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Abstract

The drastic climatic changes which characterise the cooling trend of the last few million years of Earth history led to variations
in eustatic sea level that had tremendous impact on the geology and ecology of continental margins. Reconstructing a sea-level
curve back in time is not an easy task. Observations of shoreline positions are always a local measurement of Relative Sea Level
that needs to be corrected from the effect of tectonic and thermal subsidence, sediment loading, compaction and glacio-hydro
isostasy. Extensive studies have been done for the last deglaciation and for the last 100,000 yr cycle. But very few studies deal with
position of sea level during earlier cycles, simply because conditions are very rarely favourable for the preservation of such
witnesses. The shelf of the Golfe du Lion (Western Mediterranean) reveals a unique record of shoreline paleopositions during
glacial maxima of at least the last five circa 100 kyr glacial/interglacial cycles. In fact it is the entire glacial deltaic lobe of up to
50 m thick (from delta front or shoreface to prodelta) that has been preserved in place and which provides direct and independent
constraints for relative sea-level minima. We measure a relative sea level of: —112m, —128, —134, —246 and —262 m for MIS 2, 6,
8, 10 and 12 respectively. After corrections taking into account postdepositional movement of strata (subsidence), we find, that sea
level dropped to a depth of —102+6 m during the last three glaciations (MIS2, MIS6, MIS8) but reached exceptionally low values
of more than — 150410 m during the preceding glaciations MIS10 and MIS 12 at about 340 and 434 kyr BP. This general time
framework and sedimentological interpretation has been confirmed by preliminary results from two deep drillings during the
PROMESS cruise (july 2004), which validate our methodology. However, no detailed and absolute datings of such witnesses are
available so far, so that we cannot prove that these levels are the lowest ever reached during each glacials, but they correspond
undoubtedly to the last preserved shoreface before rapid sea-level rise. We also suggest that the abrupt change in sea-level maxima
might be the overprint of 400 kyr orbital periodicity cycles. Last but not least, these results prove that the Golfe du Lion is indeed a
unique laboratory to study paleoclimates and sea-level variations on a larger time scale. Further work is needed for a complete
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glacio-hydro-sedimento isostatic modelling of each sequence and each glacial to further constraint local sea level versus global sea
level and quantify, in particular the relative effect of glacio-hydro isostatic effect (which differ according to ice sheet extend) but
also of erosion—sedimentation isostatic effect (erosion on land and deposition on the outer shelf and slope).

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Throughout the Quaternary, sea-level evolution is
directly linked to climate variations and the induced
throb of ice sheets. During the last decades, extensive
efforts have been made to obtain a subcontinuous record
of paleoclimatic changes from the study of marine,
continental or ice cores with, in particular, great progress
in the use of isotopic ratios. However, such data do not
give direct access to sea-level history. A simple linear
relationship between the oxygen isotope record and
global continental ice volume [1] or a more elaborate
relationship [2] is often taken as a first approximation
but is known to be too simplistic [3,1,2]. Direct proofs
of sea-level position such as morphologic, diagenetic or
organic features (e.g. marine notches, terraces, arche-
ological data, beach rocks, peats or coral construc-
tions...) can be obtained from geological evidence on
continental margins to calibrate the curves. But sea level
obtained in that way is a local Relative Sea level (RSL)
as the Earth surface is subject to subsidence or uplift.
This Relative Sea level needs to be corrected from the
effects of tectonic and thermal subsidence, sediment
loading and compaction, glacio-hydro isostasy, gravita-
tional potential, in order to obtain a Corrected Sea level
(CSL). To do so with confidence, the geological context
of the studied area needs to be chosen carefully and
known in great detail. In any case, neither of these two
approaches alone (isotopic and geological) is sufficient
to reconstruct a continuous calibrated sea-level curve;
we need to compare and combine their results. This has
been done successfully for the last deglaciation (from
20 to 0 cal-kyr BP) using corals, dating methods (**C
and U/Th) [4-9], glacio-hydro-isostatic models [10—12]
or hydraulic model of water exchange [13]. Few studies
also tried to calibrate the last interglacial and the entire
last glacial cycle (OIS 5 to OIS 3) in the same way using
corals and dating methods [5,14-21] but also stalag-
mites, speleothems and dating methods [22,23] or again
using glacio-hydrostatic models [24—26]. However, the
comparison of all these studies shows that even the sea
level at the Last Glacial Maximum (LGM) is still not so

well constrained and that discrepancies subsist between
estimates (Table 1 and Fig. 1). On a longer time scale,
apart from the original study of Rohling [27] using
variations in salinity in the Red Sea as observed in cores
and related to sea-level variations for the last 500,000 yr
and the following work of Siddall using hydraulic
modelling in the Red Sea [13], and the new long
drillings in reefs [28], there have been very few studies
using direct geological field evidence to estimate
quantitative paleo-sea-level amplitudes, especially for
low stands and earlier glacials (Table 1). The work of
Ferland [29] is one of the few attempts based on
sediment cores on the shelf. The present work provides
new estimates of Corrected sea-level amplitude for the
last five glacials on the outer shelf of the Golfe du Lion,
Western Mediterranean Sea.

2. Method: using seismic images to measure sea-
level amplitude

Many factors of global, regional or local scale have
long been recognised to control the overall geometry and
deposition of sediments. Seismic stratigraphy was
developed at the end of the 70’s, to address part of those
questions that were critical for petroleum exploration
[30—-36] but this type of work deals with long-term evo-
lution of sea level with sequences of the order of 1 Ma.

On shorter time scales, (i.e. Pleistocene), many studies
have also been undertaken on continental margins. They
are too numerous to be cited. However, we note that, to
our knowledge, very few attempts have been made to use
these observations to estimate sea level. This was also
partly due to the inability to drill in shallow water, that has
long hampered progress in reconstructing sea-level
history [37]. So, in most studies paleoclimatic curves
derived from isotopic data were used as a reference and
sequences observed on the field were correlated directly
to the paleoclimatic curves (e.g. [38,39]). One attempt of
amplitude determination after the work of [40,41] was
proposed by Skene using numerical stratigraphic model-
ling [42] that led him to a modification of sea-level curves
(see his curve in Fig. 1).
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Table 1
Synthesis of results for the estimation of Sea level at glacial maxima during LGM, MIS 6 to MIS12 from literature using different methods
Oxygen Age Sea-level estimates  Ice Authors Location Method
isotope (kyr) (meters below equivalent
stage present SL) sea level
(meters
below PSL)
Stage 2.2 18 "“C-kyr 127 CLIMAP, 1981 Global Climate models
(=21 cal-kyr) 163
160 Hughes et al. 1977 Global Ice sheets
20 cal-kyr 140 Lambeck et al.,, 2002 Barbados, Bonaparte RSL records and isostasy
(Fig. 11) Gulf, Sunda shelf, Tahiti,
21 cal-kyr 123 Huon, Christchurch
22 cal-kyr 146
30-19 cal-kyr 130 to 140  Lambeck and Chappell RSL records and isostasy
2001 (Fig. 3b)
125+5 Fleming et al., 1998 RSL records and isostasy
105 Peltier, 1994, Barbados RSL records and isostasy
113.5-116.5 Peltier, 2002-QSR
<120 m Peltier, 2002 (reply)
115-135 Milne et al., 2002 Barbados, Bonaparte RSL records and isostasy
Gulf, Huon peninsula,
Tahiti
RSL=105-115 Lambeck and Bard, 2000 Mediterranean Sea RSL records and isostasy
18-17 cal-kyr RSL=135-143 Camoin et al., 2001 Moruroa, French Polynesia Corals
18-17 cal-kyr 110-115 Camoin et al., 2004 Indian Ocean, Mayotte Corals (Acropora+
Galasea + lithophyllum +
hydrolithon)
19 cal-kyr 125 Fairbanks, 1989 Barbados Drilled coral reefs,
Porites
19 cal-kyr 118 Bard et al., 1990 (nat) Barbados Drilled Palmata coral
21 cal-kyr 116 Hanebuth, 2000 Sunda shelf Sed cores
19 cal-kyr 114
19-22 cal-kyr —130 to Yokoyama et al., 2000 Bonaparte Gulf
—135
19-22 cal-kyr 121 to 125 (+4) Yokoyama et al., 200la  Bonaparte Gulf RSL records and isostasy
Discuss those results Shennan and Milne, 2003 Bonaparte Gulf Cores analysis
18 C-kyr 130 Chappell and Shackleton,
1986
20 cal-kyr 120 Rohling, 1998 Red Sea Salinities in sed cores
Siddall, 2003 Red Sea Hydro Model
Above 130 m Ferland et al., 1995 Shelf Southeastern Core analysis
Above 125 m Australia
Stage 6.2 135 kyr 125 Schackleton, 1987 Oxygen isotopes
135 kyr 130 Chappell and Shackleton, Huon peninsula Uplifted sequences
1986 Deep Pacific oxygen isotopes
135 kyr 125 Rohling, 1998 Red Sea Salinities in sed cores
Above 130 m Ferland et al., 1995 Shelf Southeastern Core analysis
Australia
Stage 8.2 270 kyr Above 120 m Rohling, 1998 Red Sea Salinities in sed cores
Above 130 m Ferland et al., 1995 Shelf Southeastern Core analysis
Australia
Stage 10.2 340 kyr 122134 Rohling, 1998 Red Sea Salinities in sed cores
Stage 12.2 440 kyr 139 Rohling, 1998 Red Sea Salinities in sed cores

Note the discrepancies in the results. References (as appearing in column 5) [65,81,26,82-87,45,28,9,4,5,64,11,68,88,69,27].

Our study gives an estimate of relative sea-level
magnitudes during the last five glacial maxima from
unique direct seismic observation of delta front using

high quality and very high resolution Sparker Seismic
data acquired in a unique geological context: the Golfe
du Lion (see details in Sections 3 and 4).
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3. Studied site: the Golfe du Lion, an unique site to
study sea-level variations

The Golfe du Lion offers a perfect natural laboratory
for sea-level calibration of glacial maxima for the
climatic cycles during Plio-Pleistocene (Fig. 2) as: (a)
the Mediterranean Sea has been connected to the global
ocean throughout Plio-Quaternary time, so that sea-level
variations are directly linked to Arctic and Antarctic ice
caps fluctuations (b) The Golfe du Lion is a young
margin resulting from the rotation of the Corso-Sardinian
block between about 21 Myr and 15 Myr [43,44]. The
subsidence is still underway at present and continually
creates a large amount of space to be filled by sediments
(i.e. an accommodation); (c) During the Last Glacial
Maximum, mountain glaciers covered a large part of the
Alps, and there were smaller glaciers in the Pyrenees and
the Massif Central. However, neither the drainage basins
nor the shelf was covered by ice (Fig. 2-B). Moreover,
the Golfe du Lion is situated sufficiently far from former
ice sheets (hundreds of kilometers) for important glacio-
isostasy of the margin to be excluded, so that sea level
follows, in a first approximation, the eustatic changes
(Cit. [45], p.204); (d) The mountain glaciers did not
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significantly impact on global sea level but their
presence led to important erosion and scouring providing
an important source of sandy sediments, to be trans-
ported by rivers and ultimately deposited in the Golfe du
Lion; (e) The western part of the Gulf, on which we will
focus our study, is not under the direct influence of
deposits coming from the Rhone (Figs. 2-C and 3); the
reduced sediment input, together with a wide shelf (up to
70 km) and ongoing subsidence, favoured a progressive
filling of the available space, and therefore the recording
of the comings and goings of shorelines, and the rise and
fall of sea levels.

As a result, previous attempts have been successfully
undertaken to estimate LGM sea level and Deglacial
sea-level curves in the Golfe du Lion and nearby, using
shallow core data [46—48] and glacio-hydro isostatic
modelling: during LGM, sea levels along the coast and
immediate off-shore areas stood at between 105-115 m
below present sea level [45]. The glacio-hydro isostatic
signals in this region, at LGM, are of the order of 10—
15% of the eustatic contribution and vary significantly
across the shelf because of the water loading.

So far, no estimates were available in the Golfe du
Lion for earlier cycles and earlier glacial maxima.

© Rohling etal, 1998 Waelbroeck et al., 2002 Bassinol et al., 1984
60 Labeyrie et al., 1987 Bard et al., 1990 Erreur - Waelbroeck
Skene et al., 1998 Siddall et al., 2003 Erreur + Waelbrocek
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Fig. 1. Synthesis of sea-level data (from isotopic curves, [4,5,71,2,72—74] glacioisostatic modelling [26], stratigraphic modelling [42], or punctual
measurements (corals, spéléothems, salinities...). Crosses are sea-level estimates for the last glacial-interglacial cycle based on U-Th dated coral reefs
and other evidence (full references in Waelbroeck [2]), other punctual measurements ([27,69,19,21]. Scale on right axis: variations in mean ocean
water 5'%0 derived from atmospheric §'%0. Scale on left axis (RSL) for punctual measurements. Note the differences and the uncertainties associated

with the different curves and measurements for sea-level estimates.
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4. Defining Paleoshoreline positions through time
and duration of sequences

The recent compilation of bathymetric data [49]
shows that the continental shelf comprises three main
areas (Figs. 2-C and D and 3).

(a) On the inner part, between the present coast 0 m
and isobath 90 m (around 30 km seaward of the
coast), bathymetric contour lines indicate a step
from 0—10 m corresponding to present day prism
PII (shoreface sandy deposits), then smooth
contour lines with bulges related to the subaqueous
part (prodeltas) of transgressive and high stand
deltaic lobes that have been mapped, sampled and
dated (post 18 kyr-C14) ([46,50—52]).

(b) On the outer part, between 90 and 100 m,
bathymetric contour lines indicate a very flat
area with smaller scale rough morphology. A
distinct notch or step occurs at the end of this area
at 110 m (Fig. 3). Shallow cores (few meters long)
indicate that sediments outcropping (from 90 to
110 m) are sands [53] (see also Fig. 2 in [54]).

(c) Between 120 and 160 m, isobaths are smooth
again on interfluves with silty to muddy prodeltaic
offshore deposits.

The compilation and 3D analysis of Very High
Resolution seismic data (Sparker and 2.5 kHz data)
combined with the analysis of shallow cores, shows that
the sedimentation repeats through time with a distinct
sedimentary motif PI/PII/(PIII) developed between
major erosion surfaces D30, D40, D50, D60 and D70
[54] (Fig. 4-A and B). Five sequences S1, S2, S3, S4 and
S5 are therefore stacked vertically and separated by the
erosion surfaces, clearly identifiable on seismic profiles.

Evidence integrating lithology, palynology, micropa-
leontology, from 21 cores sampling the last sequence S5
with 14 radiocarbon datings together with seismic
stratigraphy and numerical stratigraphic modelling dem-
onstrate that the top of PII-t2, which corresponds to the
step observed on the outer shelf (Fig. 3) represents the
preserved position of the delta front/shoreface during the
LGM and that the outcome motif preserved on the outer
shelf is the result of one 100,000 yr climatic cycle [54].

S5 is the result of deposition/erosion throughout a
cycle of variation of sea level (MIS3/MIS2/MIS1) as
summarised on Fig. 4-B. MIS5 was deposited during the
high stand on the inner shelf (as in present day
conditions), and eroded during following sea level
lowering. PI-tl was deposited during MIS3, (Core VK-
20 shows a prodeltaic, upper offshore paleoenvironment

(Ostracodes (mostly infralittoral species, 60 m water
depth) dated at 45 cal-kyr BP, steppic pollens and
Dinokystes of cold period). PII-t2 and PI-t2 are
deposited during MIS2: paleoenvironments of PI-t2 in
C12 are shallow (30—40 m according to Pteropodes and
Foraminifera) and dated at 23.1 cal-kyr BP, Paleoenvir-
onment of PII-t2 is very shallow (delta front-upper
shoreface (5—10 m water depth) with in some places the
formation of beachrocks at the top (0 m water depth)
dated between 21 cal-kyr and 15.5 cal-kyr [55,56]. PIII-
t3 is very limited in thickness, it takes the form of
reworking sand dunes that are deposited during MIS1
(C9 shows both cold and warm Foraminifera, dated at
14,139 cal-kyr). A full description of this data set is
published in Rabineau et al. [54]. More detailed work
has also been undertaken for the transgressive dunes
[57] and the last sequence [56].

The geometry of this area represents the ancestral
landscape as it stood some 20 thousand years ago (during
MIS2) with little reworking during the subsequent rapid
transgression [58,59]. We showed [60,54] that the motif
PI/PII/(PIII) is complete, only, in the western part of the
Gulf (around the Aude-Hérault canyons). Towards the
East (the Rhone) and to the South (Cap Creus) PII is
often missing (not deposited or eroded).

In depth, seismic profiles show a total of five
sequences of prisms PI/PII/(PII)(S1 to S5), separated
by major erosional surfaces: D30, D40, D50, D60, D70
(Figs. 3 and 4). Each prism PII corresponds to the
deposition and preservation of the shoreline—shoreface
of glacial times. The preservation of the shoreline—
shoreface is not the same everywhere, i.e. erosion occurs
(subaerial and submarine) (Fig. 5). So, defining the zone
where shoreline is the most well preserved needs a
detailed 3D interpretation of all seismic lines. This has
been done in great detail in the Aude-Hérault area with
detailed maps of all units and surfaces [59,60,54]. This
work enables us to map the shoreline at the time of
glacial maxima and to define the outer limit of best
preserved glacial delta front as seen on seismic profiles
(Fig. 5) and mapped in 3D (Fig. 6).

We tested the hypothesis that each of the sequences
was being deposited during a cycle of the same order of
magnitude and duration as S5, i.e.: 100000 yr. This
hypothesis effectively enabled us to reproduce correct
geometries using numerical stratigraphic modelling
[60,54]. So the last 5 erosion surfaces and preserved
delta front-shoreface correspond to delta front related to
MIS2, MIS6, MIS8, MIS10 and MIS12.

Preliminary results from two deep drillings realised
during the PROMESS cruise (july 2004) confirm the
overall chronostratigraphic framework for the last
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500,000 yr (originally based on seismic stratigraphy slope” [Promess cruise Newsletter 3], [61] which
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Fig. 2. Location and bathymetry of the Golfe du Lion. A) Location of the Golfe du Lion within the Mediterranean Sea. B) The Golfe du Lion with its
present day simplified drainage basins (mainly the Rhone to the North, the pyreneolanguedocian rivers to the West) delimited by thick red lines. In
white: average and simplified maximum extension of the mountainous glaciers during last glacial maximum (LGM) (drawn and simplified using data
from [75-77]). The dotted white line shows the extension of the alpine glaciers during the penultimate Riss glaciation (MIS 6). C) Detailed
bathymetric map (modified from Berné et al. [49]. A: Aude (or Bourcart) canyon; H: Hérault canyon. Note the three distinct morphologic areas from
coast to shelf break and slope: (a) an area coloured in orange on the inner shelf (between the present coast and isobath 90 m) (around 30 km seaward of
the coast) with smooth bathymetric contours and a regular dip with an average slope of 0.3-0.45% (i.e. 0.17-0.25°). The deposits there correspond to
post 18 kyr-'*C sediments [46,47,78]; (b) a very flat area on the outer shelf (depth 90—100 m, width 20 to 40 km) coloured in yellow with rough
isobaths and a very low angle of slope 0.05-0.25% (0.015-0.03°). At the end of (b), a clear step occurs at a depth of about 112 m (in the western area
of the gulf) and reaches dips of 4°. Surficial cores (several meters) indicate that sediments outcropping between 98—112 m are sand deposits (black
dots in Fig. 3); (c) an area coloured in blue with steeper slopes and smooth isobaths, between 120 and 160 m on interfluves (with slopes around 0.4%).
The blue line represents the location of seismic profile interpreted in D). D) Profile from present day Coast (with present day sandy yellow prism PII),
to the outer shelf (with regressive sandy yellow prism PII from MIS2). Note the three areas (a), (b), and (c) previously described. Grey deposits
correspond to transgressive and high stand deposits (post 18 kyr-'*C).
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clear position of the shoreline was not the case for Skene
et al., 1998 for example, or in Adriatic where there is
very little sands): and enables a quantification of sea-
level amplitude because we really can “see” the
shoreface (or the delta front) preserved at each glacials.

5. Defining “total subsidence”

Previous studies in the area have shown that tectonic
subsidence associated with rifting was small and that most
of the subsidence, which takes the form of a seaward tilting
of the shelf, only started in Miocene time as a consequence
of postrift thermic cooling enhanced by sediment loading
[62,63]. This subsidence effect is clearly shown on seismic
profiles where erosion surfaces, which represent the same
environment at different times, show angles of inclination
that increase with age (with depth below earth surface)
(Fig. 7). The present day depth of paleoshorelines therefore
corresponds to the depth below SL at time of deposition
plus the movement of the floor after deposition. Here we
can measure the tilting on the seismic profiles by the
inclination of successive erosion surfaces (Fig. 7). This
analysis has been done at the Plioquaternary scale (for the
last 5.3 Ma) using a dense grid of industrial petroleum
seismic data and industrial drillings that give access to
paleobathymetries and thicknesses of deposits through
time. The seismic shows that our studied area (in the
languedocian region) subsided regularly without substan-
tial local deformation; this enables us to propose a model
for the subsidence with a linear tilt. The rate increases with
the distance from the Coast, it reaches a rate of 250 m/Ma at
70 km from the coast, for the last 5.3 Ma [60].

Of course, an uncertainty is associated with the
estimate of subsidence, corresponding to errors in the
measurements, time-depth conversion, paleomorphol-
ogy variations, and the linear interpolation. We
estimated this error to +10 m/Ma.

This “total” subsidence measured from a geometrical
point of view is the overall outcome of any processes by
which the ground surface has moved on average at the
margin scale.

6. From RSL to CSL at successive glacial maxima

The measurement of Relative Sea Level (RSL) from our
data can be done relative to present day Sea Level (¢=0). It
is defined as the difference between present water depth
Wy and paleo-waterdepth of the soil (b) at time of depo-
sition t. RSLy= W0, —b, (Fig. 3B). Paleobathymetry by
is not an easy parameter to define in sediments, it is usually
estimated from cores with a description and evolution of
sedimentary facies with microfossil assemblages defining
open marine, shallow marine, marginal marine and
brackish environment e.g. [29,11,64]. In the western part
of the Golfe du Lion, seismic data images directly provide
the position of the delta front at glacial maximum (prism
PII) and its present day depth W). This point has been
taken on the most seaward position of prism PII, where it
has last been deposited and most well preserved, i.e. near
the Hérault H1 and H2 canyon heads (Figs. 5 and 6). This
position corresponds to the mouth of the paleoriver feeding
and building this lobe (the MIS2 shelf edge delta lobe)
(Figs. 3 and 5). This last lobe is the most well preserved and
has not been eroded afterwards, as pictured on the seismic
images (Figs. 4 and 5). Therefore, at that point, the paleo-
waterdepth b is equal to 0 (with an uncertainty of 10 m; i.e.
b=5+5 m), we measure a water depth of 112 m, RSL at
LGM was 5 +/— 5m above the measured point.

SO, RSL(LGM) = W(O)_b(LGM) =112-5

= 107£5 m below present day sea level

As paleoshoreface (or delta front) are all recorded
in this area of the Golfe du Lion, and as we

Fig. 4. A) Seismic profile (vertical cross section) through the outer shelf in the western area of the Golfe du Lion (see position on Fig. 3). Vertical scale
is two way travel time in milliseconds (left axis) and depth in meters (right axis). Black rectangles represent core positions with their names. Three
kinds of seismic facies have been identified: in blue, low angle clinoforms made up of'silts and clays (PI); in yellow, high angle clinoforms made up of
sands (PII); in green dunes made up of reworked sand (PIII). The paired prisms PI-PII+(PIII)(blue-orange+ green) form a sedimentary motif that
repeats itself [54]. On the profile in A) three sequences (S3 to S5) are clearly identified. (the sandy prisms of Sequences S1 and S2, not visible on this
profile, are on the Aude-Hérault interfluve area). V.E: vertical exaggeration (ratio between vertical and horizontal scale). Conversions to meters
assume sound velocity of 1500 m/s in water and 1600 m/s in sediments. Dotted black line is the multiple. B) Formation of the sedimentary motif
throughout a cycle of sea-level variations. The sea-level curve is derived from Labeyrie, 1987 [71]. Black rectangles represent core positions with
their names and red stars represent key cores with datings (red stars, ages in cal kyr as published in Rabineau et al. [54]). Att]l (MIS3) the shoreline is
on the middle shelf of the Gulf, the depositional profile of deltaic sediments consists of a sandy prism PII (the shoreline) that evolves seaward to a silty
prism PI (offshore deposits), both deposited during t1 and therefore called PII-tl and PI-tl. Sea-level drops during MIS2 (t2), and induces intense
erosion on the shelf that completely erases prism PII-t1, further on the outer shelf a new prism PII-t2 and PI-t2 is deposited. Sea level rises rapidly
during MIS|1 (t3), and reworks previously deposited sediments on top of PI-t1 and PII-t2. So, the final sedimentary motif preserved is a triplet PI/PII/
PIII capped by a major erosional surface (in red). Note, that PIII is often absent in older sequences, because of erosion during subsequent lowering of
sea level in the next sequence. This scenario has been fully described in Rabineau et al. [54], using evidence from lithology, palynology,
micropaleontology, radiocarbon datings from 21 cores sampling the last sequence S5 together with seismic stratigraphy and numerical stratigraphic
modelling core analysis.
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interpreted seismic lines in 3D, we are able to define
the point where the shoreline is most well preserved
and therefore to calculate RSL during glacial maxima
related to MIS 6,8,10 and 12 (Fig. 5 and Table 2).
But those measurements need to be corrected from

the effect of subsidence. CSL=RSL-S, where
S=total subsidence.

At 69 km from the present coast, total subsidence
rate is 245+10 m/Myr (see Section 5 and Table 2 for
details). For MIS 2 (20 calendar-ka); this tilt reaches
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Fig. 5. Seismic profiles (vertical cross sections) (A) P_1052; (B) P_1055 and (C) P_1036 through the outer shelf in the western area of the Golfe du Lion
(see position on Fig. 3). Vertical scale is two way travel time in milliseconds (left axis) and depth in meters (right axis) (A) and (B) are at the same scale; the
scale in (C) is twice as small (but same vertical exaggeration). Conversions to meters assume sound velocity of 1500 m/s in water and 1600 m/s in
sediments. Three kinds of seismic facies have been identified: in blue, low angle clinoforms made up of silts and clays (PI); in yellow, high angle clinoforms
made up of sands (PII); in green dunes made up of reworked sand (PIII). The paired prisms PI-PII + (PIII) (blue-orange -+ green) form the sedimentary motif’
that repeats itself. The Major discontinuities are in red between sequences. On the profile in A) two sequences (S4 and S5) are clearly identified with the
paired prisms PI-PII (blue-orange). But prism PII of S5 and prism PII of S4 have different geometries. Prism PII of S5 is less than 10 m thick on its outer
limit and this step is not so steep. We interpret this geometry as due to erosion of PII in this area (probably submarine erosion during transgression). On the
contrary, PII of S4 is thick (reaching 40 m) with a very steep step and very well defined and preserved sigmoide shape. Here, prism PII has not been eroded.
On the profile in B) the five sequences are identified. In this area, prism PII of S5 is very well preserved from erosion, its top and outer limit represents the
Coast at LGM (bathymetry=0), it lies at — 112 m below present day sea level (RSL=—112 m). On the profile in C) the two first sequences S1 and S2 are
identified. The interfluve Aude-Hérault is the only place where their prisms PII (yellow) can be observed in this area.
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Fig. 6. 3D Mapping of the most seaward limits (maximum progradation) of prisms PII associated to the last five major 100,000 yr cycles (S1 to S5, MIS12
to MIS2). The location of the area is the same as Fig. 3. The limits correspond to the maximum progradation of preserved shoreface during glacials. The
black dots represent the most well preserved shoreline where measurements of RSL and CSL have been performed (see Table 2) D30, D40, D50, D60 and
D70 correspond respectively to MIS12, MIS10, MIS8, MIS6, MIS2. (D30)=434 ka, (D40)=341 ka, (D50)=248, (D60)=135, (D70)=20 cal-age in ka.
Age of deposit is taken from the interpretation of Rabineau, [60,54] the ages are from isotope stages as defined on the SPECMAP curve [73,80]. Note the
absolute necessity to do a 3D analysis of seismic data, as the prisms are not all visible on one single profile. Dotted lines correspond to a zone were the prism

PII is eroded at the top.

5+1 m. Thus, corrected sea level at isotope stage 2.2
(LGM) is

This value is consistent with previous estimates in the
region based on molluscs ages [46—48] and also based
on glacio-hydro isostatic modelling: during LGM, sea
levels along the coast and immediate off-shore areas
stood at between 105—-115 m below present sea level
[45]. More recent studies suggested a RSL of at least
—115 m [56] but this value is not corrected from
subsidence of the shelf.

The question, now, is whether or not our measured
and corrected sea level corresponds to the global value
of sea level? As noted in Lambeck and Bard, the
isostatic correction is of the order of 10—15 m so that
the Global glacio-hydro-isostatically corrected value
would be about 112—117+7 or 8, which is not very
different from that found elsewhere. However, part
of this isostatic correction due to the water unloading

compensated by the sediment loading at the same time.
During LGM, sea level is about —100—120 m below
present, this creates a deficit in water loading on the
shelf. But, at the same time, sediment has also been
deposited on the outer shelf, on the slope and in the deep
sea (see thickness of S5, about 30 m, on Figs. 4 and 5 for
example); these deposits induce an extra loading that
could well compensate the water-loading deficit (as
density of sediment is higher than density of water).
This calculation ought to be modelled in details in the
near future, also taking into account the timing of events
(deposition versus sea-level drop).

As calculated for stage 2, we defined the
Corrected Local position of sea level during succes-
sive glacial maxima MIS12, MIS10, MIS8 and MIS 6
that give respective values of 149, 150, 86, and 92 m
(see Table 2 and Figs. 5 and 8). Glacio-hydro-
sediment isostatic corrections should also be done.
They will not be the same for each glacial maximum
and will depend on the location of ice margins, on
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Fig. 7. A) Line drawing of a seismic profile from present day coast to the outer shelf with a preservation of LGM shoreline position. The location of
the profile is drawn on Fig. 1. The profile shows several erosional surfaces (in red) and preserved paleoshoreface (prisms PII, in yellow). Sediments
stack vertically thanks to the tilt of the margin as imaged by the increasing angles of erosional surfaces. Black dots represent the preserved position of
delta front (or top of shoreface) B) Sketch showing the effect of total subsidence (S) and the relation between measured Relative Sea Level (RSL) and
Corrected Sea Level (CSL) after corrections from subsidence.

the sea level itself, and on the quantity of sediment
eroded and deposited.

7. Paleoclimatic implications

If our model of subsidence is correct, our results
show that:

(1) Corrected sea level at LGM fell to —102+6 m on

the outer shelf of the Golfe du Lion during MIS2.
The CLIMAP project provided two possible
scenarios for ice sheet extent and volumes [65] a
minimum scenario with restricted ice sheets
leading to a LGM of —127 m and a maximum
scenario with expanded marine ice-sheets ac-
counting for —163 m of sea-level lowering. Clark
et al. [66], in an introduction to a recent issue of
QSR, dedicated to the results of the EPILOG
project [66,67], concluded that even though the
now well-constrained ice-sheet extent was near

the maximum scenario of CLIMAP, sea level at
the LGM was only between —120 and —135 m.
Our study, based on paleoshorelines, suggests that
this value is still overestimated. However our
estimate is still local and no isostatic corrections
were applied. Previous estimates for sea-level
position at the LGM were very weakly con-
strained by direct observations and were often
dependent on strong assumptions inherent to
indirect methods. The studies on corals, that
have proven to be very efficient for the last
deglaciation, present only two measures for the
LGM: =118 m [6] and >—125 m [8] (Table 1 and
Fig. 1). The latter value could be decreased by an
amount of 20 m (and therefore be —105 m),
because the Porites corals seem to be able to live
down to 20 m [68]. A recent study on the Sunda
shelf [64] gives a value of —116 m (at 21 ka) but
as stated by the authors it is “poorly defined.”
Rohling also found a value of —120 m but his
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Table 2

Estimate of Corrected Sea Level (CSL) from the depth of successive shorelines and subsidence corrections

1 Dy 2MIS 3D 4W, 5W 6 W, 7b 8RSL 9 RSL 10 R 114 128 13 CSL 14 CSL

(km) (ms) (ms)on  (m) (m) (m) (m) (m/Ma)  (ka) (m) (m) (m)

profile

D70 Stage2.2 69 150 150 P1055 112 0-10 —102-112 —107+5 245+10 20+5 541 (97) -107+1 —102+6
150-P1047

D60 Stage 6.2 66 157 168 P1052 128  0-10 —118-128 —123+£5 23249 13545  31+2 (85)-97+2 -92+7

140 170 P1046 128
D50 Stage 8.02 53 122 174-P1046 134  0-10 —124-134 —12945 175+7 247,6+5 43+£3 (81)-91+3 —86+8

D40 Stagel0.2 74 182 323-P1036 246  0-10 —236-246 —241+5 267+10  341+£5 91+5 (145)-155+5 —150+9
D30 Stage 12.2 70 157 342-P1036 262  0-10 —252-262 —257+5 250+10  434+5 108+5 (144)-154+5 —149+10

Column 1: D; Erosional surface names as interpreted from seismic profiles [60,54]. Column 2: MIS: Marine Isotope Stage. Column 3: D (km):
distance from the present day coast as measured along the profile. Column 4: W,: Water-column height above shorelines (in ms twtt). Column 5: Wy
top shoreline depth below present sea level is measured on seismic profiles P (in milliseconds two way travel time). Column 6: W,,, Top shoreline
depth below present sea-level calculation in meters, considering a velocity in water VI=1500 m/s and in the sediments V2=1600 m/s. W,,=
(Wex0.75)+(Ws— W, x0.8). Column 8: b Paleobathymetry (m) and uncertainty in measurement. Column 9: RSL Relative Sea-Level calculation.
Column 10: R: Subsidence rate that varies as a function of the tilt of the margin (from 0 m/Myr at 13 km to 250 m/Myr (+10 m/Myr) at 70 km from
present day coast). The rate is constant through time but varies according to the position along the profile: R (m/Myr)=(D—13)*250/(70-13). The
uncertainty reflects the uncertainty in the calculation. Column 11: 4: Age of deposit is taken from dated isotope stages as defined on the SPECMAP
curve and is associated with an average error of 5 kyr [73,80]. Column 12: S: The amount of subsidence (tilt) is calculated from subsidence rate and
the age of the deposit (the associated error is related to errors on the age and on the subsidence). Corrected sea level (CSL) (column 13 and 14) is
calculated from the shoreface depth # (m) (column 6) minus the amount of subsidence (column 12) minus a correction for paleobathymetry
estimates: b (column 8).

estimation is dependent on the a priori that sea LGM, would imply that ice sheets were therefore
level was —125 m at MIS-6. Combining the large much thinner than presently assumed. One could
ice sheet extent (near the maximum CLIMAP also argue that the observed shoreface does not
value) and our value for lowstand sea level for the correspond to the lowest sea level during MIS2. It
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Fig. 8. Sea-level curves and geological calibration. Composite sea-level curve (SL) in grey with maximum variability interval (grey zone) derived
from isotopic records as shown in Fig. 1. Empty circles: sea level low stands estimated by Rohling [27]. Red filled circles: estimated sea level low
stands from this study.
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is true that no detailed and absolute datation of
such shoreface is available so far, so that we do
not prove that these levels are the lowest ever
reached during each glacials. However, we do not
observe shoreface at lower depth on the shelf.

(2) Corrected sea level during MIS6 on the outer shelf

of the Golfe du Lion, is also much higher, —92+
7 m, than usually assumed (around —125 m). In
fact, sea level during MIS 6 is even more poorly
constrained; most studies are indirect, mainly
based on oxygen isotopic data, which are not a
direct function of sea level [69,1]. The study from
Ferland et al., gives a sea-level drop to a depth less
than 125 m because cores showed no evidence of
subaerial erosion. No glacio-hydro isostatic mod-
elling has ever been undertaken for MIS6, the ice
volume of the Eurasian ice sheet may have been
larger than during stage 2, this isostatic contribu-
tion may also well have been larger and the
calculation needs to be done.

(3) Our local sea-level measurement on the outer shelf

of the Golfe du Lion, imply important differences
in sea-level minima: MIS 2, 6, 8 are of the same
magnitude and the lowstands dropped to a much
lower value during MIS 10 and 12. This abrupt
change occurs around 350-kyr and we suggest that
it could be related (together with the change in
cycles duration and magnitude at 800-kyr) to the
400 kyr cycles associated with the excentricity of
the Earth that have surprisingly rarely been
observed in most paleoclimatic records [70].

(4) At MIS 10 and 12, sea level dropped to —150+9

and —149+ 10 m respectively. Rohling [27] using
a very different and original method (extreme
high-salinity conditions recorded in cores from
the Red Sea) also found greater glaciations during
MIS 10 and 12 (Table 2). Not taking into account
the absolute value (based on the a priori that SL
was —125 at MIS6), Rohling found glaciations
15 m greater during MIS10 and 12 compared to
MIS6 (Fig. 8). Our lowstand estimates reflect
much more extreme glaciations during MIS 10
and MIS12 (60 m greater) than MIS6. Previous
studies always concluded that MIS 12 is more
intense than stage 10. Here, we found the same
order of magnitude. One could argue that the
sequence deposited during MIS 10 was totally
eroded, implying a misdating of the oldest two
sequences which would then be older. However,
this hypothesis would require an especially
intense glaciation during MIS 8 in order to
erode a complete sequence, for which there is no

present evidence (see Fig. 5C for example where
sequences are fully preserved on the upper slope
at the location of GL1 PROMESS core).

8. Conclusions

Knowledge of glacio-eustatic changes is essential for
the estimation of ice volumes, for a better understanding
of the rates and amplitudes of glacial build-up and decay.

Direct field evidence gathered in the Golfe du Lion,
gives a geological validation of 100,000 yr glacial—
interglacial cycles, which are recorded by the prograda-
tion—retrogradation of the shoreline as a consequence of
sea-level fluctuations. The record and preservation of
paleoshorelines and shorefaces on the outer shelf corrected
from the model of subsidence of the margin allow the
assessment of sea-level lowering during successive
glaciations. We conclude that glaciations were much
milder during MIS 8, 6, 2, with a drop of sea level smaller
than glaciations during MIS 10 and MIS 12 with a drop
of sea level much higher than previously published
estimates. These results are conditioned by our global
model for subsidence. As no detailed and absolute
datations of such shorefaces are available so far, we
cannot prove that these levels are the lowest ever reached
during each glacials.

We also suggest that the abrupt change in these
extreme glaciations recorded in the sedimentary pattern
of the Golfe du Lion may mark the imprint of 400,000 yr
cycles associated with orbital excentricity [70]. We
further raise the question: could the transition from
40,000 to 100,000 yr cycles that occurred around
800 kyr have the same origin ? Further attention needs to
be drawn to the 400,000 yr cycle and its consequences
on the Earth’s climate.

The preliminary results of the very recent drilling
PROMESS seem to be in agreement with all our results
and validate our methodology. They also show that all
sequences are preserved in the Golfe du Lion. Such a
record is outstanding on continental margins, the Golfe du
Lion is therefore a unique Laboratory to study sea level in
relation to paleoclimates, because of a subtle and rare
combination of factors (shelf width, high subsidence rate,
sandy sediment flow but lower than in front of the Rhone,
moderate wave energy, no tides). In our study, only the
uppermost part of the sedimentary column in the Golfe du
Lion has been studied in detail. Deeper sediments need to
be explored and dated for sea-level research in order to test
and extend our results further back in time and to
investigate important events such as the onset of Northern
Hemisphere glaciations (around 2.6 Ma). Our results
provide a step towards using sea-level minima from
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continental margin sediment patterns to calibrate oxygen
isotope data for the entire Plioquaternary.

We insist on the need to take into account subsidence
effect (s.1.), which is important even in this tectonically
stable passive margin and relatively short time intervals
(500,000 yr). If the subsidence did not exist, sequences
would not be preserved, erosion during successive
lowstands would completely erase previously deposited
sequences (as this is the case on the shelf of the Bay of
Biscay margins during Quaternary for example). This is
the reason why this place, the Golfe du Lion, is unique.
Preservation of sequences is only due to subsidence.
Preservation of glacial shoreface is also due to the rapid
rise in sea level after deposition. These observation and
results ought to be used for a detailed “glacio-hydro-
sedimento” isostatic modelling of each sequence and
each glacial to further constraint local sea level versus
global sea levels, and quantify, in particular the relative
effect of glacio-hydro isostatic effect (which differ
according to ice sheet extend) but also of erosion—
sedimentation isostatic effect (erosion on land and
deposition on the outer shelf and slope).
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