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Geomorphological survey along the coasts of Crete revealed widespread evidence of uplifted and sub-
merged tidal notches, different phases of beachrock formation, and many relics of ancient coastal con-
structions. About 1.6 ka BP, when the sea level was at �1.25 ± 0.05 m, the western tectonic block of the
island uplifted by 9.15 ± 0.20 m in its westernmost extremity and by 2.00 m approximately in its eastern
boundary and tilted southeastward. Repeated preceding episodes of subsidence submerged the western
part of the island by 1.60 m in a period of 2300 years. Along the western coast, the younger phase of the
submerged beachrocks was identified and measured at nineteen locations, together with the submerged
tidal notches and archaeological remains. Land subsidence by 1.25 ± 0.05 m, subsequent to the uplift of
the western part, occurred after the late Venetian occupation period (~AD 1600), coincident with the
submersion of the eastern part of the island.

In central and eastern Crete, the relative sea level change evidence from tidal notches and beachrocks
revealed five distinct sea level stands at �6.55 ± 0.55 m, �3.95 ± 0.35 m, �2.70 ± 0.15 m, �1.25 ± 0.05 m
and �0.55 ± 0.05 m. The lowest sea level stand can be identified with the oldest dated tidal notch of
western Crete between 4200 ± 90 B P and 3930 ± 90 B P. Two subsequent sea levels can be linked with
the Protopalatial (1900e1700 B C or 1600 B C) and Neopalatial period (1600e1450 B C) of the Minoan
civilization, according to submerged prehistoric morphologies and inundated Minoan constructions. The
change of sea level from �2.70 ± 0.15 m to �1.25 ± 0.05 m is placed between 1450 B C and the fourth
century BC. The dating of �1.25 ± 0.05 m sea level stand was based on the measurement and inter-
pretation of ancient coastal installations built along the coast of central and eastern Crete during Clas-
sical, Hellenistic, Roman, Byzantine and Venetian periods. Historical sources report a relative sea level
rise by 0.70 m during the AD 1604 paroxysmal event. Over the last 400 years, the relative sea level rose
by 0.55 m. The uplift of the coast of western Crete and the submersion in its central and eastern coast
indicate that during the AD 365 paroxysmal event the island was split along a tectonic boundary
identified with the neotectonic graben of Spili and its northern and southern prolongation.

© 2015 Elsevier Ltd and INQUA. All rights reserved.
1. Introduction

The uplift of the western coast of Crete during Upper Holocene
has been the subject of observation and study of many researchers
for more than 100 years (Spratt, 1865; Raulin, 1869; Hafemann,
1965; Keraudren, 1971, 1979; Dermitzakis, 1973; Flemming, 1978;
nikosmourtzas@gmail.com
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Laborel et al., 1979; Thommeret et al., 1981; Pirazzoli et al., 1982;
Pirazzoli, 1986a; Kelletat, 1991). Since the first pioneering studies
(Laborel et al., 1979; Pirazzoli et al., 1982; Pirazzoli, 1986a), at the
SW edge of western Crete, at least nine uplifted fossil shorelines
were recorded, declining in elevation towards the east. Using
radiometric dating, it was estimated that the fossil shorelines
formed during repeated subsiding events, occurred between
4200 ± 90 B P and 1550 ± 90 B P. Between 3870 ± 90 B P and
1550 ± 90 B P, the coast subsided by 1.60 m, falling progressively by
0.25 m approximately every 250 years. In the westernmost ex-
tremity of the island, after the formation of the uppermost
ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008

mailto:gaiaergon@gmail.com
mailto:nikosmourtzas@gmail.com
www.sciencedirect.com/science/journal/10406182
http://www.elsevier.com/locate/quaint
http://dx.doi.org/10.1016/j.quaint.2015.08.008
http://dx.doi.org/10.1016/j.quaint.2015.08.008
http://dx.doi.org/10.1016/j.quaint.2015.08.008


N. Mourtzas et al. / Quaternary International xxx (2015) 1e282
shoreline, a sudden uplift occurred during the AD 365 strong tsu-
namigenic earthquake (Pirazzoli, 1986a; Stiros and Drakos, 2006;
Shaw et al., 2008) causing the uplift of the highest tidal notch
at þ7.90 ± 0.20 m and at þ4.80 ± 0.50 m of the lowest one. The
tectonic model proposed by Pirazzoli (1986a), considered a tectonic
block some 100 km long that rose by 8 m approximately in its SW
extremity and tilted northeastwards. Early studies assessed that the
uplift occurred after 1685 B P (Hafemann, 1965) or during the last
1500 years (Flemming, 1978). Further studies estimated the age of
the uplifting event at AD 63e75 ± 90 radiocarbon years BP
(Dominey-Howes et al., 1998) or even later to the late fifth or early
sixth century (AD 480e500) (Price et al., 2002). The latter consider
that this large uplift did not occur simultaneously with a cata-
strophic earthquake. Neumeier et al. (2000) suggested a progres-
sive instead of an abrupt uplift of the western coast by 0.50 m, as
observed in the Damnoni coast. From radiocarbon dating per-
formed on the HMC cement of beachrocks, they deduced that it
started in the fourth century AD, fromþ1.80m (sea level position at
the beginning of the first millennium AD), to þ1.30 m (sea level
position around AD 585e835), until 1647e1895, when sea level
was near to the present-day position.

The coast of central and eastern Crete displays abundant
geomorphological and archaeological relative sea level indicators
(Spratt, 1865; Marinatos, 1926; Evans, 1928; Blanc, 1958; Leatham
and Hood, 1958/59; Boekschoten, 1962, 1963; Hafemann, 1965;
Blackman, 1973; Dermitzakis, 1973; Blackman and Branigan, 1975;
Kelletat, 1979, 1996; Pirazzoli, 1980; Pirazzoli et al., 1982; Nakasis,
1987; Mourtzas, 1988a, 1988b, 1990, 2012a, 2012b; Shaw, 1990;
Mourtzas and Marinos, 1994), although interpretations some-
times lead to contradictory or doubtful conclusions on the inter-
vening sea level changes (Blackman, 1973; Davaras, 1974, 1975;
Flemming, 1978; Flemming and Pirazzoli, 1981; Kelletat, 1996;
Blackman, 2011).

Flemming (1978), proposed a model with four evolution sce-
narios for the coast of central and eastern Crete over the last 2000
years. This model considers a crustal tilting that uplifted in the
southeast and subsided in the northeast, which has been exten-
sively discussed in Mourtzas (2012a; 2012b). In a following paper,
Fig. 1. Location map of Crete. Survey locations of tidal notches, beachrocks and archaeologic
to colour in this figure legend, the reader is referred to the web version of this article.).
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Flemming and Pirazzoli (1981) modified the model and showed
that the eastern part of Cretewas subsiding gradually towards NE to
a depth even larger than 4.0 m Mourtzas (1988a, 1988b, 1990,
2012a, 2012b) estimated that the relative sea level change of
about 4.0 m observed in central and eastern Crete occurred at least
in three subsiding phases over the last 4000 years.

In this paper, new data on relative sea level change along the
coast of Crete are presented (Fig. 1), from the observations of
geomorphological and archaeological indicators that suggest the
occurrence of five distinct sea level stands and which are used to
propose a new relative sea level curve for this region.

2. Geotectonic setting

The island of Crete is located in the central Mediterranean basin,
along the transition zone between the African and Eurasian plates,
in the fore-arc of the Hellenic Subduction Zone. The high seismicity
of this area is triggered by the crustal shortening and subduction of
the African oceanic lithosphere beneath the Aegean microplate.
Here, the Wadati-Benioff seismic zone is dipping northwards
beneath Crete up to a depth of̴ 200 km (Le Pichon and Angelier,
1979; Knapmeyer and Harjes, 2000). Geodetic and seismic data
indicate active crustal deformations with relative movements of
the Aegeanmicroplate with respect to Africa exceeding 3e4 cm per
year (Le Pichon and Angelier,1979; McCluskey et al., 2000; Kreemer
and Chamot-Rooke, 2004; Serpelloni et al., 2013; Anzidei et al.,
2014) (Fig. 2a).

The southern part of the Hellenic Trench (HT) includes a system
of EeNE trending troughs that delimit Crete island from the Med-
iterranean Ridge (MR) complex. MR consists of sediment accumu-
lations from the subducted African plate, 10e14 km thick
approximately (Le Pichon et al., 2002). HT is characterized by
compressive tectonics in its western part and normal or strike-slip
faults delimiting the troughs to the east (Hsu and Ryan, 1973; Got
et al., 1977; Stanley, 1977; Peters, 1985; Peters and Huson, 1985;
Papazachos et al., 1991; Kiratzi and Louvari, 2003; Benetatos
et al., 2004). The differential tectonic behavior of the two sectors
of HT is also observed in the continental area of Crete: compression
al indicators are shown by circle in different color. (For interpretation of the references

ents and sea level changes along the coast of Crete (Greece) since Late
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Fig. 2. Structural map of Crete. (a) The geodynamic frame of the Hellenic Arc. (b) The major fault zones and faults of Crete (red lines). Thick lines show the neotectonic fault of Spili
and its extension across central Crete, thus separating the western from the eastern tectonic block. Structural analysis of the Spili fault is also presented. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.).
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prevails in western Crete, while tectonic extension dominates in
eastern Crete (Mercier et al., 1972, 1974; Sorel, 1976; Angelier, 1980;
Fytrolakis, 1980). North of Crete the shortening and subductions of
the crust forms the back arc depression of Cretan Sea (Makris and
Stobbe, 1984) (Fig. 2a).

Within this complex tectonic framework, an abrupt change of
sedimentation conditions occurred in Crete by the end of Pliocene,
indicating an inversion of the vertical land movements that are
now dominated by uplift. By the late Upper Miocene to early
Pliocene, the conditions of deposition changed from open sea into
coastal or subaerial environment (Meulenkamp et al., 1977, 1994).
The island uplifted gradually during Quaternary, as evidenced by
marine Pleistocene terraces and coastal deposits formed during
the corresponding interglacial stages (Angelier, 1980; Peters, 1985;
Mourtzas, 1990; Kelletat, 1996; Peterek and Schwarze, 2004;
Wegmann, 2008; Tiberti et al., 2014). In this period, the island
fragmented at least into six tectonic blocks delimited by NEeSW
and EeW trending fault zones. These blocks have differential
tectonic behavior in both time and space and are characterized by
high velocities, different values of uplift rates with subsiding
phases (Mourtzas, 1990; Tiberti et al., 2014). The fragmentation
and uplift of the island continued during Pleistocene (Mourtzas,
1990). According to Angelier et al. (1982) the main mechanism
inducing the rapid uplift of Crete since several million years is the
continuous underplating of subducted sediments to the base of
the crust beneath the island. This process, caused by lithospheric
convergence in association with active extension, may involve the
stacking of thrust sheets and duplex formation in the sedimentary
rocks that are subducted underneath the island (Kokinou et al.,
2009).

The transition from uplift to subsidence started after the for-
mation of the younger Pleistocene terraces (Mourtzas, 1990). Dur-
ing Upper Holocene, subsidence affected all the island of Crete
(Boekschoten, 1962, 1963; Hafemann, 1965; Kelletat, 1979;
Mourtzas, 1990) without differential velocities that characterized
the previous period (Mourtzas, 1990, 2012a, 2012b). The western
tectonic block separated from the eastern one along the fault of
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
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Spili (Fig. 1) (Mourtzas, 2012a, 2012b), likely during a paroxysmal
tectonic event occurred 1.6 ka BP. Thewestern part uplifted of about
8 m in its SW extremity and tilted northeastwards (Pirazzoli et al.,
1982, 1996).

Three subsequent phases of tectonic activity produced intense
faulting (Fig. 2). During the first one, were formed EeW trending
faults cutting and bounding the massive basement and sediments
of Miocene. The second phase is characterized by NeS striking
faults that cut the EeW faults previously formed. The third and
younger phase includes NEeSW and NWeSE dipping faults (Le
Pichon and Angelier, 1979; Ten Veen and Meijer, 1998). Arc-
parallel (EeW) and arc-normal (NeS) extension faults are related
to the Holocene tectonic activity and are possibly connected with
large historical earthquakes and recent moderate seismicity
(M ¼ 6.0e6.5) (Fytrolakis, 1980; Caputo et al., 2006, 2010;
Mouslopoulou et al., 2001, 2014).
3. Materials and methods

Data presented and discussed in this paper are partially based
on the revision of previous studies by Mourtzas (1990). Most lo-
cations have been re-examined in detail during new surveys per-
formed in 2012 and 2014 (Fig. 1), aiming:

(i) to map the geomorphological and archaeological indicators
of sea level change;

(ii) to measure elevations, depths and morphological features of
tidal notches;

(iii) to measure depths at the top and base of the seaward ends of
each beachrock phase; thickness and width of each beach-
rock phase and their distance from the contemporary
shoreline;

(iv) to measure the current elevation of uplifted and submerged
coastal archaeological remains, to assess their functional el-
evations and interpret their relationships with geomorpho-
logical sea level indicators.
ents and sea level changes along the coast of Crete (Greece) since Late
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Table 1
Tidal notches along the coast of western Crete.

Location Coordinates
(Lat. North
Long. East)

Tidal notch I0 Tidal notch I00 Tidal notch I Tidal notch II Tidal notch III

Elevation
(m)

Dated
age (BP)

Elevation
(m)

Dated
age (BP)

Elevation (m) Dated age
(BP)

Elevation (m) Dated
age (BP)

Elevation (m) Dated
age (BP)

Petri Geraniou 35�21012.7500

24�21048.3800
þ0.35 ± 0.05 non-dated

Georgoupolis 35�22000.0000

24�16000.0000

Plaka 35�27033.5900

24�12028.4500

Stavros 35�35029.0800

24�05043.8000
þ0.35 544e396

Agioi
Theodoroi islet

35�32000.0000

23�56000.0000
þ3.10 ± 0.10 1850 ± 70

Rodopou-Menies 35�39052.7800

23�46004.4000
þ2.70 ± 0.10 non-dated

Kasteli Kissamos 35�30028.6000

23�38018.1200
þ5.50 ± 0.10 non-dated þ5.10 ± 0.10 non-dated þ4.60 ± 0.10

þ4.00 ± 0.10
þ3.70 ± 0.10
þ3.40 ± 0.10

non-dated

Cape Gramvousa 35�36000.0000

23�36000.0000
þ5.20 ± 0.20 1810 ± 70

Phalasarna 35�30000.0000

23�34000.0000
þ6.60 ± 0.30 1780 ± 90 þ6.40 ± 0.30 1875 ± 100

Cape Karavoutas 35�23000.0000

23�33000.0000
þ7.00 1580 ± 70

Cape
Chrisoskalitissa

35�19000.0000

23�32000.0000
þ7.90 ± 0.20
þ7.80 ± 0.30

1550 ± 80
1595 ± 70

þ7.70 ± 0.20 1710 ± 80 þ7.50 ± 0.20 1870 ± 80

Paleochora 35�14017.0300

23�4000.5200
þ8.80 m 1519e2652 þ10.80 1707e2125

Sougia 35�15000.0000

23�49000.0000
þ7.00 ± 0.30 1850 ± 70

Gavdos 35�51054.1200

24�06028.8700
þ3.50 1670 ± 110

Agia Roumeli 35�13024.7500

23�56027.7000
þ4.20 ± 0.10 1860 ± 70

Agios Ioannis 35�12000.0000

24�01000.0000

Loutro 35�11043.3000

24� 3027.6000

Chora Sfakion 35�11038.9000

24�9029.2700

Timios Stavros 35�12000.0000

24�06000.0000
þ3.60 ± 0.10 non-dated

Plakias 35�11000.0000

24�24000.0000
þ1.70 ± 0.10 1880 ± 70

Damnoni 35�09055.8400

24�25014.3400
þ1.70 ± 0.10 non-dated

Ammoudi 35�10012.9300

24�25011.7500
�1.25 ± 0.10 þ1.70 ± 0.10 non-dated

Preveli 35� 0908.4800

24�28053.0700
þ1.40 ± 0.10 non-dated

Agios Pavlos 35�06008.6600

24�33054.8300
þ1.40 ± 0.10 non-dated

Melambes 35� 05050.1600

24�39002.9100
þ1.00 ± 0.15 non-dated
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The tidal marine notches carved on limestone or aeolianite
coastal cliffs and on archaeological constructions are accurate in-
dicators of sea level, particularly in areas of small tidal range, such
as the central Mediterranean (Lambeck et al., 2010; Mourtzas and
Kolaiti, 2013; Antonioli et al., 2015). Tidal notches formed in the
intertidal zone during periods of eustatic and tectonic stability, in
consequence of physicochemical and biological erosional pro-
cesses. The intertidal erosion rate on calcareous cliffs is estimated
between 0.20 mm/y and 1.0 mm/y (Torunski, 1979; Furlani et al.,
2009, 2010). The inward notch depth permits to evaluate the sea
level stability period while notch profiles support the reconstruc-
tion of relative sea level change in sheltered areas (Pirazzoli, 2007;
Antonioli et al., 2015).
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
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The formation of beachrocks in the intertidal zone along the
coast of Crete suggests that these are indicative of specific sea level
positions and consequently they are valid indicators of sea level
change (Dermitzakis and Theodoropoulos, 1975; Neumeier, 1998;
Neumeier et al., 2000). Cretan beachrocks are composed of sand
and gravels (quartz, limestone lithoclasts, metamorphic and vol-
canic) with generally less than 10% of bioclasts. The intertidal
cement is cryptocrystalline to microcrystalline, mainly Mg-calcite
and in some cases pure calcite (Dermitzakis and Theodoropoulos,
1975; Neumeier, 1998).

The cementation process occurs with similar diagenesis in the
intertidal and supratidal zone (Bernier and Dalongeville, 1996;
Neumeier, 1998). For this reason, the outer (seaward) end of the
ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008
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Tidal notch IV Tidal notch IV0 Tidal notch V Tidal notch VI Tidal notch VII Tidal notch VIII References

Elevation (m) Dated
age (BP)

Elevation
(m)

Dated
age (BP)

Elevation
(m)

Dated
age (BP)

Elevation
(m)

Dated
age (BP)

Elevation
(m)

Dated
age (BP)

Elevation
(m)

Dated
age (BP)

present study

þ1.50 ± 0.10 2030 ± 70 Pirazzoli et al.
(1982)

þ1.30 ± 0.20 non-dated present study

present study

Pirazzoli et al.
(1982)
present study
present study

Pirazzoli et al.
(1982)

þ5.90 ± 0.30 3400 ± 100
3420 ± 100

þ4.80 ± 0.50 3930 ± 90 þ4.00 ± 0.50 4200 ± 90 Pirazzoli et al.
(1982)
Pirazzoli et al.
(1982)

þ7.20 ± 0.20
þ7.30 ± 0.30

2000 ± 70
2250 ± 70

þ7.10 ± 0.20 2280 ± 70
2500 ± 70

þ7.00 ± 0.30
þ6.80 ± 0.20

3000 ± 70
3050 ± 70

þ6.70 ± 0.30
þ6.50 ± 0.20

3290 ± 70
3300 ± 80

þ6.30 ± 0.20 3870 ± 90 Pirazzoli et al.
(1982)
Tiberti et al.
(2014)

þ1.55 ± 0.10 non-dated Pirazzoli et al.
(1982)
present study
Wegmann
(2008)

þ2.50 ± 0.10 2400 ± 70 Pirazzoli et al.
(1982)

þ4.30 ± 0.10 1980 ± 70 Pirazzoli et al.
(1982)

þ4.40 ± 0.10 2030 ± 70 Pirazzoli et al.
(1982)

þ2.75 non-dated present study

þ3.10 ± 0.10 2050 ± 70 þ2.70 ± 0.10 2610 ± 70 Pirazzoli et al.
(1982)
Pirazzoli et al.
(1982)
Mourtzas
(1990)
present study

present study

Mourtzas
(1990)
present study
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beachrock that forms in the intertidal zone can be used as an in-
dicator of the mean sea level at the time of the beachrock forma-
tion. The depth of the seaward end of the beachrock base is
therefore at the level of the low tide of the past sea level. The mean
sea level can be identified from the depth of the beachrock base
minus half the difference between the mean high tide and the
mean low tide, which for Crete is 0.08 m (data from Hellenic Navy
Hydrographic Service).

The rising and falling of relative sea levels can form sequences of
beachrock outcrops, as reported by Neumeier et al. (2000) for
Damnoni Bay. The submerged or uplifted current positions of the
observed beachrocks reflect the different past sea levels and
palaeo-shoreline positions. Beachrocks can be dated from
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
archaeological findings incorporated into them or covered by them,
or even from their relationships with nearby archaeological struc-
tures. Therefore can be defined an upper time limit for beachrock
formation, not exceeding the age of the incorporated or related
archaeological remains. The depths of top and base for each
beachrock were measured at the best preserved parts of the
seaward end of the beachrock, after checked for any fracturing,
erosion or displacement from their original position.

The uplifted or submerged position of coastal archaeological
sites, which had a direct or indirect relationship with past coast-
lines at the time of their function, are also used as indicators of past
sea levels (Lambeck et al., 2010; Anzidei et al., 2011a, 2011b, 2014;
Mourtzas, 2012a, 2012b; Mourtzas and Kolaiti, 2013; Mourtzas
ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008
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et al., 2014). These also allow the estimation of the vertical land
motion during Late Holocene. The relationships between archaeo-
logical coastal installations and the former sea levels is a key issue
to determine the past relative sea levels and rates of vertical land
movements. In addition, the historical data derived from ancient
literary sources and testimonies contribute to the definition of the
functional elevations and of the timing of relative sea level change
(Lambeck et al., 2004; Auriemma and Solinas, 2009; Mourtzas,
2012c; Mourtzas and Kolaiti, 2013; Mourtzas et al., 2014).

Measurements of archaeological and geomorphological sea
level indicators were collected during calm sea conditions, using
mechanical methods (i.e. invar rods). To account for tides that affect
field measurements on the elevation of the observed sea level
markers, data have been reduced for tide values at the time of
surveys with respect to a mean sea level estimated from tidal data
collected at the nearest tide-gauge stations of the Hellenic Navy
Hydrographic Service. These are located at Kastelli, Souda and
Iraklion, all in Crete (Fig. 1). Crete is characterized by a small tidal
range environment, and therefore sea level corrections during
surveys were in the range of 0.02 me0.15 m.

4. Upper Holocene sea level indicators

We surveyed the coast of Crete to map and measure the avail-
able sea level indicators comprising tidal notches, beachrocks and
maritime archaeological installations, which define distinct sea
level stands (Fig. 1, Tables 1 and 2).
Table 2
Tidal notches along the coast of central and eastern Crete.

Location Coordinates
(Lat. North
Long. East)

Tidal notch I Tidal notch II Tidal notch III Tidal notch IV References

Elevation
(m)

Dated
age (BP)

Elevation (m) Dated
age (BP)

Elevation
(m)

Dated
age (BP)

Elevation (m) Dated
age (BP)

Matala 34�59035.5500

24�44049.8100
�0.55 �1.25 1900 ± 100 �2.60 �3.90 ± 0.20 3900e3700 Mourtzas (1990)

present study
Lassaia 34�56013.9100

24�49029.5300
�0.60 �1.10 2300e1300 �2.80 Mourtzas (1990)

present study
Cape Trachoulas 34�55048.7300

24�57056.9600
�0.50 �1.20 ± 0.20 �3.80 ± 0.20 Mourtzas (1990)

Tsoutsouros 34�58009.6300

25�16016.1800
þ0.35 Mourtzas (1990)

Koutsounari 35�00030.7300

25�50003.3200
�1.20 1900 ± 100 Mourtzas (1990)

Ferma 35�00041.0600

25�50031.2400
�1.25 1900 ± 100 Mourtzas (1990)

Atherinolakos 35�00042.7200

26�09013.8100
�0.50 �1.10 �2.60 Mourtzas (1990)

Strongylo islet 34�57028.6300

26�07058.7900
þ0.90 2200 ± 100 Montaggioni

et al. (1981)
Kato Zakros bay 35�05040.4700

26�15055.3200
�0.45 ± 0.05 �1.20 ± 0.05 1900 ± 100 �2.85 3600e3450 Mourtzas (1990)

present study
Plaka 35�18018.1500

25�43056.2500
�0.60 1650 ± 50 �1.35 ± 0.15 �2.90 ± 0.10 Mourtzas (1990)

Spiliada 35�19005.8600

25�32023.4200
�0.55 �1.20 �3.80 Mourtzas (1990)

Mylos 35�17049.9400

25�29008.1800
�1.15 Mourtzas (1990)

Chersonisos 35�19024.0200

25�23035.8700
�1.20 Mourtzas (1990)

Kako Oros 35�20005.1600

25�13031.4200
�0.65 �1.20 �2.60 ± 0.60 Mourtzas (1990)

Average values �0.55 ± 0.05 �1.25 ± 0.05 �2.70 ± 0.15 �3.95 ± 0.25
4.1. Tidal notches

Marine tidal notches are indentations or undercuttings, few
centimetres to several metres deep, cut in steep calcareous cliffs at
or near sea level (Carobene, 1972; Pirazzoli, 1986b; Kelletat, 2005;
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
Antonioli et al., 2015). Several uplifted and submerged tidal
notches were found. Only some were observed during previous
studies (Laborel et al., 1979; Thommeret et al., 1981; Pirazzoli et al.,
1982; Pirazzoli, 1986b; Mourtzas, 1990). In the central and eastern
coast of Crete, these are largely submerged (Fig. 1, Tables 1 and 2).

4.1.1. Western coast
Along the western coast of Crete at least nine sea level lines

(tidal and ripple notches) have been recognized (Fig. 3, Table 1). In
the SW coast, these show a progressive increase in elevation to-
wards the southwest, ranging from þ1.00 ± 0.15 m in Melambes
to þ7.90 ± 0.20 m in Chrisoskalitissa Cape (Laborel et al., 1979;
Pirazzoli, 1986a). Along the NW coast, a progressive northwest in-
crease in elevation was observed, from þ0.35 ± 0.05 m in Petri
Geraniou to þ6.60 ± 0.30 m in Phalasarna (Laborel et al., 1979;
Pirazzoli et al., 1982). The most elevated tidal notch has been
dated between 1550 ± 80 B P and 1595 ± 70 B P, whereas the lowest
and highest of the underlying notches have been dated at
4200 ± 90 B P and 1710 ± 80 B P, respectively. The vertical suc-
cession of the uplifted notches in the SW extremity of Crete
(Chrisoskalitissa) suggests the occurrence of several events of rapid
subsidence of a total of 1.60 m. Afterwards, subsidence was fol-
lowed by a large uplift event of 9.15 m, that can be attributed to the
AD 365 earthquake (Pirazzoli, 1986a; Pirazzoli et al., 1996; Stiros
and Drakos, 2006; Shaw et al., 2008) (Fig. 3).

We measured the uplifted tidal notches in six new locations, in
addition to those already reported by previous studies (Laborel
et al., 1979; Dalongeville, 1986; Pirazzoli, 1986a; Mourtzas, 1990).
On the north coast, Petri Geraniou shows an uplifted fossil tidal
notch at 0.35 ± 0.05 m above sea level (asl) (Fig. 4a) and in the
aeolianite quarry of the Venetian period (1436e1456) at Stavros in
Akrotiri Chanion, a well-shaped uplifted tidal notch is placed at
ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008
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Fig. 3. Elevation of the tidal notches for each survey location. Color lines (right half) show the average depth of the four tidal notches (I, II, III, and IV) for central and eastern Crete
and their dating. For western Crete (upper left) lines plot the gradual evolution of the elevation of the uplifted tidal notches on the NW and SW coasts. In the lower left the sea level
stands have shifted for the continuous subsidence of western Crete, with reference level to sea level stand at �1.25 ± 0.05 m. The subsidence rates of westernmost Crete, according
to Pirazzoli et al. (1982) data before the uplift episode of AD 365 (down left) is compared to the relative sea level change rate of central and eastern Crete bounded by the Spili
neotectonic fault. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.).
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0.35 m asl (Fig. 4b). To the west, at Kastelli Kissamou we found six
uplifted tidal notches: the uppermost is placed at 5.50 ± 0.10 m asl
(Fig. 4d). In Menies bay, on the northeastern tip of Rodopou
peninsula, the uplifted tidal notch is at 2.70 ± 0.10 m asl (Fig. 4e). In
the south part of Crete, on Preveli coast, the uplifted tidal notch is at
1.40 ± 0.10 m asl (Fig. 4r) while in the south-easternmost sector,
along the Melambes coast, the uplifted tidal notch is at
1.00 ± 0.15 m asl (Fig. 4t).

A submerged tidal notch with an opening of 0.40 m and an in-
ward depth of 0.10 m was found on the steep limestone cliff of
Ammoudi bay. The depth of its base is at �1.25 ± 0.15 m and co-
incides with the depth of the top of the local beachrock (younger
phase) that terminates in the rocky shore (Fig. 4q).
4.1.2. Central and eastern coast
The underwater geomorphological survey along the central and

eastern coast of Crete includes the area from Messara Gulf to Her-
aklion, encircling the entire eastern section of the island. Here, four
submerged fossil tidal notches below the present day notch have
been identified at fourteen locations (Fig. 1, Table 2). From bottom
to top, these are at�3.95± 0.25m (notch IV),�2.70 ± 0.15m (notch
III), �1.25 ± 0.05 m (notch II) and �0.55 ± 0.05 (notch I) (Fig. 3,
Table 2).

The tidal notches engraved on the coastal cliffs made of
limestone are often continuous, and most show a well-developed
base in the form of a small platform and a low roof. The average
height ranges from 0.30 m to 0.35 m while the average inward
depth is between 0.15 m and 0.25 m. The two deeper tidal
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
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notches formed in the sheltered locations of the Gulfs of Matala
and Zakros have platforms from 2.0 m to 7.0 m wide, slightly
dipping seawards. The shallower tidal notch at �0.55 m is not
well-developed, and at some places it is just a faint trace (Fig. 4,
Table 2).

All data on tidal notches for Crete (location, coordinates,
elevation, dated age and references) are reported in Tables 1 and 2
for western and central-eastern Crete, respectively. Fig. 3 shows the
elevation and age of the investigated tidal notches at each survey
location with the resulting values of estimated relative sea level
change, attempting to match the tidal notches for the different
locations in Crete. For central and eastern Crete, the observed tidal
notches correspond to four distinct sea level stands with a
maximum variation of 0.35 m that can be attributed to rock hard-
ness, chemical composition of water, hydrodynamical conditions,
biological environment and local factors, including coast exposure
and morphology. Fig. 4 shows the uplifted and submerged tidal
notches surveyed along the coast of western and central-eastern
Crete.
4.2. Beachrocks

Systematic measurements and mapping of beachrocks at forty-
four locations along the Cretan coast (Fig. 1, Tables 3 and 4) defined
four distinct beachrock phases that formed during different sea
levels stands (Mourtzas, 1990; Kelletat, 1996; Neumeier, 1998;
Neumeier et al., 2000).
ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008



Table 3
Beachrock phases along the coast of western Crete.

Location Coordinates
(Lat. North
Long. East)

Phase I Phase II Phase IV

Elevation (m) Width
(m)

Uplifted
landward
extremity

Remarks Elevation
(m)

Width (m) Remarks Elevation
(m)

Width
(m)

Remarks

Top Base Top Base Top Base

Stavros 35�35029.0800

24�05043.8000
�1.25 �1.60 7.50

Agia Marina 35�31008.3400

23�54056.6400
�1.18 �1.28 13 uplifted notch

at þ3.10 m
Rodopou-Menies 35�39052.7800

23�46004.4000
�1.43 �2.20 15 uplifted notch

at þ2.70 m
�2.50 �3.10 10 uplifted notch

at þ2.70 m
Phalasarna 35�30034.2100

23�34007.0300
�1.05 �1.20 10 0.20 uplifted notch

at þ6.60 m
Paleochora 35�14013.9400

23�40002.3900
�0.84 �1.90 40 1.80 uplifted notch

at þ8.65 m
Sougia 35�14044.6000

23�48015.3400
þ3.80 þ1.65 6.50 upper uplifted

riple notch
at þ7.30 m
and lower
at þ1.60 m

Agia Roumeli 35�13044.9600

23�57035.4600
�1.20 �2.15 84 1.65

Agios Pavlos Sfakion 35�13022.7600

24�00000.9700
þ2.50 þ1.90 8 upper uplifted

tidal notch
at þ4.20 m
and lower
at þ2.50 m

Loutro 35�11059.9800

24�3050.7100
�1.15 �2.20 20 0.30

Chora Sfakion 35�11038.3600

24�09026.1700
�0.25 �1.39 22 0.50 uplifted notch

at þ2.75 m
Frangocastello 35�11028.3900

24�13000.7800
�0.79 �1.21 15 �2.35 �2.75 140 uplifted notch

at þ3.10 m
Rodakino 35�10054.0700

24�17051.4200
�2.22 �3.10 55

Damnoni 35�10027.3800

24�24053.6800
�1.55 �2.5 17 1.70 uplifted notch

at þ1.70 m
�5.15 �5.55 19 uplifted notch

at þ1.70 m
Ammoudi 35�10014.8200

24�25012.1400
�1.25 �3.1 16 1.66 uplifted notch

at þ1.70 m
Preveli 35�0909.1900

24�28051.7400
þ1.70 þ1.60 20 uplifted

notch
at þ1.40 m

Gialopotamia 35�08048.0200

24�30019.6100
�1.12 �1.77 12 1.40

Xiromolia 35�07040.4600

24�32013.4000
�1.25 �1.55 10

Triopetra 35�07031.3900

24�32030.1900
�1.35 �2.35 20

Agios Pavlos 35�06010.0200

24�33049.8200
�1.22 �1.54 12.5 uplifted notch

at þ1.40 m
Average value �1.25 ± 0.15
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4.2.1. Western Crete
Along the coast of western Crete, nineteen beachrock locations

have been identified (Fig. 1, Table 3) that have developed along
uplifted coasts. The older well-developed beachrock phase was
found at �3.00 ± 0.20 m on the north coast in Menies bay of
Rodopou Peninsula and on the south coast at Frangokastello and
Rodakino. Here, the maximum uplift resulting from the current
elevation of tidal notches is between 2.70 m and 3.40 m asl (Fig. 5c
and i).

On the southern coast, in the small bay of Sougia, the older
beachrock phase is entirely uplifted. Its base is at 1.55 m asl, fitting
the lowest elevated ripple notch, while the top is at 3.75 m asl, at
the same elevation of an intermediate notch out of the eleven
uplifted ripple notches (Fig. 5e). In the central part of the sandy
shore of Damnoni bay, the uplifted notch is at 1.70 ± 0.10 m asl,
while the older beachrock phase is placed at �5.55 m of elevation
(Fig. 5k). This beachrock is most likely connected with the oldest
sea level stand at Phalasarna (western Crete), dated by Pirazzoli
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
et al. (1982) between 3900 B P and 4200 B P. The older beachrock
submerged during the initial subsidence of the western coast of the
island, and did not emerge in shores where uplift did not reach the
maximum values.

Along the Preveli coast, the intermediate beachrock phase
uplifted at 1.60 m asl and 2.40 m asl in the seaward and landward
ends, respectively (Fig. 5m). The formation of the intermediate
beachrock phase is contemporary with the uplifted tidal notch,
which at this location was found at þ1.40 ± 0.10 m and on the
adjacent coast of Plakias was dated around 1900 B P (Pirazzoli et al.,
1982).

In western Crete, the younger beachrock phase was found at
fifteen coastal locations. Top and base of the seaward end of the
beachrock are at �1.25 ± 0.15 m and �2.45 ± 0.40 m, respectively
(Fig. 1, Table 3). The part of the beachrock on land between
1.40 m and 1.80 m asl is older than the seaward submerged part,
and developed at a time just before the uplift of the island, at
about 1.6e1.0 ka BP (Neumeier et al., 2000). The layer of algal
ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008



Table 4
Beachrock phases along the coast of central and eastern Crete.

Location Coordinates
(Lat. North
Long. East)

Phase I Phase II Phase III Phase IV

Elevation (m) Width
(m)

Dated
age (BP)

Elevation (m) Width (m) Dated
age (BP)

Elevation (m) Width
(m)

Dated
age (BP)

Elevation (m) Width
(m)

Top Base Top Base Top Base Top Base

Messara bay 35�01047.9800

24�45028.0000
�1.35 ± 0.15 �1.95 ± 0.50 25 �1.90 ± 0.25 �2.80 ± 0.35 63 �3.00 ± 0.10 �4.30 ± 0.45 80 3900e3700

Matala bay 34�59038.1800

24�44056.2600
�1.35 ± 0.10 �3.55 26 1900 ± 100 �2.25 �3.20 13 �4.20 �4.50 30

Kaloi Limenes 34�56010.6200

24�48034.8700
�3.35 ± 0.15 �4.50 ± 0.30 55

Lassaia 34�56016.2100

24�49029.2400
�1.40 ± 0.30 �2.00 ± 0.15 50 2300e2067

Xirokampos 34�58055.9100

25�18050.5000
�6.10 ± 0.10 7.00 ± 0.35 69

Arvi 34�59024.5200

25�27017.8900
�2.70 ± 0.15 68

Faflagos 34�58056.4600

25�30011.7000
�4.00 �7.20 67

Psari Forada 34�59027.1800

25�31024.2400
�3.90 ± 0.10 �6.25 ± 0.15 37

Vatos 34�59055.3400

25�34034.5000
�1.85 �3.30 100

Gra-Lygia
(W Ierapetra)

35�00040.3400

25�42035.7600
�1.10 ± 0.40 �3.70 28 �3.30 ± 0.55 �4.20 ± 0.50 47 �4.90 �5.70 22

East Ierapetra 35�00025.4500

25�43039.7300
�1.80 ± 0.30 �2.50 ± 0.35 50

Giali 34�59056.1300

25�47011.1100
�3.80 �4.25 70

Stenaki-Paplinou 34�59053.1900

25�47037.9400
�2.75 �3.90 65

Ferma 35�00054.2100

25�50038.5000
�3.40 �4.30 80

Makris Gyalos 35�02003.5600

25�57052.7400
�3.50 �4.50 60

Goudouros 35�00027.2300

26�05047.8600
�1.30 �2.10 16

Kato Zakros bay 35�05056.9800

26�15051.0900
�1.20 ± 0.20 �2.20 ± 0.20 40 1900 ± 100 �2.95 ± 0.25 �3.70 ± 0.20 90 3600e3450 �3.60 �4.20 37 3900e3700

Kouremenos bay 35�12017.7200

26�16020.3700
�1.35 �1.80 20 �6.20 �6.60 70

Vai bay 35�15016.1100

26�15054.9200
�2.60 �3.40 70

Erimoupolis bay 35�15059.9900

26�15048.3200
�2.70 �2.90 15

Agios Isidoros bay 35�18051.2000

26�18040.5800
�1.35 �1.80 17 �1.90 �2.50 12.50

Analoukas 35�12043.6900

26�11009.5900
�1.00 �1.30 15

Sitia bay 35�11057.9700

26�07032.7700
�2.50 �3.40 35 �4.60 �6.40 68

Mylos bay 35�17047.1900

25�29013.8300
�2.50 �3.00 22

Chersonisos 35�19023.9100

25�23025.0600
�1.40 �2.90 15 1900 ± 100 �1.90 �3.00 18

Average value �1.35 ± 0.20 �3.10 ± 0.30 �4.30 ± 0.20 �6.55 ± 0.55
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Fig. 4. Uplifted and submerged tidal notches along the coast of western (aet) and eastern Crete (u e ab). (a) Petri Geraniou, þ0.35 m, (b) Stavros quarry, þ0.35 m, (c) Ag. Theodoroi
islet, þ3.10 m, (d) Rodopou-Menies, þ2.70 m, (e) Kastelli Kissamou, þ5.50 m, (f) Cape Gramvousa, þ5.20 m, (g) Phalasarna, þ6.60 m, (h) Cape Chrisoskalitissa, þ7.90 m, (i)
Paleochora, þ8.80 m, (j) Sougia, þ7.00 m, (k) Agia Roumeli, þ4.20 m, (l) Loutro, þ4.40 m, (m) Chora Sfakion, þ2.75 m, (n) Plakias, þ1.70 m, (o) Damnoni, þ1.70 m, (p)
Ammoudi, þ1.70 m, (q) Ammoudi, �1.25 m, (r) Preveli, þ1.40 m, (s) Agios Pavlos, þ1.40 m, (t) Melambes, þ1.10 m, (u) Matala, �0.55 m, �1.25 m, �2.60 m, (v) Lassaia,
-0.60 m, �1.10 m, �2.80 m, (w) Cape Trachoulas, þ2.20 m, þ1.70 m, (x) Tsoutsouros, þ0.35 m, (y) Ferma, �1.25 m, (z) Kato Zakros bay, south coast, �0.45 m, �1.20 m, �2.75 m, (aa)
Kato Zakros bay, north coast, �0.80 m, �1.50 m, �2.85 m, (ab) Kato Zakros bay, south coast, �2.75 m, �4.30 m.
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reef on the surface of the emerged part of the formation in
Frangokastello, which is indicative of a former sea level, re-
inforces this view (Fig. 5i). The depth of the top and base of the
seaward end of this younger phase coincides with the corre-
sponding phase I, defined in the central and eastern coast of the
island. It formed when sea level was at 1.25 ± 0.05 m lower than
today, after the uplift of western Crete. Then, the coast of the
entire island subsided, between 1415 and 1865, likely during the
1604 earthquake. This is also indicated by the beachrock for-
mation placed at the entrance of the ancient harbor of Phala-
sarna that formed after the co-seismic uplift of AD 365
incorporating remains of the harbor, and then subsided at a
depth of 1.0 m (Fig. 5d).
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
4.2.2. Central and eastern Crete
Along central and eastern Crete coast, beachrocks were found

at twenty four locations in the area extending from Messara Gulf
towards the east to Chersonisos on the northern coast (Fig. 1,
Table 4). The lowest beachrocks of phase IV were identified at
seven locations along the eastern coast, from Xirokampos to Sitia.
The maximum underwater extension is about 70 m, while the
maximum depths of the top and base are 6.20 m and 7.20 m,
respectively. The average depths at the outer (seaward) end of
the top and base are �4.95 ± 1.0 m and �6.55 ± 0.55 m,
respectively.

The beachrocks of phase III were found at nine locations along
the central and eastern coast of the island. The maximum widths
ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008



Fig. 5. Uplifted and submerged beachrocks along the coast of western (aep) and eastern Crete (q e ab). (a) Agia Marina, (b) Rodopou-Menies, (c) Paleochora, (d) Phalasarna, (e)
Sougia, (f) Agios Pavlos Sfakion, (g) Loutro, (h) Chora Sfakion, (i) Frangokastello, (j) Rodakino, (k) Damnoni, (l) Ammoudi, (m) Preveli, (n) Gialopotamia, (o) Triopetra, (p) Agios Pavlos,
(q) Messara bay, Pachia Ammos, (r) Messara bay, Kalamaki, (s) Matala bay, (t) Lassaia, (u) Arvi, (v) Ierapetra port, (w) East Ierapetra, (x) Giali, (y) Ferma, (z) Kato Zakros bay, (aa) Vai
bay, (ab) Sitia bay.
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are about 80 m while their thickness ranges between 0.60 m and
1.30 m. The average depths of their top and base are
at �3.45 ± 0.40 m and �4.30 ± 0.20 m, respectively.

The beachrocks of phase II were found at eleven locations. They
display widths ranging from 13 m to 100 m and thickness from
0.60 m to 1.45 m. The average depth at the end of their tops and
bases were identified at �2.35 ± 0.40 m and �3.10 ± 0.30 m,
respectively.

The most elevated beachrocks of phase I were found at eleven
locations. The average depths of their tops and bases are
at �1.35 ± 0.20 m and �2.35 ± 0.60 m, respectively. Their
width varies between 15 m and 50 m, and thickness are up to
2.0 m.

Data for each beachrock phase surveyed along the coasts of
western and central-eastern Crete are presented in Tables 3 and 4.
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
The features of uplifted and submerged beachrocks located along
the western and central-eastern coast of Crete are given in Fig. 5.
Figs. 6 and 7aed show the average depths of the top and base of the
seaward end of each beachrock phase (7a: I, 7b: II, 7c: III, 7d: IV) for
each location of western and central-eastern Crete. Fig. 7e shows
the average depths of the base of beachrock phases I, II and III and
the top of phase IV found in the central and eastern coast of Crete.
Error bars refer to the uncertainties in depths as estimated from
multiple measurements at the same occurrence.

5. Archaeological indicators

Along the coast of Crete are available many archaeological relics
(Fig. 1, Table 5). The valid archaeological indicators of relative sea
level change can be divided into four main categories and can be
ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008



Fig. 6. Average depth of top and base of the seaward end of the (a) younger beachrock phase and (b) the older phases for each location along the coast of western Crete.
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related to the present geomorphological indicators of sea level
stands.

The first one, of low accuracy, includes coastal structures that
were founded or constructed above sea level along the coast but
without a known position in relation to the past shoreline. It
comprises ancient coastal settlements and buildings whose age is
often well known. Their present position provides only a
Fig. 7. Average elevation of top and base of the seaward end of each beachrock phase (7a: I,
Error bars show the range of depth variation which can be attributed to erosion of the bea

Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
quantitative indication of the intervening changes in their elevation
with respect to former sea level, and therefore they cannot support
estimates of precise relative sea level changes. This category com-
prises the submerged Minoan building relics at Amnissos (Fig. 8o
and p), Nirou Chani (Fig. 8r), and Istron; the Classical Temple of
Samonio Athena in Agios Isidoros bay, at Cape Sidero (Fig. 9o and
p); the submerged Roman relics at Mochlos and Psira island; the
7b: II, 7c: III, 7d: IV, 7e) for each location, along the coasts of central and eastern Crete.
chrock locally in the same occurrence.

ents and sea level changes along the coast of Crete (Greece) since Late
aint.2015.08.008



Fig. 8. Archaeological sea level indicators along the coast of western (aei) and central Crete (jex). (a) Phalasarna: uplifted harbour, (b) Kastelli Kissamou: uplifted breakwater, (c)
Paleochora: millstone quarry (Theodoulou, 2011), (d) Kalathas: submerged quarry, (e) Stavros: submerged quarry, (f) Koumpes: submerged quarry (Manolioudis, 2013), (g) Avlaki:
submerged slipway, (h) Rethymno: submerged slipway, (i) Damnoni: millstone quarry, (j) Kommos: submerged harbour morphology, (k) Matala bay: submerged carved fish tanks,
(l) Matala bay: submerged fish tanks entrances, (m) Lassaia: submerged harbour morphology, (n) Lassaia: submerged breakwater, (o and p) Amnissos: submerged relics of walls, (q)
Nirou Chani: submerged quarry, (r) Nirou Chani: submerged relics of walls, (s) Chersonisos: submerged fish tank, (t) Chersonisos: submerged relics of walls (u) Chersonisos:
submerged harbour installations, (v) Mylos bay: submerged carved channel of a watermill, (w) Malia: submerged quarries, (x) Stalida: submerged construction for spring water
collection.
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Roman building at Stomio (Fig. 9b) whose operation was directly
connected with the shoreline (Mourtzas, 1988b); and the sub-
merged Byzantine building relics at Poros Eloundas (Fig. 9c). In this
category can also be included the coastal Minoan quarries at Nirou
Chani (Fig. 8q) and Malia (8aa), the Roman quarries at Sitia (Fig. 9j),
and the Venetian quarries at Agioi Apostoloi, Kalathas (Fig. 8d),
Stavros (Fig. 8e), and Koumpes (Fig. 8f). The functional elevation of
quarries have been previously estimated by Mourtzas (1990),
Lambeck et al. (2004), Anzidei et al. (2013), and Auriemma and
Solinas (2009) from the elevation of the lowest carved areas,
above the sea level at the time they were excavated, at a minimum
functional elevation of 0.60 m above high tide.

The second category, of intermediate accuracy, includes con-
structions that were partially founded below sea level, such as
maritime constructions (harbours, piers, quays etc.). Their dating is
usually relatively accurate and based on ancient literature and
constructional features. The upper surface of these constructions
was above sea level at a minimum elevation of 0.30 m above high
tide, such as the Roman harbour installations of Chersonisos
(Fig. 8u), Kouremenos, Ierapetra (Fig. 9a), and Lassaia (Fig. 8m and
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
n), but often at about 1.0 m asl, such as the harbour installations at
Minoan Kommos (Fig. 8j), Classical Phalasarna (Fig. 8a), and Roman
Kastelli Kissamou (Fig. 8b).

The third category, which is the most precise, includes ancient
maritime constructions whose function was strictly related to past
sea levels, and their dating is quite well known. Their present po-
sition with respect to the estimated original position at the time of
their construction provides precise information on the amount and
timing of relative sea level change. An excellent case-study is pro-
vided by the seventeen fish tanks and fish traps located along the
coast of Crete at Phalasarna, Matala (Fig. 8k and l), Ferma (Fig. 8h),
Kato Zakros, Mochlos (Fig. 9g), and Chersonisos (Fig. 8s). Ancient
shipsheds are also valid sea level markers, as the seaward end of the
carved sloping floor is flush with the then sea level (Fig. 8g and h,
Fig. 9k).

The fourth category refers to coastal water tables and their
changes in response to sea level changes. Usually coastal aquifers
are in hydraulic connection with the adjacent sea. Therefore, sea
level rise may result in the flooding of archaeological sites built on
land near the shore (Mourtzas, 1990, 2010; Pagliarulo et al., 2013).
ents and sea level changes along the coast of Crete (Greece) since Late
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Table 5
Archaeological indicators along the coast of Crete.

Location Coordinates
(Lat.
NorthLong.
East)

Type of archaeological
indicator

Archaeological age Elevation Functional height Sea level change Related sea level
stand

References

Phalasarna 35�30'38.80''

23�34'8.91''

Uplifted closed
harbour.

The harbour
operation is dated to
the second half of the
4th c. BC. It was
probably destroyed in
67 BC by the Romans.
The port was
abandoned in the late
1st c. AD and its basin
was filled with
terrestrial sediments.

In AD 365 the
port rose by
6.60 m

In the 4th c. BC the
depth of the
harbour basin is
estimated at
1.10 ± 0.10 m with
the quays edges
0.40 m above the
then sea level. In 67
BC the harbor
entrance was
blocked and the
basin silted up.

+6.60 m +6.60 ± 0.30 m Hadjidaki (1996, 2001)
Pirazzoli et al. (1992)
Frost (1997)
Dominey-Howes et al. (1998)

35�30'32.31''
23�34'8.96''

Rock-cut basin which
later was probably
used as fishpond. A
crack, formed in the
AD 55 or 66
earthquake which
sank the region by
0.20 m, was
permitting sea water
to enter into the tank.

1st century AD +6.60 m ± 0.00 m +6.60 m +6.60 ± 0.30 m Flemming & Pirazzoli (1981)
Pirazzoli et al. (1992)

Kastelli
Kissamou

35�30'4.49''
23�38'45.83''

Uplifted breakwater
constructed by
accummulated rubble
blocks.

Probably Roman, as
concluded by the adjacent
relics of a masonry
(67 BC e 395 AD).

+3.00 m to
+5.50 m

+0.30 m to
+1.20m

+2.70 m to
+4.30 m

+2.50 ± 0.30 m to
+4.30 ± 0.30 m

Flemming & Pirazzoli (1981)
present study

Paleochora 35�14'13.94''
23�40'2.39''

Millstone quarry,
carved on the surface
of the younger
beachrock
generation.

Middle to late
19th century.

�0.25 m +0.30 m �0.55 m �0.55 ± 0.05 m present study

Agioi
Apostoloi

35�30'53.30''
23�58'33.94''

Submerged quarry
floor.

The quarries were
operating in the
Venetian domination
of Crete, more likely
during the
construction of the
defensive works of
Chania town
(1436 e 1456).

�0.10 m +1.00 m �1.10 m �1.25 ± 0.05 m present study

Kalathas 35�33'9.64''
24� 5'4.58''

�0.30 m +1.00 m �1.30 m �1.25 ± 0.05 m present study

Stavros 35�35'35.58''
24�05'45.03''

�0.35 m +1.00 m �1.35 m �1.25 ± 0.05 m present study

Avlaki 35�35'32.13''
24� 09'01.17''

Slipway: the seaward
edge of the sloping
floor is submerged.

Avlaki is the seaport
of the Katholikon
monastery (11th c.
AD e 1548).

�0.60 m ± 0.00 m �0.60 m �0.55 ± 0.05 m present study

Damnoni 35�10'27.38''
24�24'53.68''

Millstone quarry
carved on the surface
of the younger
beachrock
generation.

Middle to late 19th
century.

�0.20 m +0.30 m �0.50 m �0.55 ± 0.05 m present study

Koumpes 35�21'56.70''
24�27'09.22''

Submerged quarry
floor.

The quarries were
operating in the
Venetian domination
of Crete, more likely
during the
construction of the

�0.80 m +0.50 m �1.30 m �1.25 ± 0.05 m present study
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defensive works of
Rethymno town
(1571 e 1580).

Rethymno 35�22'11.81''
24�28'07.13''

A small rectangular
pond cut into the rock,
whose edges are
submerged.

Venetian period
(1204 e 1669)

�0.05 m +0.30 m �0.35 m �1.25 ± 0.05 m Flemming and Pirazzoli (1981)

35�22'16.19''
24�28'07.69''

Slipway: the seaward
edge of the sloping
floor is submerged.

�1.55 m ± 0.00 m �1.55 m Flemming and Pirazzoli (1981)
Blackman et al. (2014)
present study

Kommos 35�00'47.74''
24�45'29.87''

Submerged harbour
morphology. An islet
was protruded from
the sea for a length of
165 m protecting the
shore in front of the
prehistoric settlement.

The settlement was
founded in MM IA and
MM II periods (2000 e

1800 BC). It was
probably destroyed by
an earthquake and
abandoned in 1700 BC.
In the Neopalatial Period
(1700 e 1425
BC) the town was
rebuilt and extended.
Building and
rebuilding continued
throughout LM II and
LM III periods
(1425 e 1200 BC).

The islet is
submerged
at max depth
�4.50 m

the islet was
protruded
from the sea 0.50 m
to 4.20 m

�4.00 m �3.95 ± 0.35 m Mourtzas (1988a, 1990)
Shaw (1990, 2006)
present study

Matala bay 34�59'35.55''
24�44'49.81''

Eleven submerged
complexes
of carved fish tanks
and traps.

Roman period:
constructed between
AD 1 and 200.

�1.25 ± 0.05 m ± 0.00 m �1.25 ± 0.05 m �1.25 ± 0.05 m Buondelmonti (1415)
Mourtzas (1988a, 1990, 2012a)
2

Lassaia 35�00'44.91''
25�40'29.22''
35�00'44.91''
25�40'29.22''
35�00'44.91''
25�40'29.22''

Submerged
breakwater.

Hellenistic period
(300 BC e AD 67)

�0.90 m +0.30 m �1.20 m �1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

Blackman and Branigan (1975)
Mourtzas (1990)
Mourtzas and Marinos (1994)
present study
Blackman and Branigan (1975)
Mourtzas (1990)
Mourtzas and Marinos (1994)
present study
Blackman and Branigan (1975)
Mourtzas (1990)
Mourtzas and Marinos (1994)
present study

Amnissos 35�19'57.17''
25�12'15.37''
35�19'57.17''
25�12'15.37''
35�19'57.17''
25�12'15.37''

Submerged relics of
walls of a Minoan villa.

The villa had been built
in early MM III
(1700 BC). The first
architectural phase
ended with damage
caused by an
earthquake destruction
at the end of MM III (1700)
with a second earthquake
and tsounami destruction
and accompanying fire,
caused in LM IA (1600 BC).

�1.00 m > +2.00 m �3.00 m �2.75 ± 0.25 m
�2.75 ± 0.25 m
�2.75 ± 0.25 m

Evans (1928)
Marinatos (1934)
Flemming and Pirazzoli (1981)
Mourtzas (1990) Schafer (1991)
present study Evans (1928)
Marinatos (1934)
Flemming and Pirazzoli (1981)
Mourtzas (1990) Schafer (1991)
present study Evans (1928)
Marinatos (1934)
Flemming and Pirazzoli (1981)
Mourtzas (1990)
Schafer (1991)
present study

Nirou Chani 35�19'58.93''
25�14'38.22''
35�19'58.93''

Submerged ruins of
Minoan buildings.

The luxurious house was
probably built in the MM III
period (1700 BC) and after

�1.20 m > +2.00 m �3.00 m �2.75 ± 0.25 m
�2.75 ± 0.25 m
�2.75 ± 0.25 m

Marinatos (1926) Frost (1963)
Flemming and Pirazzoli (1981)
Mourtzas (1990) present study

(continued on next page)
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Table 5 (continued )

Location Coordinates
(Lat.
NorthLong.
East)

Type of archaeological
indicator

Archaeological age Elevation Functional height Sea level change Related sea level
stand

References

25�14'38.22''
35�19'58.93''
25�14'38.22''

its destruction by fire in the
LM IB period (1450 BC) was
finally abandoned.

Marinatos (1926) Frost (1963)
Flemming and Pirazzoli (1981)
Mourtzas (1990) present study
Marinatos (1926) Frost (1963)
Flemming and Pirazzoli (1981)
Mourtzas (1990) present study

35�20'01.40''
25�14'36.00''
35�20'01.40''
25�14'36.00''
35�20'01.40''
25�14'36.00''

Submerged coastal
Minoan quarry.

It was probably operating in
the period between 1700 BC
and 1450 BC.

�1.70 m to �2.10 m
�1.70 m to �2.10 m
�1.70 m to �2.10 m

> +1.00 m �2.10 m �2.75 ± 0.25 m
�2.75 ± 0.25 m
�2.75 ± 0.25 m

Chersonisos 35�19'11.33''
25�23'31.41''
35�19'11.33''
25�23'31.41''
35�19'11.33''
25�23'31.41''

Submerged Roman quay. Roman period (67
BC to
AD 395)

�1.00 m +0.30 �1.30 m �1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

Leatham and
Hood (1958/
1959)
Flemming and
Pirazzoli
(1981)
Mourtzas
(1990, 2012a,
b)
Leatham and
Hood (1958/
1959)
Flemming and
Pirazzoli
(1981)
Mourtzas
(1990, 2012a,
b)
Leatham and
Hood (1958/
1959)
Flemming and
Pirazzoli
(1981)
Mourtzas
(1990, 2012a,
b)

35�19'24.09''
25�23'36.23''
35�19'24.09''
25�23'36.23''
35�19'24.09''
25�23'36.23''

Submerged fish tank. Roman period
(AD 1 to 200)

�1.20 m ± 0.00 �1.20 m

35�19'23.16''
25�23'24.30''
35�19'23.16''
25�23'24.30''
35�19'23.16''
25�23'24.30''

Submerged relics of walls
and a natural breakwater.

Probably of Roman period
(67 BC to AD 395)

�1.00 m to �1.80 m
�1.00 m to �1.80 m
�1.00 m to �1.80 m

+0.30 �1.30 m

Stalida 35�18'22.33''
25�25'11.41''
35�18'22.33''
25�25'11.41''
35�18'22.33''
25�25'11.41''

Ellipsoid buildings
surrounding the coastal
karstic springs, for water
collection and improvenent
of its quality. Sea level
change resulted in lowering
of the discharge point and
inflow of sea water
into the constructions.

Venetian period
(1206 to 1669)

�0.30 m to �0.50 m
�0.30 m to �0.50 m
�0.30 m to �0.50 m

+0.30 m to +0.50 m �1.00 m �1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

Mourtzas (1990)

Mylos bay 35�17'49.61''
25�29'08.04''
35�17'49.61''
25�29'08.04''

Circular cistern and partially
submerged carved channel
of a watermill.

Probably of Byzantine or
Venetian period (961 AD e

1669) Probably of Byzantine
or Venetian period (961

�0.30 m
to�0.70 m�0.30 m
to�0.70 m�0.30 m
to�0.70 m

+0.50 m �1.20 m �1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

Mourtzas (1990)
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35�17'49.61''
25�29'08.04''

AD e 1669) Probably of
Byzantine or Venetian period
(961 AD e 1669)

Malia 35�17'48.01''
25�29'01.60''
35�17'48.01''
25�29'01.60''
35�17'48.01''
25�29'01.60''

Submerged coastal
Minoan quarries.

It was probably operating in
the period between 1900 BC
and 1450 BC.

�1.20 m > +1.00 m > +2.20 m �2.75 ± 0.25 m
�2.75 ± 0.25 m
�2.75 ± 0.25 m

Mourtzas (1990)

Spiliada 35�18'46.29''
25�31'48.29''
35�18'46.29''
25�31'48.29''
35�18'46.29''
25�31'48.29''

Submerged relics of
walls and foundations of a
coastal Minoan settlement
and rock cuttings.

Early Minoan IIB
(2550 BC e 2300 BC)

�2.33 m > +1.00 m > +3.33 m �3.95 ± 0.35 m Simosi (2003)
present study
Simosi (2003)
present study
Simosi (2003)
present study

Stomio 35�00'44.91''
25�40'29.22''
35�00'44.91''
25�40'29.22''
35�00'44.91''
25�40'29.22''

Submerged Roman building.
Probably was an artisanal
construction (baths or tanks),
having a direct relationship
with the then shoreline.

Roman period
(67 BC to AD 395)

�1.20 m ± 0.00 m �1.20 m �1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

Mourtzas (1988a, 1990)
present study
Mourtzas (1988a, 1990)
present study
Mourtzas (1988a, 1990)
present study

Ierapetra
harbour

35�00'21.85''
25�44'25.35''
35�00'21.85''
25�44'25.35''
35�00'21.85''
25�44'25.35''

Submerged Roman
breakwater.

Roman period
(67 BC to AD 395)

�0.30 m to
�1.30 m�0.30 m to
�1.30 m�0.30 m to
�1.30 m

+0.30 m �1.00 m to
�1.60 m

�1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

present study

Poros Eloundas 35�15'21.68''
25�44'4.47''

Submerged ruins
of building walls.

The constructions must be
contemporaneous to the
Christian basilica, the ruins
of which are located
100 m further north.
The temple belongs to
the first Byzantine period
(AD 395 e 824)
and their construction
dates to the late 5th c. AD.

�1.00 m +0.30 m �1.30 m �1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

present study

35�15'21.51''
25�44'9.32''

Submerged protective
breakwater.

�3.25 m
(foundations) and
�1.30 m (surface)

+0.30 m �1.60 m �1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

present study

35�15'22.14''
25�44'10.77''

Submerged ruins of
building walls.

max depth �1.32 m +0.30 m �1.60 m �1.25 ± 0.05 m
�1.25 ± 0.05 m
�1.25 ± 0.05 m

present study

35�15'19.89''
25�43'56.62''
35�15'19.89''
25�43'56.62''

Venetian saltpans: large
square tanks for sea water
evaporation, bordering by
stone walls, today
entirely submerged.

They were operating in
the Venetian period
(1579 e 1601). The southern
part was repaired and reorganized
between
1631 and 1644. The floor
of the salt pans was higher
than the then sea level and
partition walls protruded
above the sea level during
high tide.

The surface of the
partition walls is at
�0.18 m to �0.27 m
and their bottom
at �0.48 m to
�0.60 m.

+0.10 �0.60 m �0.55 ± 0.05 m Makrakis (2006)
present study
Makrakis (2006)
present study

Istron 35�07'49.79''
25�43'35.12''
35�07'49.79''
25�43'35.12''

Priniatikos Pyrgos:
submerged ruins of
walls of a Minoan
settlement.

Early and Late Minoan
settlement (3rd and 2nd
millennium BC). A large
Roman settlement was also
built over the Minoan ruins.

�1.00 m > +2.00 m > +3.00 m �3.95 ± 0.35 m Mourtzas (1990)

Koutsounari 35�00'30.91''
25�50'03.18''

Submerged rock-cut
salt pan.

Roman period: constructed
between AD 1 and 200.

�1.20 m ± 0.00 m �1.20 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Mourtzas (1988a, 1990)

(continued on next page)
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Table 5 (continued )

Location Coordinates
(Lat.
NorthLong.
East)

Type of archaeological
indicator

Archaeological age Elevation Functional height Sea level change Related sea level
stand

References

35�00'30.91''
25�50'03.18''

Ferma 35�00'40.80''
25�50'30.82''
35�00'40.80''
25�50'30.82''

Submerged fish tank. Roman period: constructed
between AD 1 and 200.

�1.30 m ± 0.00 m �1.30 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Davaras (1975)
Flemming and Pirazzoli (1981)
Mourtzas (1990, 2012a, b)
Davaras (1975)
Flemming and Pirazzoli (1981)
Mourtzas (1990, 2012a, b)

Psira island 35�11'07.29''
25�51'48.71''
35�11'07.29''
25�51'48.71''

Submerged blocks of
concrete masonry,
probably remains of a
Roman water front.

Dated between 67
BC and AD 395.

Τhe upper surface
of the wharf is
at �1.00 m.

+0.30 m �1.30 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Leatham and Hood (1958/1959)

Mochlos 35�11'09.63''
25�54'20.63''
35�11'09.63''
25�54'20.63''

Submerged isthmus
joined the Minoan
settlement on the
islet to the mainland
and submerged relics
of Minoan walls.

First settled in the Final
Neolithic e Early Minoan I
period (3650 e 3000 BC).
Evidence of a MM IA destruction
(2160 e 1900 BC). The town was
destroyed by fire at the end
of LM IB (1450 BC).

�1.50 m to
�2.00 m
in the edges,
�3.80 ± 0.20 m in
the central section

+0.50 m �4.30 m �3.95 ± 0.35 m Leatham and Hood (1958/1959)
Mourtzas (1990) Soles (2007)
present study
Leatham and Hood (1958/1959)
Mourtzas (1990) Soles (2007)
present study

35�11'09.63''
25�54'20.63''
35�11'09.63''
25�54'20.63''

Submerged concrete
wall of the Roman or
Byzantine period.

67 AD to AD 824 < �1.50 m +0.50 m �1.50 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Leatham and Hood (1958/1959)

35�11'00.77''
25�54'22.02''
35�11'00.77''
25�54'22.02''

Submerged fish tank. Roman period: constructed
between AD 1 and 200.

�1.10 m to
�1.40 m

± 0.00 �1.25 ± 0.15 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Leatham and Hood (1958/1959)
Mourtzas (1990, 2012a, b)
Leatham and Hood (1958/1959)
Mourtzas (1990, 2012a, b)

Sitia 35�12'37.54''
26�06'31.74''
35�12'37.54''
26�06'31.74''

Submerged quarry floor. It was probably operating in
the Roman period between
67 BC and AD 395.

�0.30 m +1.00 m �1.30 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Davaras (1974)
Mourtzas (1990, 2012a, b)
Davaras (1974)
Mourtzas (1990, 2012a, b)

35�11'54.79''
26�07'50.91''
35�11'54.79''
26�07'50.91''

Slipway. The seaward
edge of the sloping floor
is today submerged.

Hellenistic period
(300 BC to AD 69).

> �0.40 m to
�0.80 m

±0.00 m±0.00 m > �0.80 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Davaras, (1968)
Blackman et al. (2014)
present study
Davaras, (1968)
Blackman et al. (2014)
present study

Farmakokefalo
e

Xerokambos
e

Ancient
Abelos

35�02'57.05''
26�14'23.97''
35�02'57.05''
26�14'23.97''

Salt pans, 5 m from the
shoreline on land,
consisting of a system of
canals and reservoirs for
sea water evaporation.

Classical and Hellenistic
Period (500 e 67 BC).

+0.20 m > +1.00 m �1.20 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Montaggioni et al. (1981)
Peters (1985) Mourtzas (1990)
Montaggioni et al. (1981)
Peters (1985) Mourtzas (1990)

Kato Zakros
bay

35�05'52.26''
26�15'40.45''
35�05'52.26''
26�15'40.45''

Rise of groundwater
table in the water supply
system of the Palace,
> 4.0 m from the
Protopalatial period and
2.85 m from the
Neopalatial period.

The palace was constructed
around 1900 BC and was
rebuilt after the earthquake
destruction of 1700 BC
or 1600 BC. Finally was
destroyed by an
earthquake around
1450 BC.

�2.85 m ±0.00 m 2.85 m �2.75 ± 0.25 m
�2.75 ± 0.25 m

Flemming and Pirazzoli (1981)
Mourtzas (1990) present study
Flemming and Pirazzoli (1981)
Mourtzas (1990) present study
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35�05'57.04''
26�15'52.53''
35�05'57.04''
26�15'52.53''

Submerged harbour
morphology. An islet
was protruded from the
sea for a length of 165 m
protecting the shore in
front of the prehistoric
settlement.

Neopalatial period
(1600 e 1450 BC).

�2.90 m +0.30 m +3.20 m �2.75 ± 0.25 m
�2.75 ± 0.25 m

present study

35�05'52.26''
26�15'40.45''
35�05'52.26''
26�15'40.45''

Submerged fish trap. Roman period: constructed
between AD 1 and 200.

�1.00 m to
�1.30 m

± 0.00 m �1.30 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Nakasis (1987)
Mourtzas (1990, 2012a, b)
Nakasis (1987)
Mourtzas (1990, 2012a, b)

Palaikastro 35�11'48.86''
26�16'43.80''
35�11'48.86''
26�16'43.80''

Submerged ruins of Late
Minoan walls and a
submerged carved
structure.

The town established
around 1900 BC,
damaged by earthquake
around 1700 BC, suffered
the effects of the Theran
eruption, reconstructed
and abandoned after a
earthquake around
1300 BC (LM IIIB).

�1.80 m > +1.00 m �2.80 m �2.75 ± 0.25 m
�2.75 ± 0.25 m

Pirazzoli (1980)
Flemming and Pirazzoli (1981)
Mourtzas (1990)
Pirazzoli (1980)
Flemming and Pirazzoli (1981)
Mourtzas (1990)

Kouremenos 35�12'55.84''
26�16'18.98''
35�12'55.84''
26�16'18.98''

Roman breakwater. Roman period
(69 BC to AD 400).

�1.25 m to
�1.30 m

+0.30 m �1.60 m �1.25 ± 0.05 m
�1.25 ± 0.05 m

Simosi (1988) present study
Simosi (1988) present study

Agios Isidoros
bay

35�18'51.20''
26�18'40.58''

Submerged foundation
and parts of columns
from the ruined Temple
of the Samonio Athena,
incorporated into the
beachrock formation.

4th century BC The walls relics
at �0.65 m are
incorporated into a
beachrock
submerged
at �1.35 m.

+0.70 m �1.35 m �1.25 ± 0.05 m Spratt (1865) Chalikiopoulos
(1903)
Papadakis (1989) Mourtzas
(1990)
present study
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Fig. 9. Archaeological sea level indicators along the coast of eastern Crete. (a) Ierapetra: submerged Roman harbour, (b) Stomio: submerged Roman building, (c) Poros Eloundas:
submerged ruins, (d) Poros Eloundas: submerged buildings (e) Poros Eloundas: submerged saltpans, (f) Mochlos: submerged isthmus, (g) Mochlos: submerged fish tank, (h) Ferma:
submerged fish tank, (i) Koutsounari: submerged rock-cut salt pan, (j) Sitia: submerged quarry, (k) Sitia: slipway, (l) Kato Zakros: inundated ruins of the Minoan palace, (m) Kato
Zakros: inundated cistern of the Minoan palace, (n) Kato Zakros: submerged harbour morphology, (o and p) Agios Isidoros bay: submerged relics of the Temple of Samonio Athena.

N. Mourtzas et al. / Quaternary International xxx (2015) 1e2820
The Minoan coastal settlement at Kato Zakros (Eastern Crete) is a
typical example. The rise of the aquifer by 2.85 m in the water
supply systems of the palace, caused the inundation of the southern
section of this site (Fig. 9l and m), indicating a rise of sea level over
the last 3450 years (Mourtzas, 1990). The timing of this change is in
Fig. 10. Elevation and age of the archaeological indicators for each location. Circles in differ
fish tank, quarry, building, slipway etc.). (For interpretation of the references to colour in t

Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
agreement with the elevation of the nearby tidal notches and
beachrocks, which can be therefore tentatively dated.

The uplift by 5.0 m of the Roman breakwater located at Kastelli
Kissamou and the uplift by 6.60 m harbor of the fourth century BC
and the Roman age fishtank in Phalasarna, are likely the most
ent solid color show each type of archaeological markers (breakwater, carved channel,
his figure legend, the reader is referred to the web version of this article.).
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typical archaeological indicators of the recent uplift along the
western coast of Crete. The submerged quarry floors between
0.10 m and 0.80 m below sea level at Paleochora, Agioi Apostoloi,
Kalathas, Stavros, Koumpes, and Damnoni, all dated between the
Venetian period and the nineteenth century, as well as the sub-
merged slipways of the Venetian period at a depth between 0.60 m
and 1.55 m, show and date the, subsequent to the uplift, subsidence
events of Crete in at least two phases.

All the archaeological indicators of relative sea level change
along the central and eastern coast of Crete are below the present
sea level. Those connected with the Protopalatial Minoan phase of
Crete (1900e1700 B C) are at �4.30 ± 0.45 m, including the sub-
merged harbor morphology of the Protopalatial phase of Kommos
(Mourtzas, 1988a) and the submerged isthmus at Mochlos that
joined the Minoan settlement on the islet to mainland (Leatham
and Hood, 1958/59; Mourtzas, 1990; Soles, 2007). The archaeolog-
ical markers associated with the Neopalatial Minoan phase of Crete
(1600e1450 B C), such as the Neopalatial phase of the Palace of Kato
Zakros, refer to a submersion at �2.85 m. The Roman harbor in-
stallations and the fish tanks and fish traps of the Romanperiod (AD
1e200) and the coastal constructions and installations of the
Byzantine and middle Venetian period show a submersion
at �1.25 m to �1.30 m. Finally, the late Venetian saltpans at Poros
Eloundas and the late Venetian slipway at Avlaki rocky coast, that
were operational between 1631 and 1644 and the nineteenth
century, show a submergence of the coast of about 0.60 m.

In Table 5, data on archaeological indicators (location, co-
ordinates, type of marker, archaeological age, elevation, functional
height, sea level change and references), are reported. Some views
of uplifted or submerged archaeological markers along the coast of
Fig. 11. Average elevations of submerged tidal notches and beachrock phases of western, c
dicators infer five distinct relative sea levels.

Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
western and central Crete are shown in Fig. 8, while in Fig. 9 are
provided for eastern Crete. Fig. 10 shows the elevations and age of
the archaeological indicators for each location. Circles refer to
different types of archaeological markers (breakwater, carved
channel, fish tank, quarry, relics of building, slipway etc.).

6. Comparison between geomorphological indicators

In comparing the depths of the seaward end of beachrocks with
those of tidal notches that formed at the same sea level stand, a
good correlation is observed. The mean depth of the submerged
tidal notches and beachrock phases observed along the western
and central-eastern Crete are shown in Fig. 11. Depths are well-
matched, and correlation of geomorphological indicators suggests
five distinct sea levels. In central and eastern Crete, the beachrock
level at 4.30 ± 0.20 m below sea level (bsl) (phase III) corresponds
to the tidal notch of 3.95 ± 0.25m bsl (tidal notch IV), the beachrock
level at 3.10± 0.30m bsl (phase II) is in agreementwith the position
of the tidal notch at 2.70 ± 0.15 m bsl (tidal notch III). The elevation
of the beachrock at 1.35 ± 0.20 m bsl (phase I) is consistent with the
tidal notch at 1.25 ± 0.05 m bsl (tidal notch II). Although the depths
of the base of the seaward end of the two deeper beachrock phases
(III, II) coincide with the respective depths of the tidal notches IV
and III, only the top of the seaward end of the shallower beachrock
phase (I) is comparable with the depth of the tidal notch II, whereas
the depth of its base is in agreement with the depth of the top of the
preceding beachrock phase (III).

From the comparison of the mean depths of the younger
beachrock phase (I) of the central-eastern (1.35 ± 0.20 m bsl) and
western (1.25 ± 0.15 m bsl) Crete with the elevation of the tidal
entral and eastern Crete. Elevations are in good agreement and geomorphological in-
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notches II (1.25 ± 0.05 m bsl) and I (1.25 ± 0.10 m bsl), we found a
good fit for the respective elevations. When we add the subse-
quent uplift of 1.70 m of the tidal notch ІІІ found in Damnoni to
the depth of the older beachrock phase IV at 5.55 m bsl, the
resulting elevation of 7.25 m corresponds to the maximum uplift
of the tidal notch ІІІ (þ7.50 m) found in the most uplifted west-
ernmost extremity of the island. Therefore, it is reasonable to
assume that the older beachrock phase at Damnoni formed be-
tween 4200 ± 90 B P (Phalasarna) and 3930 ± 90 B P
(Chrisoskalitissa).

From the comparison between the maximum submersion
(�7.25 m) of the older beachrock phase IV in Damnoni (before the
uplift of the coast by 1.70 m), the corresponding submersion of the
westernmost beachrock on the east coast in Xirokampos
(�7.00 ± 0.35 m) and Faflago (�7.20 m), and the average depth of
beachrock phase IV in central and eastern Crete (�6.55 ± 0.55 m), it
is reasonable to deduce that they formed during the same sea level
stand.

7. Dating of relative sea level stands

The older relative sea level stand at �6.55 ± 0.55 m in central-
eastern Crete can be correlated to the sea level stands at
4200 ± 90 B P to 3930 ± 90 B P, in western Crete. The beachrock
level at �4.30 ± 0.20 m that corresponds to the tidal notch
of �3.95 ± 0.25 m (relative sea level stand, rsls IV) can be dated at
3900 B P to 3700 B P or 3600 B P, on the basis of the Protopalatial
period of the Prehistoric settlement of Kommos (Mourtzas, 1988a,
1990), the submerged Minoan quarry at Nirou Chani (Mourtzas,
1990), the submerged Prehistoric settlement at Spiliada (Simosi,
2003), and the submerged isthmus of Minoan Mochlos (Leatham
and Hood, 1958/59; Mourtzas, 1990; Soles, 2007), all of about the
same age. The elevation of the beachrock at 3.10± 0.30m bsl, which
fit the tidal notch at 2.70 ± 0.15m bsl (rsls III), is dated at 3600 B P to
3450 B P, based on the rise of groundwater level in the Neopalatial
water basins and wells of the Minoan palace of Kato Zakros
(Mourtzas, 1990).

The beachrock level at 1.35± 0.20m bsl related to the tidal notch
of �1.25 ± 0.05 m (rsls II) is dated after 1450 B C. Archaeological
markers and historical records assign it to the period between
400 B C and AD 1604 (Mourtzas, 2012a, 2012b). Dating was based
on the submerged classical temple of Samonio Athena (NE Crete)
and the submerged Hellenistic harbour of Lassaia (Blackman and
Branigan, 1975; Mourtzas, 1990; Mourtzas and Marinos, 1994). In
addition, the interpretation is reinforced by the Roman fish tanks
and other coastal installations, placed along the coast of eastern
Crete. Historical testimonies aided in matching the paroxysmal
event of 1604 with the change of 0.70 m in the Classical to Venetian
sea level (Mourtzas, 2012a, 2012b). The submerged Byzantine and
Venetian coastal (AD 500e1580) installations at Poros Eloundas
and Rethymno, and the inundated floors of Koumpes, Stavros,
Kalathas and Agioi Apostoloi Venetian quarries in northwest Crete
support this hypothesis. During the last 400 years, sea level rose
from�0.55 m (rsls I) to the present level causing the submersion of
the salt pans of the late Venetian and Ottoman period at Poros
Eloundas and the submerged late Venetian slipway of Avlaki, in
Akrotiri Chanion peninsula.

8. Earthquake contribution to the observed relative sea level
changes

Crete is subjected to intense seismicity, even of large intensity
(Guidoboni et al., 1994). Around 1700 B C, a large earthquake
destroyed the major centers of the Protopalatial phase of the
Minoan civilization, such as the Palaces of Knossos, Phaestos, Malia,
Please cite this article in press as: Mourtzas, N., et al., Vertical landmovem
Holocene, Quaternary International (2015), http://dx.doi.org/10.1016/j.qu
Kato Zakros, and the harbor town of Kommos (Evans, 1928; Fiandra,
1963, 1980; Platon, 1974; Levi, 1976; Pelon, 1980, 1983; Detorakis,
1990; La Rosa, 1995; MacDonald, 2003; Monaco and Tortorici,
2004; Shaw, 2006). This event is also confirmed by the traces of
huge fires, rubble of collapsed buildings, a human skeleton in the
Minoan Temple of Anemospilia, and the destruction of the Prehis-
toric palace and town of Archanes in central Crete (Sakellarakis and
Sapouna-Sakellaraki, 1981, 2002). Another destructive earthquake
struck the Neopalatial phase of the Palaces in 1450 B C, which was
rebuilt after the 1700 B C event (Georgalas, 1931; Sieberg, 1932;
Platakis, 1950; Pendlebury, 1954; Platon, 1974; Pichler and
Schiering, 1980; Vallianou, 1996; Monaco and Tortorici, 2004).

Based on data from archaeological excavations, were identified
two episodes of earthquake effects that struck the Minoan centers
of Knossos and Phaestos before 1700 B C (Evans, 1928; Fiandra,
1963, 1980; Levi, 1976; Detorakis, 1990; La Rosa, 1995). The theory
that tried to link the eruption of Thera volcanowith the destruction
of the Neopalatial Minoan settlements in Crete (Marinatos, 1939;
Platon, 1974), has been widely disregarded, as the eruption ap-
pears to have occurred at least 100e150 years earlier (LaMarche
and Hirschboeck, 1984; Baillie and Munro, 1988; Hammer et al.,
2003; Manning et al., 2006; Friedrich and Heinemeier, 2007) than
the traditional archaeological dating of the destruction of the
Neopalatial Minoan phase (Michael, 1976; Betancourt, 1987, 1998;
Manning, 1988; Friedrich et al., 1990; Housley et al., 1990;
Manning and Ramsey, 2003). However, seismic effects are recog-
nizable in several Minoan settlements around 1600 B C. This
earthquake and tsunami that accompanied Thera eruption and hit
the central Aegean seem to be associated with archaeological
destruction layers of the Minoan palaces (Driessen and Macdonald,
1997; Soles, 2007; Bruins et al., 2008; Hardman, 2009). Recent
pottery-based studies date the first destruction of the Protopalatial
phase of Kato Zakros Palace to around 1600 B C (Platon, 2004),
linking it with the Thera eruption and its attendant neotectonic
upheavals in the area of the southern Aegean.

Nur and Cline (2000) and Nur and Burgess (2008) suggested that
a seismic event in the Eastern Mediterranean during the years
1225e1175 B C could have been responsible for the partial or the
entire destruction of a number of Eastern Mediterranean settle-
ments, including late Minoan sites in Crete (Jusseret and Sintubin,
2012). Evidence for earthquake related damage was identified at
the sites of Malia and Sissi, dated to 1300e1200 B C (Jusseret et al.,
2013).

While there is a broad agreement on the seismic destruction of
Minoan centers at the end of the Protopalatial period (~1700 B C)
(Evans, 1928; Fiandra, 1963; 1980; Platon, 1974; Levi, 1976;
Sakellarakis and Sapouna-Sakellaraki, 1981, 2002; La Rosa, 1995;
Macdonald, 2003; Monaco and Tortorici, 2004; Shaw, 2006) and
the impact on the Minoan communities of Crete that have had the
phenomena accompanying the eruption of Thera, such as earth-
quakes, tsunami and ash diffusion (Antonopoulos, 1992; Driessen
and Macdonald, 1997; Soles, 2007; Bruins et al., 2008; Hardman,
2009), there is a serious disagreement about the causes of the
destruction of theMinoan sites by the end of the Neopalatial period
(~1450 B C). It is attributed to natural phenomena, such as earth-
quakes (Evans, 1928; Pichler and Schiering, 1980; Vallianou, 1996;
Nur and Cline, 2000; Puglisi, 2003; Monaco and Tortorici, 2004;
Pelon, 2005), long-term effects of the eruption decisive for the
decline of Minoan civilization (Driessen and Macdonald, 1997;
Hardman, 2009), external military events such as the Mycenaean
invasion in Crete (Hood, 1985; Popham, 1990), social upheavals and
internal troubles (Furumark, 1950; Niemeier, 1984), and climate
change affecting agricultural production (Riley, 2004) and water
resources (Gorokhovich, 2005). Recently, was even suggested that
the climate change may have been responsible for the slow demise
ents and sea level changes along the coast of Crete (Greece) since Late
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of Minoan civilization, when El Nino causes drier conditions in the
area of Crete (Tsonis et al., 2010).

The sea level rise by 1.20 m between the Minoan Protopalatial
and Neopalatial phase could be associated with a large seismic
event that most likely occurred around 1700 B C. The change by
1.45 m between the sea level stand of the Neopalatial phase
(�2.70 ± 0.15 m) and the sea level stand with un upper age dated to
the fourth century BC (�1.25 ± 0.25 m), would be either contem-
porary with the second destruction of the Minoan centers
(~1450 B C) or in one or more paroxysmal events between 1450 B C
and 400 B C.

After the Roman conquest of Crete and during the subsequent
centuries, 35 earthquakes from moderate to large magnitude
(М ¼ 6.5e8.2), are reported in this region, causing the destruction
of the major cities of Crete (Perrey, 1848; Mallet, 1854; Schmidt,
1862; Sathas, 1867; Raulin, 1870; Stavrakakis, 1890; Xanthoulidis,
1925; Sieberg, 1932; Maravelakis, 1939; Platakis, 1950;
Papazachos and Papazachou, 1989; DiVita, 1995, 1996;
Spyropoulos, 1997; Ambraseys, 2009; Papadopoulos, 2011).
Remarkable are the earthquakes of AD 46, 55 (М ¼ 7.2), 66
(М ¼ 7.0), 168, and 365 (М ¼ 8.2). Particularly, the latter split the
island and caused crustal uplift in western Crete. The tsunami
Fig. 12. Relative sea level change in western and central-eastern Crete during Upper Holocen
the relative sea level change curve estimated from tidal notch data. Orange line is the land s
coincidence between the higher uplifted tidal notch and a sea level stand at �1.25 ± 0.05. Cy
model (Lambeck and Purcell, 2005). Error bars are the time span (horizontal) and the de
reported. (For interpretation of the references to colour in this figure legend, the reader is
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triggered by this event struck the coasts of most parts of the
Mediterranean basin (Guidoboni et al., 1994; Stiros and Drakos,
2006; Stiros, 2010). Additional remarkable earthquakes occurred
between 527 and 565 and in 666 (М ¼ 6.5). In more recent times,
the earthquake of 8 August 1303 is likely one of the largest events in
the seismic history of theMediterranean. The epicenter was located
southeastwards of Crete and had similar effects to the 365 earth-
quake (Evangelatou-Notara, 1993; Guidoboni and Comastri, 1997;
Papadopoulos, 2011).

Based on Buondelmonti (1415) and Spratt (1865) historical re-
ports, Mourtzas (2012a,b) concluded that the submersion of the
Roman (AD 1 to AD 200) fish tanks in the Gulf of Matala occurred
during an interval of 450 years (Mourtzas, 2012a,b). In this period,
74 earthquakes of magnitude (Ms) 5 to 6.9 struck Crete, although
coastal subsidence can be attributed to the 1604 earthquake
(Ms ¼ 6, intensity VIIeVIII) (Giannaris, 1889; Stavrakakis, 1890;
Georgiades, 1904; Zoudianos, 1960).

9. Discussion

Geomorphological and archaeological data allowed us to
reconstruct the history of the relative sea level change along the
e. Blue line is the relative sea level change curve from beachrock data; magenta line is
ubsidence in the NW extremity of Crete before the AD 365 uplift that clearly shows the
an line is the predicted sea level curve for Crete, according to the glacio-hydro-isostatic
pth uncertainties (vertical). Historical periods and major catastrophic events are also
referred to the web version of this article.).
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coast of Crete during the Upper Holocene. The correlation between
elevations of the seaward end of submerged and emerged beach-
rocks and tidal notches support the hypothesis that their formation
occurred during the same sea level positions (Fig. 11). Our obser-
vations support the observations of Neumeier (1998) on the
intertidal cementation of beachrocks along the coast of Crete, but
are in contrast with Kelletat (2006), who concluded that beach-
rocks of Crete cannot be used as valid sea level indicators. Kelletat
(2006), analyzing the uplifted formation in Paleochora, did not
consider the relative sea level fluctuations affecting this area, sug-
gesting that beachrocks were characterized by a former supratidal
environment.

In addition, the relationship between the functional elevations
of ancient constructions and geomorphological markers, taking
into account the limitations of the technique, allow their dating and
the timing of the corresponding sea level. The submersion
by �1.25 ± 0.05 m that followed the uplift of the western part of
Crete occurred at the same time in the central and eastern part of
the island, in two phases. The first subsidence of 0.70 m occurred
the period between 1415 and 1865, but most likely in the 1604
earthquake (Mourtzas, 2012a, 2012b), while the second one of
0.55 m occurred over the last 400 years.

A second finding is that the sea level during the split and
emergence of the western part of the island, around AD 365, was
lower than today by �1.25 ± 0.05 m, hence the size of the
maximum uplift in the NW extremity of the island is even greater
than reported (7.90 ± 0.20 m) by Laborel et al. (1979), and reaches
9.15 ± 0.20 m. The uplift observed in the eastern tectonic boundary
of the western block is 1.60 m at Petri Geraniou on the north coast
and 2.00 m at Melambes on the south coast.

Fig.12 shows the relative sea level change prediction for central-
eastern Crete during Upper Holocene and the relative sea level
change in the NW sector of the island before the uplift, as reported
by Laborel et al. (1979) and Pirazzoli et al. (1982). Sea level stands
and the respective sea level curves are discerned from geomor-
phological indicators.

The relative sea level curves (Fig. 12) indicate in the western and
central-eastern part of the island sea level rose rapidly in the
Fig. 13. Cartoon showing the history of land uplift and subse
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prehistoric period (4200 e 3450 B P), but with a significant
reduction between 3450 B P and 396 B P, when the western part
was split and uplifted. The subsequent subsidence of the entire
island occurred in two different phases: the first by 0.70 m and the
second by 0.55 m, at a rate of 3.15 mm/y (Fig. 3).

Comparing observed sea levels with predicted sea levels for the
same periods using the Lambeck and Purcell (2005) predictions, we
found that relative sea level indicators always fall below the past
sea levels. In addition, sea level changes are variable in their rates,
indicating that tectonics play a key role in changing the land e sea
relationship along the coast of Crete (Lambeck, 1995).

The easternmost evidence of uplift along the western block of
Crete in Petri Geraniou and Melambes, on the north and south
coast, respectively, and the subsidence of the coast easternmost on
the coast of Messara and Rethymnon, define a NWeSE trending
tectonic boundary, corresponding to the neotectonic graben of Spili
and its northesouth prolongation. The structural analysis in three
different sections of the fault indicates that this is a normal fault SW
dipping, with at least three events of slickenside striations. The two
older are SSW trendingwhile the younger is SW trending, revealing
subsequent fault reactivations, under a NNEeSSW tensile stress
regime (Fig. 2). Five large-magnitude earthquakes occurred in the
last 16.5 ka, accommodating two earthquakes within the last mil-
lennium, accruing a total of 3.5 m of throw, having remained quiet
for the preceding 6.5 ka (Mouslopoulou et al., 2014).

The islets of Strongylo and Koufonisi uplifted by 0.90 m at
2200 B P (Montaggioni et al., 1981), representing the western
uplifted part of a large tectonic ridge opposite the SE coast of Crete.
The gradually uplifted Cape Trachoulas up to 5.0 m (Mourtzas and
Fytrolakis,1988), the uplifted western rocky coast of Tsoutsouros by
0.35 m (Mourtzas, 1990), and the uplifted northern coast of Akrotiri
Chanion peninsula by 0.35 m that occurred after 1500, can be
attributed to local tectonic events.

10. Conclusions

Geomorphological observations performed on tidal notches and
beachrocks combined with archaeological data from coastal
quent relative sea level changes along the coast of Crete.
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installations located along the coast of Crete, have shown overall
submersion by 1.60m and by 2.65m inwestern and central-eastern
Crete, respectively (Fig. 13). This submersion occurred between
4000 B P and 396 B P. Around AD 365, when the sea level was
1.25 m lower than today, the western tectonic block split off the
eastern block in a paroxysmal tectonic event. During this event, the
western block uplifted by 9.15 m and 7.90 m in its SW and NW
extremities, respectively, and between 1.60 m and 2.00 m in its
easternmost boundaries, whereas the eastern block remained sta-
ble. After that, the coast of the entire island submerged by 1.25 m
during two subsiding episodes: the first by 0.70 m in the 1604
earthquake and the second by 0.55 m during the last 400 years.
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