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Abstract

:

Combined with eustatic sea-level changes, uplifted Quaternary marine terraces provide insight into the tectonics of coastal areas. Cephalonia Island lies 35 km off the western coast of mainland Greece and 15 km northeast of the Hellenic subduction zone. Late Pleistocene eustatic sea-level oscillations and the long-term tectonic movements are imprinted on the landscape of the southern part of the island, in the form of seven uplifted marine terraces. In the present study we aim to identify and map in detail these terraces, applying Digital Elevation Model analysis, utilizing Geographic Information Systems techniques and extensive fieldwork. The GIS-based analysis combined with field geomorphological observations revealed a sequence of seven marine terraces at the southern part of the main island ranging in elevation between 4 m and 176 m asl. Microscope, petrological and microgeomorphological analyses on two caprock samples suggest strong marine influence during the deposition of the sediments covering the marine terraces. The age of the formation of the 32 m marine terrace was assigned to the MIS 3e, based on OSL dating of a caprock sample, and an average uplift rate of 1.4 ± 0.35 mm a−1 was calculated for the last 61 ± 5.5 ka. Assuming a uniform uplift rate for the Late Pleistocene allowed us to correlate the marine terrace with the sea-level highstands and constrain their ages.
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1. Introduction


Late Pleistocene fluctuations in sea level can leave their marks on the landscape, in coastal areas that are subjected to tectonic uplift relative to the sea or ocean [1,2,3,4]. During periods of relatively stable sea level, a wave-cut platform can be carved into the landscape [1]. On uplifting coastal areas, the wave-cut platforms carved during each episode of sea-level highstand are preserved as uplifted marine terraces [5]. On such tectonically active coasts with fast enough uplift rates, several marine terraces may be cut and preserved in the form of a staircase, with each terrace’s inner edge representing the position of the shore at some time in the past [5]. In this way, several cycles of sea-level oscillations can be recorded on the landscape [4]. Marine terraces are widely used in studies of active tectonics as their morphological characteristics reflect the complex history of the late Pleistocene sea-level fluctuations and their interaction with the tectonic activity [6,7,8,9,10]. The inner edge, (i.e., the junction of the terrace’s palaeosurface with the palaeo-cliff) of each terrace corresponds to a sea-level highstand and can therefore be correlated with a Marine Isotope Stage (MIS) [11,12,13,14,15,16]. Assuming that the uplift has a steady rate, the absolute age of one terrace can be applied to extrapolate the ages of the remaining terraces in the same sequence [3,11]. Furthermore, considering a long-term continuous tectonic uplift of a coastal area, we can correlate the whole flight of uplifted marine terraces with the sea-level highstands of the global eustatic sea-level curves (among others: [2,17,18]) and therefore constrain their ages.



A significant amount of research was undertaken along tectonically active coasts where it was attempted to reconstruct past sea-level changes and infer long-term tectonic uplift rates, by correlating uplifted marine terraces with sea-level highstands [19,20,21,22,23,24,25,26,27,28,29]. These studies laid the foundation for estimating tectonic patterns derived from flights of marine terraces.



Considerable scientific interest has been focused on Greece, as marine terraces occur in tectonically active coastal areas mainly close to the Hellenic Subduction Zone (Cephalonia, southern Peloponnese, Crete, Karpathos and Rhodes), as well as along the coasts of the active tectonic grabens of the Gulf of Corinth and the North Evoikos Gulf. The authors of [17,30] focused on the Quaternary evolution of the Corinth Rift. Other authors [17] used a detailed analysis of aerial and SPOT imagery combined with field observations to identify 10 terrace platforms and strandlines, ranging in elevation from 10 to 400 m, and correlated them to Marine Isotope Stages of late Pleistocene age. The study [31] mapped in detail a sequence of five uplifted marine terraces that occur along the southern coast of the island of Crete and correlated them with Middle-Late Pleistocene sea-level highstands. By estimating the tectonic deformation of the terraces by the vertical displacement of the north-northeast–south-southwest trending Ierapetra normal fault, they obtained uplift rates of 0.3 mm/year for the regional component of uplift due to the proximity to the subduction zone, and 0.1 mm/year for the vertical slip movements of the Ierapetra fault. The authors of [32] combined geomorphological, sedimentological, and micro- and macro-palaeontological approaches to evaluate the Late Quaternary geomorphic evolution of the Arkitsa area (North Evoikos Gulf), focusing on prominent uplifted terraces, which are present in the hanging wall of the Arkitsa fault. Three glaciolacustrine terraces and previously reported raised marginal marine deposits suggest continuous tectonic uplift at an average rate of 1–1.5 mm/year over the past at least 40 ka. The study [33] produced the geomorphological map of Cephalonia Island in western Greece (scale 1:50,000), and mapped in detail a flight of eight marine terraces in Paliki Peninsula (western part of the island) and seven marine terraces in the southern part of the main island. They concluded that the recent (Quaternary) evolution of the landscape is dependent mostly on neotectonic processes and eustatism.



Cephalonia Island is in the Ionian Sea (western Greece), in close proximity to the subduction zone. The tectonic regime of the broader study area is highly complicated as collision, subduction, transform faulting and spreading processes are concentrated in a restricted region [34]. The prevailing long-term vertical movement of the island is uplift [35,36]. The area is characterized by intense seismicity with strong frequent earthquakes. Since the fifteenth century, 21 earthquakes with magnitudes greater than 6.5 have severely affected the island while nine of them have occurred during the last century [34,35,36]. In the present study we aim to investigate the spatial distribution of the marine terraces that occupy the southern part of the main island of Cephalonia in western Greece, to provide age constraints on the formation of the marine terraces, to correlate them with the sea-level highstands during the late Pleistocene and to deduce a tectonic uplift rate for the coastal area of the southern part of the Cephalonia Island.




2. Regional Setting—Study Area


Cephalonia Island lies approximately 35 km off the western coast of mainland Greece (Figure 1). The island covers an area of 781 km2 and exhibits a mountainous relief and a steep coastal morphology along the two thirds of the total coastline length. The study area is located at the southern coast of the main island between 20°27′E and 20°49′E. The coastline has a general northwest–southeast direction for about 45 km between the settlements of Argostoli to the west and Skala to the east. The coastal morphology of the study area is dominated by steep cliffs with slopes ranging from 32% to 64%, interrupted by sandy beaches with gentle slopes [33].



Cephalonia Island is directly affected by the tectonically highly active Hellenic Trench to the southwest, where collision, subduction, transform faulting and spreading processes are focused on a restricted region [34]. The tectonic evolution of the island is dependent primarily on the geodynamic processes in the area that are related to the active subduction of the African plate beneath the Aegean microplate. Cephalonia fault zone is a major dextral strike slip fault, located offshore, west of the island [35,36,37,38,39,40,41,42]. Tectonic uplift is the dominant long-term vertical movement of the island and has been imprinted on the landscape of Cephalonia [33,34]. Geomorphological evidence of tectonic uplift during the late Pleistocene has been provided by [33], who have mapped a series of uplifted marine terraces at Paliki Peninsula and at the southern part of the main island, as well as fragmented erosional—dissolutional planation surfaces at various elevations. Holocene tectonism is suggested by several researchers [33,43,44]. Other researchers [44] suggest Holocene tectonic uplift based on radiocarbon dating of a peat layer collected from sediment drilling at the Livadi plain at the northern part of the Gulf of Argostoli. Tectonic uplift of the same area is further enhanced by [45] based on an unexpected peak in the order of 1 m in their relative sea-level band around 3950–3750 cal BC. Other authors [46] reported a recent co-seismic uplift of ca. 0.2 m during the 2014 Cephalonia earthquake (M = 6.1). Recent tectonic uplift which mainly uplifted the south-eastern part of the island by 50 and 70 cm has also been produced by two earthquakes, the first between 350 and 710 AD and the second in 1953 [36,47]. Differential Global Position System (DGPS) measurements by [48], indicate recent vertical deformation in two time periods: during the period between 1992 and 2003, linear minor subsidence of around 1 mm/year has been documented, while during the second period, from 2003 to 2010, an uplift rate of 2–4 mm/year has been estimated, which occurred mostly along the southern and south-eastern parts of the island. Larger magnitudes in the order of 4 mm/year occur at the western part [48]. These results represent the complicated tectonics of the island, indicating that it is comprised of several tectonic blocks [48].



The bedrock of the study area consists of thin bedded pelagic limestone of the Ionian and Paxos geotectonic units underlain by conglomeratic and brecciated limestone of Upper Oligocene–Upper Miocene age [49] (Figure 2). Extensive outcrops of Neogene and Quaternary deposits overlay this bedrock while transgressive well-bedded conglomeratic facies of the Lower Pliocene have been identified in the form of a short stratigraphic hiatus [49]. Pleistocene formations are composed mostly of conglomerate and sandstone that occur along the southern flank of Mt. Aenos. Holocene alluvial fans, scree talus and talus cones, as well as high-energy fluvial deposits along the stream channels, have been observed at several places within the study area. The strike of the faults is mostly northwest–southeast (Figure 2).



The region has a typical Mediterranean climate, classified as Csa under the Köppen–Geiger climate classification [50,51], with hot, dry summers and mild, wet winters. The mean annual temperature at Argostoli is 18.18 °C while mean annual rainfall reaches 820 mm [52].




3. Materials and Methods


3.1. Mapping Marine Terraces


The detailed mapping of the distinct marine terrace surfaces and their inner edges was carried out using both Geographic Information System (GIS) and field techniques [53] (Figure 3). A GIS spatial geodatabase was created using as primary data a 5 m cell-size Digital Elevation Model, topographic maps at a scale of 1:5000 obtained from the Hellenic Military Geographical Service, and the geological map of the area at 1:50,000 scale, published by the Institute of Geology and Mineral Exploration of Greece. Secondary layers such as terrain roughness and slope were produced, to facilitate the identification of the marine terraces and to determine their spatial distribution [54]. Additionally, the above-mentioned derivatives along with Google Earth and UAV imagery were visually inspected and interpreted to produce a preliminary morphographic sketch of the study area depicting the marine terraces’ surfaces and their inner edges.



Field investigations focused upon the spatial distribution of the late Pleistocene marine terraces along the southern coast of main Cephalonia Island. During fieldwork, extensive Differential GPS survey took place using a TOPCON GMS-2 DGPS instrument at an accuracy of ±3 cm for both the horizontal and vertical components. Waypoints were marked along the inner edges of each terrace that approximate palaeo-sea level at the time of terrace formation [2,55], to determine their precise position and elevation. All terraces that were mapped on the preliminary morphographic sketch were examined and validated during the field survey. Furthermore, one sample (K5_SKL) was collected from a caprock formation of the V terrace at the southeast part of the island for Optically Stimulated Luminescence dating and two samples (KESK and KEAM) were retrieved from the caprock formations of terraces V and VI, respectively, for microscope, petrological and microgeomorphological analyses.




3.2. Microscope, Petrological and Microgeomorphological Analyses


Two samples were retrieved from the thin veneer of sediments covering the marine terraces for mineralogical analysis. The first sample (KΕSK) was collected from Terrace V at Skala while the second one (KEAΜ) was retrieved from Terrace VI at Cape Agia Pelagia. The mineralogical composition and textural characteristics of the caprock samples were described based on petrographic thin sections prepared that aimed to identify the constituents and the presence of bioclasts, as well as the type of cement. The samples were analysed for the determination of their mineralogical composition and textural characteristics with a Leica DMLP (Leica Microsystems GmbH, Wetzlar, Germany) petrographic microscope with a digital camera and the corresponding image treatment software. All microscopy investigations were conducted at the laboratory of Department of Mineralogy and Petrography, Institute of Geology and Mineral Exploration, Athens, Greece.




3.3. Optically Stimulated Luminescence (OSL) Dating


No previous effort has been recorded in the literature that provides absolute ages of the marine terraces of Cephalonia Island. Even though it was initially intended by the authors to provide multiple ages of the marine terraces, this proved to be impossible for two reasons. First of all, no apparent caprock was found for any other terrace except for terraces V and VI. Furthermore, the caprock deposits corresponding to marine terrace VI were not suitable for OSL dating as they did not contain enough quartz material. One sample (K5_SKL) was collected from Terrace V (38°04′05.7″ N 20°47′52.2″ E) at an elevation of 32 m applying standard sampling techniques [56], in order to determine the age of sediment burial using OSL. The sample was processed and measured at the Luminescence Dating Laboratory of the Institute of Physics, Silesian University of Technology, Poland. The determination of the dose rate radioactivity was measured by a germanium spectrometer using quartz grains of 125–200 μm size. These quartz grains were extracted by wet sieving and acid treatment (etched in 40% HF for 60 min) under subdued red-light conditions. The sample was found to contain enough quartz and could provide a solid OSL age. The single aliquot regeneration protocol (OSL-SAR) [56] was adopted for the determination of the equivalent dose (De) considering the Central Age Model (CAM) on 23 aliquots. All measurements were performed on an automated Riso TL/OSL-DA-20 reader equipped with a 90Sr/90Y beta radiation source. Signals were detected using a 7 mm Hoya U-340 optical filter. The concentration of U, Th, and K by neutron activation analysis was also measured, and elemental concentrations were then converted into an annual dose rate, taking into account the water content effect [56].




3.4. Uplift Rates


In order to estimate the uplift rate, three main parameters should be taken into consideration which include the absolute elevation of an uplifted marine terrace, the elevation of the sea level in respect to the present-day sea level and the age of the formation of the respective terrace according to the following equation [2,57]:


U = (Z − SL)/T



(1)




where U: Uplift rate, Z: absolute elevation of the marine terrace, SL: Sea level at the time of formation of the terrace and T: Age of the terrace.



It should be noted that in Equation (1) the absolute elevation of the uplifted marine terrace should normally correspond to the elevation of the inner edge of the terrace. Given that the dated sample (K5_SKL) was collected from the marine sediments (caprock) covering the terrace VI, it is considered that the elevation of the sample does not correspond to a precise sea-level indicator. Hence, in our uplift rates calculations, we took into consideration the absolute elevation of the inner edge of corresponding terrace VI. Furthermore, the above Equation (1), although it generally includes all the necessary parameters (total uplift and age) to deduce an uplift rate, does not take into account the errors on the eustatic sea-level curve. In this respect, it was considered mandatory to include in our calculations minimum and maximum values of the sea level at the time of the formation of the terrace following the sea-level curve proposed by [15], as well as the duration of the MIS that corresponds to Terrace VI (Tmax and Tmin), and therefore estimate a minimum and maximum uplift using a modified version of Equation (1):


Umin = (Z − SLmax)/Tmax



(2)






Umax = (Z − SLmin)/Tmin



(3)







In this context, we first calculate the total uplift of the marine terrace and by dividing by the age of the terrace, we obtain the uplift rate U.





4. Results


4.1. Mapping Marine Terraces


The GIS procedures combined with field survey identified a sequence of seven uplifted marine terraces (I to VII) along the southern coast of the Cephalonia Island, located between Cape Agioi Theodoroi and Cape Kapri. The elevation of their inner edge ranges between 4 m for the lower and 176 m for the higher palaeoplatform. The spatial distribution and elevations of the marine terraces are consistent with [33]. The two higher and older terraces are deeply dissected down to a few tens of meters by fluvial incision. The terraces are mainly cut into Pliocene conglomerates, sandstones and limestones, which at some locations are unconformably overlain (most clearly in terrace VI and V) by well-cemented sediments, forming a prominent caprock. The terraces do not appear to be laterally continuous along the coastal zone of the southern part of the island. This can probably be attributed to the erodible lithology at several locations. Their spatial distribution is presented in Figure 4 and a detailed description of the terraces is given below.



Terrace VII: This is the lowest and youngest terrace of the area. It is a clearly defined emerged platform, at the base of a cliff, observed at Cape Ag. Theodoroi and at Cape Agios Nikolaos (Figure 5). The surface of the terrace is almost flat and extensive. Its inner edge is found at an elevation of about 4 m asl and it is indicative of recent coastal uplift. The terrace is cut into Pliocene formations. A prominent exposure of terrace VII was located at Cape Agios Nikolaos, at an elevation of 4 m (Figure 5).



Terrace VI: This is one of the most prominent terraces and extends for 4 km in a northwest–southeast direction (Figure 6). It has been observed at the northwest part of the study area between Cape Agioi Theodoroi and Cape Agia Pelagia. Its inner edge is found at 18 m asl and shows no apparent change toward the southeast. The palaeosurface is dipping 1% to the southwest. A distinct seaside exposure of terrace VI was located at 38°06′21.7″ N 20°30′41.6″ E, at an elevation of +8 m. The exposure comprised of a 2-m-thick section of well-cemented sandstone (caprock), which was unconformably overlying a lower unit (~6 m thick) of yellow-white marls. Bed thickness in this lower (Pliocene) unit was 0.2–0.3 m, dipping at 23° east-northeast. The upper, caprock unit (which corresponds to palaeobeach deposits) consisted of well-cemented coarse carbonate sand and subrounded pebbles of limestone composition. Disperse pebbles were found ranging in diameter from 1 to 3 cm, while large (3 cm) isolated intact bivalves and bivalve fragments were also locally present. A less clear and extensive exposure of 1.8 m, of the consolidated caprock was located at 38°09′41.6″ N 20°28′49.0″ E, showing 0.40 m of well-consolidated sandstone overlying 1.40 m of bedded, well-cemented medium–coarse sand.



Terrace V: This terrace has been observed at the southeast part of the study area (Figure 7). It extends for 3.5 km in a southwest–northeast direction along the coastline. Its inner edge has been measured at 32 m asl. The palaeosurface is tilted to the southeast, with a dip of 1.3%. A prominent exposure 300 m away from Skala village, at 38°04′05.7″ N 20°47′52.2″ E, showed ca. 2–3.5 m of well-cemented, conglomerate in a coarse quartz sand matrix (caprock), unconformably overlying yellow-white marls of Pliocene age. The upper unit (caprock) corresponds to palaeobeach sediments that were deposited during the time period when terrace V was located at sea level and was still active. While the exposure was relatively obscured, the difference in dip angle was laterally extensive and the unconformable relationship between the two units was clear, indicating that the lower unit was exposed to erosion before the deposition of the upper unit. The stratigraphy of the lower unit is similar as the lower unit of terrace VI exposure. The conglomeratic unit in the upper part of the exposure is very well cemented and the bedding is horizontal. It contains frequent well-rounded limestone pebbles of 1.5–6 cm in diameter. Occasional intact bivalves (3 cm in diameter), bivalve fragments and intact gastropods (1 cm in diameter) were also present. A sample from the upper part of the unit was collected for Optically Stimulated Luminescence dating to provide age constraints for the timing of the formation of the terrace V.



Terrace IV: This terrace was observed at two locations. At the western part of the study area, it was observed at 38°07′06.4″ N 20°31′21.3″ E, at Svoronata village, carved on Pliocene formations. It extends for 2 km in a northwest–southeast direction along the coastline, has a width of 1 km and exhibits a well-defined palaeosurface that tilts to the southwest at a dip of 1.8%. Its inner edge was found at 62 m asl. At the southeast part of the island, it is recognized in a non-continuous way along a coastal segment of 6.5 km between Cape Mounta and Cape Kapri where it is carved on limestones and Pleistocene marls. Its inner edge was found at the same elevation as at the western part of the study area (62 m asl). The terrace exhibits a well-defined palaeosurface near Cape Mountra while smaller outcrops were observed toward the northeast (Cape Kapri). No caprock formation has been observed for this terrace at any location.



Terrace III: This terrace has also developed at the western and southeastern parts of the study area. At the western part, small outcrops have been observed near Minia village, while a more prominent palaeosurface has developed at Cape Liakas. The inner edge was found at 100 m asl. The terrace is cut into Pliocene formations and exhibits a clear dip of 2% to the southwest. At the southeast part of the area the same terrace has clearly developed near Cape Mounta on Pliocene formations, while a less prominent exposure was found at Cape Kapri that was cut into limestones. The inner age was found at 100 m asl and the palaeosurfaces exhibit a clear dip of 1.8% to the southeast.



Terrace II: This terrace is the most prominent of the study area. It has been observed near Thiramonas village (Figure 8) where it extends for 5 km in a northwest–southeast direction while smaller but clearly defined palaeosurfaces of the same terrace have been observed between the villages Menegata and Pesada, at the central–western part of the region. The inner edge was found at 145 m asl, and the palaeosurfaces exhibit a clear dip of 2% to the southwest. The terrace has developed on Plio–Pleistocene formations and limestones at both locations. No apparent caprock was found for this terrace.



Terrace I: This terrace is the highest and oldest one. It has been observed at Peratata village where it extends for 3 km in a west–east direction while smaller outcrops have been found west of Thiramons village. Its inner edge was found at 176 m asl, and the palaeosurfaces exhibit a clear dip of 2.2% to the southwest. The terrace has developed on limestones and Pliocene formations. No apparent caprock was found for this terrace either.




4.2. Microscope, Petrological and Microgeomorphological Analyses


Both caprock samples from Cefalonia Island marine terraces, namely from KEAM and KESK, are composed of sub-rounded intrasparites and biomicrites with sorted allochemicals as lithoclasts, bioclasts and fragments of mineral grains (mainly quartz, calcite), with high bioclast contribution. More precisely, the sample KEAM from terrace VI consisted of 80% bioclasts and algae fragments, 10% minerals and lithoclasts, and 10% pores. The cement is mainly characterized by well-developed sparitic calcite forming isotropic bladed isopachous coating around the sediment grains (Figure 9). On the other hand, the sample KESK from terrace V consisted mainly of lithoclasts and only a 10% of bioclasts and algae fragments as well as 15% pores. The caprock sediments are sub-rounded and well sorted lithoclasts, which consist of mainly quartz and calcite grains. The cement is a coherent microcrystalline calcite with additional well developed spiritic calcite crystals. The cement is forming an isopachous coating around the sediment grains and has a pore-filling attribute (Figure 10).



Results from the mineralogical analysis of the samples KEAM (terrace IV) and KESK reveal that the caprocks are characterized by sparry and microcrystalline intraclastic calcarenite, of mean shorting sediments and intrasparry and intramicrite texture. During the formation of caprocks the marine influence was high as the spiritic (KEAM caprock) and micritic crystals (KESK caprock) of calcite are marine environment indicators of high and weak energy environments, respectively [58,59]. Furthermore, the high contribution of bioclasts is also an indicator of coastal environment [58].




4.3. Optically Stimulated Luminescence (OSL) Dating—Uplift Rates


The OSL dating of the caprock sample (K5_SKL) collected from VI terrace near Skala village gave an age of 59.1 ± 0.3 ka (Table 1).



As this sample was collected from a caprock exposure of terrace V, it can be used to estimate a minimum age of the caprock of 59.1 ± 0.3 ka (e.g., [64,65,66,67,68,69,70,71,72,73,74]). It is generally considered that the sediments covering the palaeosurfaces of the terraces, were deposited immediately after a sea-level highstand (e.g., [1,6]). In this way, taking into account a minimum age of 59.1 ± 0.3 ka for the caprock and the age of the nearest previous sea-level highstand of approximately 61 ka [15], we can assign the formation of the terrace V to the MIS 3e. In our uplift rate calculation, we considered the duration of the MIS 3e, which according to [75] lasted from 55.5 ka (Tmin) until 66.5 ka BP (Tmax). Considering the absolute elevation of the inner edge of the marine terrace V at +32 m asl and an additional minimum sea level (SLmιn) at −65 m [15], a total uplift of 97 m can be calculated, which divided by 55.5 ka (Tmin) gives a maximum uplift rate of 1.75 mm a−1. On the other hand, when taking into account the same elevation of the inner edge of the marine terrace VI at +32 m asl and an additional maximum sea level at −38 m (SLmax) [15], a minimum uplift rate of 1.05 mm a−1 can be estimated averaging 1.4 ± 0.35 mm a−1 of uplift for the last 61 ± 5.5 ka BP.





5. Discussion


The age of marine terrace V revealed a considerable average uplift rate of 1.4 ± 0.35 mm a−1 for the southern part of Cephalonia Island, which can be attributed to the close proximity of the island to the active margin of the Hellenic subduction zone (~35 km) [56]. This uplift rate is generally close to the GPS measurements by [39], according to which uplift of 2–4 mm a−1 has been documented at the southern part of the main Cephalonia Island during the time period 2003–2010. Similar values of uplifts rates (1–2 mm a−1) have been deduced by [70] for the western part of Crete, which also lies in close proximity to the Hellenic subduction zone (~30 km) even though it is argued that this estimate is not representative on time scales of several hundred thousand years. Uplift rates of 1–1.5 mm a−1 since 40 ka to 75 ka BP have been documented by [32], based on radiocarbon dating of marine terraces of North Evoikos Gulf. However, it is concluded that the development of the terraces and other geomorphic indicators of uplift in North Evoikos Gulf may be attributed at least partly to non-extensional faulting mechanisms, such as Quaternary (intrusive and/or extrusive) volcanic activity associated with evolution of nearby volcanic centers.



Comparing our OSL dating to the sea-level variations on the eustatic curve of [15], it is suggested that the +32 m terrace age of 61 ± 5.5 ka corresponds to the marine isotopic substage (MIS) 3e. Given that the sequence of uplifted marine terraces observed in the landscape is considered to be the geomorphic record of Quaternary sea-level highstands [2], and assuming that the estimated uplift rate is uniform over the past tens of thousands of years, we can corelate each terrace to a Marine Isotope Stage (Figure 11).



According to the estimated uplift rate, terrace VII is assigned to MIS 3a and taking into consideration the uplift rate and the elevation range of the sea level of the MIS 3a, an expected elevation of 7.8 ± 6.2 m can be calculated that generally fits with its actual elevation (4 m asl). The expected elevation of the terrace VI (MIS 3c) was calculated at 19.4 ± 1.6 m, which also fits well with its actual elevation (18 m asl). Terrace IV can be assigned to MIS 5a and the expected elevation for this terrace was calculated at 67.6 ± 9 m. Its actual elevation is 62 m, which falls into the error range of the expected elevation and therefore is considered to fit well with it. Terrace III is assigned to MIS 5c. Following the same procedure, and taking into account the parameters for MIS 5c, an expected elevation of 109.2 ± 11.9 m is calculated. The actual elevation of terrace III is 100 m which correlates well with the expected elevation. Terrace III is assigned to MIS 5c. Following the same procedure and taking into account the parameters for MIS 5c, an expected elevation of 106.4 ± 11.4 m is calculated. The actual elevation of terrace III is 100 m which correlates well with the expected elevation. As far as terrace II is concerned, it can be assigned to MIS 5e. Considering the elevation range for MIS 5e and the same uplift rate, terrace II is expected to be found at an elevation of 154.9 ± 17 m which also fits well with its actual elevation (145 m asl). Finally, terrace I can be assigned to MIS 6b. Taking into consideration the elevation range of the sea level at MIS 6b, and the estimated uplift rate, an expected elevation of 171 ± 12.5 m can be calculated which generally fits well with the actual elevation of the inner edge of terrace I (176 m asl) (Figure 4 and Figure 12). It should be noted that minor deviations between the expected elevations of the marine terraces and their actual elevations could be attributed to a series of errors regarding the production of the sea-level curve by [15], as well as the vertical accuracy of the shoreline angle’s elevation, as in many cases it could be covered by a colluvial wedge. Our future work includes more dating and more precise measurements of the shoreline angle’s altitude, taking into account the surficial erosion of the palaeosurfaces [65,66] and/or the colluvium that possibly covers the shoreline angle of the terraces [67,68], as well as detailed mapping and dating of the marine terraces at Paliki peninsula (western part of Cephalonia Island) in order to provide a link of the uplifted marine terraces with the regional tectonics.




6. Conclusions


The identification and mapping of a sequence of seven uplifted marine terraces at the southern part of main Cephalonia Island suggests a sustained uplift of the area for at least the last 165 ka. This uplift is primarily owed to the proximity of the study area to the active subduction zone, southwest of the Cephalonia Island. The mineralogical analysis of two caprock samples indicated high marine influence during the deposition of the sediments that cover the palaeosurfaces of the terraces. OSL dating performed on a caprock sample retrieved from terrace V revealed a minimum age of 59.1 ± 0.3 ka; therefore, the formation of this terrace was assigned to the Marine Isotope Stage 3e. An average uplift rate of 1.4 ± 0.35 mm a−1 was estimated for the southern part of Cephalonia Island for the last 61 ± 5.5 ka. Correlation of the uplifted marine terraces to the Quaternary sea-levels suggests that their formation is associated with sea-level highstands.
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Figure 1. Location of the study area and the general tectonic setting in the Ionian Sea. The study area is indicated with the red rectangular. Note the transform fault (Cephalonia Fault Zone), a major dextral strike slip fault, located offshore, west of the island. 
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Figure 2. Simplified geology of the investigated area. GAT: Gulf of Argostoli Thrust, AF: Argostoli Fault, AT: Ainos Thrust, IT: Ionian Thrust, OPT: Offshore Poros Thrust. 
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Figure 3. Workflow diagram of the main steps of the terrace-mapping methodological procedures. 






Figure 3. Workflow diagram of the main steps of the terrace-mapping methodological procedures.



[image: Quaternary 05 00035 g003]







[image: Quaternary 05 00035 g004 550] 





Figure 4. Spatial distribution of the prominent uplifted marine terraces which have evolved mainly on Plio–Pleistocene formations. Their lateral continuity is disturbed by the fluvial action of many ephemeral streams. 
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Figure 5. Drone image of the marine terrace VII located at cape Agios Nikolaos (view towards east-northeast). The red dashed line corresponds to the inner edge of the terrace at 4 m while the yellow dashed line corresponds to the base of the modern sea cliff. The elevated palaeosurface is highlighted with transparent red color. 
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Figure 6. (a) Drone image of terrace VI exposure at 38°06′21.7″ N 20°30′41.6″ E (view southeast). Yellow dotted line represents the unconformable contact between the caprock and the underlying marls of Pliocene age. (b,c) Close-up of caprock formation consisting of a well-cemented coarse sand and subrounded pebbles of limestone composition. Dotted circles represent isolated bivalves and bivalve fragments (d) Close-up of a less complete and extensive sequence of the well-cemented caprock (same stratigraphy) on adjacent private land at 38°09′41.6″ N 20°28′49.0″ E. 
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Figure 7. (a) Terrace V exposure (view SSW). The red transparent polygon represents the palaeosurface. The outer edge of the palaeosurface corresponds to the modern sea cliff. (b) Same location exposure of terrace V (view W), carved on Pliocene marls, unconformably underlying a caprock formation (contact represented with a yellow dashed line). (c–e) Close-up of the caprock formation consisting of well-cemented coarse sand, grit with well-rounded pebbles of limestone composition (1.5–6 cm in diameter). Red dashed circles represent frequent bivalves, bivalve fragments and gastropods. 
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Figure 8. Panoramic drone image of a prominent Terrace II palaeosurface at 145 m asl (view South) east of Thiramonas village. 
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Figure 9. Representative photomicrographs under crossed polars illustrating caprock composition of marine terrace VI. The photomicrographs are taken from polished thin sections of caprock sample KEAM SparCal: Sparitic Calcite cement, Lc: lithoclast, Bc: bioclast. Well-developed calcite crystals with light brown color are indicative of cement. (a,b) Thick cement consolidates bioclasts, lithoclasts and minerals, (c), Close look of the bonding between bioclasts and algae by spartic calcite, (d) high contribution of bioclast. 
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Figure 10. Representative photomicrographs under crossed polars illustrating caprock composition of marine terrace V. The photomicrographs are taken from polished thin sections of caprock sample KESK SaprCal: Sparitic Calcite cement, McCal: Micritic Calcite, Cal: Calcite, Qz: quartz. Well-developed sparitic and micritic calcite crystals with light brown color are indicative of cement. (a), Micritic calcite consolidates lithoclasts and minerals, (b,c) well developed sparitic calcite crystals are observed, (d) general look of sample KESK bioclasts, lithoclasts and minerals, (c), Close look of the bonding between bioclasts and algae by spartic calcite, (d) high contribution of bioclast. 






Figure 10. Representative photomicrographs under crossed polars illustrating caprock composition of marine terrace V. The photomicrographs are taken from polished thin sections of caprock sample KESK SaprCal: Sparitic Calcite cement, McCal: Micritic Calcite, Cal: Calcite, Qz: quartz. Well-developed sparitic and micritic calcite crystals with light brown color are indicative of cement. (a), Micritic calcite consolidates lithoclasts and minerals, (b,c) well developed sparitic calcite crystals are observed, (d) general look of sample KESK bioclasts, lithoclasts and minerals, (c), Close look of the bonding between bioclasts and algae by spartic calcite, (d) high contribution of bioclast.
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Figure 11. Potential correlation of the marine terraces on the southern part of the main Cephalonia Island with highstands (MIS) of the sea-level curve derived by [15]. The red, blue and green lines correspond to a maximum, mean and minimum sea level, respectively. 
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Figure 12. Topographic profiles A and B constructed at Capes Agia Pelagia and Mounta, respectively. For locations of the profiles, see map in Figure 4. 
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Table 1. Results and details of OSL dating. Equivalent dose values were determined using the central age model (CAM) of Galbraith et al. [30]. Water content expressed as a percentage of the mass of dry sediment, calculated using field values. Beta, gamma, and cosmic dose rates were combined to calculate the total dose rates after Aitken [60]. Beta and gamma dose rates were calculated using the conversion factors of Liritzis et al. [61]. Beta dose rates have been corrected for the effect of the water content, grain size, and chemical etching. Gamma dose rates have been corrected for the effect of the water content. Cosmic dose rates were calculated according to [62,63]. Age, before 2016 AD.
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	Sample

Sample ID
	Lab. Reference
	Beta

(Gy ka−1)
	Gamma

(Gy ka−1)
	Water Content

(wt%)
	Total Dose Rate (Gy ka−1)
	De
	(n)

Accepted/Measured
	Age (ka)

± 1σ SE





	K5_SKL
	GdTL-3859
	0.299 ±0.19
	0.245 ±0.11
	25±5
	0.492 ± 0.031
	40.5 ± 1.2
	23 (24)
	59.1 ±0.3
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