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Abstract

:

As Lower Cretaceous “Vigla” shales have been suggested as one of the main source rocks for the Ionian Basin in Greece, a geochemical analysis was performed for “Vigla” shales in Kastos Island and the Araxos peninsula, far from the already studied areas. Results, based on Rock-Eval VI analysis, sample fractionation, and biomarkers analysis, showed that the studied rocks could be of low production capacity, are type II/III of kerogen, and can produce liquid and gas hydrocarbons for Kastos Island. Organic matter (total organic carbon-TOC 0.02–3.45%) of the studied samples is thermally immature, in the early stages of diagenesis, and was accumulated in an anoxic environment. Additionally, the geochemical analyses confirmed the combination of marine and terrestrial origin of the organic matter. On the other hand, TOC (0.01–0.72%) from the Araxos peninsula shows fair oil potential and type IV kerogen. The results based on the Odd–Even Predominance, OEP (27–31), OEP (2), and OEP (1), valued for samples AG1, AG2, AG5, and AG6, indicated an anoxic deposition environment. As the Ionian Basin was sub-divided into three sub-basins (internal, middle, and external) during its syn-rift evolution, different depositional conditions were developed from one sub-basin to the other, with different sedimentary thicknesses within the same sub-basin or among different sub-basins and with different amounts of TOC. The fact that there is a great difference in geochemical indices between the two studied areas during the same period suggests that probable different depositional conditions could exist. It seems that the richness in Kastos Island could be related to the neighboring Apulian Platform, whereas the poorness in the Araxos peninsula could be related to the Gavrovo platform, or the differences could be related to restrictions produced regions. The comparison with previous studies indicates that different quality and quantity of organic matter could be accumulated either within the same sub-basin or from one sub-basin to the other.






Keywords:


geochemical analysis; TOC; source rocks; Kastos Island; Araxos Peninsula












1. Introduction


The development of geochemistry helped the kerogen to produce hydrocarbon or gas; this was achieved by experimental tests (e.g., Rock-Eval VI pyrolize), where models were simulated to process maturation, generation, and migration [1,2,3,4,5,6,7]. Thus, today, petrochemical geochemistry is actively involved in all phases of energy exploitation, from detection and localization to the organization and optimization of its production. All the above were achieved with analytical processes for the characterization of the chemical composition of the oil as well as with biomarkers with the SOXHLET extraction method.



The aim of this paper is to define in detail the depositional environment conditions during the accumulation of organic matter, for the Lower Cretaceous “Vigla” shales of the Ionian Basin. Detailed geochemical studies in the Kastos Island (external Ionian sub-basin) and the Araxos peninsula (internal Ionian sub-basin) were compared with previous studies from the Gotzikas area (middle Ionian sub-basin) and the Ioannina well (internal Ionian sub-basin). The above results and comparisons were used in order to improve the Ionian Basin model of evolution during the Lower Cretaceous period and to suggest new ideas concerning the possibility of “Vigla” shales to be source rocks.




2. Geological Setting of the Ionian Basin


The Mesozoic–Paleogene Ionian Basin is part of the external Hellenides orogeny, bounded westwards by the Ionian Thrust and eastwards by the Gavrovo Thrust (Figure 1). The Pre-Apulian (or Paxoi zone) to the west is regarded as the eastern margin of the Apulian platform in Albania, Croatia, and Italy, where similar rocks occur [8,9,10].



The sedimentary fill of the basin is sub-divided into pre-rift and syn-rift tectono-sedimentary sequences [10,11,12,13] (Figure 2):



The pre-rift sequence begins with evaporites (Early to Middle Triassic) at the base (more than 2000 m thick). These deposits evolved upwards into the Middle–Upper Triassic (Ladinian to Rhaetian) “Foustapidima” limestones (50–150 m thick), and the Lower Jurassic (Hettangian to Sinemurian) “Pantokrator” limestones (more than 1000 m thick).



The syn-rift sequence represents deposition during the extension and deepening of the Ionian Basin, accompanied by internal structural differentiation, into small sub-basins with half graben geometry, displaying abrupt thickness changes within each sub-basin. The syn-rift sequence is composed of Upper Jurassic to Lower Eocene deposits. At the base, it consists of the Lower Jurassic (Pliensbachian) pelagic “Siniais” limestones and their lateral equivalent, the hemipelagic “Louros” limestones (20–150 m thick). These deposits underlay the Lower to Upper Jurassic (Toarcian to Tithonian) “Ammonitico Rosso”, “Limestones with filaments”, and “Posidonia beds” (20–200 m thick). Variations in thickness and formation changes across the basin are observed very often due to the half graben geometry; thus, different basin depths are commonly observed. The Lower Cretaceous (Berriasian to Turonian) is characterized by “Vigla” limestones and the laterally equivalent “Vigla” shales, 200–600 m in total thickness. Over the latter, the Upper Cretaceous “Senonian” limestones (Coniacian to Maastrichtian) were deposited. They range from 200 to 400 m in thickness and contain both nodular and bedded chert. They are composed of the following five different lithofacies [10,12]: (A) Microclastic limestone, which may include a micritic groundmass, generally in graded beds of calciturbidites. (B) Micritic limestones deposited on top of some sand-sized calciturbidites. (C) Bioclastic limestones, often recrystallized, with abundant benthic micro-fauna. (D) Polygenic limestone breccia (rudstones) with elements of various nature and origin (referred to here as microbrecciated limestones). (E) Beds of pelagic limestones, indicating deposition at depths greater than 200 m. The Paleocene rocks have similar lithofacies to the Upper Cretaceous “Senonian” limestones, with prominent microbreccia that derived from the erosion of the Cretaceous carbonates from both the Gavrovo platform (to the east) and the Apulian platform (to the west). The Lower Eocene rocks comprise “Platy Limestones” and platy wackestones/mudstones, with Globigerinidae and nodular cherts, especially in the central area of the Ionian Basin. These deposits seem to be like the “Vigla” limestones, but they lack bedded cherts.



The predominantly Mesozoic succession of the Ionian Basin passes upwards into a terrigenous flysch (turbidite) succession, accumulated during the Late Eocene to Early Miocene as a response to the Pindos Thrust activity, uplift of the Hellenides Orogen, and development of a pro-foreland basin at the edge of the Apulian microcontinent [14,15,16]. Within the Ionian Zone, the Upper Cretaceous–Eocene resedimented carbonates (calcareous turbidites and coarser breccia) are considered one of the main reservoir successions and exploration targets in western Greece [10,12]. They correspond to the producing reservoir rocks in the Katalokon oil field and host proven prolific reservoirs in the Ionian zone of Albania [17] and in the central and southern Adriatic offshore of Italy [9,18]. However, the distribution of these resedimented carbonates (calcareous turbidites and coarser breccia) in western Greece is still poorly constrained.



NNW-SSE directed thrust faults (Pindos thrust, Gavrovo thrust, internal Ionian thrust, middle Ionian thrust, and Ionian thrust) developed in response to compression associated with the westward migration of the nappes and of the external Hellenides Orogen and have been active at least since the Late Eocene [16,19].



Triassic evaporites are exposed along the leading edges of thrust sheets and in tectonic windows above deformed Upper Eocene–Lower Miocene submarine fan successions, suggesting that they correspond to the lowest detachment level of individual thrust sheets in the external Hellenides. In addition to thrust faults, many NE-SW to E-W directed strike-slip faults influenced foreland basin evolution, sediment thickness, and depositional conditions, mostly at their junction with thrusts [19,20,21].



An equivalent example to the studied area (Pre-Apulian platform, Ionian Basin, and Gavrovo platform) occurs in the western Albanides (Sazani platform, Ionian Basin, and Kruja platform, respectively) extending in an NNE–SSW orientation. Sedimentation within the Ionian Basin in Albania was controlled by the tectonic instabilities of both shelf margins (Sazani and Kruja platforms). During the Cretaceous, the deposition in the Ionian Basin was characterized by hemipelagites at the base and by the overlying breccia and calciturbidites, produced from the eroded margins due to their strong tectonic instability [10,22,23].



Other examples could be taken from the other side of the Adriatic Sea, the Apulian platform with its margins located at the Gargano peninsula in Italy. During the studied period (Cretaceous to Early Eocene), steep submarine escarpments characterized the Apulian carbonate platform margins, presenting significant erosion. Breccia accumulated at the toe of the escarpment interbedded with clinostratified deposits and bioclastic turbidites (around the Gargano promontory, Maiella Formation). Along the platform margins, high productivity is suggested by the occurrence of rudist colonies. These colonies were subsequently eroded and redeposited as skeletal material at the toe of the slope [9,24,25,26].




3. Material and Methods


3.1. Fieldwork Sampling


Two different samplings were conducted in Kastos Island and in the Araxos peninsula, both from Lower Cretaceous “Vigla” shales, to have the opportunity to correlate them to form a better picture regarding what is happening in the Ionian Basin from one side to the other, and finally to compare results from this work with previous published works.



Therefore, forty-eight (48) samples were selected; seventeen (17) samples from Kastos (Figure 3a) and thirty-one (31) samples from the Araxos peninsula (Figure 3b) were chosen for further analysis. In Kastos Island, the sections from where the selected samples were taken are shown in Figure 4, and the samples from the Araxos peninsula were selected from the Gianiskari coast (Figure 5).




3.2. Rock-Eval Analysis


The employed experimental methodologies are described below for forty-eight (48) selected samples: Sediment samples, dried at 40 °C overnight, were crushed and sieved using a 60-mesh (250 mm) sieve. Organic geochemical analysis was conducted using the Rock-Eval pyrolysis method with a Rock-Eval VI analyzer. Through this process, parameters, such as free and pyrolyzable hydrocarbons (S1 and S2, mg HC/g rock), hydrogen index (HI, mg HC/g Corg), oxygen index (OI, mg CO2/g Corg), Tmax (°C), total organic carbon (TOC) content (wt%), hydrocarbon potential (S1 + S2, mg HC/g rock), and production index (PI, S1/(S1 + S2)), were determined. The guidelines from Tissot and Welte [27], Peters [7], Burwood et al. [28], and Dymann et al. [29] were followed for evaluating the RE experimental data. In addition, four (4) samples from Kastos Island were selected to be analyzed by Soxhlet extraction for the determination of the biomarkers.




3.3. Sample Fractionation and Biomarkers Analysis


Solvent extraction of the grounded samples was carried out by Soxhlet technique using a chloroform–methanol mixture (87:13 vol). Copper tips, dipped in the solvent during extraction, were used to capture possible present elemental sulfur. Subsequently, extracts were de-asphalted by using excess of n-pentane (40 vol) and filtered through Teflon syringe filters (0.45 μm), and the isolated maltenes were quantitatively measured. The analysis was performed using an Agilent HP 7 890/5975C system, with an HP-5 5% phenyl methylsiloxane column (60 m × 250 μm × 0.25 μm), with the initial oven temperature set at 60 °C, followed by a temperature ramp of 6 °C/min up to 300 °C. The samples (1 μL) were injected through a split–splitless injector (pulsed splitless mode, at 250 °C) diluted (1/200) in ultra-pure n-hexane (SupraSolv®, Merck). The transfer line, MS source, and quantrupole temperatures were set at 280 °C, 230 °C, and 150 °C, respectively. The analysis was carried out in full scan ion detection mode (50–500 amu). Normal alkanes’ concentrations were calculated on the basis of the peak areas from the m/z 85 fragmentograms. The quantitative calibration of the GC-MS was performed following the internal standard methodology, with n-C12-D26 and n-C16-D34 as standard components at a concentration of 58 ppm in the analyzed mixtures.





4. Results


Source rock potential was evaluated on the basis of three fundamental attributes: quantity, quality, and maturity of the organic matter. Through this process, several important Rock-Eval VI-derived parameters that are generated from the analysis are: S1 (free hydrocarbons present within the sample released during the pyrolysis stage; mg HC/g rock), S2 (heavier hydrocarbons released due to pyrolytic breakdown of kerogen released during the pyrolysis stage; mg HC/g rock), Tmax (temperature at which maximum amount of pyrolyzate is cracked under the S2 peak of Rock-Eval; °C), S3 (CO2 released from oxygenated compounds during the pyrolysis stage; mg CO2/g rock), PC (pyrolyzable carbon; calculated from S1, S2, and S3 components), S4 (residual carbon (RC) content of the sample; mg carbon/g rock), HP (hydrocarbon potential; equal to S1 + S2, mg HC/g rock), and TOC (sum of PC and RC; wt%), from which S1/TOC ratio can be calculated. The free hydrocarbons liberated under the S1 peak could be indigenous (free or adsorbed gas/oil) and/or non-indigenous (migrated or contaminated) in nature [30]. The heavier hydrocarbons generated under the S2 peak indicate the remaining hydrocarbon generation capacity of the rock [31] and is used to infer the Van Krevelen types of organic matter input by calculating hydrogen indices (e.g., HI; S2 normalized to TOC, mg HC/g TOC). Similarly, the S3 peak is used to calculate oxygen indices (e.g., OI; S3 normalized to TOC, mg CO2/g TOC; [3]. Both the HI (100*S2/TOC mg HC/g Corg) and OI (100*S3/TOC mg CO2/g Corg) have been used to define the kerogen type present in the rocks [27,30,31] through the kerogen classifying diagram [3]. Particularly, HI reflects the quality and quantity of pyrolyzable organic compounds, from S2 relative to the TOC (mg HC/g TOC), while OI is related to the quantity of terrestrial organic matter. Tmax is used as a maturity parameter for fossil organic matter [27]. Production index (PI; S1/S1 + S2) reveals the total amount of hydrocarbons (S1 + S2) that may be produced [32]. For the interpretation of the RE pyrolysis data, we refer to the specific guidelines of Tissot and Welte [27], Peters and Cassa [6], Peters [7], Burwood et al. [28], and Dymann et al. [29]. Geochemical parameters (e.g., HI, S2/S3) describing the type of hydrocarbons generated were also used, as initially introduced by Peters [7].



4.1. Rock-Eval VI Analysis


There were seventeen (17) samples of the Kastos Island and thirty-one (31) of the Araxos peninsula that were initially analyzed with the Rock-Eval VI geochemical analysis; then, those showing satisfactory total organic carbon values (TOC wt%) were selected for further analysis. The results of the analysis are presented in Table 1 and are characterized in relation to indicative values according to Peters and Cassa [6]. In the same table, the pre-existing data were added from the Gotzikas section (Figure 6a) and the Ioannina well (Figure 6b) for comparison.



Tmax Index: For the Kastos Island, Tmax values less than 400 °C are not indicated. All other samples, as shown in Table 1, presented values less than 435 °C and, therefore, indicated thermally immature organic matter. For the Araxos peninsula, only three Tmax values were considered, and these presented values less than 372 °C and so are not indicated.



S1 Index: The samples of Kastos showed very small values of the S1 peak, smaller than the unit peaks and are, therefore, characterized as “poor” oil production potential. The sample AG1 showed the highest value (S1 = 0.08 mg/g), compared with the rest of the analyzed samples. In relation to the samples of Kastos Island, S1 values on the Araxos peninsula presented a mean less than 0.002 mg/g, and only a few of them ranged between 0.04 and 0.05 mg/g; thus, they are characterized by “poor” oil production potential.



S2 Index: In Kastos Island, according to the values of the peak S2, it seems that the samples AG1 and AG2 showed satisfactory values (5–10 mg/g), indicating “good” oil production potential. The samples AG5, AG6, and AG7 had “fair” production capacity, while the other samples showed almost zero values and are characterized as “poor”. In Araxos peninsula, all samples are characterized as “poor”, as S2 values were less than 0.12 mg/g.



S3 Index: Most samples for Kastos Island had mean values of peak S3 (1–3 mg/g), with the exception of sample AG13 (>4.5 mg/g), which showed a higher oxygen content, indicating the possible contribution of organic material of terrestrial origin. Samples in the Araxos peninsula, as in Kastos Island, presented mean values ranging between 0.2 and 0.6 mg/g of peak S3, with the exception of samples G11 and G12, which showed a higher oxygen content, indicating the possible contribution of organic material of terrestrial origin.



Total Organic Carbon (TOC): In Kastos Island, according to the values of total organic carbon, the values fluctuated from almost zero (sample AG9: TOC = 0.02 wt%) up to satisfactorily high values (sample AG1: TOC = 3.45 wt%). The samples AG1, AG2, and AG7 showed the highest values and signal “very good” oil potential. The values of samples AG5 and AG6 indicated “good” oil potential, while all the other values of the samples correspond to “poor” oil production potential. On the basis of the values of the TOC index, samples AG1, AG2, AG5, and AG6 were selected for further geochemical analysis. In the Araxos peninsula, according to the values of total organic carbon, the values fluctuated from almost zero (samples G26 and G28: TOC = 0.01 wt%) up to satisfactorily high values (sample G31: TOC = 0.72 wt%). The samples G7, G13, G15, G17, and G31 showed the highest values and signal “fair” oil potential.



S2/S3 Index: In Kastos Island, according to the values of the S2/S3 index, samples AG14, AG7, AG6, AG5, AG2, and AG1 showed values from 2 to 3.6, therefore indicating type III kerogen, capable of producing gaseous hydrocarbons. The remaining samples values were less than one, indicating type IV kerogen, which can produce neither liquid nor gaseous hydrocarbons. In the Araxos peninsula, according to the values of the S2/S3 index, all samples showed values less than 0.32, indicating type IV kerogen, which can produce neither liquid nor gaseous hydrocarbons.



Hydrogen Index (HI): Only for Kastos Island, as can be seen from the HI hydrogen index values of the analyzed samples, it is concluded that sample AG14 is characterized by type II kerogen, samples AG1, AG2, AG6, and AG7 by type II/III kerogen, and all other types of kerogen type III, producing mainly gaseous hydrocarbons. These values are in contrast to the determination of kerogen by the S2/S3 index and the Van Krevelen diagram.



Oxygen Index (OI): Only for Kastos Island, the samples showed values for the oxygen index ranging from 77 to 1126 mg CO2/g rock. The OI distribution, as the depositional depth increases, showed that there was a contribution of organic material with terrestrial origin for samples I1-AG10B and, at the same time, organic matter of marine origin for deeper samples (AG7-AG1).




4.2. Comparison of Recent Study Results with Previous Existing Results


The present work results, as described above, are compared with the pre-existing results from Rigakis and Karakitsios [33] and summarized in Table 1.



From this table, five diagrams were created showing the similarities and differences among different areas.



Diagram S2–TOC: Some samples from Kastos Island have “fair” to “good” petroleum potential and apparently contain type II/III kerogen, and they can produce liquid and gaseous hydrocarbons, while others have very low values of both indicators and are characterized by kerogen for dry gas production. Samples from the Araxos peninsula present a “poor” petroleum potential, whereas samples from Gotzikas and the Ioannina well contain type II kerogen (Figure 7a).



Diagram S1+S2–TOC: Used to characterize source rocks. As shown below, the samples of Kastos Island consist of samples that show “poor” hydrocarbon production potential as well as samples that show “good” oil potential (AG1, AG2, AG5, AG6, and AG7), whereas from Araxos peninsula, only three samples present “poor” to “fair” oil potential. Samples from Gotzikas and the Ioannina well show “good” hydrocarbon potential (Figure 7b).



Diagram HI–Tmax: Characterizes the thermal maturity of organic matter and its type. For the Kastos Island samples, shown in the following Figure 7c, the contained organic matter is thermally immature, and the type of kerogen is type II/III, whereas samples from Gotzikas and the Ioannina well are also characterized as thermally immature, but the type of kerogen is type I/II.



Diagram HI–TOC: Used for the characterization of the source rocks. Samples of Kastos island could be characterized as “poor” to “fair” in oil potential, whereas for the Araxos peninsula, they are characterized as “very poor”. Gotzikas samples range from gas and oil sources and represent an excellent oil source, whereas Ioannina samples belong mostly to good oil sources (Figure 7d).



Van Krevelen diagram (HI–OI): Used to characterize the kerogen type. As shown in Figure 7e, the samples of Kastos Island contain mainly type II/III kerogen with the ability to produce liquid and gaseous hydrocarbons. The Araxos peninsula samples contain type IV kerogen with neither liquid nor gaseous hydrocarbons. Gotzikas samples contain type I/II and Ioannina samples mostly type I kerogen, with the ability to produce liquid hydrocarbons.




4.3. Results of Extraction Soxhlet for Present Work Studied Samples


As already mentioned, according to the results of the Rock-Eval VI analysis, the samples AG1, AG2, AG5, and AG6 were selected for the continuation of the analyses and, finally, the determination of the biomarkers. These samples were then analyzed by Soxhlet extraction to calculate the bitumen (extract). The results are presented in Table 2.



According to the results of the experimental extraction process with the Soxhlet technique, the samples contain small amounts of bitumen and are characterized as “poor” in petroleum potential, according to the standard values of Peters and Cassa [6] (Figure 8).



Specifically, as shown in Figure 8, the samples contain quantities of bitumen of less than 500 ppm, so they are characterized as “poor”, which is relatively consistent with the results of peaks S1 and S2 of Rock-Eval cracking to characterize the thermal maturity of the organic matter. The following table was created with the values of the resulting bituminous to the total organic carbon.



For the characterization of the thermal maturity of the organic matter, the following Table 3 was created with the values of the resulting ratio of bitumen to total organic carbon.



All values of this ratio are less than 0.05, characterizing thermally immature organic matter, a fact that is confirmed by the results of the Rock-Eval analysis and, specifically, the Tmax index.



During the extraction process, copper sheets were introduced into the beaker to capture the elemental sulfur. The samples AG1 and AG2 seem to have a small number of sulfides, while the samples AG5 and AG6 show a greater change in the copper sheets, so they contain a larger amount of elemental sulfur, indicating a lagoonal depositional environment.



Asphalting Results: According to the results of the asphalting and their graphic representation, it appears that all the samples contain higher amounts of asphaltenes (60.26–66.38%) than maltenes (33.62–39.74%) (Table 4). This fact confirms the thermal immaturity of the organic matter of the samples, as evidenced by the results of the Rock-Eval analysis.



Results of Liquid Chromatography: The results of maltene fraction were analyzed by liquid chromatography to separate it into a saturated hydrocarbon, aromatic, and resin fraction, as shown in Table 5 below.



These results were used to construct the following diagram, which shows how all samples exhibit a predominance of the different source components fractions (resins). The high resin content of samples confirms the thermal immaturity of the organic matter, as already demonstrated by both Rock-Eval VI (Tmax) analysis and extraction (bitumen/TOC).



Results of Gas Chromatography–Mass Spectroscopy: Table 6 shows the concentrations of n-alkanes for all analyzed samples in ppm to calculate k-alkane geochemical indices, where it is possible, whereas Figure 9 shows a representative distribution of n-alkanes from sample AG6.



According to Table 7, diagrams were constructed showing the distributions of n-alkane concentrations for each analyzed sample (Figure 10).



According to the diagrams of the distributions of n-alkanes, the predominance of light hydrocarbons is observed mainly in the samples AG1 and AG2, (high concentrations of C16–C21), while heaviest hydrocarbons appear in the samples AG5 and AG6 (C25–C35). Therefore, the marine origin of the organic matter of the samples AG1 and AG2 is indicated, while for the other samples (AG5 and AG6), it seems that the origin is marine with land contribution. Samples showing predominance of n-alkanes with carbon atoms <C25 (samples AG1 and AG2) are attributed to bacteria or algae [27], while long-chain n-alkanes (samples AG5 and AG6) are attributed as surface of terrestrial plants [34].



In addition, a particularly high concentration of phytane is observed in all samples of the area, indicating the strong reducing character of the environment of genesis of organic matter.



In addition, there is a relative superiority in all samples of the chains, with an excessive number of carbon atoms, which signals the existence of hydrocarbons derived from terrestrial plants or from transformations of alcohols, esters, and fatty acids in the early generation. Finally, this existence of the predominance of excess carbon atoms indicates thermal immaturity of the analyzed samples, which is consistent with the results of previous analyses.



The Pr/Ph ratio takes values less than 0.8 for all samples, which leads to the conclusion that it is a reductive–anoxic deposit environment or a high salinity environment. This indicator does not indicate clay and silicate rocks, but possibly carbonate source rocks, which is consistent with the geology of the study area.



The Pr/nC17 and Ph/nC18 indices are used to determine the thermal maturity of the organic material and the deposition environment [35]. As can be seen from the diagram of the indices, the samples show values higher than one unit and, therefore, can characterize the organic material as thermally immature, with a contribution of terrestrial origin (mainly for sample AG6).



The values of CPI and CPI (1) range from 1.11 to 1.42; therefore, it is a thermally immature organic material, which could indicate the origin of coastal sediments or the existence of clayey rocks. Values close to unit value, signify organic matter contributed by marine plants (plankton) or the absence of terrestrial material [34].



The OEP (27–31), OEP (2), and OEP (1) (Odd–Even predominance) values for samples AG1, AG2 AG5, and AG6 are close to unit value and indicate an anoxic deposition environment. Thus, the conclusions of the previous geochemical analyzes are confirmed, through which an anoxic environment of deposition of organic matter is also obtained.



The index nC24+/nC24− is the ratio of heavy to light hydrocarbons, while the index nC19/nC31 is the ratio of light to heavy hydrocarbons. The AG1 sample shows higher values of light hydrocarbons, a fact that testifies to the marine origin of the organic matter [34]. Samples AG2, AG5, and AG6 show slightly higher values of heavy hydrocarbons, signaling the possible terrestrial contribution to the origin of organic material.



Hopanes Index: Table 8 presents the calculated geochemical indices of coppice of the samples of Kastos island.



Sterane Indices: The geochemical indices counted according to the results of gas chromatography (Table 9).



Almost all geochemical indicators of steranes have zero values, and, therefore, no interpretations can be drawn from them. In all the samples, high values appear in the components C27aaR, C28aaR, and CC29aaR. In the immature sediments, the stereochemistry of the precursor biological molecules (sterols) prevails, with the result that the structure 5a (H), 14a (H), 17a (H) -20R dominates in relation to the structure 5a (H), 14a (H), 17α (H) -20S. Thus, we conclude that the analyzed samples are thermally immature [36].



Finally, the structure and distribution of steranes are influenced by the process of biodegradation in sediments. The result of this process is the reduction of the 20R in relation to the 20S in normal landfills [36]. The results of this process are, therefore, not apparent in the analyzed samples, so this biological activity has not yet taken place.





5. Discussion


In the description of Lower Cretaceous “Vigla” shales and of the proposed published works [13,37], it seems that the thickness of “Vigla” shales ranges from 0 to 100 m due to the accumulation into asymmetrical subsided troughs, so it could be different organic carbon accumulation along and across the above asymmetrical troughs. In both studied areas, the thickest “Vigla” shales accumulations are very close to the meeting point between normal and transfer faults.



Yellow marly or shaly limestones and shales with chert intercalations as well as red to green or locally black clay layers compose “Vigla” shales. The latter contents could be equivalent to the anoxic events of Selli (OAE1a) during the Aptian–Albian, Paquier Evet (OAE1b) of Early Albian age in the Ionian zone and extends to Italy and Albania. Geochemical analysis of Lower Cretaceous “Vigla” shales in both studied areas, Kastos Island and the Araxos peninsula (Gianiskari coast), and the results based on the Odd–Even Predominance, OEP (27–31), OEP (2), and OEP (1), valued for samples AG1, AG2, AG5, and AG6, indicate an anoxic deposition environment.



The great difference in geochemical indices between the two studied areas during the same period indicates that it is likely that different depositional conditions existed. It seems that the richness in Kastos Island (external Ionian sub-basin) and the poorness in the Araxos peninsula (internal Ionian sub-basin) could be related to the neighboring platforms, suggesting the Apulian platform as a rich organic platform source for the Ionian Basin and the Gavrovo platform as a poor organic platform. Additionally, these two studied areas likely are not connected to each other due to the existing intrabasinal highs that developed during the syn-rift stage because there are no transfer faults to act as pathways to connect them.



Although sedimentation in “Vigla” shales has been interpreted as pelagic, and basin configuration was influenced by synthetic and antithetic normal faults, it seems that the presence of few samples in both areas showing terrestrial input during sedimentation could be related to the neighboring platforms.



In other studied areas (e.g., Epirus region, according to Karakitsios and Rigakis [38], for middle and internal Ionian sub-basins), it seems that the geochemical conditions are quite different, showing and suggesting that “Vigla” shales could be very interesting source rocks.



The above difference either within the Epirus region (internal and middle Ionian sub-basins) or between the two studied areas (internal and external Ionian sub-basins) could be related to different tectonic activity that influenced depositional conditions in these two regions, as also highlighted by Bourli et al. [37], studying the siliceous concretions in Kastos Island and the Araxos peninsula (Figure 11).



It seems that the great differences internal to the same sub-basin (Ioannina region vs. the Araxos Peninsula that belongs to the internal Ionian sub-basin) and between different sub-basins (the Araxos peninsula from internal Ionian sub-basin and Kastos Island from external Ionian sub-basin) could be related with the presence and/or activity of transfer faults. The Ionian Basin is cross-cut by several transfer faults, such as Ag. Kyriaki, Alevrada, and Amvrakikos transfer faults (see Figure 1 for the location of transfer faults), producing restrictions from one region to the other (Figure 11).



Hydrocarbon Prospectivity


Microfacies analysis in Kastos Island as well as in Ithaca Island, both situated in the external Ionian sub-basin, showed that there were stable deep-water conditions during the Cretaceous period [39]. Kastos Island is situated in the central part of the sub-basin, whereas the study of calciturbidites from Ithaca Island suggest the existence of a platform very close to the studied region. Therefore, it seems that during the compressional regime, and because the normal fault reactivated as thrust faults, sediments of the major external sub-basin moved over the pre-existing platform to the west. From the above, it seems that the best areas that could act as hydrocarbon plays are situated at or under the Ionian thrust, considering that the Mesozoic Platform is covered by Triassic evaporites, which acted as a décollement surface, and offers an excellent silling.



On the other hand, as the depositional conditions for the Araxos peninsula indicated a proximity to a platform (due to breccia, rudist fossils, and calciturbidites), the same scenario, as for Kastos Island, is also suggested for the internal Ionian sub-basin. In this case, the internal Ionian thrust produced the movement of the major internal Ionian sub-basin over the pre-existing platform to the west, offering in the same way an excellent silling condition.



The greatest question, after the above-discussed properties, has appeared around the quality of source rocks. As presented above, there is a great difference in source quality both internally to a sub-basin (Ioannina and Araxos Peninsula) and from one sub-basin to the other (Kastos Island and Gotzikas area vs. the Araxos Peninsula). It seems that the above differences could be related to their position within different sub-basins of sedimentation and the connection either between different sub-basins or internally to the same sub-basin. Therefore, and independently of the previous results or the results of the present study, oil companies must search for the source quality and quantity in the entire Ionian Basin, both internally to the same sub-basin and from one sub-basin to the other.



Moreover, in searching for “Vigla” shales maturity, we must take into account that the studied samples were never buried enough in order to be mature. In other areas, “Vigla” shales are now situated in great depths, and so they could be mature due to the compressional regime from Eocene to Miocene that produced the Pindos Foreland. The pre-existing normal faults were reactivated as thrust faults or the transfer faults as strike-slip faults, influencing basin configuration and, thus, maturity of source rocks.





6. Conclusions


Geochemical analysis performed only for “Vigla” shales, as these had been suggested in the literature as one of the main source rocks for the Ionian Basin, showed that the studied rocks could be of low production capacity, at least in the studied area. Studied samples showed that type II/III of kerogen can produce liquid and gas hydrocarbons. Organic matter of studied samples is thermally immature, in the early stages of diagenesis. Moreover, “Vigla” shales were accumulated in an anoxic environment, and the geochemical analyses confirms the combination of marine and terrestrial origin of the organic matter.



As the Ionian sub-basin was sub-divided into three sub-basins (internal, middle, and external) during its syn-rift evolution, different depositional conditions were suggested from one sub-basin to the other, with different sedimentary thicknesses within the same sub-basin or between different sub-basins, with different amounts of TOC. The recognized differences internally to the same sub-basins were related mostly to restrictions produced from the activity of transfer faults during sedimentations disconnecting the free flows between regions. Comparison with previous studies indicate that different quality and quantity of organic matter could be accumulated either within the same sub-basin or from one sub-basin to the other.



Finally, “Vigla” shales are suggested as source rocks, but further work is needed from oil companies to determine in which part of each sub-basin the accumulation of TOC was sufficient to act as source rock.
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Figure 1. Geological map of the external Hellenides in NW Greece illustrating the principal tectonostratigraphic zones: Pindos, Gavrovo, Ionian, and Pre-Apulian Zones (modified from [10]). Red boxes show the studied areas of Kastos Island, in the external Ionian zone, and Araxos peninsula (NW Peloponnesus), in the internal Ionian zone, as well as previously studied areas in the Gotzikas area, in the middle Ionian zone, and Ioannina areas, in the internal Ionian zone. 
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Figure 2. Detailed synthetic lithostratigraphic columns from Kastos Island and Araxos peninsula, in relation to the synthetic stratigraphic column of Ionian zone (modified from [10]). 
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Figure 3. In both areas, the sampling took place in the Lower Cretacous “Vigla” shales with the green light colour in the restricted outcrops. (a) Geological map of Kastos Island, showing “Vigla” shales outcropping in the eastern side of the Island in restricted areas. (b) Geological map of Araxos peninsula, showing a small outcrop along the Gianiskari coast. 
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Figure 4. (a) Representative section in Kastos Island of Lower Cretaceous “Vigla” shales from where most of the samples were selected. Red box marks the position of (b). 
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Figure 5. (a) The studied outcrop along the Araxos peninsula (Gianiskari coast) with the Lower Cretaceous “Vigla” shales overlying Lower Cretaceous “Vigla” limestones and underlying the Upper Cretaceous “Senonian” limestones (white dashed lines mark the two boundaries). Many normal faults cross-cut the sedimentary association of “Vigla” shales (red dashed lines) during sedimentation, producing synsedimentary slumps (white circle). Red box marks the position of (b). 
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Figure 6. (a) Geological map of the area around the Gotzikas section. Red circle marks the position of the studied section. (b) Geological map of region around Ioannina area. Red circle marks the position of Ioannina well. 
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Figure 7. (a) S2–TOC and kerogen characterization of samples, (b) Diagram S1+S2–TOC, (c) Diagram HI–Tmax, (d) Diagram HI–TOC, and (e) Van Krevelen diagram for HI–OI. 
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Figure 8. Categorization of organic matter in terms of quantity, quality, and thermal maturity [6]. 
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Figure 9. (a) N-alkanes (n-C), phytania (Ph), (b) Hopanes, and (c) Steranes for sample AG6. 
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Figure 10. n-alkane distribution of the four samples (AG1, AG2, AG5, and AG6). 
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Figure 11. Schematic block diagram (not to scale) showing the influence of synsedimentary normal and transfer faults activity on basin configuration during Lower Cretaceous accumulation of “Vigla” shales. Stars with numbers inside show the positions of studied areas. Number 1—Araxos peninsula, 2—Kastos island, 3—Ithaca Island, 4—Gotzikas section, and 5—Ioannina well. 
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Table 1. Geochemical indices based on Rock-Eval VI analysis from samples of Kastos Island (17 samples), Araxos peninsula (Gianiskari coast (31 samples)), Gotzikas section (8 samples), and Ioannina well (6 samples).
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S/N

	
Sample

	
Area

	
Tmax (oC)

	
S1 (mg/g)

	
S2 (mg)

	
S3 (mg/g)

	
TOC (wt%)

	
S1 + S2 (mg/g)

	
S2/S3

	
HI

	
OI

	
PI






	
1

	
I1

	
Kastos

Island

	

	
0.01

	
0.04

	
0.9

	
0.15

	
0.05

	
0.04

	
27

	
600

	
0.2




	
2

	
AG14

	

	
0.05

	
0.11

	
0.05

	
0.02

	
0.16

	
2.2

	
550

	
250

	
0.31




	
3

	
AG13

	

	
0.04

	
0.09

	
4.73

	
0.42

	
0.13

	
0.02

	
21

	
1126

	
0.31




	
4

	
AG12

	

	
0

	
0

	
1.11

	
0.23

	
0

	
0

	
0

	
483

	
0




	
5

	
AG11

	

	
0.01

	
0.01

	
0.39

	
0.04

	
0.02

	
0.03

	
25

	
975

	
0.5




	
6

	
AG10B

	

	
0.03

	
0.02

	
0.39

	
0.04

	
0.05

	
0.05

	
50

	
975

	
0.6




	
7

	
AG10A

	

	
0.05

	
0.03

	
0.12

	
0.07

	
0.08

	
0.25

	
43

	
171

	
0.63




	
8

	
AG9

	

	
0.04

	
0.02

	
0.03

	
0.02

	
0.06

	
0.67

	
100

	
150

	
0.67




	
9

	
AG8B

	

	
0

	
0

	
2.69

	
0.45

	
0

	
0

	
0

	
598

	
0




	
10

	
AG8A

	

	
0

	
0

	
2.45

	
0.39

	
0

	
0

	
0

	
628

	
0




	
11

	
AG7

	
425

	
0.04

	
5.29

	
2.46

	
2.5

	
5.33

	
2.15

	
212

	
98

	
0.01




	
12

	
AG6

	
426

	
0.05

	
5.08

	
2.19

	
2.06

	
5.13

	
2.32

	
247

	
106

	
0.01




	
13

	
AG5

	
429

	
0.04

	
2.99

	
1.48

	
1.57

	
3.03

	
2.02

	
190

	
94

	
0.01




	
14

	
AG4

	
424

	
0.01

	
0.14

	
0.7

	
0.32

	
0.15

	
0.2

	
44

	
219

	
0.07




	
15

	
AG3

	
414

	
0.01

	
0.02

	
0.58

	
0.18

	
0.03

	
0.03

	
11

	
322

	
0.33




	
16

	
AG2

	
423

	
0.05

	
8.97

	
2.41

	
3.12

	
9.02

	
3.72

	
288

	
77

	
0.01




	
17

	
AG1

	
428

	
0.08

	
8.54

	
3.03

	
3.45

	
8.62

	
2.82

	
248

	
88

	
0.01




	
18

	
G1R

	
Gianiskari coast

	
370

	
0.01

	
0.04

	
0.55

	
0.04

	
0.05

	
0.07

	

	

	




	
19

	
G2

	

	
0.00

	
0.00

	
0.00

	
0.20

	
0.00

	
0.00

	

	

	




	
20

	
G3

	

	
0.02

	
0.03

	
0.33

	
0.07

	
0.05

	
0.09

	

	

	




	
21

	
G4

	
370

	
0.01

	
0.12

	
0.62

	
0.38

	
0.13

	
0.19

	

	

	




	
22

	
G5

	
372

	
0.01

	
0.07

	
0.28

	
0.16

	
0.08

	
0.25

	

	

	




	
23

	
G6

	

	
0.00

	
0.03

	
0.31

	
0.45

	
0.03

	
0.10

	

	

	




	
24

	
G7

	

	
0.00

	
0.01

	
0.34

	
0.59

	
0.01

	
0.03

	

	

	




	
25

	
G8

	

	
0.00

	
0.02

	
0.53

	
0.22

	
0.02

	
0.04

	

	

	




	
26

	
G9

	

	
0.02

	
0.04

	
0.24

	
0.03

	
0.06

	
0.17

	

	

	




	
27

	
G10

	

	
0.00

	
0.04

	
0.41

	
0.07

	
0.04

	
0.10

	

	

	




	
28

	
G11

	

	
0.02

	
0.06

	
1.90

	
0.13

	
0.08

	
0.03

	

	

	




	
29

	
G12

	

	
0.04

	
0.07

	
1.48

	
0.14

	
0.11

	
0.05

	

	

	




	
30

	
G13

	

	
0.01

	
0.03

	
0.43

	
0.56

	
0.04

	
0.07

	

	

	




	
31

	
G14

	

	
0.01

	
0.00

	
0.21

	
0.28

	
0.01

	
0.00

	

	

	




	
32

	
G15

	

	
0.02

	
0.06

	
0.59

	
0.53

	
0.08

	
0.10

	

	

	




	
33

	
G16

	

	
0.00

	
0.03

	
0.39

	
0.29

	
0.03

	
0.08

	

	

	




	
34

	
G17

	

	
0.05

	
0.07

	
0.55

	
0.52

	
0.12

	
0.13

	

	

	




	
35

	
G18

	

	
0.04

	
0.12

	
0.38

	
0.16

	
0.16

	
0.32

	

	

	




	
36

	
G19

	

	
0.02

	
0.05

	
0.43

	
0.33

	
0.07

	
0.12

	

	

	




	
37

	
G20

	

	
0.02

	
0.08

	
0.78

	
0.03

	
0.10

	
0.10

	

	

	




	
38

	
G21

	

	
0.01

	
0.03

	
0.34

	
0.09

	
0.04

	
0.09

	

	

	




	
39

	
G22

	

	
0.00

	
0.01

	
0.66

	
0.12

	
0.01

	
0.02

	

	

	




	
40

	
G23
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Table 2. Results of Soxhlet extraction for the four rich selected samples of Kastos Island.






Table 2. Results of Soxhlet extraction for the four rich selected samples of Kastos Island.





	Samples
	Extraction (g)
	Extraction (mg/g)





	AG1
	0.023
	0.199



	AG2
	0.024
	0.183



	AG5
	0.012
	0.102



	AG6
	0.017
	0.133
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Table 3. The ratio of Bitumen/TOC.






Table 3. The ratio of Bitumen/TOC.





	Samples
	Bituminous/TOC





	AG1
	0.007



	AG2
	0.008



	AG5
	0.007



	AG6
	0.008
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Table 4. Maltene and asphaltene content in the four analyzed samples.






Table 4. Maltene and asphaltene content in the four analyzed samples.





	Samples
	Maltenes (%)
	Asphaltenes (%)





	AG1
	39.74
	60.26



	AG2
	37.04
	60.49



	AG5
	33.62
	66.38



	AG6
	35.15
	64.85
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Table 5. Values of liquid chromatography.






Table 5. Values of liquid chromatography.





	Samples
	Saturated (%)
	Aromatic (%)
	Resin (%)





	AG1
	17.58
	21.98
	60.44



	AG2
	23.33
	21.11
	55.56



	AG5
	28.21
	30.77
	41.03



	AG6
	10.34
	27.59
	62.07










[image: Table] 





Table 6. Concentrations of n-alkanes (ppm) through the GC-MS analysis for samples.






Table 6. Concentrations of n-alkanes (ppm) through the GC-MS analysis for samples.





	Compound
	AG1
	AG2
	AG5
	AG6





	C10
	0
	0
	0
	0



	C11
	0
	0
	0
	0



	C12
	0
	0
	0
	0



	C13
	0
	0
	0
	0



	C14
	1.03
	0.47
	0
	0



	C15
	7.34
	5.53
	0
	0.97



	C16
	19.6
	15.94
	0
	4.82



	C17
	19.62
	16.11
	1.07
	5.71



	Pr
	28.73
	23.96
	2.49
	8.97



	C18
	19.25
	15.08
	5.41
	6.19



	Ph
	36.6
	35.76
	10.41
	19.99



	C19
	19.13
	14.03
	6.01
	8.39



	C20
	11.45
	7.62
	5.01
	5.44



	C21
	20.24
	17.71
	9.06
	10.63



	C22
	10.73
	7.43
	3.64
	6.61



	C23
	14.59
	10.47
	6.36
	13.04



	C24
	13.67
	7.68
	4.15
	11.35



	C25
	17.53
	8.93
	6.27
	15.95



	C26
	13.55
	7.31
	4.3
	15.46



	C27
	17.11
	10.75
	7.49
	18.39



	C28
	13.7
	9.46
	5.19
	16.32



	C29
	15.23
	12.7
	5.4
	14.25



	C30
	11.16
	10.89
	5.2
	13.06



	C31
	15.2
	17.27
	7.64
	10.06



	C32
	6.86
	12.23
	3.98
	5.91



	C33
	8.24
	15.23
	5.35
	5.47



	C34
	4.67
	11.87
	3.75
	3.66



	C35
	13.76
	18.49
	5.15
	5.98
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Table 7. Geochemical indices for n-alkanes.






Table 7. Geochemical indices for n-alkanes.





	Saturate Indices
	AG1
	AG2
	AG5
	AG6





	Pr/Ph
	0.78
	0.67
	0.24
	0.45



	Pr/nC17
	1.46
	1.49
	2.33
	1.57



	Ph/nC18
	1.9
	2.37
	1.93
	3.23



	CPI
	1.36
	1.31
	1.42
	1.11



	CPI (1)
	1.24
	1.28
	1.41
	1.16



	OEP (1)
	1.28
	1.48
	1.72
	1.46



	OEP (2)
	0.46
	0.48
	0.5
	0.38



	OEP 27–31
	1.24
	1.28
	1.14
	0.97



	nC24+/nC24−
	0.96
	1.21
	1.34
	1.76



	TAR
	1.03
	1.14
	2.9
	2.84



	nC19/nC31
	1.26
	0.81
	0.79
	0.83



	R22
	0.62
	0.53
	0.47
	0.56



	ACL 25–33
	28.46
	29.53
	29.05
	28.57







TAR = (nC27 + nC29 + nC31)/(nC15 + nC17 + nC19); Parameters of GS-MC data: n-alkanes and isoprenoids indices and ratios for the examined rock samples. Pr: pristane; Ph: phytane; n-Cx: Normal alkane with x carbon numbers; Pr/n-C17: Pristane/n-C17; Ph/n-C18: Phytane/n-C18; CPI: Carbon preference index, measured as (2[n-C23 + n-C25 + n-C27 + n-C29]/[n-C22 + 2{n-C24 + n-C26 + n-C28} + n-C30]); ACL: Average chain length; OEP: the ratio of odd- to even-numbered n-alkanes in a given range, measured as (n-C25 + 6*n-C27 + n-C29)/(4*n-C26 + 4*n-C28); nC19/nC31: n-alkane ratio; nC24+/nC24: n-alkane ratio; TAR: Terrigenous-to-aquatic ratio; Sat: Saturated hydrocarbons, measured as 2*n-C22/(n-C21 + n-C23); Arom: Aromatic hydrocarbons; NSO: Nitrogen-, sulfide-, and oxygen-rich compounds; OEP1: C21 + 6*C23 + C25/(4*C22 + 4*C24). OEP2: C25 + 6*C27 + C29/(4*C22 + 4*C24). OEP3: C27 + 6*C29 + C31/(4*C22 + 4*C24).
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Table 8. Hopanes geochemical indices.






Table 8. Hopanes geochemical indices.





	Hopanes Ratio
	AG1
	AG2
	AG5
	AG6





	(28+29)tri/C30Hop
	0.04
	0.03
	0.06
	0.06



	24tet/C30Hop
	0.1
	0.1
	0.04
	0.04



	Tricyclics/Hopanes
	0.07
	0.08
	0.05
	0.04



	24tet/26tri
	0.99
	0.99
	1.01
	0.98



	Tm/C30Hop
	0.24
	0.19
	0.17
	0.19



	C29nor/C30Hop
	0.46
	0.47
	0.34
	0.36



	C31R/C30Hop
	0.48
	0.4
	0.62
	0.71



	C31 S/S + R
	0.19
	0.21
	0.18
	0.17



	C33/C32 homo
	0.42
	0.49
	0.36
	0.38



	Moretane/C30Hop
	0.18
	0.16
	0.21
	0.23



	Gammacerane/C30Hop
	0.07
	0.06
	0.04
	0.06
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Table 9. Geochemical sterane indices.






Table 9. Geochemical sterane indices.





	Sterane Index
	AG1
	AG2
	AG5
	AG6





	C27 abbS
	0
	0
	0
	0



	C28 abbS
	0
	0
	0
	0



	C29 abbS
	0
	0
	0
	0



	C27 aaaR
	25.75
	24.47
	28.19
	28.34



	C28 aaaR
	22.43
	23.7
	15.76
	16.19



	C29 aaaR
	51.82
	51.84
	56.07
	55.47



	S/R (C29 aaa)
	0
	0
	0
	0



	S/(S + R) (C29 aaa)
	0
	0
	0
	0



	bbS/(aaR + bbS) (C29)
	0.31
	0.3
	0.21
	0.21



	bb/(aa + bb) (C29)
	0
	0
	0
	0



	abbS/aaaR(C29)
	0
	0
	0
	0



	(C21 + C22)/(C27 + C28 + C29)
	0.01
	0.01
	0.01
	0.01



	C27/C29 (abbS)
	0
	0
	0
	0



	C28/C29 (abbS)
	0
	0
	0
	0



	C29/C27 (abbS)
	0
	0
	0
	0



	Diaster/aa aster (C27)
	0
	0
	0
	0



	C30 abbS
	0
	0
	0
	0



	C30 S + R
	92.66
	93.01
	90.32
	90.03
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