Alternatively, if the sea- 
level changes are the result of fluctuations in 
thermal expansion of the oceans, then these oscilla- 
tions would imply improbably large and rapid 
changes in the temperature of the water column. 

Agreement on the reality of the oscillations 
reported in sea-level studies for other areas of the 
world is not universal and some authors have 
argued that the oscillations may largely be the 
consequence of inadequate preservation or inter- 
pretation of the record of the past shorelines or 
the result of local factors that have produced 
apparent changes in sea level, such as changes in 
the tidal regimes, in sedimentation characteristics, 
and in the evolution of the coastal morphology. 
For example, Delibrias and Guillier (1971) exam- 
ined a similar data set to that of Ters (1986), from 
sites along the Atlantic margin ranging from the 
Channel to the Vend6e, and concluded that the 
data does not support evidence for oscillations 
larger than about 1 m because of the uncertainty 
in relating the various sea-level indicators used to 
construct the curves for mean sea level. 

The possibility that local influences are the domi- 
nant contribution to the cyclic sea-level changes 
may be particularly significant for the Atlantic 
margin because of the very large tidal range that 
occurs in much of the region, reaching 14 m in the 
Bay of Mont St Michel, for example. It is signifi- 
cant that from the evidence of Late Holocene 
corals in northern Queensland, where the present 
tidal range is relatively small, Chappell (1983) 
concluded that there is little evidence for oscilla- 
tions in sea level for at least the last 6000 yr. 
Likewise, the results by Hyv~irinen (1980), for 
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Holocene sea-level change in the low tidal range 
regime of the Gulf  of Finland, do not support the 
major oscillations of the kind proposed by Ters or 
even the smaller amplitude ones proposed by 
M6rner (1980). (Hyv~irinen's more recent unpub- 
lished results for the Finland region confirm his 
earlier conclusions.) 

The difficulty with the interpretation of the sea- 
level record is that, apart from changes in local 
conditions, the recorded change is the sum of a 
number of contributing factors: the eustatic 
change, the gravitational attraction of the oceans 
by the large ice sheets, the isostatic adjustment of 
the crust to the changing ice and water load, and 
any vertical tectonic movements of the crust of 
other than isostatic origin. The first contribution, 
the eustatic change, is a function of time only but 
the others are functions of time and position. Thus 
it will generally not be possible to equate observed 
changes in sea level to changes in ocean or ice 
volumes without first correcting for the other 
contributions. 

This paper sets out to address some of the above 
issues about sea-level change since the time of the 
Last Glacial Maximum using the observational 
evidence from the French coastal areas of the 
Atlantic Ocean. The average rate of eustatic change 
during the time of major deglaciation is of the 
order 10-15 mm/yr and this will be the dominant 
contribution to sea-level change at these localities, 
well beyond the former centres of glaciation. 
Contributions from the isostatic response to the 
changes in crustal loading are of the order 
1-2 mm/yr (see below) but these become the domi- 
nant contributions during the postglacial stage 
when the eustatic part has either vanished or is 
very small. The Massif Armoricain, an area from 
which a major part of the French Atlantic margin 
data originates, is characterised by a very low level 
of seismicity and an absence of recently active 
faults. Also no major Late Pleistocene sedimenta- 
tion of large areal extent has occurred in the 
coastal and offshore areas so that subsidence from 
sediment loading is also likely to be small. Thus 
crustal tectonic rates are likely to be very much 
smaller than the glacio-hydro-isostatic rates and, 
in the first instance, other than these isostatic 
effects, the coastline of France can be considered 

to be tectonically stable on the time scale of the 
last 1 0  4 years or so. Hence the principal source of 
any spatial variability of the sea-level signal, other 
than local factors, can be expected to be associated 
with the response of sea level to the growth and 
decay of the last great ice sheets over northern 
Europe and further away. Models of this spatial 
variability will be introduced and compared with 
the French Atlantic observational evidence to 
address some of the above-raised questions on the 
timing and rates of sea-level change and on the 
migrations of the shorelines through time. 

2. The relation between sea level, ice sheets and the 
solid earth 

In the presence of active vertical tectonic 
motions A~T(q~,t), the relative sea-level change 
A~(q),t) at a site q~ and time t can be written 
schematically as (e.g., Farrell and Clark, 1976; 
Nakada and Lambeck, 1987) 

A~(q0,t) = Ate(t) + A~r(q0,t) + A~, (~p,t) + A~r (q0,/) 

(1) 

where A~(q0,t) expresses the position of sea level 
at time t with respect to its present position. The 
last term A~T is the relative sea-level change pro- 
duced by tectonic processes other than the isostatic 
factors associated with the ice and water loading 
considered here, and for the reasons given above 
it will be ignored in the further discussion. The 
term A~e(t ) is the eustatic sea-level change. During 
times of glaciation water is taken out of the ocean 
to form the continental-based ice sheets and, on 
average, sea level will fall by an amount 

A~e(t) = (Piee × change in ice volume)/ 

(Pwater x ocean surface area) (2) 

(where p is density). This is the eustatic sea-level 
(esl) change and provides a measure of the change 
in total ice volume through time. A~r(cp,t ) is the 
change in relative sea level produced by the chang- 
ing gravitational potential of the planet as the ice 
sheets wax and wane and is evaluated on the 
assumption that the Earth is rigid. It is a function 
of both time and position of the site relative to 
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the ice sheets. The formulation for this term is 
such that mass is conserved and that the ocean 
remains an equipotential surface at all times. This 
term includes the modification of the gravitational 
potential associated with both the changing ice 
sheets and the redistribution of the meltwater 
within the ocean basins. It will, therefore, be a 
function of the geometry of the ice sheets in space 
and time as well as of the time-dependent geometry 
of the ocean basins. A~(q~,t) is the isostatic correc- 
tion associated with the deformation of the Earth's 
surface and the change in gravitational potential 
caused by the exchange of mass between the ice 
sheets and the oceans. The isostatic term in (1) is 
the sum of two parts: the Earth 's  response to the 
changing surface loads of the ice sheets and of the 
water loads. Thus A~(q0,t) in Eq. 1 can be schemat- 
ically written as 

(3) 

The first term A~i is the ice-load term or the glacio- 
isostatic term. It describes the relative sea-level 
response to the deformation of the Earth's surface 
under the changing ice sheets and includes the 
contribution from any modification of the gravity 
field produced by the deformation: by both the 
change in the shape of the surface and by the 
redistributed mass within the mantle. This term is 
a function of the rheological parameters describing 
the Earth's response and of the temporal and 
spatial distribution of the ice sheets. The second 
term in Eq. 3, the water-load term or hydro- 
isostatic term A~w, defines the contributions arising 
from the deformation of the Earth in response to 
the new water load. This term is a function of the 
earth rheology, of the change in sea level itself, 
and of the shape of the oceans--including the 
time-dependent changes in shoreline positions and 
changes in the sea-floor geometry which affect the 
storage capacity of the oceans. 

Other than predicting temporal and spatial 
changes in sea level the glacio-hydro-isostatic 
model also predicts the location of past shorelines 
and palaeo-water depths if the present water depth 
Ho(cp) at location g) is known. That  is, the water 
depth at a time t and position (p are related to 

A~(q),t) by 

H(q~, t )  = Ho  (,~) - zX~ (,~,t ) (4) 

Solutions of Eqs. (1) and (3) in the absence of 
tectonics are obtained by expanding the surface 
loads (at specified epochs) and the ocean geometry 
into spherical harmonics, evaluating the elastic 
response of the Earth to this load using standard 
Love number formulations for planetary surface 
loading, and evaluating the time-dependent 
response on the assumption of a viscoelastic rheol- 
ogy and the use of the correspondence principle 
(Peltier, 1974; Peltier and Andrews, 1976; Nakada 
and Lambeck, 1987). High degree expansions, to 
180 °, or even 300 ° in some instances, are required 
in order for the estimates of the two load terms, 
particularly of the water-load term, to converge to 
an extent that is commensurate with observational 
accuracies of 1 m and better. Because of the depen- 
dence of this latter term on the sea-level change 
itself, an iterative solution is adopted here. In the 
first iteration the water-load term is evaluated on 
the assumption that the sea-level change follows 
the eustatic change everywhere. This yields the 
first iteration estimate of the sea-level change and 
this is used to evaluate the next iteration of 
A~w(q~,t) (Johnston, 1993). Higher order iterations 
are usually not required unless the sites are very 
close to, or within, the margins of the former 
ice sheets. 

3. Some preliminary sea-level predictions for the 
French Atlantic coastline 

The magnitudes of the corrective terms 
A~r(%t), A~i(q~,t), and A~w(~,t) are initially exam- 
ined for four sites along the Atlantic margin of 
France (Calais in the north, Ploudalm6zeau, in 
Finist6re near Brest, Royan on the Gironde estu- 
ary, and Biarritz in the southwest, see Fig. 1 for 
location map). The contributions are illustrated 
separately in Fig. 2 for the northern and southern 
hemisphere ice sheets. The model used here is a 
first iteration model in which the positions of the 
coastlines have remained constant through time 
and the expansions of the ice sheets and coastline 
geometry have been carried out to 240 ° . The load 
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Fig. 1. Location map for some of the sites and regions discussed 
in text (see also Fig. 8a). Pl= Ploudalm6zeau, S=  Somme 
Estuary. 

includes the major northern hemisphere ice sheets 
over Fennoscandia and its northern extension into 
the Barents Sea, the Laurentian ice sheet, an 
Antarctic ice sheet that contained more ice at the 
time of the Last Glacial Maximum than it does at 
present, and a model for the British ice sheet 
(Nakada and Lambeck, 1988; Lambeck, 1993a). 
Only the unloading of the ice sheets after 18,000 yr 
B.P. is considered in these preliminary model pre- 
dictions. Three-layer mantle models with effective 
viscosity and lithospheric thickness parameters 
previously determined for Great Britain and 
Scandinavia (Lambeck, 1993a,b) are used in which 
the lithosphere has an effective elastic thickness of 
65 km, the upper mantle from the base of the 
lithosphere to the 670 km depth seismic discontinu- 
ity has an effective viscosity of 4 x 1020 Pa s, and 
the lower mantle has an average effective viscosity 
of 1.3 x 1022 Pa s. Density and elastic moduli 
depth-profiles are based on realistic seismic models 
of the Earth. Second iteration models in which 
some of these limitations are relaxed will be dis- 
cussed below. Fig. 3 illustrates the total spatial 
variation in these terms for two epochs: the time 
of the Last Glacial Maximum at 18,000 yr B.P. 
and at 10,000 yr B.P., when the eustatic sea level 

had risen from 130 m to about 40 m below its 
present surface. 

A major contribution to the departure of sea 
level from the eustatic prediction comes from the 
gravitational attraction of the ocean waters by the 
ice over Fennoscandia, with sea levels at the time 
of the Last Glacial Maximum at Calais in the 
north being 12 m higher than at Biarritz in the 
south (Fig. 2a). This is the rigid term A~r and for 
as long as there is substantial ice over 
Fennoscandia, sea levels along the entire French 
coast would be raised above the eustatic prediction 
(Fig. 3a). While the major contribution to this 
gravitational potential term is from the 
Fennoscandian ice, the other major ice sheets also 
contribute since this contribution has a global 
influence (see for example, Lambeck, 1995c). For 
example, the Fennoscandian contribution is posi- 
tive out to distances of about 60 ° from the centre 
of the former ice sheet and beyond that the correc- 
tion turns negative as a result of the need to 
conserve mass in the ocean-ice system. Thus the 
contribution from the gravitational attraction of 
the nearly antipodal Antarctic ice sheet is negative 
at the French sites (Fig. 2b), although the actual 
amplitude is only about 10% of the Arctic contri- 
bution and nearly constant over the region. In 
addition to the attraction of the ice, the rigid term 
contains a small contribution from the change in 
the gravitational potential associated with the 
change in sea level. This component is small but 
its influence can be seen in Fig. 3a as a change in 
the curvature of some of the sea-level contours 
where they cross the Atlantic coastline. It is also 
this contribution that is primarily responsible for 
the small spatial variability of the Antarctic contri- 
bution over the area (Fig. 2b). 

The French margin lies beyond the immediate 
area of glaciation of northern Europe and the 
crustal response to the removal of the ice is one 
of subsidence as mantle material flows towards the 
centre of rebound. Thus the glacio-isostatic sea- 
level signal here from the northern ice sheets is 
one of a gradual apparent rise from the time of 
onset of deglaciation up to the present. The 
principal contribution comes from the 
Fennoscandinavian ice but the Laurentide ice- 
sheet contribution is not negligible. Nor is the 
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Fig. 2. The three deviatoric components  (A~r, A~i, A~w) contributing to the departures of sea level from eustatic sea level predicted 
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contribution from the British ice sheet unimport- 
ant, particularly for northern France (Fig. 3b). 
With the exception of the British ice-sheet influ- 
ence, the primary glacio-isostatic signal is one of 
a north-south trend, with the isostatic correction 
decreasing with distance from the centre of the ice 
load (Fig. 2c). Across France this correction at 
the time of the Last Glacial Maximum ranges 
from nearly - 5 0  m in the north to about - 2 0  m 
in the south. Like the gravitational attraction 
effect, the glacio-isostatic contribution is a global 
effect and the trend noted over France, primarily 
due to the Fennoscandian ice, continues out to a 
distance of about 30-40 ° from the former ice 
centre. Beyond this distance the term becomes 
positive although small. Thus the glacio-isostatic 
contribution from Antarctica for this region is 
positive but small in amplitude (Fig. 2d). The rigid 
and glacio-isostatic trends over the region are of 
opposite sign, with the latter being dominant, such 
that the total isostatic effect is to keep the sea 
levels below the eustatic value. 

The adjustment of the crust to the changing 
water load, resulting from the meltwater added 
into the oceans up until about 6000 yr B.P., also 
makes an important contribution to the total sea- 
level signal. This contribution is characterised by 
a subsidence of the sea floor under the weight of 
the newly added water and by an uplift of the 
continent as mantle material flows from the oce- 
anic mantle to the mantle beneath the continent 
(Fig. 3c). While generally smaller in amplitude 
than the ice-load and rigid contributions, its spatial 
variability is considerably greater, being dictated 
by the coastline geometry. It is relatively small and 
negative for the Finist6re site of Ploudalm6zeau 
(Fig. 2e,f) because this locality, surrounded by 
water through an arc of about 300 ° in azimuth, 
responds almost like a small island site in which 
the land moves together with the sea floor. At 
Royan the amplitude of the signal is more typical 
of a continental margin site but at Biarritz, where 
the water load is distributed through only about 
90 ° in azimuth, the amplitude of the water-load 
signal is amplified by the coastal geometry such 
that the response resembles that of an inland site. 
The Antarctic contribution exhibits the same 
spatial variability (Fig. 2f) with an amplitude 

being proportional to the respective eustatic 
contributions. 

The total Arctic correction for the French sites 
is significant (Fig. 2g), with the sea levels for the 
northern sites of Calais and Ploudalm6zeau being 
up to 15 m below the eustatic level and the levels 
for the southern sites of Royan and Biarritz lying 
up to 15 m above this reference level, resulting in 
a spatial variability of about 20 m before about 
12,000 yr B.P. and about 10 m at 8000 yr B.P. The 
Antarctic contribution, mainly from the water- 
load term, is about 30% of that of the Arctic 
contribution (Fig. 2h) and augments the overall 
spatial variability. 

The predicted sea-level change from the Arctic 
ice for these sites is illustrated in Fig. 4 and indi- 
cates that departures from eustasy may amount to 
20 m at the time of the Last Glacial Maximum 
and also at subsequent times. Lateglacial sea levels 
for the northern sites of Calais and Ploudalm6zeau 
are predicted to be generally lower than the eustatic 
change, while the corresponding sea levels for the 
southern sites of Royan and Biarritz are predicted 
to occur above the eustatic level. The Holocene 
sea-level predictions lie below the eustatic estimate 
at all four sites. Accurate inferences about eustatic 
sea level from observations at these sites clearly 
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Fig. 4. Total relative sea-level curves at four sites based on the 
first iteration solution in which all melting ceased at 6000 yr 
B.P. and with no ice loading cycle before 18,000 yr B.P.. Also 
shown is the corresponding eustatic sea-level function (esl). 
Only the northern hemisphere ice sheets are considered. 
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could be misleading unless first corrected for the 
isostatic factors. 

3.1. Earth parameter dependence 

The above predictions are based on an earth 
model that has been found to give a good represen- 
tation of the isostatic rebound of both the British 
Isles and Fennoscandia (Lambeck, 1993a,b). More 
comprehensive inversions of the sea-level data for 
Great Britain confirm that this solution corres- 
ponds to the global minimum variance solution 
for earth models defined by a lithospheric thickness 
and up to five mantle layers (Lambeck et al., 
1996). The tectonic settings of France and Britain 
are broadly similar and the mantle parameters are 
unlikely to be very different so that the above 
results will be characteristic of the glacio-hydro- 
isostatic changes in sea level for the French coast- 
line. Some trade-off between the various earth- 
model parameters can occur, however, and Fig. 5 
illustrates the sea-level predictions for several 
different earth-model parameters (Table 1). Each 
model corresponds to the mantle-viscosity struc- 
ture that gives a best fit to the British data if the 
lithospheric thickness is fixed at an a priori value. 

Table 1 
Earth-model parameters corresponding to the predictions in 
Fig. 5. The upper mantle extends from the base of  the effective 
elastic lithosphere to the 670 km depth seismic discontinuity. 
The lower mantle viscosity is 1022 Pa s for all models (see 
Lambeck et al., 1996 for a discussion of  the models) 

Earth Lithospheric thickness Upper mantle 
model (km) viscosity (102o Pa s) 

1 120 7.0 
2 100 6.3 
3 80 5.0 
4 65 4.0 
5 50 3.2 

All models are characterized by a major viscosity 
increase between the upper and lower mantles as 
established from glacial rebound and sea-level 
change studies in several areas (Nakada and 
Lambeck, 1989; Lambeck and Nakada, 1990; 
Lambeck et al., 1990; Lambeck, 1993a,b), a feature 
also noted in a recent study by Mitrovica et al. 
(1995) but not recognized by Peltier (1986) or 
Mitrovica and Peltier (1993). Only the predictions 
for the response to the northern hemisphere degla- 
ciation are illustrated and the results indicate that 
the pattern of sea-level change for Holocene time 
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Fig. 5. Earth-model dependence of the Arctic ice sheet sea-level signal at Calais and Biarritz for models with lithospheric thickness 
equal to (1) 120 km, (2) 100 km, (3) 80 kin, (4) 65 km, (5) 50 km. The corresponding mantle-viscosity values for each model are 
given in Table 1. For Biarritz the five models give very similar results. 
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is not a strong function of the earth-model parame- 
ters. For the northern sites the different models do 
yield different predictions in Lateglacial time 
(Fig. 5a) but generally there will be no observa- 
tions at these times because the coastal area was 
above sea level during this period. If observations 
from the Atlantic margin only were available, it 
would not be possible to obtain unique solutions 
for upper mantle viscosity and lithospheric thick- 
ness from the inversion of the shoreline age-height 
relationships, but conversely, any conclusions 
drawn about the eustatic sea-level change will not 
be strongly dependent on the choice of earth 
model. 

3.2. Ice-model dependence 

The predicted sea levels for the region are func- 
tions of the choice of ice-sheet models, particularly 
of the dimensions of the Fennoscandian ice sheet. 
Fortunately the limits of this ice sheet and of its 
retreat along its southern margin are reasonably 
well known and models for it can be constructed 
with some certainty (e.g., Denton and Hughes, 
1981; Pedersen, 1995). Because the French sites lie 
well beyond the ice limits, and because the mantle 
response, particularly the effect of the lithosphere, 
damps out the deformations associated with short 
wavelength loads, details of the melting history of 
this ice sheet are not very important at these 
locations. The greatest uncertainty in the model is 
the ice thickness because there are usually no direct 
observations of this and it must be inferred from 
ice flow considerations and from the isostatic 
modelling itself. In the model used here this thick- 
ness has been determined together with the earth 
model parameters from a preliminary inversion of 
the Scandinavian sea-level data (Lambeck, 1993b) 
and the resulting predictions of sea-level change 
for France are not expected to be significantly 
affected by this choice. 

While the major concern of the choice of ice 
sheet is the ice distribution during the melting 
stage, the timing of ice growth leading up to the 
last glacial maximum can also be important. First, 
it can lead to a reduction of the amplitude of the 
maximum sea-level change if there is no prolonged 
interval in which the ice remains at its maximum 

volume. Second, it can delay the time at which the 
maximum sea-level change occurs. Both effects are 
the consequence of the Earth's viscous response to 
the changing surface loads. Fig. 6 illustrates the 
northern hemisphere contribution to the sea-level 
predictions for one of the sites for two versions of 
the ice model. In the first, model A, the ice sheet 
reached its maximum extent long ago such that 
the Earth has fully adjusted to the load before the 
onset of deglaciation and the sea level remains at 
its minimum value until 18,000 years ago in this 
case. In the second, model B, the ice sheet is built 
up in a relatively short interval before the maxi- 
mum ice volume is reached and deglaciation initi- 
ates almost immediately (Fig. 6b illustrates the 
corresponding eustatic sea-level function). The 
consequence of the short duration glacial maxi- 
mum (model B) is both to reduce the amplitude 
of the maximum change and to modify the subse- 
quent sea-level curve by amounts that can have a 
significant impact on the interpretation of sea-level 
data in terms of rates of melting of ice sheets. 
The minimum lowstand in this case, for example, 
occurs about 2000 years later, at about 16,000 yr 
B.P. 

The predicted sea levels for the northern sites 
are also dependent on the assumptions made about 
the British ice sheet but this is adequately known 
and constrained by the inversion of observational 
data from that region for both earth model and 
ice-sheet parameters (Lambeck, 1993a). 

Any uncertainties in the ice models of the more 
distant ice sheets such as the Laurentian and 
Antarctic ice sheets are less important. Their rigid 
and ice-load contributions are small and can be 
adequately modelled with only an approximate 
representation of the ice loads. The corresponding 
water-load terms are more important because of 
their greater spatial variability for these sites. But 
for the distant ice sheets these terms are dependent 
only on the rates and magnitudes of the addition 
of the meltwater into the oceans, i.e. on the eustatic 
sea-level function for these ice sheets, and indepen- 
dent of wherefrom the meltwater originates. These 
rates and magnitudes can, in fact, be inferred from 
sea-level data from sites that lie far from all the 
ice sheets, provided that the corrections for 
the isostatic terms are first made (Nakada and 
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Fig. 6. (a) Predicted relative sea level for Calais based on two different Arctic ice models. In model A the glacial maximum ice sheet 
persisted for a very long period before the onset of melting while in model B the glacial maximum was of short duration. (b) Illustrates 
the corresponding northern hemisphere eustatic sea-level curves for the two models. 

Lambeck, 1988) and the function used here has 
been obtained in this way. 

3.3. The regional variability in sea level and sea- 
level oscillations 

The spatial variability of the sea-level change 
along the Atlantic margin of France illustrates that 
the concept of a single sea-level curve for the 
French coastline has little merit if a reasonably 
high accuracy is sought. Even for sections of this 
coastline the spatial variability is greater than the 
oft-stated precision of the sea-level indicators. 
Fig. 7 illustrates several examples based on the 
Arctic ice model, the first-iteration prediction, and 
zero eustatic sea-level change after 6000 yr B.P. 
For the Pas-de-Calais and Seine-Maritime coast 
the spatial variability is significant, with sea levels 
at 6000 yr B.P. varying by as much as 50% from 
Calais to Le Havre (Fig. 7a). Thus the projection 
of data from this section of the coast onto a single 
sea-level curve could introduce oscillations or noise 
ranging from + 1.5 m at 6000 yr B.P. to nearly 
+3  m at 8000 yr B.P. Likewise, predictions for 
sites along the northern coast of Normandie  to 
western-most Bretagne exhibit significant spatial 
variability and a single sea-level curve for this 
region would only be representative of the region 
to within _+ 2 m at 6000 yr B.P. to __+ 3 m at 8000 yr 

B.P. This variability can be important over even 
shorter distances across sections orthogonal to the 
coast, as for example between Le Croisic and 
Nantes, approximately 30 km inland (Fig. 7d) (see 
Fig. 1 for locations), because of the response of 
the land surface to the meltwater load. These 
predictions illustrate well how oscillations of the 
order of several meters could be introduced into 
sea-level curves if data points from the entire 
French Atlantic coast, non-uniformly distributed 
in space and time, were combined into a single 
curve without first applying the corrective terms 
associated with the unloading of the former ice 
sheets. The resulting fluctuations would not reflect 
changes in ocean volume but represent artifacts 
arising from the neglect of the response of the 
Earth to the changing surface load. 

What  the glacio-hydro-isostatic model predic- 
tions do indicate is that if those artifacts in the 
eustatic sea-level curve are to be avoided it will be 
necessary to either restrict the analysis of the field 
data to small regions or to correct the observed 
age-height relations for the isostatic factors. For 
France, small regions would mean sections of the 
coast such as the shorelines of Pas-de-Calais and 
Picardie, Normandie,  C6tes-du-Nord and North  
Finist~re, or Vendde and Charente-Maritime 
(c.f. Fig. 7), always provided that any inland 
and coastal sites from within any one region 
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Fig. 7. Predicted spatial variability of the sea-level signal at sites from sub-regions of the French coastline from Calais to the Gironde 
Estuary (Royan), and for a coastal (Le Croissic) and inland (Nantes) site in the Loire Estuary. 

(c.f. Fig. 7d) are not combined without first apply- 
ing the isostatic corrections. 

3.4. Second iteration models 

In the detailed predictions of the sea-level change 
along the French coast the following input parame- 
ters have been used. The Earth model parameters 
are based on the simple three-layer model found 
largely adequate for Britain and northern Europe 
(Table 1) (Lambeck, 1993a,b). The ice model over 
Europe is based on the limits proposed by 
Andersen (1981) with a maximum ice thickness 
that has been inferred from a comparison of 
predicted sea-level change with the observations 

from Scandinavia and surrounding region. The ice 
in the adopted model does not extend across the 
North  Sea at any time during the Last Glacial 
Maximum (see Lambeck, 1995a). Other ice sheets 
include one over the Barents Sea, as discussed by 
Lambeck (1995b), the ice sheet over Great Britain 
discussed by Lambeck (1993a), the ice sheet over 
Laurentia based on the ICE-1 model of Peltier 
and Andrews (1976), and an ice sheet over 
Antarctica as discussed by Nakada and Lambeck 
(1988). The total ice volume is such as to predict 
sea-level curves that are consistent with observa- 
tions far from any ice sheet, both at the time of 
the Last Glacial Maximum and during the 
Lateglacial stage. The eustatic model includes the 
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addition of a small amount of meltwater into the 
oceans after 6000 yr B.P. so as to raise eustatic sea 
level by about 2 m, as required by Late Holocene 
sea-level observations far from the former ice 
sheets (Nakada and Lambeck, 1988; Lambeck and 
Nakada, 1990; Lambeck, 1993a). The full second 
iteration solution is used in which the water load 
correction term is computed using the previous 
iteration solution for the sea-level change and in 
which the time dependence of the shorelines is also 
introduced. The full solution is expanded out to 
harmonic degree 256. 

4. Observational evidence for sea-level change 
along the French Atlantic margin 

A number of authors have discussed the geologi- 
cal, geomorphological and archaeological evidence 
for sea-level change along the French Atlantic 
coast line and much of this has been summarized 
in Delibrias and Guillier (1971) and Ters (1973, 
1986). A useful new data set is given by Van de 
Plassche (1991). The nature of the evidence is 
varied, including fresh and brackish-water peats, 
shell beds and archaeological sites. In the absence 
of information about whether the molluscs were 
found in situ or have been transported, the shell- 
bed and other mollusc information do not provide 
clear indicators of sea-level position and this data 
is not used here. Likewise, much of the archaeolog- 
ical data is not clearly related to sea level other 
than that the preserved sites of human occupation 
or activity would have been primarily located 
above high water, and the only data of this kind 
included here is where the sites are located in peats 
that are believed to have formed near sea level 
and that have been radiocarbon dated. The height- 
-age relations of peats provide the bulk of the 
information that will be used here. The majority 
of the peats formed in a freshwater environment 
and hence, when corrected for the tidal amplitude, 
provide only an upper limit to the sea-level curve. 
All the freshwater peat levels have been reduced 
by the height of the highest astronomical tide 
above the mean tide level using the Admiralty 
Tide Tables. The brackish-water peats will gen- 
erally form between mean-high-water (MHW) and 

mean-high-water-spring (MHWS) level and the 
heights of these peats have been reduced by an 
amount corresponding to a level midway between 
MHWS and MHW. The tidal range varies signifi- 
cantly along the Atlantic coast, reaching up to 
14 m in the Bay of St Brieuc and the Bay of Mont 
St. Michel, and the assumption of constant range 
throughout Holocene time becomes increasingly 
tenuous the further one goes back in time. This is 
particularly so for the Channel sites where very 
major changes have occurred in the coastline 
geometry and water depths (see below) and there 
is a need to develop local tidal models for past 
epochs in order to predict more realistic correc- 
tions. This limitation probably represents the 
greatest uncertainty in the observations. 

A number of inconsistencies occur between the 
various data sets and all height, age, and location 
data have been checked against the information 
provided in the corresponding volumes of 
Radiocarbon (e.g., Delibrias et al., 197!b; 
Delibrias et al., 1982) and against 1:100,000 maps 
for the region. Where the differences could not be 
reconciled the data have not been used. Tide 
corrections are based on the Admiralty Tide Tables 
for European Waters or have been taken from the 
original publications when the tidal range for a 
locality is stated. In the Ters data sets ages have 
sometimes been inferred rather than radiocarbon 
dated and such observations have not been used 
here. Fig. 8a illustrates the locations of the sites 
used below in the comparisons of predicted and 
observed Holocene sea levels. Table 2 summarizes 
the data. 

A principal difficulty with the peat data is the 
effect of compaction as this can lead to a significant 
underestimation of the position of palaeo-sea levels 
where the peat beds are thick. Compaction and 
consolidation of the underlying sediments could 
also lead to important local subsidence and to an 
underestimation of sea level. Information on the 
likely importance of these effects for the data 
points in the above-cited papers is not provided 
and corrections cannot be applied. In some studies 
(Mariette, 1971; Van de Plassche, 1991) the peats 
are predominantly sampled at their base and their 
compaction should not be important. In other 
instances the peat layers are thin and peat 
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Fig. 8. (a) Location of sites where sea level has been inferred from the positions and ages of peats. (b) age-height relation of freshwater 
(dots) and brackish-water peats (open circles) (Table 2). Typical error bars for the latter range from 1.5 m for the younger peats to 
about 2.5 m for the peats near 6000 yr B.P. The freshwater peats, in the absence of compaction, define the upper limit of sea level. 
The predicted sea levels for Le Havre and Ploudalm6zeau are also illustrated. Point a refers to the data point from Fromentine 
discussed in the text. 

compaction is unlikely to be significant, but in the 
case of the data from the drained peat marshes 
and polders of the Dol de Bretagne region compac- 
tion has been identified as an important  factor 
(Delibrias et al., 1982) and the data from this 
locality given by these authors has not been used 
here. Data points from the Grande Bri6re in 
Morbihan and Vernier Marsh (Seine-Maritime) in 
Ters (1973, 1986)) have also been excluded because 
compaction of these peat beds is likely to have 
been significant there as well. 

The observational accuracy of the sea-level 
heights inferred from these data is difficult to assess 
with confidence. At least three contributions to 
the overall uncertainty are likely to be significant: 
errors in the radiocarbon ages, errors in reducing 
the peat heights to mean sea level, and compaction 
of peats and sediments. Timing errors er, can be 
transformed to height errors by multiplying er r by 
the gradient of sea-level rise so as to give an 
equivalent height uncertainty (d(A~)/dt) err. This 
reaches 3 m for some of the older data points if 
the published precision estimates of the ages are 
used. The actual errors may be larger than this. 
The second source of errors will include at least 
two parts: the evaluation of the relationship 

between the peat height and mean sea level at the 
time of formation, and the change in tidal range 
through time. The first part for the brackish-water 
peats is ( M H W S - M H W ) / 2  and ranges from 0.3 m 
to 0.5 m for the Atlantic sites. The second part is 
likely to be more significant since substantial 
changes in the tides will have occurred, particularly 
by about 8000 yr B.P. when the Channel was much 
constricted. For present purposes, a value of 1 m 
is assumed for the accuracy of the tidal reduction 
when t < 6000 yr B.P., when the tidal regimes will 
have been similar to today for most sections of 
the coast (but not for the shallow Bay of St Mato, 
for example), and 2 m for the earlier epochs. Errors 
due to compaction are assumed to be 1 m in the 
absence of any other information such that the 
observationally deduced sea levels may lie system- 
atically below their true level if all other factors 
are ignored. The total estimate of the random 
error, the root-sum-square of the various contribu- 
tions, ranges from 1.5 m to 2.5 m for the brackish- 
water peats, whose oldest examples are less than 
7500 yr B.P. 

Fig. 8b illustrates the height-age relationship for 
the combined data set. The sea-level curve should 
lie near the reduced brackish-water data points 
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Table 2 
Summary of inferred sea-level data along the French coast of the Atlantic Ocean and English Channel. D and G = Delibrias and 
Guillier ( 1971 ), D et al. 1982 = Delibrias et al. ( 1982); fwp = freshwater peat, bwp = brackish-water peat, bwc = brackish-water clay, 
arch./fwp = archaeological site in a freshwater peat deposit, rsl = relative sea-level change since the present. The ages are in conventional 
radiocarbon years. The basal peat observations for Dol de Bretagne by Van de Plassche (1991) are not included. For the Mariette 
(1971) data all published heights have already been reduced to mean sea level 

Site Latitude Longitude Radiocarbon Reference Age Sigma Height Comment rsl Sigma 
number age (m) (m) rsl 

Brouage 45.85 
La Marquenterre 50.27 
Wissant 50.55 
Trizay 46.00 
Camier 50.55 
Camier 50.55 
Le Becquet 49.65 
Nacqueville 49.67 
Santec 48.72 
Saint-Marc 48.67 
Belle Isle 47.33 
Asnelles 49.33 
Asnelles 49.33 
Plouarzel 48.47 
Cocquebourg 49.33 
La Marquenterre 50.27 
Le Croesty en Arzon 47.53 
Bretignolles 46.58 
Camier 50.55 
Le Guernic 48.58 
St Aubin 49.31 
Plouescat 48.68 
Camier 50.55 
Oleron 45.90 
Bernieres 49.33 
Camier 50.40 
Bretignolles 46.58 
Oleron 45.90 
Landuvez 48.53 
Trezien 48.43 
Merlirnont 50.40 
Pont du Cure 50.40 
Saint-Marc 48.67 
Asnelles 49.33 
Landuvey 48.53 
Hardelot 50.55 
Plouescat 48.68 
Plougerneau 48.63 
Wimmereux 50.55 
Wissant 50.55 
Bretignolles 46.58 
Oleron 45.90 
Bretignolles 46.58 
Saint Pare 48.60 
La Marquenterre 50.27 
Saint-Marc 48.67 
Brehec 48.72 
La Marquenterre 50.27 

-1.07 GIF-2129 Ters, 1986 610 90 2.2 wood in bwp -0 .9  1.6 
1.60 GIF 841 Ters, 1986 980 100 2.5 fwp --2.5 1.6 
1.57 Mariette, 1971 1900 250 arch./fw - 1.1 1.6 

- I . 0 0  GIF-1271 Ters, 1986 2060 110 1.3 fwp - 1.7 1.6 
1.57 Mariette, 1971 2100 110 arch./fwp -1 .5  1.6 
1.57 GIF t294 Mariette, 1971 2100 110 arch./fwp - 1.0 1.6 

-1 .57 GIF-171 Ters, 1986 2130 150 2.5 bw 0.3 1.6 
-1.73 GIF-172 Ters, 1986 2130 150 2.5 bwp 0.3 1.6 
-4.03 GIF 818 D and G, 1971 2320 105 2.0 fwp -2 .3  1.6 
-2 .82 GIF 2607 Ters, 1986 2480 100 6.3 fwp 0.7 1.6 
-3.17 GIF-348 Ters, 1986 2680 200 -2 .8  fwp -5 .6  1.6 
-0 .57 GIF-1178 Ters, 1986 2710 110 2.0 bwp -0 .7  1.6 
-0 .57 GIF-1179 Ters, 1986 3000 100 1.9 bwp -0 .8  1.6 
-4.77 GIF 712 D and G, 1971 3020 110 3.5 bwp 0.7 1.5 
-1.13 GIF-1216 Ters, 1986 3050 110 1.0 fwp -2 .6  1.6 

1.60 GIF 841 Ters, 1986 3060 110 0.5 fwp -4 .6  1.6 
-2 .90 GIF-2953 Ters, 1986 3130 100 0.0 fwp -2 .7  1.6 
--1,88 GIF-1640 Ters, 1986 3170 130 4.0 fwp 1.1 1.6 

1,57 GIF Mariette, t971 3200 250 arch./fwp -2 .5  1.6 
-4 .42 GIF 278 D and G, 1971 3310 200 -1 .0  fwp -5.1 1.6 
-0.40 SA223 D and G, 1971 3320 200 -2 .0  fwp -5 .7  1.6 
-4 .22 GIF 710 D and G, 1971 3390 120 2.5 fwp -1 .4  1.6 

1.57 GIF 1356 Ters, 1973 3400 130 0.0 fwp -4 .9  1.6 
--1.30 GIF 4418 Ters, 1986 3430 110 -0 .5  fwp -3 .5  1.6 
--2.75 SA 202 D and G, 1971 3460 200 2.5 fwp -1 .2  1.6 

1.58 GIF 1638 Ters, 1986 3550 130 0.0 fwp -4 .9  1.6 
--1.88 GIF-1992 Ters, 1986 3600 110 2.5 fwp -0 .3  1.6 

-1.30 GIF 2680 Ters, 1986 3600 100 -0 .3  fwp -3 .2  1.6 
-4 .80 GIF 815 D and G, 1971 3620 125 0.0 bwp -2 .8  1.5 
-4.78 GIF 714 Ters, 1986 3660 115 1.5 fwp -2 .4  1.6 

1.58 GIF 397 D and G, 1971 3720 200 1.0 fwp -3 .9  1.6 
1.60 GIF 399 D and G, 1971 3750 200 1.0 fwp -3 .9  1.6 

-2 .82 GIF 4523 D et al., 1982 3820 110 4.7 fwp -0 .9  1.6 
-0 .57 GIF-1013 Ters, 1986 3950 140 1.8 fwp -1 .9  1.6 
-4 .80 GIF 816 D and G, 1971 3970 125 -0 .5  bwp -3 .3  1.5 

1.57 Mariette, 1971 4000 250 arch./fwp -1 .5  1.6 
-4 .22 GIF 711 D and G, 1971 4120 140 2.0 fwp -1 .9  1.6 
-4 .50 GIF 282 D and G, 1971 4250 250 4.0 fwp -0.1 1.6 

1.57 Mariette, 1971 4500 350 arch./fwp -4 .0  1.6 
1.57 GIF i598 Mariette, 1971 4520 200 fwp -3 .5  1.6 

- 1 . 8 8  GIF-2108 Ters, 1986 4910 120 -2 .0  bwc -3 .8  1.5 
- 1.30 GIF 2679 Ters, 1986 4920 110 -1 .3  fwp -4 .2  1.6 
-1 .88 GIF-2109 Ters, 1986 4990 120 -2 .0  bwc -3 .8  1.5 
-1 .57 MC463 Ters, 1986 5000 140 1.0 fwp --5.4 1.6 

1.60 GIF 842 Ters, 1986 5080 140 -2 .0  fwp - 7 . I  1.6 
-2 .82 GIF 2606 Ters, 1986 5080 140 1.1 fwp -4 .4  1.6 
-2 .84 GIF 1358 Ters, 1986 5300 140 -2 .0  fwp -7 .6  1.6 

1.60 GIF 843 Ters, 1986 5520 150 -2 .5  fwp -7 .6  1.6 
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Table 2 (continued) 

Site Latitude Longitude Radiocarbon Reference Age Sigma Height Comment 
number age (m) 

rsl 
(m) 

Sigma 
rsl 

Asnetles 49.33 -0.57 
Camier 50.55 t.57 
Ptoudatmezeau 48.57 -4.68 
Bretignolles 46.58 - 1.88 
Saint-Marc 48.67 -2.82 
Pt du Cure 50.40 1.60 
Saint-Marc 48.67 - 2.82 
La Marquenterre 50.27 1.60 
Saint-Marc 48.67 - 2.82 
Saint-Marc 48.67 - 2.82 
Merlimont 50.40 1.58 
Saint-Marc 48.67 - 2.82 
Fromentine 46.88 - 2.15 
Cocquebourg 49.33 1.13 
Fort Mahon 50.37 1.60 
Le Havre 49.50 0.10 
Fort Mahon 50.37 1.60 
Le Havre 49.50 0.10 
Seine Bay 49.47 - 0.28 
Becquet Bay 49.67 - 1.61 
Seine Bay 49.47 - 0.28 
Le Havre 49.50 0.10 
Seine Bay 49.47 -0.28 
Le Havre 49.50 0.10 
BecquetBay 49.68 - 1.55 
LeHavre 49.50 0.10 
Becquet Bay 49.67 1.61 
Le Havre 49.50 0.10 

GIF-1014 Ters, 1986 5650 I50 1.6 fwp 2.1 1.6 
GIF 1601 Mariette, 1971 5700 200 fwp -5.0 1.6 
G1F 766 D and G, 197l 5770 150 -4.5 bwp -7.4 1.5 
GIF-2525 Ters, t986 5900 140 -4.0 bwc -5.8 1.5 
GIF 2978 D et al., 1982 6070 130 -1.9 fwp -7.5 2.3 
GIF 398 D and G, 1971 6200 300 -3.0 fwp -7.9 2.4 
GIF 2152 D et al., 1982 6400 130 -1.9 fwp -7.4 2.4 
GIF 844 Ters, 1986 6450 160 -2.7 fwp -7.8 2.4 
GIF 2527 D et al., 1982 7050 160 5.9 fwp -11.6 2.5 
GIF 3792 D et al., 1982 7060 160 -7.3 fwp -12.9 2.5 
GIF 396 D and G, 1971 7150 300 -9.0 fwp -13.9 3.1 
GIF 3097 Ters, 1986 7370 140 7.0 fwp - 12.6 2.6 
Gro 2043 Ters, 1986 7420 110 -7.0 bwp -9.0 2.4 
GIF-1218 D and G, t971 7550 170 -5.5 fwp -9.1 2.9 
GIF 4889 Ters, 1986 7620 140 8.0 fwp - 12.9 2.7 
G1F-1406 D and G, 1971 7820 170 -17.5 fwp -21.5 2.9 
GIF 763b D and G, 1971 7980 190 -17.0 fwp 21.9 3.0 
GIF-1403 D and G, 1971 8050 170 -20.5 fwp -24.5 2.9 
GIF-1019 D and G, 1971 8130 190 -19.5 fwp -24.0 3.0 
GIF-1022 D and G, 197l 8200 190 -29.1 fwp -32.3 3.0 
GIF-1401 D and G, 1971 8250 220 -22.0 fwp -26.5 3.2 
GIF-1402 D and G, 1971 8470 170 -21.8 fwp -25.8 2.9 
GIF-1238 D and G, 1971 8850 200 -29.0 fwp -33.5 3.1 
GIF-746 D and G, 1971 9340 300 -27.7 fwp -31.7 3.8 
GIF-1021 D and G, 1971 9470 130 -35.9 fwp -39.1 2.7 
GIF-745 D and G, 197l 9730 300 -27.4 fwp -31.4 3.8 
GIF-I023 D and G, 1971 9880 230 -26.4 fwp -29.6 3.3 
GIF-744 D and G, 1971 9900 300 -26.7 fwp --30.7 3.8 

and  be low the  r educed  f resh-water  da ta  points ,  if 

the  t idal  range  has r e m a i n e d  cons t an t  t h r o u g h  

t ime  and  if  peat  and  sed imen t  c o m p a c t i o n  is no t  

a m a j o r  issue. Overal l  the da t a  is cons i s ten t  wi th  

a rap id  rise in sea level unti l  a b o u t  6000 yr B.P., 

fo l lowed  by a m o r e  g radua l  rise o f  a b o u t  6 - 1 0  m 

du r ing  the  pas t  6000 r a d i o c a r b o n  years, wi th  no  

subs tant ia l  ev idence  tha t  the sea a n y w h e r e  a long  

the  F r e n c h  At l an t i c  coas t  exceeded  its p resen t  level 

in this t ime  interval .  Also  i l lus t ra ted are the  pre- 

d ic ted  sea-level curves c o r r e s p o n d i n g  to sites tha t  
exhibi t  some of  the  greates t  spat ial  va r ia t ion  and  

m o s t  obse rva t ions  fall wi th in  these limits. The  

obse rva t iona l  da t a  exhibi ts  cons ide rab le  scat ter  

some  of  which,  such as the po in t s  above  the  overal l  

t r end  at a b o u t  7400 yr B.P., also occur  in the  Ters 

(1986)  sea-level curve. The  subs tant ia l  a n o m a l y  

here  is the  b rack i sh -wa te r  pea t  ( f rom F r o m e n t i n e ,  

GrN-2043 ,  ind ica ted  by the a r row (a) that  lies 

above  some  of  the  f reshwater  peats  o f  similar  age. 

Ters identifies this as a b rack i sh -wa te r  peat  but  in 

Vogel  and  W a t e r b o l k  (1972) it is descr ibed s imply 

as a sedge peat  wi th  no c o m m e n t  on its l ikely 

pos i t ion  relat ive to sea level. Pred ic t ions  o f  the 

pos i t ion  of  the shorel ines  at a b o u t  7000-8000  yr 

B.P., in fact, indicate  that  b rack i sh -wa te r  peats  are 

unl ike ly  to have  f o r m e d  in the F r o m e n t i n e  locali ty 

at this t ime, The  second  a n o m a l y  occurs for the  

obse rva t ions  be tween  a b o u t  2000 and  3500 yr B.P. 

where  a n u m b e r  o f  the f reshwater  peats  fall be low 
the b rack i sh -wa te r  peats. But  general ly,  the infor-  

m a t i o n  is insufficient to es tabl ish  w h e t h e r  signifi- 

can t  osci l lat ions in sea level occur red  in H o l o c e n e  

t ime a l t h o u g h  before  this is cons ide red  fur ther  any  

scat ter  i n t roduced  by the isostat ic con t r i bu t ions  

needs  to be evaluated .  

M o s t  of  the da t a  can be g r o u p e d  into four  

regions:  (1) Picardie,  (2)  N o r m a n d i e ,  (3)  Bretagne,  
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and (4) Vend6e and Charente-Maritime. Within 
each region, with the possible exception of 
Bretagne, any spatial variation in sea level expected 
from the isostatic response to the changing ice and 
water loads is small, less than -t-1 m (c.f. Fig. 7), 
and the observations can be combined to form 
regional sea-level curves to within this level of 
accuracy. The four regional results are illustrated 
in Fig. 9a-d. Evidence for sea-level change along 
the Picardie coast between Boulogne and the 

Somme estuary is discussed by Mariette (1971) 
who examined a series of exposed basal peats from 
which it was possible to establish upper limits to 
the sea-level curve for the past 5700 yr. This data 
has been supplemented by archaeological observa- 
tions and core samples of burried peats to extend 
the record back in time to about 8000 yr B.P. This 
includes additional age-height relationships of 
peats given by Delibrias and Guillier (1971) and 
Ters (1986) and the offshore Treport observations 
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Fig. 9. Observed sea-level indicators for four areas together with the predicted sea levels for each region. (a) Picardie, (b) Normandie, 
(c) Bretagne, (d) Vend6e and Charente-Maritime (note differences in age and height scales). For Picardie the observational data is 
from freshwater peats only. For the other regions both fresh- and brackish-water peats are used and for Normandie the Dol de 
Bretagne basal peat observations from Van de Plassche (1991) are shown separately. In (c) the predictions for Dol de Bretagne and 
Ploudalm6zeau are shown by the dashed and solid lines respectively. The error estimates of the radiocarbon ages where not shown 
are typically 100 years or less but can be as large as 300 years for the older peats. The predicted relative sea-level rise for representative 
sites in each region is also illustrated except for Bretagne where upper and lower limits to the predicted seadevel change for the 
region are illustrated. 
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listed in Delibrias et al. (1982). Fig. 9a illustrates 
the results. All peats originated in freshwater envi- 
ronments and the actual sea-level curve should lie 
below these data points if compaction of peats 
and consolidation of sediments is not important. 
On the assumption that no significant sedimenta- 
tion or erosion occurred offshore during Holocene 
time, the glacio-hydro-isostatic model predicts that 
the earliest marine influence along this section of 
the coast did not occur until after 8000 yr B.P. 
(see below) and brackish-water peats older than 
this are not predicted to occur along the present 
coast. Nor have they been observed. The observa- 
tions are generally consistent with the model pre- 
dictions, with those freshwater peats that lie below 
the predicted levels doing so within the observa- 
tional uncertainty of the data. 

Evidence for sea-level change along the 
Normandie coast from Le Havre to the Bay of 
Mont St. Michel is discussed in Delibrias and 
Guillier (1971) and Ters (1973, 1986). Evidence 
from the Bay of Mont St. Michel itself has been 
discussed most recently by Van de Plassche ( 1991 ) 
based on the brackish-water peats from the drained 
marshes of Dol de Bretagne. What distinquishes 
this work from the earlier analyses for this region 
is that only peats immediately overlying the sub- 
stratum or deep sandy gully fills are considered 
since in these cases compaction of the peats is 
small, provided that the samples are taken from 
the base of the layer. Fig. 9b includes these basal 
peats, and not the peats from near the tops of the 
beds. Again, the predictions and observations of 
the Holocene sea levels are in broad agreement 
although several of the older (>8000yr  B.P.) 
freshwater peats from the Le Havre region fall 
below the predicted curve, indicative of possible 
compaction of the peat beds or of an over-correc- 
tion for the tidal range. The general absence of 
marine influence on the coastal peats older than 
about 7000-8000yr is consistent with the 
shorelines older than this occurring considerably 
seawards of the present shoreline. Within the 
uncertainties of the sea-level indicators, the results 
for the past 8000 yr are very comparable to the 
Picardie results. 

The observational evidence for the coast of 
Bretagne, including C6tes-du-Nord, Finist6re and 

Morbihan, is illustrated in Fig. 9c. Here some 
spatial variability can be expected from the hydro- 
isostatic term as is illustrated by the predicted 
curves for the sites of Dol de Bretagne and 
Ploudalm6zeau. The few brackish-peat samples lie, 
with one exception, lower than the freshwater 
peats of comparable age and the upper bound to 
sea-level change lies below that for the other two 
regions, consistent with the predictions (c.f. 
Fig. 7). The Vend6e and Charente-Maritime obser- 
vations (Fig. 9d), corresponding to both fresh- 
and brackish-water peats, represent upper limits 
to the sea-level curve and here also, observations 
and predictions are in good agreement, with the 
exception of the one previously mentioned peat 
from Fromentine at about 7500 yr B.P. 

5. Discussion 

The above predictions for the French Atlantic 
coast are based on welt-tested models and on 
comparisons with observations for locations where 
the sea-level response to the melting of the ice 
sheets is sensitive to different model parameters. 
These regions include the British Isles (Lambeck, 
1993a), North Sea and Scandinavia (Lambeck, 
1993b; Lambeck et al., 1990), the eastern 
Mediterranean (Lambeck, 1995c), Australia and 
the Pacific Ocean region (Nakada and Lambeck, 
1989; Lambeck and Nakada, 1990). The results 
lead to the conclusion that sea-level change along 
the French Atlantic margin can be expected to 
exhibit considerable spatial variability because of 
the effects of glacio-hydro-isostasy. This variability 
in Holocene time can attain + 5 m and observa- 
tions from the region should not be combined into 
a single curve if an accurate measure of sea-level 
change is sought. Furthermore, the sea-level 
changes for the region do not provide a good 
measure of the eustatic change because the average 
isostatic effect over the past 6000 radiocarbon 
years is one of a gradually rising sea level, or 
apparent land subsidence, of about 6-10 m in this 
interval, even if the ocean volumes reached their 
present value at 6000 yr ago. 

Generally, the predictions of sea-level positions 
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for the past 10,000 years are consistent with infer- 4 
ences drawn from the observations of the Holocene 
peats when the uncertainties of the latter, as dis- "~ 
cussed above, are considered. In particular, the ~ 0 
most unsatisfactory aspect of these inferences is 

r~ 
the assumption that the tidal regimes have not .~ -4 
changed through time and an essential requirement 
for further progress is the development of realistic "' 
palaeo-tide models. Such models require a knowl- -8 
edge of the palaeo-bathymetry and past shoreline 
configurations which, in turn, require a good a 
model for the evolution of sea level in the shallow 
sea regions. An iterative procedure will therefore 
be required. 

Fig. 10 illustrates the height-age relations of the 
brackish-water peats corrected for the isostatic 0 
factors. This, in the absence of either model or 

g -10 observational errors, should provide a measure of 
the eustatic sea level. Broadly, the results are -~ 
consistent with this level at 6000 yr B.P. having ~ -20 
been a few meters lower than today and of having 
reached its present value at about 3500-4000 yr ~ -30 
B.P. A few discrepancies do occur, such as the -40 
Fromentine data point at 7420 yr B.P. (point a, 
Fig. 10), and the data point at 3020 yr B.P. from 40 
Plouarzel (point b), but without supporting evi- 

b 
dence from other sites it is safer to attribute such 
discrepancies to local factors rather than to global 
sea-level oscilations. Certainly the detailed evi- 
dence of sea-level change for the past 6000 yr from 
localities where the tidal range is considerably 
smaller (Chappell, 1983; Hyv~irinen, 1980) does 
not lend support to arguments that such oscilla- 
tions represent global features. 

Fig. 10b shows the same result but with the 
inclusion of the older freshwater peats, also cor- 
rected for the isostatic factors. These peats place 
an upper constraint on the eustatic sea level and 
Fig. 10b compares these results with the values 
derived from observations from other localities. 
With the exception of the one data point offshore 
from Cherbourg, dated at 8200 yr B.P., the reduced 
heights lie on or above the eustatic sea-level func- 
tion, confirming that the adopted function provides 
a satisfactory measure of the upper limit to the 
increase in ocean volume after about 9000 yr B.P. 
The absence of older peats prevents conclusions 
from being drawn for the earlier period and an 
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hwater peats 

I o brackish-water peats 

8 6 4 2 0 

time (xl000 years BP) 

Fig. 10. (a) Eustatic sea level inferred from the brackish-water 
peats for the past 6000 radiocarbon yr B.P. The solid and 
broken lines refer to the estimates of eustatic sea level for the 
Australian region and British Isles respectively. Point a is from 
Fromentine. (b) Same as (a) but including the freshwater peats 
older than 6000 yr B.P. together with the nominal eustatic sea- 
level curve used in the predictions. 

important contribution would be sea-level infor- 
mation from the offshore region before about 
10,000 yr B.P. 

The above inference for a small increase in 
ocean volume after 6000 yr B.P. is consistent with 
earlier findings from analyses of sea-level data 
along the Australian margin (Lambeck and 
Nakada, i990) and for the British Isles (Lambeck, 
1993a), although the amplitudes found in this 
latter study are somewhat smaller (Fig. 10). The 
result suggests that while the melting of the global 
ice sheets was largely complete by about 6000 yr 
B.P., a small amount of water continued to be 
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added into the world's oceans, although the source 
of this cannot be identified from these studies. The 
melting of mountain glaciers may be one source. 
For example, if the recent rate of melting of 

mountain glaciers, as estimated by Meier (1984), 
are extrapolated over 6000 years, this would suffice 
to raise sea level by about 3 m. 

The predicted palaeo-shorelines and palaeo- 

a -8 -6 -4 .2 0 2 C ~ -6 -4 -2 0 2 

b 44 -6 -4 -2 0 2 d ~ -6 -4 -2 0 2 

Fig. 11. Palaeo-shorelines and palaeo-bathymetry predictions at (a) 18,000, (b) 14,000, (c) 10,000, (d) 8000 yr B.P. Shaded areas 
indicate the subaerially exposed regions. The contours of the elevations of the present sea floor above sea level for the specified 
epochs are at 25 m interval up to 100 m. The water-depth contours are at 25 m down to 200 m. The darker shaded regions in the 
English Channel at 18,000 and 14,000 yr B.P. mark the upper limits to a freshwater basin that could have existed at these times. 
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ba thymet ry  for the region are i l lustrated in Fig. 11. 
This is based on Eq. 4 and the ba thymet ry  defined 
by the 5 'x  5' ETOPO5 data  base ( N O A A ,  1985). 
This da ta  base has l imited resolut ion and contains  

numerous  errors and processing artifacts, but  it 
suffices to give an indicat ion of  the evolut ion of  

the shorelines since late Pleistocene time. At  the 

t ime of  the Last Glacial  Max imum,  circa 18,000 yr 
B.P., the English Channe l  was aerially exposed as 

far west as 6°W, as was the broad  shelf offshore 
f rom the present southwest  coastl ine of  France. I f  

no significant erosion of  the sea floor occurred, a 
shallow freshwater lake would have formed within 
the deeper par t  o f  the English Channe l  to the 

nor thwest  o f  Cherbourg  and the sediments or peats 
here may  conta in  useful in fo rmat ion  on the time 
of  the transgression as sea level rose. By 10,000 yr 
B.P. the English Channe l  is par t ly  open to the sea 

in the west, but  while the exposed shelf area has 
cont rac ted  substant ial ly in most  localities, the 

shorelines would  still be offshore from their present  
locat ion and no brackish-  or salt-water deposits 
would be expected of  this age and older anywhere 
along the present coastline. By 8000 yr B.P., the 
shoreline approached  its present locat ion at several 
locations,  including Bretagne, the coast  near  

Cherbourg,  and  southwestern France. The bathy-  

metric da ta  base is p robab ly  inadequate  to make  
a realistic evaluat ion of  the shoreline migra t ion  

over the past 7000-6000 yr, and erosional  and 
deposi t ional  processes are likely to have played a 
major  role in shaping the coastl ine over this 
interval. However,  the results do predict  that  in 

situ mar ine  deposits older than  about  7000-6000 yr 
are unlikely to be found along many  sections of  

the present coastline, consistent  with the observa- 
t ional  absence of  such data.  
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