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Abstract

Observational evidence for sea-level change along the French Mediterranean coast has been examined and compared
with glacio-hydro-isostatic models to predict the spatial and temporal patterns of change for about the past 30 000 14C
years. These predictions are pertinent to discussions of changing ocean volumes during this interval, the tectonic
stability or otherwise of the coastal areas, mantle rheology, and the timing of possible human occupation of the now
submerged coastal plain and caves, such as Cosquer Cave near Marseille. The principal results from the analysis are: (i)
sea levels along this section of the coast have risen continually since the time of the last glacial maximum (LGM) and at
no time during the Holocene has the mean sea level been higher than that of today. (ii) The coast has been tectonically
stable between Marseille and Nice as well as further to the west in Roussillon. Western Corsica may have experienced a
slow tectonic uplift of between 0.15^0.3 mm/year for the past 3000 years but northernmost Corsica appears to have
been stable during this same interval. (iii) During the LGM, sea levels along the coast and immediate off-shore areas
stood at between 105^115 m below present level, the range reflecting the importance of the isostatic contributions.
During oxygen isotope stage 3, sea levels do not appear to have risen locally above about 360 m. (iv) The rebound
parameters (describing the mantle rheology and ice sheets) required to match the limited observational evidence are
consistent with the results of similar analyses carried out for other parts of Europe. Because of its distance from the
former northern ice sheets, the isostatic factors are particularly sensitive to the value of the lower-mantle viscosity. (v)
The model predictions for sea-level change at the Cosquer Cave site and for its immediate environments indicate that
the cave was last readily accessible before about 10 700 þ 500 14C years (about 12 500 þ 500 cal. years) BP and that the
cave entrance was completely flooded by 9000 þ 200 radiocarbon years BP (between about 9800 and 10 300 calibrated
years BP). The cave was above sea level throughout the oxygen isotope stage 3. ß 2000 Elsevier Science B.V. All
rights reserved.
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1. Introduction

Considerable evidence has been presented in the
past two decades for the sea-level change along
the French Mediterranean coast comprising the
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Golfe du Lion and the Coªte d'Azur (Fig. 1). The
various sections of the coast and shelf mirror their
respective hinterlands and this largely determines
the nature of the available sea-level data. The
Golfe du Lion, from Cap Creus to Marseille, is
broad and shallow and provides information on
sea levels near the time of the last glacial maxi-
mum (LGM) [1,2]. The shelf of the Coªte d'Azur,
in contrast, is narrow and drops steeply to depths
of 2000 m and more. This section of the coast
provides considerable evidence for more recent
changes in sea level [3^6], and also provides im-
portant evidence for sea-level change during the
time of human occupation of the narrow coastal
plain, most spectacularly in the Cosquer Cave
near Marseille [7].

The observations of past levels of the sea are
important here for several reasons. First, the lo-
cality is su¤ciently far from the former margins
of the major ice sheets for sea level to follow, in a
¢rst approximation, the eustatic changes. With
corrections applied for isostatic e¡ects, the obser-
vations therefore constrain the total volumes of
land-based ice during the last glacial cycle [8].
Total volumes of ice at the time of the LGM
remain uncertain and any supplementary informa-
tion gained from the o¡-shore sea levels is of val-
ue in assessing the changing ice^ocean mass bal-
ance throughout time.

Second, the tectonic setting of the coast is that
of a passive margin, the eastern part of which

may have been reactivated, as recently as during
the Quaternary, in response to the convergence
of the European and African plates [9]. Any
such vertical motions would be compounded
by crustal subsidence in the Rhoªne delta region
[10]. For recent vertical motion studies, the natu-
ral reference surface is sea level and changes in
this surface from other causes, mainly those asso-
ciated with glacial cycles, need to be known if
precise rates of change are sought (see [11] for
the analogous problem in the Greece^Turkey re-
gion).

Third, archaeological evidence indicates that
the coastal plains were inhabited during and sub-
sequent to the LGM and models of sea-level
change for this period provide general constraints
on the understanding of patterns of settlement,
land use and communication routes. More specif-
ically, the models can be used to establish con-
straints on the periods when caves such as Cos-
quer, now submerged, were accessible to
Palaeolithic and Neolithic habitants.

In this paper, we will examine the evidence for
relative sea-level change along the French Medi-
terranean coast. The primary reason for £uctua-
tions in sea level here throughout the last 100 000
or so years has been the exchange of mass be-
tween the ice sheets and the oceans as climate
oscillated between cold and warm conditions.
The resulting pattern of change is complex be-
cause of the response of the Earth to the changing

Fig. 1. Location map for the French Mediterranean and adjoining areas. 1 = Nice, 2 = Cap d'Antibes, 3 = Cannes, 4 = Frëjus,
5 = St. Tropez, 6 = Cosquer Cave, 7 = Cap Romarin, 8 = Villefranche, 9 = Cap Corse, 10 = Scandola, 11 = Giens.
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surface load of ice and water. As ice sheets grow,
water is removed from the oceans and a global
lowering of sea level occurs. But, under the in£u-
ence of the changing surface ice load, the crust
responds by subsidence under the ice-loaded areas
and by uplift where the ocean load is reduced.
Near the centres of ice accumulation, the crust
is increasingly depressed and the sea encroaches
onto the land, even when the overall volume of
the ocean is decreasing and sea level is falling
globally. Immediately beyond the areas of ice ac-
cumulation, the crust is uplifted, primarily in re-
sponse to the £ow of mantle material away from
the region below the growing ice load. Further
away from the ice sheets, the changes are more
subtle and mainly controlled by the unloading
and loading of the sea£oor as ocean volumes
change.

Numerical models with high resolution have
been developed over recent years that give realis-
tic representations of the spatial variability of the
sea-level change and shoreline evolution if the
evolution of the ice sheets through time is known.
One unknown in these models is the rheological
response of the Earth to the surface loading. Ob-
servations of sea-level change can be compared
with the model predictions and rheological pa-

rameters can be inferred. Likewise, the hypothesis
that the ice model is adequately known for mak-
ing these predictions can be tested. Models for the
period following the LGM are generally satisfac-
tory and consistent with a broad observational
data base. They can, therefore, be used to give
at least ¢rst-order estimates of the global varia-
bility of sea-level change and of the time depend-
ence of shorelines for that period for which good
observational evidence exists. Back in time, before
the LGM, the models become less reliable as the
history of the ice sheets becomes increasingly un-
certain and the observational data base for testing
the models becomes more restricted. Hence the
emphasis of the results presented here will be for
the time since the LGM, but some indicative re-
sults will also be discussed for the earlier period
corresponding to the oxygen isotope stage 3.

In the ¢rst instance, we will examine the avail-
able ¢eld evidence for this period. Next, we will
compare these data with models for eustatic^iso-
static change with the goal of arriving at a de-
scription of the spatial and temporal variation in
sea level for the region that can be used to address
the issues raised above: ice^ocean mass balance,
evidence for recent vertical movements of tectonic
origin and archaeological implications.

Table 1
Sources for sea-level data from the French Mediterranean coast

Area Figure
reference

Identi¢cation point
in Fig. 2A

Data type Reference

Roussillon 2A R1^R6 Shelly sands and marine shells [2,13]
Golfe du Lion 2A L1^L3 Shells [13]
Grotte Huet (Cannes) 2A Ca1, Ca2 Terrestrial and marine cave deposits [13]
Villefranche 2A V1, V2 Marine cave deposits [13]
Provence 2A P1^P4 Shells in silty sands [13]
Marseille 2A M Bryozoans [14]
St. Tropez 2A T Shells in shelly sand [13,16]
Frëjus 2A F Shells in silty sand [16,17]
Cap d'Antibes 2A A Shells in silty sand [15]
Cosquer 2A C1 Shell fragments (Mytilus galloprovencialis) [18]

C3, C4 Coralline algae [19]
Baie des Anges 2A BA1^BA9 Fluvial^paludal and estuarine deposits [5]
Marseille 2B Archaeological data [12]
La Ciotat 2B Vermetid and coralline algae [6]
Giens 2B Vermetid and coralline algae [12]
Port Cros 2B Vermetid and coralline algae [6]
Baie des Anges 2B Estuarine, £uvial and beach deposits [5]
Corsica 9 Vermetid and coralline algae [6]
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2. Observational evidence for sea-level change

Until recently, few systematic studies have been
made of the observed £uctuations in sea level
for the French Mediterranean coastal region,
although a number of individual observations
and tentative sea-level curves have been reported
[1^3,13], particularly for late-glacial and earlier
times. More recently, several new data sets, focus-
sing mainly on the post-glacial interval, have been
published [4,6,12]. In the following, the evidence
for the two intervals will be discussed separately.

2.1. Late-glacial and older data (Table 1, Fig. 2A)

Fig. 2A illustrates the height^age relationship
of published sea-level indicators for the region.
Many of these observations were radiocarbon-
dated in the late 1960s and 1970s when dating
accuracies were lower than for more recent re-
sults. In consequence, 2c uncertainties have been
adopted throughout in Fig. 2. The observational
evidence for sea-level change before about 6000
14C years BP (radiocarbon before present) mostly
represents limiting values. For example, shell data
from shallow cores in silty sands on the continen-
tal slope between the Rhoªne delta and St. Tropez
(P1^P4, Fig. 2A) [13] are indicative of a maximum
position of the sea surface below its present level,
assuming that the shells were found in growth
position. Dredge samples of the same mollusk
species and of similar ages, however, have also
been found at much greater depths, suggesting
that actual sea levels could have been several
tens of meters higher than the depths illustrated
in Fig. 2A (i,ii) for these points. The shelly sand
deposits from the continental shelf of Roussillon
[2,13] (points R3^R5) also do not provide good
constraints. Young shelly sands with an age of
about 6000 years occur at a depth of 338 m in

the same area and it would appear that their ob-
served depths again form only lower limiting es-
timates of sea level, unless the material has been
reworked by wave and wind action in which case
they may represent upper limits. Generally, the
available published information is inadequate to
make a useful assessment of their value. Marine
shells from the same locality (points R2, R6) are
assumed to represent lower limits, as are the shells
from the Golfe du Lion [13] (points L1^L3). R1 is
based on shell fragments in an eolian-sand matrix
and its relation to sea level is unclear and may
represent an upper limit. Observations from Mar-
seille (M) [14], Cap d'Antibes (A) [15], Frëjus (F1,
F2) [16,17], St. Tropez (T) [16] and near Cosquer
Cave (C1) [18] yield lower limit estimates only.

The oldest ages of marine shell material in silty
sands from caves near Villefranche (Grotte du
Corail and Grotte du Merou) provide lower limits
[13] (points V1, V2) but the observations are not
precise because the complete marine sediment se-
quence may not have been sampled. Similar re-
cords from Grotte Huet near Cannes (point
Ca1) indicate that sea level was above 330 m at
6050 BP [13] and the comparison of this result
with the Villefranche cave observations indicates
an uncertainty of at least 5 m in these sea-level
estimates. Flowstone deposits for the same cave
indicate that a terrestrial environment existed un-
til at least 10 500 BP (point Ca2) and this provides
an upper limit estimate. However, the two limit-
ing values from this site do not place a tight con-
straint on the sea-level curve for this locality
(compare Ca1 and Ca2 in Fig. 2A (iii). The ob-
servations from the Baie des Anges, between Anti-
bes and Nice (points BA1^9), correspond to £u-
vial^paludal deposits (interpreted as upper limits
to sea level) and to estuarine deposits (taken as
lower limits to sea level) [5]. Uncertainties of
about 5 m are assumed for these limits (see be-

C
Fig. 2. (A) Observations from the French Mediterranean coastal zone of limits on sea-level change for the intervals (i) 30^15 14C
ka BP, (ii) 15^7 14C ka BP, (iii) 12^5 14C ka BP and (iv) 30^5 ka years BP. Note the di¡erent time and height scales used. Also
illustrated in (iv) are the model predictions of the upper and lower limits to sea-level change for the Coªte d'Azur. (B) Relative
sea-level change data for post-glacial times. (i) Estuarine (lower limits) and £uvial and marsh deposits (upper limits) from a local-
ity between Antibes and Nice [5]; (ii) archaeological evidence from Marseille [12]; (iii) vermetid and coralline algae data from
sites between Marseille and Nice [6] ; (iv) all data for the coastal zone referenced to the calibrated time scale with predictions of
the upper and lower limits to sea-level change for the Coªte d'Azur.
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low). The two Cosquer observations (C3, C4) are
from coralline algal deposits from the cave en-
trance but both yield ages that may be too old
[19]. (These observations are discussed further be-
low.)

Fig. 2A (iv) illustrates the combined data set
for the period before 5 ka (1000 years) but refer-
enced to the calibrated time scale using a polyno-
mial relationship between this and the conven-
tional radiocarbon time scale [20]. (Also shown
are the predicted sea levels (upper and lower lim-
its) for this locality and these are discussed further
in Section 3). Taken together, and despite the rel-
atively large uncertainties, these late-glacial and
older observations provide a reasonably consis-
tent result. The two shelly sand samples R3 and
R4 lie above the other observations of similar age,
suggesting that these deposits may have formed
above coeval sea level. Observations such as L1,
L3 and P4 indicate that the dated mollusks, if
indeed in situ, may have lived in water depths
of 40 m or more; not inconsistent with the occur-
rence of the same species, Cyprina islandica, of the
same age as P4 but at much greater depths. The
Marseille data point (M) is of particular interest
in that it suggests that soon after the LGM, at
about 16 000 (14C) BP, sea levels were locally 100^
130 m lower than today.

2.2. Mid-late-Holocene data (Table 1, Fig. 2B)

Observations of sea-level change for the past
7000 14C years are illustrated in Fig. 2B (i^iii).
For this interval also, the data are variable in
quality with published precision estimates ranging
from a few centimeters to several meters. The ob-
servations with the large error bars in (i) and (iv)
correspond to a range of beach deposits which
de¢ne upper limits, and estuarine and £uvial peats
which de¢ne lower limits [5]. Archaeological ob-
servations of ancient harbour constructions from
the Marseille region [21] (with calendar years re-
duced to radiocarbon years where appropriate) in
(ii) represent precise estimates of lower sea-level
positions at about 2000 years ago. Archaeological
evidence from the Roman period (V100 BC to
V100 AD) had previously been reviewed [22]
where it was concluded that along the entire

French Mediterranean coastline, sea-level change
had been minimal. The exceptions are the subsi-
dence of Rhoªne delta sites, a possibly small crus-
tal submergence at Marseille consistent with a
much more detailed recent analysis [12], and crus-
tal submergence near Cannes of about 1 m over
the past 2000 years. The only evidence for uplift
comes from an archaeological site just south of
the French^Spanish border, but this could also
be interpreted in terms of a silting up of the local-
ity [22].

Other tightly constrained estimates of sea level
are provided by coralline algae and gastropod
vermetid data [6,12] which point to a quite uni-
form rise in sea level over the past 4000 years
(Fig. 2B (iii)). The most precise data are based
on the submerged constructions of Lithophyllum
lichenoides which have a restricted habitat depth
of 0.1^0.2 m [6] and sea level should be at or
immediately above the highest data for any given
age. Adding uncertainties linked to the habitat
depth, the tidal range, and sample levelling, leads
to a sea-level height uncertainty of between 0.3
and 0.5 m. This precision estimate is similar to
the scatter of the data shown in Fig. 2B (iii) and
indicates that any short duration oscillations in
sea level are likely to be small. Fig. 2 (iv) com-
pares these results with the upper and lower esti-
mates based on the £uvial^marsh and estuarine
deposits [5], the upper limits of which lie system-
atically above the vermetid data from the same
general locality (between Nice and Marseille)
throughout the past 4000 years. This indicates
that the £uvial^paludal deposit results may over-
estimate the position of mean sea level by as much
as 5 m, hence the 5 m error bars placed on these
limiting values (see Fig. 2A (iv)).

Fig. 2B (iv) illustrates the combined late-Holo-
cene observational data set referenced to the cali-
brated time scale. (The model predictions, as dis-
cussed below, for this interval are also shown).
Together, these observations indicate that Holo-
cene sea levels along the Coªte d'Azur have never
exceeded the present level. Evidence for a higher
than present level, in the shape of an erosional
notch, has been cited [23] for Cap Romarin on
the Languedoc coast further to the west but this
remains an isolated event and recent results [24]
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have indicated that this notch is in fact of Pleis-
tocene age.

3. The sea-level model

3.1. Glacio-hydro-isostatic contributions to
sea-level change

While the observational data for the region dis-
play the major trends of sea-level change since the
LGM, the data are insu¤ciently accurate to con-
struct a representative sea-level curve that can be
used for predictive purposes. But if the major
cause of change is associated with the last glacia-
tion of the major ice sheets, then, model predic-
tions can be checked against this observational
evidence and used as an interpolation (and, with
less certainty, an extrapolation) device to arrive at
an improved description of the spatial and tem-
poral sea-level change for the region.

The models for the isostatic rebound predict the
relative sea-level change vj(t), the topography h(t)
and the location of shorelines as functions of time
and position. For European localities, under the
in£uence of the former Scandinavian ice sheet,
these can be related to the various rebound pa-
rameters as (cf. [25,26,11]) :

v j �B ; t� � v j e�t� � v j E
I �B ; t��

v j ff
I �B ; t� � v j T �B ; t� �1a�

and:

h�B ; t� � h�B ; t0�3v j �B ; t� �1b�

In the ¢rst relation, vje is the ice-equivalent
sea-level function1, vjE

I is the contribution from
the isostatic rebound of northern Europe, and
vjff

I is the isostatic rebound contribution from

the other major far-¢eld ice sheets combined:
Laurentia, Greenland and Antarctica. The last
term in Eq. 1a, vjT, allows for possible tectonic
contributions to relative sea-level change. The iso-
static terms contain the vertical displacements of
the crust as well as the displacement of the sea
surface (geoid changes) caused by the changing
mass distribution within and on the Earth and
the concomitant gravity changes, as the ocean^
ice mass is redistributed over the surface. They
contain both the e¡ect of the changing ice load,
the glacio-isostatic terms, and the e¡ect of the
changing water load within the ocean basins, the
hydro-isostatic contribution. These isostatic terms
are functions of the parameters de¢ning the
Earth's response to surface loading on time scales
of 103^105 years, as well as of the geometry of the
load and, to a lesser degree, of the geometry of
the ocean basins through time. Changes in sea
level caused by the glacially induced modi¢cation
of the Earth's rotation [27] are included in the
isostatic terms although the e¡ects for this locality
are small (V2 m at the time of the LGM). The
principal earth-model parameter dependency of
this contribution is the lower-mantle viscosity
but, within the range of uncertainties for this pa-
rameter discussed below (see Table 2), the errors
in its evaluation do not exceed 0.5 m. Once the
sea-level change is evaluated, the topography at
any time t is de¢ned by Eq. 1b in which h(t0) is
the present topography or bathymetry and h(t)
represents the terrain heights and water depths
at time t with respect to coeval sea level.

The glacio-hydro-isostatic contributions for a
coastal site near Cannes, assumed representative
of the area, are illustrated in Fig. 3. The loading
e¡ect of the meltwater from the totality of the ice
sheets, the hydro-isostatic e¡ects, is shown by the
curve (i) and the corresponding ice-equivalent sea-
level function, approximating the eustatic change,
is represented by curve (ii). The water-load term is
independent of the source of the meltwater but
dependent on the ice-equivalent sea-level function
assumed and on the earth-response function. An
uncertainty in the latter of 10% would produce a
maximum uncertainty in the isostatic correction
of less than 1 m in late-glacial time. Throughout
the Holocene, the water-load e¡ect is positive, re-

1 Because of the need to conserve ocean^ice mass on the de-
formable earth, this function is not identical to the eustatic
sea-level function: the isostatic contribution at any epoch is
not zero when averaged over the oceans and this non-zero
average plus the ice-equivalent function constitutes the eustatic
change [25,26].
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ducing the sea level with respect to the ice-equiv-
alent change. The glacio-isostatic e¡ect of the
northern hemisphere ice sheets is shown by the
curve (iii) and the primary contribution comes
from the Scandinavian ice. This term is not sensi-
tive to the details of the mass distribution within
the particular ice caps but is mainly dependent on
the ice volumes through time. An error of 10% in
the ice volumes would result in a maximum error
in the glacio-isostatic term of about 1 m. Because
of the competing e¡ects of gravitational attraction
and earth deformation, this corrective term
changes sign in late-glacial time; partly cancelling
out the water-load e¡ect in Holocene time but
enhancing this latter e¡ect at the time of maxi-
mum glaciation. The total relative sea-level
change is illustrated by curve (iv). At the time
of the maximum glaciation and during the late-
glacial stage, the relative sea levels are predicted
to lie above the ice-equivalent function by about
10 m.

In Holocene time, the two isostatic terms are of
opposite sign but the glacio-isostatic e¡ect domi-
nates, with the result that predicted sea levels after
6000 (radiocarbon) years BP are below present
sea level (see curve (iv) in Fig. 3b), with the pro-

viso that the ice volumes have remained at today's
value for this same period (curve (ii)). The mag-
nitudes of the isostatic contributions are functions
of the rheological parameters and of the dimen-
sions of the various ice sheets but, by analogy
with predictions for the Atlantic coast of France
[28] and Greece [11], the northern European term
vjE

I can be expected to dominate the isostatic part
of the Holocene sea-level change such that in the
absence of any tectonic contributions, vjT, sea
levels along the French Mediterranean coast are
unlikely to have been above their present level at
any time, always with the above proviso of con-
stant vje for the past 6000 years.

3.2. Model parameters

Predictions of sea-level change, such as those
presented in Fig. 3, are dependent on assumed
parameters for both the ice-sheet geometry and
the earth rheology and this dependence needs to
be examined in order to place accuracy estimates
on the predictions. The earth models adopted in
glacial rebound modelling represent simpli¢ed pa-
rameterisations of the rheological parameters and
the one adopted here describes the mantle as a

Fig. 3. (a) Predicted contributions to sea-level change for a site near Cannes on the French Mediterranean margin. (i) The hy-
dro-isostatic contribution resulting from the global changes in ocean volume, (ii) the ice-equivalent sea-level change corresponding
to the totality of the continent-based ice sheets (Eq. 2), (iii) the glacio-isostatic contribution from the former northern hemisphere
ice sheets, and (iv) the total sea-level change. These predictions are for a ¢rst iteration solution. (b) The Holocene part of the
same predictions but drawn on expanded scales.
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three spherical layer, compressible body compris-
ing a lithosphere of e¡ective elastic thickness Hl,
an upper mantle with an average, e¡ective, viscos-
ity Rum from the base of the lithosphere down to
the 670 km seismic discontinuity, and a lower
mantle with an average e¡ective viscosity of Rlm.
Within each of these layers, the density and elastic
moduli are depth dependent and consistent with
seismic models of the Earth. Only models with
laterally homogeneous viscous and elastic param-
eters are considered. Extensive model tests have
shown that these three-layer models give a satis-
factory description of the mantle response, even
though the observational evidence may favour a
greater viscosity strati¢cation within the upper
mantle [29]. Appropriate values for the three pa-
rameters, model E0, are given in Table 2.

The ice model for Scandinavia is based on re-
cent analysis of shoreline-age relations, tide-gauge
analyses and Baltic Ice Lake levels of the region
[30^32]. The models for the other ice sheets are
the same as used in these studies. Any rebound
resulting from the deglaciation of the small Wu«rm
ice sheet over the Alps is ignored. The ice models
include the loading phase leading up to the LGM
as well as earlier cycles back to the last intergla-
cial stage 5e. The European ice load is de¢ned at
1000 year intervals on a 25 kmU25 km grid and
expanded into spherical harmonic series out to
degree 256 (corresponding to a half wavelength
of about 75 km). Expansions to higher degrees

are generally not necessary because the essentially
elastic lithosphere supports loads of shorter wave-
length with minimal deformation. The meltwater
from the ice sheets is distributed into high reso-
lution models for the ocean basins and the con-
comitant loading e¡ects take into consideration
the time dependence of the shape and surface
area (including the changing grounded ice cover
of shallow seas) of these basins. The condition
that the ocean surface is an equipotential surface
is satis¢ed for all times. The total ice and water
mass is conserved throughout. The ocean load is
also expressed with a spatial resolution of har-
monic degree 256, higher degree expansions not
being required for this region.

The ice-equivalent sea-level function in (Eq. 1a)
is de¢ned as:

v j e�t� � b i

b o

Z
t

1
Ao�t�

dvV i�t�
dt

dt �2�

where vVi is the volume of the totality of the
land-based ice sheets at time t and Ao is the sur-
face area of the oceans. The bi and bo are the
densities of ice and ocean, respectively. Ao is a
function of time because of the coastline regres-
sions and transgressions and because of the
changes in the extent of grounded ice on the
shelves and in shallow seas.

If the isostatic terms in Eq. 1a can be evaluated
and the tectonic term is neglected, then vje(t) can
be estimated from observed sea levels, vjobs, ac-
cording to:

v j e�t� � v j obs3�v j E
I � v j ff

I � � O obs �3�

This has been the procedure adopted previously
[8,33] to estimate the ice-equivalent function using
observations from localities far from the former
ice sheets where the corrective isostatic terms in
Eq. 3 are small. The resulting constraint on the
ice-equivalent sea-level function is then compared
with the estimate (Eq. 2) based on the adopted ice
models to establish whether modi¢cations to the
latter are required. If signi¢cant corrections are
required (signi¢cant in the sense of leading to a
modi¢cation of the water-load contribution to
sea-level change greater than 5% of this contribu-

Table 2
Earth-model parameters for a three-layer mantle model

Model Hl Rum Rlm

(km) (Pa s) (Pa s)

E0 65 4U1020 1022

E1 50 4U1020 1022

E2 100 4U1020 1022

E3 65 3U1020 1022

E4 65 5U1020 1022

E5 65 4U1020 5U1021

E6 65 4U1020 5U1022

E0 is the preferred model and models E1^E6 represent the
range of parameters that are broadly consistent with ob-
served sea-level change across northern and western Europe
[29^32]. Hl is the e¡ective lithospheric thickness, Rum is the
e¡ective upper-mantle viscosity and Rlm is the e¡ective lower-
mantle viscosity.
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tion), then, the isostatic terms in Eq. 1a are re-
evaluated and the analysis for vje(t) is repeated.

In the present analysis, the radiocarbon time
scale is used throughout to describe both the
sea-level data and the ice geometry and the vis-
cosity values are consistent with this choice. (Any
non-linearities in the radiocarbon time scale do
not introduce signi¢cant errors into the analysis
[34]). In the ¢nal discussion of the results (Section
4), the sea-level changes are also de¢ned with re-
spect to the calendar time scale.

3.3. Model predictions

Fig. 4 illustrates the predicted sea levels at three
localities along the mainland coast. The spatial
variability is not insigni¢cant (Fig. 4a,b), particu-
larly between Languedoc^Roussillon, typi¢ed by
the Cap Romarin prediction, and the Coªte
d'Azur, typi¢ed by the Frëjus prediction. For
the latter region, the predictions are very similar
from site to site except for the peninsular site of
Giens, and the nearby Isle de Port Cros, where

Fig. 4. Predicted sea level for di¡erent localities along the French Mediterranean coast. (a,b) Three coastal sites and (c,d) four
sites along a section across the Golfe du Lion orthogonal to the coast. (a,c) Predictions for the past 20 000 years and (b,d) for
the past 7000 years. These model predictions assume that all melting ceased at 6000 years BP.
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the predictions lie below those for the other local-
ities between about St. Tropez and Villefranche:
for Giens, the water load is distributed through a
greater azimuth range than at Frëjus and the hy-
dro-isostatic term is correspondingly reduced in
magnitude. For the sites between St. Tropez and
Villefranche, the observational evidence can be
combined into a single representative sea-level
curve. The spatial variability of sea-level change
with distance from the mainland coast is illus-
trated in Fig. 4c,d for sites along a section across
the Golfe du Lion, orthogonal to the coast
through Se©te (to the east of Cap Romarin).
Site 1 corresponds to a locality inland by about
20 km, site 4 is 100 km o¡-shore on the edge of
the shelf and the present shoreline is midway be-
tween sites 1 and 2. Di¡erences in late-glacial pre-
dicted sea levels at these localities di¡er by up to
10 m between the coast and shelf edge although
the observational uncertainty for the data from

this locality is signi¢cantly greater than that (cf.
Fig. 2A).

Despite these spatial variations, the predictions
at all localities indicate that sea levels have been
rising at all times since the LGM, particularly in
the Holocene, and have remained below present
level. Mid-Holocene highstands that are charac-
teristic of the coasts of tropical Africa or Austral-
ia, for example, are not seen here because the
isostatic signal is dominated by the glacio-isostatic
term associated with the former Scandinavian ice
sheet (cf. curve (iii) in Fig. 3).

The parameters upon which these predictions
are based, as summarised in Table 2 (model E0),
represent the best ¢tting estimates from several
regional studies but their uncertainties remain rel-
atively large and are spanned by the range of
parameters de¢ning the models E1^E6. Thus to
examine whether the above conclusion of rising
sea levels throughout Holocene time is a robust

Fig. 5. (a) Predictions for sea-level change at a coastal site for earth model E0 and ice model SCAN-2 (see below). All melting
ceased at 6000 years BP. (b) The di¡erences in predicted sea levels for the earth models Ei3E0 (i = 1T6, Table 2). The sum of the
nominal sea-level prediction (a) and the earth-model di¡erential contribution (b) is always negative and predicted sea levels re-
main below present throughout the late-Holocene for the range of earth models considered here. (c) Predictions for the di¡eren-
ces in sea-level change for the ice models SCAN-2^SCAN-0 (curve (i)) and SCAN-2^SCAN-1 (curve (ii)). For the range of ice
sheets considered, the predicted late-Holocene sea levels remain below the present level.
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one, predictions have also been made for a series
of model parameters de¢ned by E1^E6 (see Table
2). Fig. 5a illustrates the predictions for the Coªte
d'Azur, based on the earth model E0 and the ice
model in which all melting ceased by 6000 years
BP and ocean volumes remained constant since
that time (curve (ii), Fig. 3). For this combination
of earth-ice model parameters, the predicted sea
level at 6000 BP is about 33 m (see inset in Fig.
5a). The di¡erences in predicted levels for Ei3E0
(i = 1T6) are illustrated in Fig. 5b and for the
Mediterranean localities considered here, these
di¡erences rarely exceed about 2 m. In particular,
the dependence of the predictions on the earth-
model parameters, within the range speci¢ed, at
6000 years BP is small, less than about 1 m, when
compared with the optimum model E0 for which
the predicted rsl at this time is about 33 m.
Hence, always within this earth-model range, the
predicted relative sea level remains below present
level throughout the past 6000 years.

Of the three-layered models, the greatest pa-
rameter dependence for late-Holocene time is on
the lower-mantle viscosity : a lower than assumed
value leads to a positive contribution to the iso-
static correction for this time, re£ecting the great-
er extent of material £ow through the lower man-
tle for this model (E5) than for the other models.
But the lower-mantle viscosity would have to be
less than about 1021 Pa s before the isostatic con-
tribution reversed the trend predicted for the past
6000 years by the standard models and no realis-
tic rebound analysis supports such low values
[29,30,35]. For the range of plausible earth models
de¢ned in Table 2, the Mediterranean sea levels
remain below the present level throughout the
Holocene, consistent with the observational evi-
dence.

Because the glacio-isostatic contribution for
this region is determined largely by the northern
European ice sheet, the sensitivity of these predic-
tions on ice-sheet parameters should also be ex-
amined. Several models are considered. The ¢rst,
SCAN-0, is based on a variant of the Denton and
Hughes ice model [36,37] in which the ice thick-
ness is characterised by parabolic pro¢les radiat-
ing from a centrally located dome with a maxi-
mum ice thickness in excess of 3000 m. All glacial

rebound analyses indicate that the volume of ice
in such a model is excessive [37,38] and the model
SCAN-1 represents a scaled version of SCAN-0 in
which the ice thickness of the original model has
been scaled by a factor 0.62 [30]. The third model,
SCAN-2, is one that best ¢ts the Scandinavian
and North Sea observational data for rebound
[30] and is characterised by having proportionally
less ice over the southern and southeastern sector
than model SCAN-1. Fig. 5c illustrates the di¡er-
ences in predicted sea levels based on the models
SCAN-2^SCAN-0 (curve (i)) and SCAN-2^
SCAN-1 (curve (ii)). The two models SCAN-2
and SCAN-1 have a similar ice volume at the
time of the LGM and di¡er primarily in the rel-
ative distribution of ice. Thus the small magnitude
of the di¡erence SCAN-2^SCAN-1 indicates that
the sea-level predictions here are primarily sensi-
tive to the ice volumes (curve (i)) rather than to
the geographic distribution of the ice (curve (ii)).
The result for SCAN-0 represents very much an
upper estimate of the uncertainty that is intro-
duced through inadequacies in the northern ice
sheet but within this range of ice models, the pre-
dictions retain the same characteristic pattern of
increasing levels throughout Holocene time. Even
for the small-volume model SCAN-2, the total
glacio-isostatic contribution at the Mediterranean

Fig. 6. (a) Estimates of ice-equivalent sea-level change for
the past 6000 14C years from evidence from (1) the French
Atlantic coast [28], (2) Scandinavia [30] and (3) from a glob-
al analysis of sea-level data from locations far from ice
sheets [8]. All analyses indicate that ocean volumes continued
to increase over this interval time.
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sites remains su¤ciently large to overcome the
opposing e¡ect of the water load throughout
late-Holocene time.

Most isostatic rebound analysis indicate that
ocean volumes have continued to increase during
late-Holocene time by an amount su¤cient to
globally raise sea level by about 2^3 m [8,29,
30,33], either because of ongoing melting of the
Antarctic ice sheet or from contributions from
mountain glaciers. Much of this melting occurred
between about 6000 and 3000 years BP and the
contribution since 3000 years BP is small, less
than 1 m [8]. The e¡ect of this increase in ocean
volume on the Mediterranean sea-level predic-
tions is to augment the rise in sea level during
late-Holocene time and to further reduce the like-
lihood that Mediterranean levels exceeded the
present level. Fig. 6 illustrates some recent esti-
mates for this correction, estimates that are based
on analyses of sea-level data from di¡erent local-
ities around the world. Good consistency exists
between these results for the past 6000 years but
the information becomes more sparse the further
back in time one goes and for the earlier period

the ice-equivalent sea-level function becomes less
reliable.

Fig. 7 illustrates the upper and lower predicted
bounds on sea level for the Coªte d'Azur for the
past 30 000 (14C) years based on the earth model
E0, Scandinavian ice model S2, and the Holocene
ice-equivalent sea-level function from [8]. The lim-
its correspond to twice the square root of the sum
of the squares of (i) the earth-model errors repre-
sented by the envelope of the range of predictions
illustrated in Fig. 5a, (ii) ice model errors repre-
sented by the range of the model predictions illus-
trated in Fig. 5b (models SCAN-2^SCAN-1), (iii)
the ice-equivalent sea-level function uncertainties
discussed in [8], (iv) the uncertainty in the predic-
tion of the rotational contribution to sea-level
change and (v) the root-mean-square spatial var-
iability predicted for the sites that contribute to
the observational data base. The spatial variabil-
ity of the predicted sea levels along the coast is
small (cf. Fig. 4) and less than the above uncer-
tainties so that this sea-level curve can be consid-
ered as representative of the coastal and immedi-
ate o¡-shore regions of the French Mediterranean
coast.

4. Discussion

The comparison of the observed and predicted
sea levels, with all estimates referring to the cali-
brated time scale [20], are illustrated in Fig. 2A,B
(iv). Agreement is generally satisfactory for the
late-Holocene interval (Fig. 2B (iv)), with the ver-
metid and coralline observations lying within the
accuracy envelope of the predictions, although for
the past 3500 calibrated years, these observed val-
ues cluster near the upper limit of the predicted
range. Agreement between observations and pre-
dictions for the late-glacial period is also satisfac-
tory apart from a few major discrepancies previ-
ously noted (Fig. 2A (iv)) : the marine cave
deposits (V1, V2, Ca1) appear to have been either
deposited in water depths of as much as 20 m or
the measured ages are too young; some of the
shell beds (e.g. P4, L3) appear to have formed
in water depths of 40^70 m, not inconsistent
with other deposits recorded in the same compi-

Fig. 7. Upper and lower limits of the predicted sea-level
change along the Coªte d'Azur. The predictions are based on
earth model E0, Scandinavian ice model SCAN-2, and the
ice-equivalent sea-level function from Fig. 6 (curve (iii)). The
upper and lower limits re£ect uncertainties in these model
parameters and the predicted spatial variability for the Medi-
terranean coastal sites. The shaded band shows the limits on
the position of sea level, relative to present, and on the time
interval at which the cave was last readily accessible.
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lation [13]; the shelly sand deposits R3 are incon-
sistent with having been deposited below sea level,
suggesting that they have been reworked.

4.1. Ice-equivalent sea-level function

Fig. 8 illustrates the ice-equivalent sea-level
function (Eq. 2) inferred from the French Medi-
terranean data using Eq. 3 and the isostatic cor-
rections based on the above-discussed optimum

ice-earth-model parameters. The accuracy esti-
mates for the vje(t) include both the observatio-
nal and model uncertainties. Also illustrated is the
comparable function inferred from a more exten-
sive and homogeneous data base for the late-gla-
cial [8] and LGM [39] periods (Fig. 8a). Agree-
ment between the two estimates is broadly
satisfactory although the observational data
from the French coast are not of su¤cient preci-
sion to establish any variations in the rate of in-

Fig. 8. Observed sea levels corrected for the glacio-hydro-isostatic contributions (Eq. 3), or the ice-equivalent sea-level change,
from the French Mediterranean area (points with error bars where the latter include both the observational uncertainties and the
model uncertainties for the isostatic correction terms). (a) For the past 50 000 calibrated years. Curves (i) and (ii) are the equiva-
lent functions from [8] and [39], respectively, and curve (iii) is a scaled representation of the NO18 record [40] as discussed in the
text. (b) Same results but for late-Holocene time. The curve (i) corresponds to the result from [8].
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crease during the late-glacial period. However, the
Mediterranean data for the ice-equivalent values
about the time of the LGM are consistent with
the earlier estimate. The third curve in Fig. 8 is
the estimate inferred from the oxygen isotope re-
cord [40], calibrated against the height^age rela-
tionships of the raised coral reefs of the Huon
Peninsula in Papua New Guinea [41] and the es-
timate of the LGM ice volume [39]. The few pre-
late-glacial data points from the French coast are
consistent with this record, although their reliabil-
ity is low, and tend to support arguments that the
LGM was of relatively short duration.

The inferred estimates of ice-equivalent sea lev-
el for the late-Holocene period based on the high-
precision vermetid and coralline data suggests
that the ocean volumes may have stabilised at
around 4000 cal. years BP (about 3500 14C years
BP), earlier than assumed in the a priori model
(curve (i), Fig. 8b). At 3000^4000 years BP, for
example, the individual estimates lie about 0.5^1.0
m above the a priori function and, if this latter
model is accepted, then, this discrepancy suggests
a tectonic uplift of about 0.2^0.3 mm/year along
the Coªte d'Azur (see below). Alternatively, in
view of some sensitivity of the predictions in
this region on the lower-mantle viscosity (cf.
Fig. 5), it could mean that the choice for this
mantle parameter is not optimal. But such con-
clusions would be premature on the basis of these
data alone. Of greater signi¢cance is that any os-
cillations in ocean volume over the past 4000
years are likely to have been minimal, with the
ice-equivalent sea-level estimates unlikely to have
exceeded 0.5 m.

4.2. Vertical tectonic movements

The vermetid and coralline data [6] are su¤-
ciently precise to warrant a closer comparison
with the model predictions. As noted above, the
observed values, while within the model-predicted
range of change, lie systematically near the upper
limit and this could be indicative of tectonic uplift
along the Coªte d'Azur.

A test of this inference is provided by the posi-
tion of the last interglacial (5e) shoreline which, in
the western Mediterranean, is usually found to be

a few meters above present sea level. But if the
above estimate of 0.2^0.3 mm/year was valid, then
these shorelines would be at 24^36 m above
present sea level. Even the slower rate of 0.08
mm/year based on marine terrace deformation
[42] would place the last interglacial shoreline at
10 m above present sea level, much higher than
observed. If the elevated notch at Cap Romarin
[22] is of last interglacial age [23], this would in-
dicate that the Languedoc coast has also been free
of signi¢cant vertical tectonic movements (6 0.02
mm/year) in late-Quaternary time.

Fig. 9. Observed (with error bars) and the upper and lower
limits of predicted (dashed lines) sea levels at two sites in
Corsica: (a) Cap Corse, in the north, and (b) Scandola, on
the west coast near Ajaccio. Predictions are based on earth
model E0, Scandinavian ice model SCAN-2 and the ice-
equivalent sea-level function illustrated in Fig. 6 (curve (iii)).
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Vermetid and coralline data for two locations
in Corsica, Cap Corse in the north and Scandola,
north of Ajaccio on the west coast, also indicate
that sea level has been rising continuously for the
past 4000 years [6] (see Fig. 1 for locations). The
observed rates of rise are similar for the two local-
ities (Fig. 9) although the predicted rates for the
Scandola site exceed those for Cap Corse because
of the spatial variability in the hydro-isostatic re-
sponse function. Agreement between model pre-
dictions and observations is satisfactory for the
Cap Corse locality but at Scandola, the observa-
tions lie systematically above the predicted limits,
suggesting that vertical tectonic rates here may be
of the order 0.15^0.3 mm/year. This would place
the last interglacial shoreline at 20340 m above
present sea level. We are not aware of evidence in
support or contradiction of this for the section of
the Corsican coast.

4.3. Earth-model parameters

The predictions based on the earth-model pa-
rameters E0 are consistent with the observational
evidence for the sea-level change although the sen-
sitivity of this change on the parameters is slight.
It is of some interest, however, that the predic-
tions are potentially sensitive to any deep-mantle
£ow associated with the glacial rebound, particu-
larly that of Scandinavia, and that this depend-
ence is quite marked in mid-Holocene time (Fig.
5). For example, the small discrepancy noted
above for the late-Holocene ice-equivalent sea-lev-
el estimate disappears if a somewhat lower value,
about 5U1021 Pa s, was adopted for the lower-
mantle viscosity. High resolution, high-precision
coralline algae and vermetid data from other lo-
calities around the western Mediterranean may
therefore provide some constraint on the mantle

Fig. 10. Predicted sea level in the western Mediterranean at the time of the LGM, based on the E0 earth-model parameters and
the global ice sheets including SCAN-2 for northern Europe.
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rheology, in particular if the last interglacial levels
can also be mapped to independently establish
rates of tectonic displacements.

4.4. Spatial variability of sea level

While the spatial variability along the coast is
relatively small, that across the western Mediter-
ranean is more important. This is illustrated in
Fig. 10 for the LGM at which time the predicted
sea-level positions range from more than 120 m
below present in the central basin of the western
Mediterranean to about 105 m below present in
the Golfe du Lion and the Gulf of Genoa. This
variability is largely the result of the water load-
ing of the Mediterranean but of note is that the
level does nowhere reach the ice-equivalent value
for this time (cf. Fig. 8a) because throughout the

region, the glacio-isostatic contribution for this
time is positive (cf. Fig. 3a).

4.5. Archaeological implications

The discovery of the o¡-shore Cosquer Cave [7]
has renewed interest in reconstructing the palae-
ogeography of the region, both as a reconstruc-
tion of the environment in which the cave-dwell-
ers resided and as a means of constraining the
periods of possible occupation of this and other
submerged caves in the area. Today, the cave en-
trance is at 37 m below sea level but two large
chambers are still partly above this level, the
emerged parts of which are decorated with repre-
sentations of the fauna of the last glacial period;
bisons, aurochs, horses, ibex, chamois, auks and
others. In the interval immediately upon the dis-

Fig. 11. Horse scene painted on the walls of Cosquer Cave about 22 000 calibrated years BP. Several paintings at lower levels in
the cave were partly destroyed by the rising sea level in post-glacial time but the horse's legs have been damaged only up to a
height of 0.5 m above present mean sea level. This value represents the maximum range of modern £uctuations in sea level due
to tides and meteorological forcing of the ocean surface [46]. Photograph: A. Chënë, Centre Camille Jullian, CNRS. Published
with permission of the Ministe©re de la culture, France.
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covery of the cave, it was sometimes argued that
the cave paintings were not of late-Palaeolithic
age [43] and that the discovery may have consti-
tuted an elaborate hoax. One argument used was
that because the paintings are well preserved
down to the present water level (Fig. 11) and
sea levels in late-Holocene time were higher than
today, the paintings must post-date the fall in sea
level. This argument equates sea-level change in
this area with that at locations further from the
former ice sheets where mid-Holocene highstands
develop because either the hydro-isostatic contri-
butions dominate or the coast has been subjected
to a slow uplift of tectonic origin. However, the
results of the isostatic modelling for this part of
the Mediterranean strongly supports the local
¢eld evidence of a rising sea level throughout
the Holocene: at no time since the cave entrance
was last £ooded will the water level have exceeded
the present level by more than the amplitude of
tidal and meteorological forcing of sea level. The
last sceptics about the authenticity of Cosquer
Cave were ultimately convinced by the more
than 20 AMS radiocarbon dates measured di-
rectly on the paintings which convincingly dem-
onstrated that prehistoric man used the cave over
an extended period between 28 500 and 14 000 14C
years BP (or about 33 000^16 500 cal. years BP)
[44,45].

Attempts to date the ¢rst £ooding of the cave
have not led to accurate constraints on the period
of potential occupation of the cave. The two dates
obtained from Mesophyllum deposits (points C3
and C4, Fig. 2A, [19]) provide lower limits only.
Likewise, the two cave observations from nearby
Villefranche (points Ca1 and Ca2, Fig. 2A) do not
place tight constraints on the age of the ¢rst
£ooding of these caves. Furthermore, in the case
of the Cosquer Cave, the two coralline samples
recovered at the same depth di¡er by nearly
2000 years in age for which two mutually non-
exclusive explanations have been advanced [19] :
the oldest coralline algae were in direct contact
with the limestone wall and its age is contami-
nated by old carbon; or the youngest sample,
not in contact with the wall, grew later when
sea level was above the growth position. Better
constraints may be provided by the sea-level curve

for the locality (Fig. 7), based on the optimum
parameters, and by the shoreline reconstructions
for the area (Eq. 1b). This suggests that the last
time that the cave could have been visited, as-
sumed to correspond to the time that the water
level stood at about 2 m above the cave-entrance
£oor so that much of the entrance was £ooded,
occurred at about 9000 þ 200 radiocarbon years
BP or between about 9800 and 10 300 calibrated
years BP. However, the cave being near the base
of a cli¡, entry into it could have been impeded
before that time by the rising sea level along the
base of the cli¡. High resolution reconstructions
for the palaeo-topography of the area around the
cave site have not been attempted here because
the requisite high-detail bathymetry is not avail-
able although a preliminary evaluation using the
bathymetric map of [47] suggests that by the time
sea level stood at between 50 and 45 m below its
present position, the base of the cli¡ face was al-
ready £ooded and that convenient access to the
cave ceased soon after about 10 700 þ 700 14C
years, or about 12 500 þ 700 cal. years BP. This
is about 3500^4000 years later than the youngest
dates for the artwork.

The sea-level curve before the LGM and during
the oxygen isotope stage 3 remains poorly con-
strained by current observations of either the local
sea-level change or the global £uctuations of the
ice volumes. Throughout OIS-3 (back to about
50 000 years BP), however, the levels appear to
have been lower than about 50 m below the
present level and the cave would have been acces-
sible throughout this interval.[AC] [RV]
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Provence occidental, Thëse Doct. Sci., Univ. Aix-Mar-
seille II, 1974.

[15] M. Gennesseaux, Y. Thommeret, Datation par le radio-
carbone de quelques sediments sous-marins de la rëgion
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