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Abstract

The present study investigates the existence of a "palaeo-foreshore zone" at Molos
beach in or after 1884 A.D., as defined in the Greek legislation (Law 2971/
19.12.2001). To this end, existing geological and climatological information were
gathered, detailed geomorphological mapping was carried out and surficial sedi-
ment samples were collected along a shore-normal transect extending from the
backshore to the nearshore (subaqueous) zone. In addition, sedimentological
/stratigraphical data were obtained from two trenches (1.5 m and 3 m deep) that
were excavated on the landward side of the coastal dunes. Topographic maps, aerial
photographs and satellite images are used to study the recent changes of the shore-
line position. On the basis of the above, it is concluded that the current backshore
zone has recently evolved from a shallow lagoonal, to a terrestrial environment. The
submerged beach rock formations are at similar water depths (0.3-0.4 m) with those
observed in other islands of the Cyclades complex (i.e. Rhenia, Naxos) whose for-
mation has been radio-carbon dated at least 200 years BP, indicating that the 1884
A.D. shoreline was not landward, but approximately 15 m offshore relative to its
present position
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Hepilnyn

2y mapovoa uelétn digpevvazar n vrapln Talolod aryioiod oty mopoiio tov M-
Aov ¢ Nijoov Ilapov katd to 1884, ornws opiletor omd v EAnviky NouoOeoio,
(Nopog 2971/19.12.2001). I'ta. 10 okomd avto ovAléyOnkay yewloyikd koi KAoTIKG
OEOOUEVO, VIO, TV TEPLOYN UEAETNG, EYIVE AETTOUEPNHS YEWUOPPOLOYVIKY YOPTOYPOPHTN
xar  ovlloyn yepoaiwv koi vmoBoidooiwv Wnudtwv, Kkobwg koi avalvon
1 HUATOLOYIKWOV/OTPWUATOYPOPIKDYV OEOOUEVWV amd 0D0 oplyuate (Babovs 1,5 kai
3m) mov avopdybnkov oty yepoaio whevpo e {wvns Owvav. Ot mpdopotes
HETOPOIES THG BEONS THG OKTOYPOUUNG LEAETHONKAY UE TH YpHoN 0EPOPWTOYPAPIDY
Kal 00puPopIK@V EIKOVV. Bdoel twv mopamdve, cvumepaivetor Ooti N onuepIvy
omobomapolio Exer eCeliybei omo pnyn Auvobalaooa oc yepoaio mepifialiov. Ot
nuipvbiopevor axrorifor (mov ovvaviwvior oe fabog 0.3-0.4 m) eivor avaloyor ue
TOPOUOIOVS GYNUOTIGUODS 0L 0Tolol Exovv fpebel kou oe dlia vhoia twv KvkAddwv
(Pnveia, Nalog), n onuiovpyia twv omoiwv Exel mpoaoiopiobei (podioypovoldoynon
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14C) og >200 étn BP. Xvumepoouatixd, n axtoypouun me noapaiios 1ov Mmoo kota
10 1884 Ppioxorov wepirov 15 m mpog ty alaocoo oe oyéon e t onuepivy s Géon.
Aéeig kierora: Iopalio-vloxag, fobiousvy axroypopud, axtoribo.

1. Introduction

According to Greek Legislation (Law 2971/19.12.2001), the Greek State does not recognize
private property which is located today seaward of the coastline position of 1884 A.D. Due to the
lack of accurate topographic maps before 1900, the determination of the 1884 shoreline position
can be achieved only through the study of the geological/geomorphological evolution of each
individual stretch of coast over the past centuries. Such studies have been carried out for a number
of Greek coastal zones (e.g. by Pehlivanoglou and Papathanasoglou (2004) for the coastal front of
the city of Heraklion, Crete).

The present investigation examines the existence of a "palaeo-foreshore zone" at Molos Beach of
Paros Island, with reference to the year 1884 A.D., based on the evolution of the backshore zone,
its morphological and sedimentological characteristics and published information.

2. Study Area

Molos beach is located in Kefalos Bay of Paros Island in the Aegean Sea, Greece between
Antikefalos cape (North) and Kratzi cape (South) (Figure 1). Its coastline is 1 km long, with N-S
orientation. Geologically it belongs to the Attico-cycladic geotectonic zone, which is characterized
by light seismicity and the presence of metamorphic rocks. The coastal plain landward of the
beach consists of Quaternary alluvial deposits, which lie on top of the “Marmara” metamorphic
unit. Molos Beach is a pocket-beach (see Figure 1), with beach rock formations visible at its
central and southern parts. Landward of the beach, there is a dune field with dunes up to 2.5 m
high, which have been partially destroyed by the construction of a coastal road and other
anthropogenic interventions (agriculture, buildings, etc.). At the southern part of the beach, the
dune field is wider (60-70 m) with most of its surface covered by perennial trees. The study is
focused at the central and southern part of the beach, since its northern part hasn’t been
significantly affected over the years.

Figure 1 — Location of the study area.

At the central and northern parts of the beach zone, the dunes are absent, and there is a large
abandoned agricultural field, which is flooded sporadically by the main torrent that debouches at
the northern end of Molos beach. The associated agricultural coastal plain, consisting of Holocene
alluvial deposits is characterized by small slopes (<5%). These, in association to the low rainfall
levels, indicate a limited sediment influx to the shore.
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On the contrary, the northern and southern parts of Kefalos Bay have high slopes (25-30%) and
consist of highly erodible lithology (alluvial deposits, molasses, schists) representing, most
probably, the main source of beach sediment. The presence of a large number of wells indicates a
surficial aquifer of fresh or slightly brackish water.

The N and NE winds are dominant in the broader area, with an annual frequency exceeding 50%
(Poulos et. al., 2012). In Kefalos Bay, the dominant winds are from the E, with annual frequency
of 1.12%. The most frequent wind speed is 13 knots, with an annual frequency of 18.72%.
Maximum wind speed is associated with E winds up to 55 knots, having an annual frequency of
0.01%.

Molos beach is affected mainly by wind-generated waves of E origin. Their maximum wave
heights (Hmax) and periods (Tmax) are 1.43 m and 4 s, respectively, occurring during March, with a
mean annual frequency of occurrence about 0.1% (Poulos et al., 2012). NE and SE wind-generated
waves affect the beach (mainly the southern and northern ends of the beach, respectively) only
after diffraction and refraction and are associated, therefore, with reduced wave energy and weak
nearshore currents (Poulos et al., 2012).

The rate of sea level rise in the study area does not exceed 1 mm/year, as shown by Poulos et al.
(2009) and Pavlopoulos et al. (2010).

Regarding the human intervention, Molos Beach is characterized by: (i) the construction of a small
fishing shelter at the southern end of the beach; (ii) the construction of a coastal road along the
beach and on top of the seaward side of the dune field and (iii) the removal of beach sediment dur-
ing the cleaning of the beach face from seaweeds at the beginning of each touristic season..

3. Materials and Methods

The coastal stratigraphy in the area of the dune field was studied through the analysis of 15
sediment samples obtained from two trenches (1.5 and 3.5 m deep), which were excavated at a
distance of 70 m (Trench 1) and 77 m (Trench 2) from the coastline (Figure 2). The foraminifera
and gastropods contained in the samples were identified and classified with respect to their habitat.

Coastline displacement was investigated through the extraction and intercomparison of shoreline
positions from aerial photographs taken in 1945, 1960 and 1997 and two satellite images of 2005
and 2010, in a GIS platform.

One water sample was collected from Trench 2 at a depth of 1.5 m (0.2 m above mean sea level),
while a second water sample was collected from an existing well (Figure 2), 1 m above mean sea
level. Both water samples were analyzed in the Laboratory of Environmental Chemistry and their
conductivity and pH were determined.

To study the morphology of the coastal zone, a shore-normal topographic profile was measured in
the central part of the beach, from the trench area in the dune field to a water depth of 4 m. Eight
surficial sediment samples were collected along this profile and were analyzed and classified
according to Folk (1974) (Figure 2).

The subsurface lateral extent of the observed beach rock formations together with the thickness of
the beach material covering them, were investigated with the use of a hand-driven, 6 mm in
diameter, penetration rod. Probing every 5 m along beach and along the shore-normal profile, the
existence of a subsurface beach rock formation (below a few centimeters to a few tens of
centimeters of sandy sediments) was accurately mapped and is shown in Figure 2 (red dots)
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Figure 2 — Aerial photograph of the southern half of Molos Bay, showing the shore-normal
profile, the two excavated trenches, the sediment sampling locations and the surficial beach
rock formations.

4. Results and Discussion

The subaerial part of the beach has an average width of 20 m (from the shoreline to the foot of the
dunes) and it is characterised by low slopes.

In the subaqueous part of Profile 1, the seabed slopes gradually up to the depth of 4 m. At a
distance of 50-80 m from the coastline, at a water depth of approximately 1 m, a short (0.5 m high)
bar is present, indicating the location of a breaking zone (Figure 3).

The dune field, the subaqueous bar and the seabed at depths greater than 4 m consist of sand (S),
whilst the remaining parts consist of relatively coarser material (i.e. slightly gravelly sand (g)S).

The first beach rock formation (closer to the coastline) is visible about 15 m seaward of the coast-
line and has a width of up to 10 m, extending to a water depth of 0.4 to 0.8 m (Figure 3). Penetra-
tion tests showed that beach rocks are present all along the beach face under a 10-20 cm thick
sandy layer, extending to approximately 10 m landward of the shoreline. Beach rocks are not pre-
sent in the upper part of the beach (close to the dunes), however at a depth of 0.5-0.7 m a gravelly
layer (~5 cm diameter) is found. There are no surficial beach rock formations and no buried beach
rocks have been detected in the northern part of the beach. This absence of beach rocks may be
related to the discharge of an intermittent stream in the area.
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The second beach rock formation, found at a distance of about 25 m from the coastline, has also a
width of 10 m and lies between 0.6 and 1 m below mean sea level.
At about 0.5 m below sea level, the two beach rock groups merge, creating an underwater step.
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Figure 3 — Topographic profile of the Molos coastal zone showing the locations of the two
trenches, the surficial sediment samples and the beach rock formations (B.R.) along with the
granulometric characterisation of the surficial sediments (S: sand; gS: gravelly sand; (g)S:
slightly gravelly sand).

Based on radiocarbon dating, beach rock formations in the Cycladic islands (Paros, Naxos) indi-
cate the existence of submerged old coastlines 35+5 cm below present sea level, 232 years B.P.
(Evelpidou et al., 2009 and 2012). On the basis of these observations, the shallower beach rocks
(water depths 40-75 cm) found in Molos beach could not be formed later than 200 years B.P.. The
sedimentological and lithostratigraphic analyses of the sediment samples collected from the two
trenches (Figure 4) have shown that the surficial layer in both trenches is about 50 cm thick and
consists of gravelly sand (Trench 1) and muddy sand (Trench 2); it is a mixture of acolian sands
and fluvial deposits, reworked by agriculture.
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Figure 4 — Stratigraphic columns from the two trenches. Elevations relative to mean sea level
are indicated on the left side of the columns and sediment sample levels are indicated on the
right side. The arrows indicate the level of the groundwater table. (S): sand, (sM): sandy
mud, (sZ): sandy silt, (gS): gravelly sand, ((g)S): slightly gravelly sand, (mS): muddy sand.
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Beneath the top layer, the material becomes finer (i.e. sandy silt (sZ) — Trench 1 (for 0.5 m) and
sandy mud (sM) — Trench-2 (for 1 m). Based on their position (>0.5 m above mean sea level),
their macroscopic appearance and their texture (very fine grains), it is concluded that the sediments
of this layer are of terrestrial (or lagoonal) origin. This is because the geology and the hydrody-
namic regime of Molos bay preclude the deposition of silty and muddy sediments in the coastal
zone (Poulos et al., 2012). Farther down in Trench 1, the silty layer is followed by a muddy and
slightly gravelly sandy layer (0.7 m thick) and finally by a muddy layer. These layer successions
indicate a lagoonal deposition environment, with a periodical feeding of coarser-grained torrential
material.

In Trench 2, the muddy layer is interrupted by the presence of thinner layers of brownish muddy
sand.

The various species of foraminifera and gastropods identified in the Trench-2 samples, together
with their deposition environments, are given in Table 1.

Table 1 - Foraminifera species analysis.

Sample No bSe?oTvplls gfp(tll:l) Foraminifera species Environment
10 0.5 - Terrestrial
13 1 e Quinqueloculina sp. |® Oridorsalis Marine
o Cibicides o Ammonia (S;lalll(()}’v})l -
o Elphidium o Gyroidina rackis
14 1.3 - Terrestrial
o Elphidium ® Quinqueloculina Marine
15 1.5 ® Rosalina globularis ] ) (shallow) -
o immonia o Oridorsalis brackish

The first half meter below mean sea-level (sample 10) is characterised by the absence of
foraminifera (Table 1). Its brownish colour, indicates a terrestrial deposition environment. On the
other hand, the foraminifera found in samples 13, 14 and 15 (1-1.5 m below the upper layer)
indicate a shallow marine to terrestrial deposition environment. Concerning the Gastropods (Table
2), the first 0.5m below mean sea level is characterized by the presence of land snails (Helicidae)

Table 2 - Gastropod species analysis.

Sample| Sample depth . .
No |below m.s.l. (m) Gastropod species Environment

10 0.5 e Helicidae o Hydrobia sp. Terrestrial

® Hydrobia sp. | Myosotella myositis Fresh

resh —

13 1 e Barleeia sp |8 Truncatella subcylindrica brackish

e Helicidae

o Truncatella subcylindrica Terrestrial —
14 1.3 .

o Myosotella myosotis brackish

o Truncatella  subcy- . Marine
15 15 lindrica '2@ OS?;”“T’W (;ZSZ "1 (shallow) -

o Hydrobia acuta *fussowdae frocmaae brackish
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and a few Hydrobia species, indicating rather a terrestrial deposition environment. In sample 13
the presence of land snails is significantly decreased and the fresh — brackish water gastropod
Hydrobia sp. (Reizopoulou & Nicolaidou, 2004; Pavlopoulos et al., 2010) is abundant,
accompanied by few specimens of Truncatella subcylindrica and Myosotella myosotis. T.
subcylindrica lives high on the shore, under stones, wood and plants, in places occasionally wetted
by seawater (Poppe & Goto, 1991) and M. myosotis is common in marshes and among rolled
stones above the supratidal level (Martins, 1999). In sample 14 abundance of the gastropod
Truncatella subcylindrica is observed along with Myosotella myosotis. Finally in sample 15 few
specimens are present and belong to the species Hydrobia acuta, Truncatella subcylindrica and
Mpyosotella myosotis. Hydrobia acuta inhabits brackish and saline coastal lagoons and also occurs
in the littoral zone (Britton, 1985).

Thus, this backshore zone represents a transitional area from a rather shallow marine to lagoonal
(with some terrestrial influxes) to finally terrestrial environment, covered by the aeolian sands of
the present-day dunes.

The results of the chemical analysis of the water samples collected from the backshore zone
(Figure 2) indicate a low degree of salinization of the coastal aquifer (Table 3). Considering that
the water samples were collected in July, the increased salinity of the well is attributed to the
intense evaporation of the stagnant water of the open well during the summer period. Hence, no
intrusion of sea water was detected, a result that is attributed to the high groundwater table and the
clayey character of the top layers of the terrestrial deposits.

Table 3 - Chemical analysis of the water samples.

Conductivity
Salinit t H
alinity (ppt) (pSiemens/cm) P
Trench 2 8.1 13.8 7.7
Well 329 50.1 7.2

From the comparison of satellite images and aerial photographs (Figure 5), the northern and
central parts of Molos Beach seem to have remained rather stable between 1945 and 2010
(shoreline displacements <5 m). At the southern part of the beach, a continuous shoreline retreat is
observed from 1945 to 2005 (~20 m), followed by a slight progradation between 2005 and 2010
(~5 m). An exception to this trend is the area close to the fishing shelter at the southern end of the
beach, where the shoreline remains stable from 1945 to at least 1960, shows significant
progradation in 1997 and 2005 (~20 m) and then retreats to the 1960 position in 2010. The latter
shoreline changes are most probably of anthropogenic origin and associated with the construction
and maintenance of the fishing shelter.

5. Conclusions

Based on the above-mentioned geomorphological, sedimentological and stratigraphic findings, it is
concluded that after the phase of rapid sea level rise that followed the last glacial period, and most
probably during the last 4000 years, a barrier beach was formed in the coastal zone of Molos,
which separated the alluvial plain (terrestrial environment) from Kefalos Bay (marine
environment). A shallow lagoon with intermittent connection to the sea was formed landward of
the barrier beach. Sediments of terrestrial (fluvial) origin were deposited in the lagoon when the
inlets were closed, whilst beach sediments and shallow marine fauna were transported into the
lagoon by the local hydrodynamic processes and deposited close to the barrier beach, mixed with
terrestrial sediments, when the inlets were open (e.g. after significant storms).
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Figure 5 — Changes of the shoreline position of Molos Beach between 1945 and 2010, based
on aerial photographs and satellite images.

Taking into account the rate of sea level rise (~1 mm/year) during the upper Holocene (Poulos et
al., 2009) and the elevation of the lagoonal deposits with respect to the present sea level, the
formation of the lagoon could go back to1000 years BP.

The two beach rock formations at water depths of 0.4 and 1 m are evidence of old shorelines
which are now submerged. The fact that the younger beach rock formation (at 0.4 m depth) has
been dated in nearby islands at 232 years BP leads to the conclusion that 232 years ago the
shoreline was located approximately 15 m seaward of its current position.

The comparative study of topographic maps, aerial photographs and satellite images showed that
during the last 67 years there was no shoreline progradation. On the contrary, the shoreline of the
north and central part of the beach remained stable, whilst the shoreline of the southern part has
retreated.

On the basis of the above, it is concluded that during at least the last 300years (taking into account
the time needed for the formation of the younger submerged beach rocks) the shoreline of Molos
has not prograded and therefore the present-day backshore of Molos Beach (including the dune
field) was not a “palaco-foreshore zone", according to the Greek legislation, as the shoreline of
1884 A.D. is currently submerged.
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