Claire Lix 
email: claire.lix@sorbonne-universite.fr
  
P Zuddas 
  
C Inguaggiato 
  
X Guichet 
  
J Benavente 
  
M Barbier 
  
New Insights on Betic Cordillera Structure from Gas Geochemistry



In central Betic Cordillera, helium isotopic compositions of bubbling and dissolved gases have a dominant radiogenic component.



Transport mechanisms of fluid within the crust have been evaluated.



The observed mantle-derived He could result from fossil mantle contribution associated to crustal production from Li-rich rocks.

Introduction

The Betic Cordillera (Spain) corresponds to the Western European region of the Alpine peri-Mediterranean orogenic belt and forms the Gibraltar arc with the Rif (Morocco) enclosing the Alboran Sea. This region results from the convergence of the Iberian and African plates since the Mesozoic. Several hypotheses have been proposed to explain the geometry and the formation of this tightly arcuate structure including convective removal of thickened continental lithosphere [START_REF] Platt | Extensional collapse of thickened continental lithosphere: a working hypothesis for the Alboran Sea and Gibraltar Arc[END_REF], delamination of subducted continental lithosphere [START_REF] Calvert | Geodynamic evolution of the lithosphere and upper mantle beneath the Alboran region of the western Mediterranean: Constraints from travel time tomography[END_REF], and slab rollback [START_REF] Faccenna | Lateral slab deformation and the origin of the western Mediterranean arcs[END_REF]and reference therein). Recent tomographic studies supports the theory of slab rollback with [START_REF] Heit | Tearing of the mantle lithosphere along the intermediate-depth seismicity zone beneath the Gibraltar Arc: The onset of lithospheric delamination[END_REF][START_REF] Mancilla | Slab rupture and delamination under the Betics and Rif constrained from receiver functions[END_REF] or without lithospheric delamination [START_REF] Spakman | A tomographic view on western Mediterranean geodynamics. The TRANSMED Atlas-The Mediterranean Region from Crust to Mantle[END_REF].

The present position of the slab involves a westward slab tearing beneath the Betic Cordillera resulting in large variations of the lithospheric thickness [START_REF] Mancilla | Slab rupture and delamination under the Betics and Rif constrained from receiver functions[END_REF]. The Betic Cordillera lithosphere corresponds to a transition zone between the thick Iberian crust and the thin Alboran crust. [START_REF] Mancilla | A STEP fault in Central Betics, associated with lateral lithospheric tearing at the northern edge of the Gibraltar arc subduction system[END_REF] have recently suggested that this sharp transition would result from a near-vertical subduction-transform-edge-propagator fault (STEP) spreading towards the surface as a flower-shaped tectonic structure in the crust. In contrast, [START_REF] Rosell | Deep electrical resistivity structure of the northern Gibraltar Arc (western Mediterranean): evidence of lithospheric slab break-off[END_REF] proposed that lithospheric tearing might have resulted in a hot asthenospheric material intrusion displayed by a low-resistivity anomaly beneath the cordillera at shallow depth (< 50 km). Both the anomaly and the transition between thick and thin lithospheres are located beneath the Granada Basin and the Sierra Nevada. This area is also characterized by recent active tectonic movements and low to medium enthalpy geothermal springs historically used as thermal baths (baños) [START_REF] Buforn | Seismic Sources on the Iberia-African Plate Boundary and their Tectonic Implications[END_REF][START_REF] López-Chicano | Geochemistry of thermal springs, Alhama de Granada (southern Spain)[END_REF].

In this work, we investigate the noble gas isotopic composition of fluids of the Betic Cordillera to refine our understanding on the structural relationship between mantle, ductile lower crust, and fragile upper crust. Noble gases are inert elements and thus their isotopic composition reflect that of the fluid sources making them excellent tracers of fluids origin (Ballentine et al., 2002). Terrestrial atmosphere, mantle, and crust have distinct helium isotopic ratios. 3 He is a primordial isotope acquired during the Earth accretion and enriched in the mantle over 4 He. This latter is continuously produced by radiogenic decay of U, Th in the crust [START_REF] Ballentine | Production, release and transport of noble gases in the © 2018[END_REF]. Here, we present a study of the chemical composition and helium isotopes of bubbling and dissolved gases in groundwater in the central Betic

Cordillera and analyze possible origin of fluid composition in this complex tectonic region.

2 Geological settings and tectonic framework of the Betic Cordillera Our sampling area is located in the tectonically active central region of the Betic Cordillera, with a concentration of sampling points in the Granada Basin to the west of the Sierra Nevada massif. Presently, westward tectonic movement actively deforms the Sierra Nevada with higher displacement in the western part [START_REF] Galindo-Zaldívar | Active shallow extension in central and eastern Betic Cordillera from CGPS data[END_REF]. The Granada Basin is an active Neogene intramountainous basin in the Betic Cordillera with NW-SE to NNW-SSE normal faults dipping westwards.

Two main parts may be distinguished into the complex structure of the Betic Cordillera: (1) the Iberian Domain including the non-metamorphic External Zone and (2) the Alboran Domain corresponding to the metamorphic Internal Zones (Figure 1a). The External Zone is separated from the Internal Zone by a major shear zone called the Internal External Boundary Zone (IEBZ, Figure 1) (Sanz de [START_REF] Sanz De Galdeano | Geologic evolution of the Betic Cordilleras in the Western Mediterranean, Miocene to the present[END_REF]). In the NE part of the Granada Basin, this tectonic accident becomes nearly coincident with the so-called Cadix-Alicante faults system (CAFS, Figure 1a and 1b) extending from 550 km across the Betic Cordillera. This fault system represents one of the major tectonic accidents in the region with crustal discontinuity exceeding 7 km depth (Sanz de Galdeano, 2008 and references therein). Another significant tectonic accident of concern in this study is the so-called Alpujarras fault corridor (AFC, Figure 1a and1b), which has a general E-W dextral strike-slip component and limits the Sierra Nevada massif to the south. The cross-sections I-I' and II-II' (Figure 2a and2b) illustrates the westward termination of the Sierra Nevada massif at lithospheric scale. The cross-section I-I' (Figure 2a) has been drawn by compiling current interpretations of previous geophysical investigations [START_REF] Mancilla | Slab rupture and delamination under the Betics and Rif constrained from receiver functions[END_REF], 2018[START_REF] Palomeras | Lithospheric structure of Iberia and Morocco using finite-frequency Rayleigh wave tomography from earthquakes and seismic ambient noise[END_REF][START_REF] Thurner | Ongoing lithospheric removal in the western Mediterranean: Evidence from Ps receiver functions and thermobarometry of Neogene basalts (PICASSO project)[END_REF] and Moho depths determined by [START_REF] Diaz | Moho topography beneath the Iberian-Western Mediterranean region mapped from controlled-source and natural seismicity surveys[END_REF]. The cross-section II-II' (Figure 2b) has been modified from Crespo-Blanc and Frizon de Lamotte (2006).

Iberian Domain

The Iberian Domain is composed of a hercynian basement (Iberian Meseta) and the External Zone, which corresponds to the Iberian paleo-margin cover and is made up of sedimentary rocks deformed into fold-and-thrust belt during the early Miocene (Crespo-Blanc & Frizon de [START_REF] Crespo-Blanc | Structural evolution of the external zones derived from the Flysch trough and the South Iberian and Maghrebian paleomargins around the Gibraltar arc: A comparative study[END_REF]. The Iberian Domain is characterized by a variable crustal thickness increasing from 35 to 40 km from west to east respectively [START_REF] Diaz | Moho topography beneath the Iberian-Western Mediterranean region mapped from controlled-source and natural seismicity surveys[END_REF][START_REF] Mancilla | Slab rupture and delamination under the Betics and Rif constrained from receiver functions[END_REF]. The transition between the fragile upper crust and the ductile lower crust occurs at around 20 km [START_REF] Fernández-Ibáñez | Profundidad de la transicion dúctil-frágil en la corteza de Béticas-Rif y Mar de Alborán[END_REF].

Alboran Domain

The Alboran Domain or Internal Zone consists of three stacked metamorphic complexes distinguished from top to bottom by variable metamorphic degree: (1) the Maláguide with low grade metamorphism of greenschist facies [START_REF] García-Tortosa | Présence du complexe tectonique Malaguide à l'est de Carthagène (zone interne Bétique, Espagne)[END_REF]; (2) the Alpujárride with HP/LT metamorphism of blueschist facies [START_REF] Azañón | Exhumation during a continental collision inferred from the tectonometamorphic evolution of the Alpujarride Complex in the central Betics (Alboran Domain, SE Spain)[END_REF]; and (3) the Nevado-Filábride with HP/LT metamorphism of eclogitic and blueschist facies [START_REF] Gómez-Pugnaire | High-pressure metamorphism in metabasites from the Betic Cordilleras (S.E. Spain) and its evolution during the Alpine orogeny[END_REF]. The accretion and the exhumation of the Alboran Domain occurred during the pre-Miocene intracontinental collision and the early Miocene extensional phase, respectively [START_REF] Azañón | Exhumation during a continental collision inferred from the tectonometamorphic evolution of the Alpujarride Complex in the central Betics (Alboran Domain, SE Spain)[END_REF][START_REF] Martínez-Martínez | Mode of extensional tectonics in the southeastern Betics SE Spain Implications for the tectonic evolution of the periAlborn orogenic system[END_REF]. This accretion event was coeval with thin-skinned thrusting of the External Zone. During the Miocene exhumation, the metamorphic complexes were re-organized by low-angle normal faults shaping the present-day upper crust [START_REF] Booth-Rea | Extensional tectonics in the northeastern Bethics (SE Spain): Case study of extension in a multilayered upper crust with contrasting rheologies[END_REF]. The base of the Alpujárride Complex in the western part of the Betic Cordillera is characterized by the presence of structurally intercalated bodies of peridotite (Tubía et al., 1992) (Figure 1a). Today, the depth of Alboran Domain Moho is estimated to be at ~ 20-25 km depth [START_REF] Diaz | Moho topography beneath the Iberian-Western Mediterranean region mapped from controlled-source and natural seismicity surveys[END_REF][START_REF] Mancilla | Slab rupture and delamination under the Betics and Rif constrained from receiver functions[END_REF].

Neogene Basins

The Iberian and Alboran domains are the basement of several intramountainous basins (e.g. Tabernas, Sorbas, Guadix-Baza, Granada), which were formed during the last ~13 Myr [START_REF] Braga | Patterns and average rates of late Neogene--Recent uplift of the Betic Cordillera, SE Spain[END_REF]. The infilling of these basin includes a variety of rocks, mainly clayey conglomerates, calcareous sandstones, marls and silts, gypsum/anhydrite (and locally halite), lacustrine limestones, cemented breccias and alluviums from bottom to top. Significant southwestward displacement is currently observed in the Granada Basin due to extensional deformation, whereas the eastern basins display low movements [START_REF] Galindo-Zaldívar | Active shallow extension in central and eastern Betic Cordillera from CGPS data[END_REF].
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Materials and Methods

Sample location

We sampled bubbling and dissolved gases in twelve locations of the central Betic Cordillera.

Nine springs and three wells were selected over ~ 200 km along the main tectonic boundaries (Figure 1b). Baño Salado de Lanjaron and Capuchina de Lanjaron springs (points 1 and 2) are located in the Sierra Nevada along the detachment between Nevado-Filábride and Alpujárride complexes. Baños Alhamilla spring (point 3) is situated further to the east in the Sierra Alhamilla along the same tectonic contact, where it intersects the race of an important strikeslip fault of near N30E direction. Baños de Zujar, Baños de Alicun de las Torres, Frontil, Sierra Elvira, and Vivero Arco (points 4 to 8) are close to the above mentioned CAFS. The two last points of this group (7 and 8) are also located on the trace of an active fault, belonging to the NW to NNW directed fault system that continues toward the city of Granada. Baños Santa Fe, Salinas la Malaha, Baños Urquizar Grande (points 9 to 11) are also aligned along a fault striking N30E. Finally, Baños Alhama de Granada (point 12), Baños Santa Fe (point 9) are presumably close to the IEBZ.

Sampling

At every sampling point, physico-chemical parameters of the waters, including temperature, pH, alkalinity and electrical conductivity (EC) were measured. The collected samples correspond to eleven waters and four bubbling springs.

Waters were collected by filling 142 mL and 242 mL Pyrex glass bottles to analyze chemical composition and helium isotope composition, respectively, of dissolved gases [START_REF] Capasso | A simple method for the determination of dissolved gases in natural waters. An application to thermal waters from Vulcano Island[END_REF][START_REF] Inguaggiato | Dissolved helium isotope ratios in ground-waters: a new technique based on gas--water re-equilibration and its application to Stromboli volcanic system[END_REF]. The glass bottles were sealed under water with silicon/rubber septa to minimize the atmospheric contamination [START_REF] Capasso | A simple method for the determination of dissolved gases in natural waters. An application to thermal waters from Vulcano Island[END_REF].

The bubbling gas samples were collected using an upside-down funnel submerged in the water and connected to a three-way valve. The gas accumulated in the funnel was sucked and pushed in the glass flasks (equipped with two vacuum stopcocks) through a syringe connected to the three way valve [START_REF] Inguaggiato | Geochemical characterisation of gases along the dead sea rift: Evidences of mantle-CO 2 degassing[END_REF], and references therein).

Laboratory gas analyses

Laboratory gas analyses were carried out at the Istituto Nazionale di Geofisica e Vulcanologia -Palermo (Italy). Dissolved gases were extracted following the method described by [START_REF] Capasso | A simple method for the determination of dissolved gases in natural waters. An application to thermal waters from Vulcano Island[END_REF] and [START_REF] Inguaggiato | Dissolved helium isotope ratios in ground-waters: a new technique based on gas--water re-equilibration and its application to Stromboli volcanic system[END_REF]. A known volume of host gas was injected into the upside-down glass bottles while drawing out the equivalent water volume through needles. After equilibration for 24 hours allowing the equilibrium partition of gas species between the liquid phase and the host gas phase, a variable gas volume was extracted for analyses by injecting water into the glass bottles.

Elemental and isotopic gas analyses were performed in 15 days from the date of sampling.

Gas species (O 2 , N 2 , CH 4 , CO 2 and He) were analyzed by gas chromatography (Clarus 500, Perkin Elmer instrument with Carboxen 1000 columns with a hot wire detector and a flame ionization detector) using Ar carrier gas. The composition of dissolved gases, expressed in cm 3 (STP)/L water , was calculated taking into account the volume of gas extracted, the volume of water sample, and the solubility of each gas species (Bunsen coefficient in cm 3 gas (STP)/L water ). The composition of bubbling gases was expressed in either %vol or ppmv. The uncertainty (1σ) for elemental gases determination is within 5 %.

The gas mixture was purified in a stainless steel preparation line in order to remove all the species except noble gases. He and Ne were then separated from each other by a cryogenic trap first cooled down to -263.15°C to adsorb both species, second rising the temperature at -233.15°C to release helium and to -193.15°C to release neon, and finally separately admitted into the appropriate mass spectrometers. Helium isotope composition and 20 Ne concentration were determined by a GVI-Helix SFT mass spectrometer and a ThermoFisher-Helix MC plus multi-collector mass spectrometer respectively (Rizzo et al., 2016, and references therein).

For each analytical session, we analyzed at least one standard of He and Ne that had previously been purified from air following the above procedure of separation by cryogenic trap. The uncertainty (1σ) of the 3 He/ 4 He ratio is 3 %, while for 4 He and 20 Ne is 5 % for both free or dissolved gases. The 3 He/ 4 He isotopic ratio, R, was normalized to atmospheric composition (R A = 1.384 x 10 -6 ; [START_REF] Clarke | Determination of tritium by mass spectrometric measurement of 3He[END_REF] and then corrected for the atmospheric contamination using the following equation:

(𝑅 𝑅 𝐴 ) ⁄ 𝑐 = [(𝑅/𝑅 𝐴 ) 𝑠 * 𝑋 -1] (𝑋 -1) ⁄ (1)
where R is the measured ( 3 He/ 4 He) isotopic ratio, R A is the air ( 3 He/ 4 He) isotopic ratio, the subscripts s and c refer to measured and corrected ratios respectively, and X, corresponding to a proportionality factor between the sample and the air isotopic contribution, is estimated by:

𝑋 = ( 𝐻𝑒 4 𝑁𝑒 20 ) 𝑠 ( 𝐻𝑒 4 𝑁𝑒 20 ) 𝑎𝑖𝑟 × 𝛽 𝑁𝑒 /𝛽 𝐻𝑒 ⁄ (1a)
where β are the Ne and He Bunsen coefficients (Weiss, 1971).

4 Results

Fluid composition

Temperatures of the sampled fluids were between 17°C and 51°C with the lowest values observed in the central part of the Granada Basin (Salinas la Malaha and Vivero Arco, 17°C and 20°C respectively). All water samples have EC, pH and alkalinity values ranging from 1.5 to 187.1 mS/cm, 5.8 to 7.4 and 2.53 x 10 -3 to 1.29 x 10 -2 mol/L respectively. High EC were observed in water samples located near the evaporitic rocks of the Granada Basin.

Capuchina de Lanjaron differs from the others sampling points because of higher alkalinity (1.29 x 10 -2 mol/L) and lower pH (6.1).

The chemical composition of dissolved and bubbling gases is displayed in Figure 3. We found that the proportion of CO 2 is close to 15 % in the sedimentary Granada Basin and reaches 50 % along the Cadix-Alicante fault system. Baños Salado and Capuchina de Lanjaron springs, located near the detachment between the Nevado-Filábride and the Alpujárride complexes, have more than 95 % of CO 2 .

Noble gases

The concentration and isotopic composition of He are reported in Table 1. In both dissolved and bubbling gases, we found that He concentration ranges by two orders of magnitude reaching values up to 5.34 x 10 -3 cm 3 (STP)/L water and 120.76 ppmv respectively and are significantly higher compared to both air-saturated water (ASW) and air. We found that He concentration exceeds 1.46 x 10 -3 cm 3 (STP)/L water when the water temperature is above 30°C, whereas it is lower than 6.21 x 10 -4 cm 3 (STP)/L water when water temperature is under 25°C. The helium isotopic composition of the dissolved gases ranges from 0.06 to 0.44 R A , while 3 He/ 4 He in bubbling gases spans from 0.11 to 1.03 R A . The 4 He/ 20 Ne ratio ranges from 0.40 to 32.87 and 0.46 to 10.46 for dissolved and bubbling gases, respectively. Four samples have a 4 He/ 20 Ne ratio lower than 1, reflecting a He atmospheric contribution of more than 20 %. The air-corrected helium isotopic compositions ( 3 He/ 4 He) c of both dissolved and bubbling gases display much lower values, ranging from 0.017 ± 0.007 to 0.106 ± 0.004 R A .

Plotting the measured 3 He/ 4 He ratio versus the 4 He/ 20 Ne ratio for both dissolved and bubbling gas samples (Figure 4), we found that our samples can be described by a mixing proportion between three end-members: air or ASW, crust, and mantle. We assume that the crust endmember has a 3 He/ 4 He ratio value of 0.02 ± 0.01 R A [START_REF] Sano | Geographical distribution of 3 He/ 4 He ratios in Japan: Implications for arc tectonics and incipient magmatism[END_REF] and a 4 He/ 20 Ne ratio ranging from 900 to 10,000 [START_REF] Sano | Geographical distribution of 3 He/ 4 He ratios in Japan: Implications for arc tectonics and incipient magmatism[END_REF]. The mantle 3 He/ 4 He ratio is here assumed to be equivalent to that of the sub-continental lithospheric mantle (SCLM) of 6 ± 0.9 R A [START_REF] Gautheron | Helium signature of the subcontinental lithospheric mantle[END_REF]. The atmosphere-derived ratios are well constrained ( 3 He/ 4 He = 1 ± 0.0009 R A and 4 He/ 20 Ne = 0.318 for air; 3 He/ 4 He = 0.983 R A and 4 He/ 20 Ne = 0.285 for ASW; [START_REF] Benson | Isotopic fractionation of helium during solution: A probe for the liquid state[END_REF][START_REF] Benson | Isotopic fractionation of helium during solution: A probe for the liquid state[END_REF][START_REF] Ozima | Noble gas geochemistry (2 nd Edition)[END_REF][START_REF] Ozima | Noble gas geochemistry (2 nd Edition)[END_REF]. However, excess of air might be present in water due to bubbling effect with consequent lowering of the 4 He/ 20 Ne ratio down to 0.19 [START_REF] Gilfillan | He and Ne as tracers of natural CO 2 migration up a fault from a deep reservoir[END_REF][START_REF] Kipfer | Noble gases in lakes and ground waters[END_REF].

Plotting our data on mixing lines between air-crust-SCLM end-members, we found that the majority of He in our fluids results from a mixing of atmosphere-derived and 1 % mantle -99 % crust end-members with an atmospheric contribution mainly spanning between 1 and 10 % (Figure 4). The uncertainty in the mixing proportion is represented in Figure 4 by the surface area around the hyperbolas.

We estimated more precisely the mantle contribution in the binary mantle/crust system using the constrained mantle and crustal 3 He/ 4 He end-members and the air-corrected 3 He/ 4 He ratio.

The mantle contribution of He in samples AT, SE, BAG, BAA, and BZ varies between 0.5 ± 0.2 and 1.4 ± 0.3 %. The samples VA, FR, BSL, BUG, and SF have a mantle contribution lower than 0.3 ± 0.2 %, fitting on the mixing line between air/ASW and crust end-members (Figure 4). However, we found that Capuchina de Lanjaron, situated on the important regional contact between Alpujárride and Nevado-Filábride complexes has a He mantle contribution of 18 ± 13 % and more than 95 % of CO 2 . The He isotopic ratio could indicate a potential mantle contribution despite the high air proportion.

Estimations of 0.5 to 1.4 % magmatic fluids in 5 samples within the 1σ uncertainty can be considered as a minimum given the possible excess air in water samples and the potential presence of crustal 20 Ne. Both assumptions would decrease the air correction and increase the mantle contribution (0.1 % rise assuming the 4 He/ 20 Ne ratio of our samples to be 30 % higher).

Discussion

Helium in surface manifestations along the Betic Cordillera has only 1.4 % maximum mantle contribution. This calls in question which transport mechanism can cause this anomaly. We initially test a simple diffusion mechanism and thus He transport processes that were constrained by tentative mass-balance calculation.

A possible He diffusion mechanism

We initially test whether diffusion in the ductile lower crust could be a viable transport mechanism for mantle-derived helium. We assume that 3 He diffuses from the mantle into the ductile lower crust before being advected in the upper crust through the major faults. Based on our cross-sections (Figure 2 where C(z,t) is the 3 He concentration within the ductile lower crust at time (t) and distance from the Moho (z); 𝐶 𝑠 = 𝐶(𝑑, 0) = 0 is the initial 3 He concentration at the lower-upper crust limit; 𝐶 𝑚 = 𝐶(0, 𝑡) is the mantle-derived 3 He concentration constant, and D is the apparent He diffusion coefficient.

Equation 3 yields an apparent He diffusion coefficient D ranging from 2.7 x 10 -8 to 1.5 x 10 -7 m 2 .s -1 when considering: the minimum 1 % mantle-derived helium measured at the surface and a time range of 20 Myr (e.g., C(d,20 Myr) = 1 % C m ). To apprehend the validity of this calculation, we compare our estimated apparent He diffusion coefficient to that in minerals and pore waters potentially present in the lower crust. Crystal lattice diffusion is an extremely slow process in minerals like muscovite and hornblende, which could be representative of the lower crust, with helium diffusion coefficient close to 10 -12 m 2 .s -1 at 500°C [START_REF] Lippolt | 4 He diffusion in 40 Ar-retentive minerals[END_REF]. Helium diffusion coefficient in He-rich minerals (eg, apatite, zircon) ranges between 10 -15 to 10 -14 m 2 .s -1 at 500°C [START_REF] Cherniak | Diffusion of helium in zircon and apatite[END_REF]. These values are more than 5 orders of magnitude lower than our estimated He apparent diffusion coefficient. For pure water, there is no data of He diffusion coefficient at 500°C. However, the diffusion coefficient of ions having a similar radii-sized (i.e., H + and Li + ) in water up to 500°C does not exceed 10 -8 m 2 .s -1 [START_REF] Oelkers | Calculation of the thermodynamic and transport properties of aqueous species at high pressures and temperatures: Aqueous tracer diffusion coefficients of ions to 1000°C and 5 kb[END_REF]. The amount of "free water" in the ductile lower crust generally estimated to be less than 1 % [START_REF] Hyndman | Water in the lower continental crust: modelling magnetotelluric and seismic reflection results[END_REF] implying that the He diffusion coefficient should be reduced by several orders of magnitude.

The result of this calculation supports the hypothesis that diffusion alone is not efficient enough to transport 3 He from mantle to fragile upper crust in the Betic Cordillera indicating that other mechanisms such as advection and/or convection could control the eventual mantle-derived He transport in this complex geological region.

Overall He transport and structural evolution of the Betic Cordillera

In order to constrain He transport mechanisms in the area, we scale the previously estimated apparent He transport coefficient to an "advective" velocities (𝑣) using the following Equation 4 [START_REF] Jähne | Measurement of the diffusion coefficients of sparingly soluble gases in water[END_REF]:

𝑣 = 𝐷/(𝑑𝜑) ( 4 
)
where d is the distance that 3 He would have to cross to reach the surface, ranging from 15 to 35 km, and 𝜑 is the porosity assumed to be 1 % [START_REF] Hyndman | Lower-crustal porosity from electrical measurements and inferences about composition from seismic velocities[END_REF].

According to Equation 4, we found an "advective" velocity, representing the average rate at which 3 He should have crossed the complex crustal structure to reach the surface during the last 20 Myr, ranges from 2.4 to 13.2 mm/yr. The velocity estimated here is on the same order of magnitude of the Nevado-Filábride Complex exhumation rates estimated to be of 0.5 and 2.8 mm/yr (Vergés and Fernàndez 2012). The complex tectonic and geologic history of the Betic Cordillera is in fact characterized by important vertical displacements of rocks, including burial and exhumation of the metamorphic complexes, since the early Miocene.

Reanalyzing the pressure-temperature exhumation paths of the Alpujárride and Nevado-Filábride complexes from thermo-barometric data of [START_REF] Augier | Exhumation, doming and slab retreat in the Betic Cordillera (SE Spain): In situ 40 Ar/ 39 Ar ages and P-T-d-t paths for the Nevado-Filabride complex[END_REF], [START_REF] Azañón | Exhumation during a continental collision inferred from the tectonometamorphic evolution of the Alpujarride Complex in the central Betics (Alboran Domain, SE Spain)[END_REF], and Gómez-Pugnaire and Fernández-Soler (1987) we found that:

At ~ 20 Ma, the Alpujárride and Nevado-Filábride complexes, previously dragged into the subduction channel, might be located down to 30 and 40 km depth respectively according to thermochronology data [START_REF] Augier | Exhumation, doming and slab retreat in the Betic Cordillera (SE Spain): In situ 40 Ar/ 39 Ar ages and P-T-d-t paths for the Nevado-Filabride complex[END_REF]Janowski et al., 2016, and references therein).

Since the Nevado-Filábride Complex was close to the Alboran asthenospheric mantle and heated subducted material allows movement of low viscosity rocks inside the accretionary complex [START_REF] Jolivet | Subduction tectonics and exhumation of High-pressure metamorphic rocks in the Mediterranean orogens[END_REF], asthesnospheric materials could be easily incorporated. This process is in agreement with the presence of serpentinite layers found in the Nevado-Filábride Complex [START_REF] Dyja-Person | Metamorphic brines and no surficial fluids trapped in the detachment footwall of a Metamorphic Core Complex (Nevado-Filábride units, Betics, Spain)[END_REF] and is also consistent with the known peridotite massifs and xenoliths, with low 3 He/ 4 He values ranging from 1.4 to 5.7 R/R A , intercalated into the Alpujárride Complex [START_REF] Martelli | Helium and argon isotopic compositions of mantle xenoliths from Tallante and Calatrava, Spain[END_REF]Tubía et al., 1992).

At ~ 15 Ma, the metamorphic complexes were exhumed initially through a ductile shear zone in the lower crust and then through low-angle detachment faults in the fragile upper crust.

This two-stage exhumation model proposed here is in agreement with the results of the thermo-mechanical numerical modelling of [START_REF] Burov | A thermomechanical model of exhumation of high pressure (HP) and ultra-high pressure (UHP) metamorphic rocks in Alpinetype collision belts[END_REF] and [START_REF] Jolivet | Subduction tectonics and exhumation of High-pressure metamorphic rocks in the Mediterranean orogens[END_REF].

Since the Betic Cordillera crust contain mantle-derived material incorporated during its burial and exhumation history, we propose that the 1 % mantle-derived helium found in the presentday fluids results from a progressive degassing of the paleo-asthenospheric material incorporated in the crust. Our study indicates that convective movements associated with the metamorphic complex exhumation appear to be faster than He diffusion through the lower crust. Nevertheless, the different geodynamic models (slab rollback, delamination of the lithosphere, and convective removal of thickened continental lithosphere) responsible for the exhumation cannot be still discriminated.

Constraining 3 He origin by mass balance calculations

Although we cannot exclude a low 3 He/ 4 He fractionation during release from minerals [START_REF] Tolstikhin | Radiogenic helium isotope fractionation: the role of tritium as 3 He precursor in geochemical applications[END_REF] to explain the measured He isotopic ratio in the Betic Cordillera, the possible source 3 He could result from both mantle material and crustal production of Li-rich rocks.

To assess the volume of mantle-derived material incorporated into the crust, we ideally use a mass balance approach using 4 He crustal production and the 3 He abundance in xenoliths. To assess the 4 He crustal production, we consider an average upper crust composition ([U] = 2.8 ± 1.3 ppmm and [Th] = 9 ± 3 ppmm) [START_REF] Rudnick | Nature and composition of the continental crust: a lower crustal perspective[END_REF] and a crust density of 2.7 ± 0.1 g/cm 3 . Using [START_REF] Steiger | Subcomission on geochronology: Convention on the use of decay constants in geo-and cosmochronology[END_REF]'s decay constants, we find that 4 He crustal production rate is 7.1 ± 2.9 x 10 -11 mol/m 3 /yr. The [ 4 He] in the crust was estimated assuming that the sampled fluids are in closed system conditions with a residence time between 10 3 and 10 5 years. We found that the overall production of 4 He in the crust ranges from 7 x 10 -8 to 7 x 10 -6 mol/m 3 . Since 3 He abundance in mantle-derived materials (MORB and xenoliths) varies between 10 -14 and 10 -10 cm 3 (STP)/g [START_REF] Martelli | Helium and argon isotopic compositions of mantle xenoliths from Tallante and Calatrava, Spain[END_REF][START_REF] Ozima | Noble gas geochemistry (2 nd Edition)[END_REF] and assuming a rock density of 3 ± 0.1 g/cm 3 , the [ 3 He] spans between 10 -12 and 10 -8 mol/m 3 .

Thus, the average volume of mantle-derived material that would be incorporated into 1 m 3 of current crustal material should be determined by the proportion between the 3 He abundances and 1 % of the estimated 4 He crustal production. Our estimation gives an average volume of mantle-derived material between 3.10 -2 and 10 5 m 3 . The result of this calculation gives partially non-realistic values (volume mantle material > volume crustal material ). However, the possible minimum value obtained in this estimation may correspond to an eventual MORB signature.

This calculation indicates that the He mass-balance modelling cannot be simply constrained by the mantle He hypothesis alone and that Li-rich rocks potentially present in the crust should be invoked as source of 3 He excess.

In rocks like granite, shale, sandstone, and evaporites, the crustal 3 He production, derived from 6 Li concentration, ranges from at least 1.0 x 10 -19 to 1.3 x 10 -17 mol/m 3 /yr [START_REF] Lehmann | A comparison of groundwater dating with 81 Kr, 36 Cl and 4 He in four wells of the Great Artesian Basin, Australia[END_REF][START_REF] Tolstikhin | Production, redistribution and loss of helium and argon isotopes in a thick sedimentary aquitardaquifer system (Molasse Basin, Switzerland)[END_REF][START_REF] Tolstikhin | Helium and argon isotopes in rocks, minerals, and related ground waters: A case study in northern Switzerland[END_REF]. We estimate the complete He transfer from rock to water under the closed-system assumption, using the following [START_REF] Tolstikhin | Helium and argon isotopes in rocks, minerals, and related ground waters: A case study in northern Switzerland[END_REF] equation:

𝐻𝑒 𝑤𝑎𝑡𝑒𝑟 = 𝐻𝑒 𝑟𝑜𝑐𝑘 × ( 1 -𝜑 𝜑 ) × ( 𝜌 𝑟 𝜌 𝑤 ) 4 4 (3)
where ϕ is the average porosity assumed to be 3 % for the whole crust, ρ r is the average rock density assumed to be 2.7 g/cm 3 and ρ w is the average water density assumed to be 1 g/cm 3 .

We found that the crustal 3 He concentration in water would range from 3 x 10 -15 to 4 x 10 -11 mol/m 3 , whereas the crustal 4 He concentration in water would be between 1 x 10 -6 and 3 x 10 - 4 mol/m 3 . In Figure 5, we report 3 He and 4 He concentrations in water calculated from crustal production and measured in our samples (4.1 x 10 -6 < 4 He < 2.4 x 10 -4 mol/m 3 and 1.6 x 10 -12 < 3 He < 2.4 x 10 -11 mol/m 3 ).

We found that, considering groundwater residence time of 10 5 yr, the 3 He crustal production is in agreement with the measured values while 4 He crustal production corresponds to the limit of the 4 He measured values. On the other hand, considering a groundwater residence time of 10 4 yr, 4 He crustal production matches the average measured concentrations while 3 He crustal production corresponds to the lower boundary of measured values. This suggests that Li-enriched rocks alone cannot constrain the origin of 3 He excess.

We finally propose that the 3 He signature observed in our samples might result from both crustal production (related to enriched Li content) and incorporation of mantle material during the exhumation of the metamorphic complexes but the proportion of the two potential sources still remains not evaluated. Notes. nm = not measured. na = not applicable.

1σ uncertainties are displayed as last significant figures in parentheses.

a Sample collected in: Spring (S) and Well (W).

b EC: electrical conductivity.

c B: bubbling gas. D: dissolved gas.
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d Helium concentrations are expressed in cm 3 (STP)/L water for dissolved gases and in ppmv for bubbling gases.

Standard conditions are p = 101.325 kPa and T = 25°C.

e Helium isotopic composition is expressed as R/R A , where R is the 3 He/ 4 He ratio of the samples normalised to the atmospheric ratio (R A = 1.39 x 10 -6 ).

f Helium isotopic composition, expressed as R/R A , corrected for the atmospheric contamination. 

  ), we estimate the minimum distance (d) for mantle-derived helium to cross the lower crust at 25 ± 10 km. The characteristic time of He degassing can be evaluated considering the thermal event dated at 20 Ma in the Alboran Domain related to the beginning of both extensional phase and metamorphic exhumation (Vergés & Fernàndez, 2012). Considering a 1D diffusion model, the 3 He concentration within the ductile lower crust has been evaluated by an analytical solution of the diffusion equation expressed by Equation 3: 𝐶(𝑧, 𝑡) = 𝐶 𝑚 + (𝐶 𝑠 -𝐶 𝑚 )

  groundwater samples have been investigated for the first time in the central Betic Cordillera. Helium isotopic compositions of bubbling and dissolved gases show that the crustal radiogenic He signal is predominant whereas the mantle-derived He contribution reaches mainly 1 %. The helium isotopic signature is relatively homogeneous at the scale of the metamorphic complexes of the Betic Cordillera, although at Capuchina de Lanjaron where a higher He mantle contribution has been detected. Transport of mantlederived He by diffusion within the ductile lower crust cannot provide a suitable explanation for the observed 1 % mantle-derived contribution measured at the surface, diffusion being a slow process at geological timescale. Therefore, our results show that the crustal system of the Betic Cordillera, is currently dissociated from the mantle system. We propose that, during the exhumation of the metamorphic complexes of the Betic Cordillera, incorporation of asthenospheric material might have led to a relative enrichment in 3 He. The presence of xenoliths in the Betic Cordillera support this hypothesis, however He mass balance calculations do not allow excluding 3 He production from crustal Li-rich rocks associated to the fossil mantle signature.

Figure 1 :

 1 Figure 1: (a) Structural map of the Betic Cordillera (Spain) including the main lithological units and structures. Bold red lines shows the location of the cross-sections presented in Figure 2 and discussed in text. Structural map modified after Augier (2004). Inset indicates the main tectonic domains of the peri-Alboran orogenic system modified after Janowski et al. (2016). (b) Detailed structural map of the Central Betic Cordillera showing the main tectonic domains and faults. SN and SA are Sierra Nevada and Sierra Alhamilla massifs respectively.Sampling points are: (1) Baños Salado de Lanjaron, (2) Capuchina de Lanjaron, (3) Baños Alhamilla, (4) Baños Zujar, (5) Baños Alicun de las Torres, (6) Frontil, (7) Sierra Elvira, (8) Vivero Arco, (9) Baños Santa Fe, (10) Salinas la Malaha, (11) Baños Urquizar Grande and (12) Baños Alhama de Granada.

Figure 2 :

 2 Figure 2: (a) Original W-E cross-section showing the lithospheric structure of the Betic Cordillera. Five sampling points have been projected on the topographic section. Moho

Figure 3 :

 3 Figure 3: Triangular plot of the relative pressure of CO 2 , N 2 , and O 2 . The air value is also reported for comparison; the green dotted line represents the theoretical mixing between air dominated system and CO 2 -rich fluid.

Figure 4 :

 4 Figure 4: 3 He/ 4 He (R/R A ) values vs. 4 He/ 20 Ne ratios diagram. The uncertainties (1σ) are within the size of the symbols.

Figure 5 :

 5 Figure 5: Comparison of 4 He and 3 He concentrations in water between measured and calculated values for groundwater residence time of 10 3 , 10 4 and 10 5 years. He concentrations in water from crustal production are calculated with the hypothesis of 3 % porosity.
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