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Introduction

In many countries, groundwater is a major resource for drinking-water production, requiring a good initial sanitary quality. In addition to this sanitary aspect, environmental preoccupations are growing as well. This is the context in which, at a European level, the Water Framework Directive (WFD) and its subsidiary directives (European Commission, 2000, 2006) aim at limiting contaminant pressure, reducing content trends and avoiding new contaminations. Several programmes of measures have been designed to reach these objectives, but evaluating their efficacy can be difficult, especially within the physical realm of groundwater. This is especially due to the fact that transfer times of solutes in water between soil and groundwater, and within the aquifer itself, can take many years or even decades.

Among the contaminants of human-made origin for agricultural or other use, pesticides are a major source of groundwater contamination in the WFD sense. During a French survey in 2013, 203 out of 589 aquifers were in a poor chemical condition, 88 of which for the single "pesticides" parameter and 63 for the two parameters "pesticides" and "nitrate". The presence of pesticides in groundwater can be due to diffuse or point pollution. Concerning the first, the pesticide transfer to groundwater is affected by several factors, such as the properties of the active substance and of the soil, in turn affecting sorption and degradation processes. Though such transfer is well studied for soil, it remains poorly understood within the deeper unsaturated zone-below 1 to 2 m-and in the saturated. However, this knowledge is essential for evaluating the risk of groundwater contamination and the resilience of aquifers in terms of such contamination.

The risk of groundwater contamination by pesticides has been evaluated for many years, using for instance screening methods based on leaching-risk indices that consider the physical properties of a pesticide (adsorption, solubility, etc.), integrating or not the soil characteristics.

Numerous indices exist and can be compared, though the results obtained by different methods may seem contradictory (Akay [START_REF] Demir | A new screening index for pesticides leachability to groundwater[END_REF]. Similarly, numerous qualitative (e.g., overlay-index methods), quantitative and statistical methods have been developed for estimating the intrinsic or specific vulnerability of an aquifer [START_REF] Machiwal | Assessment and mapping of groundwater vulnerability to pollution: current status and challenges[END_REF]. Moreover, modelling approaches of varying complexity can be used. In Europe for instance, EC Regulation 1107/2009 concerning the marketing of plant-protection products, the risk of transfer to groundwater is partly based on modelling [START_REF] Gimsing | metabolites in the context of Regulation (EC) 1107/2009[END_REF].

In addition, groundwater-quality monitoring data can be used for evaluating the degree and/or the evolution of contamination, or for identifying the situations most at risk. Contrary to the results from indicators or modelling, monitoring data provide a real image of groundwater conditions and are not subject to biases related to conceptualization of the model or the indicator. However, monitoring data can only be used for molecules that are known to occur and are searched for in groundwater. Moreover, only a limited number of publications exists on the presence of pesticides mentioned in the 1 st and 2 nd Watch List on European Surface and Groundwaters [START_REF] Pietrzak | Pesticides from the EU first and second watch lists in the water environment[END_REF], and that surveillance of groundwater quality may be incomplete for certain pesticides.

Generally, when using monitoring data, the temporal evolution of groundwater quality is estimated either by comparing data from monitoring points at different dates, ignoring what happened between those dates [START_REF] Kolpin | Degradates provide insight to spatial and temporal trends of herbicide in groundwater[END_REF] 86 wells in Iowa, three comparisons between two dates;), or by more continuous monitoring over a shorter period of one or several years [START_REF] Guzzella | Herbicide contamination of surficial groundwater in northern Italy[END_REF][START_REF] Mcmanus | Pesticide occurrence in groundwater and the physical characteristics in association with these detections in Ireland[END_REF]. The latter often covers a restricted number of points [START_REF] Lapworth | Pesticides in groundwater: some observations on temporal and spatial trends[END_REF] 14 wells over a year in a given hydrogeological context, [START_REF] Mcmanus | Hydrogeological characteristics influencing the occurrence of pesticides and pesticide metabolites in groundwater across the Republic of Ireland[END_REF], or, more exceptionally, is more intensive (De Guzman et al., 2005: 175 sites monitored over seven years, or 10,054 samples). Still, short-term monitoring poses the problem of how representative the data are in terms of water use and aquifer recharge.

Groundwater-quality data can be examined in the light of various factors that may influence contaminant transfer, such as molecular properties [START_REF] Worall | Aquifer vulnerability to pesticide pollution -combining soil, land-use and aquifer properties with molecular descriptors[END_REF], uses in a context of substitution of the active substance [START_REF] De Guzman | Directive 2000/60/EC establishing a framework for Community action in the field of water policy[END_REF], environmental data such as the hydrogeological setting [START_REF] Fonseca | Investigation of pesticides and their transformation products in the Júcar River hydrographical basin (Spain) by wide-scope high-resolution mass spectrometry screening[END_REF][START_REF] Mas | Pesticides in water sources used for human consumption in the semiarid region of Argentina[END_REF], or the hydrodynamic context [START_REF] Lapworth | Pesticides in groundwater: some observations on temporal and spatial trends[END_REF]. In most cases, however, the number of observations is relatively small and generally concentrated in a small enough geographic area for drawing site-specific conclusions.

We, however, propose to examine-at a national scale and using multi-year monitoring data since the mid-1990s-the evolution of groundwater quality in France. This evolution may be due to changes in pesticide use as driven by regulatory evolution, but also to changes in the hydrogeological and climatic context. As far as we know, this is the largest dataset ever used for this type of exercise.

Materials and methods

Groundwater-quality database

In France, since the mid-1990s, the Ministry for the Environment has set up a national open-access database coordinated by the French Geological Survey (BRGM) on groundwater, called ADES (https://ades.eaufrance.fr/). This base contains data from sanitary and environmental monitoring networks, covering both quantitative (groundwater levels) and qualitative aspects. Today, it contains over 88 million water analyses from about 75,000 observation points.

Launched in 2007 and fully operational in 2009, the monitoring networks were structured to answer the WFD objectives and its directive EC 2006/118 on "The protection of groundwater against pollution and deterioration". Creating these networks i) increased the number of analyses, ii) stabilized the number of monitored wells and iii) obtained a wider and patrimonial vision, earlier pesticide monitoring tended to focus on known or suspected contaminated areas. However, as the monitoring was not steered by a single national entity, the monitored substances were not the same everywhere.

Today, this groundwater surveillance covers 26,055 monitoring points over 589 groundwater bodies. As not all 2019 data had been entered into the ADES database when preparing this paper, we decided to restrict ourselves to 1996-2018 high-quality data.

Molecules studied

The ADES database contains the results of concentration measurements for several hundreds of active substances. A selection was thus made of the most frequently quantified active substances in French groundwater. As the monitoring of metabolites is generally more recent and less homogeneous, we focused on the active substances for this review of data over a longer time span.

Other criteria retained for covering different situations, included evaluation of national regulations (and thus of uses), chemical classes, and crops to protect. The main information is summarized in Table 1. We retained atrazine, metolachlor, isoproturon and chlortoluron, all frequently detected during a national campaign [START_REF] Lopez | Screening of French groundwater for regulated and emerging contaminants[END_REF]. In addition, molecules with a similar use in cropping terms were selected as well, such as dimethenamid and acetochlor that are much used on maize, like metolachlor. The retained molecules covered the following situations:

• Substances for which permitted dose levels were reduced over time: atrazine (1990, 1997 and withdrawn in 2003), isoproturon (2004 and withdrawn in 2017), chlortoluron (2004); • Substances whose isomeric ratio was modified in the commercial product: (S)-metolachlor, and dimethenamid-(P), leading to a reduction in doses applied per hectare. For both molecules, some French laboratories provide only an overall analysis that may, or may not, be accompanied by a complementary analysis for distinguishing isomers. By convention, here, the generic term metolachlor or dimethenamid is used for sales and analytical results of both isomers.

•
In addition to the changes connected with French marketing authorizations, our study covered different types of use, i.e. crops. It included molecules with different application dates throughout the year, molecules belonging to different chemical classes (substituted ureas, triazines, chloroacetamides) and those with different physico-chemical properties and GUS indexes [START_REF] Gustafson | Groundwater ubiquity score: a simple method for assessing pesticide leachability[END_REF] (Table 1). Schematically, isoproturon and chlortoluron are herbicides with similar GUS indexes, used for straw cereals (post-sprouting). The chloroacetanilides studied are mainly used as maize herbicides, with metolachlor (the most mobile according to the GUS index) versus acetochlor and dimethenamid, which have comparable values. Atrazine was used on maize but also as a general weedkiller, and terbuthylazine was used on maize as well as on grapevines.

Soil use and crops of interest

French data for 2015 in the agricultural parcel register (Ministry for Agriculture data) list the surfaces occupied per crop type. Processing these data with a Geographic Information System (GIS) defined the percentage of surface occupied by a crop of interest for a specific groundwater body. For this study, a 'crop of interest' is a crop that may have received applications of one of the active substances studied, but only majority use of such a substance was considered. Groundwater bodies below a minimum 'crop of interest ' surface were specifically examined for these molecules, this arbitrary limit being set to ensure a minimum of potential substance application over the water body (Table 1).

Pesticide and herbicide sales

In France, since 2009 and following national regulations, all distributors of crop-protection products must declare their annual sales figures for nation-wide monitoring. These data are stored in the National Crop Protection Products Sales database (BNV-D). The information is available at a departmental (provincial) scale. A limit to using these data is set by the fact that sales are referenced by the municipality of the sales point. More recently, the referencing has changed to the municipality where the buyer is headquartered, which may differ from where a substance is actually used. It is thus clear that such data can only be used at a national or departmental scale, or over large surfaces, as using such data at a local scale may introduce a strong bias. Faced with such uncertainties on where the substances were used and possible geographical discrepancies between sales and actual use, we decided to aggregate the data by year for the whole of France in order to highlight the main trends. As said before, 2019 data were not available when our work started.

Frequency of exceeding the reference value

In order to characterize the temporal evolution of groundwater quality, we had to define reference criteria. For a given contaminant and water body, several laboratories may have intervened over time, or the same laboratory may have modified its analytical methods, causing changes in the quantification limit over time. Similarly, the quantification limit is molecule dependent. For these reasons, we decided not to consider the quantification frequency (occurrence sensu stricto), but a common frequency of exceeding a reference value for most substances. The adjusted method, like a common threshold for computing frequencies, allows unbiased comparison among compounds [START_REF] Kolpin | Occurrence of pesticides in shallow groundwater of the United States: initial results from the national water-quality assessment program[END_REF]. We retained a value of 0.1 µg/L as this exceeds the quantification limits of many laboratories for most substances (more than one hundred referenced in ADES had a maximum limit of quantification over 0.1 µg/L for the study period) without being too high to mask temporal variations in concentration. Comparison with other threshold values close to this value showed that we could compare the trends regardless of the retained threshold value, even though the frequencies of exceedance in absolute values obviously will be different (S.figure 1). Moreover, though not being our initial decisional criterion, the 0.1 µg/L value is that retained in the European Drinking Water and Water Framework directives.

The frequency of exceeding the 0.1 µg/L value was examined at yearly and monthly scales, and compared with data on effective rainfall, hydrogeological context and soil use. When possible, it was also compared with sales figures for active substances. All these data were available for the period 2008-2018.

A standard for groundwater bodies

Groundwater bodies are the evaluation units of the Water Framework Directive; they are defined as a distinct volume of groundwater within one or several aquifers, their boundaries being based on hydrogeological criteria and, if necessary, anthropic pressures. Such groundwater bodies are defined by six types of hydraulic functioning (alluvial, sedimentary, volcanic edifice, intensely folded, basement, locally impermeable), by their condition (confined or unconfined) and by other attributes.

Of the 589 groundwater bodies recorded in a 2013 French database, 117 are in an alluvial domain, 299 in a sedimentary environment, 1 in a volcanic edifice, 36 in folded rocks, 51 in a locally impermeable aquifer, and 85 in basement rocks. We examined the groundwater quality data by type of associated lithology, and-at the scale of specific water bodies-also in terms of surface crop types.

Effective rainfall

In France, the SAFRAN hydrological model was developed by MétéoFrance in order to distribute of water-resource data at a national scale. This atmospheric forcing model allows the interpolation and extrapolation of precipitation data, considering especially terrain effects. The model provides national coverage with an 8x8 km grid, and is used operationally for hydrological monitoring and estimating flowrates for all of metropolitan France. In our case, annual effective rainfall data were available for the period 1958-2019. Using these data allowed linking the evolution of groundwater quality with climatic context, effective rainfall being used as a proxy for groundwater recharge. For the period 1996-2018, the annual average was 411 mm.

Results and discussion

3.1. Impact of the withdrawal, reduction in permitted levels and marketing of active substances 3.1.1. The case of triazines

Figure 1 shows at the scale of France, for atrazine and terbuthylazine, and for groundwater bodies with a crop of interest, the frequency of exceeding 0.1 µg/L per year , distinguishing between years with authorized use and years after market withdrawal. The effective rainfall is shown by the size of the symbol, as is the number of analyses per year.

For atrazine, the frequency of exceeding 0.1 µg/L was highest (near 20%) before the 1997 dose reduction and restriction to agricultural use only. For the first years shown, the number of analyses was smaller than during the last decade, and it should be remembered that early monitoring often favoured the potentially most affected sectors. Unfortunately, before 2003 no sales data are available for comparing uses and the frequency of exceeding threshold values, which might explain the strong reduction between 1996 and 2003, the year that atrazine use was halted. After that date, the frequency further diminished in a significant, but not continuous, manner. In some cases, the frequency of exceedance increased when the year was more humid than the preceding one(s), such as 2012 vs. 2011, or 2016 vs. 2015). For more recent years and over 15 years after it was taken off the market, atrazine continues to be quantified (>0.05%) in many aquifers, still with values over 0.1 µg/L, regardless of whether all of a territory is considered, or just the water bodies with at least 10% maize crops on surface. This presence in groundwater, notwithstanding no new input, was demonstrated for several areas with differing hydrogeological contexts in France [START_REF] Morvan | Pesticides in the groundwater of a spring draining a sandy aquifer: temporal variabilities of concentrations and fluxes[END_REF][START_REF] Baran | Hydrodynamic and geochemical constraints on pesticide concentrations in the groundwater of an agricultural catchment (Brévilles, France)[END_REF]), but also in Germany (Tappe et al. 2002), Italy (Guzzela et al., 2005) Ireland (McManus, 2014), Belgium [START_REF] Hakoun | Factors controlling spatial and temporal patterns of multiple pesticide compounds in groundwater (Hesbaye chalk aquifer, Belgium)[END_REF] and Slovenia [START_REF] Koroša | Determination of micro-organic contaminants in groundwater (Maribor, Slovenia)[END_REF], all countries where atrazine use was forbidden at different dates. This time lag can be caused by several phenomena that may be superimposed, of which we will discuss the three main ones, for atrazine but also for other molecules that will be discussed hereafter. A fourth phenomenon could be the use of residual stocks after the bans, but given the national scale and the long duration of the observations, this hypothesis is not considered to be significant and will not be discussed hereafter. The first of the three possible phenomena, the presence in groundwater where use was stopped can be explained by a long transfer time of the substance through the soil and the unsaturated and saturated zones that may take years or decades (Chen et al., 2019;[START_REF] Gourcy | Improving the knowledge of pesticide and nitrate transfer processes using age-dating tools (CFC, SF6, 3H) in a volcanic island (Martinique, French West Indies)[END_REF][START_REF] Gutierrez | Long-term transfer of diffuse pollution at catchment scale: respective roles of soil, and the unsaturated and saturated zones (Brévilles, France)[END_REF]. A transfer time is dependent upon hydrodynamic phenomena and specific interactions between a molecule and soil/subsoil constituents. For atrazine in the unsaturated zone of till materials, retardation was observed and attributed to sorption [START_REF] Helmke | Fracture-controlled nitrate and atrazine transport in four Iowa till units[END_REF]. Long-term atrazine storage in a karst aquifer (Chalk) was found 20 years after discontinuing its use, due to slow transfer through the matrix [START_REF] Hillebrand | Investigating the dynamics of two herbicides at a karst spring in Germany: consequences for sustainable raw water management[END_REF]) and the heterogeneity of atrazine percolation through matrix and fractures in the unsaturated zone of a chalky aquifer was demonstrated (Chen et al., 2019b). For an unconfined chalky aquifer, a correlation between water-level fluctuations and atrazine concentration was observed even several years after market withdrawal [START_REF] Hakoun | Factors controlling spatial and temporal patterns of multiple pesticide compounds in groundwater (Hesbaye chalk aquifer, Belgium)[END_REF].

A second phenomenon that might explain atrazine presence in groundwater several years after the last applications, is the possible remobilization of atrazine from the soil during several decades. In fact, the analysis of solid samples from a lysimeter [START_REF] Jablonowski | Persistence of 14 C-labeled atrazine and its residues in a field lysimeter soil after 22 years[END_REF], or from an agricultural parcel [START_REF] Vonberg | Atrazine soil core residue analysis from an agricultural field 21 years after its ban[END_REF]) has shown the persistence of the mother-molecule in soil for over 20 years after its last application and its possible leaching. Similarly, [START_REF] Caprile | Drainage and vertical transport of herbicides in two mollisols of the Argentinian Rolling Pampa[END_REF] detected atrazine in all lysimeter-drainage up to three years after its application raising questions about a possible increase in groundwater contamination due to the persistence of atrazine, several years after its last application.

Finally, a third phenomenon that could explain this persistence of atrazine in groundwater long after its last use, is that the molecule degrades very slowly in the saturated zone. In alluvialdeposits and fluvioglacial sediments, degradation is very slow [START_REF] Guzzella | Herbicide contamination of surficial groundwater in northern Italy[END_REF]. For different aquifer materials, laboratory experiments under saturated and stagnant-water conditions showed that atrazine degradation was limited, with an estimated half-life of 206 to 710 days [START_REF] Schwab | Persistence of atrazine and alachlor in ground water aquifers and soils[END_REF]. A lag effect on atrazine degradation or terbuthylazine aging in aquifer sediment, probably attributable to low sorption, was demonstrated as well [START_REF] Johannesen | Mineralization of aged atrazine, terbuthylazine, 2,4-D and mecoprop in soil and aquifer sediment[END_REF]. Low to no atrazine mineralization was observed under different redox conditions [START_REF] Larsen | Degradation of herbicides in two sandy aquifers under different redox conditions[END_REF].

Working on groundwater samples collected in seven observation wells and a spring-water sample from the same sandy aquifer, doped at a low dose (1 µg/L), atrazine (and isoproturon) had become mineralized (>14% and 21-58%, respectively) after 385 days in one of the wells [START_REF] Janniche | Microbial community-level physiological profiles (CLPP) and herbicide mineralization potential in groundwater affected by agricultural land use[END_REF].

For terbuthylazine, (Fig. 1), whether for data covering all of France, or concerning only water bodies overlain by ground covered with at least 2% grapevines, the frequency of exceeding the 0.1 µg/L threshold was highest in 1997-1998, before its market withdrawal. For these years, as for atrazine, the number of analyses was rather small, and it is possible such research was restricted to areas where the molecule was expected. Since 1998, this frequency of exceedance shows an overall decrease, but cannot be compared with sales figures, which are unavailable. However, for the years 2001 and 2004 and areas covered by >2% grapevines, the frequency slightly increased; both years followed years with more rainfall than before. The overall frequency decrease was quite marked between 1998 and 2005, after which it slowed down. The frequency of exceedance, for the last years and since moratorium on its use in 2003, was around 0.05% nation-wide and 0.2-0.6% for areas with vineyards. As expected in view of the relatively specific, though not exclusive, use on grapevines, the calculated frequency of exceedance is clearly higher when only water bodies below vineyards are considered, versus all French data.

As for atrazine, several factors can explain such occurrences several years after use was halted. A recent review of terbuthylazine showed that studies of its occurrence are limited, especially for groundwater [START_REF] Tasca | Terbuthylazine and desetylterbuthylazine: recent occurrence, mobility and removal techniques[END_REF], thus limiting the possibilities for comparing our results with other studies. Based on a lysimeter experiment (1 m 2 surface area, 2 m depth), it was shown that terbuthylazine was not detected in leachates, but that 743 days after its application, it could still be quantified in the first 30 cm of soil [START_REF] Schuhmann | Degradation and leaching of bentazone, terbuthylazine and S-metolachlor and some of their metabolites: a long-term lysimeter experiment[END_REF]. The hypothesis of a remobilization from soil is plausible, but may be limited. However, it was shown by other experiments on soil lysimeters that increasing the time between substance application and the first rain reduces the leached flux [START_REF] Milan | Leaching of S-metolachlor, terbuthylazine, desethylterbuthylazine, mesotrione, flufenacet, isoxaflutole, and diketonitrile in filed lysimeters as affected by the time elapsed between spraying and first leaching event[END_REF]; they also showed that, between years, reducing the leached water volume reduces the terbuthylazine flux. Concerning degradation, biodegradation of terbuthylazine was demonstrated by an autochthonous bacterial community in groundwater microcosms, but for high concentrations (100 mg/L), the high residual concentration at the end of the experiment raises the question of whether degradation will be significant at low environmental concentrations (Barra [START_REF] Caracciolo | The role of a groundwater bacterial community in the degradation of the herbicide terbuthylazine[END_REF]. Moreover, no mineralization of terbuthylazine was observed in Chalk [START_REF] Kristensen | Mineralization of 2,4-D, mecoprop, isoproturon and terbuthylazine in a chalk aquifer[END_REF].

Herbicides of the chloroacetamides class used on maize

Figure 2 shows for acetochlor, metolachlor and dimethenamid-for France as a whole and for groundwater bodies with at least 10% of their surface covered by maize crops-the number of cases where the 0.1 µg/L value is exceeded. It distinguishes years with authorized use from those after withdrawal of the molecule from the market (the case of acetochlor) and also considering effective rainfall. For the three molecules, the low number of analyses at the start of monitoring can explain the high frequencies of exceedance, the research being possibly targeted in "critical" areas. For all three molecules, sales data were available for the period 2008-2018 (Fig. 3). It is likely that the 2013 market withdrawal of acetochlor caused increased sales and use of dimethenamid and metolachlor (Fig. 3).

For the three molecules, a general relationship exists between quantities sold and frequency of exceedance (Fig. 3). The greater frequencies of exceedance of metolachlor compared to other molecules of the same class are probably related to greater applied quantities at the national scale, but also to a higher GUS index (Table 1) indicating a higher mobility toward groundwater.

In detail, between 2008 and 2012, acetochlor sales increased by about 10%, the frequency of exceedance increasing 3-fold (Fig. 3). In 2012 and 2013, the conjunction between a possibly greater use related to using up existing stocks before market withdrawal and a higher effective rainfall Effective rainfall is considered at the scale of a year, but a different distribution of precipitation over the year may cause different leaching patterns. In addition, the available data concern sales and not real applications, which can be different. Despite the large sales and relatively high rainfall, 2018 had a rather low frequency of exceedance compared to the overall trend. This may be explained by two factors: the sales may have been greater because of an impending change in taxation, applications not necessarily following sales. Or, in view of the presence of metolachlor metabolites in groundwater, major stewardship actions may have affected the use of the active substance, such as dose reduction, no application in certain sectors, etc.

In addition to sales, it is clear that the climatic context as represented by effective rainfall, also plays a major role in the frequency of exceedances, as shown by comparing two years with similar sales volumes but different rainfall volumes. For instance for dimethenamid, the high effective rainfall of 2013 (524 mm) might explain the frequency that was slightly higher than in 2014, 2015 and 2016, despite lower sales. For metolachlor, for comparable sales between 2009 and 2012, the frequency of exceedance was higher for 2012, which also had a higher effective rainfall (414 mm). In 2010, however, with a similar effective rainfall to that of 2012, the frequency of exceedance was smaller. For quite similar sales figures, 2017 (rather dry year at 309 mm) had a lower frequency of exceedance than 2016, more humid at 444 mm. This relation between amount of precipitation and transfer through soil had already been demonstrated by local studies for acetochlor [START_REF] Newcombe | The acetochlor registration partnership: prospective groundwater monitoring program[END_REF].

Regarding the three phenomena discussed above that could explain the persistence of an active substance in groundwater (remobilization, delayed transfer time and no degradation in saturated zone), information on the behaviour and transfer of dimethenamid to groundwater is rare.

It is not detected in the Chalk aquifers of England and France, but it is observed in New Zealand, the small doses sometimes being advanced as a factor for explaining the low detection [START_REF] Lapworth | Persistent and emerging microorganic contaminants in chalk groundwater of England and France[END_REF][START_REF] Moreau | A baseline assessment of emerging organic contaminants in New Zealand groundwater[END_REF].

The persistence of acetochlor in groundwater after its withdrawal could be due to a possible remobilization as acetochlor was still detected in soils 344 days after application [START_REF] Baran | Infiltration of acetochlor and two of its metabolites in two contrasted soils[END_REF], in lysimeter leachates up to nine years after its last application [START_REF] Caprile | Drainage and vertical transport of herbicides in two mollisols of the Argentinian Rolling Pampa[END_REF] or in drainage networks over three months [START_REF] Woodward | Fate and transport of nitrapyrin in agroecosystems: occurrence in agricultural soils, subsurface drains, and receiving streams in the Midwestern US[END_REF]. A remobilization of metolachlor from soil is likely to occur, as demonstrated by its detection in lysimeter leachates up to three years after an application [START_REF] Schuhmann | Degradation and leaching of bentazone, terbuthylazine and S-metolachlor and some of their metabolites: a long-term lysimeter experiment[END_REF]. Rainfall characteristics might explain inter-annual differences of the results.

Concerning transfer in the unsaturated zone below soil, for four geological materials, the adsorption of acetochlor is limited or non-measurable for limestone [START_REF] Janniche | Acetochlor sorption and degradation in limestone subsurface and aquifers[END_REF].

Concerning the transfer time of metolachlor in the unsaturated zone, it was shown that a lag effect is possible for fluvioglacial deposits [START_REF] Sidoli | Experimental and modelling of the unsaturated transports of S-metolachlor and its metabolites in glaciofluvial vadose zone materials[END_REF]2020), or for alluvial aquifer [START_REF] Baran | Sorption and mineralization of S-metolachlor and its ionic metabolites in soils and vadose zone solids: consequences on groundwater quality in an alluvial aquifer (Plaine de l'Ain, France)[END_REF], because of interactions between the molecule and the solid matrix. Based on the multi-year monitoring of seven sites, it was shown that the presence of metolachlor in groundwater is limited, in particular because of degradation [START_REF] Rose | Holistic assessment of occurrence and fate of metolachlor within environmental compartments of agricultural watersheds[END_REF]. However, the data also show that there are site-specific alterations to metolachlor's fate, related to climate, soil type, and hydrologic characteristics.

Regarding degradation in the saturated zone, no acetochlor degradation was found over a period of two years in 14 aquifer sediments, but in five other sediment samples, acetochlor had an estimated half-life of 9 to 19 years [START_REF] Janniche | Acetochlor sorption and degradation in limestone subsurface and aquifers[END_REF]. They state that this mineralization can occur under both anaerobic and aerobic conditions. Working on groundwater samples from seven observation wells and from a spring in a sandy aquifer, and using quartz sand as substratum, no acetochlor mineralization was found after 385 days [START_REF] Janniche | Microbial community-level physiological profiles (CLPP) and herbicide mineralization potential in groundwater affected by agricultural land use[END_REF]. As far as we know, no work has been done on geological material from the saturated zone, for evaluating the degradation of metolachlor within an aquifer.

The case of substituted ureas on wheat: isoproturon and chlortoluron

Whether for chlortoluron or isoproturon during the period 1996-2018 (Fig. 4), the data from France as a whole as well as from areas where water bodies are overlain by at least 10% wheat-crop surfaces, show similar trends for a given molecule in the frequency of exceeding the 0.1 µg/L threshold, though the frequency is higher for the second. Considering sales volumes for the period 2008-2018 in addition to the effective rainfall, the importance of climatic context was confirmed for both molecules (Fig. 3B). In the case of isoproturon, for 2010, 2013 and 2016 with similar sales, the frequencies of exceedance were higher for the wettest year (2013); the same is true for the years 2014 and 2011. For chlortoluron, for 2012 and 2013 with similar sales figures, the frequencies of exceedance were higher for the wetter year (2013) as was observed for other molecules. Similarly, even though the chlortoluron sales figures for 2009 and 2011 were higher than those for 2008, the frequency of exceedance was higher for the wettest year (2008). Year 2017 stands out for its high frequency with respect to rainfall and sales. The two molecules isoproturon and chlortoluron have a similar leaching profile with a GUS index of 2.6 and quite similar sales figures compared to other active substances; in this respect, it should be stressed that since 2004 only one or the other substance can be applied on a plot during a single year. Study of the entire dataset, however, does not show a clear structural trend as was seen for chloroacetamides, and other factors should be considered. Herbicides for wheat can be bought for application during sprouting, but are also used during tillering if required by the conditions. This means that application can take place under quite different climatic conditions and it is known that delay between application and significant rainfall events impacted the leaching flux of these two molecules [START_REF] Walker | Influence of ageing of residues on the availability of herbicides for leaching[END_REF] though differently according to the type of molecule studied and the application periods [START_REF] Nolan | Identification of key climatic factors regulating the transport of pesticides in leaching and to tile drains[END_REF]. Detailed examination of rainfall distribution during a year may explain the observed differences, especially as application periods can differ strongly from one year to the next, varying from spring to autumn.

Regarding transfer time into groundwater, five-year monitoring in a Chalk aquifer showed that isoproturon and chlortoluron occurrence in shallow groundwater correlates with application, and that concentrations in samples collected during periods of inflow are higher than those in native groundwater samples, suggesting rapid infiltration [START_REF] Gooddy | Assessing herbicide concentrations in the saturated and unsaturated zone of a chalk aquifer in southern England[END_REF]. Experiments with reconstituted columns of saturated glaciofluvial sediment and of gravel from an aquifer, showed that isoproturon was adsorbed with a lag effect similar to that of bromide. This was likely due to interaction with organic matter in the matrix and with mineral surfaces [START_REF] Tuxen | Fate of seven pesticides in an aerobic aquifer studied in column expriments[END_REF]. Despite possible rapid transfer, a lag effect in transfer to the aquifer was also observed in some cases.

Concerning the persistence of isoproturon in groundwater, [START_REF] Larsen | Degradation of herbicides in two sandy aquifers under different redox conditions[END_REF] noted little or no mineralization of isoproturon under different redox conditions, suggesting that the degradation could be co-metabolic and that it could not have been started by microorganisms because of a low organic carbon content. After a lag phase, a mineralization of isoproturon (less than 5% after 258 days) occurred in Chalk, with large variations in both rate and extent [START_REF] Kristensen | Mineralization of 2,4-D, mecoprop, isoproturon and terbuthylazine in a chalk aquifer[END_REF]. Working on groundwater samples from seven observation wells and a spring in an aquifer with a quartz-sand substrate, isoproturon at relatively low grades of around 1 µg/L was mineralized in water from one of the wells (21-58% after 385 d) and in the spring water (25-41%) [START_REF] Janniche | Microbial community-level physiological profiles (CLPP) and herbicide mineralization potential in groundwater affected by agricultural land use[END_REF].

For the various molecules studied that belong to different chemical classes (triazines, chloroacetamides and substituted ureas), variations in sales figures-that may become zero after withdrawal from the market-and variations in effective annual rainfall, partly explain the variability in frequencies of exceeding the value 0.1 µg/L.

3.2. Transfer paths: the impact of hydrogeology 3.2.1 Studying distribution patterns at a monthly scale

The apparent relation between frequency of exceedance and annual effective rainfall indicates that, even though we studied groundwater-generally implying long transfer times-rather than surface water, relatively rapid transfer can occur from surface to aquifer in the weeks after applying an active substance. We studied the distribution of frequencies of exceedance at a monthly scale, selecting water bodies with an overlying crop of interest. For molecules whose use changed over time, we also distinguished between years with a reduction in authorized use, or pre-and postwithdrawal years.

For atrazine and terbuthylazine that were withdrawn from use in mid-2003 and mid-2004, respectively, study of the monthly distribution distinguished the years with and without use (Fig. 5).

For acetochlor, the distinction was made since 2000 (market entry), and before and after 2013 (final use of remaining stocks) (Fig. 5). In addition to the fact that the frequencies of exceedance decreased after the moratorium on use, the monthly detection patterns varied for atrazine, terbuthylazine and acetochlor during and after their periods of use.

For atrazine before 2003, the frequency of exceedance increased from April to August following the application periods for maize (during sprouting), but also during autumn when aquifer recharge restarted, resulting in a frequency of exceedance during November that was close to that of the application periods. After 2003, the frequencies of exceedance no longer showed this seasonal variation. For terbuthylazine, during the years of use, the frequencies of exceedance generally increased from March till July, during weeding of the vineyards. After market withdrawal, the frequency of exceedance was relatively stable throughout the year and much lower than before.

Acetochlor was applied when maize was sprouting (March-May). As for atrazine, the monthly distribution of frequencies of exceedance was different during the years of use (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013) and without use (>2013). During years of use, the frequencies were highest in June, related to the application periods, and increased again in autumn and early winter to reach a maximum in February, related to recharge. After market withdrawal, the frequencies of exceedance decreased and no longer showed the earlier seasonality and range of variations, with whole months without exceedance.

These examples, covering two chemical classes (triazines, chloroacetamides) for which use was forbidden several years ago, confirm that rapid transfer can occur from soil to aquifer in connection with application periods and that this partially contributes during the year to exceeding the 0.1 µg/L value.

For substituted ureas (Fig. 6, chlortoluron and isoproturon), still used but with dose restrictions since 2004, the frequencies of exceedance are higher in the November-January and February-March periods, corresponding to two potential application periods (early autumn or winter / sprouting or tillering of wheat) and aquifer recharge. This was more obvious before dose restrictions, but is still visible. Distribution patterns of these molecules, whose applications are at different periods than those of the three discussed above, also suggest rapid transfer to groundwater related to application periods and to leaching during aquifer recharge.

For metolachlor (Fig. 7), the applications on maize during sprouting (March to May) explain the increase in frequencies of exceedance during springtime until August. The other increase in such frequencies (November-January) is concomitant with aquifer recharge from winter rains. For a fluvioalluvial aquifer, monthly monitoring has shown that metolachlor could be quantified in groundwater in the weeks after its application, but also when recharge began again [START_REF] Baran | Sorption and mineralization of S-metolachlor and its ionic metabolites in soils and vadose zone solids: consequences on groundwater quality in an alluvial aquifer (Plaine de l'Ain, France)[END_REF]. For dimethenamid (Fig. 7), this temporal structuring is much less clear, doubtlessly because of the much lower number of cases when the 0.1 µg/L value was exceeded.

Regardless of the situation (chemical class, moratorium on use, dose reduction or no major change, and application date), the monthly distribution of frequencies of exceedance shows that rapid transfer to groundwater during the application period is possible. For certain molecules, a higher frequency of exceedance also exists outside the application periods, related to increased aquifer recharge during autumnal rains (in France) and provided the molecule remains ready to be mobilized.

Transfer affected by lithology

Hereafter, we examine the frequencies of exceedance by aquifer lithology in more detail, in order better to understand the transfer dynamics of the various molecules. None of the volcanic-rock aquifers were concerned by exceeding any of the reference values for the investigated molecules, a fact that may relate to a limited number of analyses as such rocks cover only a small part of France.

a)

Transfer patterns observed for chloroacetamides For chloroacetamides (Fig. 8), we see that exceedance of the 0.1 µg/L value does not necessarily concern the same aquifer types. For acetochlor (Fig. 8) over the years when this molecule was used, frequencies of exceedance were observed for three types of aquifer, with different seasonal effects. For basement-rock aquifers, even though the number of analyses is smaller than for the other lithologies, we see exceedance throughout the year. The strongest ones, in June and August, close to the application period, are also seen in alluvial and sedimentary aquifers. The latter, however, are not or little impacted during the rest of the year. In February, the frequency of exceedance is highest and only concerns the basement aquifers.

For metolachlor (applied to maize during the period 1996-2018, Fig. 8), the analyses mainly covered alluvial aquifers, mostly in sedimentary and basement environments. Most exceedance occurred in sedimentary formations and alluvial aquifers. In contrast to acetochlor, basement aquifers are thus of less concern. Dimethenamid (Fig. 8) shows an intermediate situation to both preceding substances, with basement-rock aquifers tending toward exceedance especially in February and December, alluvial aquifers during spring and summer, and sedimentary-rock aquifers showing exceedance throughout the year and in particular in autumn.

Even though the three chloroacetamides do not have the same physico-chemical properties (Table 1) and the quantities used nation-wide are different (though permitted levels per hectare are comparable), the observed differences described above probably are also affected by different regional contaminant pressures. Study of the sales figures by province (data not included here)

shows that in Brittany (mostly underlain by basement rock) the total sales for acetochlor and metolachlor are comparable, whereas in most other French departments-and thus for different lithologies-metolachlor sales generally are much higher than acetochlor.

b) Transfer patterns observed for chlortoluron and isoproturon

For chlortoluron and isoproturon over the period 2004-2016 and water bodies with over 10%

of their surface area covered in wheat crop (Fig. 9), most analyses concern sedimentary aquifers.

However, different types of aquifer contribute to the frequency of exceedance. For both molecules, the increase in frequency of exceedance during autumn and winter essentially concerns sedimentary aquifers for which recharge in France generally starts in early autumn and continues until March-April, depending upon the year. However, a difference between the two molecules appears for March and April. More local investigations show the importance of application dates, for instance due to regional differences between sowing dates, that may explain why more aquifers are affected by isoproturon than by chlortoluron during this period.

c)

Transfer patterns observed for triazines (atrazine and terbuthylazine) For atrazine, in water bodies with over 10% of surface area covered by maize crop during the period 1997-2003 (Fig. 10A), exceedance mostly concerns alluvial and sedimentary aquifers, and to a lesser extent basement ones. For alluvial and sedimentary domains, the frequencies of exceedance are rather constant throughout the year, except for summer when the contribution from alluvial aquifers is greater. For August, the smaller number of analyses in sedimentary aquifers might explain this feature, but this is not the case for other months, such as July, which indicates that this temporal variability is caused by aquifer type.

Finally, for terbuthylazine where the number of analyses is much smaller than for the other active substances studied (Fig. 10B), we see a large variety of affected aquifer types, especially in foldedrocks in which other molecules were not concerns. This is probably due to the fact that vineyards in

France have a strongly heterogeneous, mostly on slopes rather than in alluvial plains.

The different examples described here show that, for a given molecule, the temporal variability of frequencies of exceeding 0.1 µg/L in groundwater depends upon the type of aquifer, but that this distribution is also molecule-dependent. In addition to the physico-chemical properties of molecules, we need more precise data on real substance use in order better to understand the relative importance of the hydrogeological context and of a molecule in these observations. Such an approach would have a greater regional/local interest, but depends upon the availability of data on local-use.

Conclusions -

We analysed monitoring data on groundwater quality in France at a national scale over a period of more than twenty years. This provided insight into the short-and medium-term impact of changes in regulations governing pesticide use (withdrawal, dose reduction, or new marketing authorization), on the frequency of exceeding the reference value of 0.1 µg/L. The persistent exceedance of molecules in groundwater after withdrawal is probably related to a conjunction of several factors, such as (1) limited degradation of active substances within the unsaturated and saturated zones; (2) long transfer times in the unsaturated zone and a long residence time; and (3) the possible remobilization of active substances from the unsaturated zone-especially soil-over periods that may last several years. Each of these three phenomena was well documented for atrazine, confirming their importance, but several reference data were lacking for other molecules.

Understanding of how molecules remobilize within the soil -and the unsaturated zone as a wholeover the short-to long-term, thus needed improvement.

In this context, the climatic setting and the type of aquifer both play a role that is at least as important as the use and properties of the molecules. Any evaluation of evolution trends should thus consider the hydrodynamic context, at least in a qualitative sense, when comparing two nonconsecutive years. The examples discussed here illustrate the time lag between changes in contaminant pressure and the impact on water quality, both at an annual scale and for shorter periods, in particular during recharge. An understanding of this time lag is primordial for better aquifer management, and especially for a more qualified assessment of action programmes and/or recommendations for the marketing of active substances.

We showed that a long observation period is indispensable for interpreting and evaluating the impact of management actions since there is a long -depending on hydrogeological context -lag time between the implementation of measures and effects on groundwater quality. Withdrawing a substance is not in itself a guarantee for a rapid groundwater quality improvement. An assessment of the impacts of management actions or regulation changes should also consider the metabolites related to the active substances of interest, provided there is sufficient available data.

Our work has also shown the remaining difficulties in data interpretation. Even though recent dose reductions for, e.g., isoproturon and chlortoluron probably were beneficial in reducing substance transfer to groundwater, it is difficult fully to appreciate their impact on current concentrations just by working on data collected at a nation-wide scale. France can rely on a remarkable database regarding groundwater quality, but more local data on actual use are necessary for a reliable evaluation. Today, even though the national databases have been greatly enriched over the past decade, for fully understanding the real impact of mitigation measures it is necessary to collect, make available and cross-check new data. These spatialized data are particularly important for active substances applied on crops that are unequally distributed throughout France, and it would be pertinent to develop a similar approach that is aimed at a more local scale when data become available. We showed that for such specific cases a national approach may be insufficient. A better understanding of substance use, i.e. of the real quantities applied, would lead to even better results.

Despite these limitations, the data examined at a national scale have proven to be of great value. They form a solid foundation for reforming long-term groundwater monitoring, in particular when considering variations in context, such as contaminant pressure or aquifer type. 

Figure captions

  Substances no longer authorized for part of the study period: atrazine (withdrawn in 2003, terbuthylazine (last use in June 2003 except for grapevines with last use in June 2004); • Substance authorized for the first time during the study period: acetochlor (introduced in 2000, withdrawn with last use in June 2013);

(

  414 and 524 mm in 2012 and 2013 respectively), might explain the increase in frequency of exceedance compared to 2011. After 2013, this frequency of exceedance strongly decreased, indicating that the substance reached groundwater less frequently, which is consistent with a moratorium on use even though the quantification work did not stop entirely. The highest frequencies of exceedance of dimethenamid correspond to the year with highest sales (2013 to 2018), versus a group of points corresponding to the years 2008 to 2012. Metolachlor sales increased by 30% between 2012 and 2014, but a smaller increase was noted since 2008. Generally speaking, the frequency of exceedance correlates with sales for the period 2008-2016, but 2017 and 2018 do not follow this trend. Several hypotheses may explain the difference between these two years.

Figure 1 :

 1 Figure1: Frequency of exceeding the 0.1 µg/L value for atrazine (A) and terbuthylazine (C) at national scale, and for groundwater bodies with a crop of interest: >10% maize for atrazine (B), >2% grapevines for terbuthylazine (D). Number of analyses for the period 1996-2018. Circle size proportional to effective rainfall. Hollow symbol corresponds to year with national authorization of use; full symbol corresponds to year after molecule withdrawal.

Figure 2 :

 2 Figure 2: Frequency of exceeding the 0.1 µg/L value for acetochlor (A), metolachlor (C) and dimethenamid (E) at national scale, and for groundwater bodies with an overlying crop of interest (>10% maize) (B-D-F right). Number of analyses for the period 1996-2018. Circle size proportional to effective rainfall. Hollow symbol corresponds to year with national authorization of use; full symbol corresponds to year after acetochlor withdrawal.

Figure 3 :

 3 Figure 3: Sales vs. frequency of exceeding the 0.1 µg/L value at national scale for A: dimethenamid (DMT), acetochlor (ACT) and metolachlor (MET); and B: isoproturon (IPU) and chlortoluron (CLT), per year for the period 2008-2018. Circle size proportional to effective yearly rainfall.

Figure 4 :

 4 Figure4: Frequency of exceeding the 0.1 µg/L value for chlortoluron (A) and isoproturon (C) at national scale, and for groundwater bodies with a crop of interest (>10% wheat) (B and D). Number of analyses for the period 1996-2018. Circle size proportional to effective rainfall. Hollow symbol corresponds to years before applied dose reduction; full symbol corresponds to year after applied dose reduction.

Figure 5 :Figure 6 :

 56 Figure 5: Monthly distribution of frequency of exceeding 0.1 µg/L and number of analyses for years with use (hollow symbol) and years after withdrawal (full symbol) for atrazine (A), terbuthylazine (B) and acetochlor (C). Arrows correspond to potential application period (for years with authorized use) Figure 6: Monthly distribution of frequency of exceeding 0.1 µg/L and number of analyses for years before dose reduction (hollow symbol) and years after dose reduction (full symbol) for chlortoluron( A) and isoproturon (B). Arrows correspond to the potential period of application.

Figure 7 :

 7 Figure7: Monthly distribution of frequency of exceeding 0.1 µg/L and number of analyses for metolachlor (A) and dimethenamid(B). Arrows correspond to the potential period of application.

Figure 8 :

 8 Figure 8: Monthly frequency of exceeding 0.1 µg/L. Period of: A) acetochlor use 2000-2013, B) metolachlor use 1996-2018, and C) dimethenamid use 1996-2018. Number of analyses per type of aquifer (groundwater bodies with maize over >10% of the area).

Figure 9 :

 9 Figure 9: Monthly frequency of exceeding 0.1 µg/L of chlortoluron (A) and isoproturon (B) and number of analyses per type of aquifer. Period 1996-2018 and groundwater bodies with wheat crop >10% of the area.

Figure 10 :

 10 Figure 10: (A) Monthly frequency of exceeding 0.1 µg/L of atrazine and number of analyses per type of aquifer (period 1996-2003 and groundwater bodies with maize crop >10% of the area). (B) Monthly frequency of exceeding 0.1 µg/L of terbuthylazine and number of analyses per type of aquifer (period 1996-2004 and groundwater bodies with grape vines >2% of the area).
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