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What do we need to predict groundwater nitrate recovery trajectories?
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Highlights

-Nitrate recovery trajectories were predicted based on a few key-parameters.

-Two age tracers are necessary to predict groundwater nitrate concentration.

-The stratification of denitrification controls the nitrate dynamic in the aquifer.

-Uncertainty about past nitrogen inputs may not alter the predictions.

Introduction

Human activity has more than doubled reactive nitrogen delivery to Earth's ecosystems, creating eutrophic (over-fertilized) conditions in aquatic and coastal environments around the world [START_REF] Galloway | Transformation of the Nitrogen J o u r n a l P r e -p r o o f Cycle: Recent Trends, Questions, and Potential Solutions[END_REF][START_REF] Kronvang | Nutrient pressures and ecological responses to nutrient loading reductions in Danish streams, lakes and coastal waters[END_REF]). In the past several decades, widespread efforts have been made to reduce human nutrient loading to protect freshwater resources and ecosystems [START_REF] Abbott | Trends and seasonality of river nutrients in agricultural catchments: 18years of weekly citizen science in France[END_REF][START_REF] Boers | Nutrient emissions from agriculture in the Netherlands, causes and remedies[END_REF][START_REF] Kronvang | Effects of policy measures implemented in Denmark on nitrogen pollution of the aquatic environment[END_REF]; [START_REF] Kronvang | Nutrient pressures and ecological responses to nutrient loading reductions in Danish streams, lakes and coastal waters[END_REF][START_REF] Steffen | Sustainability. Planetary boundaries: guiding human development on a changing planet[END_REF]. However, natural systems often respond to changes in nutrient inputs with a time lag, making recovery trajectories difficult to predict. This complicates the evaluation of mitigation strategies and can even imperil public and political support for investment in mitigation [START_REF] Hamilton | Biogeochemical time lags may delay responses of streams to ecological restoration[END_REF][START_REF] Kronvang | Nutrient pressures and ecological responses to nutrient loading reductions in Danish streams, lakes and coastal waters[END_REF][START_REF] Meals | Lag Time in Water Quality Response to Best Management Practices: A Review[END_REF][START_REF] Van Meter | Catchment legacies and time lags: a parsimonious watershed model to predict the effects of legacy storage on nitrogen export[END_REF]Van Meter and Basu 2017). In many catchments, long time lags mean that the agricultural policies we choose today will affect nitrogen concentration in surface and groundwater for several decades [START_REF] Ehrhardt | Trajectories of nitrate input and output in three nested catchments along a land use gradient[END_REF][START_REF] Thomas | Hedgerows reduce nitrate flux at hillslope and catchment scales via root uptake and secondary effects[END_REF][START_REF] Van Meter | Catchment legacies and time lags: a parsimonious watershed model to predict the effects of legacy storage on nitrogen export[END_REF]. Thus, improving predictions of nutrient recovery timelines following different agricultural scenarios is an important ecological and socioeconomic goal [START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF][START_REF] Moal | Eutrophication: A new wine in an old bottle?[END_REF][START_REF] Marcais | Dating groundwater with dissolved silica and CFC concentrations in crystalline aquifers[END_REF]Minaudo et al. 2019).

Nitrogen can be stored for several years to several decades in different compartments of surface and subsurface ecosystems, leading to what is called a nitrogen legacy [START_REF] Ehrhardt | Trajectories of nitrate input and output in three nested catchments along a land use gradient[END_REF][START_REF] Hrachowitz | Transit time distributions, legacy contamination and variability in biogeochemical 1/fα scaling: how are hydrological response dynamics linked to water quality at the catchment scale?[END_REF]Van Meter et al. 2017;[START_REF] Van Meter | The nitrogen legacy: emerging evidence of nitrogen accumulation in anthropogenic landscapes[END_REF]. Apart from the soil [START_REF] Sebilo | Long-term fate of nitrate fertilizer in agricultural soils[END_REF], one of the main drivers of nitrogen legacy is groundwater.

Because aquifers contain two orders of magnitude more water than all rivers and lakes [START_REF] Abbott | Human domination of the global water cycle absent from depictions and perceptions[END_REF], groundwater nitrogen can be stored for decades before reaching the surface [START_REF] Fenton | Time lag: a methodology for the estimation of vertical and horizontal travel and flushing timescales to nitrate threshold concentrations in Irish aquifers[END_REF][START_REF] Wendland | The SOIL-N/WEKU model systema GIS-supported tool for the assessment and management of diffuse nitrogen leaching at the scale of river basins[END_REF]. However, because the major form of groundwater nitrogen is nitrate (NO 3 -), microbial activity during groundwater storage and J o u r n a l P r e -p r o o f Journal Pre-proof transport can reduce nitrogen stocks via anaerobic catabolism (denitrification), which eventually transforms NO 3 -into N 2 gas [START_REF] Green | Regional oxygen reduction and denitrification rates in groundwater from multi-model residence time distributions, San Joaquin Valley, USA[END_REF][START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF][START_REF] Korom | Natural denitrification in the saturated zone: A review[END_REF]).

As a result, groundwater circulation exerts a dual control on NO 3 -pollution: it creates a delay or time lag between inputs and outputs and it directly reduces the NO 3 -stock in the system.

Predicting NO 3 -recovery trajectory for a given aquifer requires information about the past and future nitrogen inputs, the water residence times, and the rate of nitrate removal [START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF][START_REF] Małoszewski | Determining the turnover time of groundwater systems with the aid of environmental tracers: 1. Models and their applicability[END_REF][START_REF] Van Meter | Catchment legacies and time lags: a parsimonious watershed model to predict the effects of legacy storage on nitrogen export[END_REF]. Each of these three functions is defined by a set of parameters that need to be quantified. However, quantifying these functions is challenging because of a lack of data at appropriate spatiotemporal scales [START_REF] Abbott | Using multi-tracer inference to move beyond single-catchment ecohydrology[END_REF][START_REF] Frei | Predicting Nutrient Incontinence in the Anthropocene at Watershed Scales[END_REF][START_REF] Mcdonnell | Moving beyond heterogeneity and process complexity: A new vision for watershed hydrology[END_REF]). The information is only available in few study sites where measurements and modelling efforts have been coupled [START_REF] Böhlke | Combined Use of Groundwater Dating, Chemical, and Isotopic Analyses to Resolve the History and Fate of Nitrate Contamination in Two Agricultural Watersheds, Atlantic Coastal Plain, Maryland[END_REF][START_REF] Green | Regional oxygen reduction and denitrification rates in groundwater from multi-model residence time distributions, San Joaquin Valley, USA[END_REF][START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF][START_REF] Paradis | Multi-scale nitrate transport in a sandstone aquifer system under intensive agriculture[END_REF][START_REF] Singleton | Saturated Zone Denitrification: Potential for Natural Attenuation of Nitrate Contamination in Shallow Groundwater Under Dairy Operations[END_REF][START_REF] Tesoriero | O2reduction and denitrification rates in shallow aquifers[END_REF]. Because mitigation strategies are often decided and implemented at large scales such as regions or nations [START_REF] Kronvang | Nutrient pressures and ecological responses to nutrient loading reductions in Danish streams, lakes and coastal waters[END_REF]; US EPA 2008), large-scale predictions of removal and storage capacities are needed to set realistic expectations of mitigation actions and time frame of recovery and to predict ecosystem vulnerability to nutrient loading [START_REF] Abbott | Trends and seasonality of river nutrients in agricultural catchments: 18years of weekly citizen science in France[END_REF][START_REF] Pinay | Upscaling Nitrogen Removal Capacity from Local Hotspots to Low Stream Orders' Drainage Basins[END_REF].

In this context, we tested the sensitivity of NO 3 -recovery predictions based on simple but robust hydrological parameters in a well-studied unconfined fractured bedrock aquifer. We performed a sensitivity analysis to identify the key parameters, including both anthropic and natural drivers that need to be constrained to predict the future nitrate trajectories in the aquifer. Our immediate goals were to 1. forecast groundwater nitrate trajectories for different loading scenarios, 2. determine the dominant controls on groundwater nitrate concentration, and 3. assess how much hydrological detail is needed to make accurate predictions of largescale biogeochemical patterns in space and time.
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Material and methods

Based on a reference model including groundwater flow, nitrate degradation and reconstructed past nitrogen inputs, we predicted the evolution of nitrate concentration in 16 wells over a well-studied small agricultural catchment. We then performed a sensitivity analysis on the predicted concentrations to identify the primary controls on nitrate pollution in groundwater. Below, we describe the catchment, reference model, and methods used for the sensitivity analysis.

Field site

The study was conducted on a 35 km 2 agricultural catchment located near Pleine-Fougères, a small town in Brittany, France. The catchment is part of the Zone Atelier Armorique [START_REF] Thomas | Long-term ecological observatories needed to understand ecohydrological systems in the Anthropocene: a catchmentscale case study in Brittany, France[END_REF], a Long Term Socio-Ecological Research site (LTSER) (www.lter-europe.net). Like in most of Brittany, the study area has been subject to high inputs of organic and mineral fertilizers since the 1960's [START_REF] Aquilina | Nitrate dynamics in agricultural catchments deduced from groundwater dating and long-term nitrate monitoring in surface-and groundwaters[END_REF][START_REF] Dupas | Multidecadal Trajectory of Riverine Nitrogen and Phosphorus Dynamics in Rural Catchments[END_REF][START_REF] Poisvert | Annual agricultural N surplus in France over a 70year period[END_REF]. After a peak of nitrogen inputs at the beginning of the 1990's, farmers slowly reduced their fertilizers use [START_REF] Abbott | Trends and seasonality of river nutrients in agricultural catchments: 18years of weekly citizen science in France[END_REF].

Mean groundwater recharge was estimated at 167 mm y -1 using the ISBA model [START_REF] Noilhan | The ISBA land surface parameterisation scheme[END_REF], slightly lower than the mean regional recharge of Brittany (Le Moigne 2009). Groundwater flows primarily through the weathered and fissured zones of a shallow, unconfined aquifer [START_REF] Bernard-Griffiths | Petrogenesis of Hercynian leucogranites from the southern Armorican Massif: contribution of REE and isotopic (Sr, Nd, Pb and O) geochemical data to the study of source rock characteristics and J o u r n a l P r e -p r o o f ages[END_REF][START_REF] Wyns | Application of proton magnetic resonance soundings to groundwater reserve mapping in weathered basement rocks (Brittany, France)[END_REF]).

Chlorofluorocarbons (CFCs) revealed typical mean residence times of several decades (~30 years), indicating a large-capacity aquifer relative to surface outflows [START_REF] Kolbe | Coupling 3D groundwater modeling with CFC-based age dating to classify local groundwater circulation in an unconfined crystalline aquifer[END_REF][START_REF] Marcais | Dating groundwater with dissolved silica and CFC concentrations in crystalline aquifers[END_REF]). However, the aquifer is marked by high spatial variability of residence and denitrification times, resulting in strong heterogeneity of groundwater NO 3 concentration [START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF][START_REF] Kolbe | Coupling 3D groundwater modeling with CFC-based age dating to classify local groundwater circulation in an unconfined crystalline aquifer[END_REF].
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Data from the French geological survey indicate that the weathered zone thickness ranges from 0 to 40 m within the catchment area, with a mean depth of 9 m. The underlying fractured bedrock is less conductive but much thicker with a mean thickness of 48 m [START_REF] Kolbe | Coupling 3D groundwater modeling with CFC-based age dating to classify local groundwater circulation in an unconfined crystalline aquifer[END_REF]. The aquifer extends from a granitic intrusion in the south to a schist bedrock in the north, with groundwater flowing northward [START_REF] Kolbe | Coupling 3D groundwater modeling with CFC-based age dating to classify local groundwater circulation in an unconfined crystalline aquifer[END_REF]. A marked altitude difference of 90 m at the geological contact between schist and granite creates springs at the foot of the slope [START_REF] Kolbe | Coupling 3D groundwater modeling with CFC-based age dating to classify local groundwater circulation in an unconfined crystalline aquifer[END_REF].

We used groundwater chemistry data from previous studies in the catchment. 

Reference model

The nitrate concentration in the aquifer through time, c(t), results from the convolution of the nitrate input time series at the water table c 0 , the groundwater residence time distribution p, and the proportion of nitrate remaining after denitrification for a time  in the saturated zone ( ) [START_REF] Małoszewski | Determining the turnover time of groundwater systems with the aid of environmental tracers: 1. Models and their applicability[END_REF]:

( ) ∫ ( ) ( ) ( ) (1) 

Residence time distributions

We modelled groundwater circulation with a steady-state, three-dimensional, flow and transport model previously developed for the site by [START_REF] Kolbe | Coupling 3D groundwater modeling with CFC-based age dating to classify local groundwater circulation in an unconfined crystalline aquifer[END_REF] in the FEFLOW software environment (Diersch 2013). To limit boundary effects, the modeled zone was substantially larger (76 km 2 ) than the hydrological catchment (35 km 2 ). The mean annual recharge (167 mm/y) was applied uniformly on the top layer of the model. Flow lines were J o u r n a l P r e -p r o o f calculated using the particle tracking algorithm of FEFLOW [START_REF] Diersch | FEFLOW-Finite Element Modeling of Flow, Mass and Heat Transport in Porous and Fractured Media[END_REF]. Hydraulic conductivity and effective porosity were calibrated using base-flow stream discharge and groundwater age data. The base flow stream discharge at the outlet of the catchment, interpreted as the catchment's mean annual groundwater discharge, was derived from hydrograph separation of long-term stream discharge time series. Groundwater discharge was estimated at 4.5 × 10 6 m 3 y -1 . Mean groundwater ages were determined in the sampling wells based on CFC-12, an anthropogenic gas used as age tracer for groundwater that infiltrated after 1950 [START_REF] Ayraud | Compartmentalization of physical and chemical properties in hard-rock aquifers deduced from chemical and groundwater age analyses[END_REF][START_REF] Busenberg | Use of chlorofluorocarbons (ccl3f and ccl2f2) as hydrologic tracers and age-dating tools -the alluvium and terrace system of central oklahoma[END_REF]. CFC-12 measurements were performed on grab samples in the CONDATE-EAU platform of the University of Rennes 1.

For each of the 16 wells, residence time distributions of the groundwater were extracted from the calibrated model by intercepting the flow lines going through the full depth of the well handled as a fully penetrating well. Times were tracked from the water table of the aquifer to a sampling zone around the well. The sampling zone was chosen small enough to characterize the well capture and large enough to build representative residence time distributions. Representativity was reached for some 10 6 flow lines flux-weighted to the recharge [START_REF] Kolbe | Coupling 3D groundwater modeling with CFC-based age dating to classify local groundwater circulation in an unconfined crystalline aquifer[END_REF]. Well locations and parameters of the residence time distributions are given as supplementary material by Figure S1 and Table S1.

Denitrification

We applied a first order reaction to each flow line for oxygen 
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Journal Pre-proof

Because O 2 is a more powerful electron acceptor than NO 3 -, denitrification can start only after most O 2 has been consumed [START_REF] Green | Regional oxygen reduction and denitrification rates in groundwater from multi-model residence time distributions, San Joaquin Valley, USA[END_REF][START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF][START_REF] Korom | Natural denitrification in the saturated zone: A review[END_REF]). Here we considered that denitrification started when O 2 concentration was below 2 mg L -1 (O 2 threshold ). Thus, the amount of remaining nitrate r NO3 is defined by two parameters: the time lag needed for the denitrification to begin, t lag , which basically corresponds to the O 2 degradation time, and the denitrification time itself, τ NO3 , which described the rate of NO 3 -degradation once it has begun, that is after the O 2 threshold .

( ) { ( ) (3) 
with:

( ) (4) 
The chemical system is fully defined by the three equations ( 2), ( 3) and ( 4). The reaction times for O 2 and NO 3 -were calibrated from the sampled O 2 , NO 3 -and N 2 concentrations [START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF]. Values of t lag and τ NO3 are given as supplementary materials by Table S1.

Past nitrogen inputs

The nitrogen input time series was reconstructed specifically for our catchment by each well, we used an inverse method to reconstruct the past NO 3 -concentration chronicle at the water table (i.e. until 2015). This time series corresponds to the amount of NO 3 -entering the saturated zone. Therefore, it accounts implicitly for potential biogeochemical uptake in the unsaturated zone [START_REF] Thomas | Hedgerows reduce nitrate flux at hillslope and catchment scales via root uptake and secondary effects[END_REF]. Hence, our study focuses only on the processes occurring in the saturated zone, unlike traditional time series based on land use data and agronomic statistics, which provide nitrogen surpluses in the soil [START_REF] Oenema | Approaches and uncertainties in nutrient budgets: implications for nutrient management and environmental policies[END_REF][START_REF] Parris | Agricultural nutrient balances as agri-environmental indicators: an OECD perspective[END_REF][START_REF] Poisvert | Annual agricultural N surplus in France over a 70year period[END_REF][START_REF] Salo | Nitrogen balance as an indicator of nitrogen leaching in Finland[END_REF].

Future agricultural scenarios

To forecast the NO 3 -concentration, we extended the input time series c 0 into the future following three scenarios. The -reference‖ scenario followed the current decreasing trend until stabilizing at 25 mg NO 3 -L -1 . The -no decrease‖ scenario assumed the nitrate input stayed at its current value (50 mg L -1 ), and the -immediate ban‖ scenario applied an immediate return to pre-industrial nitrate input (12.5 mg NO 3 -L -1 ). Although unrealistic, this scenario highlights the nitrate legacy and its impact on future nitrate concentrations.

Sensitivity analysis

We performed a systematic sensitivity analysis on the future nitrate scenarios to evaluate the relative influence of residence time, denitrification, and past nitrogen input. As a sensitivity indicator, we used the nitrate concentration predicted for the year 2030 with a reference scenario assuming a progressive reduction of nitrogen inputs. We chose a 15-year period (2015 to 2030) to allow for the natural system to react to changes in nitrogen inputs, while still being short enough to be of interest for policy makers [START_REF] Abbott | Trends and seasonality of river nutrients in agricultural catchments: 18years of weekly citizen science in France[END_REF][START_REF] Choi | Can scientists and policy makers work together?[END_REF]. In the reference model, each of the parameters (residence time distribution, denitrification rate and duration, and nitrogen inputs) was modified individually in sequence.
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For each of the 16 wells, we compared the concentration predicted under the reference model with all actual parameters and the concentration predicted with modified parameters.

Modification of residence time distributions

Natural residence time distributions may take a broad variety of shapes even when their mean and standard deviation are fixed [START_REF] Engdahl | Approximating groundwater age distributions using simple streamtube models and multiple tracers[END_REF][START_REF] Ginn | On the distribution of multicomponent mixtures over generalized exposure time in subsurface flow and reactive transport: Foundations, and formulations for groundwater age, chemical heterogeneity, and biodegradation[END_REF][START_REF] Leray | Residence time distributions for hydrologic systems: Mechanistic foundations and steady-state analytical solutions[END_REF][START_REF] Marcais | Inferring transit time distributions from atmospheric tracer data: Assessment of the predictive capacities of Lumped Parameter Models on a 3D crystalline aquifer model[END_REF]. To test the sensitivity of the predictions to the shape of the residence time distributions, we replaced the complex distributions obtained from the calibrated simulations [START_REF] Kolbe | Coupling 3D groundwater modeling with CFC-based age dating to classify local groundwater circulation in an unconfined crystalline aquifer[END_REF]) with lumped parameter models (LPMs), that is with highly simplified analytical distributions. Two 1-parameter LPMs and four 2-parameters LPMs were tested (Table 1). The 1-parameter LPMs had the same mean as the actual distribution. The 2-parameter LPMs had the same mean and standard deviation as the actual distribution.
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N Lumped Parameter Model Expression 1 Dirac (piston flow) ( ) ( ) Exponential (exponential) ( ) ( ) 2 Inverse Gaussian (dispersion) ( ) √ ( ( ) )
Shifted exponential (exponential piston flow)

( ) { ( ( ) )
Uniform (linear piston flow)

( ) { Gamma ( ) ( ) ( ) ( )
Table 1. Lumped parameter models used in the sensitivity analysis. The left-hand column indicates the number of parameters (N). The names in brackets refer to those of [START_REF] Maloszewski | Lumped parameter models for the interpretation of environmental tracer data[END_REF]. All LPM expressions involve the mean residence time T. Expressions of 2-parameters LPMs additionally introduce the Peclet number Pe for the inverse gaussian model, the time lag t 0 for the shifted exponential model, the range of explored times ε for the uniform model, and the shape factor α for the gamma model.

Modification of denitrification

We postulated that denitrification starts only when the O 2 concentration fell below 2 mg L -1 . Therefore, the denitrification function was defined by the time lag needed for denitrification to begin, t lag , and the denitrification time itself, τ NO3 (equation 2). To test the impact of these two parameters on the nitrate concentration, we replaced the actual time lag t lag and the actual denitrification rate τ NO3 determined for each well by their mean over the 16

J o u r n a l P r e -p r o o f wells. In the 16 wells, t lag varied from 3 to 67 y (mean = 33 y) and τ NO3 varied from 1 to 20 y (mean = 4.7 y).

Modification of past nitrogen inputs

Regardless of the reconstruction method, nitrogen input time series contain uncertainties in their cumulated concentration (i.e. the total mass of nitrate that entered the system since the beginning of the industrial period) and in their shape, especially related to the position of the peak of nitrate inputs [START_REF] Payraudeau | Analysis of the uncertainty associated with the estimation of nitrogen losses from farming systems[END_REF]). We analyzed model sensitivity to the total input mass by modifying the cumulated concentration between 1960

(beginning of the increase in the nitrate inputs) and 2015 (end of the sampling campaigns).

We also tested the impact of the shape of the time series by simplifying it to a rectangular distribution (a plateau shape rather than curved).

Results

Nitrate concentrations predicted by the reference model

Groundwater nitrate concentration was predicted by the reference model for the three future loading scenarios presented in section 2.2.4. (Figure 1). Results are shown for the years 2020, 2030 and 2050, corresponding respectively to 5, 15 and 35 years ahead of the last measurement campaign (2015).

In three wells, the legacy effect is so strong that even with an -immediate ban‖ scenario, the nitrate concentration would increase between 2020 and 2030. On a time range of 15 years, their responses do not even depend on the evolution scenario and are only controlled by past inputs. Generally, differences between the three scenarios increase with time, as increasing quantities of water infiltrated after the beginning of the mitigation scenarios reach the wells.
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Nevertheless, whatever the scenario, nitrate concentration is highly heterogeneous with a consistent spatial pattern throughout the catchment. In 2030, the concentration is close to 0 in some wells, while the maximum concentration is still higher than the guideline value of 50 mg L -1 recommended by the World Health Organization. The same nitrate input time series was applied to the whole catchment, so the heterogeneity in the output concentrations results from spatial variability of residence times and denitrification in the aquifer. This illustrates the wide range of residence times and denitrification rates existing in fractured bedrock aquifers such as the one studied here, and their impact on present and future nitrate concentration. Consequently, future nitrate concentrations in aquifers cannot be predicted straightforwardly from future agricultural scenarios. Predictions require not only to characterize past and future nitrate inputs, but also groundwater residence times and denitrification capacities.

To investigate the relative importance of anthropic and natural parameters, we further performed a sensitivity analysis on the concentrations predicted with the reference scenario in 2030 (enlarged map on Figure 1).
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Sensitivity analysis

The primary results of the sensitivity analysis are presented in Figure 2 (additional details in Figure S2). Basically, the closer the regression line is to the dashed line and the smaller the dispersion is, the less the predictions are sensitive to the parameter tested. Note that the analysis is only weakly sensitive to any of the wells even though some points look like outliers as the well with the highest concentration on Figures 2c and2i, where more than half of the other nitrate concentrations are significantly overpredicted.
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Sensitivity to residence time distribution

The sensitivity analysis revealed that the mean residence time was insufficient on its own to make predictions of future nitrate concentration (Figure 2 Integrating information of both the mean and standard deviation of the residence time distribution allowed reasonable prediction of future nitrate concentration. Indeed, predictions obtained with the 2-parameters LPMs (Inverse Gaussian, Shifted exponential, Gamma and Uniform models) showed better agreement with the reference predictions (Figure 2 e-f and Figure S2). The slopes of the regression lines were close to 1 (~1.1), their intercepts were lower than 3, and the associated correlation coefficients (R 2 ) were above 0.8.

Sensitivity to denitrification

To predict future nitrate concentration, it mattered more to know the time needed for the denitrification to start, t lag , than the precise rate of the denitrification once it began, τ NO3 (Figure 2 g-i). Indeed, replacing actual denitrification rates τ NO3 by the average denitrification rate of the catchment did not bias significantly the predictions of future nitrate concentration (Figure 2 h). The slope of the regression line between the concentration predicted using J o u r n a l P r e -p r o o f actual parameters and the concentration predicted using an average denitrification rate was close to 1 (1.1), and the intercept value was low (2.6), showing little systematic bias. On the contrary, replacing actual denitrification time lags t lag by the average time lag over the 16 wells significantly biased the predictions of future nitrate concentrations (Figure 2 i). Most of the nitrate concentrations are overpredicted. We thus conclude that, in the saturated zone of the investigated aquifer, the nitrate concentration appears to be primarily controlled by the time needed for the denitrification to start, which is much longer than the actual time of reaction. This suggests that denitrification can virtually be considered as an ON/OFF system, in which the important point to set is whether it has begun or not.

Sensitivity to the past nitrogen inputs

As expected, the total mass of nitrate that entered the aquifer since the beginning of the industrial period impacted the absolute values of the output nitrate concentration in groundwater (Figure 2 k-l). A change in the input mass had a proportional effect on the aquifer concentration predictions. More surprisingly, uncertainties in the shape of the nitrate input time series did not substantially bias predictions (Figure 2 m-o). If the peak was flattened to a plateau that lasts 20 years, the output concentration remained very close to the actual concentration, with a slope of 0.9 and an R 2 of 0.98. If the time series was simplified to the extreme (i.e. a unique plateau lasting from the beginning of the industrial period to the return to a stable concentration), the predicted concentration was still relatively close to actual concentration, with a slope of 0.8 and a R 2 of 0.79. Thus, a first-order reconstruction of the nitrate input time series, based only on the starting time of input and the total mass of nitrate that entered the aquifer, already yielded reasonable predictions of nitrate concentrations in groundwater (Figure 2 n). If an additional evaluation of the period during which the input concentration reached its maximum was made, then, the predictions became very accurate (Figure 2 o). The low sensitivity to the shape of the input time series can be J o u r n a l P r e -p r o o f explained from the natural mixing of groundwater flow lines, which spreads the residence time distributions and flattens the nitrate time series.

Discussion

Local hydrogeomorphic and biogeochemical conditions induce a high variability on nitrate concentrations

The nitrate input reduction scenarios revealed large local variations in groundwater's nitrate concentration response despite identical initial input. In some of the wells, 5 to 15 years after a sudden stop of the nitrogen inputs, groundwater pollution was still almost as high as if the input had not decreased (Figure 1). However, in the same 35 km 2 catchment, other wells showed a nitrate concentration close to 0 mg/L, even in the worse input scenario (Figure 1).

This underlines how strongly the small-scale variability of hydrogeomorphic and biogeochemical conditions affect nitrate concentrations in fractured-bedrock aquifers. More generally, the observed water quality state and recovery rate for a given catchment depends on both the degree of nutrient loading and the overall retention and removal capacity, which can vary substantially in both surface and subsurface environments [START_REF] Cheng | Maximizing US nitrate removal through wetland protection and restoration[END_REF][START_REF] Frei | Predicting Nutrient Incontinence in the Anthropocene at Watershed Scales[END_REF] .

The time lag of measurable impacts of nitrate input mitigation strategies depends on local groundwater flowpaths. Hence, there is an urge to be able to characterize both local heterogeneity and the time lag of the response of aquifers to restoration measures to set realistic management targets [START_REF] Dupas | Multidecadal Trajectory of Riverine Nitrogen and Phosphorus Dynamics in Rural Catchments[END_REF]. Indeed, no clear decrease in nitrate concentrations after several years of stringent mitigation efforts could simply indicate that improvements have not yet propagated through the system [START_REF] Sebilo | Long-term fate of nitrate fertilizer in agricultural soils[END_REF]. A lack of consideration of these time lags could discourage farmers and politicians and could provoke J o u r n a l P r e -p r o o f fines and penalties for nonattainment of water quality goals despite real progress if they were set on an unrealistic time scale [START_REF] Meals | Lag Time in Water Quality Response to Best Management Practices: A Review[END_REF].

Residence times: a single age tracer is not enough

In many studies, the residence time distribution is constrained by natural tracers [START_REF] Ayraud | Compartmentalization of physical and chemical properties in hard-rock aquifers deduced from chemical and groundwater age analyses[END_REF][START_REF] Böhlke | Combined Use of Groundwater Dating, Chemical, and Isotopic Analyses to Resolve the History and Fate of Nitrate Contamination in Two Agricultural Watersheds, Atlantic Coastal Plain, Maryland[END_REF][START_REF] Visser | Groundwater age distributions at a public drinking water supply well field derived from multiple age tracers ( 85 Kr, 3 H/ 3 He, and 39 Ar)[END_REF]). Here we found that both the mean and the standard deviation of the groundwater residence distribution were necessary, and sufficient, to make predictions of future nitrate concentrations (Figure 2).

Thus, a single age tracer, giving a single apparent age, does not allow adequate prediction of future groundwater nitrate concentration. The distribution should not be reduced to a Dirac distribution where the only parameter would be altogether the mean and apparent ages.

Therefore, accurate predictions require to constrain the standard deviation of the residence time distribution either by measuring an additional age tracer, or by using a model. Our finding is consistent with [START_REF] Marcais | Inferring transit time distributions from atmospheric tracer data: Assessment of the predictive capacities of Lumped Parameter Models on a 3D crystalline aquifer model[END_REF], who used results from groundwater flow models to show that two independent age tracers interpreted with a priori relevant LPM models are enough to constrain key quantiles of the residence time distribution. It also agrees with [START_REF] Eberts | Comparison of particletracking and lumped-parameter age-distribution models for evaluating vulnerability of production wells to contamination[END_REF], who found evidence that lumped parameter models calibrated with two or three age tracers can be as efficient as particle tracking models to assess the vulnerability of wells to contamination.

Measuring the first two moments (mean and standard deviation) of the RTD requires two independent age tracers, which is often challenging. One way to circumvent the problem could be found in recent studies that demonstrate the linkage between geology, topography and residence times [START_REF] Mcguire | The role of topography on catchment-scale water residence time[END_REF][START_REF] Soulsby | Towards simple approaches for mean residence time estimation in ungauged basins using tracers and soil distributions[END_REF][START_REF] Starn | Regionalization of Groundwater Residence Time Using Metamodeling[END_REF][START_REF] Tetzlaff | Inter-catchment comparison to assess the influence of topography and soils on catchment transit times in a geomorphic province; the Cairngorm mountains, Scotland[END_REF]. Correlating the mean age and the variability of RTD with geomorphological characteristics, such as the total volume and the heterogeneity of the aquifer, is increasingly investigated on the basis of local to regional groundwater flow and J o u r n a l P r e -p r o o f transport models (Starn et al., 2021;Gauvain et al., 2021). Simulation results are handled either to determine generic rules or as an input to machine learning algorithms to eventually upscale residence times and nitrate predictions on the basis of widely available geological and topographic data.

Denitrification: the time to start is more important than the reaction rate

When considering denitrification, it is essential to distinguish the time needed for the reaction to start from the time needed for the reaction itself [START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF]. Our study confirmed that the denitrification time lag is the primary control of nitrate concentration in groundwater, rather than variation in denitrification rate itself (Figure 2). Once O 2 has been sufficiently depleted, nitrate reduction is very fast compared to the denitrification time lag.

The characteristic denitrification time is thus only a secondary control.

Oxygen and nitrate reduction require the availability of electron donors [START_REF] Korom | Natural denitrification in the saturated zone: A review[END_REF], typically organic matter or pyrite [START_REF] Hosono | The use of delta15N and delta18O tracers with an understanding of groundwater flow dynamics for evaluating the origins and attenuation mechanisms of nitrate pollution[END_REF][START_REF] Pauwels | Denitrification and mixing in a schist aquifer: influence on water chemistry and isotopes[END_REF]). In our system, organic carbon is mostly consumed in the soil and is not abundant in the saturated zone of the aquifer. Thus, in the aquifer, oxygen and nitrate degradation depend on the availability of mineral electron donors such as pyrite [START_REF] Bochet | Iron-oxidizer hotspots formed by intermittent oxic-anoxic fluid mixing in fractured rocks[END_REF]. [START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF] proposed a conceptual framework in which the aquifer is divided into a shallow, non-reactive zone that lacks available electron donors, and a deep, reactive zone, with available electron donors. After leaching from the soil, the groundwater first flows through the non-reactive zone, where neither O 2 nor NO 3 -is degraded. As soon as the groundwater enters the deep reactive zone, where electron donors are again available, O 2 is quickly consumed, followed by NO 3 -. Thus, the denitrification time lag is mainly controlled by the time needed for the nitrate to reach the reactive zone of the aquifer. This framework is consistent with piezometer J o u r n a l P r e -p r o o f profiles established by [START_REF] Postma | Nitrate Reduction in an Unconfined Sandy Aquifer: Water Chemistry, Reduction Processes, and Geochemical Modeling[END_REF] in an unconfined sandy aquifer, showing that oxygen and nitrate concentrations suddenly decrease at a depth that coincides with the apparition of pyrite. [START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF] additionally correlated the depth of the reactive zone with the thickness of the geologically weathered zone. They proposed that geological weathering alters reduced minerals, inducing a stratification of biogeochemical activity.

Results from [START_REF] Böhlke | Combined Use of Groundwater Dating, Chemical, and Isotopic Analyses to Resolve the History and Fate of Nitrate Contamination in Two Agricultural Watersheds, Atlantic Coastal Plain, Maryland[END_REF] in a sedimentary aquifer also suggested a stratification of denitrification related to the stratification of sedimentary layers. Our results, combined with the concept of stratified reactivity, suggest that the key parameter of denitrification could be characterized based on weathering profiles of the aquifer. Such profiles can be obtained by geophysical prospecting such as seismic imaging [START_REF] Holbrook | Geophysical constraints on deep weathering and water storage potential in the Southern Sierra Critical Zone Observatory[END_REF][START_REF] Parsekian | Multiscale geophysical imaging of the critical zone[END_REF][START_REF] Pasquet | 2D characterization of near-surface VP/VS: Surface-wave dispersion inversion versus refraction tomography[END_REF][START_REF] St | Geophysical imaging reveals topographic stress control of bedrock weathering[END_REF].

The interplay between residence times and denitrification controls nitrate concentration

Finally, the nitrate concentration in the aquifer is controlled by the proportion of water younger than the denitrification time lag (Figure 3). This young water did not encounter the reactive zone at all, meaning that it has the same nitrate concentration as the saturated zone input. Groundwater older than the denitrification time lag is almost fully denitrified and contains a very small amount of NO 3 -. Because the denitrification time lag is directly related to the time needed for oxygen to be consumed, O 2 concentration could be used as a proxy for the proportion of water younger than the denitrification time lag. Our results support [START_REF] Green | Regional oxygen reduction and denitrification rates in groundwater from multi-model residence time distributions, San Joaquin Valley, USA[END_REF], who proposed to use O 2 measurements to characterize denitrification processes. O 2 can be cheaply and reliably measured via routine laboratory and field methods, though care must be taken to avoid reaeration or degassing during sampling. Using groundwater oxygen concentration would greatly increase our capacity to predict nitrate removal at large scales.

J o u r n a l P r e -p r o o f

The interplay between residence times and denitrification can be illustrated by looking at the NO 3 -trajectories in three wells with very distinctive flows and reactive conditions of the aquifer (Figure 3). The well that contains the largest fraction of water younger than the time needed for denitrification to start (t lag ) displays the highest NO 3 -concentration (well 1).

The presence of very short flowpaths also leads to a rapid response to agricultural changes and allows the difference between the three input scenarios to be seen immediately. In the well with a smaller amount of water younger than t lag , the NO 3 -concentration is lower (well 2). However, the absence of very short flowpaths delays the response to nitrate input decrease scenarios. For more than 10 years after a ban of nitrogen input, the concentration remained as if no change had been made. In the last well, the combination of a short denitrification time lag and the absence of very young flowpaths leads to a zero NO 3 concentration, because only denitrified flow paths reach the well (well 3). Since the whole water mass is older than the denitrification time lag, this well is not vulnerable to NO 3 pollution and its concentration is insensitive to any other parameter. These case studies highlight that the NO 3 -trajectories are governed by the fraction of groundwater younger than the denitrification time lag. This fraction is defined by the interplay between the mean and the standard deviation of the residence time distribution, and the denitrification time lag. The heterogeneity of these key parameters induces a spatially variable vulnerability to NO 3 pollution over the aquifer.

J o u r n a l P r e -p r o o f
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Nitrate inputs: uncertainty about the past does not hamper predictions of the future

Reconstructing nitrate input time series requires substantial resources and presents multiple challenges [START_REF] Oenema | Approaches and uncertainties in nutrient budgets: implications for nutrient management and environmental policies[END_REF][START_REF] Payraudeau | Analysis of the uncertainty associated with the estimation of nitrogen losses from farming systems[END_REF][START_REF] Poisvert | Annual agricultural N surplus in France over a 70year period[END_REF][START_REF] Salo | Nitrogen balance as an indicator of nitrogen leaching in Finland[END_REF]. Our study shows that in catchments without available nitrate input time J o u r n a l P r e -p r o o f series, a simplified time series allows reasonable estimations of future nitrate concentration in groundwater. Although the total mass of nitrate that entered the system since the beginning of the industrial period has to be estimated, the shape of the time series does not substantially affect predictions (Figure 2). Indeed, natural mixing of young and old groundwater smooths the nitrogen input time series in the aquifer [START_REF] Mcdonnell | How old is streamwater? Open questions in catchment transit time conceptualization, modelling and analysis[END_REF]. Regarding the state of current knowledge and the sensitivity of nitrate concentrations, it seems that larger gaps remain in the characterization of natural parameters of the groundwater system than on the reconstruction of the nitrate input time series.

Conclusion

Based on a calibrated model, we predicted the nitrate trajectories in 16 wells (28 to 98 m deep) of an unconfined fractured bedrock aquifer located in an agricultural area of Western

France. Groundwater flow in the saturated zone was responsible for a marked nitrate legacy, delaying for several years the impact of mitigation strategies in some parts of the catchment.

This highlights the need to determine where and when the results of mitigation efforts have a chance to be measurable. A sensitivity analysis on the predicted nitrate concentrations showed that the nitrate concentration in the aquifer can be predicted using a limited number of parameters:

1. the total mass of nitrate that entered the saturated zone in the past, which can be estimated with land use data.

2. the mean and the variance of the groundwater residence time distribution, which can be measured with a minimum of two age tracers. If only one age tracer is available, it must be combined with a model or an assumption on the residence time variance, that could be based on geomorphologic analysis.

J o u r n a l P r e -p r o o f

  [START_REF] Kolbe | Stratification of reactivity determines nitrate removal in groundwater[END_REF] from the 16 wells' NO 3 -, N 2 , and groundwater age data. Denitrification produces N 2 , creating an excess of dissolved N 2 relative to the atmosphere in groundwater, allowing estimation of the amount of degraded NO 3 -(Aeschbach-Hertig et al. 1999). The initial concentration of NO 3 -entering the saturated zone was calculated by adding the amount of degraded NO 3 -(estimated from the N 2 excess) to the current NO 3 -concentration. Though land use in particular plots over the last several decades has rotated (Barbe et al. 2019), the overall catchment land use revealed that nitrogen inputs can be considered as spatially uniform (Kolbe et al. 2019), allowing the determination of a single NO 3 -input time series for the whole catchment. Using initial NO 3 -concentration and the residence time distribution in J o u r n a l P r e -p r o o f

Figure 1 .

 1 Figure 1. Predicted nitrate concentrations in the 16 wells following the three agricultural

Figure 2 .

 2 Figure 2. Results of the sensitivity analysis were performed according to the reference model

  a-c). A Dirac distribution, corresponding to a piston-flow model where the age of the whole water mass is equal to the mean residence time, created a binary response, where denitrification occurred either on all flow lines or not at all (Figure 2 b). Alternatively, an exponential distribution, corresponding to well-mixed flows, led to a homogenization of the nitrate concentration towards intermediate values that did not reflect the spatial heterogeneity of the catchment (Figure 2 c). Nitrate concentrations are strongly overestimated for almost half of the wells. For both 1parameter LPMs, the correlation coefficient of the linear regression between the concentrations predicted by the reference model and the concentration predicted by the modified model is lower than 0.35 (Figure 2 b-c). Thus, despite their convenience, 1-parameter LPMs have very poor predictive capacities of nitrate concentrations.

Figure 3 .

 3 Figure 3. Prediction of the nitrate trajectories in three wells, following the three scenarios presented in section 2.2.3. The NO 3 -concentration in the wells (on the right panels) results