
INTRODUCTION

The Last Glacial Phase (LGP), which spanned from ap-
proximately 110,800 to 11,700 years Before Present (BP), 
includes both glacial and interglacial phases (Hughes et al., 
2013). It encompasses the Würm glaciation, as well as in-
terglacials corresponding to Marine Isotope Stages (MIS) 
5, 3, and 1, and the glacial periods MIS 4 and MIS 2. This 
period represents one of the most prolonged and coldest 
phases of the Quaternary climate epoch (Clement and Pe-
terson, 2008; Riechers et al., 2022). This period was char-
acterized by significant fluctuations in Earth’s tempera-
ture, which resulted in multiple changes in global sea level 
(Khan et al., 2019). Three distinct isotope stages have been 
identified within this period (Head, 2021), each exhibiting 
its own characteristic fluctuations in temperature and sea 
level (Pérez-Mejías et al., 2019). These fluctuations in tem-
perature and sea level were not constant over time, but in-
stead moved in a complex, dynamic manner. As a result, it 
is evident that the relative sea level changes that took place 

during the LGP cannot be reduced to a single position, 
but instead must be approached in a comprehensive and 
detailed manner (Dutton et al., 2022).

Despite the well-established complexity of the LGP, 
past sea level reconstructions and mapping efforts have of-
ten overlooked or not fully captured the intricate variations 
of this period. The extent of emerged areas during this pe-
riod has been the focus of extensive research, with maps of-
ten depicting the maximum extent of land exposure during 
the LGM (LGM), which spanned from approximately 
26,000 to 19,000 years BP (Hughes et al., 2013; Lambeck 
et al., 2014), reaching its peak around 21,000 to 18,000 BP 
(Cooper et al., 2018; Khan et al., 2019; Ishiwa et al., 2019). 
However, these maps ignore the dynamic and fluctuating 
nature of sea level changes during the LGP. The extent of 
emerged areas can vary greatly depending on the shape and 
depth of the continental shelf, and even a small change in 
sea level can result in a significant variation in the estimat-
ed emerged area (Mann et al., 2019; Björck, et al. 2021). 
This variability underscores the importance of considering 
the full extent of sea level changes over time, rather than 
simply reducing them to a single snapshot at 19,000 BP.

The development of an accurate model of the emerged 
territory during the LGP holds tremendous potential for 
advancing several disciplines, including paleontology and 
paleobotany (Ubilla and Martínez, 2016). However, its im-
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portance is particularly pronounced in the field of archaeol-
ogy. In this discipline, one of the goals is to reconstruct the 
settlements, routes, and distribution areas of past human 
populations (Mandryk et al., 2001; Sineo et al., 2015; Er-
landson and Braje, 2015; Bird et al., 2018). Coastal areas are 
of particular significance as they often served as important 
sources of resources for these populations. A detailed and 
comprehensive model of the emerged territory during the 
LGP would therefore provide valuable information about 
the coastal and terrestrial environments available to human 
populations during this time (Garcea, 2012). This informa-
tion would play a key role in our understanding of how 
human populations adapted to and interacted with their 
changing environments during the LGP.

The objective of this study is to produce a detailed and 
accurate map of the emerged time of the Mediterranean Sea 
continental shelf during the LGP. This involves utilizing a 
bathymetry Digital Elevation Model (DEM) and a curve of 
past sea levels from 115,000 BP to 6,000 BP. Our approach 
is since it considers the entire curve of sea levels, rather than 
simply mapping the maximum extent of emerged lands 
during the LGM by 19,000 BP as is commonly done by other 
researchers (Clark et al. 2009; Clague and Ward, 2011; Park 
et al., 2000; Clark and Mix, 2002; Pico et al., 2020). This 
methodology provides a more comprehensive and nuanced 
understanding of the emerged territory during the LGP.

METHODOLOGY AND DATA

In order to calculate the emerged time of each point 
on the Mediterranean Sea continental shelf during the 
period from 120,000 to 6000 years BP, a unique method-
ology was applied. This methodology (Fraile-Jurado and 
Mejías-García, 2022) involves the application of a custom 
algorithm to each cell of a bathymetry Digital Elevation 
Model (DEM) in order to determine the emerged time of 
each cell during each sub-period of the LGP. The analysis 
was based on a gridded Digital Terrain Model (DTM) with 
a resolution of 1/16 × 1/16 arc minutes (approximately 115 
m), using mean water depth relative to the Lowest Astro-
nomical Tide (LAT) from EMODnet, complemented by 
land DTM data in traditional atlas style colours. Although 
there is no specific information on the vertical accuracy of 
this DEM, literature suggests that a broad spatial resolu-
tion should not significantly impair vertical accuracy. This 
is particularly relevant in sea level simulations, where ver-
tical precision is less critical in areas with gentle topogra-
phy, such as coastal or submerged plains (Fraile-Jurado and 
Ojeda-Zújar, 2013; Li et al., 2023; Talchabhadel et al., 2021).

The equation used to calculate the emerged time of 
each cell is as follows:

tc = (bf - bc) / (bf - bi) × p

Where tc is the emerged time of a cell for a given tem-
poral period, bc is the bathymetric elevation of the cell, bi 
is the bathymetric elevation of sea level at the start of the 
period, bf is the bathymetric elevation of sea level at the end 
of the period, and p is the duration of the period in years.

Different subperiods of sea level changes were iden-
tified on Barjadí et al. (2015) and Silva et al. (2017) curve 
shown in table 1 and fig. 1, corresponding to a simplifi-
cation of most published sea level curves (Yokoyama et 
al., 2000; Lambeck, 2001; Yokoyama et al., 2015; Ehlers et 
al., 2018; Blonder et al., 2018). In order to simplify the sea 
level curve during the LGP, the periods of rise and fall 
described in table 1 were identified, resulting in a total 
of 12 episodes of sea level rise or fall during the 120,000-
6000 BP period.

The algorithm was applied to each of the sub-periods 
of the LGP, and the result of this application was a raster 
layer in which the emerged time in years of each cell is rep-
resented. The minimum value (0) in the layer indicates that 
the cells were always submerged during the period, while 
the maximum value represents cells that were emerged 
throughout the entire period, corresponding to the dura-
tion of the period in years.

In regions where Benjamin et al. (2017) discerned either 
subsidence or uplifting trends spanning the past 120,000 
years, a continuous rate of vertical movement was assumed, 
as described by the equation:

Here, Lt represents the local trend, VM  denotes the 
vertical movement in mm, and the denominator of 120,000 
years signifies the duration of the analyzed period. The 
rates calculated from this formula were subsequently ad-
justed in areas exhibiting tectonic activity, sedimentation, 
or erosion, as identified by Benjamin et al. (2017). Nota-
bly, the maximum rate of change observed was a mere 
0.075 mm/year, indicating minimal vertical movement 
over the specified timeframe. To visually represent these 
uplift and subsidence trends, a raster surface was gen-
erated from the data provided by Benjamin et al. (2017), 
where the annual rate of sea level change due to uplifting 
or subsidence is mapped (fig. 2). A spatial interpolation 
technique based on IDW (Setianto and Triandini, 2013) 
was employed to smooth the values, ensuring that the lo-
calized measurements were distributed in a coherent man-
ner across the study area. This technique provides a grad-
ual transition between points of measurement, avoiding 
abrupt changes in the interpolated surface. The resulting 
raster layer was then integrated into the model by sum-
ming the annual rates of vertical movement with the sea 
level values at each grid cell for any given subperiod from 
table 1. However, given the extremely low rate of vertical 
movement observed  – less than +0.075 mm/year –  its in-
fluence on the overall sea level curve is negligible when 
compared to the much larger changes observed in global 
sea level trends during the LGP.
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Table 1 - Identification of sub-periods from the sea level curve of Barjadí et al., (2015) and Silva et al. (2017).

Subp. Period Series/Epoch MIS Begin (ka.) End (ka.) Ratio (m) Final depth (m) Annual trend (mm/year) 
1 

Lower Paleolithic 

Upper Pleistocene
 

5d 120 110 -45 -45 -4.50 
2 5c 110 100 +20 -25 +2.00 
3 5b 100 85 -25 -45 -1.30 
4 

Middle Paleolithic 

5a 85 80 +15 -30 -3.00 
5 4 80 65 -65 -95 -4.30 
6 3 65 55 +20 -75 -2.00 
7 

2 
55 26 -15 -90 -0.52 

8 
Upper Paleolithic 

26 18 -40 -130 -5.00 
9 18 12.7 +75 -55 +14.20 

10 
Epipaleolithic/ 

Mesolithic 
Holocene 1 

12.7 11.5 0 -55 0.00 

11 
Neolithic 

11.5 8 +30 -25 +8.60 
12 8 6 +25 0 +12.50 

Source: adapted from Zazo (2015) and Silva et al. (2017). 

Figure 1 - Applied sea lev-
el curve and marine isotope 
stages.

Figure 2 - Interpolated surface of vertical movements based on Benjamin et al. (2017).
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While these changes are not significant in the final 
results for the temporal and spatial scales chosen in this 
study, the vertical correction based on Benjamin’s results 
was included as a standard procedure to ensure the repli-
cability and precision of results, especially in smaller-scale 
studies or regions where vertical crustal movements may 
have greater local significance.

Finally, in order to determine the total surface area of 
emerged time for the sea floor of the Mediterranean Sea 
during the LGP, the generated raster layers were summed. 
This resulted in a detailed and accurate map of the emerged 
time of the Mediterranean Sea continental shelf during the 
period from 120,000 to 6000 years BP. Although the on-
set of the Holocene 11,700 years ago is commonly used to 
mark the end of the LGP, the study period extends to 6000 
BP because until then sea level continued to rise to a posi-
tion similar to present-day (Mörner, 2021).

STUDY AREA

The Mediterranean Sea covers a surface area of 2.51 mil-
lion km2 and measures almost 4000 km in length, making it 
the second largest enclosed sea in the world. Despite its large 
size, the Mediterranean has a relatively deep average depth of 
about 1,300 m, with a limited development of the continental 
shelf. However, the continental shelf exhibits a great diversity 
of shapes and development patterns (fig. 3).

Due to the particularities of this work, in which the 
study area is delimited to the maximum extension of the 
emerged surface when the sea level reached its lowest po-
sition (between -120 and -130 m), the continental shelf will 
be considered as the area between the -130 m isobath and 

the current coastline, although geologically the extension 
and depth of the continental shelf may be much larger. Ob-
serving the frequency histogram of the continental shelf 
(fig. 4), it can be seen that the depth distribution is rela-
tively homogeneous, with a lower predominance of shallow 
and very deep areas, less than -100 m. 

In order to analyze the broad Mediterranean continen-
tal shelf in greater detail, three study sectors (Western, 
Central, and Eastern) were identified, corresponding to ar-
eas 1, 2 and 3 in fig. 4. Besides producing maps with greater 
visual detail, frequency histograms of the number of years 
emerged were also generated. Additionally, due to the sin-
gularity of certain spaces owing to their insularity or the 
fact that they are coastal areas with different bathymetries 
from the Mediterranean average, specific analyses were 
carried out in the Balearic Islands (4), Corsica and Sardinia 
(5), the Strait of Sicily (6), the Adriatic Sea (7), the Aegean 
Sea and the coasts of Greece and Turkey (8), and the Gulf 
of Iskenderun and Cyprus (9).

The Spanish side of the Mediterranean Sea is character-
ized by a varied topography of its continental shelf. On the 
extreme western Mediterranean, both the northern and 
southern coasts of Andalusia and Morocco display a nar-
row continental shelf, as reported by Lafosse et al. (2018) 
and Lobo et al. (2006). The island of Alborán, situated be-
tween both coasts, is relatively small, measuring only 660 m 
in length, but has an exceptionally extended continental 
shelf of approximately 60 km. Along the southern coast, 
the continental shelf widens slightly between the cities of 
Melilla (Spain) and Oran (Algeria). However, on the north-
ern coast of Spain, the shelf remains narrow until the ar-
eas between the Capes of Palos and Cape of la Nao, where 
it expands to approximately 40 km wide. This increase in 

Figure 3 - Study area.
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width continues until the delta of Ebro in Cataluña, where 
one of the widest continental shelves of the Mediterranean 
Sea can be found.

In addition to the previously mentioned characteristics, 
the Balearic Islands in the Spanish Mediterranean Sea (area 
4 in fig. 5) also exhibit a unique feature in their bathyme-
try and geology. The continental platform surrounding 
these islands is nearly continuous, connecting the islands 
of Mallorca and Menorca, as well as Ibiza, Formentera and 
Cabrera. This distinct feature adds to the varied and com-
plex bathymetry of the Spanish Mediterranean continental 
shelf, a characteristic that is also observed in the region 
between Malta and Sicily, highlighting the importance of 
further study in both areas.

A narrow continental shelf can be found in most of Cat-
alonia (Ercilla et al., 1995), where some mountain ridges are 

very near the shoreline, making the shelf narrower. It gets 
much wider in the Gulf of Lion (Badhani et al., 2020), where 
thick sediment strata can be found (Rabineau et al., 2005).

The Gulf of Genova coastline is characterized by a nar-
row continental shelf, as noted by Enrichetti et al. (2020). 
The continental shelf slightly widens only between Livorno 
and Naples, in the western part of Italy, as reported by An-
tonioli et al. (2017). The latter authors also highlighted the 
influence of extensional tectonics in response to the east-
ward roll-back of the west-directed Apennine subduction in 
the areas. Corsica (area 5 in fig. 5) has a very narrow conti-
nental shelf that merges to the south with Sardinia. On the 
other hand, in Sardinia, a strong structural control on the 
shape of the continental shelf has been identified, with the 
presence of volcanic rocks and fossil paleo-valleys, accord-
ing to Deiana et al. (2021). 

Figure 4 - Bathymetry of the 
Mediterranean Sea.

Figure 5 - Specific analysis areas. 
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The continental shelf of the Adriatic Sea (area 7 in fig. 5) 
has been the subject of numerous studies for several decades 
due to its shallow depth, often less than 40 m, and the rich-
ness of benthic communities (Colantoni et al., 1979; Mala-
notte-Rizzoli, 1991; Donnici and Barbero, 2002, Marchese 
et al. 2020, Pellegrini et al., 2021, Vilibic et al. 2020, Lipej et 
al. 2022) This is the result of the interaction between deltaic 
areas and marine sediments. The Adriatic Sea is a semi-en-
closed basin located in the central Mediterranean, which has 
undergone significant geological changes over time.

The eastern coasts of Tunisia feature a wide continental 
shelf that connects the Gulf of Gabes and the Gulf of Ham-
mamet with the islands of Djerba, Sharqi, Lampedusa, and 
Malta with Sicily (area 6 in fig. 5). The shoreline morphology 
is dominated by sandy beaches and rocky headlands, with 
several hard rock outcrops. The northern coast of Tunisia 
is characterized by a poorly defined boundary between the 
Nubia and Eurasian plates (Halouani et al., 2012). The off-
shore continental margin is believed to be part of the North 
Africa collisional fold and thrust belt system, linking the 
Maghrebian and Sicilian-Apennine chains. The deformation 
zone on the Tunisia margin is influenced by gradual NW-
SE convergence, with limited and sporadic seismic activity, 
unlike the regions of northern Algeria and northern Sicily 
(Camafort et al., 2022). The continental shelf of Algeria and 
Morocco is mostly underdeveloped due to the presence of 
mountain ranges that form a structurally-controlled edge 
and subduction contact between the Eurasian and African 
plates (Domzig et al., 2006). This region is contiguous with 
the area between Oran and Melilla.

The Greek continental shelf is strongly structurally 
controlled due to the proximity of mountain ranges, show-
ing a narrow profile and generally similar to the current 
coastline on its western side. The Aegean Sea continental 
shelf (area 8 in fig. 5) is much more complex and has been 
the subject of numerous studies, partly due to the territori-
al disputes between Greece and Turkey in delimiting mari-
time spaces (Gros, 1977; Georopoulos, 1988; Acer, 2017). It 
is a sea of great tectonic complexity, with numerous faults 
delimiting different basins of greater depth (Foutrakis and 
Anastasakis, 2020).

The southern coast of Turkey (area 9 in fig. 5) features 
a narrow continental shelf that closely resembles the cur-
rent coastline due to the presence of nearby mountain 
ranges. However, a much wider continental shelf can be 
observed only in the area between Mersin and the Gulf of 
Iskenderun, where the latter is filled with thick sedimen-
tary sequences from prograding deltas (Ergin et al., 1996).

The coastlines of Cyprus, Lebanon, Syria, and Israel are 
characterized by a very narrow continental shelf that only 
widens in Egypt. Thick sedimentary facies of metric and 
submetric thickness have been found in Egypt at consid-
erable distances from the current Nile River delta, indicat-
ing powerful accretion and erosion processes in the region 

(Kholeif and Ibrahim, 2010). Erosion has been the domi-
nant process in the area over the last century, as identified 
by Frihy et al. (1991).

The coastal areas of Egypt and Lebanon exhibit a narrow 
continental shelf that extends to the Gulf of Sidra, and has 
been the subject of various legal studies regarding territorial 
waters (Leanza, 1993; McGinley, 1985; Roach and Smith, 1994). 

RESULTS

The results of the study are summarized in fig. 5, which 
provides a clear visual representation of the findings. Upon 
initial inspection, it is evident that most of the Mediterra-
nean coasts have had a similar profile to the current config-
uration due to their generally underdeveloped continental 
shelves. However, there are some areas that have experi-
enced prolonged periods of emergence, particularly in the 
eastern coast of Tunisia and the northern region of Egypt, 
where cell units with values close to or even greater than 
100,000 years of emergence are common. Additionally, the 
Adriatic Sea has a large area where a significant number of 
cell units have emerged for moderately long periods, rang-
ing from around 20,000 years to values close to 100,000, 
although the majority of these are located near the current 
coastline. These findings shed light on the complex geolog-
ical history of the Mediterranean coasts and the impact of 
sea-level changes over time. Below are presented the results 
obtained distinguishing between the different sectors of 
the Mediterranean Sea: western, central, and eastern.

Fig. 7 displays that in general, three types of emerged 
time values are observed with a much higher frequency 
than the rest: those below 10,000 years, corresponding to 
very low sea level positions reached only during the LGM, 
intermediate values between 55,000 and 65,000 years, and 
high emerged time values with cells above 105,000 years.

In the southern Andalusian coast (fig. 8) the emerged 
surfaces during the studied period were limited to a few 
areas, with a wider near Cape Gata. The Mar Menor was 
barely submerged throughout the entire studied period. In 
the sector from Cape Nao to the Mar Menor, an extensive 
area of approximately 40 km was emerged for brief periods 
associated with the Glacial Maximum, ranging between 
20,000 and 10,000 years. The Ebro Delta is a unique fea-
ture, with shallow depths around it that also exhibit values 
of more than 90,000 years of emergence. To the south of the 
delta, a narrow strip of less than 10 km has been emerged 
for more than 100,000 years, and wider areas emerged for 
shorter periods. The Columbretes paleo-island was identi-
fied, with a maximum area emerged for 60,000 years.

Regarding the rest of the western coasts of Tunisia, Al-
geria, and Morocco, there are few noteworthy areas due 
to the high similarity between any past coastline and the 
present one for most of the glacial period. The island of 
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Alboran, currently a 600 m islet, reached lengths of nearly 
30 km during the study period, although for most of the 
time it remained around 20 km.

The Gulf of Lion exhibits decreasing values from the 
current coastline, such that although it is possible to iden-
tify ancient shorelines more than 40 km from the current 
line, the values identified in its surroundings are often less 
than 20,000 and even 10,000 years, indicating that they were 
emerged for a very short period during the LGP. To identify 
much higher values and those close to 100,000 years, it is 
necessary to observe the cells close to the current coastline. 

Fig. 9 displays a similar structure to that of fig. 6 (for 
the entire Mediterranean), with the difference being that 
the relative extent of territories that were emerged for more 
than 105,000 years is much lower, approximately half of 
that observed for the entire Mediterranean.

The Balearic Islands appear as a pair of two macro-is-
lands, especially Mallorca-Ibiza, in addition to Menorca-For-
mentera-Cabrera, which were emerged for periods exceed-
ing 60,000 years. During the maximum cold event about 
18,000 years ago, the extent of both islands was practically 
double that of today. In any case, this large extent was above 
sea level for a relatively short period of time, since similar 
results to those discussed for fig. 6 are observed in fig. 10 for 
the Balearic Islands, where the lower frequency of cells with 
values exceeding 105,000 years is even more pronounce.

The results obtained for the Central Mediterranean 
(fig. 11) area are similar to those observed in fig. 6, but with 
a greater emphasis on periods with values exceeding 90,000 
years and especially 105,000 years (fig. 12). This is reflected in 
the map of fig. 11 with the large areas of emerged continen-
tal shelf observable for long periods of time in the northern 

Figure 6 - General map of results for the entire Mediterranean Sea. The results are presented as the number of years emerged. 

Figure 7 - Frequency histo-
gram for the entire Mediter-
ranean.
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Figure 8 - Results obtained in the western Mediterranean. The results are presented as the number of years emerged.

Adriatic and in the Sicilian Channel, and to a lesser extent 
between Corsica and Sardinia and in the Gulf of Taranto.

The western coast of the Italian peninsula is character-
ized by the continuous presence of significant promonto-
ries that no longer exist, which have connected, for periods 
exceeding 40,000 years, the current islands of Elba, Tos-
cano, Montecristo, Ischia, and Capri, forming a uniquely 
rugged and dotted with prominent capes coastline.

In Corsica and Sardinia (fig. 13), a similar situation to 
the Balearic Islands is observed, with a large number of 
cells that were emerged for periods shorter than 15,000 
years, another large group of cells emerged during 55,000 
to 65,000 years, and a more extensive group than that of the 
Balearic Islands emerged for more than 100,000 years. Sar-
dinia, in particular, shows the existence of at least two wide 
promontories that penetrate the sea both to the east and 

Figure 9 - Frequency histogram 
obtained in the Western Mediterra-
nean (area 1 in fig. 5).
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Figure 10 - Frequency histogram 
obtained in the Balearic Islands 
(area 4 in fig. 5).

Figure 11 - Results obtained in the central Mediterranean. The results are presented as the number of years emerged.
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to the west (fig. 11), which do not exist today and bear no 
resemblance to the current coastline, as well as the emer-
gence of all its current bays.

The Gulf of Taranto exhibits little variation along the 
LGP with respect to the current coastline. However, the 
Adriatic Sea showed a completely different shape through-
out the entire study period. In its southern half, the Gulf 
of Manfredonia was emerged for periods exceeding 80,000 
years during which the Gargano Peninsula was virtually 
nonexistent as a peninsula, since its shape was much round-
ed (fig. 11). The western shore of the Adriatic east of Italy 
displays areas up to 20 km wide that have been emerged 
for periods exceeding 80,000 years, while on the other 
side, the Croatian coast has significantly less emerged time. 
Nonetheless, most of the islands that currently make up 
the Croatian coast remained connected forming a probably 
longitudinal coast for several tens of thousands of years.

In the case of the Adriatic Sea, it can be observed that 
not only are the peaks common to other histograms around 
60,000 years and above 105,000 years slightly higher (fig. 14), 
but also all values between 65,000 and 105,000 years, which 
is consistent with the results observed in the Adriatic in the 
map shown in fig. 9. The northern half of the Adriatic was 
emerged for extended periods of time, although only values 
exceeding 80,000 and even 100,000 years are identified in 
the vicinity of the current coastline. Based on the obtained 
results, it is likely that an archipelago with an east-west 
orientation existed for several tens of thousands of years, 
which penetrated the Adriatic Sea almost opposite to the 
direction of the current Croatian coast.

Both the Strait of Messina and the Strait of Sicily re-
mained open throughout the entire glacial period. How-
ever, they were considerably narrower than they are today. 
The Strait of Sicily or Sicilian Channel must have been dot-
ted with large islands that no longer exist, located both to 
the southwest and southeast of the island. The latter was 
connected to Sicily as a peninsula for at least 15,000 years 
(fig. 15). On the coasts of Tunisia, apparent plains that must 
have existed for most of the study period stand out, con-
necting the current continental surface with the island of 

Kerkennah, forming a large peninsula that was above sea 
level for more than 80,000 years, and commonly for more 
than 100,000 years (fig. 16). A similar situation occurred 
further south with the island of Djerba.

Despite the presence of a large number of islands, the 
results obtained in both Greece and western Turkey (fig. 16) 
show little difference between the current coastline and the 
emergent areas during the LGP. However, it is worth noting 
that values ranging from 20,000 to 40,000 years of emersion 
are frequently found in the northernmost part of the Aegean 
Sea, while some islands such as Lesbos, Samos, and Ikaria 
remained connected to the Anatolian Peninsula for almost 
the entire glacial period. In the Aegean Sea, a large central 
island appeared that for at least 20,000 years aggregated the 
islands of Naxos, Paros, and Ios, with the first two being 
connected during most of the glacial period. It should be 
noted that both the Dardanelles Strait and the Bosphorus 
Strait remained closed for periods exceeding 80,000 years, 
disconnecting the Mediterranean Sea from the Black Sea. 
In the Eastern Mediterranean, the values below 10,000 years 
are the lowest among all the analyzed territories (fig. 17). 
The maps obtained reveal some other relevant changes in 
the shape of this sector of the Mediterranean coastlines over 
time. The closure of the Gulf of Corinth, the connection of 
the island of Euboea to the mainland, along with the sig-
nificant closure of its northern and southern gulfs, and the 
unification of the Ionian islands of Kefalonia and Zakynthos 
are some of the notable examples.

Fig. 16 shows that the Gulf of Iskenderun remained 
emerged during most of the LGP. However, the rest of the 
eastern Mediterranean coastlines had a similar form to the 
present day. The island of Cyprus always remained dis-
connected from the Asian continent and barely shows any 
significantly different features from the current ones that 
were emerged at any point during the study period. How-
ever, large areas remained emerged off the current coasts 
of Israel and Egypt, particularly the Sinai Peninsula. Most 
of these areas were emerged for periods of time exceeding 
55,000 years, with very few cells showing values much low-
er than 10,000 (fig. 18).

Figure 12 - Frequency histogram ob-
tained in the Central Mediterranean 
(area 2 in fig. 5).
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DISCUSSION

The applied method has proven to be highly effective in 
identifying the emerged areas with greater precision than tra-
ditional approaches. In fact, a comparison with other methods 
– such as identifying a single coastline during the maximum 
glacial period 18,000 years ago or assuming a linear descent 
and ascent throughout the entire study period – was conduct-
ed in a previous study, demonstrating the superior accuracy of 
this approach (Fraile-Jurado and Mejías-García, 2022).

The authors are aware of the weaknesses of the method, 
which focus on two elements. The first is assuming that the 

current digital elevation model of the bathymetry is the same 
as that during the entire LGP. In certain study areas where, 
for example, sedimentary inputs may have been significant 
(such as the Nile Delta), the results obtained must be inter-
preted with extreme caution. The second element is that 
the sea level curve used, composed of 12 sub-periods, is not 
necessarily the most accurate possible. However, regarding 
the method, the advantage is that it admits improvements in 
both areas: the incorporation of a bathymetric DEM from 
any past date, which has been nonexistent at least for the 
scale of the study presented, as well as improvements in the 
accuracy of the sea-level change line, which would allow for a 

Figure 13 - Frequency histogram ob-
tained in Corsica and Sardinia (area 
5 in fig. 5).

Figure 14 - Frequency histogram 
obtained in the Adriatic Sea (area 7 
in fig. 5).

Figure 15 - Frequency histogram ob-
tained in eastern Tunisia and Sicily 
(area 6 in fig. 5).
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more precise algorithm. In the opinion of the authors, at the 
scale of the study performed, neither the vertical precision 
nor the spatial resolution of the DEM appear to be relevant. 
Modeling changes in bathymetry and generating different 
DEMs have only been successful in areas much smaller than 
the one addressed in this paper. This approach is particular-
ly effective when sedimentation processes outweigh erosion, 
as demonstrated in the study of Lodolo et al. (2022) on the 
Adventure Plateau. While other authors (Yao et al., 2009) 
have attempted to model erosion and deposition processes 
using less accurate techniques, their applicability to areas as 
large as the one of this paper is highly questionable.

Another potential limitation of the study conducted is 
the exclusive use of a bathymetric DEM, without account-
ing for factors such as local tectonics or compensation due 

to post-glacial rebound, except for the inclusion of vertical 
compensation data where available. While there are local 
studies on tectonics and vertical movements within the 
Mediterranean domain, the distribution of high quality data 
is non-uniform across the region. The data from Benjamin et 
al. (2017) are limited in spatial resolution and show a very lim-
ited impact in the analysis. Consequently, akin to the treat-
ment of deltaic areas, this leads to non-continuous modifica-
tions of the DEM, resulting in outcomes not derived from 
a singular methodology. Furthermore, although models of 
post-glacial rebound cover the entire Mediterranean study 
area, their application was disregarded for two reasons: a) 
there exist uncertainties regarding the characteristics and 
even the direction of post-glacial rebound in this region (Se-
gev et al., 2006), and b) over periods spanning a few thou-

Figure 16 - Results obtained in the eastern Mediterranean. The results are presented as the number of years emerged.
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sand years (since the LGM), the accumulated changes from 
post-glacial rebound and other local factors such as tectonics 
are minor compared to the magnitude of sea-level changes 
addressed in the article (Ostanciaux et al., 2012, Benjamin 
et al., 2017). This rationale underpins the decision to focus 
solely on sea-level changes during the last glaciation and a 
bathymetric digital elevation model, thus arguing against the 
inclusion of global considerations like the ICE3G (Peltier, 
2002), ICE5G (Argus and Peltier, 2010, Simon et al., 2015), 
or ICE6G models (Ding et al., 2019).

Although the histogram of frequencies of the continental 
shelf shows a relatively homogeneous distribution of depths, 
with a lower prevalence of shallow and very deep areas, there 
are areas that emerged during different times, mostly due to 
the size and depth of the continental shelf and its relation-
ship with changes in sea level. The curve used in this article 
describes these changes, but relating current bathymetry to 
past sea level curves is not a task than can be seen by a visual 
inspection due to the complex curve over geologic time and 
the poorly known three-dimensional surface of the shore 
platform. A tool that can merge both sources of information 
into a single map is useful for geographical knowledge and 
other disciplines, but this topic is not widely discussed in the 
specialized scientific literature, making it difficult to have an 
appropriate discussion about this work.

Regarding the interpretation of the forms of all the his-
tograms obtained, which show three peaks around values 

of less than 10,000 years, around 60,000 years, and above 
105,000 years, it seems to depend much more on the char-
acteristics of the sea level curve used than on the character-
istics of the bathymetry. Comparing any of these histograms 
with the depth frequency histogram in fig. 5, it is evident that 
the bathymetry, from the point of view of the entire Mediter-
ranean, is relatively smooth and homogeneously distributed 
throughout the sea. However, local results show that detailed 
studies are necessary to make a less general interpretation.

This study differs from other scientific articles that have 
used isobaths of -120 or -130 m to identify all the emerged ar-
eas during the LGP (Clague and Ward, 2011; Clark and Mix, 
2022; Pico et al., 2020). However, there are few authors who 
have examined changes in sea level positions over extensive 
periods with greater precision. For example, Lambeck’s 
works (1995 and 1996) are characterized by their extreme 
rigor, which represents all the sea level positions in different 
maps in different regions. This study’s main contribution 
lies in synthesizing all sea level positions into a single map, 
reducing the need for multiple maps proposed by Lambeck.

The Gulf of Lion and the Adriatic Sea are excellent ex-
amples of continental shelves where the value of -120 is far 
from the current coastline. However, due to the shape and 
structure of the continental shelf, during most of the LGP, 
these areas were situated in an intermediate position between 
the current coastline and the -120 m isobath, highlighting the 
importance of the spatial analysis conducted in this work.

Figure 17 - Frequency histogram 
obtained in the eastern Mediterra-
nean (area 3 in fig. 5).

Figure 18 - Frequency histogram 
obtained in Cyprus and the Gulf of 
Iskenderun.
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The importance of deltaic areas must be accurately mea-
sured. It is unquestionable that in large deltaic areas such 
as the Nile and to a lesser extent, the Ebro, Po, or Rhône 
estuaries, changes must necessarily be significant. Howev-
er, there is currently no public digital elevation model of 
these territories that adequately models the transformations 
undergone over time. Therefore, and even emphasizing the 
risks of using the bathymetric DEM for these territories, it is 
currently the only option to consider, despite the errors that 
may be significant. While the Mediterranean basin is known 
for having fewer large river basins compared to other regions 
in the world, it may be advantageous for the application of 
the methodology presented in this study. Apart from the 
Nile basin, which spans over 3 million km2, only a few basins 
such as the Rhône, Ebro, Po, and Muluya exceed 70,000 km2 
in size. Therefore, the Mediterranean basin seems to be a 
suitable location for the development of this methodology, 
since its basin has relatively few deltaic areas compared to 
other regions, which suggests that modifications to the ba-
thymetry may be smaller and easier to identify.

The study highlights the dramatic changes that many 
important narrow straits of the Mediterranean Sea have un-
dergone. While some narrow straits of particular historical 
and hydrodynamic relevance, such as Gibraltar, Messina, 
or Sicily, never closed, this work identifies that according to 
the methodology and data employed, narrow straits like the 
Dardanelles and numerous connections between mainland 
and islands remained closed for variable periods ranging 
from 20,000 to 80,000 years. Although many authors have 
addressed this issue both in the Mediterranean (Çağatay et 
al., 2000, Thiede, 1978, Vergnaudgrazzini et al., 1989) and 
in other territories (Coronato et al., 2004, McCulloch et al., 
2005), most studies approach it from the perspective of a sin-
gle minimum of around -120 m 18,000 years ago, ignoring the 
enormous spatiotemporal variability highlighted in this work.

CONCLUSIONS

During the last glaciation, the Mediterranean Sea was 
a continuous water mass only disconnected from the Black 
Sea. However, some of its present-day coasts were dramat-
ically different from those that existed during the last gla-
ciation. The study reveals not only equidistant extensions 
of the current coastline, but also a great amalgamation of 
peninsulas, capes, bays, and isthmuses that were emerged 
or submerged during different periods of time. This ex-
treme variability in the shape of coastlines underlines the 
importance of conducting studies that consider all fluctua-
tions of sea levels on the continental shelf.

Although the method used has obvious limitations by not 
considering possible changes that may have occurred on the 
continental shelf during the LGP, it simplifies all the informa-
tion into a single spatial analysis and a single cartographic out-
put, which can be improved with better input data if available.

The extreme variability of certain areas such as the 
Strait of Sicily or the Aegean Islands highlights the need for 
future analyses focused on straits, due to their evident im-
portance in the interpretation of human migrations and all 
types of fauna during such a unique period of prehistory.
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