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Preservation of organic C and N isotope signatures from water column to sediments in the anoxic and ferruginous Pavin lake

Organic carbon (C org ) and bulk nitrogen (N bulk ) isotope compositions (respectively d 13 C org and d 15 N bulk ) of sedimentary rocks deposited in the Archean and Proterozoic eons are commonly used as proxies for the biomass d 13 C org and d 15 N bulk values in paleo-environment and paleoecosystem studies. Many sedimentary rocks from these eons were deposited under ferruginous conditions, but it remains unknown whether C and N isotope signatures are preserved during diagenetic degradation of organic matter under this chemical state. Lake Pavin, Massif Central, France, is a permanently stratified freshwater lake with anoxic and ferruginous deep waters and represents a unique natural site for evaluating the impact of organic matter decomposition predominantly through iron redox cycling and methanogenesis. Here we present C and N isotope compositions of sediment collected from traps placed at different depths in the water column and from cores recovered in the anoxic zone of the lake. The d 13 C org and d 15 N tot values in the living biomass of Lake Pavin are estimated from the shallowest sediment traps. The biomass d 13 C org values show a seasonally-controlled bimodal distribution, around -23.3 ± 1.7 ‰ (2s) in September and November (organic matter produced in summer and autumn) and -28.0 ± 2.6 ‰ (2s) in April and June (organic matter produced in winter and spring). These seasonal variations are attributed to variable d 13 C values in dissolved inorganic carbon, inherited from fluctuation in the relative rates of photosynthesis versus respiration. The d 15 N tot values are near -1 ‰ for most seasons, indicating that the dominant N source to photosynthetic biomass is atmospheric N 2 .

Along the water column profile, organic matter mineralization released about 20 % of C and 30 % of N, with only moderate effects on d 13 C org and d 15 N tot (decreased by 1.3 and 0.4 ‰, respectively). Although the water column data show significant seasonal variations, global annual fluxes, estimated from regular trap collection over 15 months, are remarkably consistent with the top sediment composition. In the sedimentary column, microbial degradation through ferric iron reduction and methanogenesis induces a loss of 40-50% C org and 50-60% N tot , with negligible modification of d 13 C org and d 15 N tot . We conclude that although the C/N ratio increases significantly as organic matter is degraded in the water column and in the first ~15 cm of the sedimentary column, d 13 C org and d 15 N tot are well preserved, supporting the idea that C and N isotope signatures can be reliably interpreted as tracers of primary biomass in sedimentary rocks deposited in anoxic and ferruginous environments.

Introduction

Carbon and nitrogen are both central to life, representing the main elements in organic molecules from terrestrial and extra-terrestrial materials. The evolution of carbon and nitrogen biogeochemical cycles through time can be delineated from the sedimentary record back to the Archean period (3.8-2.5 Ga) (e.g. [START_REF] Thomazo | Biogeochemical cycling of nitrogen on the early Earth[END_REF][START_REF] Ader | Interpretation of the nitrogen isotopic composition of Precambrian sedimentary rocks: Assumptions and perspectives[END_REF][START_REF] Stüeken | The evolution of Earth's biogeochemical nitrogen cycle[END_REF]. Carbon and nitrogen isotope compositions of sedimentary organic matter have been widely used for reconstructing paleobiospheric evolution [START_REF] Pinti | Nitrogen and argon signatures in 3.8 to 2.8 Ga metasediments: clues on the chemical state of the archean ocean and the deep biosphere[END_REF]2009;Stüeken et al., 2015a), variations in biological productivity (Karhu and Holland,1996;[START_REF] Godfrey | The cycling and redox state of nitrogen in the Archaean ocean[END_REF][START_REF] Kump | Isotopic Evidence for Massive Oxidation of Organic Matter Following the Great Oxidation Event[END_REF][START_REF] Hashizume | A biological switch at the ocean surface as a cause of laminations in a Precambrian iron formation[END_REF], C and N sources [START_REF] Beaumont | Nitrogen isotope ratios of kerogens in Precambrian cherts: a record of the evolution of atmosphere chemistry?[END_REF]Stüeken et al., 2015b;[START_REF] Luo | Nitrogen fixation sustained productivity in the wake of the Palaeoproterozoic Great Oxygenation Event[END_REF] as well as the redox state of the ocean [START_REF] Beaumont | Nitrogen isotope ratios of kerogens in Precambrian cherts: a record of the evolution of atmosphere chemistry?[END_REF][START_REF] Garvin | Isotopic Evidence for an Aerobic Nitrogen Cycle in the Latest Archean[END_REF][START_REF] Thomazo | Extreme 15 N-enrichments in 2.72-Gyr-old sediments: evidence for a turning point in the nitrogen cycle[END_REF][START_REF] Ader | Ocean redox structure across the Late Neoproterozoic Oxygenation Event: A nitrogen isotope perspective[END_REF][START_REF] Zerkle | Onset of the aerobic nitrogen cycle during the Great Oxidation Event[END_REF][START_REF] Kipp | Pervasive aerobic nitrogen cycling in the surface ocean across the Paleoproterozoic Era[END_REF][START_REF] Cheng | Nitrogen isotope evidence for stepwise oxygenation of the ocean during the Great Oxidation Event[END_REF][START_REF] Koehler | Nitrogen isotope evidence for anoxic deep marine environments from the Mesoarchean Mosquito Creek Formation, Australia[END_REF].

The use of C and N isotope compositions as proxies of primary living organisms and/or sources relies on the assumption that they are not significantly modified during diagenesis, and eventually subsequent metamorphism (e.g. [START_REF] Ader | Interpretation of the nitrogen isotopic composition of Precambrian sedimentary rocks: Assumptions and perspectives[END_REF][START_REF] Stüeken | The evolution of Earth's biogeochemical nitrogen cycle[END_REF][START_REF] Quan | Interpretation of Nitrogen Isotope Profiles in Petroleum Systems: A Review[END_REF]. However, organic C and N isotope signatures might be altered during diagenesis through various aerobic or anaerobic microbial processes in the water column and sediments. For instance, based on laboratory experiments and natural samples, early diagenetic modification of organic matter was proposed to decrease d 13 C org values by ~1.5‰, both in oxic and anoxic conditions [START_REF] Lehmann | Preservation of organic matter and alteration of its carbon and nitrogen isotope composition during simulated and in situ early sedimentary diagenesis[END_REF], reflecting preferential removal of 13 C-enriched organic compounds. In contrast, other studies on natural sediments demonstrated roughly constant d 13 C org values during diagenesis (e.g. [START_REF] Meyers | Preservation of elemental and isotopic source identification of sedimentary organic matter[END_REF][START_REF] Freudenthal | Early diagenesis of organic matter from sediments of the eastern subtropical Atlantic: evidence from stable nitrogen and carbon isotopes[END_REF][START_REF] Chen | Chemical and isotopic alteration of organic matter during early diagenesis: Evidence from the coastal area off-shore the Pearl River estuary, south China[END_REF]Kohzu et al., 2011).

In the case of nitrogen, diagenetic alteration of its isotope composition has been shown to follow distinct patterns for either oxic or anoxic environmental conditions. Under oxic depositional conditions in the water column and/or top sediments and with long oxygen exposure-time, bulk d 15 N values are increased by +3 to +5 ‰, as observed in both natural sites and laboratory studies [START_REF] Altabet | The nitrogen isotope biogeochemistry of sinking particles from the margin of the Eastern North Pacific[END_REF][START_REF] Freudenthal | Early diagenesis of organic matter from sediments of the eastern subtropical Atlantic: evidence from stable nitrogen and carbon isotopes[END_REF]Lehman et al., 2002;[START_REF] Prahl | Selective organic matter preservation in "burn-down" turbidites on the Madeira Abyssal Plain: SELECTIVE PRESERVATION[END_REF][START_REF] Robinson | A review of nitrogen isotopic alteration in marine sediments[END_REF][START_REF] Gaye | Nitrogen sources in the South China Sea, as discerned from stable nitrogen isotopic ratios in rivers, sinking particles, and sediments[END_REF]. The precise origin of this increase is not completely understood but is likely related to isotopic fractionation during N release, potentially through preferential degradation of 14 N-depleted amino acids [START_REF] Gaye | Nitrogen sources in the South China Sea, as discerned from stable nitrogen isotopic ratios in rivers, sinking particles, and sediments[END_REF][START_REF] Möbius | Diagenetic control of nitrogen isotope ratios in Holocene sapropels and recent sediments from the Eastern Mediterranean Sea[END_REF], or redox reactions such as partial nitrification during diagenesis [START_REF] Prokopenko | Nitrogen cycling in the sediments of Santa Barbara basin and Eastern Subtropical North Pacific: Nitrogen isotopes, diagenesis and possible chemosymbiosis between two lithotrophs (Thioploca and Anammox)-"riding on a glider[END_REF]. Under anoxic conditions or with high sediment depositional rates (with limited O 2 exposure), bulk d 15 N values are generally either unmodified or slightly lowered, by less than 3 ‰ [START_REF] Altabet | The nitrogen isotope biogeochemistry of sinking particles from the margin of the Eastern North Pacific[END_REF][START_REF] Lehmann | Preservation of organic matter and alteration of its carbon and nitrogen isotope composition during simulated and in situ early sedimentary diagenesis[END_REF][START_REF] Thunell | Nitrogen isotope dynamics of the Cariaco Basin, Venezuela[END_REF][START_REF] Möbius | Diagenetic control of nitrogen isotope ratios in Holocene sapropels and recent sediments from the Eastern Mediterranean Sea[END_REF][START_REF] Chen | Chemical and isotopic alteration of organic matter during early diagenesis: Evidence from the coastal area off-shore the Pearl River estuary, south China[END_REF]. This suggests that the N isotope compositions of sediments deposited under anoxic conditions are preserved with good fidelity. However, while this has been extensively documented for environments where microbial anaerobic respiration is based on nitrate and sulfate, it may not be the case for other types of anoxic aquatic systems. In fact, an increase in d 15 N of up to 3‰ has been recently documented in the anoxic and alkaline Dziani Dzaha lake in which no electron acceptors are present at depth and most of the organic matter is mineralized by methanogenesis [START_REF] Cadeau | Nitrogen Isotope Discrepancy Between Primary Producers and Sediments in an Anoxic and Alkaline Lake[END_REF]. The preservation of d 15 N during early diagenesis in anoxic and ferruginous systems where ferric iron is a dominant electron acceptor thus remains unknown.

The present work aims at filling this knowledge gap by evaluating the effect of diagenesis on C and N isotope compositions of organic matter under anoxic and ferruginous conditions, similar to those prevailing in the Archean and Paleoproterozoic oceans. Lake Pavin, France, has been selected as a modern analog for ancient oceans because it is permanently stratified, with Fe-rich deep waters where Fe(II) accumulates up to 1.2 mM [START_REF] Busigny | Iron isotopes in an Archean ocean analogue[END_REF][START_REF] Busigny | The Iron Wheel in Lac Pavin: Interaction with Phosphorus Cycle[END_REF] and has been extensively studied over the past 40 years for its biodiversity [START_REF] Amblard | A study of spatial and temporal variability in the adenine nucleotides of lake phytoplankton during a diel cycle (Lac Pavin, France)[END_REF][START_REF] Grami | Functional effects of parasites on food web properties during the spring diatom bloom in Lake Pavin: A linear inverse modeling analysis[END_REF][START_REF] Lehours | Anaerobic Microbial Communities in Lake Pavin, a Unique Meromictic Lake in France[END_REF][START_REF] Lehours | Phylogenetic Diversity of Archaea and Bacteria in the Anoxic Zone of a Meromictic Lake (Lake Pavin, France)[END_REF][START_REF] Biderre-Petit | Identification of Sulfur-Cycle Prokaryotes in a Low-Sulfate Lake (Lake Pavin) Using aprA and 16S rRNA Gene Markers[END_REF], geochemistry [START_REF] Michard | Geochemical study of a crater lake: Pavin Lake, France -Identification, location and quantification of the chemical reactions in the lake[END_REF][START_REF] Viollier | Geochemical study of a crater lake: Lake Pavin, Puy de Dôme, France. Constraints afforded by the particulate matter distribution in the element cycling within the lake[END_REF][START_REF] Assayag | Hydrological budget, carbon sources and biogeochemical processes in Lac Pavin (France): Constraints from δ 18 O of water and δ 13 C of dissolved inorganic carbon[END_REF][START_REF] Busigny | Iron isotopes in an Archean ocean analogue[END_REF] and mineralogy [START_REF] Schettler | A 700-year record of climate change based on geochemical and palynological data from varved sediments (Lac Pavin, France)[END_REF][START_REF] Cosmidis | Biomineralization of iron-phosphates in the water column of Lake Pavin (Massif Central, France)[END_REF]. Microbial degradation of organic matter in Lake Pavin is essentially based on iron-reduction and methanogenesis [START_REF] Lehours | Diversity of Culturable Bacteria, from the Anaerobic Zone of the Meromictic Lake Pavin, Able to Perform Dissimilatory-Iron Reduction in Different in Vitro Conditions[END_REF][START_REF] Biderre-Petit | Identification of Sulfur-Cycle Prokaryotes in a Low-Sulfate Lake (Lake Pavin) Using aprA and 16S rRNA Gene Markers[END_REF], two processes that were probably established and possibly major in Archean and Paleoproterozoic sedimentary environments [START_REF] Vargas | Microbiological evidence for Fe(III) reduction on early Earth[END_REF]Konhauser et al., 2005;[START_REF] Ueno | Evidence from fluid inclusions for microbial methanogenesis in the early Archaean era[END_REF]. In the present contribution, four sediment traps were set up at different depths in the water column of Lake Pavin, and collected regularly over 15 months. Three sediment cores were collected in the anoxic zone to examine potential lateral variabilities. Carbon and nitrogen isotope compositions were measured in all samples, allowing assessment of possible diagenetic modifications in the water and sediment columns, as well as seasonal variations. A few plant fragments and litters collected from the lake border were also analyzed and demonstrate that detrital organic matter contribution to the lake sediment is negligible. Our data demonstrate for the first time that C and N isotope signatures of primary biomass are faithfully transferred to sediments in a modern anoxic and ferruginous lacustrine environment (although up to ~80% of organic matter is degraded). These results suggest that C and N isotopic tracers can be safely used as paleo-proxies in the Precambrian rock record if subsequent metamorphism is not extreme.

Description of Lake Pavin

Lake Pavin is a freshwater lake located in the Massif Central, France, 35 km to the southwest of Clermont-Ferrand city (45°29.740'N -2°53.280'E; Fig. 1). It is a volcanic lake resulting from phreatomagmatism. Its geometry is quasi-circular, with a diameter of 750 m and a maximum depth of 92 m. The age of Lake Pavin has been estimated to 6970 ± 60 years BP from studies of volcanic products [START_REF] Juvigné | La Narse d'Ampoix comme téphrostratotype dans la Chaîne des Puys méridionale (France)[END_REF] and sediment core dating [START_REF] Chapron | Multidisciplinary characterisation of sedimentary processes in a recent maar lake (Lake Pavin, French Massif Central) and implication for natural hazards[END_REF]. Lake Pavin is meromictic, i.e. permanently redox-stratified, with anoxic and ferruginous deep waters from ca. 60 to 92 m depth (i.e. the monimolimnion), topped by oxic shallow waters from 0 to ca. 60 m (i.e. the mixolimnion) [START_REF] Michard | Geochemical study of a crater lake: Pavin Lake, France -Identification, location and quantification of the chemical reactions in the lake[END_REF][START_REF] Viollier | Geochernical study of a crater lake (Pavin Lake, France): Trace-element behaviour in the monimolimnion[END_REF]Fig. 1c). Over the last ten years, the oxic-anoxic interface was shifted upward and is now located between 50 and 55 m depth (see Fig. S4 in [START_REF] Busigny | Mass collection of magnetotactic bacteria from the permanently stratified ferruginous Lake Pavin, France[END_REF][START_REF] Bidaud | Biogeochemical Niche of Magnetotactic Cocci Capable of Sequestering Large Polyphosphate Inclusions in the Anoxic Layer of the Lake Pavin Water Column[END_REF]. In the deep waters, ferrous iron, Fe(II) aq , is the main dissolved cation, with concentrations up to 1.2 mM. Dissolved iron is efficiently confined below the oxic-anoxic boundary due to the formation of insoluble ferric iron species, Fe(III) s , by oxidation with O 2 and other oxidants (e.g., NO 3 -, Mn(IV)) at the redoxcline. This produces a significant peak of turbidity related to the formation of iron particles. The Fe(III) s particles settle and are effectively reduced in the anoxic waters and at the lake bottom by reaction with organic matter, yielding soluble Fe(II) aq . It then diffuses upward in the water column and finally is re-oxidized to Fe(III) at the redox boundary [START_REF] Busigny | The Iron Wheel in Lac Pavin: Interaction with Phosphorus Cycle[END_REF]. This classic cycle is known as the "iron-wheel" [START_REF] Campbell | Maintenance of Iron Meromixis by Iron Redeposition in a Rapidly Flushed Monimolimnion[END_REF]. The lake has remarkably low sulfate concentrations (< 20 µM), and shares some similarities with Archean oceans [START_REF] Busigny | Iron isotopes in an Archean ocean analogue[END_REF] -that is, high dissolved Fe(II) concentrations and low levels of sulfate and sulfide. Mineral particles in the water column and sediments include mostly diatom frustules, Fe-phosphate, Fe-(oxy)hydroxide, detrital silicate (clays, sanidine), and siderite together with low amounts of iron sulfide [START_REF] Michard | Geochemical study of a crater lake: Pavin Lake, France -Identification, location and quantification of the chemical reactions in the lake[END_REF][START_REF] Viollier | Geochemical study of a crater lake: Lake Pavin, Puy de Dôme, France. Constraints afforded by the particulate matter distribution in the element cycling within the lake[END_REF][START_REF] Schettler | A 700-year record of climate change based on geochemical and palynological data from varved sediments (Lac Pavin, France)[END_REF]Bura-Nakic et al., 2013;[START_REF] Cosmidis | Biomineralization of iron-phosphates in the water column of Lake Pavin (Massif Central, France)[END_REF][START_REF] Busigny | The Iron Wheel in Lac Pavin: Interaction with Phosphorus Cycle[END_REF]. The sedimentation rate estimated from radiocarbon dating on leaves from sediment cores is on average 0.5 mm yr -1 [START_REF] Chapron | Multidisciplinary characterisation of sedimentary processes in a recent maar lake (Lake Pavin, French Massif Central) and implication for natural hazards[END_REF].

The biomass of the lake is essentially composed of phytoplankton and zooplankton in shallow waters, but Bacteria, Archaea, viruses and fungi are present in the whole water column [START_REF] Grami | Functional effects of parasites on food web properties during the spring diatom bloom in Lake Pavin: A linear inverse modeling analysis[END_REF]. The density of the microbial community is elevated in the anoxic layer, and Archaea represented the largest microbial group in the water column, with a mean Archaea/Bacteria ratio around 1.5 [START_REF] Lehours | Anaerobic Microbial Communities in Lake Pavin, a Unique Meromictic Lake in France[END_REF]. The dominant phytoplankton species are alternatively diatoms (bloom in spring) and cyanobacteria (bloom in summer) [START_REF] Amblard | A study of spatial and temporal variability in the adenine nucleotides of lake phytoplankton during a diel cycle (Lac Pavin, France)[END_REF][START_REF] Amblard | Seasonal succession and strategies of phytoplankton development in two lakes of different trophic states[END_REF][START_REF] Stebich | Vegetation history, human impact and climate change during the last 700 years recorded in annually laminated sediments of Lac Pavin, France[END_REF]. Several studies report variations in the dominant phytoplankton species with depth [START_REF] Amblard | A study of spatial and temporal variability in the adenine nucleotides of lake phytoplankton during a diel cycle (Lac Pavin, France)[END_REF] and with the seasons [START_REF] Bourdier | Evolution de la composition en acides gras d'un phytoplancton lacustre (Lac Pavin, France)[END_REF][START_REF] Amblard | Seasonal succession and strategies of phytoplankton development in two lakes of different trophic states[END_REF]. These are summarized in Tables S1 andS2 (supplementary materials). Other microorganisms have been identified below the chemocline which enable organic matter mineralization under anoxic conditions including methanogenic Archaea [START_REF] Lehours | Anaerobic Microbial Communities in Lake Pavin, a Unique Meromictic Lake in France[END_REF], iron-oxidizing or -reducing Bacteria [START_REF] Lehours | Phylogenetic Diversity of Archaea and Bacteria in the Anoxic Zone of a Meromictic Lake (Lake Pavin, France)[END_REF][START_REF] Lehours | Diversity of Culturable Bacteria, from the Anaerobic Zone of the Meromictic Lake Pavin, Able to Perform Dissimilatory-Iron Reduction in Different in Vitro Conditions[END_REF] and sulfate-reducing Bacteria [START_REF] Biderre-Petit | Identification of Sulfur-Cycle Prokaryotes in a Low-Sulfate Lake (Lake Pavin) Using aprA and 16S rRNA Gene Markers[END_REF]. The organic matter content of Lake Pavin sediments is high and ranges from 4 to 18 wt% (Restituito, 1984a;[START_REF] Schettler | A 700-year record of climate change based on geochemical and palynological data from varved sediments (Lac Pavin, France)[END_REF][START_REF] Cosmidis | Biomineralization of iron-phosphates in the water column of Lake Pavin (Massif Central, France)[END_REF].

Methods

Samples collection

Water column sampling for dissolved N species analysis

The carbon biogeochemical cycle in the water column of Lake Pavin was previously studied through dissolved inorganic carbon (DIC) concentrations [START_REF] Michard | Geochemical study of a crater lake: Pavin Lake, France -Identification, location and quantification of the chemical reactions in the lake[END_REF] and isotope

compositions [START_REF] Assayag | Hydrological budget, carbon sources and biogeochemical processes in Lac Pavin (France): Constraints from δ 18 O of water and δ 13 C of dissolved inorganic carbon[END_REF], as well as methane concentrations [START_REF] Lopes | Biogeochemical modelling of anaerobic vs. aerobic methane oxidation in a meromictic crater lake (Lake Pavin, France)[END_REF][START_REF] Jézéquel | Carbon Cycle in a Meromictic Crater Lake: Lake Pavin, France[END_REF]. In contrast, the nitrogen biogeochemical cycle has never been investigated, although dissolved NO 3 -and NH 4 + concentrations were reported for the oxic and anoxic zones respectively [START_REF] Michard | Geochemical study of a crater lake: Pavin Lake, France -Identification, location and quantification of the chemical reactions in the lake[END_REF]. A sampling of the water column was therefore conducted along a depth profile in June 2011 for measurement of N isotope compositions and concentrations of nitrate (NO 3 -) and ammonium (NH 4 + ). Water samples were collected using a 5L Niskin bottle and were subsequently filtered under N 2 atmosphere (O 2 -free), at 0.7 µm using GF/F filters. The samples were stored in clean Nalgene bottles at 4°C for geochemical and/or isotope analyses. For isotope analysis of NH 4 + , water samples were acidified in the field to pH < 6 with sulfuric acid (H 2 SO 4 ) for later precipitation of ammonium sulfate salt (see section 3.2.1 below).

Sediment traps

Sediment traps (Uwitec, each made up of a pair of PVC tubes 60 cm long and 90 mm in diameter terminated in 2L Nalgene bottles) were deployed near the center of the lake along a cable at 4 different depths in the water column (Fig. 1c): 25 m (oxic zone), 56 m (just above the chemocline), 67 m (below the turbidity peak in the anoxic zone), and 86 m (near the lake bottom). The traps were set up from March 2011 to June 2012. Five sampling campaigns were organized in June 2011, September 2011, November 2011, April 2012 and June 2012. Since the traps were left in place for more than 2 months, organic matter could have been partially

degraded within the traps. Accordingly, all traps were filled with 1 g of CuCl 2 to kill any microorganisms and avoid degradation in the trap, which would represent a sampling artifact (a CuCl 2 > 2 mg/L is lethal). In brief, the trap was filled with lake surface water, CuCl 2 powder was dispersed in the trap and immediately dissolved, then the trap was gently moved down until reaching the desired depth. The use of CuCl 2 as a poison induced dark mineral precipitation in the two traps of the anoxic zone (i.e. 67 and 86 m depth), likely reflecting copper sulfide precipitation. Since this precipitate modified the mass of sediments recovered in the anoxic trap, we have not used the bulk carbon and nitrogen concentrations (in wt%) but rather used the mass flux of organic carbon and nitrogen (in mg m -2 day -1 ), which is independent of the mass of copper sulfide precipitate. It is worth noting that a few traps were settled without CuCl 2 . For those one, we observed that organic matter contents were always lower than in the corresponding poisoned traps while C/N ratios were higher, confirming a degradation effect and thus a sample bias due to temporal evolution. This motivated the unique use of poisoned traps in the present study.

During each sampling campaign, the traps were collected and immediately transferred to a glove bag under anoxic N 2 atmosphere. The oxygen content was monitored with an Oxi 340i WTW oxygen meter and was always below the detection limit (i.e. < 0.1 mg/L). The uppermost water of the traps was removed with a syringe. The residual water and sediment were mixed together and homogenized before being transferred to 50 mL centrifuged tubes. The tubes were shortly removed from the glove bag and immediately centrifuged on the field at 5300 rpm for 10 min, before being placed back in the glove bag to remove the overlying water under anoxic conditions. Finally, the sediment samples were sealed under anoxic conditions and brought back to the laboratory.

Anoxic sediment cores

Three different cores collected in the anoxic zone of Lake Pavin were studied to evaluate potential lateral variability in the sediment depending on the depth of emplacement (Fig. 1).

The detailed collection procedure and sample treatment have been described in a previous contribution [START_REF] Busigny | Iron isotopes in an Archean ocean analogue[END_REF]. The first core (C1) was sampled at 60 m depth, near but just below the redox transition zone [START_REF] Michard | Geochemical study of a crater lake: Pavin Lake, France -Identification, location and quantification of the chemical reactions in the lake[END_REF][START_REF] Viollier | Geochernical study of a crater lake (Pavin Lake, France): Trace-element behaviour in the monimolimnion[END_REF]. The second core (C2) was collected at 65 m depth, around the peak of sulfate reduction zone (Bura-Nakic et al., 2009). The last core (C6) was collected at the lake bottom, i.e. depth of ~ 92 m. Sediment cores were transferred into a glove bag and placed under anoxic conditions (pure N 2 atmosphere) immediately after collection, on the field. They were processed and split into cmscale fractions along the core's vertical axis in the glove bag. The pore waters were separated from the solid phases using Rhizon samplers (cut-off threshold » 0.15 µm). The solid phases were then frozen and transferred to the laboratory. The total thickness of sediments in each core represents 10 to 14 cm. It records a time span of ~280 years, assuming a mean sedimentation rate of 0.5 mm yr -1 [START_REF] Chapron | Multidisciplinary characterisation of sedimentary processes in a recent maar lake (Lake Pavin, French Massif Central) and implication for natural hazards[END_REF].

Plants and soil samples

Potential detrital sources in Lake Pavin sediment may derive from plant fragments and soils surrounding the lake. Two main types of trees are found in Lake Pavin: beech and spruce (e.g. [START_REF] Stebich | Vegetation history, human impact and climate change during the last 700 years recorded in annually laminated sediments of Lac Pavin, France[END_REF]. We collected leaves, thorns and soils in June 2011, on the south-eastern edge of Lake Pavin crater. All samples were placed in 50 mL Falcon® tubes and frozen immediately after collection until further treatments in the laboratory. Brown beech leaves were taken from broken branches on the ground. Spruce thorns were sampled directly from the trees by scraping branches. Litters from two different locations on the southeast flank of the crater were collected using a clean plastic spatula. They are supposed to be representative mixtures of plant fragments, soil and roots.

Analytical methods

Analysis of dissolved N species: nitrate and ammonium

Nitrate and ammonium concentrations were measured at IPGP by colorimetry (AxFlow Quaatro continuous flow autoanalyzer). The limit of quantification is ca. 0.1 µM for both species.

The d 15 N of nitrate was measured by chemical reduction of NO 3 -to NO 2 -with spongey cadmium followed by reduction of NO 2 -to N 2 O with azide [START_REF] Mcilvin | Chemical conversion of nitrate and nitrite to nitrous oxide for nitrogen and oxygen isotopic analysis in freshwater and seawater[END_REF].

Naturally occurring NO 2 -present in the samples was previous removed by reaction with sulfamic acid prior to cadmium reduction [START_REF] Granger | Removal of nitrite with sulfamic acid for nitrate N and O isotope analysis with the denitrifier method[END_REF]. d 15 N was determined on the N 2 O gas produced by mass spectrometry on a Delta V Plus. Standards IAEA-N3, USGS-34 and USGS-35 were used for calibration and reproducibility on replicate measurements was better than 0.3 ‰.

For isotope analysis of NH 4 + , water samples previously acidified with sulfuric acid were evaporated at 80°C for seven days in order to precipitate ammonium sulfate (method modified after [START_REF] Li | Ammonium stability and nitrogen isotope fractionations for -NH3(aq)-NH3(gas) systems at 20-70°C and pH of 2-13: Applications to habitability and nitrogen cycling in low-temperature hydrothermal systems[END_REF]. (NH 4 ) 2 SO 4 salts were recovered and loaded in quartz tubes, sealed under vacuum, with a mix of Cu-CuO wires. The tubes were then heated to 800°C for 6 hr and slowly cooled down to transform nitrogen to N 2 . Finally, the tubes were cracked under vacuum, N 2 was purified and analyzed in dual-inlet mode on a Delta+XP mass spectrometer. This method was tested and optimized by dissolving IAEA-N1 and IAEA-N2 international standards in NH 4free Lake Pavin water (from 25 m depth). The results demonstrated a good yield of ammonium recovery between 87 and 105 %, and d 15 N values of 0.3 ± 0.5‰ and 20.0 ± 0.5 ‰ for IAEA-N1 and -N2 standards, in good agreement with the values recommended for these two standards [START_REF] Gonfiantini | Standards and intercomparison materials distributed by the International Atomic Energy Agency for stable isotope measurements, Reference and Intercomparison Materials for Stable Isotopes of Light Elements[END_REF][START_REF] Busigny | Quantification and isotopic analysis of nitrogen in rocks at the ppm level using sealed tube combustion technique: A prelude to the study of altered oceanic crust[END_REF].

Solid samples preparation (drying, grinding)

Once in the laboratory, sediment traps and sediment core samples, as well as the two litters, were dried and ground. The sealed sediment traps and the litters were loaded in a Jacomex® glove box under Ar (Alphagaz 1, Air Liquide) and free of O 2 (<5 ppm), and were dried in a desiccator under a vacuum of ~30 mbar. The sediment samples from cores C1 and C2 were fully dehydrated by freeze-drying, while those from the core C6 were dried by evaporation at 50°C in an oven for 48 hr. All dried sediment samples (traps and cores) were then finely crushed and homogenized in an agate mortar, while any visible plant fragments such as leaves or stems were discarded. The two litter samples, brown beech leaves and spruce thorns were also crushed and carefully homogenized in an agate mortar.

Isotopic measurements by elemental analyzer

Carbon and nitrogen concentrations and the isotope compositions of solid sediment samples (traps and cores), leaves, thorns and litters were determined using a Flash EA1112 elemental analyzer coupled to a Thermo Finnigan Deltaplus XP mass spectrometer via a Conflo IV interface (Thermo Fisher Scientific, Waltham, MA, United States) [START_REF] Cheng | Nitrogen isotope evidence for stepwise oxygenation of the ocean during the Great Oxidation Event[END_REF][START_REF] Cadeau | Nitrogen Isotope Discrepancy Between Primary Producers and Sediments in an Anoxic and Alkaline Lake[END_REF]. Sample powders were weighed and loaded into tin capsules for analysis. Blanks estimated based on empty capsules show a negligible contribution (lower than 0.5 % of the total C and N amounts in the samples). Four internal standards (i.e. organic-rich soils and sediments), calibrated against international standards, were used to calculate the d 13 C and d 15 N values of all samples. The external precision on d 13 C and d 15 N, determined from replicate measurements of standards, was better than ±0.34 ‰ and ±0.30 ‰ (2σ), respectively. The long-term reproducibility obtained on C and N contents, and C/N ratio, for internal standards was always better than ± 6,7 and 6 % relative to the measured values (2σ), respectively. Since siderite, an iron carbonate, can be locally present in some layers of Lake Pavin sediments [START_REF] Schettler | A 700-year record of climate change based on geochemical and palynological data from varved sediments (Lac Pavin, France)[END_REF], our sample powders were decarbonated using 0.5 M HCl at room temperature for four days, rinsed four times with distilled water and dried in an oven at 40°C for two days. Carbon and nitrogen concentrations and isotope compositions were measured in both untreated and decarbonated samples. The C concentration, d 13 C and d 15 N were undistinguishable in both cases but the N concentration of decarbonated was always lower in decarbonated samples (resulting in higher C/N ratios). Eight tests on sediment traps showed that decarbonation induced a loss comprised between 3 to 31 % of the total nitrogen, with a mean value of 22 ± 11 % (1s; n=8).

Twelve tests on sediment samples randomly selected from the three cores gave N loss between 16 and 37, with a mean value of 28 ± 7 % (1s; n=12). Similar N alteration due to HCl treatment has already been observed by Brodie et al. (2011a, b). Therefore, in the following sections, we will only present and discuss the data obtained on untreated samples.

Results

Dissolved nitrate and ammonium in the water column

The concentrations and isotope compositions of nitrate and ammonium in Lake Pavin water column are reported in [START_REF] Velinsky | Isotopic fractionation of dissolved ammonium at the oxygen-hydrogen sulfide interface in anoxic waters[END_REF][START_REF] Velinsky | Cycling of dissolved and particulate nitrogen and carbon in the Framvaren Fjord, Norway: stable isotopic variations[END_REF] or Cariaco

Basin [START_REF] Thunell | Nitrogen isotope dynamics of the Cariaco Basin, Venezuela[END_REF].

Carbon and nitrogen fluxes and isotope compositions in sediment traps

The abundances of C and N are reported as a mass flux integrated over the time (in mg m -2 day - 1 ). The fluxes and isotope compositions of organic C and N deposited in the sediment traps are illustrated in Figure 3 (data in Table 2). The fluxes of C and N show significant seasonal variabilities, with a total range from 27 to 91 and 3.2 to 13 mg m -2 day -1 respectively. The depth profile variations of C and N are similar for the various seasons. Both C and N fluxes show a marked decrease with depth in the water column in June 2011 and June 2012. In contrast, September and November 2011 display a flux increase between the oxic and anoxic zones, but a decrease at the bottom of the anoxic zone (Fig. 3). Fluxes from April 2012 were roughly constant along the depth profile. Interestingly, the fluxes in June 2012 are substantially higher compared to other seasons. This could reflect a bloom of diatoms subsequent to a mixing of the mixolimnion (due to nutrients supply to the lake surface).

Carbon isotope composition shows a strong seasonal variability (Fig. 3c values around +0.7‰ at all depth in June 2012 (Fig. 3d). This finding also supports a mixing of the mixolimnion in April 2012, then fully recorded in the traps of June 2012. C/N ratios show a moderate increase with depth for all seasons, and a total range between 6.8 and 9.7 (Fig. 3e).

Carbon and nitrogen concentrations and isotope compositions in sediment cores

The C and N data of the three sediment cores are reported in Table 3 and illustrated in Figure 4. The organic carbon concentration in sediment samples from core C1 (collected at 60 m depth, near the redox transition zone) decreases with depth from 13.8 to 6.9 wt% (Fig. 4a, Table 3). In contrast, organic C isotope compositions do not show any specific trend with depth and are characterized by d 13 C org values between -27.7 and -26.1 ‰ (avg. -26.8 ± 1.1 ‰, 2s). Total N concentration decreases significantly with depth from 1.9 to 0.8 wt% (avg. 1.2 ± 0.8 wt%, 2s) while d 15 N tot values exhibit modest variability from -1.3 to -0.9 ‰ (avg. -1.2 ± 0.4 ‰, 2s). The C/N ratio increases moderately from 8.6 to 9.9 (avg. 9.4 ± 1.1) along the depth profile (Fig. 4e).

Sediments from core C2 (~65 m depth, near the peak of sulfate reduction) are remarkably similar to those of the core C1 (Fig. 4). Organic carbon content decreases with depth from 13.8 to 6.8 wt%. The d 13 C org values vary between -27.4 and -26.2 ‰ (avg. -26.8 ± 0.7 ‰, 2s). Total N content and isotope composition range from 0.8 to 1.9 wt% (avg.1.2 ± 0.6 wt%, 2s) and from -1.3 to -0.6 ‰ (avg. -1.0 ± 0.4 ‰, 2s) respectively. The C/N ratio increases with depth from 8.6 to 10.5 (avg. 9.8 ± 1.3).

Sediment from the core C6 collected at the lake bottom (92 m) is globally similar to cores C1 and C2 (Fig. 4a-d), except for C/N ratio (Fig. 4e). Organic C and total N concentrations in core C6 both decrease with depth from 11.0 and 6.8 wt% and 1.1 to 0.6 wt%, respectively. The 1.9 ‰) and -1.0 to 0.07 ‰ (avg. -0.6 ± 0.8 ‰) respectively. The C/N ratios in core C6 sediments are significantly higher than those of the two other cores, with values from 11.3 to 13.2 (Fig. 4e).

Carbon and nitrogen concentrations and isotope compositions in plant fragments and soils

The C and N concentrations and isotope compositions of the beech leaves, spruce thorns and litters are given in Table 4. The mean C concentrations and d 13 C org values are 45.9 ± 3.3 wt% and -30.8 ± 0.8 ‰ for leaves, 26.5 ± 2.8 wt% and -29.8 ± 1.4 ‰ for thorns, and near 14 wt% and -28 ‰ for the two litters (Table 4). The N concentrations and d 15 N tot values average 1.3 ± 0.4 wt% and -6.7 ± 0.5 ‰ for leaves, 11 ± 0.3 % and -1.2 ± 0.8 ‰ for spruce thorns, and a range from 0.9 to 1 wt% and -2.4 to -3.2 ‰ for the two litters. The C/N molar ratios are high compare to Lake Pavin traps and core sediments, with values averaging 40.5, 27.7 and 17 for leaves, thorns and litters, respectively (Table 4). Moreover, it must be noted that these values do not take into account possible degradation happening once the samples have fallen into the lake.

Discussion

Assessing the contribution of detrital carbon and nitrogen to Lake Pavin sediments

Lake Pavin is not a closed system and allochtonous detrital components may contribute to the C and N budget in the lake sediments. It is essential to determine the importance of these sources before discussing the processes at play in the water column and sediments. The bedrock of Lake Pavin consists of volcanic rocks, essentially rhyolites and basalts, which both contain negligible amount of C and N relative to the high flux of organic matter carried by primary producers thriving in the water column. Here we have not analyzed volcanic rocks from Lake Pavin but for comparison, N contents in other basalts and rhyolite are in a range from 3 to 23 ppm, respectively [START_REF] Boocock | A primary magmatic source of nitrogen to the Earth's crust[END_REF], about three orders of magnitude lower than N concentrations in Lake Pavin sediments (i.e. 0.6 to 1.9 wt%, Table 3). This is thus unlikely that they contribute significantly to the C and N budget in Lake Pavin sediment. A possible source of allochtonous C and N could be provided by plants and/or soils surrounding the lake.

Although any visible leaves or stems were discarded from the sediment samples before analyses, the presence of micrometer-scale fragments can hardly be ruled out. The data obtained on beech leaves, spruce thorns and litters (Table 4) can be compared to those of core sediments (Table 3) to explore if they can be considered as a source of organic matter in our samples. d 13 C and d 15 N of leaves, thorns and litters are slightly more negative than those of lake sediments, with average values from -30.8 to -27.9 ‰ and -6.7 to -1.2 ‰ versus -26.8 to -26.5 ‰ and -1.2 to -0.6 ‰, respectively (Tables 3 and4). The greatest difference is observed for C/N ratio, with values of 9.4 to 12.3 in core sediments (Table 3) versus 16.3 to 40.5 (Table 4). The low C/N ratios of lake sediments are better explained by a dominant contribution of organic matter from the water column, as also recorded in sediment traps (Table 2). The sediments from the lake bottom (core C6, 92m, Table 3) has a C/N ratio (12.3) relatively close to those of litters (16.3-17) but the d 15 N values of these sediments are markedly heavier (-0.6 ‰) and contrast with the lighter values measured in litters (-2.4 to -3.2 ‰). Accordingly, we can reasonably assume that our lake sediment samples contain only a minor proportion of allochthonous organic matter but a dominant biomass from primary producers of the water column. This conclusion is also consistent with further calculation showing that global annual sediment particles recorded in traps are consistent with top core sediment values (see section 5.4 below).

Carbon and nitrogen isotope signatures of primary biomass in Lake Pavin

In this section, we examine the origin of C and N isotope compositions of the primary biomass of Lake Pavin. These isotope compositions depend essentially on the composition of the chemical compounds that are assimilated by living organisms (i.e. sources of C and N), as well as isotope fractionations related to the assimilation processes. The primary biomass in Lake

Pavin is essentially produced between 10 and 15 m depth in the water column [START_REF] Amblard | A study of spatial and temporal variability in the adenine nucleotides of lake phytoplankton during a diel cycle (Lac Pavin, France)[END_REF][START_REF] Amblard | Seasonal succession and strategies of phytoplankton development in two lakes of different trophic states[END_REF], identified on depth profile by the peaks of O 2 production and turbidity [START_REF] Assayag | Hydrological budget, carbon sources and biogeochemical processes in Lac Pavin (France): Constraints from δ 18 O of water and δ 13 C of dissolved inorganic carbon[END_REF][START_REF] Busigny | The Iron Wheel in Lac Pavin: Interaction with Phosphorus Cycle[END_REF]. Thus, the most appropriate and best preserved samples recording the primary biomass are the sediment traps collected at 25 m depth.

Origin of the C isotopic composition of organic matter in Lake Pavin

The C isotope composition of organic matter in sediment traps from 25 m depth shows a bimodal distribution, closely tied to seasonal variations, with mean d 13 C values at -23.3 ± 1.6 ‰ (2s, n=8) in September and November (organic matter produced in summer and autumn) and -28.0 ± 2.6 ‰ (2s, n=12) in April and June (organic matter produced in winter and spring) (Fig. 3c). This seasonal difference may reflect a change in (i) the carbon isotope fractionation between dissolved CO 2 and organic matter (noted as e p , the subscript "p" standing for photosynthesis; e.g. Hayes, 2001) and/or (ii) the d 13 C of dissolved CO 2 (i.e. source of C in biomass). These two possibilities are examined below.

We first estimate the values of e p for the two distinct periods (summer-autumn vs. winterspring) to evaluate if they differ significantly and could explain the d 13 C offset of ~4.7 ‰ (Fig. 3c). Variable e p values could for instance arise due to differences in the primary producing organisms between the seasons. The biomass in the upper water column of Lake Pavin is composed of phytoplankton and zooplankton. The dominant phytoplankton species are diatoms (present all year long, and characterized by a bloom in spring) and cyanobacteria, which bloom in summer [START_REF] Amblard | A study of spatial and temporal variability in the adenine nucleotides of lake phytoplankton during a diel cycle (Lac Pavin, France)[END_REF][START_REF] Amblard | Seasonal succession and strategies of phytoplankton development in two lakes of different trophic states[END_REF][START_REF] Stebich | Vegetation history, human impact and climate change during the last 700 years recorded in annually laminated sediments of Lac Pavin, France[END_REF]. Previous studies demonstrated a vertical stratification of phytoplankton species living during a single period of time [START_REF] Amblard | A study of spatial and temporal variability in the adenine nucleotides of lake phytoplankton during a diel cycle (Lac Pavin, France)[END_REF] see compilation in Table S1), as well as a seasonal variability of phytoplankton [START_REF] Bourdier | Evolution de la composition en acides gras d'un phytoplancton lacustre (Lac Pavin, France)[END_REF][START_REF] Amblard | Seasonal succession and strategies of phytoplankton development in two lakes of different trophic states[END_REF] see Table S2). The determination of e p values in Lake Pavin is not straightforward. While C isotope data of organic matter are available from the sediment traps collected at 25 m depth, the isotope composition of CO 2 dissolved in the water column (d 13 C CO2 ) has not been determined in the present work. An approximation d 13 C CO2 can be calculated from previously published isotope compositions of dissolved inorganic carbon (DIC) [START_REF] Assayag | Hydrological budget, carbon sources and biogeochemical processes in Lac Pavin (France): Constraints from δ 18 O of water and δ 13 C of dissolved inorganic carbon[END_REF]. In Lake Pavin water column, DIC is dominated by the chemical species HCO 3 -because the pH is comprised between 6 and 9 [START_REF] Assayag | Hydrological budget, carbon sources and biogeochemical processes in Lac Pavin (France): Constraints from δ 18 O of water and δ 13 C of dissolved inorganic carbon[END_REF]. Thus, the isotope compositions of DIC and HCO 3 -can reasonably be considered as identical (i.e. d 13 C DIC = d 13 C HCO3-). Then, the isotope composition of dissolved CO 2 (d 13 C CO2 ) in equilibrium with HCO 3 -can be estimated from the relation between the isotope fractionation 𝜀 "# $ %&"# ' ( and temperature (Mook et al., 1974):

𝜀 "# $ %&"# ' ( = 24.12 - (1)

where the temperature T is expressed in °C. Equation 1 can also be written as:
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The isotope composition of dissolved CO 2 can be assessed for any temperature and isotope composition of HCO 3 -(equal to DIC). Using the temperature and d 13 C DIC values measured previously in the zone of maximum primary productivity (surface to 15-20 m), we estimated a range of d 13 C CO2 for summer and winter based on data from July 2004 and November 2002 respectively [START_REF] Assayag | Hydrological budget, carbon sources and biogeochemical processes in Lac Pavin (France): Constraints from δ 18 O of water and δ 13 C of dissolved inorganic carbon[END_REF]. The considered d 13 C HCO3-and temperatures ranged from -2.7 to 0.5‰ and 4.8 to 9.7°C in November 2002, and from 1.0 to 4.4‰ and 4.5 to 16.6°C in July 2004, respectively (Table S3). The calculated d 13 C CO2 values are on average -8.3 ± 0.8 ‰ (n=8) for summer and -11.7 ± 1.1 ‰ (n=7) for winter (Table S3). If these values can be extended in time (an assumption confirmed from unpublished DIC data monitored over years by IPGP teams), the C isotope fractionation (e p ) between dissolved CO 2 and organic matter can be calculated by combining these d 13 C CO2 values with our data on organic matter from the sediment traps at 25 m as:
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The estimated isotope fractionation e p associated to photosynthesis is about 14.0 ± 1.0 ‰ in summer and 15.0 ± 2.1 ‰ in winter, both values being in the range determined for diatoms under various experimental conditions (e.g. [START_REF] Riebesell | Carbon isotope fractionation by a marine diatom: dependence on the growth-rate-limiting resource[END_REF]. The similarity between these two estimates (within uncertainty) implies that the seasonal variability observed in organic matter d 13 C (a ~4.7 ‰ offset between -23.3 ‰ in summer-autumn vs. -28.0 ‰ in winter-spring) cannot be simply explained by different C isotope fractionation related to temperature variations and/or differences in primary producing organisms. Therefore, it more likely reflects a seasonal change in the C isotope composition of DIC. This change might be related to variable photosynthetic activity in time, with higher activity in summer and lower activity in winter.

Seasonal control of C isotope composition in organic matter has already been observed (e.g. [START_REF] Gu | Temporal and spatial variations in phytoplankton carbon isotopes in a polymictic subtropical lake[END_REF], with sometimes large variations like in Lake Lugano, where d 13 C org values are around -35 and -25 ‰ in winter and summer respectively [START_REF] Bebout | Nitrogen-isotope compositions of metasedimentary rocks in the Catalina Schist, California: Implications for metamorphic devolatilization history[END_REF].

Large isotopic variations between seasons were interpreted as resulting from a combination of primary productivity level, changes in the carbonate chemistry (specifically controlled by pH variations) and isotope fractionation related to photosynthesis [START_REF] Bebout | Nitrogen-isotope compositions of metasedimentary rocks in the Catalina Schist, California: Implications for metamorphic devolatilization history[END_REF]. It was not possible to establish a dominant parameter because of the strong vertical and temporal variability in the water column. Our variations observed in Lake Pavin can be fully explained by seasonal changes in the isotope compositions of the CO 2 assimilated during primary productivity, itself probably resulting from changes in the seasonal changes in the ratio of photosynthesis to respiration.

Origin of the N isotope signature of organic matter in Lake Pavin

In the sediment traps collected at Lake Pavin, the d 15 N tot values are near -1 ‰ for all seasons (Fig. 3d), except in April 2012 (0.1 ‰ at 25 m depth) and June 2012 (~ +1 ‰ at all depth). The N isotope composition of organic matter can help to decipher the N sources assimilated by living organisms. Autotrophic organisms can assimilate four different sources of inorganic N in the form of either dinitrogen (N 2 ), nitrite (NO 2 -), nitrate (NO 3 -) or ammonium (NH 4 + ). Nitrate and ammonium are usually the first chemical species to be used because their assimilation requires less energy than N 2 , for which the triple bound is hard to break, and nitrite concentrations are generally very low in natural system (Quan and Falkovski, 2009). In Lake Pavin, NH 4 + is present in anoxic deep waters, with an increasing concentration from the redox boundary to the lake bottom. Similar profiles have been observed in other redox stratified aquatic systems like the Black Sea, Saanich Inlet or Framvaren Fjord (e.g. [START_REF] Velinsky | Isotopic fractionation of dissolved ammonium at the oxygen-hydrogen sulfide interface in anoxic waters[END_REF][START_REF] Velinsky | Cycling of dissolved and particulate nitrogen and carbon in the Framvaren Fjord, Norway: stable isotopic variations[END_REF]. Nitrate is virtually absent (< 0.2 µM) in surface waters, down to 20 m depth. It then shows a moderate peak (up to 18 µM) between 40 and 50 m depth (Fig. 2), likely reflecting some degree of organic matter mineralization by oxygen in this interval of the water column. This could explain the progressive increase of d 15 N with depth from -2.8 to +5.5 (Fig. 2b). Near the redox boundary, both NO 3 -and NH 4 + concentrations decrease, which may indicate a consumption by denitrification and anammox processes (Galbreith et al., 2008;[START_REF] Sigman | Nitrogen Isotopes in the Ocean[END_REF]. Part of the nitrate accumulating between 50 and 56 m may result from the oxidation of ammonium diffusing upward in the water column (Fig. 2). Recent studies suggested that dissimilatory nitrate reduction to ammonium (DNRA) could be an important biological mechanism in ferruginous systems, where aqueous Fe(II) could act as an electron donor for nitrate reduction (e.g. [START_REF] Michiels | Irondependent nitrogen cycling in a ferruginous lake and the nutrient status of Proterozoic oceans[END_REF]. Although we cannot exclude that this mechanism is present in Lake Pavin, it is unlikely a dominant process near the redox interface for the following reasons: first, nitrate is present in the depth zone where oxygen is still available and no ammonium is detected, and second, Fe(II) is oxidized and trapped well below the depth of nitrate accumulation.

The major biomass production in surface waters of Lake Pavin cannot be sustained by NO 3 and/or NH 4 + because none is present. They may only occasionally be brought to surface waters by mixing with deep waters (e.g. from 30 to 60 m; Fig. 2a). Nitrogen is thus likely a limiting nutrient in Lake Pavin surface waters (like phosphorus, which is trapped and sequestered in the monimolimnion by Fe-oxyhydroxide precipitation; e.g. [START_REF] Cosmidis | Biomineralization of iron-phosphates in the water column of Lake Pavin (Massif Central, France)[END_REF][START_REF] Busigny | The Iron Wheel in Lac Pavin: Interaction with Phosphorus Cycle[END_REF] and N 2 represents the main N source for this biomass. The biological fixation of N 2 by autotrophic organisms under either oxic or anoxic conditions is associated with low N isotope fractionations (< 3‰; [START_REF] Minagawa | Nitrogen isotope ratios of red tide organisms in the East China Sea: A characterization of biological nitrogen fixation[END_REF][START_REF] Fogel | Isotope Fractionation during Primary Production[END_REF]. Consequently, organic matter produced by N 2 -fixation generally shows d 15 N close to 0‰, similar to atmospheric values. Laboratory cultures of N 2 -fixing organisms in Fe-rich medium demonstrated slightly negative N isotope compositions of organic matter down to -3 ‰ [START_REF] Zerkle | Production of 15 N-depleted biomass during cyanobacterial N 2 -fixation at high Fe concentrations[END_REF], and in some cases with extreme values down to -7 ‰ when other metal co-factors are present [START_REF] Zhang | Nitrogen isotope fractionation by alternative nitrogenases and past ocean anoxia[END_REF]. In Lake Pavin, the d 15 N of organic matter collected in sediment traps (~ -1‰; Fig. 3d) suggests that the dominant N source for biomass corresponds to atmospheric N 2 dissolved in surface waters. Rare mixing events of surface waters with waters from 30 to 60 m depth, like in January 2012, can inject some NO 3 -in shallow waters, and potentially also some NH 4 + . Nitrate and ammonium can then be assimilated and produce positive d 15 N values in biomass (e.g. +1‰ in June 2012). Such assimilation would require to be complete (or almost) since nitrate or ammonium assimilation processes both favor 14 N over 15 N, and a partial assimilation would impart negative d 15 N values in biomass. A complete assimilation is not reasonable given the high primary productivity in Lake Pavin. The average + to NO 3 -and/or to N 2 ) have already been described for other systems like Lake Kinneret, Israel [START_REF] Hadas | Seasonally varying nitrogen isotope biogeochemistry of particulate organic matter in Lake Kinneret, Israel[END_REF], where strong seasonality effects are the main cause of these changes.

d 15 N value of dissolved NO 3 -is 2.4‰,
However, N isotope signature dominantly controlled by N 2 -fixation is rarely observed in modern environments but more common in the sedimentary record for instance during oceanic anoxic events (OAE; [START_REF] Rau | 15 N/ 14 N variations in Cretaceous Atlantic sedimentary sequences: implication for past changes in marine nitrogen biogeochemistry[END_REF][START_REF] Jenkyns | Nitrate reduction, sulfate reduction, and sedimentary iron isotope evolution during the Cenomanian-Turonian oceanic anoxic event[END_REF][START_REF] Junium | Nitrogen cycling during the Cretaceous, Cenomanian-Turonian Oceanic Anoxic Event II[END_REF] and some Archean periods (Stüeken et al., 2015;[START_REF] Stüeken | Environmental control on microbial diversification and methane production in the Mesoarchean[END_REF].

Diagenetic modifications in the water column

The impact of organic matter degradation in the water column of Lake Pavin can be evaluated by comparing the fluxes of C and N, and the d 13 C org and d 15 N tot values recorded in the different sediment traps along the depth profile. Although these four parameters show relatively consistent values, they are characterized by significant seasonal variabilities (Fig. 3). Rather than describing detailed seasonal variations, we present here a global perspective based on annual fluxes and isotope compositions in order to convey the main trends with respect to diagenetic modifications. This approach has the advantage of providing average values to be compared to sediment core data (see section 5.3 below).

We calculated the annual fluxes of C, N, as well as average d 13 C org and d 15 N tot values (weightedaverage considering the respective fluxes of C and N) for the sediment traps at 25 m (oxic zone), 56 m (just above the chemocline), 67 m (below the turbidity peak in the anoxic zone), and 86 m depth (near the lake bottom). The data are summarized in Table 5. The annual fluxes of C and N show a decrease from shallow to deep sediment traps, with values from 17.8 to 14.3 and 2.7 to 1.9 g m -2 yr -1 , respectively (Table 5). This decrease corresponds to a loss of 23.8 ± 1.9 % of organic carbon and 29.6 ± 2.3 % of nitrogen, indicating that N is more efficiently mineralized than C (translated to an increase of C/N ratio of 8.2 ± 0.5 %; Fig. 3). The mean annual d 13 C org decreases with depth by ~1.3 ‰ (-25.2 to -26.5 ‰), while d 15 N tot also decreases but by only 0.4 ‰ (-0.5 to -0.9 ‰; Table 5). In detail, the isotopic modifications appear to take place mostly in the shallow oxic zone, while the deep sediment traps of the anoxic zone have identical values.

Intra-seasonal variabilities are not discussed here for simplicity, but if considered, they lead to similar conclusions for the evolution of C and N isotope compositions. Previous comparison of d 15 N values in sediment traps and surface sediments of the modern well-oxygenated ocean shows variably altered signatures, with enrichment in heavy isotope up to 6 ‰ (Altabet and François, 1994). Alteration of d 15 N values is a function of water depth and likely reflects oxygen exposure time (see review in [START_REF] Robinson | A review of nitrogen isotopic alteration in marine sediments[END_REF]. In the open ocean under low sedimentation rate, the alteration can be significant. In contrast, under high sedimentation rate, high export production, low O 2 , and good organic matter preservation, for instance in settings near continental margins, the alteration of the N isotope composition is minimal. In the stratified euxinic Cariaco basin, [START_REF] Thunell | Nitrogen isotope dynamics of the Cariaco Basin, Venezuela[END_REF] observed a moderate decrease of d 15 N (by 0.7‰) between sinking particles and surface sediments. The direction and magnitude of this variation is similar to the one observed here in Lake Pavin (~0.4‰). A larger decrease of d 15 N (3‰) was sometimes reported in sinking particles like at the North Atlantic Bloom Experiment site, which was interpreted as selective removal of 15 N-enriched compounds, or addition of 14 N-enriched organic material [START_REF] Altabet | Seasonal and depth-related changes in the source of sinking particles in the North Atlantic[END_REF]. In the case of Lake Pavin particulate matter, the combined loss of C and N with depth is better explained by a removal than an addition of organic compounds.

Diagenetic modifications in sediments

Previous studies of diagenetic evolution in oceanic or lacustrine environments, under the influence of O 2 , NO 3 -and SO 4 2-, illustrated limited modification of C isotope composition (e.g. [START_REF] Freudenthal | Early diagenesis of organic matter from sediments of the eastern subtropical Atlantic: evidence from stable nitrogen and carbon isotopes[END_REF]Kohzu et al., 2011a) but contrasted N isotope results [START_REF] Sachs | Oligotrophy and Nitrogen Fixation During Eastern Mediterranean Sapropel Events[END_REF][START_REF] Freudenthal | Early diagenesis of organic matter from sediments of the eastern subtropical Atlantic: evidence from stable nitrogen and carbon isotopes[END_REF][START_REF] Lehmann | Preservation of organic matter and alteration of its carbon and nitrogen isotope composition during simulated and in situ early sedimentary diagenesis[END_REF]Kohzu et al., 2011b). Analysis of a 30 cm long sediment core collected near the Canary Islands in eastern Atlantic Ocean revealed that d 13 C org and d 15 N tot were poorly modified during diagenesis with variations lower than 1‰ [START_REF] Freudenthal | Early diagenesis of organic matter from sediments of the eastern subtropical Atlantic: evidence from stable nitrogen and carbon isotopes[END_REF]. Detailed analysis of C isotope composition in sediments from Lake Kasumigaura, Japan, also show a good preservation, with d 13 C org of 15 cm-long sediment cores varying within ±0.6‰ (Kohzu et al., 2011a). In contrast, a companion study on the same samples determined significant N isotope modifications, with increasing d 15 N tot values in the 4 cm top sediments but decreasing values in deeper sediments (Kohzu et al., 2011b). The diagenetic modifications of sediments are usually believed to increase d 15 N values under welloxygenated conditions, but decrease under anoxic conditions [START_REF] Sachs | Oligotrophy and Nitrogen Fixation During Eastern Mediterranean Sapropel Events[END_REF][START_REF] Lehmann | Preservation of organic matter and alteration of its carbon and nitrogen isotope composition during simulated and in situ early sedimentary diagenesis[END_REF]. The d 15 N decrease in Lake Kasumigaura sediments may reflect either preferential degradation of 15 N-enriched components (like the chitin fraction; e.g. [START_REF] Brahney | The influence of nitrogen limitation on d15N and carbon: nitrogen ratios in sediments from sockeye salmon nursery lakes in British Columbia, Canada[END_REF] or addition of 14 N-enriched organic matter by bacterial growth from dissolved ammonium in porewater sediments (Kohzu et al., 2011b).

In Lake Pavin, the diagenetic modifications of organic C and N can be addressed from the depth profile of the three sediment cores collected at 60, 65 and 92 m depth (Fig. 4). Before discussing the chemical and isotope evolutions within the cores, it is interesting to compare the sediment surface (top core) to the global annual values calculated in section 5.2. The average annual sediment deduced from sediment traps have d 13 C org , d 15 N tot and C/N values of -26.5 ‰, -0.9 ‰ and 8.4 (Table 5). These values are undistinguishable from those of the top core sediments (Fig. 5), which validates both measurements and calculations. Moreover, it provides a reliable assessment of the starting material, before diagenetic modifications in the sedimentary pile. Part of the total nitrogen in solid sediment is possibly carried as NH 4 + substituting for K + in clay minerals (e.g. [START_REF] Müller | C/N ratios in Pacific deep-sea sediments: Effect of inorganic ammonium and organic nitrogen compounds sorbeed by clays[END_REF]. However, clay content in Lake Pavin is particularly low.
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The sediment is dominated by diatom frustules (> 40% SiO 2 in bulk; [START_REF] Schettler | A 700-year record of climate change based on geochemical and palynological data from varved sediments (Lac Pavin, France)[END_REF], vivianite (iron phosphate), and organic matter (>10 % in the top sediment; Table 3). Aluminum content is always lower than 2.5 wt% [START_REF] Schettler | A 700-year record of climate change based on geochemical and palynological data from varved sediments (Lac Pavin, France)[END_REF] and generally around 1 wt% [START_REF] Busigny | Iron isotopes in an Archean ocean analogue[END_REF], which translates to a maximum K content of 1.3 wt% (considering K/Al molar ratio of 0.37 ± 0.07, 2SD, n=14; data from [START_REF] Busigny | Iron isotopes in an Archean ocean analogue[END_REF]. Assuming a relation between K + and NH 4 + similar to the one established for oceanic sediments [START_REF] Müller | C/N ratios in Pacific deep-sea sediments: Effect of inorganic ammonium and organic nitrogen compounds sorbeed by clays[END_REF], the maximum NH 4 + content in clay minerals of Lake Pavin sediments can be estimated to 100 ppm.

This value is two orders of magnitude lower than the ~1 wt% measured for total N in bulk (Table 3), demonstrating that organic matter is the main N carrier in Lake Pavin sediments. 3). In each core, both d 13 C org and d 15 N tot can be regarded as constant within uncertainty. Since oxygen, nitrate and sulfate are absent in the sediment, the decrease of particulate C and N concentrations with depth can only be attributed to organic matter mineralization by microbial reduction of Fe(III) phases such as iron (oxy)hydroxides and ferric phosphate [START_REF] Busigny | Iron isotopes in an Archean ocean analogue[END_REF][START_REF] Cosmidis | Biomineralization of iron-phosphates in the water column of Lake Pavin (Massif Central, France)[END_REF], and methanogenesis [START_REF] Lehours | Anaerobic Microbial Communities in Lake Pavin, a Unique Meromictic Lake in France[END_REF][START_REF] Borrel | Production and consumption of methane in freshwater lake ecosystems[END_REF][START_REF] Biderre-Petit | Identification of Sulfur-Cycle Prokaryotes in a Low-Sulfate Lake (Lake Pavin) Using aprA and 16S rRNA Gene Markers[END_REF][START_REF] Lopes | Biogeochemical modelling of anaerobic vs. aerobic methane oxidation in a meromictic crater lake (Lake Pavin, France)[END_REF]. Importantly, the relative constancy of d 13 C org and d 15 N tot observed here indicates that these metabolic degradation pathways (Fe(III)-based and methanogenesis) do not impact the C and/or N isotope compositions of organic matter, even though ~50 % of the initial organic matter have been lost. Nevertheless, it must be pointed out that our samples represent only the 12 cm top-sediments and this conclusion will need to be tested further in longer sediment cores.

An intriguing result in Lake Pavin sediments is the difference between C/N ratios of 8.6-10.5 in cores C1 and C2 and 11.3-13.2 in core C6. The origin of this difference is not clear but may reflect a specific degradation mechanism of organic matter at the lake bottom. A possibility is for instance that sediments from C1 and C2 cores were more impacted by Fe(III) reduction, due to the proximity to the redox boundary, while the lake bottom sediments mostly involved methanogenic degradation. Indeed, ferric iron particles are partly reduced in the water column and are thus less abundant in the deepest sediments, after a longer travel when sinking in the water column [START_REF] Cosmidis | Biomineralization of iron-phosphates in the water column of Lake Pavin (Massif Central, France)[END_REF][START_REF] Busigny | The Iron Wheel in Lac Pavin: Interaction with Phosphorus Cycle[END_REF]. The fate of ammonium produced by organic matter degradation in sediment can hardly be discussed from our Lake Pavin data since no ammonium concentrations and/or isotope compositions were determined in the sediment porewater profiles. However, we note that d 15 N NH4+ in the deepest sample of the water column sample (90 m) is -0.36‰, a value undistinguishable from the average (-0.6 ± 0.8‰) of lake bottom sediment (92 m, Table 3). This suggests that most ammonium released from sediment is unchanged and simply diffuses towards the water column although a minor part of it might be oxidized to N 2 or NO 2 -by Fe(III)-user microorganisms, as observed in wetland soils [START_REF] Clement | Ammonium oxidation coupled to dissimilatory reduction of iron under anaerobic conditions in wetland soils[END_REF] or tropical upland soil slurries [START_REF] Yang | Nitrogen loss from soil through anaerobic ammonium oxidation coupled to iron reduction[END_REF].

Implications for paleo-environment and -ecosystem reconstruction

In Lake Pavin water column, organic matter mineralization reached ~20%, while d 13 C org and d 15 N tot decrease by only ~1.3 and 0.4 ‰, respectively (Table 5). In sediments, about 50% of the initial organic matter was mineralized (on the top of the 20% that already happened in the water column) but d 13 C org and d 15 N tot remained roughly constant, within uncertainty. This indicates that organic matter degradation based on ferric minerals and/or methanogenesis does not modify significantly C and N isotope compositions in anoxic and ferruginous environments.

Such limited modifications are consistent with previous results obtained for other anoxic settings where organic matter degradation was based on nitrate or sulfate reduction processes (e.g. [START_REF] Altabet | The nitrogen isotope biogeochemistry of sinking particles from the margin of the Eastern North Pacific[END_REF][START_REF] Lehmann | Preservation of organic matter and alteration of its carbon and nitrogen isotope composition during simulated and in situ early sedimentary diagenesis[END_REF][START_REF] Thunell | Nitrogen isotope dynamics of the Cariaco Basin, Venezuela[END_REF][START_REF] Möbius | Diagenetic control of nitrogen isotope ratios in Holocene sapropels and recent sediments from the Eastern Mediterranean Sea[END_REF][START_REF] Chen | Chemical and isotopic alteration of organic matter during early diagenesis: Evidence from the coastal area off-shore the Pearl River estuary, south China[END_REF]. Therefore, while strong isotopic effects are observed for oxic degradation of organic matter (e.g. [START_REF] Robinson | A review of nitrogen isotopic alteration in marine sediments[END_REF], sediments deposited under any type of anoxic environment should preserve their C and N isotope compositions, and be safely used as paleorecorders of past C and N biogeochemical cycles. This conclusion is important specifically for isotope studies of sedimentary rocks from the Archean and Proterozoic eons, as well as anoxic periods from the Phanerozoic (e.g. oceanic anoxic events, sapropels, thermal maximum periods like PETM or MECO).

In the rock record, metamorphic processes can eventually modify d 13 C and d 15 N values.

However, previous studies on coals of variable metamorphic grades demonstrated that d 15 N is well preserved although N content decreases and C/N ratio increases [START_REF] Ader | Nitrogen isotopic composition of ammonium-rich illite in anthracites and organic-rich shales from Eastern Pennsylvania[END_REF][START_REF] Boudou | Organic nitrogen chemistry during low-grade metamorphism[END_REF]. In the case of N present as ammonium (NH 4 + ) substituting for K + in the structure of silicate minerals, metamorphism can lead to a partial N loss associated to an increase in d 15 N values by a few per mil in the residual rock [START_REF] Bebout | Nitrogen-isotope compositions of metasedimentary rocks in the Catalina Schist, California: Implications for metamorphic devolatilization history[END_REF]Mingram and Brauer, 2001;[START_REF] Busigny | Nitrogen in the Silicate Earth: Speciation and Isotopic Behavior during Mineral-Fluid Interactions[END_REF]. The potential effect of metamorphism can generally be avoided by studying rocks of low metamorphic grade, such as prehnite-pumpellyite or greenschist facies (e.g. Stüeken et al., 2015[START_REF] Stüeken | The evolution of Earth's biogeochemical nitrogen cycle[END_REF][START_REF] Luo | Nitrogen fixation sustained productivity in the wake of the Palaeoproterozoic Great Oxygenation Event[END_REF].

The isotope composition of different N species in Lake Pavin are consistent with a typical model of redox stratified system, where the dissolved NO 3 -and NH 4 + , respectively in the oxic and anoxic zones, are largely lost at the redox interface via denitrification and anammox processes. Diazotrophic organisms living in the photic zone therefore consume dissolved N 2 to counterbalance the absence or limited availability of NO 3 -. The low d 15 N values observed in biomass (~ -1‰) are similar to those measured in organic matter-rich sediments deposited during anoxic marine periods such as Oceanic Anoxic Event (OAE) and sapropels [START_REF] Rau | 15 N/ 14 N variations in Cretaceous Atlantic sedimentary sequences: implication for past changes in marine nitrogen biogeochemistry[END_REF][START_REF] Jenkyns | Nitrate reduction, sulfate reduction, and sedimentary iron isotope evolution during the Cenomanian-Turonian oceanic anoxic event[END_REF][START_REF] Junium | Nitrogen cycling during the Cretaceous, Cenomanian-Turonian Oceanic Anoxic Event II[END_REF] and in some sedimentary rocks deposited in the Archean and Paleoproterozoic (Stüeken et al., 2015;[START_REF] Luo | Nitrogen fixation sustained productivity in the wake of the Palaeoproterozoic Great Oxygenation Event[END_REF][START_REF] Koehler | Nitrogen isotope evidence for anoxic deep marine environments from the Mesoarchean Mosquito Creek Formation, Australia[END_REF]. These results are however distinct from redox stratified marine systems like the Black Sea or Cariaco basin, where positive d 15 N values of sediments (essentially between 3 and 7‰) can be attributed to a biomass assimilating partially-denitrified NO 3 - [START_REF] Thunell | Nitrogen isotope dynamics of the Cariaco Basin, Venezuela[END_REF][START_REF] Fulton | Black Sea nitrogen cycling and the preservation of phytoplankton δ 15 N signals during the Holocene[END_REF][START_REF] Quan | Co-variation of nitrogen isotopes and redox states through glacial-interglacial cycles in the Black Sea[END_REF]. In the specific case of the Black Sea, redox conditions have changed with time due to rise and fall of sea level related to glacial-interglacial periods.

The Black Sea is known to have alternated between anoxic, saline waters in high level (i.e.

connection with the Mediterranean Sea), and oxic, less saline conditions (dominated by freshwaters) in low sea level. [START_REF] Quan | Co-variation of nitrogen isotopes and redox states through glacial-interglacial cycles in the Black Sea[END_REF] showed that d 15 N in sediments are similar under oxic and anoxic periods (3 to 4‰) but increase to higher values (~6‰) during glacialinterglacial transition periods. This increase in d 15 N was attributed to partial denitrification under suboxic conditions, and subsequent transfer of the isotope signature of residual nitrate to biomass. Although the lowest d 15 N values of the Black Sea sediment can be explained by a stronger influence of N 2 -fixing organism, these values are still positive and require some degrees of 15 N-enriched nitrate or ammonium consumption. The Black sea and Cariaco basin are often considered as analogues for stratified oceanic systems and taken as references for interpretation of paleo-environments. However, they are not really suitable analogues for the global N cycle because they are fed by external sources of NO 3 -. Lake Pavin may represent a better analog and illustrates, in a natural system, some of the theoretical concepts developed for OAE and Precambrian ocean.

Conclusion

We present the first assessment of organic matter C and N isotope evolution during diagenesis in anoxic and ferruginous sedimentary system, as illustrated by the case of Lake Pavin. Apart 

Table 5

Global annual fluxes of organic carbon and nitrogen. their isotope compositions. and C/N ratios in Lake Pavin (data calculated from the sediment traps placed at 4 different depths in the water column).

Depth* F C F N d 13 C org d 15 N org C/N (m) g.m -2 .year -1 g.m -2 .year -1 (‰) (‰) 25 17.8 ± 0.8 2.7 ± 0.1 -25.2 ± 0.2 -0.5 ± 0.1 7.9 ± 0.3 56 18.2 ± 1.0 2.7 ± 0.2 -26.9 ± 0.2 -0.8 ± 0.2 8.1 ± 0.1 67 14.3 ± 0.2 1.9 ± 0.1 -26.4 ± 0.1 -0.9 ± 0.1 8.9 ± 0.2 86 13.6 ± 0.7 1.9 ± 0.1 -26.5 ± 0.1 -0.9 ± 0.1 8.6 ± 0.2 * Depth in the water column.

Supplementary materials

Excel file attached Table S1 Vertical variability of phytoplankton species in Lake Pavin water column in June 1984 (data compiled from Amblard. 1984[START_REF] Amblard | A study of spatial and temporal variability in the adenine nucleotides of lake phytoplankton during a diel cycle (Lac Pavin, France)[END_REF]. A cross indicates the presence of the species. while empty space corresponds to an absence.

Table S2

Seasonal variability of phytoplankton species in the first meters of Lake Pavin upper water column. in June 1984 (data compiled from [START_REF] Bourdier | Evolution de la composition en acides gras d'un phytoplancton lacustre (Lac Pavin, France)[END_REF][START_REF] Amblard | Seasonal succession and strategies of phytoplankton development in two lakes of different trophic states[END_REF]. A cross indicates the presence of the species. while empty space corresponds to an absence. Table S3 Measured temperature, dissolved O 2 , pH, specific conductivity (at 25°C), and C isotope composition of dissolved inorganic carbon in November 2002 and July 2004 [START_REF] Assayag | Hydrological budget, carbon sources and biogeochemical processes in Lac Pavin (France): Constraints from δ 18 O of water and δ 13 C of dissolved inorganic carbon[END_REF]. The isotope composition of CO 2 is calculated at every depth from isotope composition of DIC and temperature using Mook (1974).

  ), with more negative values in June 2011, April 2012 and June 2012 (avg. d 13 C = -28.0 ± 2.6 ‰, 2s, n=12) compared to September and November 2011 (avg. d 13 C = -23.3 ± 1.6 ‰, 2s, n=8). Nitrogen isotope variations differ from those of carbon isotopes. Most d 15 N values in sediment traps range between -2 and -1 ‰, except a single value near 0‰ at 25 m depth in April 2012, and positive

d

  13 C org and d 15 N tot show limited variability, with values between -27.3 to -25.2‰ (avg. -26.6 ± 

  suggesting active denitrification/anammox near the redox interface. Ammonium measured near the redox interface (56 m depth) has a d 15 N value of +4.7‰. A complete consumption of NO 3 -and NH 4 + after mixing of the upper waters, together with some degree of N 2 -fixation, could easily account for the positive d 15 N values observed in April (at 25 m) and June 2012 (all depths) (Fig. 3d). Changes of N sources (from NH 4

  The three sediment cores, C1 (60 m, near the redox transition zone), C2 (65 m, near the peak of sulfate) and C6 (92 m, lake bottom), show consistent evolution in the sedimentary column, with a decrease in C and N concentrations but no specific trends in d 13 C org and d 15 N tot values (Fig.4). Overall 40-50 % C and 50-60 % N were lost during this diagenetic evolution. The d 13 C org values of cores C1, C2 and C6 average -26.8 ± 1.1 ‰ (2s, n=6), -26.8 ± 0.7 ‰ (2s, n=12), -26.5 ± 1.9 ‰ (2s, n=5), while d 15 N tot values are -1.2 ± 0.4 ‰ (2s, n=6), -1.0 ± 0.4 ‰ (2s, n=12), -0.6 ± 0.8 ‰ (2s, n=5), respectively (Table

  from significant seasonal variability affecting C isotope compositions, d 13 C org and d 15 N tot in sediment traps along the water column profiles are only moderately different by 1.3 and 0.4 ‰, respectively. Moreover, the average sediment traps collected in the anoxic zone are remarkably similar to the top sediments at the lake bottom. In the sedimentary column, d 13 C org and d 15 N tot do not show any specific evolution with depth and can be regarded as constant. Lake Pavin data therefore demonstrate that organic matter degradation in anoxic and ferruginous conditions preserve d 13 C org and d 15 N tot of the primary biomass, with only minor modifications. It confirms previous assumptions of Archean and OAE studies that d 13 C org and d 15 N tot can be used as reliable paleo-proxy of biomass and environmental conditions.

Fig. 1 .

 1 Fig. 1. (A) Location of Lake Pavin, France (scale given by the white bar, representing 100 km). (B) Elevation/bathymetric map showing the main features of Lake Pavin area. (C) Schematic representation of Lake Pavin and the samples studied here: 4 sediment traps in the oxic (25 and 56 m depth) and anoxic (67 and 86 m) zones, as well as 3 sediment cores from the anoxic zone. Figures A and B are modified from Chapron et al. (2010).

  

  

  Table 1 and illustrated in Figure2. Ammonium is virtually absent (<0.2 Fig.2). Nitrate concentrations show a very distinct behavior with a peak up to 18 µmol/L between 40 and 50 m, but very low concentrations (<0.2 µM) in shallow (0-20 m) and deep (below 60 m) waters. Only four water samples yielded nitrate N isotope ratios and showed d 15 N NO3-values increasing with depth (30 to 50 m), from -2.8 to 5.5 ‰. Similar profiles of ammonium and nitrate were described in other redox stratified systems like the Black Sea,

	Saanich Inlet, Framvaren Fjord

µmol L -1 ) in the oxic zone, but its concentration increases progressively below 50 m depth, from 2.2 to 1750 µM (Table

1

). Its isotope composition is remarkably constant in the anoxic zone, with d 15 N values near 0‰, except a positive value of 4.7 ‰ near the redox boundary (56 m;

Table 1152

 1152 Dissolved ammonium and nitrate concentrations and isotope composition in Lake Pavin water column.

	1153						
		Depth*	NH 4	+	d 15 N NH4+	NO 3	-	d 15 N NO3-
		(m)	(µM)	(‰)	(µM)	(‰)
		0	0.2			0.20
			0.2			0.01
			0.1			0.01
			0.1			7.00	-2.8
			0.2			15.18	0.2
			0.0			17.85	3.6
			2.2			16.30	5.5
			15.7		4.92
			28.8	4.70	1.16
			47.1		0.29
			118		0.09
			500	0.22		
			731	0.27	0.06
			900	0.17		
			1057	-0.13	0.06
			1366	-0.12		
			1753	-0.36		
	1154	* Depth in the water column.				
	1155						
	1156						

Table 4

 4 Organic carbon and nitrogen concentrations and isotope compositions, as well as C/N ratios, in the beech leaves, spruce thorns and two litters samples collected on the flanks of Pavin crater lake.

	Sample	C org	N tot	d 13 C org	d 15 N tot	C/N
		(wt.%)	(wt.%)	(‰)	(‰)	molar
	brown leaves	46.3	1.4	-30.3	-6.8	37.7
	brown leaves	46.3	1.6	-30.5	-6.8	33.7
	brown leaves	44.4	1.1	-31.0	-6.6	46.7
	brown leaves	44.2	1.3	-31.3	-6.4	41.2
	brown leaves	48.3	1.3	-30.7	-7.0	43.4
	Avg (±2SD)	45.9 (±3.3)	1.3 (±0.4)	-30.8 (±0.8)	-6.7 (±0.5)	40.5 (±10.1)
	Spruce thorns	26.2	1.3	-30.3	-1.6	23.0
	Spruce thorns	27.2	1.2	-28.9	-0.7	27.4
	Spruce thorns	24.6	1.0	-30.4	-1.2	29.6
	Spruce thorns	27.8	1.1	-29.6	-1.5	30.7
	Avg (±2SD)	26.5 (±2.8)	1.1 (±0.3)	-29.8 (±1.4)	-1.2 (±0.8)	27.7 (±6.8)
	Litter 1	13.5	0.8	-27.9	-3.1	19.2
	Litter 1	14.6	1.2	-27.5	-3.2	14.5
	Litter 1	15.6	1.0	-28.3	-3.3	18.5
	Litter 1	10.8	0.8	-28.1	-3.1	15.3
	Litter 1	12.9	0.9	-27.6	-3.2	17.4
	Avg (±2SD)	13.5 (±3.7)	0.9 (±0.3)	-27.9 (±0.6)	-3.2 (±0.1)	17.0 (±4.1)
	Litter 2	14.0	1.1	-28.3	-2.6	14.9
	Litter 2	15.3	1.0	-28.2	-2.3	17.8
	Litter 2	15.0	1.1	-28.7	-2.4	15.8
	Litter 2	14.1	1.0	-28.8	-2.4	16.1
	Litter 2	15.1	1.0	-28.1	-2.6	16.9
	Avg (±2SD)	14.7 (±1.3)	1.1 (±0.1)	-28.4±0.6	-2.4 (±0.3)	16.3 (±2.2)
	Avg (±2SD): average values and uncertainties expressed as two standard deviations.	
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