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Abstract

:

The study of the different hydrogeological compartments is a prerequisite for understanding and monitoring different fluxes, thereby evaluating the environmental changes in an ecosystem where anthropogenic disturbances are present in order to preserve the most vulnerable groundwaters from contamination and degradation. In many karst domains in the Mediterranean, areas groundwaters and surface waters are a single system, as a result of the features that facilitate the ingression of waters from surface to subsurface. This is also the case for the Classical Karst hydrostructure, which is a carbonate plateau that rises above the northern Adriatic Sea, shared between Italy and Slovenia. The main suppliers to the aquifer are the effective precipitations and the waters from three different rivers: Reka/Timavo, Soča/Isonzo and Vipava/Vipacco. Past and ongoing hydrogeological studies on the area have focused on the connections within the Classical Karst Region aquifer system through the analysis of water caves and springs hydrographs and chemographs. In this paper, the authors present new combined data from major ions, oxygen, hydrogen and strontium stable and radiogenic isotopes which have allowed a more complementary knowledge of the groundwater circulation, provenance and water-rock interactions. All the actions occurred in the framework of the European project HYDROKARST.
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1. Introduction


Karst aquifers host large reservoirs of groundwater, and reconciling environmental protection of water bodies with human requirements, requests an accurate and up to date assessment of the available resources and their vulnerability. This is particularly important for the European Union, where carbonate aquifers supply approximately 75% to 80% of drinking and agricultural waters [1]. Often, classical hydrogeological studies are not enough to shed light on the groundwater hydrodynamics of karst environments, due to the complex flow paths in fracture and karst conduits systems [2]. For this reason, the use of different approaches and techniques facilitate to understand the complex karst hydrodynamics that can be significantly improved, using combined geochemical and oxygen, hydrogen and strontium (O, H and Sr) isotope systematics [2,3,4,5,6]. Groundwater geochemistry provides the means to better define the aquifer systems, their water sources, the geochemical evolution as a result of water-rock interaction and gives a unique insight into its dynamics. Naturally occurring isotopes, such as oxygen and hydrogen isotopic composition (δ18O and δ2H), are used as tracers to comprehend water dynamics, e.g., groundwater recharge areas, its source and movement [7,8]. Unlike stable isotopes of oxygen and hydrogen, which have long been used in karst hydrogeology, strontium isotopes do not fractionate in nature in carbonate rocks. Hence, the strontium isotope ratios (87Sr/86Sr) give precious insight into water-rock interaction processes [2,9,10,11,12,13,14,15,16,17] which depend on velocity, infiltration flux, aquifer thickness and weathering rates [9].



In the Classical Karst Region, the use of Sr isotopic ratio has been firstly applied within the European project named HYDROKARST, i.e., Karst aquifer as a strategic cross-border water resource, with the aim of joined protection and management of shared transboundary Classical Karst Region groundwater system.



The area is a cross-border karst plateau, shared between the north-eastern part of Italy and western Slovenia, particularly interesting from a hydrogeological point of view, it has been studied for more than 200 years, pushed by the necessity of providing fresh drinking waters for the increasing Italian and Slovenian population.



Past hydrogeological studies focused on the hydrodynamics trying to define the connections between Reka River and the underground karst system [18,19,20,21,22,23,24,25,26,27,28,29,30].



Only in the 1980s begun the studiesthat were based on stable isotopes which suggested that the Soča/Isonzo River has a widespread influence on the Classical Karst aquifer [6,31,32,33,34,35,36,37,38,39].



The current knowledge and new cross-border projects as agreements enabled the selection of joint monitoring sites of the shared aquifer, which contributed to a deeper understand of the dynamics of the system, as well as on the chemical and isotopic composition of groundwaters. The goals of the present study are: to characterize the hydrogeochemical components of the Classical Karst Region groundwater system and to show the effectiveness of combining geochemical analyses to strontium isotope systematic.




2. The Study Area: Geological, Structural, Geomorphological and Hydrogeological Setting


The Classical Karst Region is a limestone plateau of 750 km2 which rises above the Adriatic Sea (Figure 1). It extends NW-SE 50 km long from the Soča/Isonzo River (Italy) to Brkini Hills near Škocjan (Slovenia). It is 15–20 km wide, gentle dipping toward NW, from 450 m a.s.l. in Škocjan (Slovenia) to the Sea level (Timavo Springs in Italy).



The plateau is an anticlinorium (the “Trieste-Komen anticlinorium” of [40]) consisting of platform limestones and dolomites (Lower Cretaceous to Upper Paleocene) bounded to the East, North and South by the Upper Eocene marls and sandstones of a siliciclastic turbidite, the Flysch Formation [41,42,43]. Along its western edge the plateau is overlain by the relatively permeable Quaternary alluvial deposits of the Friuli plain [44,45,46,47].



Although the vertical and lateral lithofacies variations are frequent, the carbonate succession is predominantly calcareous and is therefore the site of a well karstified aquifer. The dolomitic and dolomitic calcareous layers, which sometimes act as aquitards, are more frequent at the bottom of the succession, and hence can be identified in correspondence of the anticlinor’s core, outcropping in the middle of the plateau.



From the structural point of view, two have been the main tectonic phases which impacted on the investigated area: the mesoalpine or dinaric which had a prevailing NE-SW compression trend, and the neoalpine one with a compressive trend NNE-SSW to N-S oriented. The main evidences are the thrusts identifiable along the cliffs facing the northern Adriatic Sea as the “Thrust del Carso”, the Divača and Raša faults [43,45,47] (Figure 1). The compressions squeezed the thick carbonate succession, giving rise to a wide anticline fold which in turn overlapped and locally overthrusted the turbiditic succession. The asymmetric anticline is not continuous, it is segmented by smaller faults result of the neoalpine compressions.



The analyses conducted by Cucchi and Zini [38] recognize in the structures one of the main controlling factor in the evolution of the karst features: a trend in the discontinuities controlled by the Alpine and Dinaric stresses gave rise to a network of fractures from which the main conduit and doline’s alignments formed. The maximum dip of the strata and the main sub-vertical discontinuities represent in fact, the preferential directions for conduits and shafts development.



The long lasting exposure of the plateau shaped it into a mature karst. Even if in the Italian Friuli Venezia Giulia Region and in Slovenia, the Classical Karst Region is one of the several renewed karst areas [48,49,50,51,52], it is the most famous karst area in the world where the word karst was used for the first time [53,54]. It is known worldwide for the high density and variety of caves and surface karst morphotypes [49]: in the limited area of the Italian Karst (about 200 km2) there are more than 3500 known caves (of which more than 150 develop for more than hundred meters; a dozen develops for a thousand meters). Eighty sinkholes, more than 100 m wide, and limestone pavements with a total surface area of several square kilometres are present. On the Slovenia side, the known caves are about 1000 [45] and surely the Škocjanske jame caves (included in the UNESCO’s (United Nations Educational, Scientific and Cultural Organization) World Heritage List since 1986) are among the most interesting and known show caves in the world.



From a speleogenetical viewpoint, the plateau emerged at least ten million years ago, during one of the paroxysmal phases of the alpine-dinaric orogeny. The genesis of the karst faced with different phases. According to the nature of voids, the water was primarily stored and transmitted through the matrix. During the Messinian crisis, the circulating groundwaters enlarged the fissures developing defined pathways as pipes (conduits or caves). The network consists in shallow paths running in the hypogean part between Škocjanske jame and Trebiciano Abyss. In the last kilometres before outflowing, the waters, even if channelized in wide conduits, rise up from considerable depths (as witnessed by the cave diver explorations, which reached depths of more than 80 m b.s.l., [29]) in correspondence of the Timavo Springs.



The Classical Karst Region groundwaters are at times identifiable as a result of the caves present in the area, witnesses of the highly karstified environment and real “windows” in the hydrostructure, allowing the study of the otherwise inaccessible and untouchable waters. Waters of the Reka/Timavo River were identified at the locations B3G Brezno treh generacij (SLO) (Figure 1(No.7)), Kačna Jama (SLO) (Figure 1(No.2)), Jama v Kanjaducah (SLO) (Figure 1(No.5)), Brezno v Stršinkni dolini (SLO) (Figure 1(No.4)), Abisso di Trebiciano (ITA) (Figure 1(No.6)) and Pozzo dei Colombi (ITA) (Figure 1(No.29)) [45]. Only during flood periods or heavy rainstorms the groundwaters of the Classical Karst Region aquifer reach the Abisso Massimo (Figure 1(No.11)), Abisso di Rupingrande (Figure 1(No.9)), Grotta Skilan (Figure 1(No.3)), Grotta Lindner (Figure 1(No.13)), Grotta meravigliosa di Lazzaro Jerko (Figure 1(No.8)) and Grotta Gigante (Figure 1(No.10)) caves (all ITA) [45,55].



The aquifer’s recharge is due to three different contributions: (1) the autogenic recharge which derives from the precipitations on the karst area, (2) the allogenic recharge which is due to the contribution of the Reka River, and (3) the influent character of the Soča/Isonzo and Vipava/Vipacco rivers (Figure 1).



	(1)

	
The effective infiltrations (karst waters) contribute to the recharge with 20.6 m3/s [24].




	(2)

	
The Soča/Isonzo springs originate under the glaciated mountains of the Julian Alps in Slovenia. The waters cross the Italian border after 96 km and flow into the Adriatic Sea. It is the second largest river of the Friuli Venezia Giulia Region. Its average discharge, 5 km inland from the Adriatic Sea, is 134 m3/s [56]. The porous aquifer of the Isonzo/Soča and Vipacco/Vipava alluvial plain provides a further substantial but more diffuse recharge estimated in 10 m3/s [26,29,36,37,44,57,58,59,60].




	(3)

	
The Reka River flows on the surface for approximately half part of its course on flysch lithologies (31 km calculated on a hypothetic straight path), from Snežnik Mountain (Slovenian-Croatian border area) to the larger swallow hole of Škocjanske jame. Its mean discharge is evaluated in 8.26 m3/s and the discharge range from 0.18 m3/s to 305 m3/s according to the Environmental Agency of the Republic of Slovenia [61].







The main outflows of the aquifer are located NW of the plateau, along its SW-facing edge. In this area, the more productive springs are tapped either for actual water supply (Sardos, Figure 1(No.15)) or for reserve purposes (Timavo, Moschenizze North, Figure 1(No.19)). About 2 km North of these springs the Klariči pumping wells (Figure 1(No.22)) extract a mean rate of 100 L/s [39].



Several are the minor outflows fenced in a few square kilometres along the coast belt from Aurisina to Monfalcone town. The main outflow is the Timavo Spring (Figure 1(No.14), mean discharge of 29.3 m3/s), at the second place there is Sardos (Figure 1(No.15), mean discharge of 1.9 m3/s), and in third place all the other smaller springs as Aurisina (Figure 1(No.12), mean discharge of 0.3 m3/s), Moschenizze South (Figure 1(No.20), mean discharge of 0.1 m3/s), Pietrarossa (Figure 1(No.17)) and Sablici (Figure 1(No.21), mean discharge of 1.2 m3/s), Moschenizze North (Figure 1(No.19)) and Lisert (Figure 1(No.18), mean discharge of 1.8 m3/s) [29,58,59,62]. To these outflows, it is important to add the contribution of the submerged costal springs arising below the sea level that have a mean estimated discharge of 0.5–1 m3/s [58].




3. Materials and Methods: Sampling and Analytical Procedures


The three-year (2012–2014) project took the realization of several monitoring surveys during which selected springs, surface- and ground-water points were sampled (Figure 2).



During the project lifetime, a total of 125 water samples were collected and analyzed within 5 different field sampling surveys. Sampling periods were chosen accordingly to the hydrogeological conditions evaluating the water discharge at the Timavo Spring. The first survey was held on 11–12 September 2012 with a discharge of 12 to 10 m3/s at the Timavo springs and of 0.5 m3/s at the Reka River (low flow conditions) where the last flood higher than 10 m3/s was recorded in the beginning of May. The second survey was realized in wintertime, on 14 January 2013 with a measured discharge of 28 m3/s (average flow conditions) at the Timavo springs and a discharge of 2.5 m3/s at the Reka River. The third one was done on 8–10 April 2013. The discharge conditions were decreasing with values of 89–83 m3/s (recorded at the Timavo springs) and of 17–27 m3/s at the Reka River where in the previous days two important floods with more than 90 m3/s of discharged water occurred. The fourth sampling survey was done on 29–31 July 2013 in low flow conditions; the measured discharge was 13 m3/s at Timavo springs and 0.7 m3/s at the Reka River (point 30, Figure 1), one and a half months after the last flood. The last, fifth, sampling survey was done on 31 March and 1 April 2014 with discharge of 39 m3/s at Timavo Spring and a discharge of 4.5 m3/s at the Reka River, where a peak discharge of 15.8 m3/s occurred one week before the survey.



Temperature (T), pH, Electrical Conductivity (EC), major elements (anions and cations) and silica (SiO2) (Table 1) as well as the environmental isotopes (δ18O, δ2H, 87Sr/86Sr) were determined (Table 2). The T, pH and EC of each water sample were measured in situ using a conductivity meter WTW Cond 330i standardised to 25 °C and a pH meter (Hanna HI 991300), respectively. Each water sample was sealed in a pre-cleaned polyethylene bottle. For major ion analyses 1 L of water was sampled at each location, for stable isotopes δ18O and δ2H 0.1 L and for strontium isotopes (87Sr/86Sr) 0.25 L.



Water samples were chemically analyzed by the AcegasApsAmga (Trieste, Italy) laboratory which for major ions used the ion chromatography (940 Professional IC Vario by Metrohm with the IC-NET software (Baxter Medication Delivery Products, Riverview, FL, USA)) according to the procedures defined for the waters intended for human consumption by the Italian Law 31/2001 with a precision less than ≤10% and a detection limit of 0.1 mg/L for anions Cl−, SO42−, PO42− and NO3−. For cations Na+, K+, Mg2+ and Ca2+ the detection limit was of 0.5 mg/L. Bicarbonates (HCO3−) were analyzed using the Titrimetry with a sensitivity of 1 mg/L (Table 1). Before any consideration regarding water characterisation the ion balance check was done.



Analyses of the stable isotopes of δ18O and δ2H were carried out at Hydroisotop GmbH laboratory (Schweitenkirchen, Germany) on a laser-based cavity ring down spectrometer (CRDS, Picarro L-2130i with autosampler (PICARRO, INC. Santa Clara, CA, USA) [63]). The CRDS analyses the isotopic composition of water vapour by measuring the isotopologue-specific laser absorption values. Every sample was proceeded and measured six times, from which the last four analyses were used to determine the isotopic composition of the sample by average. Analytical errors of the method are ±0.10‰ for δ18O and ±1.0‰, for δ2H, respectively. Values for deuterium excess (d-excess; d = δ2H − 8*δ18O) were calculated by the laboratory from the δ18O and δ2H values in sampled water. Resulting errors of the d-excess are in the order of ±1.0‰. All measurements were carried out following the laboratory standards which were periodically calibrated according to the international isotope water standards recommended by International Atomic Energy Agency (IAEA). The values are reported in Table 2 as per mil deviations (‰) from the V-SMOW (Vienna Standard Mean Ocean Water) standard using the conventional δ notation [64].



Strontium (Sr) isotopic composition, namely 87Sr/86Sr ratio, was analyzed using a VG 54E mass spectrometer (Isotopx Ltd., Cheshire, UK) and the Analyst software [65] at the Department of Mathematics and Geosciences of University of Trieste (Italy). Measured ratios were corrected for the fractionation during the analysis using the 86Sr/88Sr ratio of 0.1194. Repeated measures (n = 25) of the standard NBS 987 gave a mean value of 0.710248 ± 2 so corrections due to the instrumental drift were not applied. Isotopic composition of the water samples are reported in Table 2.




4. Results and Discussion


4.1. Water Chemistry


The physico-chemical parameters and the major ion concentrations related to the sampled waters are presented in Table 1. Examining the data, the prevailing hydrochemical facies is the bicarbonate-calcium (CaHCO3) and subordinate the bicarbonate-calcium-magnesium (Ca-Mg-HCO3), both characteristic of waters influenced by carbonate rock dissolution processes.



The EC, as a direct expression of the water mineralization, in accordance to different water regime allows to identify different groups of water: (i) a first group characterised by a low mineralization and low EC fluctuation (Soča/Isonzo River—Is1 and Is2, Vipava/Vipacco River-Vip, Pietrarossa Lake-Pet), (ii) a second group characterised by a high mineralization and low EC fluctuation corresponding to karst waters from the wells/piezometers (B2 and B9), (iii) a third group characterised by a high EC fluctuation (Škocjanske jame-Sko, Abisso di Trebiciano-Tre, B4, Doberdò Lake-Dob) and (iv) a fourth group having intermediate values between the first two groups.



The joint analysis of the EC along with the Mg2+/Ca2+ molar ratio (Figure 3), evidenced that most of the analyzed points lie along a regression line, the end-members of which are represented by the Soča/Isonzo waters (Is1 and Is2) in one end and the waters from Aurisina Spring (Aur) and the piezometers (B2 and B9) at the other end. Outside from the regression line are placed waters from piezometers (P1, B4), Reka, Škocjanske jame (Sko) and Vipava/Vipacco rivers (Rek and Vip).



Groundwater collected in P1 has similar EC value to the waters collected in the other piezometers, but it clearly differs in the Mg2+/Ca2+ molar ratio, where it shows the highest values. The high Mg2+/Ca2+ molar ratio can be justified by the dolomitic formation in which the piezometer was drilled (Figure 1(No. 27)).



Water from B4 shows a different behavior according to the water regime: during extreme low flow conditions (Figure 3a) it shows values similar to the ones of Moschenizze North and Sardos springs (MoN and Sar), while during floods (Figure 3b,c), it has very high EC values due to the mixing with salt marine waters [66].



The Reka River (Rek—a monitored water point in correspondence of the surface waters of the Reka River) and Škocjanske jame (Sko—the swallow hole of the Reka River) waters, as expected, have a specific sign which shows always low EC and an average Mg2+/Ca2+ molar ratio of about 0.10–0.18 which are the expression of waters flowing on a flysch and carbonate watershed.



Water from Abisso di Trebiciano (Tre) demonstrates different behavior: during low flow (Figure 3a), it remains on the line, while during floods (Figure 3b,c), as expected, the water collected in the cave has a mineralization similar to the ones of Rek and Sko, which means that during low flow, Tre is draining mainly karst waters and is poorly influenced by Reka River, which in turn instead prevails during floods.




4.2. Environmental Isotopes: Xygen and Hydrogen Isotopic Composition (δ18O and δ2H)


Table 2 summarizes the isotopic composition of δ18O, δ2H, d-excess minimum and maximum values, 87Sr/86Sr and Sr in the sampled waters (for Sr the mean value was added).



Within the three-year project, in total, a 125 water samples from surface, cave and spring waters as well as the waters of the piezometers were collected for the isotope analysis of δ18O, δ2H and d-excess, respectfully.



Precipitation data collected in correspondence of the pluviometers in Klariči and Sela na Krasu (on Slovenian side) and Gorizia, Randaccio, Trieste and Basovizza (on Italian side), were analyzed for δ18O, δ2H, d-excess within the study period. The isotopic composition of the precipitation ranges between −10.89 and −3.51‰ for δ18O, and between −79.5 and −18.7‰ for δ2H (Figure 4).



Isotopic composition of δ18O in precipitation is predominantly more depleted (more negative) during colder months (winter) and enriched in the summer. Measured values indicate that the isotopic composition of observed precipitations falls on the Global Meteoric Water Line (GMWL) defined by Craig [67] and various Local Meteoric Water Lines (LMWLs) defined for Italy [68] and Slovenia (locations Kozina and Portorož [69,70]) and are always plotted below the Eastern Mediterranean Meteoric Water Line (EMMWL, [71]). The minimum d-excess value found in the study area is 7.0‰ measured in May 2014 at Randaccio and a maximum value of 14.8‰ measured in November 2013 at Sela na Krasu (Figure 2, Table 2). Randaccio is situated practically at sea level, while the pluviometer at Sela na Krasu is sited at approximately 270 m a.s.l., so Sela na Krasu precipitation values are therefore more 18O depleted.



Previous studies on d-excess showed that values of 14‰ are typical of the western part of the Mediterranean basin, while an excess of 22‰ reflects a mixture between the Mediterranean and the Atlantic air masses [69,72]. Overall measured values suggest the influence from Mediterranean air masses having d-excess values around 10‰ [73,74,75,76]. With respect to the precipitations, the results of the present research substantially confirm the previous studies [6,28,31,32,33,34,36].



The isotopic composition of oxygen in sampled water (precipitation excluded) varies between −9.50 and −5.25‰, while the hydrogen one ranges between −60.9 and −37.6‰, and d-excess ranges between 4.4 and 16.5‰.



The graphs δ18O versus δ2H (Figure 6a–c) show small deviation from the GMWL. In fact, majority of water samples fall between GMWL and EMMWL as previously defined also for the precipitations (Figure 4). Water samples are plotted closely along the already identified LMWL determined for precipitation in Slovenian Kozina [69], Italy and Northern Italy [68].



As a rule, the isotopic composition of precipitation changes with the elevation and becomes always more depleted in 18O and 2H at higher altitudes [77]. This represents one of the most useful applications in isotope hydrology, namely the identification of the elevation at which groundwater recharge takes place. The situation is well represented in Figure 4 where precipitations fall on the line comparable to the altitude effect determined for the Coastal and Alpine region with the value from −0.22 to −0.25‰ δ18O/100 m [78,79]. The sampled points representing the karst waters (P1, B9 and B2) fall on a line having the same gradient. All the other points do not have the same behavior, but are distributed between Soča/Isonzo River values and the piezometers. On the left part of the graph, more depleted δ18O values are encountered representing the surface waters of the Soča/Isonzo River. It is well known that its recharge basin is located at higher altitudes. Its springs in fact are at 990 m a.s.l., in the Slovenian Trenta Valley, in the Julian Alps at the bottom of Travnik Mt. (2320 m a.s.l.). For this reason, Soča/Isonzo River (Is1 and Is2) always has more depleted values than all the other samples, especially during the springtime when usually the important snowmelt contributes to the river discharge. Lakes as Doberdò (Dob) and Pietrarossa (Pet), as in the other analyses, clearly seems to be affected by the influence character of the Soča/Isonzo River seen their δ18O values always lower than −8.0‰. All the other water observation points present values in between, witness of a mixing effect among different contributions is difficult to be explained considering only mean data.



Observing d-excess values in sampled waters (Table 2), higher d-excess values are mostly related to depleted 18O values, showing a significant altitude effect that increases with the altitude, as indicated in the case of δ18O (Figure 5). Similar results were observed by Roller-Lutz et al. [80] for the area of Rijeka Bay in Croatia. On the other hand, water from Škocjanske jame (Sko) has different behaviour than the other water points, since it has low d-excess and is enriched in 18O. This could be due to occurrence of isotope evaporation effect on the Reka River. From its spring up to Škocjanske jame the Reka River flows on the surface where quite intensive evaporation could be expected, especially during warmer months.



Analyzing the data of δ18O versus δ2H, during different hydrogeological regimes (Figure 6a—low flow, 6b—high flood and 6c—moderate flood) different behaviors emerge. The water from piezometers B2, B9 and P1 is always enriched in 18O (less negative values), close to the ones characteristics of the local precipitations (Klariči mean δ18O is −6.11‰ and Sela na Krasu mean δ18O −6.53‰). It can be affirmed that the piezometers represent the right end-member of the mixing line. The other end-member is defined by the Soča/Isonzo River (Is1 and Is2) sampled waters, which are instead always more depleted (more negative values) than all the other values.



During low flow conditions (Figure 6a) some points (Dob, Rek and Sko), deviate from the mixing line, remaining always beneath the LMWL of Northern Italy. As Horton et al., [81] testify, the deviation can be explained with the evaporation process being these water points a lake (Dob), a river (Rek) with a very low discharge at the moment of sampling (0.5 m3/s), and the swallow hole of the Reka River (Sko) in a torrid summer during which no precipitations occurred for a long time before the sampling survey (2 months is a long time for the latitudes at which the Classical Karst Region is).



The deviation in fact is completely absent in the samples collected during the springtime, during floods (Figure 6b,c). The samples collected in 2013 and 2014 are clearly aligned and in general more depleted. During floods, the contribution due to Reka River is hidden being characterised by isotopic values in between Soča/Isonzo River and karst waters (P1, B2, B9). During low flow conditions, instead, when the discharge is 12 to 10 m3/s at the Timavo springs, the Reka River discharge consists only in few hundreds of L/s (0.5 m3/s) and does not influence, in a meaningful way, the geochemistry of the monitored waters (Figure 6a).



When comparing the chemical data with the isotopical data, a similar result to the one emerged from the analysis of Figure 3 is observed. The relation between HCO3− and δ18O values (Figure 7) can discriminate the possible contributions to the mixing waters within the karst hydrostructure.



Generally, most of the water samples fall along the line linking karst waters (B2, B9 and P1) to Soča/Isonzo River component, which represent the two end members: karst waters are enriched in HCO3− and heavy oxygen isotope, while Soča/Isonzo River component is, on the other side, depleted on both parameters. Some differences can be noticed while analyzing the different sampling periods. As occurred also examining the graph EC versus Mg2+/Ca2+ molar ratio (Figure 3), on September 2012 (Figure 7a) Dob, Rek and Sko represent the outliers with very low δ18O values due to the summer evaporation. Their values in fact remain closer to the mixing line while analyzing different periods as April 2013 and April 2014. In addition, the waters sampled in correspondence of Trebiciano Abyss (Tre) have a particular behavior according to the water regime. In the sampling survey of September 2012, Tre waters have values characteristics of karst waters, completely different from the ones of the Reka River or of the Škocjanske jame defining that during low flow conditions karst waters are the ones which flow through Trebiciano Abyss. The sampling done in April 2013 (Figure 7b), realized on the decreasing limb of a high flood occurred after a period of intense rainfalls over the karst area, shows that Tre has values that differ from the ones of Rek and Sko, witnessing an important contribution of the karst waters which have always higher HCO3− and δ18O values. This contribution is even more meaningful if we look at Timavo Spring (Tim) which has higher HCO3− and δ18O values.



The sampling realized on April 2014 (Figure 7c) on the decreasing limb of a moderate flood highlights that Sko, Tre and Rek have the same values, with a low HCO3− content which implies that during floods Tre is draining Rek and Sko waters which quickly reach the inside of the hydrostructure being, in turn, more significant than the contribution due to the karst waters on the karst area.




4.3. Environmental Isotope: Strontium Isotope Ratio (87Sr/86Sr)


Unlike the oxygen and hydrogen, strontium (Sr) is a non-conservative element, which means that the isotopic concentration and composition varies according to the rock-water interaction: if the interaction time is long, the water tends to reach the isotopic equilibrium with the rock. Even if this technique is widely adopted in hydrogeology [2,5,82,83,84,85,86,87,88,89,90,91,92,93,94], for the Classical Karst Region waters no references can be found until now. So, data concerning the strontium isotope ratio (87Sr/86Sr) in Classical Karst Region waters are here presented for the very first time.



From the data analyses (Table 2 and Figure 8) emerge that Soča/Isonzo and Reka rivers have a similar isotopical composition of the Sr element (87Sr/86Sr), on average higher than all the other analyzed water samples. The waters of these two rivers, infiltrating into the hydrostructure, gradually interact with the carbonate rocks which have a lower Sr isotopic composition. For this reason, the strontium isotopic ratio (87Sr/86Sr) tends to decrease trying to reach the equilibrium with the carbonate rocks. Springs, piezometers and cave waters show intermediate values between the strontium isotopic composition (87Sr/86Sr) of Soča/Isonzo and Reka rivers and the ones of a karst water in equilibrium with the Cretaceous carbonate rock (limestone) present in the study area having an average Sr isotopic composition of 0.70750 (Figure 8).



Observing the water samples collected in the area within the three-year project, it can be concluded that all the analyzed waters indicate a mixing process between a component tending to an equilibrium with the carbonate rocks (with a low Sr isotopic composition and a high Sr content) and a component tending to an equilibrium with the silica minerals having a higher radiogenic ratio and a lower Sr content as the waters coming from Soča/Isonzo and Reka rivers. The three different situations analyzed (Figure 8a–c) show in turn a complex behavior of the waters according to the specific water regime. During low flow conditions in fact, when Reka River has a very low discharge not influencing the aquifer recharge, Tre and B9 represent one of the two end members of a binary mixing line of which the other end is occupied by Soča/Isonzo waters. The regression line shows a very high R2 value of 0.90. The situation differs while analyzing the samples collected in the decreasing phase of floods (Figure 8b,c): the values are definitively more disperse, the regression lines shows very low correlation values (R2 = 0.45 in Figure 8b; R2 = 0.55 in Figure 8c) not only allowing for identifying two end members, but also suggesting the presence of more inputs to the outflows. Especially in Figure 8c, on the left end can be identified the contribution due to the karst waters represented by the waters collected in the piezometers. On the other end, the presence of the Reka and Soča/Isonzo rivers is not very distinctive since their very similar values do not allow the definition of their specific contribution to the outflows.



Comparing the isotopic ratios 87Sr/86Sr and the δ18O values related only to the sampling survey of April 2014 (Figure 9), it is instead possible to quantify the contribution of the Reka and the Soča/Isonzo rivers to the different outflows during floods. The curves proposed in Figure 9, show the evolution of the mixing between three components:




	(1)

	
A water in equilibrium with the carbonate rocks for the Sr isotopic composition (87Sr/86Sr = 0.70750) and the δ18O isotopic composition similar to the mean local rainfalls (δ18O = −7.2‰);




	(2)

	
Soča/Isonzo River (δ18O = −9.05, 87Sr/86Sr = 0.70837);




	(3)

	
Reka River (δ18O = −7.86, 87Sr/86Sr = 0.70847).









Data highlight a clear influence of the Reka River at Škocjanske jame, Abisso di Trebiciano and at the Aurisina springs (Figure 9, upper line).



Water from piezometers present enrichment in heavy isotopes (less negative δ18O values) and a low 87Sr/86Sr ratio which is compatible with waters that remained for a long time in contact with the carbonate bedrock highlighting a slower circulation within the fissures and a clear contribution to their recharge due to the local effective infiltrations (karst waters).



Concerning the contribution given by Soča/Isonzo River, it is definitively clear for Pietrarossa Lake.



All the water points falling within the two mixing curves show a more complex recharge, not only binary.



During low flow conditions, as it occurred in 2012, the system is easier to understand and it is possible to estimate the recharge contribution to the springs.



During low flow conditions, one of the components has the value of the sampled waters in Trebiciano Abyss and the other component has the value of Soča/Isonzo River in correspondence of Is2. Applying the rule exposed by Hogan et al. [95] and Négrel et al. [96], at Com we have the 97%, at Sar 90%, at MoN 95%, at MoS 85%, at Pet 83%, at Tim 66%, at B2 80%, at B4 88%, at B9 26% of Soča/Isonzo influence. The result is partially in agreement with the results obtained by Calligaris et al. [44] using the Electrical Conductivity to define the percentages of the difference contributions at the outflows. This method is applicable if the only meaningful differences in the ion composition are due to the concentration of calcium bicarbonate. The obtained values for the period 2015–2016 (a period different from the one of the project) have been, on average, lower than 15% with respect to the period considered during the project.



Summarizing, data available allowed to define different behavior of the waters at the springs, characteristics of the two extreme hydrogeological regimes. During low flow conditions, two are the contributions which recharge the springs: Soča/Isonzo waters and karst waters. In these hydrogeological conditions, the discharge of the Reka River is very low and its contribution to the analyzed water points is not meaningful. Not only the chemical analyses, but also the isotopical ones allow for distinguishing only these two contributions (Figure 3a, Figure 6a, Figure 7a and Figure 8a). Moving in the spring area, from east (Aurisina Spring) to west (Pietrarossa springs), there is an initial prevailing of karst waters which in turn are replenished by the waters of the Soča/Isonzo River (Figure 10).



During floods instead, the contribution due to Rek become important but it is not possible to quantify it only using the chemical analyses and the stable isotopes. In the system in fact are present at least three contributions which can be distinguished thanks to the joint analyses of conservative and non-conservative isotopes (Figure 9). As already highlighted by several dye-tests realized in the area ([27] and all the references within), the Rek contribute to the discharge of Tre, Aur and Tim. But, while Tre and Aur are placed very close to the mixing line between Rek and karst waters, Tim deviate on values similar to the ones of Sar and MoS (Figure 9) indicating the presence of a third contribution.



During floods, the contribution due to the Is1 and Is2 is instead visible at Pet. The other points, falling in between the two mixing lines (Dob, Com and MoN), have isotopical values among Rek, Is1 and Is2, and karst waters. All the evidences from the previous studies and especially the experiences with the dye-tests, testify that Rek influences only the eastern springs up to Sar and MoS. We can exclude that there can be an influence of the Rek on Dob, Com and MoN. This highlights the limit of the applied methodologies, or the presence, during floods of a different contribution which can be represented by waters similar to the ones of Vip. Previous authors agree ([19] and all the references within) on the poor contribution due to the Vip to the water points recharge, raising an open question which will require more detailed studies in the future.





5. Conclusions


Although groundwater from the shared cross-border Classical Karst Region aquifer is no longer a primary source used for drinking water for the Italian side, it is still a resource for the Slovenian one (Klariči). The hydrogeological complexity of this zone represented a challenge for the researches, which are for more than hundred years trying to fully understand the groundwater flow contributions to the springs. The present study, conducted in the framework of HYDROKARST 3-years European project, provided the possibility to access and sample some difficult accessible locations in Italy and Slovenia, to analyze the waters for geochemical parameters, especially Sr and Sr isotope ratios for the very first time. The sampling over a certain time-period in different hydrogeological regimes, gave the possibility to understand and to quantify the different contributions of the recharge components to the spring areas, helping to interpret the actual hydrogeological conditions and to delineate future cross-border activities to safeguard and sustainably manage valuable groundwater resources.



More than 100 water samples collected from precipitations, surface waters, springs, caves, wells and piezometers gave the possibility to have a good qualitative overview of the whole area, with results that mostly confirmed the past findings on the general hydrogeology of the area.



The precipitation monitoring network was implemented with respect to the past studies- covering especially the western side of the Classical Karst Region. The obtained results for the stable oxygen and hydrogen isotopic composition proved a predominant influence from Mediterranean air masses. Precipitation data is in accordance with the previous studies with the isotopic gradient varying between −0.22 and −0.25‰ δ18O/100 m.



Regarding the different contributions to the recharge, previous studies delineated the overall idea: the aquifer is recharged by the effective precipitations, the Reka River which is swallowed into the Škocjanske jame sinkholes and by the leakages of the Soča/Isonzo and Vipava/Vipacco rivers. The aim of the present research was to quantify the different contributions of the recharge to the discharge at the different water points in different hydrogeological regimes, combining the classical chemical analyses with conservative and non-conservative isotopical ones (if has never been done before).



Data available allowed defining two different behavior of the waters at the springs, characteristics of the two extreme hydrogeological regimes. During low flow conditions, two are the contributions which recharge the springs: Soča/Isonzo waters and karst waters. During floods instead, the contribution due to Reka River become important but it is not possible to quantify it only using the chemical analyses and the stable isotopes. In the system in fact are present at least three contributions which can be distinguished thanks to the joint analyses of conservative and non-conservative isotopes. As defined by several dye-tests realized the Reka River contribute to the discharge of Trebiciano Abyss, Aurisina and Timavo springs. But, while Trebiciano Abyss and Aurisina are placed very close to the mixing line between Reka River and karst waters, Timavo deviates on values similar to the ones of Sardos and Moschenizze South indicating the presence of a third contribution. Even if past Authors agree on the poor contribution due to Vipava/Vipacco River, the analyses of the isotopic Sr ratio makes its contribution as an open question for future and more detailed studies in this complex underground karst system.



Specific studies are required also for the well B4 which is a tapped point of the Slovenian Klariči drinking water supply. During low flow conditions, the waters in B4 are mainly influenced by Soča/Isonzo waters and secondary by karst waters. During floods, instead, the pumping well shows a completely different behavior from all the other points which is due to the contribution of marine waters highlighted by the increase of elements such as chlorides (Cl−) and sodium (Na+). This contribution could be due to fossil marine waters which are present in the deeper carbonate units as highlighted by Petrini et al. [66], and which outflows as natural thermal springs at Monfalcone (Italy), few kilometres southwest of the tapped point. Also other small water points, although in the nearby vicinity, have more or less different physical-chemical characteristics. Being in a highly mature karst area, where over the time considerable fluctuations of the base level occurred, it is not possible to exclude, semi-independent articulated paths, activated only with considerable hydrostatic pressures.
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Figure 1. Study area overview, lithological map and simplified cross-section (A–B). The numbers close to the symbols represent the points of the karst hydrostructure where the waters can be identified: Škocjanske jame (1); Kačna jama (2); Grotta Skilan (3); Brezno v Stršinkni dolini (4); Jama v Kanjaducah (5); Abisso di Trebiciano (6); B3G—Brezno treh generacij (7); Grotta meravigliosa di Lazzaro Jerko (8); Abisso di Rupingrande (9); Grotta Gigante (10); Abisso Massimo (11); Aurisina spring (12); Grotta Lindner (13); Timavo Spring (14); Sardos Spring (15); Doberdò Lake (16); Pietrarossa Lake (17); Lisert springs (18); Moschenizze North Spring (19); Moschenizze South Spring (20); Sablici 4 Spring (21); B4 – Klariči pumping station (22); Štorje piezometer (23); Cavernetta di Comarie (24); B2 piezometer (25); B9 piezometer (26); P1 piezometer (27); Sablici 16 Spring (28); Pozzo dei colombi (29); Reka River (30); Soča/Isonzo River Is1 (31); Soča/Isonzo River Is2 (32). 






Figure 1. Study area overview, lithological map and simplified cross-section (A–B). The numbers close to the symbols represent the points of the karst hydrostructure where the waters can be identified: Škocjanske jame (1); Kačna jama (2); Grotta Skilan (3); Brezno v Stršinkni dolini (4); Jama v Kanjaducah (5); Abisso di Trebiciano (6); B3G—Brezno treh generacij (7); Grotta meravigliosa di Lazzaro Jerko (8); Abisso di Rupingrande (9); Grotta Gigante (10); Abisso Massimo (11); Aurisina spring (12); Grotta Lindner (13); Timavo Spring (14); Sardos Spring (15); Doberdò Lake (16); Pietrarossa Lake (17); Lisert springs (18); Moschenizze North Spring (19); Moschenizze South Spring (20); Sablici 4 Spring (21); B4 – Klariči pumping station (22); Štorje piezometer (23); Cavernetta di Comarie (24); B2 piezometer (25); B9 piezometer (26); P1 piezometer (27); Sablici 16 Spring (28); Pozzo dei colombi (29); Reka River (30); Soča/Isonzo River Is1 (31); Soča/Isonzo River Is2 (32).



[image: Geosciences 08 00321 g001]







[image: Geosciences 08 00321 g002 550] 





Figure 2. Sampling points within the study area. In the box (left below) the zoom is highlighting the spring area at San Giovanni di Duino. Green squares represent the pluviometers: A—Klariči; B—Gorizia; C—Randaccio; D—Sela na Krasu; E—Brestovizza; F—Filzi-Trieste. The other points are: Škocjanske jame (1); Kačna jama (2); Jama v Kanjaducah (5); Abisso di Trebiciano (6); Aurisina spring (12); Timavo Spring (14); Sardos Spring (15); Doberdò Lake (16); Pietrarossa Lake (17); Moschenizze North Spring (19); Moschenizze South Spring (20); B4—Klariči pumping station (22); Štorje piezometer (23); Cavernetta di Comarie (24); B2 piezometer (25); B9 piezometer (26); P1 piezometer (27); Reka River (30); Soča/Isonzo River Is1 (31); Soča/Isonzo River Is2 (32). 
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Figure 3. Electrical Conductivity (EC) (μS/cm) versus Mg2+/Ca2+ molar ratio. The figure represents three specific hydrogeological conditions: (a) extreme low flow; (b) decreasing limb of a high flood; (c) decreasing limb of a moderate flood. 
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Figure 4. δ18O versus δ2H isotopic values of the precipitation samples collected in the pluviometers. 
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Figure 5. Isotopic composition of mean δ18O versus the altitude of the sampling locations. The two green triangles represent the precipitations data collected in correspondence of Klariči and Sela na Krasu pluviometers. The obtained isotopic gradient is in accordance with the values of Michelini [78] of −0.22‰ δ18O/100 m and Mezga et al. [79] of −0.25‰ δ18O/100m. 
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Figure 6. δ18O versus δ2H isotopic values of the samples collected: (a) results related to data collected in September 2012 during extreme low flow conditions; (b) results related to data collected in April 2013 in correspondence of the decreasing limb of a high flood; (c) results related to data collected in April 2014 in correspondence of the decreasing limb of a moderate flood. Legend for Figure 6a–c Blue circles represents the surface waters, black squares are related to the piezometers, springs are in sky-blue square and caves in red triangle. The reference meteoric water lines as GMWL [67], Eastern Mediterranean Meteoric Water Line (EMMWL [71]) and Local Meteoric Water Lines (LMWLs) defined for Slovenia (Kozina) [69] and Northern Italy [68] are shown. 






Figure 6. δ18O versus δ2H isotopic values of the samples collected: (a) results related to data collected in September 2012 during extreme low flow conditions; (b) results related to data collected in April 2013 in correspondence of the decreasing limb of a high flood; (c) results related to data collected in April 2014 in correspondence of the decreasing limb of a moderate flood. Legend for Figure 6a–c Blue circles represents the surface waters, black squares are related to the piezometers, springs are in sky-blue square and caves in red triangle. The reference meteoric water lines as GMWL [67], Eastern Mediterranean Meteoric Water Line (EMMWL [71]) and Local Meteoric Water Lines (LMWLs) defined for Slovenia (Kozina) [69] and Northern Italy [68] are shown.



[image: Geosciences 08 00321 g006a][image: Geosciences 08 00321 g006b]







[image: Geosciences 08 00321 g007 550] 





Figure 7. HCO3− (meq) versus δ18O (‰). The figure represents three specific hydrogeological conditions: (a) extreme low flow; (b) decreasing limb of a high flood; (c) decreasing limb of a moderate flood. 
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Figure 8. 87Sr/86Sr versus 1/Sr analyzed during three different water regimes: (a) low flow; (b) decreasing limb of a high flood; (c) decreasing limb of a moderate flood. 
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Figure 9. Isotopic ratio 87Sr/86Sr versus the δ18O (‰) values in water samples from April 2014. The dashed line represents a mixing line between waters having characteristics in between karst waters and Soča/Isonzo River waters; the continuous line instead, represents a mixing line between waters having characteristics in between karst waters and Reka River waters. 
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Figure 10. The mixing (%) between waters from Soča/Isonzo River (Is2) and karst waters (effective infiltrations) for the water samples collected during low flow conditions in September 2012. 
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Table 1. Chemical–physical parameters and major ions chemistry with silica content. The numbers represent mean, minimum and maximum value (in parentheses) measured during the sampling surveys.
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ID

	
T (°C)

	
pH

	
EC (S/cm)

	
Ca2+ (mg/L)

	
Mg2+ (mg/L)

	
Na+ (mg/L)

	
K+ (mg/L)

	
HCO3− (mg/L)

	
SO42− (mg/L)

	
Cl− (mg/L)

	
NO3− (mg/L)

	
SiO2 (mg/L)






	
Water Cave




	
Škocjanske jame (Sko)

	
13.8

(8.1–21.9)

	
8.0

(7.7–8.4)

	
350

(297–407)

	
63.1

(54.4–73.3)

	
4.3

(3.7–4.9)

	
3.4

(2.9–4.0)

	
1.0

(0.5–1.6)

	
201

(173–224)

	
6.1

(2.7–8.0)

	
4.3

(2.7–5.7)

	
2.1

(0.0–5.3)

	
2.8

(0.4–3.8)




	
Jama v Kanjaducah (Kan)

	
No data

	
7.3

(7.2–7.5)

	
437.3

(371–490)

	
80.3

(69.1–87.9)

	
4.6

(4.4–4.9)

	
4.4

(3.5-5.4)

	
0.8

(0.6–1.1)

	
254

(214–282)

	
8.2

(8.0–8.7)

	
6.7

(5.0–8.4)

	
4.8

(4.5–5.5)

	
3.0

(2.0–4.7)




	
Abisso di Trebiciano (Tre)

	
9.8

(8.0–12.0)

	
7.3

(7.1–7.5)

	
411.3

(326–494)

	
78.2

(57.8–88.5)

	
4.6

(4.0–5.4)

	
5.5

(3.5–9.5)

	
0.8

(0.7–1.3)

	
244

(183–283)

	
9.1

(8.1–10.2)

	
7.8

(3.6–13.7)

	
5.6

(3.9–7.3)

	
4.0

(3.4–4.7)




	
Cavernetta di Comarie (Com)

	
13.5

(6.1–20.2)

	
7.5

(7.08–7.69)

	
359

(326–392)

	
58.7

(51.9–68.3)

	
8.3

(6.9-8.8)

	
3.3

(3.2–3.5)

	
0.7

(0.6–0.8)

	
206

(190–228)

	
7.9

(7.0–8.9)

	
4.3

(3.9–5.1)

	
6.0

(4.2–7.2)

	
2.6

(1.6–3.5)




	
River




	
Soča/Isonzo 1 (Is1)

	
15.3

(9.9–23)

	
8.1

(7.25–8.3)

	
261

(231–281)

	
41.1

(40.0–41.8)

	
8.7

(7.6–9.3)

	
1.7

(1.3–1.9)

	
0.5

(0.3–0.6)

	
160

(153–162)

	
6.6

(4.3–9.3)

	
1.9

(1.2–2.9)

	
2.4

(2.2–.7)

	
1.2

(0.9–1.6)




	
Vipava/Vipacco (Vip)

	
15.4

(6.2–26.3)

	
8.3

(8.1–8.4)

	
324

(298–352)

	
57.1

(49.4–64.9)

	
5.5

(4.7–6.1)

	
4.3

(3.2–6.3)

	
0.8

(0.6–1.0)

	
193

(179–207)

	
8.1

(7.1–10.6)

	
4.3

(2.9–5.4)

	
5.4

(3.6–8.4)

	
1.8

(0.9–2.9)




	
Soča/Isonzo 2 (Is2)

	
13.6

(5.3–21.2)

	
8.4

(8.2–8.6)

	
264

(250–282)

	
42.2

(38.8–45.5)

	
8.6

(7.6–9.3)

	
1.8

(1.3–2.3)

	
0.5

(0.3–0.5)

	
162

(154–170)

	
6.6

(4.6–9.5)

	
2.1

(1.3–3.4)

	
3.0

(2.1–4.2)

	
1.2

(0.3–2.4)




	
Reka (Rek)

	
11.6

(2.2–21.0)

	
8.3

(8.0–8.6)

	
327

(291–377)

	
56.0

(51.6–61.1)

	
5.2

(3.8–6.0)

	
4.2

(3.0–6.4)

	
1.2

(0.6–2.7)

	
183

(162–202)

	
9.7

(7.2–12.4)

	
4.7

(2.7–7.0)

	
4.0

(2.2–5.8)

	
2.4

(1.0–3.5)




	
Well/Piezometer




	
B2

	

	

	
499

(476–527)

	
87.0

(62.1–102.2)

	
6.6

(5.2–8.3)

	
3.7

(2.6-4.8)

	
0.7

(0.4–1.0)

	
295

(270–324)

	
8.1

(6.8–9.1)

	
4.9

(2.7–6.6)

	
7.4

(5.1–9.6)

	
3.5

(2.7–3.9)




	
B9

	
15.1

(14.9–15.5)

	
7.2

(7.1–7.4)

	
471

(455–494)

	
85.2

(77.4–92.0)

	
6.0

(3.7–7.5)

	
4.2

(2.9–5.3)

	
0.5

(0.3–0.6)

	
277

(261–293)

	
7.7

(5.8–9.3)

	
6.4

(4.3–8.2)

	
4.9

(2.1–6.6)

	
2.7

(1.5–3.4)




	
P1

	
12.8

(12.3–13.2)

	
7.3

(7.2–7.3)

	
547

(528–585)

	
80.7

(75.3–86)

	
23.4

(21–26.4)

	
1.4

(1.4–1.5)

	
0.2

(0.2–0.2)

	
355

(333–376)

	
6.4

(6.1–6.6)

	
1.8

(1.7–2.0)

	
2.0

(1.7–2.2)

	
3.9

(3.4–4.6)




	
B4

	
13.9

(11.9–15.1)

	
7.6

(7.5–7.9)

	
520

(383–676)

	
68.7

(53.2–82.7)

	
10.5

(9.5–11.5)

	
20.5

(8.1–32.1)

	
1.1

(0.9–1.3)

	
241

(1950–280)

	
12.3

(9.6–14.7)

	
37.3

(13.5–60)

	
5.0

(2.5–6.5)

	
2.9

(2.1–4.3)




	
Lake




	
Doberdò (Dob)

	
13.8

(10.1–13.6)

	
7.6

(7.4–7.7)

	
320

(234–376)

	
52.4

(30.0–63.6)

	
8.0

(7.1–8.8)

	
2.8

(2.2–3.3)

	
0.7

(0.6–0.8)

	
188

(127–220)

	
6.9

(4.8–8.0)

	
3.6

(2.5–4.4)

	
4.6

(0.0–6.9)

	
2.5

(1.9–3.1)




	
Pietrarossa (Pet)

	
13.7

(11.9–15.0)

	
7.7

(7.5–7.8)

	
338

(295–368)

	
54.8

(49.0–65.0)

	
8.1

(6.9–8.6)

	
3.4

(3.1–3.7)

	
0.6

(0.6–0.7)

	
195

(181–216)

	
7.6

(6.7–9.1)

	
4.6

(4.0–5.6)

	
4.6

(3.4–6.2)

	
2.1

(1.3–2.5)




	
Spring




	
Aurisina (Aur)

	
12.5

(9.6–13.8)

	
7.2

(7.0–7.5)

	
492

(420–520)

	
91.5

(85.6–98.3)

	
4.2

(3.1–6.0)

	
8.5

(6.7–10.9)

	
1.1

(0.9–1.5)

	
274

(263–287)

	
11.4

(9.6–13.3)

	
14.0

(10.6–18.2)

	
10.4

(9.0–11.9)

	
2.9

(0.3–4.1)




	
Timavo (Tim)

	
12.2

(8.2–15.4)

	
7.4

(7.3–7.5)

	
420

(364–459)

	
75.4

(64.7–81.2)

	
6.7

(4.7–8.6)

	
5.0

(4.2–5.7)

	
0.7

(0.5–0.9)

	
244

(220–259)

	
8.5

(7.2–11.0)

	
7.9

(5.9–10.3)

	
6.1

(5.7–6.6)

	
3.2

(2.3–4.2)




	
Sardos (Sar)

	
13.3

(10.5–15.4)

	
7.4

(7.1–7.5)

	
404

(345–458)

	
69.0

(55.6–81.1)

	
8.1

(6.0–9.3)

	
5.0

(4.4–6.7)

	
0.7

(0.6–0.9)

	
223

(166–259)

	
8.5

(7.4–9.5)

	
7.7

(6.0–11.6)

	
6.2

(5.1–7.5)

	
2.7

(1.8–4.0)




	
Moschenizze N (MoN)

	
12.6

(10.4–14.1)

	
7.7

(7.4–7.6)

	
355

(304–385)

	
58.2

(50.9–69.0)

	
8.4

(7.3–8.8)

	
3.7

(3.1–4.9)

	
0.7

(0.6–0.8)

	
204

(187–228)

	
7.8

(7.0–8.9)

	
5.5

(4.0–8.7)

	
5.8

(4.1–6.9)

	
2.2

(1.2–3.2)




	
Moschenizze S (MoS)

	
13.1

(10.3–15.1)

	
7.5

(7.2–7.7)

	
407

(345–459)

	
70.0

(55.9–84.1)

	
8.0

(6.1–9.3)

	
5.2

(4.4–7.3)

	
0.7

(0.6–0.9)

	
234

(201–257)

	
8.5

(7.5–9.5)

	
8.2

(6.1–12.6)

	
6.1

(5.1–7.3)

	
2.7

(1.4–4.1)
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Table 2. Minimum and maximum values of δ18O, δ2H, d-excess, strontium isotope ratio (87Sr/86Sr). Mean, minimum and maximum Sr content in sampled waters.






Table 2. Minimum and maximum values of δ18O, δ2H, d-excess, strontium isotope ratio (87Sr/86Sr). Mean, minimum and maximum Sr content in sampled waters.





	
ID

	
δ18O (‰)

	
δ2H (‰)

	
d-Excess (‰)

	
87Sr/86Sr

	
Sr (μg/L)






	
Water cave




	
Škocjanske jame (Sko)

	
−5.25

	
−37.6

	
4.4

	
0.708105

	
98.3 (79.1–120.9)




	
−8.86

	
−56.0

	
14.9

	
0.708450




	
Jama v Kanjaducah (Kan)

	
−7.40

	
−46.0

	
13.2

	
0.707580

	
316.4 (273.7–359.1)




	
−8.41

	
−52.3

	
15.0

	
0.708012




	
Abisso di Trebiciano (Tre)

	
−7.47

	
−46.3

	
13.3

	
0.707487

	
238.9 (81.8–552.4)




	
−8.58

	
−54.0

	
15.5

	
0.708071




	
Cavernetta di Comarie (Com)

	
−8.02

	
−50.5

	
13.7

	
0.707738

	
104.5 (91.5–120.2)




	
−8.95

	
−55.9

	
15.7

	
0.707930




	
River




	
Soča/Isonzo 1 (Is1)

	
−8.38

	
−52.9

	
14.1

	
0.708094

	
50.1 (39.8–55.4)




	
−9.50

	
−60.9

	
15.7

	
0.708700




	
Vipava/Vipacco (Vip)

	
−7.86

	
−49.0

	
13.1

	
0.707596

	
124.8 (88.2–214.4)




	
−9.00

	
−57.3

	
14.7

	
0.708300




	
Soča/Isonzo 2 (Is2)

	
−8.33

	
−52.4

	
14.2

	
0.708076

	
46.8 (11.5–63.9)




	
−9.42

	
−60.2

	
15.7

	
0.708370




	
Reka (Rek)

	
−5.92

	
−38.3

	
9.1

	
0.708295

	
93.6 (82.2–121.5)




	
−8.89

	
−56.4

	
14.9

	
0.708530




	
Well/Piezometer




	
B2

	
−6.90

	
−42.6

	
12.6

	
0.707508

	
171.4 (110.8–231.6)




	
−7.55

	
−46.5

	
13.9

	
0.707815




	
B9

	
−7.13

	
−43.8

	
13.0

	
0.707508

	
278.9 (225.1–406.3)




	
−7.61

	
−46.1

	
15.0

	
0.707540




	
P1

	
−6.92

	
−42.8

	
12.4

	
0.707362

	
82.2 (17.2–125.9)




	
−7.26

	
−43.7

	
15.3

	
0.707800




	
B4

	
−7.37

	
−45.5

	
13.3

	
0.707602

	
265.1 (164.3–351.8)




	
−8.62

	
−53.7

	
15.3

	
0.707910




	
Lake




	
Doberdò (Dob)

	
−6.90

	
−45.8

	
9.4

	
0.707925

	
86.2 (54.7–101.1)




	
−8.88

	
−54.5

	
16.5

	
0.708530




	
Pietrarossa (Pet)

	
−8.09

	
−50.7

	
13.3

	
0.707684

	
135.4 (119.7–167.2)




	
−9.05

	
−57.5

	
14.9

	
0.707815




	
Spring




	
Aurisina (Aur)

	
−7.18

	
−43.7

	
13.0

	
0.707603

	
165.1 (86.5–341.8)




	
−7.99

	
−49.3

	
14.6

	
0.708190




	
Timavo (Tim)

	
−7.62

	
−46.8

	
14.4

	
0.707589

	
192.4 (59.6–299.6)




	
−8.56

	
−52.3

	
16.2

	
0.708210




	
Sardos (Sar)

	
−7.67

	
−48.3

	
13.0

	
0.707695

	
191.9 (152.7–227.8)




	
−8.63

	
−52.6

	
16.4

	
0.707840




	
Moschenizze North (MoN)

	
−8.02

	
−49.7

	
13.0

	
0.707872

	
105.4 (92.0–124.8)




	
−8.85

	
−55.6

	
15.2

	
0.708670




	
Moschenizze South (MoS)

	
−7.65

	
−47.0

	
12.7

	
0.707659

	
187.1 (153.4–214.0)




	
−8.64

	
−52.9

	
16.2

	
0.707725




	
Pluviometer




	
Sela na Krasu

	
−3.51

	
−18.7

	
9.4

	
No data

	
No data




	
−9.34

	
−61.2

	
14.8

	
No data




	
Klariči

	
−4.00

	
−20.3

	
7.7

	
No data

	
No data




	
−8.94

	
−58.2

	
14.3

	
No data




	
Filzi (Trieste)

	
−4.16

	
−22.7

	
7.5

	
No data

	
No data




	
−10.01

	
−66.7

	
13.3

	
No data




	
Basovizza

	
−5.71

	
−32.2

	
7.3

	
No data

	
No data




	
−10.89

	
−79.5

	
13.8

	
No data




	
Randaccio

	
−4.33

	
−27.6

	
7.0

	
No data

	
No data




	
−9.26

	
−61.3

	
13.0

	
No data




	
Gorizia

	
−4.10

	
−25.6

	
7.2

	
No data

	
No data




	
−7.60

	
−49.1

	
13.3

	
No data
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