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Abstract

Beachrock (Br) is encountered on the coastal zones, playing an important but also
complex role in their morphodynamic evolution. Although Br has been widely studied,
two important issues require further investigation. The first concerns the importance
of the interaction of the dynamically changing coastal environment with the temporal
changing surficial and underground hydrogeological balance. The second has to do
with the spatial distribution and the evolution of Br with respect to the specific “host”
coastal zone geo-environment. This paper designates the electrical resistivity method
as a tool that contribute in arguing in the abovementioned issues. The research
comprised subsurface measurements with the DC resistivity method along two
profiles located on Vatera beach (Lesvos Island), where there is a significant Br
outcrops. Twelve geoelectric soundings were carried out using the Axial Pole-Dipole
electrode array. The electrical resistively measurements permitted an indirect
estimation of TDS, which depicts the coastal interface of fresh water - sea water. The
interpreted geoelectric model shows two thin formations attributed to Br. The first is
the inland extension of the Br outcrop and the second it is believed to be a primary
stage of Br build up.
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Iepitnyn

To Beachrock (Br 7 mopaiioxol wouuiteg) supaviletor oe mopdkties {veg kar £yl
obvBeto polo 66ov apopa. ot poppodvvopurhy eéelién tovg. Av kot to Br Eyer uedetnOel
eVpPéwg, watooo, 0o Paaixad Géuara ypnlovv emimpoobetns épevvag. To mpwTo agopd
oty onuacio TG OAANAEmIOpaons Tov  OLVOUIKG  UETOPOAAOUEVOD  TOPAKTIOD
TEPIPAILOVTOS ILE TNV YPOVIKC. UETOLOALOUEVN ETLPAVELOKT] KL DTOYELQ DOPOYEWAOVIKH
1oopporio. To dedtepo Oéuo Exet vo, kAvel pe ) ywpikh kotovoun kot v eéelién tov
Br oe oyéon ue ovykexpiuévo mepifirlov mov 1o “pilolevei”. H mapodoa gpyacio
ovadetkvoel ) uéBodo tne E10IKNG NAEKTPIKNG OVTIOTAONG TOD DTEOGPOVS, WG EVOL
ovyypovo  Epyalgio TOv uUTOpEl  va.  ooufoier  otp  UEAETH TWV  TOPATAV®D
rpofinuotioumv. H épevova mepiédafie uetpnoeis we t yewnlextpixn uébodo ooveyoig
PEVUOTOS KATG UHKOS ODO TOUMV oty Topolrio. twv Botepdv g Aéofov, omov
TOPATPOOVTOL CHUAVTIKES ETLPOVEIOKES Eupavicels Br. IpayuotomoinOnray dwoeko
yewnlektpikes folookomioels, ue ovamroyua nlextpoodiowv Axial Pole-Dipole. O:
UETPHOEIS THG ELOIKNG NAEKTPIKNG AVTIOTOONS ETETPEWOY uia Euueot extiunon tov TDS,
70 0010 ATEIKOVILEL TNV dIETIPAaVELa YyAvKoD-Ooiaoaivod vepod. Kata v epunveio tov

2323




YEWNAEKTPIKOD LOVTEAOD avadeiyOnkoy dvo oynuotiouol mov aviiotoryodv oe Br. O
TPATOS amotelEl exéktacn Tov Br mpog v Enpd kot o dedrepog motedetou on eivar Br
0€ TPAUO TTAOI0 WPIHOVOHG.

Aééeig kAerdid: beachrock, rapdrtio {dvn, yewpooiki épevva, Aéafog.

1. Introduction

Beachrock (Br) (or coastal sandstone) is encountered on the coastal zones as a modern and dynamic-
evolving phenomenon with a complex role of either degrading irreversibly the beach or in the case
of submerged Br in protecting vulnerable beaches (Vousdoukas et al., 2007). Overviews of the Br
appearance worldwide, characteristics, origin and morphodynamic evolution and impacts and
possible usage are mainly described in two review papers of Vousdoukas et al. (2007) and Danjo
and Kawasaki (2012). Br is found mostly in the tropics - subtropics and temperate shores, its form
and orientation varies greatly and they are mainly identified beneath a coastal sediment cover within
the transitional mixing zone as a resulting effect of sea and coastal water interaction under the
supratidal zone conditions (e.g.Erginal et al., 2010; Caron, 2012).

The Gulf of Vatera is located on the south coast of Lesvos island in the northeastern Aegean Sea
(Figure 1). Itis a long curved beach, it has a total length of about 7 km, being less than 50m in width
and it is confined in-between two small rivers -the Armyropotamos to the west and VVourkopotamos
to the east-, whereas smaller ephemeral streams drain mainly to the eastern part of the beach. The
wider coastal area is bounded by two rocky capes, Agios Fokas to the west and a high and
tectonically affected coastal cliff to the east. Along specific parts of the beach there is significant
appearance of Br, which has been the subject of previous studies (Vousdoukas et al., 2007, 2009).
However, it remains under investigation (i) the importance of the interaction of the dynamically
changing coastal environment with the temporal changing surficial and underground
hydrogeological balance (freshwater-saltwater mixing and its interaction/effect with the Br during
its leakage) and (ii) whether the spatial distribution and the evolution of Br is in direct relation to
the specific “host” coastal zone geo-environment. Within this framework a small scale geoelectrical
survey was carried out, as part of an ongoing geophysical study, by using the Direct Current (DC)
resistivity method in order to outline the subsurface spatial distribution of Br and adjacent coastal
formations as well as their geoelectric characteristics, which could lead to useful conclusions
regarding the geological host environment and to delineate the saline - fresh water transitional zone,
so as to study its possible influence in the Br formation. Geophysical surveys focused on mapping
Br are rather scarce (if absent) in the literature, with those of Psomiadis et al. (2009) and Kubo et
al. (2013) being the most recent ones.

2. General Beachrock characteristics

The Br is either fragile or well laminated sedimentary rock or 'hard' coastal sedimentary formations
or stratified sandstones, originating from the mixing of the various geological coastal materials (e.g.
sand, pebbles etc.) (eg. Rey et al., 2004). Br is formed within the coastal zone quickly (probably
within a year). It can record any morphological change along the coastline (Coxet et al., 2008).
Moreover it can alter the physical nature of beaches and impact on the ecology (Brattstrom, 1992),
the balance, the supply and the distribution of sediments along the coast, presenting seasonal
morphological changes that differ from the expected ones (e.g. Rey et al., 2004; Vousdoukas et al.,
2007; Psomiadis et al., 2009). The changes in the transitional zone (mixing freshwater - seawater)
in coastal areas play an important role in the genesis of Br. It exhibits a wide variation of physical
characteristics related to a cementation process and therefore to the properties of the consolidated
mass (Rutten, 2011). The connective - adhesive material of Br is carbonate, stemming from direct
precipitation from seawater or fresh water (Kelletat, 2006). Porosity, permeability, energy
conditions (waves, currents), the geographic location and the local weather conditions and water
temperature determine the course of cementation (e.g. Chowdhury et al., 1997). Dolomitization
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andCO- degassing lead to mineralogical changes and create Br (e.g. Back et al., 1983; Arrieta et al.,
2011). Also an important role must play the biological activity (role of bacteria in the cementing
process) (e.g. Neumeier, 1999). Besides, the rainwater acts as the "carrier" of chemical and
biological elements through surface and subsurface environments.Moreover, their formation might
be affected by the morphology and the structure of the coastal zone and their interaction with the
coastal hydrodynamics (Scoffin ko Stoddart, 1983; Shinn, 2009; VVousdoukas et al., 2009; Arrieta
etal., 2011).

Figure 1 - (a) Location of the study area in Lesvos island, (b) position of the profiles
presented in figure 4, (c) photo of profile 2 next to the Br outcrop and (d) a closer image of
the Br outcrop along the shoreline.

3. Methodology

It is widely known that there is a relationship between the electrical conductivity and the physical
characteristics and rock properties (e.g. the conductivity of the water filled pores, the porosity and
the degree of saturation of the formation etc.). The DC resistivity method can determine the electrical
properties of rocks and specifically the apparent electrical resistivity p (ohm.m) by measuring the
intensity | of the electric current supplied to the subsoil by a pair of electrodes (current electrodes)
and the voltage AV recorded in a separate pair of electrodes (potential electrodes) principally located
in an intermediate position between the current electrodes (Figure 2 and Equation 1).

Equation 1 — apparent electrical resistivity p
p=K(AV/)

where K is a coefficient depending on the geometry of the electrode array being used (Telford et al.,
1981). The determination of electrical resistivity at different depths within the Earth is achieved by
taking a series of measurements of the above physical quantities for successively increasing current
and potential electrode spacing. This process is called Vertical Electrical Sounding (VES). One of
the most common electrode configurations is that introduced by Schlumberger (Equation 2).
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Equation 2 — geometric coefficient K
K=n(AB/2)’MN

where AB and MN are the distances between the two current and the two potential electrodes,
respectively (Figure 2a).
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Figure 2 - (a) The basic configuration of current (A, B) and potential (M, N) electrodes in the
VES method (continuous curved lines: electric current lines; dashed curved lines:
equipotential lines of electric field between current electrodes (from geoFact, 2014). (b)
Equipment setup for the Axial Pole-Dipole array.

The electrical resistivity p of rocks can be determined as a function of depth by increasing
successively the distance between the two current electrodes. For a total number of N distances
between the current electrodes, the apparent electrical resistivity pn corresponding to each distance
using equation (1) is:

Equation 3 — apparent electrical resistivity pn relative to the n-th measuring distance AnB/2
pn:Kn(AVn/In)

where n=1,2,3, ... N and AVn the potential difference, Inthe electric current intensity and Knthe
geometric coefficient relative to each current electrode distance A.B/2.

In this study, I and AV measurements were performed using a version of the widely known
Schlumberger electrode array (Telford et al., 1981) that is known either as «half-Schlumberger»
(Akintorinwa and Abiola, 2012), or as «Axial Pole-Dipole» array (Chandra et al., 2004). The main
criteria for the selection of this particular electrode configuration was first ensuring less time and
employees to conduct measurements and second the applicability of the method in a relatively
limited space. According to this method, one of the two current electrodes (e.g. the current electrode
B) is placed at a fixed point, at a large distance (about 3 times the maximum AB/2) away from the
centre O of the array and in a way that OB is perpendicular to OA (Figure 2b). Then electrode A is
moved successively at the prescribed positions Aj, Az, As,...,An, Where N is the total number of
measurements. The apparent electrical resistivity pn, which corresponds to each of the distances
AnB/2 is calculated by combining equations (2) and (3), however, the potential difference AVis now
doubled in order to balance for the loss of half of the voltage gradient measured at the potential
electrodes M and N.

In order to demonstrate the sea water - fresh water mixing, the total dissolved salts (TDS) distribution
was estimated (Bernard, 2006) by using equation 4 and under the assumption that the loose coastal
geological formations (fluvial-alluvial, coastal sediments etc.) permit sea water presence in the
coastal area.
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Equation 4 — Total Dissolved Salts

TDS (mg/l) =0.7¢

where ¢ = electrical conductivity (uS/cm) = 10000 / electrical resistivity (ohm.m).
3.1. Data Collection and Processing

The electrical resistivity measurements were carried out using a measuring system, consisting of a
DC resistivity meter designed and developed by Galanopoulos and Kolettis (2005) and a twelve core
cable connected to the meter via a mechanical switch box (Figure 2b). The field measurements were
carried out during May 2014 and comprised 12 «Axial Pole-Dipole» VES, located along 2 profiles
of SSW-NNE direction (Figure 1). All VES had a maximum AB/2 of 13m. Profile 1 is 25m long
and consists of 7 VES having a spacing of 2-5m. Profile 2 is shorter (16m long) and consists of 5
VES having a spacing of 4m. Outcropping Br was detected only in profile 2 along the coastline and
the measurements started directly next to the outcrop (Figure 1).

For each current electrode distance AqB/2, the data collection consisted of measurements of electric
current intensity I, the voltage AV and the self-potential (SP) of the Earth. SP is the potential
difference measured between the potential electrodes M and N in the absence of any artificial current
flow. This potential difference is due either to bioelectric activity in vegetation, varying electrolytic
concentrations in ground water or to the flow of natural electric currents (telluric currents) within
the Earth, which are induced by the varying magnetic field of the Earth as a result of various
magnetospheric and ionospheric phenomena (Telford et al., 1981). SP was taken into account in
each measurement of | and AV, by subtracting its value from the corresponding value of AV.

Application of equations (1)-(3) to the 12 VES data sets lead to the construction of an equal number
of VES curves of apparent electrical resistivity versus AB/2 (Figure 3). The data processing of each
VES was completed with the preparation of a one (1-D) dimensional geoelectric model (Figure 3)
using JOINTEM, a geophysical modelling and interpretation software of EM and VES data made
by Pirttijarvi (2014).

DC interpretation
VES VAOQ7 Vatera Beach Lesvos Island

Res.(Obmm)  Depth (m)  Thick.(m)

1. 25.34 0.0 0.540
2. 2.67 0.540 1.80
3. 2.03 2.34

Data: DC (thick)

RMS: 0.01841 (weights off)

Apparent resistivity (Qm)

100 r
10! 10° 10! 102 10° 10! 10°
Resist.(Obmm)
2
©  Measured AB(2)(m)
Computed

Figure 3 - Apparent electrical resistivity versus AB/2 and 1-D electrical model for VEST7.

4. Results and Discussion

Appropriate combination of the derived 1-D models resulted in two geoelectric cross-sections
showing the variation of the subsurface electrical resistivity with depth (Figure 4). Both geoelectric
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cross-sections designate a similar subsurface electrical structure. The deepest common feature is a
very low resitivity (0.5-2.0 ohm.m) geoelectric basement, whose thickness is 1-3m at Profile 1 and
1-5m at Profile 2. The depth to the top of the basement varies from sea level to ~4.5m below sea
level. This figures the expected seawater intrusion, which has either filled the pores of the existing
geological structures or has been mixed up with fresh water. In order to support the above
interpretation with respect to the sea water - fresh water mixing the total dissolved salts (TDS)
distribution below profile 1 is provided in figure 5.
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Figure 4 - Geoelectric cross sections compiled from 1-D models along Profile 1 (a) and Profile 2

(b).

The geoelectric basement is overlain by a less uniform and relatively more resistive (2.0-60.0
ohm.m) intermediate layer in both profiles, probably indicating a gradual decrease of the sea water
content in the coastal aquifer. The main characteristic of this layer is the gradual, lateral increase in
resistivity from 2.0 to 60.0 ohm.m at Profile 1 and 2.0-40.0 ohm.m at Profile 2, towards a NNE
direction. The only difference is that at the NNE end of profile 1, the resistivity of this layer drops
to 15.0 ohm.m, suggesting a different geoelectical formation that can be attributed to an alluvial-
fluvial deposit, where fresh water content is most probably higher, also due to its geographical
position, near the adjacent Armyropotamos river.
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On top of this intermediate layer there is a surficial more resistive unit (10.0-900.0 ohm.m), which
is also characterized by a gradual, lateral increase in electrical resistivity, towards the NNE. This
feature is interpreted in terms of the expected gradual lateral decrease of the sand moisture that is
more prominent along Profile 1, because of the more intense topography and the distance from the
coastline.

Along profile 2, which is situated immediately next to a surface Br outcrop along the shoreline (at
VES12), the following geoelectical characteristics are figured: (i) there is a 25.00hm.m thin (0.35m)
structure that is the subsurface extension of the adjacent Br outcrop, (ii) a 7-10.0 ohm.m geoelectric
structure is observed to the NNE, which is believed to be the lateral extension of Br, sandwiched in
between the surficial highly resistive unit and the intermediate layer, and (iii) the 7-10.0 ohm.m
geoelectric structure has the same geometrical characteristics (thickness) and it is detected almost at
the same elevation relative to the mean sea-level, with the observed Br.

The 25.0 ohm.m block underlies a 0.5 ohm.m surficial layer that correlates with the presence of a
sea-water saturated, unconsolidated sand.

LESVOS - VATERA GEOELECTRIC PROFILE 1

4
0,0

-2,0-

-6,0—

AB/2 (m)

-8,0—

10,0 -

12,0~ =

s e N B e o e o ! B S e T T T T
0,0 2,0 4,0 6,0 8,0 10,0 12,0 14,0 16,0 18,0 20,0 22,0 24,0

DISTANCE (m)
: . : . ! TDS (mg/)
0 1000 2000 3000 4000 5000 6000

Figure 5 - Distribution of TDS as a function of AB/2, bellow profile 1.

Psomiadis et al. (2009) used electrical resistivity tomography for mapping the subsurface extend of
Br between the villages Sotira and Kallirahi, in the western part of Thasos Island in Greece. The
method gave reliable results in relation to in situ observations of the depth and dimensions of Br,
which was identified with rather very low electrical resistivities of about 2-15 ohm.m. Kubo et al.
(2013) employed both the DC resistivity and seismic methods to investigate Br on Yagaji Island in
Japan, where it was found to have low electrical resistivities of about 4-40 ohm.m, small thickness
of about 1m with a tendency to become thicker closer to the sea. During this survey in Vatera beach
two thin formations with different geoelectrical characteristics, but being almost similar in thickness
and in topographic level are attributed to Br of successive maturity stages. The submerged formation
near the coastline, although limited in extent, has a uniform electrical resistivity value of 250hm.m,
whereas the buried formation towards the inner part of the beach has low electrical resistivity values
(7-10 ohm.m), however within the range observed elsewhere (Psomiadis et al., 2009; Kubo et al.,
2013) and probably resembles to a primary stage of Br build up. This hypothesis is supported by
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Vousdoukas et al. (2007, figure 4 of that paper), who ground-truthed a buried beachrock, about
1000m besides profile 2, after mechanical removal of the overlying unconsolidated beach sediments.
The surficial sediments had a wedge-shape, similar to those of profile 2, whereas the detected Br
had a similar texture to that of the ambient sedimentary material.

Employment also of other geophysical methods (dipole-dipole geoelectric method, magnetic,
seismics) together with geotechnical and geochemical testing of the different Br formations and
monitoring in different seasons would support and verify the findings of successive stages of Br
build up and extend.
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