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Introduction

After two decades of research on the archaeol-
ogy, climate and environment of the drowned
landscapes of local and subregional parts of the

European continental shelf, one of the first tasks of the
SPLASHCOS Action was to attempt a comprehensive
and integrated view of the shelf and its marginal seas,
including the human component. The way in which the
changing conditions on the continental shelf determined
where humans lived, and the survival or destruction of

their archaeological remains, will be discussed in later
chapters. However, everything that follows is determined
and influenced by the changing climate and changing sea
level, and this will be analyzed first.

The European continental shelf was subject to dra-
matic environmental changes after the last glaciation.
Continental ice sheets disappeared and melt water and
new drainage systems shaped the periglacial landscape.
Dammed meltwater lakes filled morphological depres-
sions. Sea level rose and the transgression flooded large
parts of the continental shelf, turning former freshwater
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12 SUBMERGED LANDSCAPES OF THE EUROPEAN CONTINENTAL SHELF

lakes into brackish-marine ones. In this chapter we
will give an overview of the environmental changes
to the European shelf and its marginal seas during
the Late Pleistocene to the Middle Holocene. The
driving forces of these environmental changes are com-
plex and interdependent. The most important variables
are climatically-controlled eustatic sea-level change and
vertical dislocation of the Earth’s crust. Eustatic change
is to be regarded mainly as a function of the change of
ice/water volume during the glacial cycles and of steric
effects (thermal expansion or contraction of sea water due
to changing temperature) during the Holocene. Vertical
crustal movement expresses variable rates of subsidence
and uplift induced by lithospheric dynamics, as well as
more localized tectonic movements. Superimposed on
these effects of internal geodynamic forces (expressed
within the tectonic regionalization of Europe) are external
forces: loading and unloading of the crust by ice and

water. These changes in load have to be considered as
an effect of global climate. Climatic fluctuations in the
Earth’s history cause accumulation of inland ice shields
during cold (glacial) periods and a draining of melt water
to marine basins during warm (interglacial) periods. In
the context of relative sea-level change, depending on the
tectonic setting, but also on the geographic position, three
subregions can be distinguished for Europe (Fig. 2.1): the
Baltic basin, the North Sea and Atlantic shelf, and the
Mediterranean basin together with the Black Sea.

The first section of this chapter is devoted to the
regional tectonics of Europe. The age of the consolidation
of the basement together with the plate tectonic setting
will serve here as the main parameters determining coastal
formation.

The next section reviews the fluctuation of glacial
and interglacial stadia as an effect of orbital parameters
of the Earth around the Sun. These processes are

Fig. 2.1 Geographical overview of Europe

including shelf areas, and marginal sea

sub-regions to be treated separately in

this chapter.
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SEA LEVEL AND CLIMATE 13

interpreted as driving forces of ice-sheet dynamics and
eustatic fluctuations. We will examine, in particular,
eustatic change during the Last Glacial Cycle (LGC).
As recent human populations have been mainly affected
by postglacial sea-level rise and isostatic effects of the
decaying ice sheet, the last deglaciation will be highlighted
in particular. We present a regional model, which classifies
European coastal regions according to whether they
are regions of relative sea-level rise (sea transgression)
or sea-level fall (regression of the sea). In isostatically
and tectonically stable or subsiding coastal areas the
postglacial paleogeographic history is mainly a result
of sea transgression. Only if the rate of uplift of the
crust exceeds the eustatic sea-level rise does a regression
of the sea take place, resulting in the emergence of
land formerly covered by the sea. This interplay of
loading and its effect on relative sea-level change will
be explained by a numerical model, before addressing
regional paleogeographic reconstructions.

The next sections describe the development of the
Baltic Sea, the North Sea and the Atlantic shelf, based on
numerical sea-level scenarios constrained by observational
data. In semi-enclosed and partly enclosed basins such as
the Baltic Sea and the Black Sea basins the models cannot
be linked to global sea-level scenarios. Here the water
level is controlled by the drainage of the surrounding
land including the inflow of melt water from decaying
ice sheets. Therefore, the subregional paleogeographic
reconstructions given for these regions are derived from
the interpretation of sedimentological proxy data and
mapping of paleoshorelines.

In areas of inundation the migrating shoreline reworks
the surface of the paleolandscape. For times of relatively
rapid sea-level rise — as during the Late Pleistocene and
Early Holocene — we find that shorelines tend to preserve
their former shape better than in periods of slow sea-
level rise (Late Holocene) when hydrographic forcing
reworked intensely the substrate of the coastal zone and
eventually destroyed many archaeological sites.

For integrated modeling approaches of these processes
aimed at predicting where human settlements are likely to
have been preserved, information about the atmospheric
forcing of coastal dynamics is needed. The data can
be derived from long-term climate modeling. In the

last section of this chapter, we explain the basics of
the ECHO-G global climate model, together with an
overview of Late Holocene changes in European climate
with special attention to wind forces. In the second
part of this section, we give an overview of long-term
coastal morphogenesis, using the southern Baltic Sea
sandy barrier coast as an example.

Tectonic and Geological Setting
of Europe with Special
Reference to the Shelf and
Marginal Seas
The continental crust of Europe can be subdivided
into four different structural units which differ in age
and tectonic history (Fig. 2.2). The oldest complex
is the East European platform representing an old
cratonic structure mainly built in Proterozoic times. This
complex formed the continent ‘Baltica’, which is taken
as an independent tectonostratigraphic unit in most
paleogeographic reconstructions of the Late Proterozoic
and Early Paleozoic (e.g. Lawver et al. 2009). Various
Phanerozoic orogenic events added crustal provinces to
this continental plate and it became part of the Eurasian
plate. The crustal provinces get younger in sequence from
north to south.

Proto-Europe
The oldest crustal units of Europe belong to the East
European platform which comprises the Baltic Shield, the
Russian platform and the Ukrainian Shield (Fig. 2.2).
These units mainly consist of highly metamorphosed
and igneous Precambrian rocks. The southern boundary
of Baltica is clearly confined by the Teisseyre-Tornquist
Zone running in a southeast–northwest direction from
the Carpathians into the area of the North Sea. In the
northwestern part, this zone is split into a northern
branch, named the Sorgenfrei-Tornquist Zone, and a
southern branch. This zone is one of the most important
suture zones in Europe.
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14 SUBMERGED LANDSCAPES OF THE EUROPEAN CONTINENTAL SHELF

Fig. 2.2 Tectonostratigraphic units of

Europe. Red colors = Precambrian

basement; green colors = Caledonian

orogeny; blue colors = Variscan orogeny;

yellow colors = Alpine orogeny: MGCZ =

Mid-German Crystalline Zone. From

Meschede (2015), modified and

supplemented after Kossmat (1927),

Franke (1989), Mart́ınez Catalán et al.

(2007) and others.

Paleo-Europe
The northwestern boundary of the East European plat-
form is marked by the mountain range of the Caledonides
(Caledonia [lat.] — Scotland) which expands from
Norway to Scotland and Ireland (Fig. 2.1). The other
side of this mountain range abuts against the North
America-Greenland platform which is part of the old
continent Laurentia (named after the Saint Lawrence
River in North America). A small remnant of Laurentia is
still located in the north-westernmost corner of Scotland.
However, because of Cenozoic rifting and opening of
the Atlantic Ocean, the predominant part of Laurentia
is today situated on the American side of the Atlantic.

Baltica and Laurentia collided in Ordovician and
Silurian times forming the Caledonian mountain range.
Between the two continents the Iapetus Ocean opened
in the Late Precambrian and was completely subducted
by the end of the Ordovician. Today a deep crustal level
of the collisional orogen is exposed because of intense
erosion and isostatic rebound since the Caledonian
orogeny. A small continental block named Avalonia
(after the peninsula of Avalon on the Canadian island,
Newfoundland) was accreted as a terrane to Baltica during
the Ordovician before the collision of Laurentia and
Baltica. Between Baltica and Avalonia, the Tornquist
Ocean, a small lateral branch of the Iapetus Ocean,
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SEA LEVEL AND CLIMATE 15

was closed. Both Baltica and Avalonia collided in the
Ordovician as a unit forming with Laurentia the new
and bigger continent Laurussia. Avalonia had originally
been part of Gondwana. It was separated from this
large continental mass in the south during the Early
Paleozoic and subsequently migrated towards the north
as a terrane. As the result of collision with a continent, it
accreted to the continental margin. Avalonia comprises
Newfoundland located today on the American side of
the Atlantic Ocean, the southern parts of Great Britain
and Ireland, the basement of northern Germany today
covered by younger sediments and the Variscan units
of the Rhenohercynian (Rhine–Harz mountains zone).
Avalonia is connected to Baltica along the Teisseyre-
Tornquist Zone.

The Baltic Sea is not an ocean in the sense of
plate-tectonic definitions. It is completely underlain by
continental crust which mostly belongs to the East
European platform. The maximum depth of the Baltic
Sea is about 460 m (Landsort Deep) compared to
more than 5000 m in the oceanic crust realms of the
Mediterranean Sea and more than 2000 m in the Black
Sea. The area south of the Teisseyre-Tornquist Zone
belongs to the continental crust added to Europe during
the Caledonian orogeny.

The most recent tectonic movements in the Baltic Sea
region were induced by the glaciation of the Northern
Hemisphere in the Quaternary. The repeated emergence
and removal of a kilometer-thick ice cover led to isostatic
rebound, which triggered earthquakes mainly occurring
at normal faults. However, the strike-slip characteristics
of recent earthquakes shown by fault-plane-solutions (e.g.
the 2008 earthquake of Malmö, Sweden, magnitude 4.7)
may indicate a reactivation of faults in the Teisseyre-
Tornquist Zone.

Meso-Europe
The Variscan (or Hercynian) mountain range comprises
the southern part of Avalonia and large parts of Armorica,
an extensively-stretched terrane composed of several
tectonic units and different rocks of various ages. These
units are Iberia, the Armorican Massif, the French Central
Massif, most parts of the Vosges and the Black Forest,

and the Bohemian Massif as well as the Saxothuringian
unit in the sense of Kossmat (1927; also see page
[xxx]).

The Variscides are a multiply subdivided moun-
tain range across Europe which was mainly formed
in Devonian and Carboniferous times. As with the
Caledonides, only a part of this mountain range is located
today in Europe while the other, bigger part continues
as the Appalachian range on the western side of the
Atlantic Ocean. In Middle Europe the Variscides are
subdivided into three units, from north to south the
Rhenohercynian, the Saxothuringian, and the Moldanu-
bian (Kossmat 1927). The northernmost part belongs
to Avalonia, but the main portion of the Variscides
is part of Armorica which was also once connected
to Gondwana. Armorica rifted away from Gondwana
during the Silurian and migrated independently towards
the north. During the Variscan orogeny, Armorica was
welded to Avalonia, which at that time was already
part of Laurussia (see page [xxx]). The Rheic Ocean
between Avalonia and Armorica was closed during the
Variscan orogeny. Sediments of the Rhenohercynian were
deposited at the northern margin of this ocean where
an area with thinned continental crust was formed at
the passive continental margin of Laurussia (former
Avalonia). The Rheic Ocean is subducted beneath
Armorica. The volcanic arc at the northern boundary of
Armorica belongs to the Saxothuringian. It is represented
today in the Mid-German Crystalline Zone (MGCZ
— see Fig. 2.2). Sediments of the Saxothuringian are
made up of similar sedimentary facies as the Rheno-
hercynian. The Moldanubian Zone is characterized by
highly metamorphosed basement rocks and a long-lasting
Cambrian to Devonian carbonate platform (named
the Teplá–Barrandian). Both the Saxothuringinan and
Moldanubian are part of Armorica, which is bordered
in the south by the Moldanubian suture zone. In the
south and south-east, some units exist which probably
did not disconnect completely from Gondwana during
the Variscan orogeny. A part of these terranes with strong
affinity to Gondwana is the Alpine terrane Norica. The
formation of the Variscan mountain range marks the
combination of all the large continental lithospheric
plates into the supercontinent Pangea.
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16 SUBMERGED LANDSCAPES OF THE EUROPEAN CONTINENTAL SHELF

Neo-Europe
The youngest affiliation of crustal provinces to the
Eurasian continent was the Alpine mountain range with
its southern-associated microplates. However, the inter-
pretation, number and shape of the microplates involved
in the Alpine orogeny is still under debate. In this
overview, the Adriatic–Apulian plate and the Anatolian
plate are subdivided. Besides the Alps, the mountain
range formed during the Alpine orogeny comprises
also the Carpathians, the Dinarides, the Hellenides, the
Apennines, the Tell-Atlas mountains, the Betic Cordillera
and the Pyrenees (Fig. 2.2). The Alpine orogeny started
at the end of the Cretaceous and is still not completed.

The Mediterranean is thus a remnant ocean in its
eastern part, where the oldest oceanic crust which is still
in place can be observed (Müller et al. 2008). The oceanic
crust was formed in the Tethys Ocean during the Triassic.
The western part of the Mediterranean consists of young
oceanic crust which formed when Corsica and Sardinia
rifted away from Europe during the Miocene. The Black
Sea also contains part of the trapped oceanic crust from
the Tethys Ocean. With an age of Early Cretaceous it is
slightly younger than in the eastern Mediterranean.

Quaternary Climate and
Sea-level Change
The global evolution of climate during the Quaternary
has been analyzed and described by numerous authors,
among them Brooks (1926), Milankovitch (1930), Crow-
ley and North (1991) and Ruddiman (2008). In this
section we review mainly the results published by
Rahmstorf (2002), Plant et al. (2003), Carlson (2011),
Wanner et al. (2011) and Grant et al. (2012).

The climate history of the Quaternary is consid-
ered an alternation of glacial and interglacial peri-
ods. Milankovitch (1930) described mathematically the
periodical variation of the Earth’s orbital parameter
around the sun as the cause of changes in insolation
and consequently external energy supply to the Earth.
According to this theory (Berger & Loutre 1991) it is
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Fig. 2.3 Climate and sea level of the last 450 kyr after Carlson

(2011); (a) June insolation at 65◦N (Berger & Loutre 1991); (b)

Atmospheric CO2 concentrations from Antarctic ice cores

(Siegenthaler et al. 2005); (c) East Antarctic change in temperature

(dashed line = present-day temperature) after Jouzel et al. (2007);

(d) Sea-level records from the Red Sea (black line), black squares =

individual sea-level estimates, dashed line = present-day sea level

(Clark et al. 2009; Rohling et al. 2009), gray bars = deglaciations;

yellow bars = interglaciations.

assumed that cyclic changes in boreal summer insolation
are responsible for the cyclicity in the build-up of
continental ice shields during the glacial periods and
their interglacial decay. This process leads to a cyclic
redistribution of water from the ocean to the continents
where it is stored during the glacial periods as ice,
and from where it returns by melting during the
interglacials to the oceanic (and terrestrial) basins. This
interdependence between boreal insolation, continental
ice volume and global sea level may — according to
Carlson (2011) — be further amplified, since ocean
circulation and atmospheric CO2 concentration may
also be influenced by the Milankovitch Cycles (compare
Fig. 2.3). Atmospheric temperature reconstructions are
mainly based on oxygen isotope proxies from Antarctic
and Greenland ice cores, whereas sea-level changes can
be traced back by radiometrically dated corals (Lambeck
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SEA LEVEL AND CLIMATE 17

& Chappell 2001; Waelbroeck et al. 2002) or changes in
the isotopic signature of planktonic foraminifera shells of
the semi-enclosed basins (Red Sea, Mediterranean Sea)
reflecting changes in paleo-salinities because of periodic
isolation from ocean circulation (Siddall et al. 2004;
Rohling et al. 2009; Grant et al. 2012).

In particular, studies of oxygen isotopes of Red Sea
and Mediterranean Sea foraminifera have led to a detailed
picture of global sea-level change during the LGC. Grant
et al. (2012) have developed a probabilistic model of the
LGC sea-level change based on a statistical analysis of
empirical data including an estimation of errors from
different sources. The authors show that the timing of
ice-volume fluctuations (within a centennial response
time) correlates well with the Antarctic and Greenland
climate. In Fig. 2.4 the relative sea-level probabilistic
model (RSLPmax), RSL data and the first derivative (as an
expression of sea-level change) are depicted. Time spans
of rapid sea-level changes (rise) are marked by red arrows.
It is remarkable that rates of sea-level rise during ice-
volume reduction phases have reached more than 1.2 m
per century.

The sea-level curve in Fig. 2.4 reveals a cyclic pattern
of sea-level dynamics during the last glaciation which

can be roughly correlated with the boreal summer
insolation (Berger & Loutre 1991) supporting the theory
of a cause-and-effect relation, but climate variations in
higher resolution need a more complex interpretation. In
Fig. 2.5, sea surface temperature (SST) as reconstructed
from sediment proxies for the southern Atlantic Ocean
and oxygen isotope signatures for the Greenland ice for
Marine Isotope Stage 3 (MIS 3) are depicted. There is
obviously a cyclic change between warmer and colder
periods, whereby the driving forces have to be sought in
the nonlinear processes of ocean circulation (Rahmstorf
2002). The appearance of warm events within the
Dansgaard-Oeschger (D-O) fluctuations during the LGC
follows according to Alley et al. (2001) a periodicity of
ca. 1500 years (and its multiples 3000 and 4500 years)
which is mainly explained by changes in the North
Atlantic overturning. Heinrich events play the role of
the cold counterparts of D-O events with an irregular
return period of about 10,000 years. Ice rafted debris
(IRD) in the marine North Atlantic sediments points
to lines of evidence for massive iceberg discharges from
the Laurentian ice sheet during these cold periods. The
occurrence is mainly explained by a shift in the circulation
pattern of the northern Atlantic so that the North
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Fig. 2.4 Stochastic relative sea-level model (RSLPmax, gray shading), RSL data (blue crosses) and probability maximum of the first derivative of

RSL (red) with 95% confidence interval (pink shading). After Grant et al. (2012). Rates of sea-level change of +12 m/kyr and –8 m/kyr are

indicated (dashed lines). Red arrows mark peaks in sea-level rises of more 12 than 12 m/kyr.
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(2002).

Atlantic Deep Water (NADW) formation is interrupted
and Antarctic water advances into the entire deep North
Atlantic basins.

During the time span between 26,500 and 19,000–
20,000 years ago, the last glaciation reached its maximum
in continental ice extension. This time span — the Last
Glacial Maximum (LGM) — is linked to an extreme
impact of ice sheets on the Earth’s climate and surface
morphogenesis, resulting in extreme droughts, desertifi-
cation, and exposure of most of today’s continental shelf
area due to a dramatic fall in sea level.

After the LGM, climatic change brought about the
last deglaciation, extending from 20 ka BP to 6 ka BP
whereby the retreat of all Earth’s ice sheets caused a sea-
level rise of 125 m to 130 m (Fig. 2.6). Figure 2.6 (f )
depicts the changes in sea level with extreme values
involving many meters of sea-level rise over time spans
of centuries. The first increase in the rate of sea-level
rise at 20 ka BP to 19 ka BP to ∼1.4 cm/year followed
shortly after the initial rise in boreal summer insolation
(Fig. 2.3a) (Yokoyama et al. 2000; Clark et al. 2009). The
increase in the rate of sea-level rise — Meltwater Pulse
(MWP) 1A (Fairbanks 1989) — correlates roughly with
warming of the North Atlantic region during the Bølling
warm period ∼14.6 ka BP (Fig. 2.6 (b)). During MWP-
1A, with values of about 2.8 cm/year, the rate of sea-level
rise reached its maximum of the last deglaciation. During
the Younger Dryas stadial, cold climatic conditions and
droughts returned for a relatively brief period, also

referred to as the ‘Big Freeze’, between 12.9 ka BP and
11.7 ka BP, influenced obviously by the collapse of the
North American ice sheets. The Younger Dryas cooling
stadial is reflected by a deceleration of sea-level rise before
another acceleration starting around 11.7 ka BP together
with the Holocene warming. During the Holocene,
the climate fluctuated between positive and negative
temperature and precipitation anomalies. Based on IRD
investigation of North Atlantic sediments, Bond et al.
(1997; 2001) claim the appearance of a quasi-periodic
cycle of cold events during the Holocene with a period
of 1470± 500 years, similar to the period of D-O events.
These Bond-Cycles, numbered from 0 to 9, are believed
to be the result of insolation being driven southward,
and eastward advection of cold, ice-bearing surface waters
from the Nordic and Labrador seas, but discussions about
a theory for the cause of Bond-Cycles are still ongoing.
In order to gain a deeper understanding of these climate
fluctuations, Wanner et al. (2011) analyzed a global set
of Holocene time series from paleoclimate onshore proxy
data. The authors identified six specific cold events (8200,
6300, 4700, 2700, 1550 and 550 BP). These events are
plotted in Fig. 2.7 together with Bond events 0 to 6.
Looking for the reasons of the cooling events, Wanner
et al. (2011) mention a complex system of driving forces
including meltwater flux into the North Atlantic, low
solar activity, explosive volcanic eruptions, fluctuations of
the thermohaline circulation, and internal dynamics in
the North Atlantic and Pacific area.

Gilles
Commentaire sur le texte 
ice-rafted debris
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Fig. 2.6 Records of Northern Hemisphere ice sheets during the last deglaciation after Carlson (2011). (a) June insolation at 65◦N (Berger &

Loutre 1991); (b) Greenland temperature based on ice-core oxygen isotopes (δ18O) converted to temperature (Cuffey et al. 1995); (c) A record

of the Barents–Kara ice sheet (BKIS) discharge based on planktonic δ18O (Jones & Keigwin 1988). Lower isotope values indicate more

ice-sheet discharge from retreat ∼18 ka (note the lighter isotopes after ∼12 ka reflect warming, not ice-sheet retreat). Also shown are

radiocarbon (14C) dates that indicate BKIS retreat starting 20 ka to 18 ka (blue bars) and when the ice sheet was essentially gone 16 ka to

15 ka (red bars) (Landvik et al. 1998); (d) Distance south of the southern Scandinavian ice sheet (SIS) relative to its extent ∼12 ka as

determined by cosmogenic isotope dates on glacial boulders (Rinterknecht et al. 2006). The bars indicate the uncertainty in the timing of each

ice position; (e) Rate of Laurentian ice sheet (LIS) (black) and Cordilleran ice sheet (CIS) (blue) retreat based on the percent of their area lost

per kyr reconstructed by 14C dates (Dyke 2004). Note that the abrupt increase in CIS retreat ∼12.5 ka is an artefact of rapid thinning up to

∼13 ka that exposed the underlying mountains and greatly reduced the area of the CIS; (f) Rate of sea-level rise (Clark et al. 2009); (g) Sea

level from individual estimates (black squares) and a sea-level model (red line) (Clark et al. 2009). Gray bars show periods of rapid sea-level

rise (see discussion in text, pages [xxx]–[xxx]). The Bølling and Younger Dryas are also indicated.
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The influence of climatic fluctuation on eustatic sea-
level during the Holocene is a matter of debate and
depends on the resolution of sea-level reconstructions.
It is generally accepted that Holocene warming caused a
continuous slow sea-level rise. The final stages of deglacia-
tion during the Early Holocene caused an increase in the
mass of water in the sea, while the slower sea-level rise
after ca. 6000 BP is predominantly the result of thermal
expansion of the marine water mass. On the regional to
local scale, the sea level has to be regarded as the relative
change of the water level as a result of the interaction of
eustatic changes and glacio-isostatic adjustment (GIA).
A special phenomenon is the formation of dammed
meltwater reservoirs in front of the retreating ice sheets.
The water level of these basins may rise rapidly, but
may also fall dramatically because of sudden drainages.
This phenomenon together with the effects of glacio-
isostatic and hydro-isostatic effects will be discussed in the
following sections.

The Quaternary and European
Sedimentary Environments
The landscape of northern Europe was generally shaped
by the Quaternary glaciations. Glaciers carved the Earth’s
surface, and enormous masses of glacial, glacio-fluvial,
eolian, and also organic sediments were transported and
deposited during the Quaternary. Most of the recent
drainage system of Europe can be traced back to glacial
or interglacial periods. Figure 2.8a shows the extent of the
four European ice sheets (Weichselian Glaciation, Warthe
phase of the Saalian Glaciation, Saalian Glaciation, and
Elsterian Glaciation.

The change between glacial and interglacial periods
led to a change of load on the continents caused
by the build-up and decay of ice masses, resulting
in local depression and rebound of the Earth’s crust,
whilst the global sea level dropped and rose according
to changes in water volume. After the LGM, these
processes caused ‘drowned’ fjord coastlines and uplifted
beaches along the northern European coasts (the degree

of drowning or uplift related to GIA effects), and the
formation of the Irish Sea, the present North Sea,
the English Channel, and the tilting of the Baltic Sea
basin. During the ice advances from the north-east, the
European drainage system — directed originally to the
North Sea basin — was reorganized. Ice, wind and
fluvial transport caused a general southward-directed
redistribution of fluvial, glacial and eolian sediments.
This process of re-organization of sediment distribution
changed cyclically with the alternations from glacial to
interglacial environment and vice-versa.

Four broad environmental domains, characterized
by their depositional histories, can be distinguished in
Europe according to Plant et al. (2003) in Fig. 2.8b. The
source region for glacial sediments — the Fennoscan-
dian region — underwent a net loss of material by
glacial scouring. The environment is determined here
by crystalline bedrocks, glacial psammites and tills, U-
shaped valleys, fjords and lakes. Much of northwest and
central Europe, south to 50◦N, is to be regarded as a
glacial sink of sediments consisting of glacial tills, glacio-
fluvial and eolian sediments. South of 50◦N, fluvial
sediments and loess rest on an older pre-Quaternary
basement. Regionally, the Alpide orogenic belt (Alps and
Pyrenees), hosted glacial ice sheets and interrupted the
general European pattern of the Quaternary sedimentary
environment. Fluvial and mass movement sediments
prevail in the Mediterranean area.

Glacio-isostatic Adjustment and
Relative Sea-level Modeling
The solid Earth deforms under the influence of
changing loads on its surface. These deformations occur
on different timescales and originate from different
regions of the Earth’s interior. The timescales vary from
instantaneous to response times of several thousand
years, depending on the period for which the load was
acting on the Earth. Instantaneous, elastic reactions are
conducted by the lithosphere as well as the Earth’s mantle.
Time-dependent viscous reactions originate solely from
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the mantle and correspond to the redistribution of
viscous mantle material beneath the load. Hence, as a
good approximation, the viscoelastic solid Earth can be
modeled as a Maxwell body, which is the combination
in series of an elastic (Hooke) model and a viscous
(Newton) model. The former can be represented by a
spring while the latter can be illustrated by a dashpot.

Surface loads vary on a wide range of timescales. For
example, tidally-induced redistributions of ocean water
or changing atmospheric loads vary with frequencies
of hours to several days and will only induce elastic

deformations in the earth. In contrast, long-term changes
of surface loads, such as during the waxing or waning
of ice sheets, will induce both elastic and viscous
deformation. These deformations are isostatic and will
continue until the Earth has returned to a state of
equilibrium. If the Earth’s response is induced by glacial
load changes it is referred to as glacio-isostatic adjustment
(GIA).

The deglaciation of an ice sheet invokes a more
complex response of the Earth than a purely viscoelastic
deformation, however. In addition, on a global scale,

The Weichselian Glaciation
The warthe phase of the Saalian Glaciation
The Saalian Glaciation
The Elsterian Glaciation

Fig. 2.8 Scandinavian ice-sheet dynamics with

special respect to the Weichselian Glaciation

Regional Quaternary depositional environments of

Europe: (a) Maximum extent of the European ice

sheets: the Weichselian Glaciation, the Warthe

phase of the Saalian Glaciation, the Saalian

Glaciation, and the Elsterian Glaciation (from

Anderson & Borns 1997); (b) Depositional

environments: Zone A – Pre-Quaternary bedrock,

rock-, sand- and gravel-based tills, hummocky

topography, U-shaped valleys, fjords and lakes; Zone

B – complex of interbedded loessic eolian sands,

soils, tills, and fluvial glacial sediments; Zone C –

periglacial zone with fluvial glacial outwash

sediments, loess and periglacial weathering; Zone D

– fluvial and mass-movement deposits; gray shaded

areas = upland glaciations. After Plant et al. (2003:

fig. 2).
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Zone A

Zone B

Zone C

Zone D

Fig. 2.8 (Continued)

average sea level will rise due to the meltwater influx
(eustatic sea-level change). But the mean sea surface
is an equipotential surface of the Earth’s gravity field.
Hence, changes in the Earth’s gravity potential due to the
decreasing ice mass and the redistributed mantle material
will cause a highly non-uniform change in sea level.
Moreover, the relocated water mass is another surface
load which induces additional crustal deformation and an
additional deformation potential. A gravitationally self-
consistent description of these interactions is given by the
sea-level equation (SLE). The basic idea of the SLE dates
back to the work of Woodward (1888), while the SLE
was formulated by Farrell and Clark (1976). According to

Peltier (1998) (see also Groh et al. (2011)) the SLE reads
as:

δS(θ, λ, t) = C(θ, λ, t) ⋅ {δG(θ, λ, t) − δR(θ, λ, t)}

= C(θ, λ, t) ⋅
{
∫

[
∫ ∫ (g−1Φ(ψ, t − t′)

−Γ(ψ, t − t′)) ⋅ L(θ′, λ′, t′)dσ

]
dt′

+ g−1ΔΦ(t)
}

(1)

At a given position (co-latitude: θ, longitude: λ)
and time (t) the change in RSL (δδS), which is the
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sea level relative to the Earth’s crust, is the difference
between the change of the geoid (δG) and the vertical
crustal deformation (δR). The geoid is a surface of
constant gravitational potential and corresponds to the
mean sea level. C(θ,λ,t) is the so-called ocean function
which is unity over the ocean and zero over land. In
general, C is time-dependent as well since land areas
can subside below sea level or ocean regions can be
uplifted above sea level while an ice sheet melts or
aggregates. In more detail, the SLE reveals that δG and
δR result from the temporal and spatial convolution of
the Green functions for the gravitational potential Φ
and for the vertical deformation Γ with the load L. The
conservation of the total mass of ice and water is assured
by the purely time-dependent term g−1 δΦ(t) where g
is the gravitational acceleration. The Green functions
depend on the spherical distance ψ between the position
under consideration (θ,λ) and the load element (θ′,λ′)
as well as on the viscoelastic properties of the Earth.
The load distribution L incorporates load changes of
the ice and of the changing sea level δS itself. Hence,
this linear integral equation has to be solved iteratively.
In this basic form the SLE does not account for effects
induced by changes in the rotational feedback of the
Earth.

Thus, modeling of GIA-induced phenomena, such
as present-day RSL changes or the temporal evolution
of RSL, by solving the SLE, requires several different
input data sets. First, an ice-load history describing the
temporal and spatial evolution of the ice load is needed.
Second, a viscoelastic Earth model is required to solve
for the Green functions. Ice-load histories are available
on global and regional scales and are reconstructed
from geological, geomorphological and archaeological
evidence of the former ice extent and of the past sea
level. A few models incorporate dynamic ice models,
too. Usually the Earth model is jointly inferred with
the ice-load history (Lambeck et al. 1998a). Instrumental
records of present-day RSL changes from tide gauges or of
present-day crustal deformations from global positioning
systems (GPS) are often used to constrain or validate
the inferred ice-load histories and Earth models (e.g.
Lambeck et al. 1998b; Milne et al. 2001). One widely-
used global ice-load history is ICE-5G (Peltier 2004). The

corresponding viscoelastic Earth model VM2 was chosen
in a way that best fits the utilized observational data set
in a global sense. Another global model was developed
by Kurt Lambeck. The Fennoscandian component of this
model is described by Lambeck et al. (1998a). In contrast
to VM2 the corresponding Earth model is particularly
constrained to the Fennoscandian dataset. Hence, this
Earth model cannot be used within global studies but
is most appropriate for studies in Fennoscandia. Both
models provide an ice-load history from the LGM period
until the present. The results are well constrained by the
rich observational data set for this period. A global model
of sea level and ice volumes based on observations distant
from the ice sheets has been published by Lambeck et al.
(2014).

Figure 2.9 shows the present-day GIA-induced ver-
tical crustal deformations over Europe. The underlying
calculations are based on the ice-load history ICE-5G
and the corresponding Earth model VM2. The utilized
software (Spada & Stocchi 2007) solves the SLE for a
radially stratified, incompressible, non-rotating Earth in
the spectral domain and does not account for a time-
dependent ocean function. A generalized version of the
VM2 model, consisting of an elastic lithosphere (120 km
thickness) and three viscous mantle layers (viscosities:
upper mantle: 0.5∗1021 Pa∗s; transition zone: 0.5∗1021

Pa∗s; lower mantle: 2.0∗1021 Pa∗s) was used. The ice-
load history is given in 1 kyr steps and predicts a global
eustatic sea-level rise of about 127 m since the LGM at
21 ka BP. The deformation pattern reveals a large uplift
dome at the former center of glaciation around the Gulf
of Bothnia with a maximum rate of uplift of more than 9
mm/year. This uplifting region is surrounded by a zone of
slight subsidence. This zone corresponds to the collapsing
peripheral bulge from where the mantle material is still
being redistributed back to central Fennoscandia. As in
all former glaciated regions, the crustal deformations are
the dominating signal and GIA-induced changes of the
geoid are relatively small. In Fennoscandia they do not
exceed the 0.5 mm/year level. Hence, the present-day
fall in RSL due to GIA reaches a maximum of about
8 mm/year. Over ocean regions further away from the
former ice sheet the dominating part of the present-day
crustal deformation originates from the additional water



JWST796-c02 JWST796-Flemming February 13, 2017 22:32 Printer Name: Trim: 279mm × 216mm

U
N

C
O

RR
EC

TE
D

PR
O

O
FS

24 SUBMERGED LANDSCAPES OF THE EUROPEAN CONTINENTAL SHELF

Fig. 2.9 Present-day vertical crustal

deformation rates caused by changing ice

and ocean water loads since LGM

according to ICE-5G (VM2). A. Groh with

data from Peltier (2004).

load due to meltwater influx. Thus, regions like the Black
Sea and the Mediterranean Sea experience subsidence.
This is clearly revealed by Fig. 2.9.

From the previous discussion it is apparent that
different parts of the European coastline and shallow
marginal seas have experienced different degrees of
vertical change of relative sea level and different rates
of change as a result of combinations of tectonics,
isolation of lake basins, climate change, atmospheric
circulation, and glacio-isostatic adjustment. In the fol-
lowing sections we consider different regions briefly, and
these processes will be discussed in more detail in later
chapters.

The Baltic Glacio-isostatic
Adjustments
The expansion and contraction of the Fennoscandian ice
sheet is relatively well recorded by geological proxies as
are also the effects of relative sea-level changes. Therefore,
models described in the preceding sections have been
applied to the Baltic area for several years in order to
describe the effect of deglaciation to the region (Harff
et al. 2007; 2011; Lambeck et al. 2010). But, for earlier
periods of the glacial cycle the observational evidence can
be poor. Nevertheless, Lambeck et al. (2010) have used
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Fig. 2.10 Paleogeographical reconstructions for three principle interstadials and stadials during MIS 3. Ice-thickness contours: 200 m.

Positive relative sea-level contours (orange), negative ones (red). Red stars mark thresholds of ice-marginal lakes. Lambeck et al. (2010).

their inversion method (Lambeck et al. 1998a) and the
rich data set for LGM and post-LGM periods to constrain
the behavior of the ice sheet (Fig. 2.10). These constraints,
the sparse observational evidence and assumptions on the
prevailing basal conditions are further used to extrapolate
back to earlier times, resulting in an ice-load history for
the preceding MIS 3 (∼60–30 ka BP).

After the Weichselian ice sheet had covered the whole
Baltic basin during the LGM, the ice retreated and
melt water filled the basin at a time when the North
Atlantic was still covered by sea ice. This first phase
in the postglacial history of the Baltic basin named the
Baltic Ice Lake (BIL) lasted from 16 ka BP to 11.7 ka
BP. The retreating ice enabled a connection between the
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Baltic basin and the Skagerrak area along the Central
Swedish Depression for a short phase (the Yoldia Sea
11.7–10.7 ka BP) before the GIA uplift disconnected
the Baltic basin again from the Global Ocean and
another freshwater phase (Ancylus Lake) began at 10.7 ka
BP lasting until 8 ka BP. The environment changed
completely at about 8 ka BP when, due to the collapsing
lithospheric bulge in the southern Baltic area and
continuous eustatic sea-level rise, marine water masses
transgressed through the Kattegatt into the Baltic basin
(Littorina transgression) converting the former freshwater
reservoir to a permanent brackish-marine environment
(Andrén 2011, Harff et al. 2011). During the Atlantic
(2.5–0 ka BP) and the Subatlantic (8–5 ka BP) periods,
coastline development in the Baltic basin was the result
of a complex interaction between eustatic sea-level rise
and GIA. In the south, subsiding land and eustatic
sea-level rise caused a permanently retreating coast. In
the north, eustatic rise was overcompensated by GIA
uplift, resulting in continuous regression of the sea
(Fig. 2.11).

The water (sea) level history reconstructed for the
Narva-Luga basin in the eastern Gulf of Finland impres-
sively demonstrates the interplay between isostatic uplift
and eustatic water-level change (Rosentau et al. (2013;
Fig. 2.12). After the Baltic Ice Lake stage and a 25 m drop
in water level by drainage of the ice-dammed lake, marine
waters entered into the basin via the Central Swedish
Depression for the duration of the Yoldia Sea period.

With the onset of the Ancylus Lake period, connec-
tion to the Global Ocean was closed off, and the water
level rose permanently (Ancylus transgression) because
of the inflow of melt water from the Fennoscandian
ice sheet. By 9.8 ka BP the Ancylus Lake began to
drain and the water level dropped by more than 10 m
(Ancylus regression). After 8.5 ka BP the curve describes
a eustatically controlled sea-level rise because of an open
connection of the Baltic basin to the marine realm of the
North Sea area. The end of the transgression is marked
by a well-developed raised beach around 7.3 ka BP. The
following sea-level drop in the curve of Fig. 2.11 is caused
by the GIA-uplift of the Fennoscandian Shield which

Fig. 2.11 Areas of transgression (blue)

and regression (red) of the Baltic Sea

since the Littorina transgression ca. 8 ka

BP, modified from Harff et al. (2007).

Narva-Luga area (Fig. 2.12) and

Darss-Zingst Peninsula (Fig. 2.20) are

marked.
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Fig. 2.12 Relative water-level change curve for Narva-Luga area (location marked in Fig. 2.11) in the eastern Gulf of Finland. Modified from

Rosentau et al. (2013).

started to outpace eustatic sea-level rise in the Narva-Luga
area.

North Sea and Atlantic Shelf
from the Last Glacial Maximum
to the Atlantic Period
Model results have been produced based on the inversion
of sea-level data from the British Isles and northern
Europe, complemented with inversions of data from
North America and from areas far from the former ice
sheets (Peltier et al. 2002; Milne et al. 2006; Shennan
et al. 2006; Hanebuth et al. 2011). The shoreline recon-
structions are thus predictions based on these solutions
without taking into account the effect of local tectonics,
erosion and sedimentation. Normally, these results are

compared with independent observational evidence of
paleoshorelines not used in the solutions; if there are
major discrepancies, this additional information is used
to improve upon the solution. These model results have
not yet been compared with such additional data and are
therefore a first iteration. Accordingly, we will consider
the probable magnitude of the unquantified factors, and
then consider the predicted results at different time
intervals.

The North Sea and extended Northwest Shelf of
Europe consist of a series of shallow semi-enclosed basins
and marginal seas typically in the depth range of 50 m
to 100 m. They are profoundly influenced by Atlantic
storms from the west, and tidal amplitudes are frequently
of the order of 2 m to 5 m, and over 10 m in some limited
areas, with associated strong currents (Neill et al. 2009;
2010). The oceanographic conditions result in vigorous
erosion and redistribution of coastal sediments. These
include actively mobile sedimentary features such as sand
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waves, sand banks, and sand ribbons on the sea floor,
as well as massive accumulations of sediments on the
outer shelf of the western approaches in the Celtic Sea
(Lericolais et al. 2003; Toucanne et al. 2009) brought
down by the Channel River during glacial melting and
deposited during sea-level rise. Gibbard (1988) provides
a longer timescale for the analysis of the European rivers
on the continental shelf. The calculated GIA movements
and the present position of ancient shorelines and areas
of drowned terrestrial landscape previously exposed at
different dates could therefore be influenced by, or
concealed by, local and regional tectonics, erosion, and
extensive redeposition of postglacial marine sediments.
In particular, they will not necessarily be detectable by
bathymetric surveying alone, and will in many cases only
be detectable by sub-bottom profiling or 3D seismic
surveying (Bakker et al. 2012).

Tectonic activity on land and on the seabed in the
British area of the Northwest Shelf, which is the largest
proportion, has been a minor factor during the Quater-
nary (Barton & Woods 1984; Thorne & Watts 1989),
although active graben formation and crustal extension
and thinning of the central North Sea occurred during
the Jurassic-Cretaceous. Crustal extension, rifting, and
graben subsidence were at least partially counterbalanced
by continuous infilling of the depressions by sediments.
The Rhine graben does not continue into the North Sea.
In contrast, the English Channel area has been subject
to compression due to the Alpine orogeny (Lagarde et al.
2003). For the last 730,000 years the average subsidence
of the central North Sea has been 0.4 m/kyr (Cameron
et al. 1992), amounting to 8 m in 20,000 years, while the
uplift of the Channel region has been 0.1 m/kyr (Lagarde
et al. 2003), amounting to 2 m in 20,000 years. In both
cases the tectonic factor is an order of magnitude smaller
than the glacio-isostatic changes in the same period,
and, at least in the case of the North Sea, subsidence
as an effect on bathymetry may be offset by sediment
accumulation.

Consistent with this observation, the recorded and
current seismicity of the British Isles is very low, and
furthermore a proportion of the recorded epicenters
correlates with crustal adjustment arising from postglacial
rebound (Musson 2007). The earthquake records in the

UK have been assessed by Musson (2007) and there have
only been 35 events over Local Magnitude (LM) 4 since
1850, and none above LM 5.4 (Musson 2007, fig. 6).

Tsunamis are another factor which can change the
bathymetric parameters and alter or conceal paleoshore-
lines. The Storegga event (Weninger et al. 2008) created
waves which struck the coast of Scotland and the northern
slopes of the Dogger Bank approximately 8.2 ka BP. The
major effect on seabed bathymetry was the additional
mass of sediment in deep water off the Norwegian
continental slope, and thus outside the interest of this
study. No accurate calculation has been made of the
quantitative effect on the submerged landscape in coastal
waters, but Weninger et al. (2008, figs. 4 & 5) show the
areas most strongly impacted by the Storegga tsunami in
the contemporaneous North Sea coastal waters, and on
the northern flanks of the Dogger Bank.

When the relative velocities of vertical tectonics
and glacio-isostatic earth movements compared with
the vertical rate of rise of sea level produce a local
relative stillstand, wave energy and currents produce
cliffs, erosion, beach ridges, terraces, and active sediment
transport. There should thus be identifiable submerged
shorelines against which predicted GIA sea-level models
can be verified or corrected. However, this is not a simple
exercise since, in an area of extreme postglacial isostatic
adjustment, the shore features occur at different depths
and different times against the tilting land surface. This
problem is addressed for the central North Sea by Ward
et al. (2006). The complex task of identifying continuous
shorelines in a terrain of very low relief during postglacial
isostatic tilting is also facilitated by the detailed sub-
surface maps produced by Gaffney et al. (2007) and
Bakker et al. (2012).

The models shown below have not been corrected for
the factors mentioned above, and a complete comparison
with paleoshorelines detected offshore has not been
carried out. The first iteration results are therefore
illustrated below. The impact of sea-level changes on
human population movements into and out of the British
Isles on a longer timescale is discussed extensively by Pettit
and White (2012).

The results included and shown in Fig. 2.13 are for the
following epochs:
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Fig. 2.13 Paleogeographic models of the North Sea and parts of the Northeast Atlantic shelf 20, 16, 12, 10, 8, and 6 ka BP. Based on

Lambeck (1995), Lambeck and Purcell (2001), and Lambeck et al. (2010).

1 T = 20,000 BP representing the late LGM interval.
This is shortly after the maximum ice extent across the
North Sea when retreat from the North Sea back to
Norway and Scotland has already started. Northward
retreat across England and the Irish Sea has also started
before this time.†

AU: Please
provide
footnote
citation in text.

† In this chapter, in regards to model dates, a timescale of calendar
years BP (= 1950) is used, as model time is unrelated to any 14C
calibration

Ireland and England are tenuously connected via a
very low land bridge across the southern Irish Sea across
which flows the spillover from the ice-dammed lake to
the north.

Much of the North Sea is exposed, including the
locations east of Shetland where Late Glacial artifacts
have been found on the present sea floor (Long et al.
1986).

2 T = 16,000 BP representing the Late Glacial Period.
The sea is beginning to advance across the North
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Fig. 2.13 (Continued)

Sea floor but quite slowly at first because the
rebound is approximately keeping up with the rising
water.

3 T = 10,000 BP, representing the separation of Dogger
Bank and the early phase of the opening of the English
Channel which is completed just before 9000 BP.

4 T = 6000 BP. By 8000 years ago the shorelines have
approximated their present locations but in the low-
lying areas of the Netherlands, Belgium. Denmark
and Germany sea level continues to rise and there is
extensive inundation after about 7500 BP.

Tectonic Controls: The
Mediterranean Sea
Paleogeographic models of the Mediterranean and Black
Sea area have been presented by Lambeck and Purcell
(2005; 2007) and Lambeck et al. (2011). But, for most
of the areas along the Mediterranean coastline, sea-level
models deviate from field observations and geological
data. The reason for this discrepancy between models
and observations is the ongoing geodynamic and tectonic
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Fig. 2.13 (Continued)

processes and crustal deformation over most of the
Mediterranean region. Active processes create a dynamic
environment with long- and short-term, vertical and
horizontal, crustal movements which are superimposed
on and modify the effect of sea-level fluctuations.
Comparison of observations and field data, including
different geomorphological and archaeological sea-level
markers, with the predicted sea-level curves provides
estimates of the vertical tectonic contribution to relative
sea-level change. Long-term vertical tectonic rates of
movement can be inferred from the elevation of the 124 ka

last interglacial highstand (MIS 5.5) marker (Ferranti
et al. 2006; Antonioli et al. 2009a, b). This marker,
where developed and preserved, offers an excellent tool
to estimate patterns of differential displacement within
adjacent tectonic blocks (Lambeck et al. 2011).

Active tectonics in the Mediterranean and adjacent
areas is predominantly driven by the convergence between
the African and the Eurasian plates. Figure 2.14 shows
the complex geotectonic structure developed due to the
collision of these continental plates (compare also with
the more general map of Fig. 2.2). Subduction of oceanic
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Fig. 2.14 Main geotectonic boundaries and features drawn on the Morpho-Bathymetry Map of the Mediterranean Sea (CGMW – Commission

for the Geological Map of the World/UNESCO) Brossolo et al. (2012).

crust and/or collision of continental blocks goes on
along the Betic-Rif orogenic belt, the Calabrian Arc, the
Hellenic Arc and the Cyprus Arc. Active movements
along strike-slip fault boundaries of adjacent plates or
microplates add more complexity to the overall geody-
namic structure and kinematics of the Mediterranean and
create a puzzle of crustal blocks independently moving,
either uplifting or subsiding.

The eastern Mediterranean basins, namely the Ionian,
Libyan and Levantine basins, are underlain by the
last remnants of the Mesozoic Tethys Ocean, which is
currently being consumed beneath the Calabrian Arc
in the western Ionian Sea, the Hellenic Arc in the
eastern Ionian, Libyan and western Levantine seas and the
Cyprus Arc in the east Levantine Sea.

Evolution of the north–south trending Levantine
coast of the Mediterranean’s eastern edge is dominated
by the Dead Sea Strike-Slip Fault (DS) and its secondary
branches. This runs through the Middle East from south

to north and accommodates the northward movement of
the Arabian plate caused by the opening of the Red Sea.
Large, destructive, magnitude >6 historical and recent
earthquakes all along the DS are evidence of enhanced
tectonic activity along the Dead Sea Fault and subsequent
movements which have shaped the morphology of the
Levantine coastline throughout the Quaternary. The
oceanic floor of the Levantine basin is being consumed
beneath Cyprus, along the Cyprus Arc.

The Hellenic Arc and the extending Aegean region
behind it are tectonically and kinematically the most
active areas in Europe. The main ongoing processes
which dominate the geodynamic evolution of the Aegean
and eastern Ionian seas are: the westward extrusion
of the Anatolian continental block along the dextral
strike-slip North Anatolian Fault boundary; the NNE
subduction of the eastern Mediterranean lithosphere
beneath the southwestward migrating Hellenic Arc at a
rate of 3 cm/year to 4 cm/year; the resulting SSW–NNE
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extension of the Aegean back-arc region; the collision
of northwestern Greece with the Apulian block in the
northern Ionian Sea, particularly to the north of the
Kephallinia Fault; and the incipient collision with the
Libyan promontory south of Crete (e.g. McKenzie 1970;
1978; Dewey & Şengör 1979; Le Pichon & Angelier 1979;
Le Pichon et al. 1982; Meulenkamp et al. 1988; Mascle &
Martin 1990; Meijer & Wortel 1997; Jolivet 2001; Armijo
et al. 2004, Kreemer & Chamot-Rooke 2004).

The building up of stresses along the boundaries and
in the interior of the crustal blocks leads to extensive
deformation in the upper crust, expressed by very
high seismicity and vertical and horizontal movements
accommodated by normal, thrust and strike-slip faults.
Continuous, long-term, tectonic uplift and/or subsidence
by 1 m/kyr or more is evident at many places along
the Hellenic Arc and within the Aegean region and has
been documented with mapping and dating of uplifted
Pleistocene marine terraces or submerged pro-delta pro-
grading sequences (e.g. Armijo et al. 1996, Lykousis et al.
2007; Lykousis 2009). Short-term, incremental, vertical
movements in the Late Holocene modify the modeled
post-LGM sea-level rise (Lambeck & Purcell 2007),
as postulated by uplifted or submerged paleoshorelines
observed in numerous places along the Aegean coastline
as in Crete, Rhodes, the Gulf of Corinth, Evia Island,
the Aegean Islands, etc. (e.g. Pirazzoli et al. 1989;
Kontogianni et al. 2002; Evelpidou et al. 2012a, b).
The largest, abrupt, vertical tectonic dislocation recorded
in the Mediterranean Sea occurred along the uplifting
Hellenic Arc and resulted from the 365 AD earthquake
with magnitude >8 which uplifted and tilted the western
half of Crete Island by up to 8 m (Shaw et al. 2008).

Quaternary tectonics in the Aegean, particularly in
central Greece, has led to the formation of WNW–
ESE trending neotectonic grabens which presently form
elongate gulfs cutting across the Alpine structure of the
Hellenides mountain chain: the 900 m deep Gulf of
Corinth, the 450 m deep North Evia Gulf, the 400 m
deep West Saronikos Gulf and the shallower Amvrakikos,
South Evia and Pagasitikos gulfs have one characteristic
in common: they are connected to the open sea through
narrow and shallow straits which were exposed above the
sea level during the LGM and possibly during earlier

periods of low sea level. These presently marine water
bodies were isolated lakes during the LGM with water-
level considerably higher than the contemporaneous sea
level (Perissoratis et al. 1993; Lykousis & Anagnostou,
1993; Richter et al. 1993; Kapsimalis et al. 2005; Lykousis
et al. 2007; Sakellariou et al. 2007a, b). Thus, the
Holocene water/sea-level rise curve of these areas deviates
significantly from the curves in adjacent areas.

The Calabrian Arc in the western Ionian Sea and
central Mediterranean Sea marks the last phase in the
subduction of the Ionian oceanic basin beneath the
eastwards migrating Apennines-Maghrebides orogenic
belt (Carminati & Doglioni 2005). It is characterized
by outward (east–southeastward) migration and frontal
compression, arc-parallel extension, relative rotation of
crustal fragments and fast uplift of onshore and shelf areas
since the Mid Pleistocene (Westaway 1993; Sartori 2003;
Viti et al. 2011).

The western Mediterranean comprises four, young
(less than 30 Ma old), extensional basins (Biju-Duval &
Montadert 1977): the Alboran basin, developed behind
the westward-migrating Betic-Rif Arc; the Valencia
Trough; the Algero-Provençal basin; and the Tyrrhenian
basin, which opened progressively behind the eastward-
moving Apennines-Maghrebides Arc after the final col-
lision of the Iberian and Eurasian plates along the
Pyrenees (Carminati & Doglioni 2005). The Tyrrhenian
Sea is the result of rifting, back-arc extension and crustal
thinning of the Alpine-Apennine orogenic belt above the
westward-subducting Ionian oceanic lithosphere below
the Calabrian Arc. Eastward migration of the latter led
to the initiation of spreading and formation successively
of the Vavilov and Marsili oceanic basins (Kastens et al.
1988; Kastens & Mascle 1990; Sartori 1990; Jolivet 1993).
Subduction-related volcanism migrated from west to
southeast, namely from Sardinia to the presently active
Aeolian Island Arc (Serri 1997).

Deformation in the west Mediterranean occurs mostly
in the Alboran basin and along the North African
Margin (Stich et al. 2005; 2007). In the south Iberian
Margin, crustal deformation is mainly driven by the
NW–SE convergence (4–5 mm/year) of the African and
Eurasian plates (e.g. Argus et al. 1989). Convergence is
accommodated over a wide deformation zone distributed
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among a number of active tectonic structures which
are characterized by low to moderate seismicity (e.g.
Buforn et al. 1995; 2004; Stich et al. 2005; 2007; 2010).
Active faulting activity in the southeast Iberian Margin
is dominated by the eastern Betic Shear Zone strike-
slip system, a 450 km-long fault zone, the splays of
which, the Bajo Segura Fault to the north and the
Carboneras Fault to the south, with slip-rates of about 1.3
mm/year (Moreno 2011), extend into the sea. The Yussuf
Fault, a 250 km-long, composite, dextral strike-slip fault,
marks the boundary between the Alboran Sea and the
Algerian Margin, and is capable of generating up to
magnitude 7.4 earthquakes. The Al Idrissi Fault, running
NNW–SSE in the Alboran Sea, is a left-lateral strike-
slip structure (Mart́ınez-Garcı́a et al. 2011; Bartolomé
et al. 2012) characterized by enhanced seismic activity
with up to magnitude 6 earthquakes or larger. Both
aforementioned faults in the Alboran Sea, along with
other minor ones, have contributed significantly to the
morphological configuration of the coastal areas.

A Hydrologic System: The
Black Sea since MIS 2
The level of the Black Sea, to a certain extent, was
controlled more by the regional climate than by global
eustatic changes. From these interpreted results, Lericolais
et al. (2009) have proposed a curve representing the
water-level fluctuation in the Black Sea since the LGM.
Today, in the light of the new results on 14C calibration
obtained by Soulet et al. (2011a) and leading to a revised
calendar age for the last reconnection of the Black Sea to
the Global Ocean at 9000 cal BP (Soulet et al. 2011b), it
is possible to provide a calendar age sea-level curve for the
Black Sea since the LGM (Fig. 2.15, see also Chapter 17,
pages [xxx]–[xxx])).

The transition of the Black Sea system from a
lacustrine to a marine environment is perhaps one of the
best records of climate change on the European continent.
Back at the Last Glacial Maximum, ca. 20,000 years
ago, the Black Sea was probably a giant freshwater lake
as proposed by Arkhangel’sky and Strakhov (1938) and

Fig. 2.15 Water-level fluctuation in the Black Sea since the LGM,

deduced from the observations recovered on the northwestern Black

Sea shelf. LGM = Last Glacial Maximum; B/A=Bølling-Allerød;

MWP-1a = Meltwater Pulse 1a; YD = Younger Dryas; PB = PreBoreal.

SI to SIX are the sequences interpreted and dated from the

Romanian Black Sea shelf. Lericolais et al. (2009), revised version

Lericolais et al. (2011).

confirmed by Soulet et al. (2010), and its water level stood
around 120 m below today’s level. The studies carried
out on the Danube deep-sea fan (Popescu et al. 2001;
Lericolais et al. 2013) confirm that the last channel–
levée system developed during MIS 2. Sediments supplied
by the Danube River were transported to the deep
basin through the Viteaz canyon (Popescu et al. 2004).
The water brought to the Black Sea after the MWP-
1A at approximately 14,500 cal BP (Bard et al. 1990) is
supposed to have been sufficiently important that the
water level rose to between –40 m and –20 m, where the
Dreissena layers were deposited. This last value for the
transgression upper limit would have brought the level of
the Black Sea even higher to the level of the Bosporus sill,
and possible inflow of marine species like Mediterranean
dinoflagellate populations can be envisaged (Popescu et al.
2003). The rise in the Black Sea water level, which stayed
between fresh to brackish conditions, stopped deep-sea
fan sedimentation.

Palynological studies conducted on BlaSON cores
(Popescu et al. 2003) show that during the Younger Dryas
a cool and drier climate prevailed. Northeastern rivers
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converged on the North Sea and the Ancylus Lake (Baltic
Sea) (Jensen et al. 1999) giving reduced river input to
the Black Sea resulting in a receding shoreline there.
These assumptions are consistent with some evaporative
drawdown of the Black Sea and correlated with the
evidence of an authigenic aragonite layer present in all
the cores studied (Giunta et al. 2007). This lowered sea
level in the Black Sea persisted afterwards, evidenced by
(1) continuously dry climatic conditions in the region
which had started around 13,000 to 10,000 cal BP, and
(2) dune formation between 10,500 and 9000 cal BP
on the desiccated north-western Black Sea shelf at –
100 m. The Younger Dryas climatic event had lowered
the Black Sea water level and the presence of the coastal
sand dunes and wave-cut terrace confirm this lowstand.
Preservation of these sand dunes and buried small incised
valleys can be linked with a rapid transgression where
the ravinement processes related to the water-level rise
have had no time to erode sufficiently the sea bottom
(Ahmed Benan & Kocurek 2000; Lericolais et al. 2004).
Around 9000 cal BP, the surface waters of the Black
Sea suddenly attained present-day conditions owing to
an abrupt flooding of the Black Sea by Mediterranean
waters, as shown by dinoflagellate cyst records (Popescu
2004) and as supposed by Ryan et al. (1997; 2003)
who proposed 7500 cal BP — subsequently modified
because no age reservoir correction was available until the
work by Soulet et al. (2011a). Furthermore, Soulet et al.
(2011b) and Nicholas et al. (2011) demonstrate that the
Black Sea ‘Lake’ reconnection occurred in two steps, as
follows: (1) Initial Marine Inflow (IMI) dated at 9000
cal BP followed by (2) a period of 900 to 1000 years,
of increasing basin salinity that led to the disappearance
of lacustrine species (DLS). This last event can also be
correlated with the beginning of the sapropel deposit
which is widespread and synchronous across slope and
basin floor. The Black Sea basin would have been flooded
in ∼1000 years, equalizing water levels in the Black Sea
and Sea of Marmara. Such a sudden flood would have
preserved lowstand marks on the Black Sea’s northwestern
shelf. Furthermore, the model developed by Siddall et al.
(2004) suggests that about 60,000 m3 of water per second
must have flowed into the Black Sea basin after the sill
broke and it would have taken of the order of 33 years

to equalize water levels in the Black Sea and the Sea of
Marmara.

Holocene Climate and Coastal
Morphodynamics
Climate
Climate models are one of the most powerful tools to
simulate future climates. They have evolved in recent
decades to become complicated software codes that
try to represent as realistically as possible the different
subsystems of the Earth’s climate — the atmosphere,
the ocean, the cryosphere, the terrestrial biosphere,
the global carbon cycle, and others. Usually they are
described as Atmosphere–Ocean General Circulation
Models (AOGCM) or, more generally, Earth System
Models (ESM) when they include carbon cycle and
dynamic vegetation models. The models are driven by
estimates of external forcing factors that comprise the
greenhouse gases, volcanic activity, solar irradiance, land
use and the configuration of the Earth’s orbit. In the
pre-industrial Holocene, the most important drivers were
solar, volcanic and orbital forcing (Schmidt et al. 2011).

In spite of the complexity of present climate models,
they still have clear limitations. One is their spatial
resolution; at about 200 km, it is not capable of capturing
important aspects of regional climates such as the effect
of coastlines and mountain ranges. Also, important
dynamic processes like atmospheric turbulence, clouds
and precipitation are represented in a simplified form.
Most of the uncertainties in future climate projections
stem from the different representation of the effects of
clouds in the radiative and moisture balance in the climate
models (Bindoff et al. 2007; Medeiros et al. 2008; Lauer
& Hamilton 2013).

The second limitation pertinent to the simulation of
sea-level changes is the lack of a proper land-ice model
in virtually all current climate models. This implies that
the estimation of the eustatic contribution to sea-level
changes requires additional inputs, for instance specific
models of the polar ice caps and mountain glaciers, which
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in turn are partially driven by the simulated changes in air
temperature. However, this approach cannot completely
capture important processes for the mass balance of
ice caps and glaciers. The resolution of the simulated
temperature field is not adequate for the requirements
of a glacier model. Glaciers are also partially driven by
precipitation, which is not well represented in global
climate models. Also, air temperature directly drives the
surface melt over ice caps (van den Broeke et al. 2009) but
its influence on the ice rheology is much more subtle and
not totally understood (Joughin et al. 2012).

As a result, as reflected in the series of reports of
the Intergovernmental Panel on Climate Change (IPCC)
(Church et al. 2013), global climate models are more
capable of simulating the thermal expansion of the water
column of the global oceans. The other contributions to
mean sea level due to climate changes mentioned above
have to be estimated by other means. This limitation
pertains not only to the globally averaged sea level, but
also to the large-scale spatial variations of sea-level change
due to the self-gravitational effect (Mitrovica et al. 2001).
Due to this effect, ice melting from the Antarctic ice
sheet is most strongly felt in the sea level of the Northern
Hemisphere. It is smaller in the Southern Hemisphere
and sea level may even fall near Antarctica when land-
ice melts there. Likewise, the melting of Greenland ice
is most strongly felt in the sea level in the Southern
Hemisphere, whereas its direct effect in western Europe
is much smaller, about 10% to 20% of the global sea-
level rise caused by Greenland ice melting (Mitrovica et al.
2001). More complicated spatial patterns result from the
melting of mountain glaciers, which are concentrated in a
few regions scattered around the globe — the Himalayas,
the Andes and Alaska. For the focus of this book on
western European coasts, it is thus mainly the melting
of the Antarctic ice sheet, in particular from the West
Antarctic ice sheet, that is of relevance. However, it is not
easy to estimate the different contributions of polar ice
caps and glaciers to global ice melting, given a global level
of warming or cooling.

In seas like the Baltic and the Mediterranean, mean
sea-level changes at monthly to decadal timescales can
be modulated by prevailing wind stress and air pressure
gradients (barometric effect). Also, coastal sediment

transport is strongly modulated by prevailing wind
forcing. These are generally considered to be much more
realistically simulated by climate models.

Therefore, when considering the sea level simulated by
present climate models it has to be borne in mind that the
different processes that are involved in sea-level changes
may be simulated with different levels of uncertainty,
ranging from the most uncertain, that related to mass loss
from polar ice caps, to the relatively most certain, that
related to the thermal expansion of the water column.

Most of the paleoclimate simulations with compre-
hensive atmosphere–ocean coupled models are time-
slice simulations. The models run with external drivers
frozen-in to the values attained at a certain time, for
instance 6000 BP. The aim of these simulations is thus
not to simulate climate evolution through time, but to
generate a certain number of years of stationary climate
at that particular point in time. For instance, the Climate
Model Intercomparison Project Phase 5 (CMIP5), whose
simulations are being used in the Fifth Assessment Report
of the IPCC, contains a set of simulations denoted Mid
Holocene that are time-slice simulations.

On the other hand, in transient simulations the
external forcing is continuously changed to represent the
real changes of the external forcing that occurred in the
past. There are only very few transient simulations with
AOGCMs covering the Holocene or even the period
between the Holocene Thermal Maximum — about
6000 years ago — and the present. These simulations
have been conducted with AOGCMs with a horizontal
resolution coarser than the resolution used for future
climate projections, due to the demanding computing
resources for a simulation several thousand model-years
long. Nevertheless, these simulations are indeed useful to
estimate the range of magnitude of the relevant processes
that may have influenced sea level in the past. In the
following we present some select aspects of one of these
simulations that may be relevant for sea-level and coastal
thermodynamics in West European coastal seas.

The model ECHO-G, composed of the atmospheric
model ECHAM4 and the ocean model HOPE was used
to simulate the last 7000 years, driven by orbital forcing,
solar variations and greenhouse gases (Fig. 2.16, see also
Hünicke et al. (2011)).
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Fig. 2.16 Time series of model ECHO-G forcings (orbital forcing, solar variations and greenhouse gases). These data are derived from the

analysis of cosmogenic isotopes in ice cores and tree rings (solar irradiance, Solanki et al. 2004), and of the air bubbles trapped in polar ice

(Indermühle et al. 1999). There is still some uncertainty regarding the amplitude of past solar variations and thus this series has to be

considered as one possibility among others. Schmidt et al. (2011).

Figure 2.17 shows AOGCM ECHO-G simulation
results of Northern Hemisphere mean temperature in
winter and summer, with a horizontal resolution of 3.75
degrees. The model was driven by estimations of part
orbital forcing, solar variations and greenhouse gases. In
this simulation no volcanic forcing was included due to
the lack of reliable reconstructions over the past millennia.
However, it is generally believed that volcanic forcing may
affect temperatures at decadal or maybe multi-decadal
timescales, but not produce multi-centennial or longer
temperature trends.

The variations in the near-surface temperature are of
the order of 1◦ K at most, which would translate into
an expansion of the water column of the order of a few
tenths of a centimeter, depending on how deep into the
ocean the temperature variations would penetrate. This
thermal expansion is an order of magnitude smaller than
the estimated sea-level variations over the last 7000 years
in the Baltic Sea region due to melting land ice and

isostatic glacial rebound, and thus it likely played a minor
role.

The evolution of the summer temperature in the
Northern Hemisphere, with warm summers around
the Holocene Thermal Maximum and decreasing tem-
peratures thereafter, is consistent with orbital forcing,
which caused higher summer insolation in the Northern
Hemisphere at high latitudes — the perihelion occurred
in the summer season, compared to January today.
It is also consistent with pollen-based reconstructions
in Europe (Davis et al. 2003). On the other hand,
the evolution of winter temperatures, though similarly
consistent with orbital forcing, is not totally in agreement
with the evidence provided by proxy records, which
indicate warmer winters in the Holocene Thermal
Maximum in Europe. Most climate models from the
CMIP5 model suite are not capable of producing these
reconstructed warm mean winter temperatures in the Mid
Holocene, this being still an open question. Probably,
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Fig. 2.17 Northern Hemisphere mean temperature in winter and

summer simulated by the simulation with the atmosphere-ocean

general circulation model ECHO-G driven by orbital, solar and

greenhouse gas forcings since 7 ka BP.

other mechanisms additional to pure orbital forcing may
have played a role in winter.

More important for sea-level variations in regional
seas and for nearshore sediment transport are changes
in the prevailing wind strength and direction. The wind
regime in the North Atlantic-European sector can be
described by the dominating patterns of variations of
the sea-level-pressure field, of which the best known is
the North Atlantic Oscillation (NAO). The NAO index
statistically describes the meridional pressure gradient
between the subtropical anticyclone and the subpolar
low pressure cell, and thus also describes the strength
of the westerly winds in western Europe. The same
simulation with the AOGCM ECHO-G indicates that,
in the winter season, the state of the NAO may have
been turning progressively more negative (weakening
pressure gradient and weakening zonal winds) over the
last 7000 years, although the millennial-scale trend is
weak (Fig. 2.18). This is in qualitative agreement with
the findings of Olsen et al. (2012). On the other hand,
the summer NAO has undergone a weakening trend

from the beginning of the simulation to as recently as
4000 BP, strengthening thereafter. During the whole
simulation, more importantly, the summer NAO index
has been clearly negative with respect to present values,
meaning that the meridional sea-level-pressure gradient
would have been weaker than present, and thus the zonal
summer winds over western Europe would have been
accordingly weaker as well.

It is these weakened zonal winds in summer that
most strongly affect the annual mean winds. Figure 2.19
displays the annual mean 10-m winds in the Mid
Holocene (6500–5500 BP) as deviations relative to
the twentieth-century mean. The wind deviations over
northern Europe are easterly, meaning the mean westerly
winds would have been weaker than present. On the other
hand, southern Europe and the Mediterranean region
experienced stronger westerlies, with a stronger influence
of the air masses of North Atlantic.

Coastal morphodynamics
A globally stabilized mean sea level in the Mid-to-Late
Holocene restricts sea-surface wave actions to a small-
range coastal area and a limited vertical range (i.e. from
low-lying coastal lands with altitude less than ∼10 m
above mean sea level to the storm wave base at mid-
shelf that is ∼100 m below the mean sea level). Coasts
built up by soft sediments such as Quaternary deposits
are constantly shaped by winds, tides and waves and, on
a longer timescale, can shift landward or seaward due to
oscillations of the sea level and variations in the sedi-
ment supply, destroying also existing archaeological sites.
Integrated high-resolution morphodynamic modeling
approaches can help to reconstruct the development of
paleocoastal landscapes, climate and glacio-isostasy, and
can demonstrate favorable conditions for the preservation
of paleolandscapes.

Existing coastal morphodynamic models can be clas-
sified into three types: (1) process-based; (2) behavior-
oriented and (3) a hybrid of the former two types.
The advantages as well as shortcomings of the first two
model types have been widely revealed and discussed
(e.g. de Vriend 2001; Fagherazzi & Overeem 2007).
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Fig. 2.18 Index of the North Atlantic Oscillation since 7 ka BP simulated by the model ECHO-G in winter (December–February) and summer

(June–August).

Fig. 2.19 Changes in the annual mean 10-m

winds in the period 6.5–5.5 ka BP relative to

present simulated by the model ECHO-G.
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Fig. 2.20 Simulated morphological evolution of the Darss-Zingst Peninsula (location marked in Fig. 2.11) since 6 ka BP. Modified from Zhang

et al. (2014).
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Although high-resolution process-based models are reli-
able in capturing short-term (from hourly to daily scale)
coastal morphodynamics, their application to the longer-
term (from annual up to millennial scale) is severely
hindered. The reason for this originates not only from
the numerical errors induced by the solutions for the
partial differential equations, but also from insufficient
knowledge of the complexity of the natural system.
Great efforts have been made by researchers in recent
decades to improve the reliability of high-resolution
coastal morphodynamic models, e.g. ‘reduction’ concepts
are introduced by de Vriend et al. (1993a,b) to reduce the
errors of process-based models in long-term simulation;
techniques of morphological update acceleration have
been proposed by Roelvink (2006) to increase the
long-term computational efficiency. For complex coastal
systems, hybrid modeling, which combines advantages
both of process-based and behavior-oriented models, has
shown promising results for long-term modeling (e.g.
Jiménez & Sánchez-Arcilla 2004; Karunarathna et al.
2008).

Recently Zhang et al. (2010; 2012) have developed
a modeling methodology for the simulation of long-
term morphological evolution of wave-dominated coasts
and applied it successfully to hindcast the morphological
evolution of two barrier island systems in the southern
inundated Baltic Sea (the Darss-Zingst Peninsula and the
Swina Gate barrier) on a centennial (Zhang et al. 2011)
and a millennium scale (Zhang et al. 2014), respectively.
The methodology consists of three major components:
(1) an analysis of the key boundary conditions driving
the morphological evolution of the study area based on
statistical analysis of meteorological and sedimentological
data; (2) a multi-scale high-resolution hybrid model in
which ‘reduction’ concepts, techniques for morphological
update acceleration and approaches for maintaining
computational stability are implemented; and (3) a
sensitivity study in which a large number of simulation
iterations are carried out to derive an optimum parameter
setting for the model.

A case study on the Darss-Zingst Peninsula is briefly
introduced here to explain the use of high-resolution
models for investigation of medium-to-long-term coastal
morphodynamics. For details of the work the reader is

referred to Zhang et al. (2014). In order to initiate a
historical hindcast of coastal morphological evolution,
Zhang et al. use a paleo-Digital Elevation Model (DEM)
serving as the initial condition and reconstructed from
a compilation of recent digital elevation data sets, an
eustatic sea-level curve, an isostatic map and dated
sediment cores. Representative wind series have been
generated based on a statistical analysis of paleo-wind
data from a simulation with the coupled atmosphere–
ocean general circulation model ECHO-G over the
last 7000 years. These wind data were calibrated by
proxies from lithostratigraphic studies of sediment cores
from the central Baltic Sea, and used as climate driving
conditions for the morphodynamic model. Based on the
reconstructed paleo-DEM and the representative climatic
driving conditions, the model is applied to reconstruct the
Holocene morphogenesis of the Darss–Zingst Peninsula
since 6000 BP. Simulation results (Fig. 2.20) indicate that
the development of the barrier system is a combination
of long-term effects of climate change, isostatic crustal
movement, wave dynamics and eolian transport with
short-term effects of extreme wind events, i.e. storms.
The information derived from the modeling study may
provide valuable prerequisites for planning and executing
archaeological surveys on the continental shelf.

Conclusion
The environment of the European continental shelf
changed drastically after the Last Glacial Maximum:
inland ice melted and the resulting drainage system
re-shaped the landscape. Ice lakes formed in front of
the decaying glaciers, the rising sea level caused a
submergence of large parts of the continental shelf,
and freshwater lakes converted to brackish-marine water
reservoirs. The most important processes for the change
of coastlines comprise the interrelation of climatically
controlled eustatic sea-level rise and vertical crustal
displacement of the Earth’s crust. The latter is dependent
on the position of a site under investigation related to (1)
the decaying ice shield, and (2) the tectono-stratigraphic
units of Europe. Coastlines on Proto-, Paleo- and
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Meso-Europe are mainly influenced by glacio- and hydro-
isostatic adjustment interacting with eustatic change. In
Neo-Europe — that is in particular along the coasts of the
Mediterranean Sea — regional and local tectonics due to
the collision of Africa and Eurasia determine the pattern
of uplift and subsidence of crustal units of different
spatial dimensions. So, individual relative sea-level curves
reflect the puzzle of tectonic units of the Mediterranean
Sea. Generally on the European shelf, external forces
causing glacio-(hydro)-isostatic adjustments, and eustatic
changes are superimposed on the internally induced
tectonic dynamics. Additionally, on a shorter timescale,
processes of sediment dynamics driven by atmospheric
and hydrographic forces have to be considered.

According to the factors affecting changes of relative
sea level, the different driving forces that have shaped the
European shorelines and the variable exposed areas of the
continental shelf can be separated both temporally as well
as regionally.

Glacio-isostatic adjustment caused by unloading
(melting inland ice) and loading (seawater volume
increase) was the dominant factor affecting coastline
change from the Late Glacial Period to the Atlantic
Period. Water-level change of dammed isolated freshwater
lakes was a major factor influencing paleogeographic
patterns in the Baltic and Black seas from the Late
Pleistocene to the Boreal.

Climatically controlled eustatic sea-level rise was the
major factor determining the inundation of the shelf
in the North Sea and Atlantic during deglaciation,
extending up to the Subatlantic Period.

Along Mediterranean coasts, tectonic deformation of
the Earth’s crust was superimposed on the postglacial sea-
level rise continuously since the glacial maximum.

Coasts built-up of soft materials such as Pleistocene
deposits are reshaped by the dynamics of nearshore
processes driven by atmospheric circulation. These forces
have had their main effect on coastline development
mainly since the sea-level rise slowed during the Subat-
lantic Period.

Integrated modeling approaches of climate and
glacio-isostasy can demonstrate favorable conditions
for the preservation of submerged paleolandscapes.
These approaches may provide valuable prerequisites

for planning and executing archaeological surveys on
the continental shelf. These models describe changes
in Earth’s climate during the Late Pleistocene and the
corresponding melting of continental ice shields marking
the end of the last glaciation. The parameterization
of the load due the redistribution of water by melting
of continental ice sheets is accomplished by the
interpretation of geological proxy data. Such models
compute the changing rates of relative sea level along
the continental margins and display the transgression or
regression of the coastline. For times of relatively rapid
sea-level rise — as during the Late Pleistocene and Early
Holocene — paleolandscapes are more likely to preserve
their former shape than during periods of slow sea-level
rise. From the Mid-to-Late Holocene — a period of
relatively slow sea-level rise — migrating highly dynamic
shorelines rework intensively the substrate of the coastal
zone, eventually destroying many archaeological sites
and burying others. The application of long-term
morphodynamic sediment models can help to identify
paleocoasts with higher potential for the conservation of
archaeological sites and paleolandscapes.
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