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Introduction

In coastal karstified carbonate aquifers, groundwater discharge often occurs as a point-source, in the form of coastal springs and submarine springs (Fleury et al., 2007a). Karstic springs carry new carbon, nutrients, trace elements, organic contaminants and even pesticides to the coastal ocean (Garcia-Solsona et al., 2010b;[START_REF] Gonneea | Trace element geochemistry of groundwater in a karst subterranean estuary (Yucatan Peninsula, Mexico)[END_REF][START_REF] Montiel | Assessing submarine groundwater discharge (SGD) and nitrate fluxes in highly heterogeneous coastal karst aquifers: Challenges and solutions[END_REF][START_REF] Pavlidou | Chemical inputs from a karstic submarine groundwater discharge (SGD) into an oligotrophic Mediterranean coastal area[END_REF]; thus, karstic springs may play a vital role in sustaining coastal primary production [START_REF] Lecher | Synthesizing the Effects of Submarine Groundwater Discharge on Marine Biota[END_REF]. The biogeochemical significance of karstic groundwater discharge in supplying nutrients and trace metals may be particularly relevant in semi-arid regions like the oligotrophic Mediterranean Sea where runoff is limited (Garcia-Solsona et al., 2010b, 2010a;[START_REF] Tovar-Sanchez | Contribution of Groundwater Discharge to the Coastal Dissolved Nutrients and Trace Metal Concentrations in Majorca Island: Karstic vs Detrital Systems[END_REF][START_REF] Trezzi | Submarine groundwater discharge: A significant source of dissolved trace metals to the North Western Mediterranean Sea[END_REF] and where PO4 3-broadly limits primary production [START_REF] Diaz | Small-scale study of primary productivity during spring in a Mediterranean coastal area (Gulf of Lions)[END_REF][START_REF] Krom | Phosphorus limitation of primary productivity in the eastern Mediterranean Sea[END_REF]. The significance of karstic springs in sustaining or enhancing coastal zone primary production [START_REF] Rodellas | Submarine groundwater discharge as a source of nutrients and trace metals in a Mediterranean bay (Palma Beach, Balearic Islands)[END_REF][START_REF] Tovar-Sanchez | Contribution of Groundwater Discharge to the Coastal Dissolved Nutrients and Trace Metal Concentrations in Majorca Island: Karstic vs Detrital Systems[END_REF] has received limited attention along the French Mediterranean coastline.

The Ca-carbonate matrix of karstified carbonate aquifers can remove the major nutrient PO4 3-from solution via mineral precipitation [START_REF] De Jonge | Possible role of carbonate dissolution in estuarine phosphate dynamics[END_REF][START_REF] Price | Adsorption and desorption of phosphate on limestone in experiments simulating seawater intrusion[END_REF]; alternatively, carbonate mineral dissolution may release adsorbed P into karst groundwaters [START_REF] Pain | Carbon and phosphorus processing in a carbonate karst aquifer and delivery to the coastal ocean[END_REF]. The removal of P leads to groundwaters with elevated stoichiometric N:P ratios above Redfield ratio [START_REF] Twining | The Trace Metal Composition of Marine Phytoplankton[END_REF], which may subsequently drive the coastal ocean toward P-limitation [START_REF] Conan | Partitioning of organic production in marine plankton communities: The effects of inorganic nutrient ratios and community composition on new dissolved organic matter[END_REF][START_REF] Egger | Vivianite is a major sink for phosphorous in methanogenic coastal surface sediments[END_REF]. P mineral precipitation commonly occurs in karst aquifers of the Mediterranean Sea, with a median coastal groundwater N:P ratio of ~150 [START_REF] Rodellas | Submarine groundwater discharge as a major source of nutrients to the Mediterranean Sea[END_REF]. In addition to macro-nutrients, phytoplankton also require micro-nutrients for growth. Bioactive trace metals such as Cd, Mn, Fe, Co, Ni, Cu and Zn play important roles in marine phytoplankton development [START_REF] Morel | The biogeochemical cycles of trace metals in the oceans[END_REF][START_REF] Twining | The Trace Metal Composition of Marine Phytoplankton[END_REF], since trace metals are used as cofactors (or part of cofactors) of enzymes or as structural elements in various molecules [START_REF] Morel | The biogeochemical cycles of trace metals in the oceans[END_REF]. For example, Fe loading from submarine groundwater discharge (SGD) has been suggested to stimulate primary production in the South Atlantic Ocean [START_REF] Windom | Submarine groundwater discharge: A large, previously unrecognized source of dissolved iron to the South Atlantic Ocean[END_REF]. Therefore, concurrent evaluation of groundwater-borne nutrient and trace metal fluxes is required to properly understand the impacts that karstic springs may have in sustaining or enhancing coastal zone primary production.

At the basin-scale, total SGD has shown to be a significant vector in transporting major nutrients [START_REF] Rodellas | Submarine groundwater discharge as a major source of nutrients to the Mediterranean Sea[END_REF][START_REF] Tamborski | A comparison between water circulation and terrestrially-driven dissolved silica fluxes to the Mediterranean Sea traced using radium isotopes[END_REF] and bioactive trace metals [START_REF] Trezzi | Submarine groundwater discharge: A significant source of dissolved trace metals to the North Western Mediterranean Sea[END_REF] to the oligotrophic Mediterranean Sea, as compared to riverine [START_REF] Pujo-Pay | Impact of phytoplankton and bacterial production on nutrient and DOM uptake in the Rhône River plume (NW Mediterranean)[END_REF] and atmospheric inputs [START_REF] Herut | Atmospheric input of nitrogen and phosphorus to the Southeast Mediterranean: Sources, fluxes, and possible impact[END_REF]. Mediterranean karst springs are significantly enriched in DIN (120 -440 µM) and DIP (0.18 -0.72 µM), which respectively comprise 8 -31% and 1 -4% of total riverine inputs to the entire Mediterranean Sea [START_REF] Chen | Karstic submarine groundwater discharge into the Mediterranean: Radon-based nutrient fluxes in an anchialine cave and a basin-wide upscaling[END_REF]. At local-scales where riverine inputs are limited, karstic springs may be even more important for coastal ecosystems. For example, karst springs have been suggested to increase P-limitation along the eastern coast of Spain (Garcia-Solsona et al., 2010b) and its island coves (Garcia-Solsona et al., 2010a;[START_REF] Tovar-Sanchez | Contribution of Groundwater Discharge to the Coastal Dissolved Nutrients and Trace Metal Concentrations in Majorca Island: Karstic vs Detrital Systems[END_REF]. Indeed, point-sourced karstic groundwater nutrient loads can directly impact coastal biodiversity at the local-scale [START_REF] Foley | Karst-channelled intertidal submarine groundwater discharge (SGD) conditions the form of the rock pool sessile assemblage[END_REF]. However, assessment of nutrient loads from karst aquifers is difficult to accurately constrain in space and time, in part due to geologic heterogeneity and the response-time of the aquifer to precipitation [START_REF] Montiel | Assessing submarine groundwater discharge (SGD) and nitrate fluxes in highly heterogeneous coastal karst aquifers: Challenges and solutions[END_REF].

The Gulf of Lions, situated along the northwest Mediterranean Sea, hosts several known coastal and submarine springs (Bakalowicz, 2015). Bejannin et al. (2020) recently estimated karst groundwater DSi and NO3 -fluxes along Côte Bleue, a region just west of the city of Marseille (eastern Gulf of Lions). In the absence of surface water inputs, karst groundwater is the sole nutrient source to this region and is likely responsible for sustaining coastal zone primary productivity, where karst groundwater supplies significant DSi (6.2 ± 5.0 *10 3 mol d -1 km -1 ) and NO3 -+ NO2 -(4.0 ± 2.0 *10 3 mol d -1 km -1 ) offshore. Farther east, several karstic springs are known to discharge to the Calanques of Marseille-Cassis, including the springs of Sugiton, Cassis (e.g. the Bestouan spring) and the first-order Port-Miou spring (Arfib and Charlier, 2016;Bejannin et al., 2017;[START_REF] Claude | Accuracy and sensitivity of radium mass balances in assessing karstic submarine groundwater discharge in the stratified Calanque of Port-Miou (Mediterranean Sea)[END_REF]Fleury et al., 2007a); however, information on nutrient loads and estimates of primary productivity in this region are lacking.

Herein we provide a comprehensive analysis of the major nutrient and bioactive trace metal fluxes driven by the karstic springs of the Calanques of Marseille-Cassis during baseflow conditions (i.e. conservative) and how these karstic springs may sustain coastal zone primary production during our studied period (March 2018). This is an ideal location to study because there is little to no surface water inputs; all of the runoff during precipitation events infiltrates through the highly fractured limestone and dry paleo-valleys. In order to understand the role of the karstic springs in coastal biogeochemical cycles, calculated chemical fluxes will be compared with sewage effluent from a major urbanized Mediterranean city (Marseille) and atmospheric deposition. Thus, a major question of this research is whether or not karst groundwater is relevant in sustaining primary production in metropolitan areas impacted by sewage discharge. This study helps establish the significance of various nutrients and trace metals in the study area and aims to elucidate the possible consequences on processes such as alterations of marine ecosystem structure and function. Further, the SGD-driven chemical fluxes help to evaluate various chemical element budgets in the NW Mediterranean Sea.

Materials & Methods

Study Site

The Calanques of Marseille-Cassis spans a rocky, cliff-dominated shoreline of over 20 km in length along the French Mediterranean Sea (Figure 1). Regional precipitation is on the order of 500 -1,000 mm a -1 and primarily occurs during winter, with drought-like conditions that persist during summer (Arfib and Charlier, 2016). The karst Port-Miou aquifer is composed of Jurassic and Cretaceous limestone, dolostone and mixed siliciclastic-carbonate rocks with a recharge area of over 400 km 2 . The Port-Miou spring is one of the largest karstic springs in coastal Europe [START_REF] Custodio | Coastal aquifers of Europe: an overview[END_REF] and is the primary spring of this region. The primary submarine karst spring discharges at a depth of ~12 m below sea level from a karstic conduit in excess of 100 m 2 (Fleury et al., 2007a). Karstic groundwaters are brackish, reflecting a mixture between freshwater and seawater in the upstream part of the karst network [START_REF] Blavoux | Alimentation et origine de la salinité de la source sous-marine de Port-Miou (Marseille-Cassis). Principale émergence d'un réseau karstique hérité du Messinien[END_REF][START_REF] Cavalera | Etude du fonctionnement et du bassin d'alimentation de la source sous-marine de Port Miou (Cassis, Bouches-du-Rhone). Approche multicritere[END_REF]. A submarine dam was constructed in the 1970's in the main karst conduit to prevent further seawater intrusion; however, groundwater salinities remain elevated due to present day seawater intrusion at depth. The deep reservoir of the Port-Miou aquifer is hypothesized to have such a large mixing zone and transit time that the first-magnitude spring is considered to discharge at a relatively constant salinity (~12 -14 PSU) and flow-rate (~ 3 m 3 s -1 ) during baseflow conditions (i.e. no precipitation); in contrast, the shallow reservoir of the aquifer responds rapidly to precipitation and can exceed 20 m 3 s -1 immediately following a rainfallevent (Arfib and Charlier, 2016;[START_REF] Claude | Accuracy and sensitivity of radium mass balances in assessing karstic submarine groundwater discharge in the stratified Calanque of Port-Miou (Mediterranean Sea)[END_REF].

The Huveaune River (~0.3 -65 m 3 s -1 ) and Jarret River merge in the city of Marseille (Figure 1), where they mix with treated wastewater (~1.7 million people). The combined waters form the Cortiou sewage outfall and flows to the Mediterranean Sea [START_REF] Savriama | Impact of sewage pollution on two species of sea urchins in the Mediterranean Sea (Cortiou, France): Radial asymmetry as a bioindicator of stress[END_REF]. The wastewater treatment plant (WWTP) can handle a maximum discharge between 3 and 6.5 m 3 s -1 ; the remaining flow goes untreated in the event of heavy rainfall. The combined sewage and Huveaune River discharge in dry periods averages ~2.9 m 3 s -1 [START_REF] Oursel | Dynamics and fates of trace metals chronically input in a Mediterranean coastal zone impacted by a large urban area[END_REF]. The WWTP chemical loading decreased between 1984 and 1999 with the development of a primary treatment plant (Bellan et al., 1999;[START_REF] Perez | Effects of 12 years' operation of a sewage treatment plant on trace metal occurrence within a Mediterranean commercial sponge (Spongia officinalis, Demospongiae)[END_REF]; however, eutrophication and adverse ecological phenomena persist in the region adjacent to the sewage outfall to date.

Field Methods

Seawater samples were collected offshore of the Calanques of Marseille-Cassis on 27 -28 March 2018 aboard the R/V Antédon II (Figure 1). Surface waters were collected from ~0.5 m depth using a trace-metal-clean submersible pump. Coastal surface waters, waters from the outlet of the Cortiou WWTP and karstic springs were sampled from a Zodiac on 28 -29 March 2018. Four submarine karstic springs were sampled by SCUBA divers, where a trace-metal-clean submersible pump was placed directly within the subterranean karst conduit. Two surficial springs were sampled in Port-Miou, which were connected to the main karst conduit (Figure 1). Salinity (PSU) and temperature were measured in-situ from the shipboard CTD sensor (conductivity/temperature/depth) and from a handheld WTW probe (Xylem) for the coastal samples aboard the Zodiac.

Continuous in-situ salinity time-series of the Port-Miou brackish spring were recorded with a CTD Diver sensor (15-minute time step; Schlumberger) at the underground dam, 500 m inland in the main flooded karst conduit discharging in the Calanque of Port-Miou (Port-Miou in-situ observatory). In-situ discharge time-series of the Huveaune River (Figure 1) was recorded at the State gauging station Aubagne-Huveaune (Banque Hydro #Y4424040). Rainfall was recorded in the area that encompasses the Huveaune River watershed and the recharge area of the Port-Miou and Bestouan karst springs (Arfib and Charlier, 2016) at the Aubagne State rain gauge station (Météo France #13005003; Figure 1).

Analytical Methods

Samples for nitrate (NO3 -), nitrite (NO2 -), silicate (Si(OH)4) and phosphate (PO4 3-) were prefiltered onto 25 mm uptidisc RC (~0.45 µm) PP, collected into 50 mL polyethylene flasks and stored frozen until analysis. Samples for ammonium (NH4 + ) determination were collected into 60 mL polycarbonate tubes and analyzed directly in the field. NO3 -, NO2 -, Si(OH)4 and PO4 3-were analyzed using an automated colorimetric method (Aminot and Kerouel, 2007). The detection limits were 0.05 µM for NO3 -, NO2 -and Si(OH)4, and 0.02 µM for PO4 3-with measurement accuracies of ± 0.02 µM, ± 0.02 µM, ± 0.005 µM and ± 0.005 µM, respectively. NH4 + concentration was measured by using the fluorescent procedure of [START_REF] Holmes | A simple and precise method for measuring ammonium in marine and freshwater ecosystems[END_REF] with a detection limit of 0.005 µM and a measurement accuracy of ± 0.015 µM. Select samples for Dissolved Organic Nitrogen (DON) and Phosphorus (DOP) were prefiltered through 2 combusted (24 h, 450°C) glass fiber filters (Whatman GF/F, 25 mm), collected in Teflon vials, then poisoned with HgCl2 and stored at 4°C until analysis. In the laboratory, samples were analyzed by persulfate wet-oxidation according to [START_REF] Pujo-Pay | Improvement of the wet-oxidation procedure for simultaneous determination of particulate organic nitrogen and phosphorus collected on filters[END_REF] and [START_REF] Pujo-Pay | Excretion of dissolved organic nitrogen by phytoplankton assessed by wet oxidation and 15N tracer procedures[END_REF]. The detection limits were 0.2 µM for DON and 0.02 µM for DOP, with measurement accuracies of ± 0.3 µM for DON and ± 0.02 µM for DOP.

Samples for Dissolved Organic Carbon (DOC) were filtered through 2 pre-combusted (24 h, 450 • C) glass fiber filters (Whatman GF/F, 25mm) and collected into a pre-combusted glass sealed ampoule acidified with orthophosphoric acid. Samples were then analyzed by high temperature catalytic oxidation [START_REF] Sugimura | A high-temperature catalytic oxidation method for the determination of non-volatile dissolved organic carbon in seawater by direct injection of a liquid sample[END_REF]) on a Shimadzu TOCL analyzer. Typical analytical precision is ±0.1-0.5 (SD) or 0.2-1% (CV).

Standardization and data quality were assured through the use of consensus reference materials (http://www.rsmas.miami.edu/groups/biogeochem/CRM.html) that was injected every 12 to 17 samples to insure stable operating conditions. Particulate Organic Carbon (POC) and Nitrogen (PON) were collected on precombusted (24 h, 450 • C) glass fiber filters (Whatman GF/F, 25mm). Filters were dried in an oven at 50 • C and stored in ashed glass vials and in a desiccator until analysis on a CHN Perkin Elmer 2400.

For prokaryotic abundance, 1.8 mL of (select) samples were fixed with glutaraldehyde (1% final concentration). Samples were incubated for 15 minutes in the dark at ambient temperature and then stored at -80°C until flow cytometric analysis. A 1 mL sub-sample was incubated with SYBR Green I (Invitrogen-Molecular Probes) at 0.025% (v/v) final concentration for 15 minutes at room temperature in the dark. Counts were performed with a FACS Calibur flow cytometer (Becton Dickinson) equipped with an air-cooled argon laser (488 nm, 15 mW;[START_REF] Van Wambeke | Bottom up effects on bacterioplankton growth and composition during summer-autumn transition in the open NW Mediterranean Sea[END_REF]. Karstic spring and (select) seawater samples for trace element determination were filtered on site with disposable polypropylene syringes and Durapore membranes (0.22 µm) and stored in acid washed HDPE bottles after acidification with ultrapure HNO3 -(1‰ v/v). Trace elements (Mn, Fe, Co, Ni, Cu and Zn) were analyzed with Q-ICPMS (iCAP Q, Thermo Scientific ® equipped with an Argon Gas Dilution in-line system) after acidification at 1% v/v HNO3 -at the AETE-ISO (Analyse des Elements en Trace dans l'Environnement et Isotopes) technical platform of the OSU OREME, University of Montpellier. The Argon Gas Dilution in-line system enables the introduction of highly mineralized samples without previous dilution. Instrument calibrations were carried out with synthetic multi-elemental solutions. Instrumental drift was monitored and corrected by addition of a multi-elemental (Be, Sc, Ge, Rh, Ir) internal standard. Reagent and procedural blanks were measured in parallel to sample treatment using identical procedures. Precision error was typically < 10%. CASS-6 seawater reference material for trace metals (National Research Council, Canada) was analyzed every 20 samples to check the analysis accuracy (Table S1). Mean results are within the range of certified uncertainties and deviation of measured values was < 10% of certified concentrations.

Approximately ~110 L of seawater per station was collected for Ra isotopes on board the R/V Antédon II (offshore samples); between ~20 and 40 L of water was collected from the coastal stations. Ra isotope samples were collected into plastic cubitainers, weighed and filtered through MnO2-coated acrylic fibers (Mn-fiber) at a flow-rate of < 1 L min -1 to quantitatively adsorb dissolved Ra isotopes onto the Mn-fiber [START_REF] Moore | Extraction of radium from natural waters using manganese-impregnated acrylic fibers[END_REF]. The Mnfibers were triple rinsed with Ra-free deionized water and partially-dried using compressed-air until a fiber-to-water ratio of 1:1 was achieved [START_REF] Sun | The effects of water content and Mn-fiber surface conditions on 224Ra measurement by 220Rn emanation[END_REF]. The short-lived 223 Ra and 224 Ra isotopes were counted using a delayed coincidence counter (RaDeCC) [START_REF] Moore | Measurement of Ra-223 and Ra-224 in coastal waters using a delayed coincidence counter[END_REF] following the counting recommendations described in [START_REF] Diego-Feliu | Guidelines and limits for the quantification of U/Th series radionuclides with the radium delayed coincidence counter (RaDeCC)[END_REF]. In the case of high activity samples, a second count was performed between 7 -10 days after sample collection to determine the activity of 223 Ra. Samples were counted one month after collection to quantify 228 Th, in order to determine the activity of unsupported, excess 224 Ra (denoted 224 Raex hereafter). Detectors were calibrated from measurements of 232 Th standards [START_REF] Moore | Calibration of RaDeCC systems for 223Ra measurements[END_REF]; activities and uncertainties were calculated following [START_REF] Garcia-Solsona | Uncertainties associated with Ra-223 and Ra-224 measurements in water via a Delayed Coincidence Counter (RaDeCC)[END_REF]. Long-lived 226 Ra was quantified via the ingrowth of its daughter 222 Rn using the RaDeCC system [START_REF] Geibert | 226 Ra determination via the rate of 222 Rn ingrowth with the Radium Delayed Coincidence Counter (RaDeCC)[END_REF].

Water Flow Calculations

Ra isotopes were used to quantify karstic spring inputs to the coastal zone of the Calanques of Marseille-Cassis. These isotopes are typically enriched by one to three orders of magnitude in coastal groundwaters relative to seawater, making them effective tracers of SGD in karst environments (Garcia-Solsona et al., 2010a, 2010b;[START_REF] Tovar-Sanchez | Contribution of Groundwater Discharge to the Coastal Dissolved Nutrients and Trace Metal Concentrations in Majorca Island: Karstic vs Detrital Systems[END_REF]. Karst aquifers are typically enriched in U relative to Th, and therefore in U-series daughters (e.g. 226 Ra >> 228 Ra; [START_REF] Charette | CHAPTER-5 Uranium-and Thorium-Series Nuclides as Tracers of Submarine Groundwater Discharge CHAPTER-5 Uranium-and Thorium-Series Nuclides as Tracers of Submarine Groundwater Discharge[END_REF]; we thus use 226 Ra, in addition to 224 Ra, also enriched in the spring waters, in the ensuing analysis. The coastal zone of the Calanques of Marseille-Cassis was sub-divided into five unique areas, following coastal geomorphological features (boxes 1 -5; Figure 1). We note that the Calanque of Port-Miou (box 4) mixes with box 5 (Cassis); in the ensuing analysis these boxes are separated from each other across the inlet of Port-Miou (Figure 1).

Runoff in this region is insignificant and we neglect the molecular diffusion of Ra isotopes from sediments because the coastline is predominately carbonate rock (very little unconsolidated sediment; Bejannin et al., 2017) where RaWWTP, RaSGD, Rabox and Rasea represents the mean 224 Ra (Eq. 1) or 226 Ra (Eq. 2) activity (dpm 100L -1 ) of the wastewater treatment plant effluent, the karstic groundwater springs, the surface waters of the box under consideration and offshore Mediterranean seawater, respectively. Additional mass balance terms include the discharge of the WWTP (QWWTP; m 3 s -1 ), submarine groundwater discharge (i.e. karstic spring; QSGD; m 3 s -1 ), the volume of water within each box impacted by groundwaters (V; m 3 ), the 224 

Results

Hydrological and Meteorological Context

Biogeochemical Endmembers

Six different karstic springs of varying salinities (6.9 -26.3) were sampled for chemical determinations (dissolved and particulate nutrients, trace elements and Ra isotopes) during March 2018. In general, NO3 -(24 -81 µM), Si(OH)4 (60 -110 µM) and PO4 3-(0.15 -0.46 µM) displayed the highest concentrations at the lowest salinities and simply followed two-endmember linear mixing between brackish groundwaters and Mediterranean seawater (Figure 3; Table 1). An opposite pattern was observed for NO2 -(~0 -0.06 µM) and NH4 + (0.04 -0.23 µM; Table 1). Groundwater DIN:DIP ratios exhibited large variations (152 -235; Table 1) but broadly fell along a dilution trend [(N:P) = -4.9582*(Salinity) + 258.75; R² = 0.7521; p<0.001]. Karstic groundwater concentrations did not vary greatly for DOC (40-85 µM), POC (1.1 -5.9 µM), DON (0.2 -13.7 µM), PON (0.12 -0.69 µM) and DOP (0.00 -0.13 µM; Table 2). Bacterial biomass (0.99 *10 5 cell mL -1 for a salinity of 9.3) increased with increasing salinity to 3.6 *10 5 cell mL -1 for a salinity of 35 (coastal seawater). Water samples collected at the outlet of the WWTP were elevated in macro-nutrient concentrations (salinity = 21.7; Figure 3), reduced in DIN:DIP ratios (5; Table 1) and significantly enriched in bacterial biomass (Table 2). Elevated salinities indicate rapid mixing of sewage effluent with coastal seawater at the point of discharge.

Bioactive trace metals Mn, Fe, Co and Ni in karstic springs showed similar relationships as the dissolved nutrients, with the greatest concentrations in water samples collected adjacent to the WWTP (Table 3; Figure 4).

Mn and Fe concentrations were lowest in Sugiton (7 and 17 nM; box 3) and similar between Port-Miou and Cassis (Mn 13 -17 nM; Fe 38 -109 nM; boxes 4 & 5). Bioactive trace metals Cu and Zn displayed mid-salinity maxima (Figure 4). There was a clear difference in groundwater Ra isotope activities between the three different Calanques, while water samples collected near the WWTP outlet were relatively low in dissolved Ra (Figure 5). Brackish groundwaters in Sugiton (box 3) were appreciably enriched in 224 Raex (370 -473 dpm 100L -1 ) despite higher salinities (Table 4).

Surface Waters

The salinity of coastal waters (< 4 km from shore) were lower than open Mediterranean seawaters (salinity = 38.2); the depth of waters influenced by SGD and/or sewage effluent varied from ~1 to ~5 m (Figure 6). Surface waters with reduced salinities were elevated in NO3 -, PO4 3-, and Si(OH)4 as a consequence of terrestrial (groundwater or WWTP) inputs, with lower concentrations at higher salinities (Figure 3). As a result, surface waters remain elevated in NO3 -, PO4 showed similar trends as major nutrients, with higher concentrations at lower salinities, albeit with greater variability (Figure 4). Cu and Zn showed the greatest variability in surface waters with several samples exceeding groundwater concentrations (Figure 4). Ra isotopes followed two-endmember linear mixing between brackish groundwaters and Mediterranean seawater (Figure 5). Surface water weighted average (± standard deviation) salinity, 224 Raex and 226 Ra activities for each box are summarized in Table 5. Surface water parameters (salinity, pH, Ra isotopes, dissolved inorganic nutrients) are summarized in Table S2.

SGD flows and element fluxes

Surface water residence times varied widely, from 0.6 -39 d, depending on the selected box (Table 5).

Submarine groundwater discharge to the entire zone of the Calanques of Marseille-Cassis is estimated as 6.7 ± 2.0 m 3 s -1 (5.8 ± 1.7 *10 5 m 3 d -1 ) during the study period of March 2018, and is most prevalent along the eastern section of the studied area (Table 5). [START_REF] Claude | Accuracy and sensitivity of radium mass balances in assessing karstic submarine groundwater discharge in the stratified Calanque of Port-Miou (Mediterranean Sea)[END_REF] estimated a surficial spring discharge equal to 0.6 ± 0.1 m 3 s -1 from a short-lived Ra mass balance to the Calanque of Port-Miou during baseflow conditions, compared to 1.0 ± 0.3 m 3 s -1 during this study (box 4; Table 5). Just west of Marseille, Bejannin et al. ( 2020) estimated SGD equal to ~0.6 m 3 s -1 along the karstic shoreline of Côte Bleue, or a factor of ten less than the Calanques of Marseille-Cassis. It is important to note that this SGD flow (and the chemical elements transported by SGD) is temporally variable; the shallow reservoir of the Port-Miou aquifer fluctuates in direct response to precipitation (Figure 2). The karstic groundwater DIN, DIP and DSi fluxes were 4.7 ± 1.6 *10 4 mol d -1 , 2.2 ± 0.7 *10 2 mol d -1 and 6.3 ± 2.0 *10 4 mol d -1 , respectively, over the entire study area (Figure 9). Approximately 70% of the SGD inputs were into Cassis (box 5); area-normalized DIN and DIP fluxes to Cassis were thus 6,700 ± 2,800 µmol N m -2 d -1 and 29 ± 13 µmol P m -2 d -1 , respectively (DIN:DIP >230).

Discussion

Biogeochemical signature of the karst springs and coastal waters

The karstic springs were dominated by NO3 -, with negligible NO2 -and NH4 + , indicative of a highly oxygenated aquifer system where there is little denitrification, typical of Mediterranean karst aquifers. The relatively low NO3 -concentrations of the springs, coupled with a lack of surface water inputs, suggest that the NO3 -is naturally derived (i.e. atmosphere-aquifer interactions; Garcia-Solsona et al., 2010a,b), rather than of an anthropogenic origin. In comparison, concentrations of DSi for all springs were relatively high, reflecting nearsaturated equilibrium conditions with the karst aquifer matrix (i.e. water-rock interactions) as noted by Tamborski et al. (2018). Low groundwater DIP concentrations for all of the springs are typical of karst aquifers where DIP may co-precipitate with dissolved Ca [START_REF] Slomp | Nutrient inputs to the coastal ocean through submarine groundwater discharge: controls and potential impact[END_REF].

The karstic spring nutrient concentrations of the Calanques of Marseille-Cassis (Table 1) are comparable to other karstic springs in the southern Gulf of Lions region, and more broadly to that of the entire Mediterranean Sea different locations along the Mediterranean Sea. Regional DIN concentrations (120 -440 µM; salinity < 10; 1 st and 3 rd quartiles) are appreciably higher than the karst springs studied here over a similar salinity range, while DIP (0.18 -0.72 µM) concentrations are comparable (Table 1).

There was an increase in NO2 -and NH4 + concentrations along the salinity gradient (excluding sewageimpacted samples), where the karstic springs exhibited lower concentrations than Mediterranean seawater (Figure 3). This observation is coherent with an autochthonous production of NO2 -and NH4 + during mixing, rather than a terrestrial NO2 -and NH4 + source. Indeed, bacterial biomass increased linearly along the salinity gradient (Figure 3).

The bacterial compartment must behave as a nitrogen producer and not as a consumer. [START_REF] Pujo-Pay | Impact of phytoplankton and bacterial production on nutrient and DOM uptake in the Rhône River plume (NW Mediterranean)[END_REF] showed that there is a threshold value for the DOC:DON ratio as an indicator of the trophic role of bacteria. A DOC:DON ratio below 10 indicates that bacteria meet their nitrogen needs for growth and are therefore a source of nitrogen to the ecosystem (ammonification process). Above 10, bacteria need to consume nitrogen to balance their internal needs and therefore consume DIN. The DOC:DON ratio is 0.6 for sewage effluent, 3 to 6 for Port-Miou (box 4), ~14 for Sugiton (box 3), and higher than 15 for surface and coastal waters (Table 2).

Karstic spring Fe concentrations (17 -109 nM) were lower than karstic springs previously investigated in the Northwest Mediterranean (130 -550 nM; n = 12; 1 st -3 rd quartiles; [START_REF] Trezzi | Submarine groundwater discharge: A significant source of dissolved trace metals to the North Western Mediterranean Sea[END_REF], although the springs investigated here are more saline (6.9 -26.3 vs. 4.1 -5.3; 1 st -3 rd quartiles; [START_REF] Trezzi | Submarine groundwater discharge: A significant source of dissolved trace metals to the North Western Mediterranean Sea[END_REF]. Karstic groundwater Co and Ni concentrations were within the range of concentrations reported for the Northwest Mediterranean springs (Co = 0.14 -0.54 nM; Ni = 2.7 -7.9 nM), despite their higher salinity. Karstic springs for this study were higher in Cu (2 -18 nM) and Zn (5 -109 nM) compared to the range reported by 4) is a function of the salinity of the groundwater and its origin [START_REF] Romey | Geophysical and geomorphological investigations of a Quaternary karstic paleolake and its underground marine connection in Cassis (Bestouan, Cassis, SE France)[END_REF]. Although both the Bestouan and Port-Miou springs share a common recharge area, the brackish groundwater of the Bestouan spring originates from a freshwater surface stream 2 km inland from the sea that infiltrates into the karst, where it mixes with a deeper reservoir and thus decreases the salinity of the deep brackish groundwater. Therefore, the 226 Ra activity of the Port-Miou spring is likely higher because it is only a mixture between deep circulated seawater and fresh groundwater, whereas the Bestouan spring is mixed with a third surficial component with relatively low 226 Ra activity.

Chemical fluxes from SGD, WWTP and atmospheric deposition

To determine the relative significance of macro and micro-nutrient fluxes associated with submarine karstic springs to the Calanques of Marseille-Cassis, we compared the magnitude of groundwater nutrient loads to that of the WWTP of Cortiou and from atmospheric deposition. Previous studies estimated dissolved and particulate solute fluxes from the Cortiou sewage outfall during the dry season (~250,000 m 3 d -1 ; [START_REF] Oursel | Behaviour and fate of urban particles in coastal waters: Settling rate, size distribution and metals contamination characterization[END_REF][START_REF] Oursel | Dynamics and fates of trace metals chronically input in a Mediterranean coastal zone impacted by a large urban area[END_REF]. Dust deposition, particularly from the Sahara Desert, may represent a potentially significant source of chemical elements to the Mediterranean Sea and fluxes are likely more significant under intense rainfall (Durrieu de Madron et al., 2011;[START_REF] Garcia-Orellana | Atmospheric fluxes of 210 Pb to the western Mediterranean Sea and the Saharan dust influence[END_REF]. Nutrient and trace metal total (wet and dry) atmospheric depositional fluxes were compiled from the literature for nearby regions (Table S3). Atmospheric deposition fluxes were calculated considering a coastal surface area of 23.1 km 2 (boxes 1 -5; *10 3 mol d -1 km -1 and 8 ± 3 *10 3 mol d -1 km -1 , respectively. These karst groundwater baseflow nutrient fluxes are comparable to karst groundwater Si(OH)4 (6.2 ± 5.0 *10 3 mol d -1 km -1 ) and NO3 -+ NO2 -(4.0 ± 2.0 *10 3 mol d -1 km - 1 ) loads to Côte Bleue (just west of Marseille), assessed over multiple seasons (Bejannin et al., 2020), and are similar to flux estimates from a sandy alluvial shoreline farther west along the Gulf of Lions (2.4 ± 1.4 *10 3 mol Si d -1 km -1 and 5.7 ± 3.2 *10 3 mol N d -1 km -1 ; [START_REF] Tamborski | A comparison between water circulation and terrestrially-driven dissolved silica fluxes to the Mediterranean Sea traced using radium isotopes[END_REF]. Interestingly, Bejannin et al. ( 2020) note that these point-source karstic spring macro-nutrient fluxes are comparable to fluxes along the sandy alluvial shoreline of La Palme to the west, within the Gulf of Lions, where nutrient loads are thought to be driven by a combination of subsurface lagoon-seawater exchange and seawater circulation through permeable coastal sediments [START_REF] Tamborski | Temporal variability of lagoon-sea water exchange and seawater circulation through a Mediterranean barrier beach[END_REF][START_REF] Tamborski | A comparison between water circulation and terrestrially-driven dissolved silica fluxes to the Mediterranean Sea traced using radium isotopes[END_REF].

Sewage inputs occur along the western region of the Calanques (box 1; Figure 1) while karstic groundwaters more broadly impact the entire coastal zone (Figure 7), and are greatest along the eastern region, particularly from the springs of Port-Miou and Cassis (boxes 4 & 5; Table 5). The significance of atmospheric deposition, as compared to SGD and riverine inputs, is proportional to the area under consideration; the larger offshore area considered, the more significant atmospheric trace metal deposition becomes [START_REF] Trezzi | Submarine groundwater discharge: A significant source of dissolved trace metals to the North Western Mediterranean Sea[END_REF]. For the entire Mediterranean Sea, DIN and DSi inputs from SGD are estimated to be significantly greater than atmospheric deposition, while DIP inputs are similar [START_REF] Rodellas | Submarine groundwater discharge as a major source of nutrients to the Mediterranean Sea[END_REF]. For the Calanques of Marseille-Cassis, atmospheric deposition is negligible over a spatial scale of meters to hundreds of meters away from the karstic springs, where groundwater (or sewage) is the dominant vector of solute transport to the coastal ocean (e.g. Figure 7). The area-normalized DIN (6,700 ± 2,800 µmol N m -2 d -1 ) and DIP (29 ± 13 µmol P m -2 d -1 ) fluxes to Cassis (box 5) are one order of magnitude greater than atmospheric deposition (Table S3).

Significance of Chemical Fluxes

Major Nutrient Fluxes

The Mediterranean Sea is primarily limited in phosphorous [START_REF] Krom | Phosphorus limitation of primary productivity in the eastern Mediterranean Sea[END_REF][START_REF] Pujo-Pay | Integrated survey of elemental stoichiometry (C, N, P) from the western to eastern Mediterranean Sea[END_REF]; therefore, any DIP input from karstic springs or sewage to the coastal sea should be considered potentially significant, as it may change the geochemical conditions of the water column (Figure 8). DIP mixing plots for Port-Miou and Cassis indicate significant DIP concentrations in brackish surface waters during the studied period (Figure 3); therefore, the impact of SGD in supplying DIP (and other solutes) occurs over a scale of several kilometers (from at least 6 individual springs), despite being point-sources (Figure 7). As a first-order approximation, we can evaluate how much DIP is removed by primary production from a coastal DIP budget [START_REF] Kim | Submarine groundwater discharge from oceanic islands standing in oligotrophic oceans: Implications for global biological production and organic carbon fluxes[END_REF][START_REF] Luo | Submarine groundwater discharge estimation in an urbanized embayment in Hong Kong via short-lived radium isotopes and its implication of nutrient loadings and primary production[END_REF] considering equation ( 3),

𝑃 𝑆𝐺𝐷 + 𝑃 𝑊𝑊𝑇𝑃 + 𝑃 𝑎𝑡𝑚 -𝑃 𝑚𝑖𝑥 = 𝑃 𝑢𝑝𝑡𝑎𝑘𝑒 (Eq. 3)
where PSGD, PWWTP, Patm, Pmix and Puptake are the DIP fluxes (mol d -1 ) to each respective box from SGD, the WWTP, total atmospheric deposition, mixing losses with offshore seawater and uptake from biological production, respectively. DIP inputs from SGD, the WWTP and total atmospheric deposition have been previously evaluated (Sections 3.4 & 4.2; Figure 9). The loss of DIP from mixing with offshore Mediterranean seawater is evaluated similarly to the mixing loss of Ra (Eqs. 1 & 2), taken as the concentration difference between the mean DIP concentration in each coastal box and offshore Mediterranean seawater (0.025 µM), with respect to the volume of water impacted by groundwater and the surface water residence time (Table 5).

During baseflow conditions, SGD is relatively insignificant in the DIP budget of the western Calanques and becomes increasingly more important in the eastern Calanques; the relative percent contribution of each DIP source and sink is shown in Figure 10. In Sugiton (box 3), DIP is rapidly removed within the first 10 m of the karstic springs (Figure 7), with groundwater sustaining 7 (±1) % of the DIP uptake. Mixing losses approximately balance groundwater DIP inputs to Port-Miou (i.e. no biological consumption; box 4), unsurprising given the relatively short surface water residence time (0.6 ± 0.3 d; Table 5) and the observed conservative behavior of DIP, with respect to groundwater-seawater mixing (Figure 3, Figure 7). Importantly, this suggests that groundwater-derived DIP may persist in the coastal ocean for at least a half day before it is significantly impacted by primary producers. In comparison, SGD accounts for more than 100% of the DIP uptake in Cassis (box 5) where surface water residence times exceed 2 days (Table 5), with a net consumption of 140 ± 220 mol P d -1 (Figure 10). The large uncertainty is derived from the additional mixing term between Port-Miou and Cassis (boxes 4 and 5), and between Cassis and the open Mediterranean Sea.

The groundwater DIP flux to the 20 km shoreline of the Calanques of Marseille-Cassis accounts for only 2.7 (±1.0) % of the total DIP uptake (8.3 ± 6.9 *10 3 mol d -1 ) during baseflow conditions, unsurprising as the sewage DIP flux is two orders of magnitude greater than SGD (Figure 9). Assuming a Redfield Ratio of 106:16:1.0 (C:N:P)

for phytoplankton [START_REF] Pujo-Pay | Integrated survey of elemental stoichiometry (C, N, P) from the western to eastern Mediterranean Sea[END_REF] and assuming that all of the DIP supplied is utilized by biological production, then primary production supported by sewage DIP loading equals 1,900 ± 1,600 mg C m -2 d -1 over the surface area of Cortiou (box 1). However, three surface water samples collected near the sewage outfall were limited in DSi (Figure 8), suggesting the above primary production estimate may be too high. DSi limitation in Cortiou is ultimately driven by the extreme DIN and DIP sewage loads (Figures 3 &9).

Considering the surface area of Cassis (box 5), the primary production associated with DIP consumption is 33 ± 52 mg C m -2 d -1 , or ~1% of the total production stimulated by sewage effluent DIP loading to Cortiou (box 1).

This rate of primary production is similar to other coastal environments impacted by SGD, as summarized by [START_REF] Wang | Submarine groundwater discharge as an important nutrient source influencing nutrient structure in coastal water of Daya Bay, China[END_REF]. Thus, while the groundwater DIP flux to the Calanque of Cassis is small compared to the WWTP, it is nonetheless significant at a local and regional-scale in supporting primary production during baseflow conditions (Figures 9 & 10). Similarly, the groundwater DIN (3.6 ± 1.5 *10 4 mol d -1 ) and DSi (4.7 ± 2.0 *10 4 mol d -1 ) loads to Cassis (box 5) may help sustain biological production, as there are no other major nutrient sources in this region.

SGD may further facilitate primary production in the days immediately following a rainfall event (Figure 2), assuming that the karstic spring nutrient concentrations are not significantly diluted. Note that certain algal species may be physically impacted by the presence of karstic springs, irrespective of nutrient loading, through environmental gradients in pH, oxygen or salinity [START_REF] Foley | Karst-channelled intertidal submarine groundwater discharge (SGD) conditions the form of the rock pool sessile assemblage[END_REF][START_REF] Lecher | Synthesizing the Effects of Submarine Groundwater Discharge on Marine Biota[END_REF]. For example, [START_REF] Cohu | Proliferation of the toxic dinoflagellate Ostreopsis cf. ovata in relation to depth, biotic substrate and environmental factors in the North West Mediterranean Sea[END_REF] concluded that reduced salinity from the Bestouan karstic spring retarded the development of the harmful algae Ostreopsis cf. ovata in Cassis because the dinoflagellate is more adapted to marine environmental conditions, despite excess NO3 -and Si(OH)4 inputs from groundwaters. Thus, SGD may also negatively impact certain phytoplankton and bacteria species development by altering local environmental gradients (e.g. Figure 3); this topic requires further study.

Micro Nutrient Fluxes

Groundwater Mn and Fe fluxes are one order of magnitude lower than sewage fluxes during baseflow conditions (Figure 9). Groundwater Fe may be derived from aquifer mineral weathering or atmosphere-aquifer interactions. Fe is typically added as a flocculant during wastewater treatment, which likely explains the high concentrations observed near the sewage outlet (Figure 4). Similar to DIP, the SGD-driven Fe flux (48 ± 21 mol d -1 ) primarily occurs along the eastern region of the Calanques, whereas sewage inputs dominate farther west (640 ± 180 mol d -1 ) with considerable inputs from atmospheric deposition (230 ± 160 mol d -1 ) over the entire coastal area (Figure 9). It remains to be seen what proportion of Fe supplied by atmospheric deposition is bioavailable.

Atmospheric Fe loads to the Mediterranean Sea are seasonally variable, and surface water Fe concentrations are typically lowest during spring blooms [START_REF] Bonnet | Atmospheric forcing on the annual iron cycle in the western Mediterranean Sea: A 1year survey[END_REF]. Increased Fe loading from SGD during the spring may play an important role in regulating primary production, particularly after a heavy rainfall event (i.e. Figure 2).

The karstic springs investigated here have Fe:P ratios between 0.11 and 0.24, and Fe:N ratios between 710 and 2140. Such ratios demonstrate an abundance of Fe; indeed, coastal seawater Fe:P (0.12 -0.80) and Fe:N (2 -800) ratios suggests that Fe was not limiting primary production during the studied baseflow period. However, relatively high Fe may locally enhance nitrogen fixation [START_REF] Bonnet | Atmospheric forcing on the annual iron cycle in the western Mediterranean Sea: A 1year survey[END_REF]. The SGD area-normalized Fe flux is 7 ± 4 µmol m -2 d -1 to Cassis (box 5), within the range reported by [START_REF] Trezzi | Submarine groundwater discharge: A significant source of dissolved trace metals to the North Western Mediterranean Sea[END_REF] to the NW Mediterranean Sea.

Sewage inputs of Co, Ni and Cu were approximately one order of magnitude greater than SGD, while Zn inputs were similar (Figure 9). [START_REF] Oursel | Behaviour and fate of urban particles in coastal waters: Settling rate, size distribution and metals contamination characterization[END_REF] et al., 1999). It is unlikely that SGD plays a major role in supplying these trace elements to the western Calanques; however, trace metal fluxes may be significant in the eastern Calanques adjacent to the Port-Miou and Bestouan springs (Figures 4 &9).

Antifouling boat paint is a potential source of Cu and Zn [START_REF] Charette | Submarine groundwater discharge of nutrients and copper to an urban subestuary of Chesapeake Bay (Elizabeth River)[END_REF][START_REF] Garcia-Orellana | Chronological reconstruction of metal contamination in the Port of Maó (Minorca, Spain)[END_REF], as the Calanque of Port-Miou and Cassis both host several dozen boats. We can simply compare the Cu and Zn inventory supplied by SGD (SGD element flux * surface water residence time) to the total element inventory observed in the Calanque of Port-Miou (box 4). The total inventory is calculated as the excess metal concentration (mean concentration minus Mediterranean seawater; n = 6) multiplied by the volume of water impacted by groundwater; note that this simple calculation does not account for the complex biogeochemical cycling of these metals [START_REF] Rodellas | Submarine groundwater discharge as a source of nutrients and trace metals in a Mediterranean bay (Palma Beach, Balearic Islands)[END_REF]. For the Calanque of Port-Miou, SGD supplies 1 (± 1) % of the Cu inventory and 11 (± 12) % of the Zn inventory. Thus, SGD is relatively minor in the transfer of these bioactive metals to the coastal Mediterranean Sea here.

Summary & Conclusions

Coastal-zone primary production can be sustained by the allochthonous nutrient and bioactive trace metal fluxes from karstic springs, particularly in oligotrophic environments like the Mediterranean Sea. For the Calanques of Marseille-Cassis, groundwater discharge is highly variable in time, as inferred from in-situ salinity measurements of the first-order Port-Miou spring. It remains to be seen how element fluxes may impact primary production at different times of the year, for example after a strong precipitation event or during the summer when the water column is stratified due to the permanent presence of a thermocline. Under wet season baseflow conditions (March 2018), major nutrient and bioactive trace metal inputs were dominated by sewage effluent, aside from DSi, with 

  Ra decay constant (λ224 = 0.189 d -1 ) and the surface water residence time of the box (τbox; d). Equations 1 and 2 were simultaneously solved for each box under consideration to obtain surface water residence time and SGD flow. Note the first term on the right hand-side of each equation (QWWTP*RaWWTP) is only applicable to Cortiou (box 1; Figure1). The mass balance for Cassis (box 5) includes an additional advective input term from mixing with Port-Miou (box 4; Figure1), where the224,226 Ra input to Cassis is equal to the224,226 Ra export from Port-Miou (as calculated from Eqs. 1 & 2).The mean 224 Ra and 226 Ra activities for each box (Rabox) were calculated from a natural neighbor raster interpolation in ArcMap 10.1; minimum and maximum activities based on counting statistics were used to generate interpolation uncertainties. The volume of water impacted by SGD within each box (V) was assessed from vertical salinity profiles, determined at each station from the shipboard CTD sensor relative to Mediterranean seawater salinity. Stations T1-3, T2-4 and T9-2 (Figure1) were averaged (± standard deviation) to determine the224,226 Ra endmember of open seawater in the region ( 224 Rasea = 1.0 ± 0.2 dpm 100L -1 ; 226 Rasea = 15 ± 3 dpm 100L -1 ; salinity = 37.9 ± 0.1; n = 3). Offshore seawater samples from T10 were appreciably enriched in groundwater-derived solutes and are therefore not included in the offshore seawater Ra average. Groundwater chemical element fluxes were determined for each box by multiplying the karstic spring solute concentration by the respective SGD flow for each box. The SGD flow and the chemical endmember uncertainty were propagated into the final solute flux uncertainty for each box. We assigned an apparent 50% uncertainty for surface water residence times, based on the analysis of[START_REF] Claude | Accuracy and sensitivity of radium mass balances in assessing karstic submarine groundwater discharge in the stratified Calanque of Port-Miou (Mediterranean Sea)[END_REF]; box area and volumes are assigned an arbitrary uncertainty of 10%. Ra isotope endmembers for boxes 1 and 2 (where springs were not identified or sampled) are taken as the mean (± standard deviation) of the four springs sampled from boxes 4 and 5; Ra uncertainties for boxes 3 -5 are based on analytical uncertainties[START_REF] Garcia-Solsona | Uncertainties associated with Ra-223 and Ra-224 measurements in water via a Delayed Coincidence Counter (RaDeCC)[END_REF]. For solute endmembers (boxes 1, 2, 4 and 5), we simply use the mean (± standard deviation) of the four springs sampled from boxes 4 and 5 for each respective chemical element. Box 3 endmember concentrations are taken as the average of the two springs sampled from box 3 and uncertainties are approximately 20% for macro-nutrients and 50% for micro-nutrients given their apparent range over distinct salinities(17.8 - 26.3). Terms used in the mass balances and flux calculations are further described in Section 3.4.

Figure 2

 2 Figure2provides insight into the hydrological and meteorological contexts of the study. The Port-Miou brackish spring's salinity remained almost constant and high (> 13) from October 2017 up to March 01 2018, which represents a long-lasting drought period, which tends to cease in autumn for this Mediterranean climate. The Port-Miou spring salinity is highly correlated with the discharge of the regional carbonate aquifer ofPort-Miou (Arfib and Charlier, 2016). Another proxy of the Port-Miou spring discharge is the Huveaune river discharge, which is supplied by runoff during rainfall events and by continental karst springs within the watershed. The Huveaune river exhibited a low discharge rate over the same period as the coastal karst spring of Port-Miou (inferred by elevated salinities). During this high salinity period (6 months), 243 mm of precipitation occurred with a low daily intensity (max 36 mm d -1 in Aubagne station). This precipitation recharged the soil and part of the unsaturated zone of the carbonate aquifer, but it was not sufficient to activate the high seasonal flow stage (early spring; Figure2).From March 01 2018, rainfall events generated small floods in the Huveaune river and karst springs, with minor contributions of the fast flow component (runoff in river or rapid karst groundwater flow, with a recession in a few days) and a low increase of baseflow lasting for a few weeks. The rainfall event two weeks before the sampling period (March 15 th , 2018; 42 mm at Aubagne station and 64 mm at Plan d'Aups station; Figure1) generated a karst flood at the Port-Miou spring (Figure2), as shown by the salinity decrease over four days, followed by an increase in salinity until the next rainfall event (after the sampling period). The spring was then recovering baseflow conditions by mixing of deep flows of brackish and fresh groundwater (Arfib and Charlier, 2016). Moreover, as inferred from the very low discharge of the Huveaune River (< 1 m 3 s -1 ) during this time period (Figure2), the Cortiou sewage outfall to the sea was predominantly sourced from the WWTP and not from additional mixing with the Huveaune and Jarret rivers.The hydrological behavior of karst aquifers in the south of France has been previously studied and successfully modeled, for instance in Fontaine de Vaucluse spring byFleury et al., (2007b) (catchment area 1100 km²), Lez spring by Fleury et al. (2009) (catchment area 130 km²), Dardennes springs by Baudement et al. (2017) (catchment area 70 km²), and Port-Miou by Arfib and Charlier (2016) (catchment area 400 km²). All of theseexamples showed than more than 100 mm of cumulated rainfall is needed in autumn to begin recharging the karst aquifer. Moreover, in a Mediterranean climate, daily rainfall events are commonly higher than tens of mm, and can exceed 100 mm d -1 during extreme events. The period studied(2017 -2018) was not subject to any extreme precipitation event (>100 mm d -1 ; Figure2). The rainfall event two weeks before the sampling period was thus a standard precipitation event for the season and rapid karst groundwater discharging at the springs from the shallow aquifer reservoir was thus minimal. With the preceding rainfall from September 2017 to March 2018, the aquifer recovered from drought to low-flow, representative of baseflow conditions. Therefore, we argue that the measured solute concentrations of the karstic springs are representative of baseflow conditions.

  3-and Si(OH)4 (above open Mediterranean seawater concentrations) for up to several hundreds of meters beyond the point-source sewage outfall and karstic springs (boxes 4 and 5; Figure 7). Nutrient stoichiometric ratios indicate that surface waters and groundwaters were limited in DIP (mean DIN:DIP box 1 = 36; box 2 = 44; box 3 = 51; box 4 =141; box 5 = 73) with the exception of three surface water samples collected in the vicinity of the sewage outfall, which were limited in DSi (Figure 8). Bioactive trace metals Mn, Fe, Co and Ni

(

  excluding DIN). For example, karst springs and shallow pore water nutrient concentrations were recently investigated along Côte Bleue, a 22 km long stretch of karstic coastline just west of Marseille(Bejannin et al., 2020). Brackish springs were appreciably enriched in Si(OH)4 (113 ± 40 µM) but not NO3 -(0.02 -4.26 µM), whereas brackish pore waters exhibited a wide range in all macro-nutrients (2 -133 µM Si(OH)4; 22 -194 µM NO3 - + NO2 -; 0.01 -4.0 µM PO4 3-). Macro-nutrient concentrations of the studied springs here are comparable to the karst brackish groundwater spring (salinity ~4 -10) of La Palme lagoon (~200 km west, western Gulf of Lions), with Si(OH)4, NO3 -and PO4 3-concentrations of 114 µM, 50 -62 µM and 0.10 -0.43 µM, respectively[START_REF] Rodellas | Groundwater-driven nutrient inputs to coastal lagoons: The relevance of lagoon water recirculation as a conveyor of dissolved nutrients[END_REF][START_REF] Tamborski | A comparison between water circulation and terrestrially-driven dissolved silica fluxes to the Mediterranean Sea traced using radium isotopes[END_REF].[START_REF] Chen | Karstic submarine groundwater discharge into the Mediterranean: Radon-based nutrient fluxes in an anchialine cave and a basin-wide upscaling[END_REF] recently compiled karstic spring nutrient concentrations for 31
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 1 It is important to note that we assume that the atmospheric deposition fluxes are representative of the total (wet and dry) depositional processes occurring in the coastal zone of the Calanques of Marseille-Cassis during the study period; atmospheric and WWTP fluxes serve only as first-order approximations. Macro-and micro-nutrient fluxes from SGD, WWTP and atmospheric deposition to the Calanques of Marseille-Cassis are summarized in Figure 9. The karstic groundwater solute fluxes calculated in this study are a snapshot view that we consider near representative of baseflow conditions for the Calanques of Marseille-Cassis (Figure 2). In general, WWTP macro-and micro-nutrient loads exceeded inputs from karstic groundwaters during the studied period, except for DSi. In contrast, groundwater solute fluxes generally exceeded inputs from total atmospheric deposition, aside from dissolved Fe (Figure 9 a,b). Macro-nutrient groundwater loads to Cassis (box 5) are normalized to the shoreline length of the considered box (6 km), resulting in Si(OH)4 and NO3 -fluxes of 11 ± 3

  analyzed particles adjacent to the Cortiou sewage outlet (box 1) and found that Cu, Ni and Zn were anthropogenically derived from non-treated sewage. Sewage effluent has fundamentally altered the structure of local benthic communities in the vicinity of the Cortiou sewage outfall (Bellan
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 1 Figure 1. The Calanques of Marseille-Cassis (A), situated along the French Mediterranean coastline (B, inset black square). The black dashed rectangle in (A) corresponds to the location of subset panel (B). Surface water (circle), karstic groundwater (red, blue and green stars) and sewage effluent (yellow star) sampling stations are shown for the period 27 th -29 th March, 2018. Transect labels (T1 -T12) are listed below each respective transect; note there is no T7.

Figure 2 .

 2 Figure 2. Port-Miou groundwater spring salinity (top) measured at the Port-Miou in-situ observatory, Huveaune River daily discharge (middle) measured at the Aubagne station upstream of Marseille and daily rainfall (bottom) from the nearby Aubagne station (Lat: 43.30667, Lon: 5.60000, z = 130 m; Figure 1A). Left panel: Long time-series (17 months). Right panel: Time-series of the two weeks preceding the sampling period (salinity recorded at 15-minute time-steps, average daily discharge); the sampling period of this study is indicated by a light-gray rectangle.

Figure 3 .

 3 Figure 3. Major nutrient concentration and bacterial biomass versus salinity for coastal surface waters (circles), karstic springs (crosses) and water samples collected at the outlet of the Cortiou sewage outlet (yellow cross) on 27 th -29 th March, 2018. Note the y-axes for NO2 -, NH4 + , PO4 3-and bacterial biomass are log-scale. Only select samples were analyzed for bacterial biomass.

Figure 4 .

 4 Figure 4. Trace element concentration versus salinity for select coastal surface waters (circles), karstic springs (crosses) and water samples collected at the outlet of the Cortiou sewage outlet (yellow cross) on 27 th -29 th March, 2018. Note that the y-axes for Mn, Fe, Co and Ni are log-scale.
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 56 Figure 5. Ra isotope activity versus salinity for coastal surface waters (circles), karstic springs (crosses) and water samples collected at the outlet of the Cortiou sewage outlet (yellow cross) on 27 th -29 th March, 2018. The lower panels represent the area of the gray rectangle of the above panel.

Figure 7 .

 7 Figure 7. Surface water nutrient concentrations as a function of distance from a known point-source (sewage outlet or karstic spring). Only select stations are shown, in which the surface water sampling locations distance to the nearest known point-source could be well-defined; as a result, no stations are included for Box 2. Distances were measured using high resolution visible light imagery in Google Earth and assume a 20% measurement uncertainty. DIN = NO2 - + NO3 -+ NH4 + ; DIP = PO4 3-; DSi = Si(OH)4.

Figure 8 .Figure 9 .

 89 Figure 8. Relationships between stoichiometric ratios of DIN:DIP, DSi:DIN and DSi:DIP. Nutrient limitation is indicated by a shaded pink box for DIN (A), DIP (B) and DSi (C). DIN = NO2 -+ NO3 -+ NH4 + ; DIP = PO4 3-; DSi = Si(OH)4.

Figure 10 .

 10 Figure 10. Summary of the coastal surface water DIP (PO4 3-) budget during the study period, expressed as a percentage (Eq. 3) and arranged by box. Note that atmospheric inputs to Box 1 < 1%.

  ancillary parameters summary for the karstic springs and Cortiou sewage effluent on 27th -29thMarch 2018. Box 3=Calanque of Sugiton; Box 4=Calanque of Port-Miou; Box 5 = Calanque of Cassis. (A) and (B) refer to individual samples from two separate springs sampled within each box. BDL= below detection limit. Table 2 Endmember bacterial biomass, particulate and dissolved organic nutrient summary for the karstic springs and Cortiou sewage effluent on 27th -29th March 2018. Box 3= Calanque of Sugiton; Box 4= Calanque of Port-Miou. (A) and (B) refer to individual samples from two separate springs sampled within each box. Note samples were not analyzed from box 5. Table 3 Endmember trace element summary for the karstic springs and Cortiou sewage effluent on 27th -29thMarch 2018. Box 3=Calanque of Sugiton; Box 4=Calanque of Port-Miou; Box 5 = Calanque of Cassis. (A) and (B) refer to individual samples from two separate springs sampled within each box. Table 4 Endmember Ra isotope summary for the karstic springs and Cortiou sewage effluent on 27th -29th March 2018. Box 3 = Calanque of Sugiton; Box 4 = Calanque of Port-Miou; Box 5 = Calanque of Cassis. (A) and (B) refer to individual samples from two separate springs sampled within each box. Table 5 Parameters used in the simultaneous 224Raex and 226Ramass balances, arranged by coastal box (see Fig. 1). The 224,226Ra endmember of open seawater (224Rasea=1.0±0.2 dpm100 L-1; 226Rasea=15 ±2 dpm100 L-1; salinity = 37.9 ± 0.1; n = 3) is used to determine an excess 224Ra and 226Ra inventory supplied to each box by SGD. a SGD into box 1 is corrected for 226Ra inputs from sewage outfall. b Using an average Ra isotope endmember (from boxes 4 and 5) for box 3 results in a residence time and SGD flow of 11.6 d and 0.7 m3 s-1. c SGD into box 4 only includes surficial springs. d SGD into box 5 inc ludes the main submerged Port-Miou spring that is located near the boundary of boxes 4 and 5 (see Section 3.4 for further clarification).

  

  

  . A steady-state mass balance of short-lived 224 Ra (t1/2 = 3.66 d) and long-lived 226 Ra (t1/2 = 1,600 y) was constructed for each individual box,

	𝑑	𝑅𝑎 224 𝑑𝑡	= 𝑄 𝑊𝑊𝑇𝑃 224	* 𝑅𝑎 224	𝑊𝑊𝑇𝑃 + 𝑅𝑎 224	𝑆𝐺𝐷 * 𝑄 𝑆𝐺𝐷 -( 𝑅𝑎 224	𝑏𝑜𝑥 * 𝑉 𝑏𝑜𝑥 * 𝜆 224 ) -( 𝑅𝑎 𝑏𝑜𝑥 -224	𝑅𝑎 𝑠𝑒𝑎 224	) *	𝑉 𝑏𝑜𝑥 𝜏 𝑏𝑜𝑥
							(Eq. 1)			
	𝑑	𝑅𝑎 226 𝑑𝑡	= 𝑄 𝑊𝑊𝑇𝑃 226	* 𝑅𝑎 226	𝑊𝑊𝑇𝑃 + 𝑅𝑎 226	𝑆𝐺𝐷 * 𝑄 𝑆𝐺𝐷 -( 𝑅𝑎 𝑏𝑜𝑥 -226	226	𝑅𝑎 𝑠𝑒𝑎	) *	𝑉 𝑏𝑜𝑥 𝜏 𝑏𝑜𝑥	(Eq. 2)

  [START_REF] Trezzi | Submarine groundwater discharge: A significant source of dissolved trace metals to the North Western Mediterranean Sea[END_REF] (Cu = 2.1 -4.6 nM; Zn = 33 -71 nM). The karstic spring trace metal concentration ranges suggest that these bioactive metals are derived from either atmosphere-aquifer interactions or water-rock interactions, and do not reflect an anthropogenic contaminant source(Alorda-Kleinglass et al., 2019;[START_REF] Trezzi | Submarine groundwater discharge: A significant source of dissolved trace metals to the North Western Mediterranean Sea[END_REF]. Surface water midsalinity maxima of Zn and Cu in Port-Miou and Cassis (boxes 4 and 5) are positive linearly correlated (excluding one outlier; R 2 = 0.95; P<0.01). Zn and Cu may be derived from antifouling paints[START_REF] Charette | Submarine groundwater discharge of nutrients and copper to an urban subestuary of Chesapeake Bay (Elizabeth River)[END_REF][START_REF] Garcia-Orellana | Chronological reconstruction of metal contamination in the Port of Maó (Minorca, Spain)[END_REF] from a high density of residential boats moored in both the Calanque of Port-Miou and in Cassis harbor.

Karstic groundwater Ra isotope activities (

Table 4, Figure 5) are in general agreement with previous studies for the Calanque of Port-Miou (Bejannin et al., 2017; Claude et al., 2019). The relatively lower 226 Ra activities of the Bestouan submarine spring (box 5; 318 -324 dpm 100L -1 ), as compared to the Port-Miou spring (box 4; 506 -525 dpm 100L -1 , box 4; Table

minor contributions from atmospheric deposition. However, outside of the influence of sewage effluent, groundwater became the dominant nutrient vector and supported between 7 and ~100% of the estimated primary production, depending upon the Calanque. At a local-scale, karstic groundwater springs reduce P-limitation and supply excess Fe, which may locally enhance nitrogen fixation. The karstic springs studied here also broadly serve to provide new chemical elements to the Mediterranean Sea, thereby impacting the various element (and potentially isotopic) budgets.
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Supplementary data to this article can be found online at https://doi.org/10.1016/j.scitotenv.2020.139106.
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