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1. INTRODUCTION
Reaching an adequate understanding of the hydrogeological functioning of groundwater in a specific system requires a good knowledge of its geological characteristics (e.g., lithology, stratigraphy, structure), as well as of the hydraulic parameters of the hosting rocks. Thus, understanding the groundwater flow dynamics in settings with complex geology is challenging, more even if the available information about the characteristics of the media is scarce (Zhou and Li, 2011), Which is often the case in low-permeability formations that are rarely investigated, owed to their limited productivity (Cherry et al., 2006). The performance of hydraulic tests in this kind of media is limited as they would require too much time, which makes it considerably difficult (Hart et al., 2006; Mejías et al., 2009; Neuzil, 1986; Rowe and Nadarajah, 1993). Besides, when permeability data are obtained from local field surveys they cannot be extrapolated to the rest of the aquitard formation (Konikow and Neuzil, 2007), in which secondary porosity (i.e. fractures and conduits) plays a key role on groundwater flow dynamics (Andreo et al., 2016; Cherry et al., 2006; Goldscheider et al., 2010; Kreitler, 1989).  
As a consequence, groundwater flow dynamics in low permeability settings is normally inferred using hydrochemical and isotopic tools (Cherry et al., 2006). Complementary, the development of dating techniques makes it possible to investigate groundwater residence times within this type of media, in which regional gravity-driven flows are involved (Cardenas and Jiang, 2010; Gassiat et al., 2013). During the second half of the 20th century, many research works (Chebotarev, 1955; Jankowski and Jacobson, 1989; Mádl-Szőnyi and Tóth, 2015; Randal, 1967; Schwartz and Domenico, 1973; Tóth, 1999) demonstrated that groundwater in such contexts evolves towards greater concentrations of dissolved solids and higher temperature values, while the hydrochemical facies transition from bicarbonate to chloride going through sulfate. Recent studies (Beyer et al., 2016; Gerber et al., 2017; McMahon et al., 2010; van Engelen et al., 2018; Xu et al., 2018) have also exposed the relationship between groundwater age and mineralization, by jointly using hydrochemical and dating tools.
Each tracer is suitable to analyze a specific age range. So, if tracer ages are generated for time intervals where they are not suitable, tracers ages differ (Corcho-Alvarado et al., 2007; Kralik et al., 2014; Solomon et al., 2010; Sültenfuss et al., 2011; Waugh et al., 2003). For instance, the use of 3H/3He, CFC, or 85Kr would give the same age in the interval 0-50 years under piston flow conditions. The mixing of flow components with different residence time in a given sample also affects the estimation of ages. If the analyzed groundwater sample contains fractions older than those datable with a certain tracer it may lead to a bias towards lower ages; even more in heterogeneous media (Gardner et al., 2015). That normally occurs near the surface, particularly in springs or in long-filtered wells, where several flow lines converge, each one with a characteristic concentration of tracers (Delbart et al., 2014; Stolp et al., 2010; Suckow, 2014; Thomas et al., 2003). 
Lumped Parameter Models (LPMs) are normally used to integrate and quantitatively interpret the tracer data in hydrological systems (Jódar et al., 2014; Maloszewski and Zuber, 1982; Solomon et al., 2010; Turnadge and Smerdon, 2014). However, they require a good knowledge of the groundwater flow dynamics to be meaningful. Besides, the combination of flow components with very dissimilar ages complicate the use of LPMs, which in such circumstances are rarely effective (Solomon et al., 2010; Stanton et al., 2007), as they do not achieve to estimate the age distribution of all the groundwater fractions that are present in the sample (Torgersen and Stute, 2013). More recently, Visser et al. (2013) have developed mixing models based on the discretization of groundwater age distribution. That means that natural tracer data are used to calculate the contribution (i.e. percentage) of a given age range to the sample as a whole. The application of this kind of models is simpler and it does not require the estimation of any hydraulic parameter.
On the other hand, the transport of environmental tracer is not ideal since they can be affected by physical (dispersion, gas exchange, dilution, decay) and chemical (degradation, exchange with unknown reservoirs) processes that may modify their concentration and, therefore,  they produce a bias in their apparent ages (Cook and Solomon, 1997; IAEA, 2006). Degassing can substantially change the concentration of gas in groundwater, particularly in karst aquifers (Delbart et al., 2014), where gases could possibly exchange with air in the conduit network (of unknown composition). As salinity changes the gas solubilities, this in additional factor for uncertainty to take into account when groundwater is brine (Gerber et al., 2017). In both cases, the information derived from environmental tracers must be jointly interpreted with hydrogeochemical information.
The goal of this work is to test the applicability of the combined use of groundwater dating (3H, 3He, 4He, CFC-12, SF6) and hydrochemical tools to reach a better understanding of groundwater flow dynamics and residence times in geologically complex aquitard formations, with scarce knowledge of their inner structure and the hydraulic parameters of the host rock. The applicability of some groundwater dating tools in karst settings and brine groundwater are also discussed. As pilot sites, four different areas have been selected within the so-called Chaotic Subbetic Complex (CSC), an evaporite karst unit in southern Spain (Fig. 1A) with a predominant aquitard behavior but with significant local development of second porosity due to karstification. Based on environmental tracer data, Binary Mixing and Free-Shape Models have been created as well as some Lumped Parameter Models.  Some describing parameters derived from them have been proposed to investigate the age distribution of the springs draining the studied system, particularly the median groundwater age (GA50) and the percentage of old groundwater (>70%). The results derived from environmental tracers, jointly analyzed with hydrochemical data, has confirmed a theoretical hydrogeological conceptual model previously proposed for the CSC (Andreo et al., 2016), which has proved the usefulness of the multiapproach considered here. Additionally, some practical recommendations dealing with degassing are presented with the aim of being helpful in future works carried out in similar settings worldwide.
2. GEOGRAPHICAL AND HYDROGEOLOGICAL SETTINGS
The Chaotic Subbetic Complex (Vera and Martín-Algarra, 2004) is a large olistostromic unit located in Andalusia (S Spain) that extends along the southern border of Guadalquivir foreland basin, in a wide 300 km-long band with SE-NE direction (Fig. 1A). The CSC is mainly formed by evaporites (anhydrite, gypsum, and halite) and multi-colored clays and sandstones of Upper Triassic (Keuper) age, although other lithologies are also present (sandstones, marls, limestones and dolomites from Triassic to Miocene ages), normally, as olistoliths. This geological unit is very folded and brecciated, which conferred the CSC a disorganized and chaotic structure. Thus, the CSC can be defined as a megabreccia of Triassic clayey-evaporite matrix, where different kinds of blocks are embedded. Halite is not present at the surface, due to its high solubility, although its existence at depth can be inferred from groundwater hydrochemistry and boreholes drilled in evaporite outcrops (Calaforra and Pulido-Bosch, 1999; Carrasco, 1986).
Traditionally, CSC materials have been considered impervious due to the abundance of Triassic clays, marls, and sandstones. However, the high solubility of evaporite rocks favors the development of second porosity through dissolution and karstification. As a consequence, highly unstable cavities and conduits are formed, which lead to a fast geomorphological evolution (Calaforra and Pulido-Bosch, 1999; Gutiérrez et al., 2008)and result in the formation of endokarst and exokarst features, such as dolines, uvalas, swallow holes, and speleological networks that are characteristic of karst aquifers (Ford and Williams, 2007; White, 1988). Thus, the abundance of evaporite rocks plays a key role in the hydrogeological functioning of CSC outcrops, allowing a local karst functioning where the evaporite formations are more continuous (Gil-Márquez et al., 2017a). However, the predominance of low permeability materials (clays, sandstones, dolomite blocks), which function as aquitards, confers the whole CSC a high hydrogeological complexity.
The most common landforms in the CSC are karst depressions, some of which are naturally drained through karst swallow holes that become active during rainfall episodes, keeping the bottom of endorheic areas dry or slightly flooded during short periods (Andreo et al., 2016). In contrast, where no swallow holes exist, dolines and karst depressions remain flooded longer or even permanently. Such areas are considered as wetlands, whose genesis and natural hydric dynamic are related to evaporite-karst. They are very diverse, with a high range of water mineralization and hydrochemical facies, as well as hydroperiods of diverse length (Rodríguez-Rodríguez et al., 2010). In addition to karst development and wetland areas, the presence of springs, wells, and boreholes, also evidences the existence of groundwater flows within the CSC. The springs often drain brine groundwater with Na-Cl facies, especially those located at lower elevations.
Andreo et al. (2016) explained the hydrogeological complexity found in the CSC in a hydrogeological conceptual model inspired by Toth’s Gravity-Driven Regional Groundwater Flow Model –GDRGF- (Toth, 1963; Tóth, 1970). The proposed approach explains the hydrodiversity (hydrochemistry, hydro-period) of wetlands and springs based on their geological-hydrogeological contexts, as several authors have also done in other areas worldwide (Euliss et al., 2004; Lissey, 1971; Winter, 1999). In general terms, springs found at lower positions of CSC outcrops drain brine and warm groundwater, as they would be linked to long (regional) and ascending groundwater flows of great residence time within the media. “Discharge wetlands”, located in the same context, would continuously receive groundwater inputs, normally of high salinity, leading to long-lasting or even permanent flooding. On the other hand, at the highest location, wetlands are located above the phreatic level and they constitute recharge features of the aquifers (“recharge wetlands”). They normally have ephemeral flooding and low-mineralized water, owing to their meteoric origin or to sporadic groundwater inputs related to short local flows. Similarly, small springs and leakages found in high areas also drain groundwater with low salinity that would have had a short residence time within the aquifer. Lastly, in intermediate positions between discharge and recharge areas, there are springs and “transit wetlands” that do not constitute the final destination of groundwater flows, which would instead go towards discharge areas. Groundwater drained through such springs and wetlands present variable mineralization, as a consequence of variable contribution of groundwater flows with different residence times, but also due to the lithological heterogeneity of the media.
The theoretical conceptual model of Andreo et al. (2016) is appropriate to describe the general hydrodiversity and the hydrogeological context of wetlands located in the CSC. However, this model is not completely replicated in every evaporitic karst area, due to their specific geological and geomorphological particularities. Consequently, four different study areas have been considered in this work, which are located in different provinces of Andalusia (Fig. 1): the Jarales area, in the Cordoba Province; Western (Los Hoyos) and Eastern sectors of the Trias of Antequera area, in the Málaga province; and the Brujuelo area, in the Jaén Province.
2.1. Jarales area
The Jarales area (Fig. 1B) is a plateau (80 km2) surrounded by Genil River (SW) and its tributary, Anzur River (NE). The central part of the area rises 350 to 440 m a.s.l. and has smooth relief, with a poorly define drainage network and numerous endorheic areas, some of which often host wetlands, as a result of hydraulic interactions with the water table, while some others are naturally drained through swallow holes. Recharge occurs by the direct entrance of runoff through swallow holes, by means of water infiltration through permeable exposures and, likely, through the bottom of wetlands. Groundwater flows, in a radial and centrifugal way, from the central part of the plateau towards its borders (Fig. 1B), where the main outlets are located. The most important discharge points are Lower Anzur spring (J1, 247 m a.s.l.), to the north, Salinillas spring (J2, 253 m a.s.l.), by Genil River, and Upper Anzur spring (J3, 300 m a.s.l.), eastwards (Fig. 1B); all of them draining brine water. Lower Anzur spring (J1) is hydrogeologically connected to some karst swallow holes, as proved by a multi-injection dye tracer test (Gil-Márquez et al., 2017a), allowing rapid and abundant arrival of recently infiltrated water.
2.2. Trias de Antequera area
The Trias de Antequera (TA) area (Fig. 1C) is an elongated CSC outcrop of ENE-WSW direction located in the northern part of Malaga province. It is one of the most remarkable evaporite karst in Spain, with numerous examples of exokarst (dolines, collapses, karstic canyons) and endokarst (caves) features, whose appearance is conditioned by the uplifting of the ground due to halokinetic processes (Calaforra and Pulido-Bosch, 1999). The hydrogeological functioning of the TA is highly influenced by preferential infiltration forms related to karst dynamic. There are also important wetlands in this area, such as the complexes of wetlands of Campillos, Antequera, and Archidona (Fig. 1C). Groundwater discharge takes place towards some of these wetlands (Almécija, 1997; Linares, 1990; Rodríguez-Rodríguez et al., 2006) but also through springs. The outlets are mainly distributed in the borders of some diapiric-structures (Calaforra and Pulido-Bosch, 1999). In this research, two sectors within the TA area were separately treated: the western sector, nearby Guadalhorce reservoir, and the east sector, also called Los Hoyos area (Fig. 1C).
The most important discharge zone in the eastern TA is Meliones spring, by Guadalhorce River. The brine groundwater that it drains leads to the salinization of the downstream water resources, particularly Gualdahorce Reservoir. Several outlets appear by said reservoir, hereby called Meliones 1 (T1, 345 m a.s.l.) and Meliones 2 (T2, 350 m a.s.l.). They are normally submerged below the reservoir water level, except for short periods, so they are rarely accessible. Other significant discharge points in the eastern sector are Cañaveralejo spring (T3, 400 m a.s.l.), south of Campillos Wetland Complex, and Saladilla (T4, 450 m a.s.l.), East of Antequera city (Fig. 1C).
Los Hoyos area (Fig. 1C) is one of several diapiric structures appearing at the TA area (Calaforra and Pulido-Bosch, 1999). It covers 20 km2 and rises to 700-900 m a.s.l., approximately 50 m above the surrounding zones,. The landscape is full of karst landforms, mainly dolines of different typology, but also sinkholes, swallow holes, and small surfaced depressions, which favor water recharge. Those dolines located at the central part of the study area, above 800 m a.s.l., are normally smaller and they may present flooding for short periods, as the groundwater table is located below their bottom. Towards the edges of the diapiric structure, closed depressions present greater size and their hydroperiod are longer. Two of them are wetlands of great environmental value: Grande and Chica lakes (Rodríguez-Rodríguez et al., 2007). Near Grande Lake, there is a spring, whose direct hydrogeological connection with the wetland seems unlikely despite it is located 787 m a.s.l., below the wetland water surface (Gil-Márquez et al., 2016). On the opposite part of Los Hoyos area, near Fuente Camacho village, discharge takes place at a lower altitude (725-748 m a.s.l.) by several brine outlets. Two of those points were sampled during this study: Fuente Camacho I (H1) and Fuente Camacho II (H2).
2.3. Brujuelo area
Lastly, Brujuelo area is located 12 km north of the city of Jaen, in a relatively high plain west of a tributary of Guadalquivir River: Salado Stream (Fig. 1D). This area does not have abundant exokarst features, except for some small depressions and few surface collapses. The two biggest karst depressions are occupied by Brujuelo and Cirueña wetlands, with seasonal and ephemeral hydroperiods, respectively. Diffuse recharge takes place in the area, as suggested by isotopic information (Gil-Márquez et al., 2017b). Groundwater flow in a diffuse way from the SW towards Salado Stream (N and E), where the main outlets are found: San Carlos (B1, 375 m a.s.l.) and Don Benito (B3, 440 m a.s.l.) springs (Fig. 1D). Other outlets found in the area are, in descending order, Tosquillas (B5, 490 m a.s.l.) and Brujuelo (B4, 450 m a.s.l.) leakages, and Brujuelo spring (B2, 425 m a.s.l.). Previous hydrogeochemical work carried out in this area (Gil-Márquez et al., 2017b) evidences a progressive enhancement of mineral dissolution and increase of water temperature toward lower positions, which could be related to a greater contribution of long and deep groundwater flows with greater residence time within the media, as proposed by Andreo et al. (2016).
3. METHODS
3.1. Theoretical basis
Tritium (3H) is the radioactive isotope of hydrogen and is naturally formed in the atmosphere. Its presence in groundwater mainly comes from precipitation. As part of water molecules, 3H is the only tracer that can be used to date groundwater directly (Clark and Fritz, 1997). The atmospheric concentration of 3H increased markedly between 1955 and 1963 due to thermonuclear tests, reaching values that were three orders of magnitude above natural background, especially in the Northern Hemisphere (e.g.: Solomon and Cook, 2000). However, the abundance of atmospheric 3H is nowadays similar to that before nuclear testing, as most of the remaining released 3H is in the ocean or the subsurface (e.g.: Han et al., 2006). In any case, the presence of 3H in a groundwater sample indicates that at least part of it has a modern origin, meaning that it was infiltrated after 1953. The joint determination of 3H and 3He, its decay product, permits to quantify the time elapsed between isolation from the atmosphere (after recharge) and sampling of the modern fraction (post-1953) of a water sample, and it has been broadly applied (Cook and Solomon, 1997; Poreda et al., 1988; Stolp et al., 2010; Torgersen et al., 1978). The application of the 3H/3He dating method also requires 4He and Ne measurements, in order to distinguish between different sources of 3He in groundwater (equilibrium, excess-air, tritiogenic, radiogenic). More details regarding the 3H/3He technique can be found in literature (e.g.: Solomon and Cook, 2000; Sültenfuss et al., 2011).
Part of 4He concentration in groundwater samples can be attributable to underground production, derived from the U and Th decay series, and it is called radiogenic 4He (4Herad). Assuming that the 4Herad produced within minerals is liberated to groundwater at a constant rate, and homogeneously in space, its concentration would increase proportionally to groundwater travel time (Solomon, 2000). Thus, 4Herad can be used as a dating tool, as long as other sources of 4He are substantially lower than the radiogenic origin (Torgersen and Stute, 2013). However, the utilization of 4Herad for groundwater dating is challenging in settings where there is no knowledge about the proportion of U and Th in the rocks, as the accumulation rate of 4Herad can largely vary between different geological formations, from 5.8·10-12 Nml/g of H2O (Wei et al., 2015) to 1.9·10-9 Nml/g of H2O (Beyerle et al., 1999). The 4Herad technique has been applied with relative success in many studies, although 4Herad ages normally divert from the ages of other long-scale tracers, such as 14C (Berger, 2008; Lippmann et al., 2003; Müller et al., 2016; Torgersen and Clarke, 1985). In any case, even if quantitative dating is not possible, 4Herad determination provide qualitative information about long timescale groundwater residence times (Gardner and Heilweil, 2014; Sültenfuss et al., 2011; Wei et al., 2015). The use of 4He in groundwater dating is thoroughly discussed in Solomon (2000) and Torgersen and Stute (2013). In this study, 14C has not been considered, as the presence of carbonate in the media overwhelms atmospheric 14C, and inducing some uncertainties that prohibit  reliable ages (IAEA, 2013)
Chlorofluorocarbons (CFCs) are synthetic gases that were used for industrial purposes and release into the atmosphere during the second half of the 20th century (IAEA, 2006). They were restricted by the Montreal Protocol of 1987 due to their effect on the ozone layer depletion (UNEP, 1987). As these gases show almost inert behavior in the atmosphere, the evolutions of the atmospheric concentration of CFCs describe distinct functions. On the other hand, the use of other halogenated gases, such as sulfur hexafluoride (SF6), still continues and their atmospheric concentrations are currently rising. The nearly monotone evolution of the CFC and SF6 mixing ratios in the atmosphere can be used for groundwater dating, assuming that the atmosphere is the only source in the aquifer. CFCs are affected by degradation in anoxic conditions (Cook et al., 2006) and heavy local contaminations (Kralik et al., 2014). Although no evident signs of degradation or retention have been reported for SF6 (Busenberg and Plummer, 2000; Han et al., 2006), in-situ production was found in various studies (Akesson et al., 2015; Friedrich et al., 2013; Harnisch and Eisenhauer, 1998). Besides this, the temperature for gas exchange at the water-atmosphere interface must be known by about 1ºK (Cook et al., 2006). These trace gases are also affected by the contribution of bubble inclusion, so-called excess air, as well as salinity during recharge (Wanninkhof et al., 1991; Warner and Weiss, 1985). Further information about groundwater dating techniques using CFC and SF6 can be found in IAEA (2006), Darling et al. (2012) and Chambers et al. (2018).
3.2. Measurement and sampling procedures 
During four years (September 2013-September 2017), field campaigns for the physicochemical monitoring were carried out in the four study areas. In situ measurements of electrical conductivity –EC‑ and water temperature (WTW® conductivimeter-thermometer 3310) were performed in the main springs, and water samples were collected for subsequent major ion determination. Flow rate measurements were also made in most of the outlets (OTT® C2 flow meter). Data accuracy was ±1 μS/cm for EC, ±0.1ºC for temperature, and ±10% for flow rate. Sampling and measurement periodicities varied from daily to monthly, depending on the hydrodynamic conditions. Additionally, some samples were taken for groundwater dating purposes. 3H and He isotopes sampling was mainly performed during three campaigns: September 2014, towards the end of the dry period of the 2013/14 hydrogeological year; one month later (October 2014), after the first precipitation episodes of 2014/15; and summer 2015 (July-September). Additionally, two other samples were taken in Anzur Bajo Spring (J1) during two flooding periods: April 5, 2016, and December 11, 2016. Samples for noble gases were also taken (with duplicates) in the mentioned campaigns excepting the first one. Sampling for CFC-12 analysis was mainly carried out between April and June 2016, although one sample was previously collected (April 2015).
Samples for major components and tritium analysis were directly taken in 125 ml amber glass bottles and 1l PET bottles, respectively. For He and Ne determination, spring water was collected into duplicate clamped-off copper cylinders through a transparent tube, using a 12v submersible pump (WATERRA Tempest) , following the protocol of Bremen University (Sültenfuss et al., 2011; Visser et al., 2013). Samples for CFC and SF6 analysis were collected in 500 ml steel ampoules, similar to those described by Jaunat et al. (2012) and LaBasque et al. (2014), by means of a peristaltic pump (HACH Sigma 900 Portable Sampler), which has been successfully used in springs with low flow (IAEA, 2006 and reference therein). To avoid contamination, viton tubing was used from the spring to the ampoules. A transparent hose was used as water outlet from the pump, which permitted to check for bubbles that could indicate induced degassing. Once the steel ampoules were sealed, they were shook to detect any possible noise caused by the involuntary formation of a headspace. 
3.3. Analytical methods
Major elements were determined in the laboratory of the Centre of Hydrogeology of University of Malaga (CEHIUMA). HCO3- was measured by volumetric titration with 0.02N H2SO4 to pH 4.45. Major ions (Ca2+, Mg2+, Na+, K+, Cl-, SO42-) analysis were conducted by high-performance ionic chromatography (HPIC, METROHM Compact 930 IC flex for cations and Compact 881 IC Pro for anions) with ±2% accuracy. Due to high salinity, most samples were diluted to 1 mS/cm and then inline filtered before being introduced into the analytic system.
Determination of 3H, He isotopes, Ne, CFC-12 and SF6 was performed at the Department of Oceanography of the Institute of Environmental Physics, University of Bremen. He isotopes and Ne were extracted from samples and then separated from other gases by means of a cryogenic system. Afterward, they were determined in the mass spectrometric facility described by Sültenfuß et al. (2009). The 3H analysis was based on the 3He–ingrowth method (Clarke et al., 1976). 500 g of water samples were degassed and stored in gas-free glass bulbs for 3He (3H decay product) production and accumulation. After 4-6 months of storage, 3He was determined with the mass spectrometric system. CFC-12 and SF6 concentrations were detected with a micro electron capture detector mounted on a gas chromatograph (Agilent GC6890N) with a capillary column, as described in Bulsiewicz et al. (1998). CFC data were calibrated according to the SIO scale 2005 (Bullister and Tanhua, 2010). 
The specific radioactive activity of 3H is expressed in Tritium Units (TU = 0,119 Bq/kg of H2O) and noble gas concentrations are referred to ccSTP/kg of H2O. CFC-12 and SF6 values were determined as pmol/kg of H2O and afterward converted to atmospheric mixing ration (pptv), based on recharge conditions (temperature, pressure, and salinity). Most samples were brine, but solute content is supposed to be low at the time and location of recharge. Thus the concentration of every tracer determined was corrected to be expressed as concentration in freshwater according to the density of each sample, which was calculated, based on their chemical composition, using PHREEQC (Parkhurst and Appelo, 2013).
3.4. Data treatment
For hydrological interpretation, recharge temperatures were assumed to be 15ºC, in accordance with the average air temperature of the study areas during recharge periods (October to May), calculated for the period 1973/74 – 2015/16 (Gil-Márquez, 2018). Atmospheric pressure was adjusted to the main altitude in each study area: 400 m above sea level (m a.s.l.) in Jarales, 500 m a.s.l. in Brujuelo and western Trias of Antequera, and 850 m a.s.l. in Los Hoyos. Based on previous knowledge of the study areas, all samples were supposed to be infiltrated as freshwater, thus salinity would not have affect equilibrium solubility before entering the Saturated Zone (SZ). The reason for that assumption is discussed in section 4.2.2. In order to check the effect of changes of salinity and temperature on the tracer concentrations and ages (Tab. 1), variations of ±2 K and +10 ‰ have been jointly considered. The effect of altitude has not been checked as the study areas are relatively plain. After calculating solubility equilibrium fractions for all tracers and each sample, potential contributions of excess air (or degassing) were quantified based on ΔNe values (Mayer et al., 2014; Schlosser et al., 1989), meaning the difference between the determined Ne contents and its solubility equilibrium concentration (NeEq), expressed in percentage. Thus, the degassing corrected concentration of a given gas tracer (Ccorr) can be obtained from the measured concentration (Cs) by applying the Aeschbach-Hertig et al., (1999) degassing equations, based on the diffusion coefficient of the gases. For low solubility gases (e.g.: Ne, He) the correction approaches to the following equation:
     (note that ΔNe<0 for degassed samples)   (Equation 1)
The3H activity and the corrected CFC-12 and SF6 concentrations were compared to their respective atmospheric input functions. The CFC-12 and SF6 atmospheric mixing ratio in precipitations for Northern Hemisphere atmosphere was obtained from USGS (2018), referred to SIO-2005 scale (Bullister and Tanhua, 2010) Because of a higher solubility of CFC-12 compared to He, Ne and SF6, corrections of CFC-12 data are overestimated by this simple approach.  
A specific tritium input function from Andalusia was generated using the available data from 5 GNIP stations in S Spain and Gibraltar (IAEA/WMO, 2018), those within a 150 km radius from the study areas. The 3H input curve was created by the correlation between that data and the tritium in precipitation record of GNIP Vienna station. As 3H is a radioactive isotope, part of the 3H recharged from 1953 has already decayed. Thus, a decayed input function (scaled to 2016) was created based on the radioactive decay law and the 3H decay constant, of 0.05626 yr-1 (ln(2)/12.32 yr).
CFC-12 and 3H decayed input functions were used to develop Binary Mixing Models (BMM), Shape-Free Models (SFM) and Lumped Parameter Models (LPM) that could explain the observed tracer concentrations and permit quantifying the amount of old groundwater (i.e., tritium and CFC free) in each sample (Fold), approximating 3H and CFC‑12 mean ages of the modern fraction (Fyoung), and defining its groundwater age distribution. In this study, Fold is considered to be infiltrated before the 1940’s decade, previously to the anthropogenic release of both 3H and CFC‑12.
The use of BMM is widely extended in literature (Akesson et al., 2015; Bohlke and Denver, 1995; Katz et al., 2009; Koh et al., 2018; Lehmann et al., 2003; Michel, 2004; Solomon et al., 2010; Stanton et al., 2007) as a simplification proxy that easily helps to interpret the variation of chemical components in a set of samples of a given hydrological system (Plummer et al., 2006). BMM assume a binary mixture of young and old water in which Fyoung is transported via piston flow. The tracer concentration in each sample (Cs) is given by:
	(Equation 2)

where Cyoung and Cold are the tracer concentrations in Fyoung and Fold, respectively.
The use of SFM in groundwater dating is a more novel approach (Massoudieh et al., 2014; Mccallum et al., 2017; Visser et al., 2013). This is an extension of the BMM that describe groundwater age distribution by a histogram of n bins with a uniform age distribution within each bin (Visser et al., 2013), and contrary to LPM does not made any assumption about the groundwater flow dynamics. Then, Cs is the summation of the products of the fractions of groundwater sample in each bin (Fi) and their mean tracer concentration (Ci):
	(Equation 3)
With the aim of having a more detailed insight of the age distribution of the samples, 3 bins were used in this study to fit the observed data tracer concentrations, considering time lapses of 30 years. The first and second bins have average ages of 15 (0-30) and 45 (30-60) years, respectively. The last one has an average age of 75 years, between 60 and 90 years, and it has a very low CFC-12 and 3H concentration, similar to that of Fold (i.e. 3H and CFC free). Using SOLVER Add-In in Excel, each bin fraction was calculated adopting as constrains the CFC-12 and 3H piston-flow concentrations of the selected ranges of ages.
Lumped Parameters Model have been used for many authors during the last three decades (e.g.: Beyer et al., 2016; Suckow, 2014; Visser et al., 2013; Waugh et al., 2003). They define the age distribution of groundwater in a sample at time t using a convolution integral that sum up all concentrations (Ci) at each time (t’):
	(Equation 4)
[bookmark: _GoBack]where g(t-t’) is the weight function that determine the importance of each age in the total groundwater age, and e-λ(t-t’) account for the decay of those radioactive tracers. The main advantage of LPM is that they only require two of three parameters, one of which is the mean residence time, while the other define the weight function.  Based on the characteristics of the study, only the Exponential Piston Model (EPM) and the Dispersion Model (DM) have been considered. The EPM describes piston-flow transport followed by exponential mixing, which conceptually would occur in areas where there is no recharge nearby the sampled point. Thus the weight function is condition by the EPM ratio, which is the length of the area not receiving recharge by the area doing it (Cook and Böhlke, 2000). On the other hand, the DM is based on the advection dispersion equation and can describe the age distribution for many aquifer configurations (Jurgenes et al., 2012). It uses de dispersion parameter (DP), which is the ratio of dispersion coefficient to the outlet position and the velocity. Detailed descriptions of all the LPM can be found in literature (e.g.: Jurgens et al., 2012; Maloszewski and Zuber, 1982; Suckow, 2014).
4. RESULTS AND DATING INTERPRETATION
4.1. Groundwater chemistry
The chemical composition of spring water samples is summarized in Table 2. Groundwater exhibits a wide range of mineralization, from brackish waters to brines. Average EC values vary from 1.7 mS/cm in B5, to 215.5 mS/cm in H1, and the mean water temperature of springs are comprised between 15.9ºC in B4, and 22.2ºC in B3 (Tab. 2). In general terms, the brine springs exhibit different grade of positive thermal anomaly (up to 4.5ºC in B3) respect to the mean air temperature of each study area (16.5ºC-17.7ºC; Fig. 2). On the contrary, the less mineralized outlets (B4, B5, H3, T4) drain groundwater with temperature values close to the atmospheric values.
The measured flow rates present a wide range of values, from less than 1 l/s to nearly 100 l/s (Tab. 2). J1 spring presents the greatest discharge variations, as it indicates by the calculated coefficient of variability (cv). That is due to the existence of a well-developed karst network that connects concentrated recharge areas to the spring (Gil-Márquez et al., 2017a). 
The most abundant ions in the analyzed water samples are Cl- and Na+, with concentrations up to 191 g/l and 115 g/l, respectively (H1, Tab. 2). Aguileras spring (H3) samples are the only ones with calcium-sulfated hydrofacies, although the greater concentrations of SO42- and Ca2+ (8.3 and 3.6 g/l, respectively) are reached in Lower Anzur spring (J1).
Overall, groundwater mineralization increases toward lower positions in each study area, as EC boxplot shows (Fig. 2), except for Don Benito spring (B3), which is located in a different flow line than the rest of the studied points in Brujuelo area (Fig. 1D; Gil-Márquez et al., 2017b). Such a trend is basically due to the rising of solutes derived from the dissolution of halite (Na+, Cl-) and, to a lesser extent, gypsum (SO42‑, Ca2+). Contrary to Cl-, SO42- concentration do not keep growing towards the spring located at lower altitudes of each study area, but it rather stabilizes around 6 g/l when groundwater has EC values higher than 100 mS/cm (Fig. 2). Hence, although most of the springs drain Na-Cl type water, the proportion of Cl- respect to SO42- also increases towards lower positions, as the rCl-/SO42- boxplot of figure 2 shows.
4.2. Groundwater dating tracers
4.2.1.  Tritium
The ³H activity in the rain samples taken from September 2014 to June 2016 varies from 1.76 to 3.23. The estimated activities of 3H in the precipitation of the study areas from 2012 to 2017 range between 2 and 4 TU (Castaño and Rodríguez-Arévalo, 2019), based on estimation made from data retrieved from the GNIP. All spring samples contain 3H (Tab. 3) and their values range from 1.10 TU (J1) to 3.06 (B2). The variation of 3H concentrations found in a same spring is below 0.23 TU, except for Lower Anzur spring (J1), where 3H content varies between 1.10 and 2.59 TU (Tab. 3). Most samples, except B2, had 3H concentrations below the decay corrected input function, which had little variations for the last 30 years (Fig. 3). Many samples present values comprised between 2 and 3.5 TU (red lines in figure 3), which are similar to rain that recharged after 1980, and therefore, they basically have a modern origin. On the contrary, H1, H2, T3, and two samples of J1 and B3, had 3H activities below 2TU. Thus, they must have a proportion of tritium-free groundwater infiltrated before 1953, when the atmospheric 3H started to grow (Fig. 3).
Lower Anzur spring (J1) case is quite particular, as its water shows a great variability of 3H concentration (Tab. 3 & Fig. 3). That reflects a more complex hydrogeological functioning, in which the groundwater age distribution could vary notably, depending on the flow conditions. The system drained through Lower Anzur spring is markedly karstic (Gil-Márquez et al., 2017c; Gil-Márquez et al., 2019) and the outlet shows great hydrochemical and hydrodynamic variability (Tab. 3). During spring floods, water cooling and mineralization decrease were observed, as a consequence of the arrival of recently infiltrated water through karst swallow holes, while depletion waters presented higher temperature and salinity. Rises of mineralization and water temperature frequently appear at the beginning of floods in J1, which is related to a piston-flow effect (Gil-Márquez et al., 2019). Such term is used in karst hydrology to describe the drainage of groundwater previously stored in the system as a consequence of the pressure transfer provoked by recharge (e.g.,Chiesi et al., 2010; Frank et al., 2019; Gunn, 2004; Hunkeler and Mudry, 2007) . The study of the flow-rate, hydrochemical and isotopic variations in J1 spring during four years permitted to reach a good understanding of its functioning (Gil-Márquez et al., 2019). The highest 3H value (2.59 TU; Tab. 3) was obtained during a chemical dilution (Dec 2016), understood as mineralization decreased, which reflects the influence of recent recharge on the natural response of the spring. On the other hand, the lowest 3H concentrations coincided with a piston-flow effect (1.95 TU), and with the depletion of 2015 (1.10 TU). The value of 1.95 TU would have been provoked by the mobilization of deeper groundwater flows due to the recharge boost, which suggests that groundwater coming from deeper regions would have less or no 3H and, therefore, they would be older. The value of 1.1 TU would be related to the diminishing of recent recharge contribution. The contribution of old groundwater must be high in such conditions since the 3H value of that sample was very low compared to precipitation concentration (Tab. 3).
4.2.2. Noble gases
Ne concentrations in all samples are lower than equilibrium values (ΔNe), calculated for freshwater at recharge conditions (see section 3.4), except for T4 and one sample of H3 (Tab. 3). That means that sampled waters are degassed, between -16% and -66% ΔNe. Nonetheless, the degassing signatures were reproduced in the duplicate samples. Thus, sampling from these springs is reliable and the loss of gas must have occurred before. In order to calculate 3Hetrit concentration, 3H/3He ages, and the proportion of 4He with a radiogenic origin (4Herad), it is necessary to assess the time when the degassing happened, between recharge and sampling (Sültenfuss et al., 2011). The effect of salinity over noble gas concentration is approximately of -0.42% for He and -0.48% for Ne (Aeschbach-Hertig et al., 1999). Typical values of 4He and Ne at several temperatures, representing different recharge conditions, are displayed in figure 4. Only the samples with higher ΔNe (T4 and H3) are close to the equilibrium conditions with the atmosphere. The rest of the samples, which are degassed, had lower Ne values but greater 4He concentrations than the atmospheric equilibrium.
Ne and He equilibrium values of the samples have been calculated according to their salinity, following Weiss equations (1971). The estimated equilibrium concentrations (for saline samples) of Ne for B3, H2, and T3 are similar to those found in the samples, although their measured He values are much higher (Fig. 4). The latter also occurs in the rest of the brine samples and is due to 4Herad production that leads to the accumulation of this isotope in groundwater since recharge waters reached the saturated zone (SZ). The observed He and Ne relationships in the samples could be caused via two different routes:
· (1) Blue arrows in figure 4. Recharge water is in equilibrium with the atmosphere. It enters the SZ and gas exchanging with the atmosphere stops. Groundwater accumulates 4Herad along its flowpath, while Ne concentration remains constant. Eventually, at discharge points (or close to them), groundwater comes again into contact with the atmosphere and is re-equilibrated, depending on temperature, pressure, and salinity. The presence of high salt concentration leads to the reduction of gas solubility, which favors degassing.
· (2) Red arrows in figure 4. Infiltrated water dissolves minerals throughout the unsaturated zone (UZ) and reaches salinity values similar to those found in the spring samples. Thus, before groundwater reaches the SZ, gas exchange is also possible, which favors lower Ne equilibrium concentrations. Once in the SZ, 4Herad rises due to its underground production.
Salt rock is absent at surface and it has not been found in any speleological survey performed within the CSC (Aljama-Martínez, 2017; Calaforra and Pulido-Bosch, 1999). Previous works carried out in the study areas (Andreo et al., 2016; Calaforra and Pulido-Bosch, 1999; Carrasco, 1986; J.M. Gil-Márquez et al., 2017b) reveal that spring salinity is linked to the presence of halite at depth, which is absent at the surface but has appeared in deep boreholes. Therefore, the amount of NaCl needed to explain the observed ΔNe hardly could have been dissolved within the UZ. Besides, Fuente Camacho outlets samples (H1 and H2), in Los Hoyos area, are aligned around the degassing blue arrow in figure 4. That is more evident when looking at the position in the plot (Fig. 4) of a H1 sample that was discarded due to extremely high degassing (ΔNe = -96 %). Such degassing pattern would indicate proportional loss of 4He and Ne, assuming the same starting concentrations (Sültenfuss et al., 2011). For all these reasons, assumption 1 is considered to be closer to reality. Consequently, noble gases concentrations in table 3 were obtained from the values determined in the water samples and their ΔNe, assuming that degassing is proportional to the latter and it occurs at the outlet (or nearby).
Ne/He and 3He/4He ratios have been evaluated (Fig. 5) with a view of testing the different sources of He isotopes in the samples, which allows a preliminary differentiation between young and old groundwater (Akesson et al., 2015; Mayer et al., 2014). In samples with long residence time radiogenic He has been extensively accumulated, and consequently, their isotopic composition evolves from equilibrium values to 3He/4He ratios between 2·10-8 (Ballentine and Burnard, 2002) and 1·10-7 (Akesson et al., 2015) when Ne/He approaches 0 (He tends to ∞).The radioactive decay of 3H (present in modern groundwater), leads to a vertical shift of the samples in figure 5, from equilibrium values to higher 3He/4He ratios, without significant changes in the Ne/He relation. The mixing between 3Hetrit and 3Herad is detected in those samples that are deviated from the radiogenic He production line, towards higher 3He/4He values. Even inappropriate degassing corrections do not affect the noble gas ratios, and hence the decomposition of young and old waters. 
In figure 5, only T4 is displayed close to atmospheric equilibrium conditions, so it would be basically recently infiltrated groundwater. H3 shows some tritiogenic production as well as a certain amount of radiogenic He. The rest of the samples are scattered close to the radiogenic production lines, and they have Ne/He values lower than 1, which shows large accumulation of Herad and indicates long residence time within the media. Normally, tritiogenic 3He is not found in samples with such low Ne/He and 3He/4He ratios, as they are normally related to groundwater infiltrated previously to 1953; therefore, they could not be dated by means of the 3H/3He method (Massmann et al., 2008; Mayer et al., 2014; Schlosser et al., 1988). However, the present case is rather particular, since 3H has been detected in all the samples, even those with high 4He concentration (Tab. 3). Nevertheless, dating this type of groundwater using the 3H/3He technique comes with some limitations, mainly related to the choice of the regression line defining the radiogenic production of He. That is a source of error for 3Herad quantification and, consequently, for the determination of tritiogenic 3He. This issue barely affects samples with high Ne/He values, where the two drawn lines are close, but it leads to an important bias towards lower Ne/He ratios, like the ones observed in this cases (Fig. 5). Therefore, it has come to the conclusion that this dating technique is not suitable for the kind of samples considered, with high 4He concentration, and unknown recharge conditions.
Despite the above-mentioned explanation, 3H/3He ages of the samples were calculated (Tab. 3) for qualitative analysis. The considered 3He/4He underground production ratio was 2·10-8 (red line in figure 5), due to the fact that noble gases contents of the samples taken in Brujuelo area (B2 and B3) cannot be explained by higher values (Fig. 5). The younger 3H/3He ages, which correspond to T4 (2 years) and H3 (15-21 years) are more reliable, as they have short radiogenic evolution (low Ne/He) and are not too affected by degassing (ΔNe > -16%; Tab. 3). On the other hand, the oldest samples (T3) have 3H/3He ages up to 80 years. Such result is an artifice without an actual physical meaning, since 3H releasing to the atmosphere started 61 years before the sample was taken, and it is a result of the uncertainties previously discussed that make 3Hetrit estimation and 3H/3He dating unreliable: degassing, high radiogenic He values in the samples, and an unknown 3He/4He radiogenic production ratio.
In figure 3 3H/3He ages are represented against the 3H concentration of samples, together with the input function. In general, most recently infiltrated samples (H3, T3, B2 and B3) had 3H values in accordance with their ages, while samples with 3H/3He infiltration dates older than 1980 (J1, J2, H1, and H2) are clearly scattered below the input function, which would indicate that their 3H concentration was diluted by tritium-free groundwater (old component) or that the estimated 3Hetrit is too large.
[bookmark: bookmark0][bookmark: 14C_dating_method][bookmark: Sampling_and_analysis][bookmark: Results][bookmark: 3H,_3He,_4He_and_Ne]4Herad is present in most samples, within a range of 8.0·10-6 ccSTP/kg, in H3, to 1.1·10‑3 cc STP/kg, in J3. Most of the samples, has considerably large 4He values (>10-4 ccSTP/kg) that are indication of a long water-rock interaction and the subsequent radiogenic accumulation. On the other hand, in T4, the amount of 4Herad is below the detection limit (10‑6 ccSTP/kg). Since that sample does not present degassing (ΔNe = 0) the absent of 4Herad must be due to short residence time, as the 3H/3He age pointed out. In general terms, higher 4Herad concentrations are measured in springs placed at lower heights, even considering the combined effect of salinity and temperature on the calculated concentrations of 4Herad, which assuming an error of 10‰ and 2K in the infiltration conditions is less than 5%. 
4.2.3. CFC-12 and SF6
All samples had CFC‑12, with concentrations ranging from 0.1 pmol/kg (B3) to 1.3 pmol/kg (H3), which are comparable to atmospheric mixing ratios of 28 and 314 pptv, respectively, assuming the infiltration of freshwater. SF6 values vary between 0.3 fmol/kg (B2) and 14 fmol/kg (J1), whose respective atmospheric concentrations are equal to 0.9 and 45 pptv. The degassing correction performed is based on the ΔNe values (Aeschbach-Hertig et al., 1999) and it considerably modifies the original CFC‑12 and SF6 contents (Fig. 6), except for Aguileras spring (H3) that does not show significant degassing. CFC-12 corrected concentrations rise to values between 0.2 and 1.6 pmol/kg that are equivalent to atmospheric mixing ratios of 55 and 401 pptv (Tab. 3). Corrected SF6 concentrations are comprised between 0.7 and 24 fmol/kg, equal to 2.4 and 79 pptv. The effect of a change in the infiltration conditions of 2K of temperature and 10‰ of salinity can substantially modify the calculated mixing ratio, up to 20% (Tab. 3).
Assuming piston flow conditions, infiltration dates of the original CFC-12 values vary from 1957 (B3) to 1980 (H4). Dating values using ΔNe corrections result in more modern ages (Fig. 6), with recharge dates ranging from 1963, in B3 sample, to 1986, in the sample taken in Lower Anzur spring (J1), during the flood of April 2016. Thus, corrected CFC-12 ages range between 30 and 53 years (Tab. 3). SF6 dating only provides coherent recharge dates for B2, J1, and T3 springs, as well as for H2 without degassing corrections (Fig. 6). The rest of the samples had tracer concentrations much higher than the atmospheric input function. Infiltration dates obtained from SF6 values (1980-2000) are more modern than CFC-12 ones (Fig. 6). Dating derived from excess air corrected SF6 contents (from ΔNe) provide even younger ages, as young as 8 years (Tab. 3). Despite the large variations of the calculated CFC-12 and SF6 mixing ratios due to the combine effect of the considered salinity and temperature, the largest variations on the respective ages are of 4 years. That is due to the steep rise of the atmospheric concentrations of CFC-12, from 1970 to 1990, and SF6, from 1980 to the present.
The divergence between both tracer ages could be due to mixing between several groundwater flow components of different residence time (Plummer et al., 2006), to tracer degradation or retention within the media, or to the existence of additional tracer sources apart from the atmosphere (Cook et al., 2006). The excess of SF6 in several samples respect to the input function (Fig. 6) suggests that the latter explanation is more likely. Local anthropogenic sources can modify the SF6 concentration in the nearby sectors, although it is not frequent (Han et al., 2006), particularly in cultivable lands such as the study areas. Previous works have revealed that some kind of rocks can produce SF6 and liberate it towards groundwater (Akesson et al., 2015; Deeds et al., 2008; Friedrich et al., 2013; Koh et al., 2007; von Rohden et al., 2010). Halite and dolomite are included among those rocks (Busenberg and Plummer, 2000), which are present in the studied formations. Bratton et al., (2004) also found SF6 natural levels in saline groundwater. Therefore, SF6 cannot be used for groundwater dating in this study.
CFC-12 ages are in most cases older than 3H/3He ones (Tab. 3), which can be attributable to a CFC concentration decrease in groundwater, at least in the cases where 3H/3He dating was more reliable, or to unknown processes in the degassing. As CFC-12 concentration is not likely to be affected by sorption and is reduced by microbial degradation only in anoxic conditions (Cook and Solomon, 1997), the differences between both dating techniques results could be due to the mixing of diverse groundwater fractions with different ages. It must be taken into account that halocarbons are only present in modern groundwater so the contribution of older CFC-free water would reduce the tracer concentration at the sample. The 3H analysis revealed that groundwater flows of different residence times converge at the outlets. Therefore, CFC-12 dating results must be considered here in an illustrative way, and the comparison among the CFC-12 ages of all the samples is only possible if the different mixing fractions (young + old) are assumed to be equal in every case.
4.3. Mixing and distribution models
In figure 7, degassing corrected CFC-12 vs 3H concentrations are presented, both salt-corrected (i.e., expressed as concentration in freshwater). In order to explain the concentrations found in the samples, a combined input function of CFC-12 and 3H (scaled to 2016) is shown, which is equivalent to the temporal evolution of both tracers in unmixed young groundwater (Fyoung = 100%). All samples are below the 100% Fyoung input function, revealing that they also contain a certain amount of Fold (i.e.: infiltrated before the 1940’s decade). J3, B2, and H3 samples, as well as J1 during discharge rise, show a greater proportion of Fyoung (≥ 65%), while B3, H2, T3, and J1 in depletion conditions would have Fold > 40% (Tab. 4). Thus, J1 shows a reduction of its Fyoung during depletion conditions. In order to estimate the amount of Fyoung and Fold in each sample, binary mixing lines were drawn, from the origin, representing Fold, to different points in the 100% Fyoung function that are associated to specific recharge dates (figure 7), as well as to distinct CFC-12 and 3H concentrations. However, the decay corrected concentration of 3H in precipitation and the atmospheric mixing ratio of CFC-12 show only slight variations since the middle of the ’80s and the early ‘90s, respectively. Thus, the different fractions of water recharged after that period are hard to estimate using Binary Mixing Models (BMM) based on 3H and CFC‑12. Therefore, multiple mixing lines were possible when Fyoung was recharged after 1985. Nonetheless, the explained analysis permits to quantify the percentage of both fractions in the BMMs and to approximate apparent dates for the Fyoung of each sample (Tab. 4).
According to the BMM results (Tab. 4), the spring that drains a greater amount of tracer-free groundwater is J1 in depletion conditions (65% of Fold). The outlets that have water with older Fyoung are B3 (1970) and T3 (1972). The results of T3, B3 H2, and one J1 (depletion) samples are in the same order. On the contrary, most of the water (85%) in the B2 sample is modern, although its recharge date is one of the oldest (1976). Similar results are found in J3 and H3 samples. In general terms, those springs located in the lowest positions of each study area drain greater Fold and older Fyoung (Tab. 4), excepting Brujuelo area. The latter would be related to the fact that Don Benito spring (B3) is positioned in a different groundwater flowpath than the rest of the sampling points in the area (Gil-Márquez et al., 2017b & Fig. 1D).
The effect of salinity and temperature on the estimation of the CFC-12 mixing ratios is shown in figure 7 as error bars. The higher the concentration of CFC-12 is the greater error exists. However, the larger CFC-12 concentrations are found in samples close to the input function. On the one hand, the error for those samples that plot within mixing lines before 1985 (J3 and B2) does not affect the estimated age more than two years, as the registered changes of CFC-12 and 3H concentrations in the atmosphere back in that time were significant. On the other hand, the error of the samples plotting over mixing lines from 1985 to the present (J1 and H3) can nearly reach 30 years. However, as it was explained before, that is approximately the error that is caused by the slight variations of the input functions in the last few decades give rise to a similar error in the possible mixing results. Thus, the salinity effect would not change the conclusion obtained from the binary mixing model.
The groundwater age distribution of all the considered samples could be calculated by applying Shape-Free Models –SFM- (Tab. 4 & Fig. 8). The distribution of ages varies notably depending on the case, from those samples with a greater proportion of 15-year-old groundwater (H3 and J1 during flooding) to those with a higher fraction of 75-year-old groundwater (T3, B3, H2 and J1 during depletion). In J3 the three bins have similar values, while B2 accumulates a high proportion of intermediate age water, of 45 years (Fig. 8).
The mean ages obtained from the Exponential Mixing Model -EPM- and the Dispersion Model -DM- (Tab. 4 & Fig. 8) range from 27 years (J1 during flooding, EPM) to 100 years (J1 during depletion, DPM). Meanwhile, the amount of CFC-12 and 3H free groundwater (>75 years), which is equivalent to Fold in the BM and to the oldest bin in the SFM, vary from 0% (J3, B2, and H3) to 30-44% (J1 during depletion, B3, H2 and T3). In general terms, the DM and the EPM mean ages calculated for each sample are similar (within 1 -9 years margin), excepting in J1 during flooding.
As the older bin of the SFM contains tritium and CFC-12 free groundwater, the mean age of the samples cannot be calculated. Besides mean age is not useful when interpreting mixed groundwater age data, as it does not give any information about the groundwater age distribution by itself. However, the median of the Groundwater Age distribution (hereby GA50) can be easily identified in that bin (or age for LPMs) in which the cumulative fraction reaches or exceeds the 50%, which permits to rapidly assess whether the sample is mainly formed by recent or older groundwater (Fig. 8 & Tab. 4). GA50 range from 10years J1 during flooding (DM) to 75 years or more (i.e., tracer free water) in B3, H2, T3, and J1 during depletion (3-bin SFM). Thus, such parameter shows great differences in the groundwater age distribution of J1 depending on its hydrodynamic state, indicating a complex hydrogeological functioning of the system that it drains. The GA50 of the samples obtained from the SFM and the LPMs differ because SFM discretized the groundwater age distribution, while the LPMs provide continuous functions. Nonetheless, the samples with the higher and the smaller values of GA50 are the same regardless the model, excepting J1. Finally, the percentage of the sample that is 3H and CFC-12 free (> 75 years) vary between 0 and 70 %. Normally, the outlets located at higher positions in their respective study area present smaller GA50 and smaller fractions of groundwater older than 75 years, suggesting that their drainage is less influenced by regional groundwater flows.
5. DISCUSSION
5.1. Joint interpretation of age tracers and water mineralization
The comparison between 3H contents and EC values of spring water samples (Fig. 9A) shows that, in general terms, the more mineralized the water of brine (i.e., EC >40 mS/cm) springs is, the lower 3H values it contains. The inverse relation between EC and 3H is observed in every study area, when analyzed individually, as well as in the samples taken in Anzur Bajo (J1), Don Benito (B3) and Cañaveralejo springs (T3), with three or more determinations of 3H (Tab. 3). The negative EC-3H relationship suggests that the samples with greater salinity could have a larger contribution of tritium-free groundwater flows (infiltrated before 1953). Such groundwater would have longer residence time within the media and, therefore, it would have dissolved higher amounts of solutes. On the other hand, the more recently infiltrated water (with 3H) would have less dissolved minerals. The fact that the obtained correlation degrees are not too high (Fig. 9A) could be due to diverse factors: the low number of observations, the complexity of the 3H input function and its stabilization since the 1980 decade, and the lithological and hydrogeological heterogeneity of the studied systems.
The 3He/4He ratios of the sample vary between 4.4·10-8 and 1.4·10-6 (Tab. 3). Therefore, the presence of 4He coming from the mantle is unlikely, as such source could considerably rise the 3He/4He values up to 1.4·10-5 (Ozima and Podosek, 1983), and there is no volcanic activity or important outcrops of igneous rocks in the area. Solomon et al., (1996) described high 4Herad values in young groundwater of sedimentary aquifers made up of protoliths originated from the denudation of older formations. Although the geological setting could suit that description, the age of the original formation is Triassic, much younger than the Paleozoic rocks described by Solomon et al., (1996). Consequently, no significant 4He sources have been considered, apart from atmospheric, air excess, and underground production.
The 3H activities of Aguileras spring (H3) are in agreement with the calculated 3H/3He age and the rain data (Fig. 3) and the models results suggest that the degree of mixing with 3H free groundwater is low (0-35%) compared to most of the samples (Tab. 4). Besides, the estimation of its 4Herad concentration has fewer uncertainties, as its water show little degassing (Tab. 3). Based on all that, H3 is the most appropriate spring for evaluating the 4Herad production rate in the study areas. Assuming no mixing with 3H free groundwater it would be necessary an 4He accumulation rate of approximately 5.2·10-10 ccSTP/g·year to reach the observed 4Herad values found in H3 in a transit time similar to its 3H/3He age. This value is comparable to others found in literature (Lehmann et al., 2003; Mahara et al., 2009; Schlosser et al., 1989; Solomon et al., 1996). 4He ages, derived from the proposed accumulation rate, are included in table 3 and vary from 1 year (T4) to more than 4,600 years (T3). Nonetheless, such values must be considered carefully, as the existence of an old groundwater component containing a large concentration of 4He in the mixing would introduce a considerable uncertainty to the calculated accumulation rate. Also, the 4Herad accumulation rates reported in literature vary two order of magnitude, from 0.2·10-10 Nml/g·year (Lehmann et al., 2003) to 1.9·10-9 Nml/g·year (Beyerle et al., 1999). In any case, if a similar accumulation rates are assumed in each study area, the 4He ages of the springs located at lower altitudes would be older, except for Jarales area, where Lower Anzur spring (J1) samples had less 4Herad than Upper Anzur spring (J3).
Degassing corrected 4Herad values and proposed 4He ages (Tab. 3) also present some relation with EC, although it is positive, contrary to that observed between 3H and EC (Fig. 9). That suggests that the most mineralized waters would generally have greater 4Herad concentrations than those with less solute content. Therefore, groundwater salinity could be somehow related to their residence time within the media, as the accumulation of the observed 4Herad values requires long-lasting water-rock interaction (IAEA, 2013; Torgersen and Clarke, 1985). Assuming this statement, springs draining brine water could be the discharge points of regional groundwater flows. Nonetheless, it must be pointed out that noble gas interpretation was accompanied by many uncertainties, mainly due to degassing. Such physical process is favored by the drop of gas solubility in high salinity groundwater (Gerber et al., 2017), particularly considering that samples were taken from springs once groundwater might has been already in contact with the atmosphere. Besides, the convergence at the spring of a hierarchized groundwater flowpath system with different residence times, makes it difficult to quantify the age of the older components of the mixing without the additional information of other long timescale tracers (Gardner et al., 2015).  In this study 4He cannot be considered as a quantitative tracer, but rather it must be taken into account as a qualitative longtime-scale indicator. The use of a combination of short-filter screen boreholes with different depth near the springs could help in future works to avoid degassing and to determine the groundwater age of different flow components.
The existence of groundwater flowpaths with different residence time in the media that converge at the springs would make the use of the mean ages in this study inappropriate as groundwater age indicator, particularly having mixing fractions older than 75 years (Tab. 4) that cannot be properly dated with the used tracers (Gardner et al., 2015). On the contrary, the parameters extracted from the FSM and the LPMs (GA50, % >75) permit to evaluate whether the sample groundwater age distribution lends towards young or older fractions. The positive correlation between EC and GA50 and % >75 values (Tab. 5; Fig. 10A & B, respectively) also suggest that mineralization is related to groundwater residence time.
The degassing corrected concentration of CFC-12 decreases inversely to EC and, more noticeable, to GA50 and to the fraction of 75-year-old groundwater (Fig. 10C-E; Tab. 5). Thus, samples with younger groundwater age distribution normally would have greater concentrations of CFC-12 and lower mineralization. On the other hand, the samples with greater contribution of older components (B3, H2, T3, J1 in depletion) would contain less CFC-12, as a consequence of its dilution by a larger fraction of tracer-free groundwater, which would be related to longer residence time and, therefore, to longer water-rock interaction processes. Such prolonged interaction would explain the inverse relation between CFC-12 and EC, due to greater solute transfer to old groundwater. 
The solubility of gypsum is boosted by the addition of NaCl, due to the ionic force rising, which modifies the equilibrium between the chemical phases of the aqueous solution (Zen, 1965). However, over 250 g of NaCl/l, gypsum solubility significantly falls. As shown in figure 2, Cl- concentration of samples constantly grow towards lower elevation, while SO42- contents stabilize between 5 and 6 g/l, except for H1 and H2 samples, which contain lower amounts of SO42-. That is a consequence of its greater concentrations of Cl-. As a result, rCl-/SO42- ingrowth is not constant. Nevertheless, rCl-/SO42- and EC has a great positive correlation (R2=0.99; Fig. 10F) for most samples before gypsum solubility descent (H2). Those samples with older groundwater age distribution (i.e., greater GA50 and % >75 years) show higher rCl-/SO42- (Fig. 10G-H) as they have undergone longer lasting interaction with the media. Thus, rCl-/SO42- could be considered as an indicator of hydrogeochemical evolution for NaCl contents below the solubility drop, but also of residence time.
In general terms, the explained relations do not work so well if the sample taken during spring flooding in J1 is considered (Fig. 10). As the plots of groundwater age distribution show (Fig. 8), a large fraction of this sample has a recent origin, and it would be related to recently infiltrated water flowing through karst conduit. On the contrary, the older bin in the SFMs of J1, which accounts for a higher percentage during depletion, would be linked to dispersive groundwater flows. The system drained through this outlet has a very complex hydrogeological functioning, in which the contribution to the mixing of different groundwater flow components greatly varies, partly due to the high development of the karst network (Gil-Márquez et al., 2019). Therefore, in high water conditions, when conduit flow accounts for much of the discharge rate in the spring, the outlet is not comparable with the rest of the samples, in which smaller flow rate variations were recorded (Tab. 2).
5.2. Integrating groundwater ages in the hydrogeological conceptual model
The evaporite-karst setting here studied (CSC) is heterogeneous and complex, and its hydrogeological functioning is conditioned by both characteristics. However, the joint interpretation of chemical information and environmental tracer data has highlighted some similarities between the different study areas. In general terms, the springs that drain the most mineralized water in each area are located at lower altitudes (Fig. 2). Likewise, there is some correspondence between the groundwater age distribution of samples and their solute content and their rCl-/SO42- (Fig. 10). Thus, outlets located at a lower altitude normally drain higher proportion of Fold (Tab. 4), meaning water recharged more than 70 years ago, and also have older groundwater age distribution (Fig. 8 and 11). Besides, some springs show a certain degree of positive temperature anomaly, particularly in Brujuelo and Jarales areas (Fig. 2). All that is in agreement with the hydrogeological conceptual model proposed by Andreo et al. (2016). 
Hence, outlets located in higher positions would be feed by surficial and short groundwater flowpaths. On the other hand, the springs found in the lowest areas present brine groundwater with low CFC-12 and 3H values, as well as high 4He contents (Fig. 11). Such outlets are the consequence of the convergence of long groundwater flowpath of great residence time and others infiltrated more recently, that is, these spring waters are mixtures between groundwater with 3H and CFC-12 contents and groundwater that is free of those tracers but contain high 4He values (Fig. 11). As a result, samples collected in those springs have older groundwater age distributions, with GA50 values above 50 years and more than 30% of old fractions (Tab. 4 & Fig. 8). In an intermediate position, springs drain groundwater with high mineralization (although lower than those located at the lowest positions), as they would receive fewer inflows of long groundwater flowpath of great residence time in the media (high 4He and no CFC-12 or 3H). Therefore, their groundwater age distribution is leaned towards younger dates, with GA50 ≤ 30 years and smaller or absent Fold fractions (Tab. 4 & Figs. 8 &11). Typically, the contribution of older groundwater to this kind of discharge points increases as their geochemical evolution does, which is reflected in the amount of 4He, their mineralization (EC) and the rCl-/SO42- (Figs. 9 & 10).
The conceptual model here discussed is also used by Andreo et al. (2016) to explain the hydrological functioning of wetlands and their hydrochemical and hydroperiod diversity, as a results of their relation with groundwater, similarly to other models found in literature (Euliss et al., 2004; Lissey, 1971; Winter, 1999). No wetland samples have been analyzed in this work for dating purposes. However, recent groundwater dating research based in the 14C and 4He methods were performed in Fuente de Piedra wetland (Höbig et al., 2016; Montalván et al., 2017), that is considered a discharge wetland (Kohfahl et al., 2008; Linares, 1990) in the CSC (Fig. 1C), according to the hydrogeological model explained by Andreo et al. (2016). Results suggested that the oldest groundwater flows in Fuente de Piedra wetland basin, unmixed with modern waters, could be in in the order of 105-year-old. The 4He values in the outlets considered in the present research suggest residence times one order of magnitude lower. However, it must be remembered that different groundwater flows converge in the springs, and the 4He concentration is mainly provided by the oldest fractions of samples. Hence, the amount of 4He in the samples is diluted by the modern components, with practically no radiogenic 4He. Therefore, the results obtained by Höbig et al., (2016) and Montalván et al., (2017) can be considered in agreement with this research and reinforce the idea of the contribution of old groundwater flow components towards discharge areas in the CSC.
Nevertheless, this hydrogeological conceptual model is not completely replicable in every study area or spring, due to the high heterogeneity of the CSC unit, which is enhanced by karstification in evaporite rocks. Such is the case of Lower Anzur spring (J1). In that spring, the age distribution and the environmental tracer concentration (Fig. 8 and Tab. 3) vary notably depending on the hydrodynamic state of the system that it drains. Besides, the number of samples considered in this study is limited compared to the great extension of the CSC so it would be necessary to confirm the drawn conclusions with further analysis, in which specific measures must be taken to avoid degassing. Particularly, sampling should be performed in short-filter screen boreholes with different depth, drilled near the outlets. Furthermore, the determination of 85Kr would permit to include more bins in the Free-Shape Model that could help to better define the groundwater age distribution of the samples, while the use of 39Ar would allow investigating a range of age (50 - 1,000 years) that the tracers used in this study do not consider.
6. CONCLUSIONS
In this research, a multi-criteria approach coupling hydrochemical data and environmental dating tracers (3H, 3He, 4He, CFC-12, SF6) is presented to investigate the hydrogeological functioning of complex evaporite-karst systems in Southern Spain. Binary Mixing Models, Free-Shape Models and Lumped Parameter Models were created to define the age distribution of groundwater samples collected in springs, which contained old and young fractions, as proved by the coexistence of high concentrations of 4He together with the presence of CFC-12 and 3H. The information extracted from those models combined with hydrogeochemical data has permitted to verify previous hypothesis about the hierarchization of groundwater flows in the considered aquitard formations, in which groundwater mineralization rises toward lower altitudes where the groundwater age distribution indicate the drainage of older groundwater. 
Two parameters were proposed for: describing the age distribution: the median age (GA50) and the fraction of groundwater free of tritium and CFC (>70%). Particularly, GA50 makes it possible to evaluate rapidly whether a sample is biased to younger or older ages, and comparing different samples. In that way, GA50 is presented as an easy way of interpreting mixed groundwater age data. 
The joint use of several groundwater dating tools has allowed to test the applicability of different techniques in unfavorable settings. The high salinity of groundwater and the local development of karstification boosted the degassing of the spring water, where flowpaths with groundwater of different age converge. All that together results in many uncertainties. However, corrections in environmental tracers have been made according to the salinity and degassing of samples, which has permitted to obtain representative information of the studied systems. Even so, the 3H/3He was not valid in this context, where the high 4He values impeded to correctly estimate the contribution of different 3He sources. On the other hand, sensitive analysis were made to test the effect of salinity and temperature variations on the dating results. In future works, sampling from short-filtered boreholes it is highly advisable in order to avoid mixing and degassing, particularly if brine groundwater or karst flow are involved, but also to identify the different flows with variable groundwater age that mix in springs. The inclusion of other environmental tracers, such as 85Kr and 39Ar, in the Shape-Free Models would also help to precise the groundwater age distribution of the samples.
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Figure 1. (A) Geological sketch of the main units of the Betic Cordillera (S Andalusia), showing the spatial distribution of CSC outcrops and the four study areas selected in this work. Geological-hydrogeological map of Jarales (B), Trias of Antequera (C) and Brujuelo (D) areas.
Figure 2. Boxplots of EC, T, Cl-, SO42- and rCl-/SO42- data of spring waters, classified by study area and sorted by decreasing altitude (m a.s.l.), indicated in brackets. Mean air T values (Gil Márquez, 2018) are represented by dashed red lines.
Figure 3. 3H concentration in spring water samples and corresponding sampling date (right box) or 3H/3He ages (left box). Note that there are less 3H/3He data, as they were only calculated if 3He samples were collected. The decay corrected input function obtain for S Spain is included, together with the used GNIP data and the 3H activity in the collected rain samples. 
Figure 4. 4He vs Ne contents of samples. Equilibrium concentrations of both gases for freshwater at 0, 5, 10, 15 and 20ºC are displayed (red crosses), as well as for water with the same NaCl concentration than the samples (colored circles) at 20ºC. Red and blue lines indicate two supposed path of groundwater degassing during infiltration and at the spring, respectively.
Figure 5. Ne/He vs 3He/4He ratios, and representation of the main processes affecting them. Radiogenic He production lines are drawn from equilibrium values (air saturated water) to 3He/4He ratios of 2·10-8 (Ballentine and Burnard, 2002) and 1·10-7 (Akesson et al., 2015) for infinite radiogenic He contents (red and blue lines, respectively).
Figure 6. CFC-12 and SF6 dating results. Input function data from USGS (2018). Observations align along the right y-axis represent SF6 sample without a correspondent infiltration date, as they exceed atmospheric values considerably.
Figure 7. CFC-12 vs ³H input functions scaled to 2016 (100% Fyoung) and mixed with 50% Fold (i.e. It contains no 3H nor CFC-12). The concentration of the degassing corrected samples (cross) is represented, as well as the CFC-12 and ³H content of their modern fractions -Fyoung- (circles) and the binary mixing lines that connect both.
Figure 8. Groundwater age distribution and cumulative age distribution of the spring samples described by binary mixing models (BMM) and discrete models (SFM) of 3 bins made based on CFC-12 and 3H concentrations. Note that there are two binary mixing models for both J1 samples and H3, due to the slight variations of the 3H and CFC-12 input functions since 1985 (see figure 7). 
Figure 9. Biplots showing EC compared to 3H values (A) and to degassing corrected 4He contents and calculated 4He ages (B). The first one includes the linear regressions obtained for all brine springs together, for each study area, and for the springs with higher hydrochemical variability (J1, B3, and T3). 
Figure 10. (A) EC vs the groundwater age of the cumulative 50% of each sample (GA50), and (B) the degassing corrected CFC-12 concentration. (D) Degassing corrected CFC-12 concentration vs EC, (E) GA50, and (F) the fraction of sample older than 75 years. (G) rCl-/SO42- vs EC, (H) GA50, and (I) the fraction of sample older than 75 years corrected CFC-12 concentration. Regression lines are calculated using all the samples (continuous line), the samples without the J1 during discharge rise (dashed line), or without H2 in panels including rCl-/SO42- (blue lines). Note: this graph only show the results from the Free-Shaped Model. The correlation coefficient obtained from data derived of the Exponential Piston Model and the Dispersion Model are summarized in table 5.
Figure 11. General hydrogeological conceptual model of CSC materials and related springs, including groundwater dating information. Modified from Andreo et al. (2016)
Table 1. Changes on tracer concentrations and ages induced by variations of temperature (1K) and salinity (1‰) conditions during recharge. Noble gas data from Aesbach-Hertig et al. (1999), 3Hetrit data from Cook and Solomon (1997), and CFC-12 and SF6 data calculated based on their solubility equations (Warner and Weiss, 1985; Wanninkhof et al., 1991) 
Table 2. Main statistical descriptors (n, number of samples/measurements; min, minimum; max, maximum; mean, average; and cv, coefficient of variation in %) of groundwater physicochemical data. Units: electrical conductivity (EC) in mS/cm, water temperature (T) in ºC, flow rate in l/s, major ions in mg/l.
Table 3. Data of tritium, noble gases, and CFC-12 analysis and age dating results. Values in this table are degassing and salinity corrected according to the provided NaCl concentration. (#) No congruent result, (f) spring flooding, (d) spring depletion.
Table 4. Results of the Binary mixing model, the Shape-Free Model (3-bins), the Exponential Piston Model and the Dispersion Model. GA50, median of the groundwater distribution age; > 75 years, fraction of groundwater free of 3H and CFC-12; EPM ratio, Exponential Piston Model ratio; DP, Dispersion parameter.
Table 5. Correlation coefficient between EC, degassed corrected CFC-12, rCl-/SO42-, and the groundwater age information derived from the Shaped Free Model (SFM), the Exponential Piston Model (EPM), and the Dispersion Model (DM). GA50, median of the groundwater distribution age; > 75 years, fraction of groundwater free of 3H and CFC-12. (*) J1 sample taken during flooding is not considered. (**) H2 is neither considered.
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