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Abstract

:

This study focuses on the hydrogeological conditions in the coastal (Thriassion plain) and submarine (Eleusis Gulf) environment of West Attica, Greece. Up to now, the predominant aspect for the Thriassion plain groundwater—hosted within the Neogene-Quaternary sediments—was its direct hydraulic contact with the seawater. Due to that, the coastal plain groundwater is strongly believed to be of brackish quality irrespective of the local hydrodynamic conditions. Our major goal is to evaluate the actual mechanism controlling the groundwater flow, the origin and distribution of saline water, and the existence of fresh groundwater in the submarine environment. We summarize the following: (1) groundwater of the Thriassion plain is partly discharged as an upwards leakage from deeper aquifers, (2) modern direct seawater intrusion is not possible in the Neogene-Quaternary sediments, and (3) fresh groundwater possibly exists below the sea floor of the Eleusis Gulf. The results may serve as hint of further research in groundwater resources below the Mediterranean Sea floor, and, consequently, a new perspective on water resource management could emerge.
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1. Introduction


The sustainable management of coastal aquifer resources requires a good understanding of the relationship between salt and fresh water. Coastal aquifers have been extensively studied for more than a century by many researchers [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17,18]. The common problem in coastal aquifers, which are hydraulically connected to the sea, is seawater intrusion mainly, but not exclusively, due to overpumping. Overpumping forces the salt-fresh water interface shift landward, resulting in the contamination of the fresh groundwater with seawater. This phenomenon is depended on (i) the geological-hydrogeological and hydraulic characteristics of the aquifer, (ii) human activities, and (iii) tidal effects and coastal and sea bottom conditions [5]. The hydrostatic equilibrium (Figure 1a) between salt and fresh water is described by the Ghyben-Herzberg principle, Equation (1):


  z =    ρ f     ρ  s   −  ρ f     h f   



(1)




where z = is the depth to the salt-fresh water interface below sea level, hf = is the height of the fresh water above sea level, ρs and ρf = salt-water and fresh-water densities, respectively, and g = acceleration due to gravity.



In ideal conditions, the Ghyben-Herzberg principle states that the depth to the salt-fresh water interface z beneath sea level is approximately 40 times the height h of the fresh water above sea level. The application of the above principle is limited to conditions in which the two liquids are static, and it is valid under the occurrence of horizontal groundwater flow. It can be also applied in unconfined and confined aquifers (Figure 1b).



Based on the Dupuit–Forchheimer assumption that, in coastal aquifers, the equipotential lines are vertical (horizontal flow) in combination with the Ghyben-Herzberg principle, a one-dimensional flow can be used that yields the following expression for the x and z coordinates of the interface [2].


   z 2  =   2  ρ f   q ′  x   Δ ρ Κ    



(2)




where q’ = fresh groundwater outflow at the coastline per unit width, K = the hydraulic conductivity, and Δρ = the difference of the salt- and fresh-water densities.



Based on Glover’s analytical solution [12], Cheng and Quazar [16] determined the interface depth as:


   z 2  =   2  ρ f   q ′  x   Δ ρ Κ   +   (    ρ f   q ′    Δ ρ Κ   )  2   



(3)




where K = the hydraulic conductivity.



The width xo (Figure 1c) of the submarine zone through fresh groundwater discharge into the sea can be obtained from Equation (3) by setting z equal to 0, which provides Equation (4), and the depth of the interface below the coastline zo by setting x equal to zero, which provides Equation (5).


   x 0  =    ρ f   q ′    2 Δ ρ Κ    



(4)






   z 0  =    ρ f   q ′    Δ ρ Κ    



(5)







In real field conditions, this interface does not occur; instead, a brackish transition zone exists where complex diffusion and mass transport theories are developed [19,20]. The overexploitation of coastal groundwater leads to both submarine groundwater discharge reduction, as well as an increase of seawater inflow and, consequently, an increase of the transition zone thickness [21].



Coastal aquifers, which are in hydraulic contact to the sea, are subject to fluctuations in the hydraulic head due to the tides [22]. The fluctuation parallels to the rise or fall of the tides after a time lag between the high tide and the peak of the groundwater level.



On the contrary, in confined aquifers extending below the sea floor without a sea front and which are separated from seawater by thick confining layers of very low permeability, fresh groundwater can be conserved against salinization. Identical geological-hydrogeological structures exist in many places all over the world, such as The Netherlands [1]; Eastern England [5]; Spain [20]; the Bay of Bengal; Bangladesh [23]; the USA [2,24]; and Estonia, Denmark, and France [25]. Thus, the boundary between the aquifer and seawater does not exist, or it migrates far from the coast. Therefore, the Ghyben-Herzberg seawater-fresh water interface does not occur near the coast. In these aquifers, fresh groundwater occurs beneath the sea floor fed from the onshore outcrops [1,2,4,24,25,26,27]. Offshore groundwater occurrence is a global phenomenon, but its direct observations are limited. The assessment of groundwater fluxes into the sea, or the submarine aquifers often need specific techniques and procedures, as well [28]. However, at many regions, onshore hydrogeological and hydrochemical data provide strong indirect evidence for the occurrence of fresh groundwater in submarine aquifers below the sea floor [25].



In this article, the functioning of the Thriassion Plain coastal aquifers was completely revised, and an attempt to evaluate the actual mechanism controlling the groundwater flow, the origin and distribution of saline water, and the existence of fresh groundwater in the submarine environment of the Eleusis Gulf in the East Mediterranean was made




2. Study Area


The Thriassion Plain is a coastal area of about 120 km2 in extent (Figure 2) and lies from latitude 38.0 and 38.2° N and longitude 23.1 to 23.7° E. It is part of three hydrological basins of 475 km2 in total extent. The plain is surrounded by the Mesozoic carbonate, which drains south into the Eleusis Gulf. A semiarid climate prevails in the area. The annual precipitation is around 380 mm/y, while the actual evapotranspiration is around 62% of the precipitation [29]. The mean groundwater temperature is 20.6°, which ranges between 17.5 and 22.8 °C [29]. The mean air temperature ranges between 9.2–29.9 °C in January and July, respectively. The mean sea surface temperature of the Eleusis Gulf ranges between 13 and 25 °C, while the mean sea temperature at the bottom of the Eleusis Gulf ranges between 12 and 13 °C. The Eleusis Gulf is a small and almost enclosed sea north of the Saronikos Gulf in the East Mediterranean Sea, which covers an area of 67 km2, having a maximum depth of 33 m. It is surrounded by the study area to the north and the Salamis Island to the south. Its connection to the Saronikos Gulf is through two shallow channels of 8 m in depth at the western end and 12 m in depth at the eastern end, respectively. This area has been degraded environmentally due to uncontrolled agricultural and industrial development during recent decades [30,31,32,33].




3. Regional Setting


3.1. Geological Setting


The Thriassion Plain is located at the border between non-metamorphic and metamorphic rocks of Eastern Greece and Attica geotectonic units, respectively [34]. The geological structure (Figure 3) of the study area consists of: (1) a Palaeozoic volcano-sedimentary complex, 400–500-m thick, composed of: (a) clastic materials (arkoses, greywackes, shales in alternations with phyllites, conglomerate, and lenticular intercalations of limestone) and (b) basic-igneous volcanic rocks; (2) Mesozoic sediments consisting of: (a) Lower-Middle Triassic phyllites and sandstones with breccia-conglomerate intercalations; (b) volcanic rocks and tuffs; (c) Middle-Upper Triassic white carbonate, crystalline in places, comprising limestone, dolomitic limestone, and dolomite; (d) Upper Triassic black limestone, dolomitic limestone, and (e) Grey Cretaceous limestone; and (3) Cenozoic sediments of: (a) Neogene (Pliocene marls with lignite intercalations in places, clay, conglomerate, sandstone, and marly limestone); (b) Pleistocene deposits (clay, sand, gravel, and torrential fans of loosely and cohesive conglomerate); and (c) Holocene deposits (clay, loam, sand, and gravel) [35].




3.2. Structural and Lithostratigraphic Setting


The lithostratigraphic setting of the plain comprises sediments of the Plio-Pleistocene and Holocene ages. East of the study area, this sequence is underlain by marls. Marly limestone and marls have been found in some wells NE of Aspropyrgos City at depths between 63–71 and 96–170 m from the ground surface, respectively [36,37]. Cretaceous limestone and Triassic carbonate occur at the depths of 20–40 and 80–100 m from the ground surface, respectively, N of Eleusis City. Arkoses, greywackes, and shales of the Palaeozoic age have been found NE and SE of the study area in alternations with phyllites.



The Thriassion Plain was influenced by tectonic factors during the Neogene-Quaternary [34,35,38,39,40]. The Triassic carbonate is massive in a large extent, and, in some places, it is karstified, depending on the extent to which it has been affected by karstification and/or tectonism. During Pliocene and Pleistocene, intense tectonic actions created horsts and grabens (Figure 4). Geophysical research carried out in the area by [38] showed that the Mesozoic basement is not found to the depth of 320–450 m at the central part of the plain. The study area has been influenced by Pleistocene sea level changes, as well [41,42,43,44].




3.3. Hydrogeological-Hydrochemical Setting


The history of pumping started in 1900. Since then, brackish water has been found in the upper aquifers [45]. Some wells located west of the plain were connected by galleries, resulting in expanding the contamination of fresh water with brackish water. In order to study the origin of the saline water, the Institute for Geological and Underground Research monitored the tidal change impacts on the Thriassion aquifers [46]. Five automatic recording devices were placed more than a year at the study area. One device was placed in the Eleusis Gulf to monitor tidal changes. One device was placed at the Holocene sediments 1 km from the shoreline, while two of them were placed at the Pleistocene deposits 2 and 3 km far from the shore; the last one was placed in the Triassic carbonate 3.5 km from the shore north of Eleusis City. No influence of tidal changes was recorded on the Pleistocene-Holocene aquifers; instead, influence was observed in the borehole drilled in the Triassic aquifer. Groundwater response was 2 cm after a time lag (tlag) between the high tide and the peak of the groundwater level, tlag = 36 h. Tidal period was 24 h, and the tidal amplitude was 8 cm. The hydrogeological conceptual model that was proposed so far [30,46,47,48] suggested the existence of two unconfined aquifers in the plain: (i) the upper one, which occurs in the Pleistocene-Holocene deposits, and (ii) the lower one in the Mesozoic carbonate rocks, which both discharge at the shoreline of Aspropyrgos and Eleusis Cities. A mathematical model, based on the previous conceptual model, failed to describe the hydrogeological regime of the plain.



Saline water in the plain aquifers is limited to a zone of 2 to 3 km in width from the shoreline. The Na/Cl molar ratio is between 0.73–0.87, and the chlorides are between 12–205 mmol/L. In the western, eastern, and the northern parts of the study area where carbonate outcrops, saline groundwater was found 8 to 9 km inland, with total dissolved solids (TDS) between 1500–6000 mg/L and the chlorides between 15–90 mmol/L [29,30,31,32,33,46,47,48,49]. Groundwater flows SW with hydraulic gradient 1‰. Transmissivity (T) in the Cretaceous aquifer is around 5000 m2/d (0.5787 m2/s) [48]. During the last five decades, due to the heavy pumping in the Plio-Pleistocene aquifers, at the central part of the basin, the dynamic level was lowered below sea level; however, the static level fluctuated between 5 m below sea level and 3 m above sea level, and groundwater of good quality (TDS values between 400–1200 mg/L and chlorides between 1–9 mmol/L) was preserved for a long time, despite the overpumping conditions [40,46,47,48,49,50].



Studies on the Eleusis Gulf seawater [51,52] presented data on its temperature, salinity, dissolved oxygen (DO), and inorganic nutrients. Both the studies were in accordance with each other. It was also reported [51,52] that the temperatures of the water at 1, 10, 20, and 30 m in depth remain stable at 12.5 °C in January and fluctuate between 12.5 and 17 °C in May. Salinity fluctuates between 38.3 and 38.5‰ in January and 38.2–38.5‰ in May [51].





4. Materials and Methods


Lithostratigraphic cross-sections from boreholes drilled in the Thriassion Plain during 1952–2007 by the Land Reclamation Service of Agricultural Ministry (LRSAM) were taken into consideration. Water samples from 45 wells were collected in June 2012. Electric Conductivity (EC) and pH were measured in situ on the head of the pumping column (HACH). The samples were analyzed in the laboratory of Mineralogy and Geology in the Agricultural University of Athens. The average analytical precision was better than 5%. Ion chromatography (Metrohm 732) was used for major component determination, and the method of titration was used in determination of HCO3−. Water level was measured carefully 2–5 times/year for a 15-year period from 1999–2014 in 48 wells. Additionally, pumping tests in 7 agricultural large-diameter wells were carried out in the Plio-Pleistocene deposits during the 2009–2012 time period.




5. Results and Discussion


The study on the LRSAM data showed that the water level in most wells stood above the top of the aquifers as high as 1–5 m during the drillings phase. In addition, the monitoring of the water level, as well as the analysis and evaluation of the pumping test data, concluded that the larger part of the aquifers is confined and semi-confined. Hydrochemical data (Table 1, Table 2 and Table 3) of the onshore groundwater indicate that fresh groundwater is possibly hosted in the offshore submarine aquifers. The Pleistocene-Holocene clay layers occur very frequently in different depths from 0–170 m throughout the plain in alternations with gravel, sand, and conglomerates 2–10 m in thickness. This Pleistocene-Holocene sequence being partly of shallow marine, partly of terrestrial origin contains the coastal aquifers. Clay typically ranges from 0.5 m to 80 m in thickness.



Based on their hydrogeological and geological-lithostratigraphic characteristics, the aquifers are grouped into three hydrostratigraphic units (HSU): the Neogene-Quaternary unit, the Cretaceous, and the Triassic one. The first one is divided into the Plio-Pleistocene subunit, which is under confined conditions, and the Holocene-Pleistocene subunit, which is confined/semi-confined and locally unconfined.



5.1. The Neogene-Quaternary Hydrostratigraphic Unit


The Holocene sediments, mainly made up of clay and sandy clay five m in thickness, confine the underlying Late-Pleistocene aquifer. Locally, in palaeovalleys and/or sandy parts of the deposits, the aquifer is unconfined (wells # 38, 41, 43, 45, and 47). The depth of the wells is 3–10 m. The annual head fluctuation ranges from 0.15–0.48 m. In general, they exhibit upwards leaky conditions, which form swamps and marshes in many sites on the ground. At the Kalimbaki site, artesian wells (or once artesian) onto the ground surface, as well as manifestations of surface water, such as springs, lakes (e.g., Koumoundourou Lake), or marshes on the coastal area of Eleusis and Aspropyrgos Cities, could betoken part of groundwater discharge of either the Quaternary aquifers or the Triassic carbonate. Salinization of the water may have taken place due to (i) the dissolution of evaporite relics, (ii) evaporation of the irrigation water, and (iii) farms and domestic sewage [50]. It is also very likely that salinization took place during the Holocene transgression or/and due to the presence of connate water from the contemporary deposition of clay during the transgressions. Taking into account that (i) groundwater is not subject to hydraulic head fluctuations caused by the tides of the sea, (ii) there is an upwards leakage at many sites on the ground of the coastal area, (iii) the occurrence of Holocene clay, which probably continues below the sea bottom and prevents seawater directly intruding through the clay, and (iv) the hydraulic head is above sea level; it is considered that groundwater is not in hydraulic contact to the sea, and, finally, modern direct seawater intrusion in Holocene sediments is not possible.



Pleistocene sands, gravels, clay, or conglomerates are under confined conditions, as well. In this strata sequence, up to six aquifers are developed 2–10 m in thickness (Figure 5) at depths 20–140 m from the ground surface. Plio-Pleistocene marls, marly limestone, sandstone, clay, and conglomerates form a confined aquifer that reaches up to 90 m below the sea level.



Pumping tests carried out in the wells # 54, 86, 128, 129, 131, 154, and 154P2 in the Pleistocene sediments were analyzed and evaluated for both confined and unconfined aquifers, using mainly unsteady-state flow methods [53,54,55,56] and recovery methods. Drawdown after 6–12 h of pumping was 0.86, 1.11, 5.24, 9.74, 4.66, 1.31, and 1.26 m, respectively. The Schafer equation [57], which provides an estimation of time tc at which the casing storage effect is negligible, was applied, as well. The analysis showed that the hydraulic characteristics of the wells were variable, depending on the sedimentation material that the aquifer was made up. Transmissivity T ranged from 3.5–275 m2/d (4 × 10−5–3 × 10−3 m2/s), storativity S ranged from 1.75 × 10−3–8.9 × 10−3, and hydraulic conductivity K ranged from 0.4–25 m/d (4.6 × 10−6–3 × 10−4 m/s). The Pleistocene sediments are confined (dug wells 29, 31, 54, 58, 61, 74, 83, 128, 129, 131, 132, 134, 136, 140, 142, 175, and 176 and boreholes 75, 100, and 138) or semi-confined (12, 16, 20, 24, 44, 31, 54, 55, 62, 80, 86, 88, 109, 121, 165, 181, and 186), and, in some wells, unconfined aquifers are developed (dug wells 14, 27, 41, 43, 45, 47, 72, 98, 100′, 102, 106, 154, and 187). The annual head fluctuation ranges between 1.43–2.40 m in the confined aquifer, 0.63–1.22 m in the semi-confined, and 0.36–0.58 m in the unconfined one. The head in the unconfined aquifer is between 1 and 34 masl and, in the confined/semi-confined system, is up to +9 masl. Figure 6 shows the hydraulic head in the Thriassion Plain aquifers in March 2014. An almost stagnant zone is developed under the coastal area, where the minor discharge occurs as an upwards leakage through the aquitards, forming wetlands or swamps on the ground surface. Groundwater discharge into the sea is negligible, as the seawater salinity and the temperature at the bottom of the Eleusis Gulf remained at 38.3‰ and 12.5 °C for many years [51,52]. It is very likely that the groundwater is prevented from progressing further beneath the seafloor due to the barrier of the Salamina Island and, therefore, moves very slowly eastwards.



It was observed that confined aquifers turned into unconfined ones in the wells # 181 and 129 and 136, 62, and 165 under overpumping conditions, with a drawdown around 30 m and 20 m from the original static level, respectively. In the wells # 62, 131, 134, 136, 138, 140, and 154 located at the central part of the basin, the water level stands below the sea level during pumping without deteriorating the water quality; Cl− ranges between 1.2 and 8.1 mmol/L and EC between 810 and 1586 μS/cm. Despite the increased drawdown by heavy pumping the last 50 years, the static level is still above the sea level. Combined with the presence of good water quality, which occurs in the central part of the plain, as well as the limited contaminated with seawater coastal zone up to 2 to 3 km in width for at least 100 years, it is deduced that seawater cannot intrude inland further. It is very likely that the thick clay layers of the Pleistocene age extend under the sea bottom, and the multi-layered aquifer system occurs beneath the seafloor, as well; therefore, there is no vertical or another boundary of the multi-layered system with the seawater. Consequently, the Plio-Pleistocene aquifers are not in direct contact with the sea.



Trying to determine a salt-freshwater interface, in the first calculations, consider the well # 44 located 1220 m far from the shoreline tapping the Pleistocene confined aquifer with a thickness of 5 m (Figure 7). The site altitude is 7.51 masl, and the well depth is 9.8 m (−2.29 mbsl). The hydraulic gradient is 0.001, and the head is 2.5 masl. It is also assumed that T = 200 m2/d; thus, q’ = T×i = 200×0.001 = 0.2 m2/d and k = 200/5 = 40 m/d. Then, the depth to the interface at well # 44 based on Equation (2) where no vertical flow occurs is z = (2×40×0.2×1220/40)0.5 = 22 m. In this case, seawater could not intrude into well 44, since the depth to the interface exceeds the aquifer thickness; therefore, the seawater wedge is missing [2]. In addition, based on Equations (4) and (5), the depth to the interface at the shoreline is zo = 40×0.2/40 = 0.2 masl, and the width of the outflow face xo = 40×0.2/40 = 0.1 m. Sources of uncertainty to calculate the groundwater flux and the depth to the interface could be the hydraulic (K, q’, and i) and geometric (thickness and slope) characteristics of the aquifer. Homogeneity of the aquifer is also the source of uncertainty.



The hydrochemical data from such wells, as it is reported in the hydrochemical settings section, show that groundwater in the coastal area of about 2 to 3 km in width was found brackish during the drilling phase. This means that seawater intruded inland in a past geological time due to Pleistocene seawater fluctuations [17] or that it is entrapped (palaeo)seawater. Groundwater quality due to repeated irrigations with brackish water and the high evapotranspiration that is around 62% of the precipitation made the water quality worse, which led to high values of salinization.




5.2. The Cretaceous Unit


The Cretaceous limestone hosts an unconfined aquifer (# 111, 120, and 130) with a hydraulic head up to +8 masl. The water table annual fluctuation is around 0.60 m. Hydrochemical data indicate that Cretaceous limestone is contaminated with seawater. Chlorides range from 16.4–36.5 mmol/L and sodium from 11.8–28.1 mmol/L; the sodium/chloride molar ratio ranges from 0.72–0.77. In this aquifer, passive seawater encroachment could take place, which means that the head is above sea level, and groundwater still flows seawards. However, as the water was found brackish since the early 1950s, seawater intrusion seems to be happened in a previous geological time. Due to the Pleistocene sea level rise and, mainly, the last 12 ka and the fact that limestone is intensively fractured, the seawater intruded 9 km inland.




5.3. The Triassic Unit


The Triassic carbonate west and north of the study area is under confined conditions in massive limestone-dolomite (wells # 116, 117, 147, and 162), and it is unconfined in karstified and intensely fractured limestone-dolomitic limestone (wells # 6, 18, 169, and 202), with a hydraulic gradient 0.5–1‰ SW seawards. Transmissivity T ranges from 15–350 m2/d (1.74×10−4 4.1×10−3 m2/s). TDS ranges between 900–3000 mg/L. The confined units appear to maintain their fair quality with TDS between 400–1400 mg/L; instead, in the karstified units, the TDS is up to 2500 mg/L. The seawater front has intruded 8 to 9 km inland. Brackish water with EC = 14,000 μS/cm has been found 10.5 km inland [36].



Trying to determine a salt water-fresh water interface, it is assumed the presence of two wells, A and B, located 8000 m and 10 m from the shoreline are tapping the Triassic aquifer, which has a saturated thickness of 50 m. It is also assumed that T = 300 m2/d and I = 0.001; thus, q’ = T×i = 300×0.001 = 0.3 m2/d and k = 300/50 = 6 m/d. Then, the depth to the interface (i) at well A based on Equation (2), where no vertical flow occurs, is z = (2×40×0.3×8000/6)0.5 = 179 masl and, (ii) at well B based on Equation (3), where vertical flow occurs, the depth to the interface is z = (2×40×0.3×10/6 + (40×0.3/6)2)0.5 = 6.63 m. In addition, based on Equations (4) and (5), the depth to the interface at the shoreline is zo = 40×0.3/6 = 2 masl, and the width of the outflow face xo = 40×0.3/(2×6) = 1 m, respectively.



The hydrochemical data from such wells as it is reported in the hydrochemical settings section show that groundwater was found brackish during the drilling phase. This means that seawater intruded inland in a past geological time, probably due to Pleistocene seawater fluctuations, or that it is fossil or entrapped (palaeo)seawater.



In recent years, water samples from wells # 54, 41, 83, 86, 16, 98, and 27 in the Pleistocene deposits show that EC values and chloride concentrations have spectacularly been reduced. On the contrary, in the carbonate aquifers, EC values remain at high elevations, and an increase of chlorides has been observed in almost all the wells of this aquifer, e.g., # 120, 118, 18A, etc. [29,30,31]. In Figure 8, the TDS versus distance from sea graph is shown. The TDS decreases with the increasing distance from the sea. In the north part of the plain, however, it remains high.



All the data mentioned above provide the evidence that modern direct seawater intrusion could occur nowadays only in the carbonate aquifers [56] around the plain but not in the Neogene-Quaternary deposits. In addition, the occurrence of high fluoride concentration in the groundwater [50] indicates rock dissolution, which requires hundreds or thousands of years to be accomplished [58]. Besides, the F−/Cl− molar ratio up to 500 times more than that in modern seawater indicates that there is not an influence of modern seawater. It is very likely the occurrence of palaeo-seawater could explain those values.




5.4. Conceptual Model


Stratigraphic and tectonic factors and Pleistocene sea level fluctuations strongly influenced the hydrogeological regime of the study area. The existence of Pleistocene clays and Pliocene marls has protected, in many places, the Pleistocene and part of the Triassic carbonate aquifers against seawater intrusion. A complex groundwater salinity distribution is encountered, the origin of which is mainly related to the geological history of the area that includes transgressions and regressions of the sea during Pleistocene. The deposition of thick layers of reddish clay in alternation with coarse materials during Pleistocene was crucial [59]. As a sequence, a multi-layered aquifer system was established where the higher-standing aquifer was exposed to seawater intrusion and the lower ones were protected against this phenomenon. During Upper Pleistocene (18 Ka BP), the subjacent marine strata was freshened up to depths of 100–120 m. The rapid increase of the sea level [41,42,43] resulted in seawater invading through the lowlands and the buried river valleys, as well as through fractured carbonate formations [60]. In this way, brackish water is encountered 8 to 9 km inland from the present shoreline through Mesozoic carbonates [29,37,49]. After Holocene clay deposition, seawater was entrapped due to the very low permeability of the clay, and the direct seawater intrusion stopped (Figure 9). Moreover, groundwater discharges on the ground surface as an upwards leakage through the preferential flow of clay deposition. Additionally, to the depth, marls protected the overlying aquifers from seawater, which intruded through the carbonate formations underlain marls. Fresh groundwater with fair quality, with EC values between 524 and 1481 μS/cm, is found at depths between 5 and 90 mbsl in the following wells: # 61, 74, 75, 100, 138, 140, 142, 154, 155, 161′, 165, 175, and 176.



Fresh groundwater is most likely to be found offshore under the seafloor of the Mediterranean Sea (Eleusis Gulf) (Figure 10). This is an important issue that could be investigated in detail. New ways of expanding the research in groundwater resources under the Eleusis Gulf seafloor could be sought. It is feasible due to the shallow waters of the Eleusis Gulf, which is 34 m in depth at the maximum (mean depth 18 m). In this way, a new perspective on water resource management could emerge. The wide Neogene basin around Attica, Euboea, and Peloponnese at least 15,000 km2 in total extent presents the same hydrogeological conditions; the same conditions could prevail in many other coastal areas of Greece and even more around the world.





6. Conclusions


A completely revised hydrogeological conceptual model was proposed for the Thriassion Plain, West Attica, Greece. We suggest that the saline water hosted in the Neogene-Quaternary coastal aquifers is likely due to seawater entrapment prior Pleistocene-Holocene clay deposition. Due to that, any modern direct-seawater intrusion is precluded. Moreover, an almost stagnant zone is developed within the Pleistocene-Holocene sediments under the coastal area and the Eleusis Gulf seafloor. A minor quantity of groundwater is partly discharged as an upwards leakage through the clay strata, forming wetlands or swamps on the ground surface, whereas the major one moves very slowly southeast. Finally, coupling our data (chemical water analyses and aquifer types) with the existing stratigraphic ones (borehole data), we infer that the submarine fresh water possibly exists in the deeper aquifers beneath the seafloor of the Eleusis Gulf.
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Figure 1. Dupuit-Ghyben-Herzberg model flow (a) in unconfined and (b) confined coastal aquifers, and the (c) actual groundwater discharge onto the sea floor; z = is the depth to the salt-fresh water interface below sea level, hf = is the height of the fresh water above sea level, xo= he width of the submarine zone through fresh groundwater discharge into the sea, and zo the depth of the interface below the coastline. 
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Figure 2. Study area. 
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Figure 3. Geological map of the study area. The numbering is the wells id. 
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Figure 4. Geological-Hydrogeological cross-section of the N-S direction. 
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Figure 5. Geological-Hydrogeological characteristics of the wells in the Thriassion Plain. 
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Figure 6. Potentiometric surface. (a) Triassic-confined and Triassic-unconfined Pleistocene aquifers and (b) a Holocene unconfined aquifer. 
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Figure 7. High salinity of groundwater in well Nr 44 could not be attributed to modern direct seawater intrusion, as the salt-freshwater interface is missing. 
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Figure 8. Total dissolved solids (TDS) decrease with increasing distance from the sea. In the carbonate located north (wells 120 and 147), it remains high. 
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Figure 9. Schematical hydrogeological history 12 ka BP and present day. It is very likely that palaeo-seawater was entrapped in the Pleistocene sediments due to Holocene clay deposition. 
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Figure 10. Hydrogeological conceptual model of the Thriassion Plain aquifers. Potential fresh groundwater under hydraulic gradient in submarine aquifers below the Eleusis Gulf is shown. 
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Table 1. Hydrogeological and hydrochemical data from the wells of the Triassic HSU. TDS: total dissolved solids.
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HSU

	
Well Nr

	
Distance from Shore (m)

	
Site Elevation (m)

	
Well Depth (m)

	
Head (masl)

	
TDS (mg/L)

	
Cl− (mmol/L)

	
Na+ (mmol/L)

	
Ca2+ (mmol/L)

	
Mg2+ (mmol/L)

	
K+ (mmol/L)

	
NO3− (mmol/L)

	
SO42− (mmol/L)

	
HCO3− (mmol/L)






	
Triassic carbonate

	
6

	
2559

	
50

	
60

	

	
2074

	
21.7

	
20.8

	
7.7

	
6.2

	
0.5

	
0.8

	
2.7

	
6.9




	
18

	
4000

	
58

	
60

	

	
2476

	
29.9

	
23.8

	
7.4

	
6.6

	
0.5

	
0.4

	
2.5

	
7.8




	
111

	
5041

	
63.5

	
85

	

	
1463

	
16.4

	
12.0

	
6.6

	
4.4

	
0.2

	
0.6

	
1.4

	
5.5




	
121

	
5496

	
74

	

	

	
412

	
1.1

	
1.0

	
2.7

	
2.9

	
0.0

	
0.6

	
0.2

	
4.0




	
169

	
5690

	
69.51

	
85

	

	
1731

	
11.7

	
10.8

	
7.5

	
5.0

	
0.3

	
0.5

	
1.2

	
9.2




	
202

	
6080

	
76.5

	
80

	
6.17

	

	

	

	

	

	

	

	

	




	
147

	
6735

	
140

	
137

	

	
1259

	
12.3

	
10.7

	
4.5

	
3.6

	
0.5

	
0.2

	
2.3

	
5.0




	
162

	
6800

	
140

	
140

	

	
354

	
1.0

	
1.0

	
2.7

	
2.1

	
0.0

	
1.1

	
0.3

	
3.3




	
116

	
8625

	
115

	
154

	
13.63

	
900

	
7.2

	
5.8

	
5.9

	
3.0

	
0.2

	
0.6

	
0.9

	
5.0




	
117

	
9410

	
175

	
220

	
12.63

	
950
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Table 2. Hydrogeological and hydrochemical data from the wells of the Cretaceous HSU.
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HSU

	
Well Nr

	
Distance from Shore (m)

	
Site Elevation (m)

	
Well Depth (m)

	
Head (masl)

	
TDS (mg/L)

	
Cl− (mmol/L)

	
Na+ (mmol/L)

	
Ca2+ (mmol/L)

	
Mg2+ (mmol/L)

	
K+ (mmol/L)

	
NO3− (mmol/L)

	
SO42− (mmol/L)

	
HCO3− (mmol/L)






	
Cretaceous limestone

	
96

	
3460

	
38

	
76

	
4.8

	
1980

	
21.1

	
16.4

	
6.1

	
9.3

	
0.4

	
1.0

	
1.8

	
8.3




	
118

	
4938

	
64

	
80

	

	
2695

	
36.5

	
28.1

	
7.2

	
7.3

	
0.5

	
0.4

	
3.1

	
5.6




	
130

	
5697

	
81.35

	
95

	

	
1452

	
16.5

	
11.8

	
8.2

	
5.3

	
0.1

	
2.3

	
2.7

	
3.7




	
120

	
7303

	
145

	
180

	

	
2044

	
27.1

	
20.9

	
5.3

	
5.4

	
0.4

	
0.2

	
2.1

	
5.0
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Table 3. Hydrogeological and hydrochemical data from the wells of the Neogene-Quaternary HSU.
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HSU

	
Well Nr

	
Distance from Shore (m)

	
Site Elevation (m)

	
Well Depth (m)

	
Head (masl)

	
TDS (mg/L)

	
Cl− (mmol/L)

	
Na+ (mmol/L)

	
Ca2+ (mmol/L)

	
Mg2+ (mmol/L)

	
K+ (mmol/L)

	
NO3− (mmol/L)

	
SO42− (mmol/L)

	
HCO3− (mmol/L)






	
Confined Plio-Pleistocene subunit

	
24

	
1586

	
14.88

	
20

	
4.83

	
2869

	
34.0

	
29.6

	
7.7

	
8.9

	
0.7

	
2.2

	
3.6

	
8.5




	
31

	
1862

	
23.91

	
24

	
8.39

	

	

	

	

	

	

	

	

	




	
29

	
1884

	
22.53

	
30

	
5.24

	

	

	

	

	

	

	

	

	




	
20

	
1897

	
34.8

	
45

	
5.87

	
1843

	
18.8

	
11.7

	
8.7

	
10.0

	
0.1

	
1.9

	
4.9

	
5.9




	
54

	
2125

	
19.77

	
25

	
4.66

	
1177

	
5.7

	
12.2

	
3.2

	
3.2

	
0.3

	
1.8

	
2.2

	
7.7




	
12

	
2152

	
23

	
23

	
6.33

	
1653

	
15.0

	
12.1

	
8.4

	
7.9

	
0.3

	
3.2

	
3.1

	
6.6




	
55

	
2459

	
23.45

	
25

	
4.93

	
717

	
1.8

	
3.1

	
4.7

	
3.9

	
0.1

	
1.7

	
0.8

	
6.5




	
88

	
2794

	
42.61

	
45

	
6.21

	

	

	

	

	

	

	

	

	




	
58

	
2814

	
38.53

	
40

	
3.72

	
1127

	
8.9

	
2.9

	
9.6

	
10.7

	
0.1

	
6.4

	
2.3

	
5.0




	
100

	
2944

	
33.7

	
56

	

	
751

	
2.0

	
1.7

	
6.4

	
3.0

	
0.1

	
1.2

	
0.4

	
7.3




	
61

	
3005

	
28.49

	
40

	
4.98

	

	

	

	

	

	

	

	

	




	
80

	
3105

	
41.28

	
45

	
7.46

	
1985

	
24.5

	
12.7

	
12.3

	
9.8

	
0.1

	
2.5

	
3.5

	
4.6




	
16

	
3196

	
36.2

	
41

	
6.24

	

	

	

	

	

	

	

	

	




	
62

	
3260

	
45.24

	
70

	
6

	
706

	
5.4

	
1.5

	
6.6

	
6.1

	
0.1

	
3.6

	
0.6

	
3.9




	
86

	
3467

	
50.72

	
60

	
6.32

	
849

	
6.7

	
2.2

	
8.1

	
6.3

	
0.1

	
3.5

	
1.3

	
4.1




	
142

	
3738

	
38.44

	
50

	
7.73

	

	

	

	

	

	

	

	

	




	
186

	
3750

	
51.07

	
50

	
17.54

	

	

	

	

	

	

	

	

	




	
132

	
3793

	
50.76

	
60

	
7.23

	

	

	

	

	

	

	

	

	




	
109

	
3910

	
43

	
45

	
3.41

	

	

	

	

	

	

	

	

	




	
83

	
3912

	
58.26

	
65

	
7.08

	
862

	
7.4

	
7.0

	
4.0

	
2.9

	
0.1

	
1.1

	
0.9

	
4.5




	
175A

	
4000

	
63.18

	
80

	
7.6

	
398

	
1.4

	
0.9

	
3.3

	
2.8

	
0.0

	
1.7

	
0.5

	
3.3




	
134

	
4082

	
56.1

	
80

	
7.83

	
690

	
2.6

	
1.9

	
6.3

	
6.0

	
0.1

	
4.7

	
1.4

	
4.6




	
74

	
4156

	
64.2

	
70

	
8.14

	

	

	

	

	

	

	

	

	




	
140

	
4313

	
73.25

	
90

	
8.58

	
441

	
1.9

	
1.0

	
4.3

	
3.1

	
0.1

	
2.0

	
0.4

	
3.3




	
131

	
4391

	
47.84

	
65

	
9.05

	
751

	
4.5

	
1.8

	
6.8

	
6.3

	
0.1

	
3.8

	
0.9

	
4.7




	
75

	
4690

	
61.5

	
106

	

	
783

	
3.9

	
1.7

	
7.5

	
5.8

	
0.2

	
4.3

	
1.0

	
5.4




	
138

	
4729

	
73.85

	
170

	
8.78

	
670

	
6.9

	
1.8

	
5.4

	
4.4

	
0.1

	
0.6

	
0.2

	
3.3




	
128

	
4764

	
51.34

	
80

	
9.68

	
698

	
4.6

	
1.5

	
7.2

	
7.0

	
0.2

	
6.3

	
0.5

	
3.9




	
136

	
4769

	
59.13

	
80

	
7

	
891

	
8.9

	
3.0

	
6.8

	
6.5

	
0.1

	
2.2

	
0.7

	
4.1




	
129

	
4940

	
58.7

	
80

	
16.05

	

	

	

	

	

	

	

	

	




	
165

	
5148

	
86.21

	
100

	
13.18

	

	

	

	

	

	

	

	

	




	
181

	
5172

	
56

	
107

	
25.68

	

	

	

	

	

	

	

	

	




	
Unconfined Holocene-Pleistocene subunit

	
41

	
800

	
8.81

	
15

	
3.03

	
1683

	
10.4

	
16.8

	
5.8

	
5.1

	
0.1

	
2.9

	
2.8

	
9.9




	
38

	
872

	
9.3

	
11

	
2.58

	
2337

	
26.4

	
18.1

	
11.1

	
8.6

	
0.3

	
1.2

	
3.9

	
7.3




	
45

	
883

	
4.72

	
6.2

	
1.9

	
4318

	
59.5

	
48.4

	
10.9

	
12.4

	
0.7

	
6.7
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