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Abstract

One of the most important environmental problems in coastal areas is the saliniza-
tion of ground water. The groundwater contamination due to seawater intrusion is
usually caused by a violation of a delicate hydrogeological balance that exists be-
tween freshwater and seawater in coastal aquifers. The development of a methodol-
ogy for the prediction of the systematic sea water intrusion can contribute to the
planning of effective prevention measures in the coastal areas. The geophysical
techniques offer a suitable non-invasive method for determining the geometric char-
acteristics of an aquifer and monitoring the saline water intrusion. Among all geo-
physical techniques, the most successful methods, concerning the detection of salini-
zation in the coastal areas, are the electric resistivity and electromagnetic methods.
Seismic methods can also help in providing further geological information for the
stratigraphy. In this work, we present the preliminary results from the geoelectrical
survey conducted in Tympaki basin (Herakleio, Greece) within the framework of the
project “geophysiCaL basEd hydrogeologicAl modeling to pRevent pollution from
sea WATER intrusion at coastal areas”.
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Hepilnyn

Eva ané ta onuaviikotepo. mepifolioviika mpofinuata, mwov  eviomiloviol  oTIG
TapoKTIeS TEPIOYES, €ivor n vpaluvpiven. H oieloovon tov Oaiacoivod vepod
opeileton oty avatporh Tov gvaiotntov 100lvyiov uetald Tov YAvKOD KOI
Oalooovod vepod. H ovartoén pag oroxinpouévne uebodoloyias ue oroyo tov
EVIOTIIOUO EMEKTOONG TOV UETWTOD DPAAUDPOONG OTOVS TOPAKTIONS VOPOPOPELS,
OTOTEAEL EVOL YPHOIUO EPYALELD Y10, TOV ATOTEAEGUOTIKG GYEOIOGUO UETPMV OTOTPOTNS
ms  vpaludpivons.. Ol YewQUOIKES  TEYVIKES GTOTEAODVUIO  KOTOAANAN, — un
Katoopentikl] 1EGodo, Yo TOV TPOCOLOPIoUO TWV YEWUETPIKWOV YOPOKTHPLOTIKDY TOD
vopopopéav koi Y TopoaxolovBnon e digiodvons tov Balacaivod vepov. H
uébodog g e1dikng niekpixic aviioroons kot n nAektpouayvytiky webodog eivar o
TIO EMITOYELS Yewpvaikes uéBodol, otny maparxolodOnon emEKTAONS TOV UETOTOD
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VPAAULPOV/YAVKOD VEPOD, eV 01 oelouKkéS uEBodor aoumAnpdvovy Ty wAnpopopio
TOL AQOPG. THY OTPWUATOYPOPIO. TNV TOPOvoO. EPYOTia, TOPOVOIALOVIOL TO.
TPOKOTOPKTIKG, OTOTEAECUATO, THG YEWNIEKTPIKNG VEWQPVOIKNG OIOCKOTNONG TOD
rpayuororoinBnke oro Toumaxt Hpaxieiov, oto mAaioia tov gpevovhTikod Epyov
«geophysiCaL basEd hydrogeologicAl modeling to pRevent pollution from sea
WATER intrusion at coastal areas».

Aéeig kAerdra: Ypaludprvon, nlextpikn topoypapia, Tourwaxt, CLEARWATER.

1. The CLEARWATER Project

Coastal areas are densely populated, since they provide the best conditions for both economical
development and quality of life. On the other hand, these regions suffer more than other areas from
scarcity of fresh groundwater due to seawater intrusion into coastal aquifers. In most cases, the
balance between freshwater/seawater is disturbed by groundwater over pumping and other human
activities that lower groundwater level and ultimately cause seawater intrusion into the coastal area.

The consequences of this phenomenon can be catastrophic for the coastal aquifers, especially in
the areas where the climate is arid or semi-arid, the groundwater is inadequate and the rainfall is
the main source of freshwater. In such cases, the problem of sea water intrusion is irreversible and
the effective prediction tools are of vital importance for preventing salinization.

The project “CLEARWATER” (geophysiCal basEd hydrogeologicAl modeling to pRevent
pollution from sea WATER intrusion at coastal areas) aims to develop an integrated approach for
prediction the saltwater intrusion in coastal area that enhances the planning effective prevention
measures in coastal areas. This methodology is based on modelling, monitoring and management
of the groundwater. The key idea is the use of combinedgeophysical methods in order to monitor
the evolution of the salinity boundaries, while the innovation of this project is the development of
a comprehensive geophysical data processing tool which will guide the modelling and
management process providing additional hydrogeological parameters.

The geophysical methods provide continuous subsurface structural information with low costs.
Among all geophysical techniques, the most successful methods, concerning the detection of
seawater intrusion, are the electrical and electromagnetic methods due to their sensitivity to the
presence of the chlorine ion. Seismic methods can also help in providing information to locate
fracture zones.

The geophysical methods have been widely used for assessing intrusion of seawater into coastal
aquifers. Specifically, the electrical resistivity (Imhof et al., 2001; Kuras et al., 2005; Nguyen et al.,
2009; Hamdan and Vafidis, 2009) and electromagnetic methods (Danielsen et al., 2003; Kafri and
Goldman, 2005; Nielsen et al., 2007) have been proven to be powerful tools for the detection of
the salt water presence in the aquifer. On the other hand, seismic methods are also widely used for
depth imaging of complex structures (Haeni, 1986; Jarvis and Knight, 2002; Balia et al., 2003).
The conventional way of combining the information provided by these methods is by means of
joint interpretation of their processed data. This requires an experienced interpreter and often it’s
difficult to find a geological model which satisfies all available geophysical data.

Recently, different techniques have been developed to accommodate the interpretation process.
Most of these techniques are based on the joint inversion of the different data sets, in order to
achieve a unified geological model which will satisfy all the available geophysical data. The joint
inversion techniques reduce the uncertainty arising from the non-uniqueness of the individual
inversion (Zhang and Morgan, 1997; Gallardo and Meju, 2003; Candansayar and Tezkan, 2008).
However, the efficiency of these techniques is still examined, especially in regions of complex
geology. The CLEARWATER project focuses on the development of electric, electromagnetic and
seismic joint inversion schemes, targeting to be applied at selected coastal areas for the detection
of sea water intrusion.
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More specifically, in the project CLEARWATER, two study areas were selected, namely Tympaki,
Crete, Greece and Bafra Plain, Samsun, Turkey, using the following criteria: (a) The site must face
sea water intrusion problems at early stages. (b) It must have agricultural, tourist or any other
economical and social activity. (c) It must be located in the Black Sea region or in other region
facing similar sea water intrusion problems. (d) It is necessary to have access to geological —
hydrogeological data and boreholes.

A total of 8 sites were proposed from the partners. The evaluation system developed for the needs
of the site selection is based on 15 factors extracted from the above criteria. Each factor is given a
grade on a scale to 5, where the highest grade (5) denotes the most propitious condition for the
application of the developed methodology, while zero value denotes that the site is inappropriate.
In this work, we present the preliminary results from the geoelectrical survey conducted in
Tympaki area in Crete.

2. Geological and Hydrogeological Setting of Tympaki Area, Crete, Greece

Tympaki area is located in the south central part of of Crete (Fig. 1). Tympaki is part of the
Messara geological basin and was selected as test site for the application of the methodologies
which will be developed by the project CLEARWATER. Farming, mainly greenhouses, citrus and
olive groves comprise the main human activities in Tympaki resulting to widely developed
irrigation systems. More than 7,800 hectares are cultivated, 4,000 of which are irrigated. Irrigation
is performed exclusively by groundwater extraction, amounting to 7,000,000 m® per year.

In Crete, a large number of faults indicate an intense tectonic activity in the region. The tectonic
setting affected the integrity and continuity of the lithostratigraphic units and the faults bring in
contact different lithostatigraphic units with different hydrogeological characteristics.

Neogene deposits in Messara basin have undergone multidirectional extensional tectonic events
with intervals of small, in duration and intensity degree of compression. Tympaki sub-basin is
separated from the rest Messara basin by Festos horst. It is filled with Neogene deposits, which are
regarded as aquitard and it separates hydrogeologically the Tybaki basin from the eastern part of
Messara basin. There is only an approximately 2km - wide passage through the horst, on which
Geropotamos river flows towards the west.

Tympaki sedimentary basin was formed and evolved during Miocene. Pleistocene and Holocene
deposits dominate in the study area. The Neogene formation crops out mainly to the north of the
study area and underlies the Pleistocene deposits.

The Pre-Neogene formation crops out mainly to the north of the study area. The geological contact
of the Neogene with the Pre-Neogene formations (mainly represented by limestones) is tectonic in
the form of a fault with major direction W-SW to E-NE.

All deposits show heterogeneous sequences of conglomerates, cobbles, sands, marls and clays
with rapid lateral and vertical lithological changes, making the correlation of layers a difficult task.

Generally, the marly Neogene deposits act practically as impermeable layers, while the coarser and
uncemented quaternary deposits are the permeable units. The upper Pleistocene and recent
deposits have an average thickness of 120m in the south part of the basin and 90m in the north
while the thickness of Pleistocene deposits is more than 200 m.

The availiable geological and hydrogeological studies (show that three hydrogeological units exist
in the area: a) the Upper Pliocene to Quaternary formation aquifer, b) the Middle Miocene to
Upper Pliocene formation aquitard and c¢) the Mesozoic aquifuge formations. The continuity of
those formations is interrupted by several faults resulting in a block-faulting structure.
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Figure 1 — The area under investigation and the surveyed lines (Google earth™).

The analysis and evaluation of the pumping test data (FAO, 1972), indicate that the average
transmissivity (T) of the Neogene and Quaternary deposits reaches 1.7x10"" m*/sec corresponding
to permeability (k) 1.8x10~ m/sec (based on the apparent thickness of the formations/ drilling
depth). Moreover, the storage coefficient (S) was estimated at 7.5x10™, while the specific yield
(Sy) was calculated equal to 0.145. However, the above mentioned values are not considered
representative for the geological formations of the aquifer. Specifically, the values of T and k are
very high compared to values referred in literature (k should vary from 10 to 10 m/sec), while
the large difference between S and Sy suggests confined aquifer, that is not the case.

These discrepancies in the results of the pumping tests with the expected values from the
hydrogeological parameters, are mainly due to the following reasons:

® The wells are not perforated over the full thickness of the aquifer; therefore significant
errors arise from the usage of the conventional methods (Dupuit, Jacob, Recovery method).

® The aquifer (Neogene and Quaternary deposits) is heterogeneous (with alternating coarse
and fine materials); therefore the permeability varies with depth.

® The well screens extend for all the thickness of each permeable formation (aquifer).
® Aquifuge layers (clay, marl) which overlay water bearing formations (where the screens are
extended), create local pressure conditions.

According to a review of the pumping test programme (Paritsis, 2005), transmissivity values in the
alluvium exceed 1x10" m*/sec. Storage coefficient values are on average around 10% and in
coarser grained layers probably reach 15% or more. Transmissivities for the Lower Pleistocene
range from 5x107 to 4x10 m%sec, and the average value being around 1x10 m?/sec. Storage
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coefficients are estimated to be around 6%. Well yields in the alluvium can exceed 300 m’/h with
a drawdown of a few meters and specific capacities of 100 m’/h / m drawdown. The pumping
levels range between 3 and 7 m above the sea level.

Well yields, ca 200 m’/h, have been attained also in the Pleistocene, although the specific
capacities are remarkably lower (about 15 to 40 m*/h / m drawdown). Pumping levels range
between 20 and 40 m below the sea level.

At the central part of the plain, between Tymbaki and the Klematianos stream (Fig. 1), well yields
100 m*/h with specific capacities of 20 to 40 m*/h/m drawdown are observed.

3. Preliminary Results of the Geophysical Survey

Geophysical data have been collected using electrical/electromagnetic geophysical methods in
order to map the saline water intrusion. Twelve (12) electrical tomography lines of total 5913 m
length were surveyed, using the Wenner-Schlumberger array. 55 electrodes were used in spacings
8.5, 9 and 10 m, resulting to line length ranged from 459 m to 540 m. Sting R1/Swift AGI system
collected apparent resistivity data at 21 depth levels per line. The apparent resistivities were
subsequently inverted using RES2DINV™ software. The maximum depth of investigation was
100 m. Figure 1 shows the surveyed lines. Based on the preliminary evaluation of the geophysical
data and the existing geological and borehole data, we observe that the electrical resistivity ranges
from 5 Ohm.m (fine materials of the Pleistocene to recent deposits) to more than 120 Ohm.m
(coarse materials). Saline water saturated zones of the Pleistocene and alluvium aquifers exhibit
very low electrical resistivity values. Typical geophysical sections show that the Pleistocene
deposits at the central part of the plain between Tympaki and Klematianos stream and at depths
less than 100 m don’t encounter saline intrusion. In particular, the geoelectrical section of ERT-12
(Fig. 2) indicates a low resistivity clay layer whose thickness is around 30 m on top of a higher
resistivity zone, attributed to coarser material. According to the geoelectrical section ERT-4 (Fig.
3), the Pleistocene formations are highly heterogeneous. The lower resistivity zone at depths
greater than 80 m in ERT-3 (Fig. 4) is attributed to Neogene formations according to a nearby
borehole. Figures 5 and 6 present geoelectrical sections from the NE part of Tympaki sub-basin,
where groundwater contamination due to sea water intrusion has been observed. More specifically,
geoelectrical section ERT-2 indicates that seawater intrusion (very low resistivity) zone is present
at depth greater than 30 m. Similar images are given by the electromagnetic method TEM which
scanned the Tympaki sub-basin.

4. Conclusions

The preliminary investigation at Tympaki sub-basin, where Neogene deposits unconformably lie
over the pre-Neogene basement and Pleistocene to recent deposits lie over the Neogene formation,
indicate that the aquifers in these formations are heterogeneous with alternations of coarse and fine
materials and exhibit seawater intrusion at depths less than 100 m at NW Tympaki.

Figure 2 — Geoelectrical section of ERT-12.
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Figure 3 — Geoelectrical section of ERT-4.

Figure 4 — Geoelectrical section of ERT-3.

Figure 5 — Geoelectrical sections of ERT-2 (up) and ERT-5 (down). They are 46%
overlapped.

Figure 6 — Geoelectrical sections of ERT-7 (up) and ERT-8 (down). They are 40%
overlapped.
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