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Introduction

Chlordecone (CLD;C10Cl10O;3,d]pentalen-2-one) was extensively used (3kg/ha -1 /yr) in the French West Indies, officially from 1972Indies, officially from to 1978Indies, officially from and from 1981Indies, officially from to 1993, to protect banana plantations against the banana Weevil (Cosmopolites sordidus), resulting in a severe contamination of soils, surface water and groundwater. CLD is a highly hydrophobic organochlorine pesticide (Kow between 4.9 and 5.4), strongly sorbed to soil (log Koc = 4.1-4.2) and poorly soluble (0.020 mg L -1 at 25°C) (US Environmental Protection Agency, 2012;UNEP, 2007). It accumulates in food chains. Long-term exposure to CLD through food and drinking water can have severe impacts on human health. Chlordecone is a potential carcinogen and causes hepatic tumors in laboratory rats and mice [START_REF] Reuber | The carcinogenicity kepone[END_REF]. It is a reproductive and developmental toxicant, an endocrine disruptor and a neurotoxin [START_REF] Dallaire | Cognitive, visual, and motor development of 7-month-old Guadeloupean infants exposed to chlordecone[END_REF][START_REF] Boucher | Exposure to an organochlorine pesticide (chlordecone) and development of 18-month-old infants[END_REF][START_REF] Costet | Perinatal exposure to chlordecone and infant growth[END_REF]. It is also suspected to increase the risk of preterm birth and prostate cancer [START_REF] Multigner | Chlordecone exposure and risk of prostate cancer[END_REF][START_REF] Multigner | Chlordecone exposure and adverse effects in French West Indies populations[END_REF][START_REF] Kadhel | Chlordecone exposure, length of gestation, and risk of preterm birth[END_REF]Cordier et al., 2015;[START_REF] Emeville | Associations of plasma concentrations of Dichlorodiphenyldichloroethylene and polychlorinated biphenyls with prostate cancer: a case-control study in Guadeloupe (French West Indies)[END_REF].

Chlordecone persists in the environment. It undergoes no significant or fast biotic or abiotic degradation during conventional use of agricultural soils [START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF][START_REF] Levillain | Analysis of environmental and farming factors of soil contamination by a persistent organic pollutant, chlordecone, in a banana production area of FrenchWest Indies[END_REF]. However, [START_REF] Devault | Natural transformation of chlordecone into 5b-hydrochlordecone in French West Indies soils: statistical evidence for investigating long-term persistence of organic pollutants[END_REF] and [START_REF] Cattan | A conceptual model of organochlorine fate from a combined analysis of spatial and mid-to long-term trends of surface and groundwater contamination in tropical areas (FWI)[END_REF] showed that 5b-hydroCLD/CLD ratios in surface and groundwater in Martinique were 25 times greater than in commercial formulations and concluded that natural CLD transformation into 5b-hydroCLD over the long term may occur. Recently, Chevalier et al. (2019) detected new chlordecone transformation products in soil, sediment, and water samples from Martinique. Most of them were not initially found in commercial CLD formulations suggesting that CLD pollution extends beyond the parent CLD molecule. [START_REF] Fernandez-Bayo | Chlordecone fate and mineralisation in a tropical soil (andosol) microcosm under aerobic conditions[END_REF] showed the existence of CLD-degrading microorganisms in andosols under aerobic conditions. However, they confirmed that CLD long-term biodegradation was very low. Based on the calculation of the Gibbs free energy of formation of CLD and potential degradation products, [START_REF] Dolfing | Gibbs free energy of formation of chlordecone and potential degradation products: implications for remediation strategies and environmental fate[END_REF] concluded that bioremediation of chlordecone hotspots will require at least biostimulation, at best bioaugmentation. Currently, leaching is the main way to reduce pollution, but the process is also very slow due to the affinity of CLD for soil organic matter [START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF]. The persistence of CLD in agricultural soils in the French West Indies has been estimated at several decades for nitisol, several centuries for ferralsol and more than half a millennium for andosol [START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF]. CLD was banned in early 1993 and included in the Persistent Organic Pollutants (POPs) prohibition list of the Stockholm Convention in May 2009 (UNEP, 2009;Stockholm Convention, 2011). But its previous use has led to widespread contamination of agricultural soils in the French West Indies. More than 45% of the agricultural soils in Martinique are contaminated by CLD. High concentrations in the soils can lead to crop products exceeding the Maximum Residue Limit (MRL, 20 mg/kg of fresh product) applied to tropical crops according to European Union regulations No 149/2008 and 839/2008 [START_REF] Dubuisson | Impact of subsistence production on the management options to reduce the food exposure of the Martinican population to Chlordecone[END_REF][START_REF] Clostre | Soil type and growing conditions influence uptake and translocation of organochlorine (chlordecone) by cucurbitaceae species[END_REF][START_REF] Clostre | Organochlorine (chlordecone) uptake by root vegetables[END_REF].

Soils exposed to long-term CLD contamination represent extreme challenges to find remediation solutions [START_REF] Cabidoche | Long term pollution of soils in French West Indies: how to manage chlordecone contamination[END_REF][START_REF] Levillain | Analysis of environmental and farming factors of soil contamination by a persistent organic pollutant, chlordecone, in a banana production area of FrenchWest Indies[END_REF]. In situ chemical reduction (ISCR) using zero valent iron has been proposed as a remediation technique to reduce chlordecone levels in soils [START_REF] Mouvet | Remediation by chemical reduction in laboratory mesocosms of three chlordecone-contaminated tropical soils[END_REF]. It is based on treatment cycles of alternated strongly reducing conditions with oxidizing conditions (Bryan and Wilson, 2003). The efficiency of ISCR has already been proven for remediation of soils contaminated by various pesticides [START_REF] Phillips | Mineralization of hexachlorocyclohexane in soil during solid-phase bioremediation[END_REF][START_REF] Phillips | Full-scale in situ bioremediation of hexachlorocyclohexane-contaminated soil[END_REF][START_REF] Kim | Accelerated Metolachlor degradation in soil by Zerovalent iron and compost amendments[END_REF], including CLD [START_REF] Mouvet | Décontamination par In Situ Chemical Reduction d'un nitisol et d'un sol alluvionnaire pollués par la chlordécone[END_REF][START_REF] Mouvet | Remediation by chemical reduction in laboratory mesocosms of three chlordecone-contaminated tropical soils[END_REF]. [START_REF] Mouvet | Remediation by chemical reduction in laboratory mesocosms of three chlordecone-contaminated tropical soils[END_REF] showed that, after a 6-month treatment with ISCR in pilot-scale (80kg) laboratory experiments, CLD concentration in soil is decreased by 74% in a nitisol. The chemical reduction induced by the ISCR process generates dechlorinated transformation products, in particular a mono-dechlorinated CLD (CLD-1Cl), the CLD5aH, and a tri-dechlorinated CLD (CLD-3Cl). The behavior of these neo-formed molecules in the soil could significantly deviate from the parent molecule [START_REF] Benoit | Categorizing chlordecone potential degradation products to explore their environmental fate[END_REF].

Here, we present a column study on the mobility of CLD and two of its derivatives, a CLD-1Cl and a CLD-3Cl, in a nitisol sampled from a banana plantation in Martinique, contaminated by CLD, before and after on-site ISCR treatment (i.e., zero valent iron). The evolution of CLD, CLD5aH and CLD-3Cl concentrations in waters and the soils over the time (~19 years of effective rainwater in the plain of Lamentin, Martinique) are fully discussed in relation with the threshold values for drinking water and the soil.

Materials and methods

Soils

The soil used in this study is a nitisol from a banana plantation in the plain of Lamentin (Martinique, France) that has been treated by In Situ Chemical Reduction (ISCR). ISCR treatment is fully described in [START_REF] Mouvet | Décontamination par In Situ Chemical Reduction d'un nitisol et d'un sol alluvionnaire pollués par la chlordécone[END_REF]. It consisted of the addition of zero valent iron (ZVI) in soil [START_REF] Bryant | In-situ chemical oxidation-reduction and precipitation of heavymetals in soils and groundwater[END_REF]. Briefly, the soil of the banana plantation was plowed with a rotary harrow. 385 kg of ZVI (4.3% dry weight, coarse grain size, 30% with a size <50 μm) were incorporated homogeneously in the soil on a plot of 30 m 2 and a depth of 30 cm. The soil was then compacted and irrigated for 15 days with a daily water supply of 5 to 24.1 mm, for a total of 142 mm (i.e., ~5-7 weeks of a conventional irrigation for banana plantations). The redox potential was measured in field (readings were taken at a 10cm depth). It was 635 ± 18 mV in untreated soil and dropped sharply to values ca. -357 ± 58 mV after the addition of ZVI.

Soil samples were collected in the top 30cm of soil before (« untreated soil ») and after treatment (« treated soil ») by ISCR. About 20 kg of each soil, dried at 40 °C were sieved (2 mm). Concentrations in the treated soil are 1.51 ± 0.22 µmol CLD /kg, 0.58 ± 0.06 µmol CLD5aH /kg and < 0.08 µmol CLD-3Cl /kg while they are 3.1 ± 0.24 µmol CLD /kg, < 0.07 µmol CLD5aH /kg and < 0.08 µmol CLD-3Cl /kg in the untreated soil. ISCR led thus to a reduction by a factor ~2 of CLD content in soil. About 20% of CLD was transformed into CLD5aH. Though they were not quantified, other transformation products are probably present in soil. [START_REF] Mouvet | Remediation by chemical reduction in laboratory mesocosms of three chlordecone-contaminated tropical soils[END_REF] showed that ISCR treatment applied to a nitisol may generate 11 CLD-dechlorinated transformation products, from mono-to penta-dechlorinated.

The main physico-chemical parameters of the untreated and treated soils are reported in Table 1. They were analyzed by an accredited laboratory (SAS, Ardon, France) using standardized procedures (AFNOR or ISO). As expected, pH and Fe concentrations are higher in treated soil due to the formation of OH -after the oxidation of ZVI.

Reagents

The studied molecules are chlordecone (CLD) and the two main transformation products of CLD formed by ISCR, i.e., CLD5aH (CLD-1Cl) and CLD-3Cl (the position on the carbon skeleton of the 3 Cl replaced by H remains unknown).

Chlordecone (purity 93.5%) was purchased from Dr. Ehrenstorfer (reference C11220000).

CLD-5a-hydro or CLD-5-hydro (5a-or 5-according to CAS nomenclature; CLD-1Cl) and the main tri-hydroCLD (CLD-3Cl) formed by ISCR were synthesized by Alpha-Chimica (AlphaChimica, Châtenay-Malabry. FRANCE) with a purity of 92.6 and 88.6%, respectively. GC/MS/MS show the impurities to be other CLD dechlorinated derivatives. The purity of the tested compounds was taken into account for the preparation of each concentration investigated.

Column experiments

The transport of CLD and its transformation products in top-soil (0-30cm) of the untreated and treated soils were studied in the laboratory using column experiments (20cmlong and 2.5cm in diameter; Figure S1) under saturated flow regime. Solutions were introduced uniformly upward using a peristaltic pump.

The experimental set-up was designed to minimize interference related to the contact between solutes and the constituent materials of the system. Because CLD hydrophobicity is high, with a strong affinity for all organic materials (e.g., plastics), the entire system consists of glass (e.g., column, tubes used to collect the solutions) and Teflon (e.g., tubing) materials.

The column effluent fractions (10 mL ; ~1/3 Pore Volume (PV) each; or 20mL) were continuously collected using an autosampler. Water samples were kept in the dark at 4°C before analysis.

Untreated nitisol

A mass of 110.7g of untreated nitisol, corresponding to a total amount of 0.34 ± 0.02 µmol CLD, was dried and crushed < 2 mm, and then placed into the glass column (20cm long and 2.5cm in diameter). Soil density in the column was 1.12 g/cm 3 . The effective porosity of the porous media was determined using a nonreactive tracer (NaBr, at a concentration of 50mg/L). It was 39.6%.

A synthetic solution (deionized water with CaCl2 10 -2 M), simulating the ionic strength of soil water, was injected into the column at a seepage velocity of ~3m/d, during 85 pore volumes (PV), corresponding to 6082 mm of water. Using an average value of 1670 mm/yr for the annual effective rainfall in Lamentin plain (Martinique; [START_REF] Vittecoq | Évaluation des ressources en eau de la Martinique : calcul spatialisé de la pluie efficace et validation à l'échelle du bassin versant[END_REF], the volume of CaCl2 10 -2 M solution injected into the soil column corresponds to ~3.6 years of effective rainfall.

In a second step, the retention of CLD, CLD5aH and CLD-3Cl by nitisol was studied by injecting, in the same soil column, at a seepage velocity of ~3m/d, a solution of CaCl2 10 -2 M containing CLD (12 nmol/L), CLD5aH (28.3 nmol/L) and CLD-3Cl (41.8 nmol/L), during 45 PV (from PV85 to PV130). The total amount of CLD, CLD5aH and CLD-3Cl injected into the soil were 19 nmols (i.e., about 5% of CLD contained in the soil column at t0, i.e., before the experiment), 44.7 nmols and 66 nmols, respectively. The influence of the interaction time between the solutions (CaCl2 10 -2 M or CaCl2 10 - 2 M + CLD + CLD5aH + CLD-3Cl) and the nitisol on the release or sorption of CLD, CLD5aH and CLD-3Cl from or by the soil was also studied by stopping the circulation of injected solutions, from a few days to several weeks, while maintaining saturated conditions.

The objective is to better understand both their transfer from contaminated solutions to uncontaminated soil and their release from contaminated soil to uncontaminated solutions in a static system simulating realistic environmental conditions such as the accumulation of water on the surface of a soil after a rain event or a soil with a low permeability, saturated with water. The influence of the flow rate on the desorption of CLD and its transformation products was also assessed by increasing the seepage velocity, from 3 to 15 m/d, after PV318 (i.e., ~13.5 years of effective rainfall).

In detail, the column experiment procedure was composed of 11 steps (Fig. S2): 

Nitisol treated by ISCR

A mass of 117.5g of treated nitisol, corresponding to a total amount of 177.4 ± 25.8 nmol CLD and 68.2 ± 7 nmol CLD5aH, was dried and crushed (< 2 mm) and then placed into a glass column (20cm long and 2.5cm in diameter). Soil density in the column was 1.2 g/cm 3 .

The effective porosity of the porous media, 39%, was also determined using NaBr (50mg/L).

CaCl2 10 -2 M solution was injected into the column at a seepage velocity of ~3m/d, during 138 PV, i.e., ~6.4 years of effective rainfall.

Analytical method

The extraction and analytical methods for CLD and its derivatives are fully described in [START_REF] Bristeau | Validation of chlordecone analysis for native and remediated French West Indies soils with high organic matter content[END_REF] and [START_REF] Mouvet | Remediation by chemical reduction in laboratory mesocosms of three chlordecone-contaminated tropical soils[END_REF]. Briefly, the soil samples (5g) were dried at 38°C for a period of 72 h and then reduced by crushing followed by grinding to a particle size of less than 80 μm. Extraction was performed using Pressurized Liquid Extraction with a mixture acetone/hexane 50:50 v/v at 100°C and 110 bars pressure.

Trans-nonachlor was used before extraction as surrogate to correct the results for extraction efficiency. Two internals standards were added before analysis, CB53 for the trans-nonachlor calibration and 13 C-CLD for CLD calibration. The extract was reduced to a volume of approximately 10 mL by means of a nitrogen stream. An aliquot of 1mL was taken (fractionated to 1/10), reduced by nitrogen stream and extracted with cyclohexane three times.

The final extract was obtained using 1ml of cyclohexane. GC/MS/MS was achieved with a Bruker GC450 gas chromatograph, 1177 injector, automated sampler Combi Pal (CTC) and a triple quadrupole mass spectrometer 300MS. The quantification limit is 0.03 mg kg -1 . (i.e., 0.061, 0.066 and 0.077 µmol/kg for CLD, CLD5aH and CLD-3Cl, respectively).

For aqueous samples (i.e., solutions injected into the column and solutions collected at the outlet of the columns), the concentrations of CLD and its derivatives were measured in small volumes, 10mL or 20mL according to the seepage velocity (3 or 15m/d). Samples analyses were carried out by liquid/liquid extraction (dichloromethane). The final extract was obtained using 0.05 ml of cyclohexane followed by GC/MS/MS. 13 C-CLD was added as an internal standard before analysis. The limits of quantification were 0.1 µg/L (i.e., 0.2, 0.22 and 0.258 nmol/L for CLD, CLD5aH and CLD-3Cl, respectively) in the 10 mL samples and 0.05 µg/L (i.e., 0.1, 0.11 and 0.129 nmol/L for CLD, CLD5aH and CLD-3Cl, respectively) in the 20 mL samples.

Results and discussion

Release of CLD, CLD5aH and CLD-3Cl from the untreated and treated nitisols

The circulation of CaCl2 10 -2 M in the untreated nitisol column released CLD from soil with CLD concentrations between 12 and 15 nmol/L in the outlet waters (Figure 1). CLD5aH and CLD-3Cl concentrations were below the limit of quantification (i.e., 0.2 and 0.22 nmol/L, respectively). No other CLD transformation products were detected in outlet waters or in the soil. This result is consistent with the literature which indicates that CLD (bio)degradation is low under environmental conditions [START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF][START_REF] Dolfing | Gibbs free energy of formation of chlordecone and potential degradation products: implications for remediation strategies and environmental fate[END_REF].

By contrast, the circulation of CaCl2 10 -2 M in the soil treated by ISCR released CLD, CLD5aH and to a lesser extent CLD-3Cl in waters that pass through the soil column (Figure 1). A dihydroCLD (CLD-2Cl), a CLD-5Cl, and an unidentified molecule were also found (Figure 2). The CLD concentrations were lower by a factor of 3 than those measured during the circulation of the CaCl2 10 -2 M solution in the untreated nitisol column. These lower concentrations in waters associated with the presence of CLD transformation products show the effectiveness of the ISCR process on CLD degradation. During the first 16 PV (i.e., ~8 months of effective rainfall in the plain of Lamentin), CLD concentrations increased from 3.5 nmol/L to 5.4 nmol/L. Then they were stable (or decreased very slowly over time). They were ~4.2 nmol/L after ~6 years of effective rainfall (137 PV). CLD5aH concentrations were between 4.3 and 4.9 nmol/L during the first PV, i.e., similar to those measured for CLD. But they decreased regularly, to only 0.88 nmol/L (i.e., ~18% of the maximum value) at the end of the experiment. CLD-3Cl concentrations were much lower than those of CLD and CLD5aH, with a maximum value of ~0.86 nmol/L. They decreased rapidly and were below the limit of quantification (0.22 nmol/L) after ~1.6 years of effective rainfall (35 PV). Because the lack of analytical standards for CLD-2Cl, CLD-5Cl, and the unidentified molecule, the relative peak area of each of those substances are used as a proxy for their semi-quantification (see [START_REF] Mouvet | Remediation by chemical reduction in laboratory mesocosms of three chlordecone-contaminated tropical soils[END_REF] for details). They also decreased rapidly (Figure 2). The curves of the figures 1 and 2 can be compared. The decrease in concentrations/peak areas in solutions over time are dependent on the molecules. The decrease rate is in the order: CLD-5Cl > CLD-3Cl > unidentified molecule > CLD-2Cl > CLD5aH > CLD. The general trend is, therefore, an increase in mobility of molecules with increasing degree of dechlorination. This is consistent with predictive thermodynamic calculations showing that the solubility of chlordecone congeners increases with decreasing degree of chlorination [START_REF] Dolfing | Gibbs free energy of formation of chlordecone and potential degradation products: implications for remediation strategies and environmental fate[END_REF]. The authors concluded that dechlorination products of chlordecone are thus likely to be more mobile in the environment than their parent compound. Other works showed a higher mobility of CLD5bH compared to CLD [START_REF] Devault | Natural transformation of chlordecone into 5b-hydrochlordecone in French West Indies soils: statistical evidence for investigating long-term persistence of organic pollutants[END_REF][START_REF] Cattan | A conceptual model of organochlorine fate from a combined analysis of spatial and mid-to long-term trends of surface and groundwater contamination in tropical areas (FWI)[END_REF].

Behavior of CLD, CLD5aH and CLD-3Cl in the untreated nitisol column

The circulation of a CaCl2 10 -2 M solution containing CLD (12 nmol/L), CLD5aH (28.3 nmol/L) and CLD-3Cl (41.8 nmol/L) resulted in a small increase in CLD concentrations, from 14.8 to 16.8 nmol/L, in solutions at the outlet of the column (Figure 3). However, the increase was over a short period of time. After 5 PV, CLD concentrations gradually decreased while the solution was still injected in the column. This trend can be explained by i) a CLD concentration in the injected solution similar to those measured in outlet solutions before the injection, ii) the small amount of CLD injected (19 nmols) into the column compared to the amount already present (343 nmols) in the soil and iii) the high reactivity of CLD to the soil. On the contrary, the CLD5aH and CLD-3Cl concentrations increased in the outlet waters during the entire duration of the injection of the solution. A delay is found for the 2 molecules compared to the conservative tracer (Br) attesting of their interactions with the soil. Differences in the behavior of CLD5aH and CLD-3Cl are however observed. The delay was less pronounced for CLD-3Cl and the concentrations increased more rapidly, reaching a relative plateau after 25 PV (i.e., PV110) at a normalized concentration (C/C0) of 0.62-0.66 (C~26 nmol/L) while CLD5aH concentrations did not reach a plateau.

When the circulation of the solution containing CLD, CLD5aH and CLD-3Cl was stopped (PV130), CLD5aH concentrations were still increasing, with a maximum concentration of 10.6 nmol/L, i.e., C/C0 = 0.37. This confirms the difference in reactivity of CLD5aH and CLD-3Cl towards the nitisol: CLD-3Cl being more mobile than CLD5aH.

CLD, CLD5aH and CLD-3Cl also showed different behaviors when the interaction time between the solution that contains these molecules and the soil was increased by stopping the circulation of the solution for 66 hours (maintaining saturated conditions in the column; stop 2, PV129; Figure 3), followed by the circulation of the CaCl2 10 -2 M only solution. No significant differences were observed for CLD concentrations in outlet waters before and immediately after the interruption. They were around 12.5 ± 0.2 nmol/L, i.e., close to the concentration in the injected solution. Then they decreased over time due to the circulation of the CaCl2 10 -2 M solution. As indicated above, CLD strongly interacts with the soil but the experimental conditions were not favorable to show its sorption on the soil. In contrast, CLD5aH and CLD-3Cl were absent from the soil. Concentrations measured in the outlet waters just after the interruption were significantly lower than those measured before the interruption: 8.9 vs 10.6 nmol/L, respectively, for CLD5aH and 23.8 vs 26 nmol/L, respectively, for CLD-3Cl. A part of CLD5aH and CLD-3Cl were, therefore, transferred from the solution to the soil while the solution was maintained in the column. The CLD-3Cl concentrations then decreased very strongly to reach 1.5 nmol/L at PV178 due to the circulation of the CaCl2 10 -2 M solution. The fate of CLD5aH is slightly different. Before decreasing, its concentrations increased to reach 13 nmol/L (i.e., C/C0 = 0.46) at PV140. As discussed above, CLD5aH interacts strongly with the soil and is less mobile than CLD-3Cl in the nitisol. Unlike CLD-3Cl, CLD5aH concentrations did not reach a plateau before the interruption of the circulation of the solution. That's why, after the interruption, concentrations still increased. Note that CLD5aH concentrations higher than 13 nmol/L could probably have been measured in the outlet waters if the circulation of the CLD5aH-containing solution had not been stopped for 66 hours and replaced by the CaCl2 10 -2 M solution.

CLD5aH is the main CLD transformation product after ISCR treatment. CLD5aH concentration in the inlet solution used in this study is likely to be encountered in the waters of a nitisol treated by ISCR. Though CLD5aH interacted with the soil, results show that a large proportion (~48% after 4 years of effective rainfall and up to 75% after 15 years of effective rainfall) of CLD5aH injected in the column was not retained and passed through the 20 cm of nitisol. The possibility of its transfer at depths greater than 20cm is therefore real.

Desorption of CLD, CLD5aH and CLD-3Cl from a nitisol column

CLD, CLD5aH and CLD-3Cl accumulated in soil were gradually released by leaching during the circulation of the CaCl2 10 -2 M solution. The rate of decrease in concentrations, between PV 129 (end of the injection of the CaCl2 solution spiked with the 3 contaminants) and PV 178 (stop #3), followed the order CLD-3Cl > CLD5aH > CLD, reflecting their respective mobility in nitisol. After 93 PV (i.e., ~4 years of effective rainfall; at PV 178), however, CLD, CLD5aH and CLD-3Cl concentrations were still high: 11.5, 6.4 and 1.5 nmol/L respectively.

A two-month interaction period (stop 3, PV178, Figure 3) between the soil containing CLD, CLD5aH and CLD-3Cl and the CaCl2 10 -2 M solution resulted in a significant increase in CLD, CLD5aH and CLD-3Cl concentrations in outlet waters when restarting the circulation of the CaCl2 10 -2 M solution. This trend was very pronounced for CLD and CLD-3Cl with concentrations reaching 15.9 nmol/L (against 11.5 nmol/L before the two-month interaction period) and 6.8 nmol/L (vs 1.5 nmol/L) respectively, corresponding to an increase of ~39% for CLD and ~350% for CLD-3Cl. CLD concentrations were thus close to the highest values measured during the experiment. Although less pronounced, CLD5aH was also desorbed from the soil during the two-month interaction period, with a concentration of 6.6 nmol/L vs 6.1 nmol/L before the interaction period (i.e., an increase of ~8%).

For short interaction periods (48 h or 64 h), the increase in CLD concentrations in the CaCl2 10 -2 M solution was, however, not obvious (stops #1 and #4, at PV 28 and 219, Figures 1 and4). The consequences on CLD5aH were also low, with a short stabilization of concentrations, around 1.9 nmol/L, during ~6 PV (i.e., 3 months of effective rainfall) after stop #4 (64 h; Figure 4). In contrast, the increase in CLD-5Cl concentrations was obvious: 0.46 nmol/L vs 0.27 nmol/L before the interaction period, probably due to both its low concentrations in solutions that allow to observe a low input from the soil and its higher mobility compared to CLD and CLD5aH (Figure 4). Increasing the seepage velocity of the solution in the soil column, from 3 to 15 m/d, had no noticeable effect on the desorption of CLD and its derivatives (Figure 3, from PV321). CLD concentrations in outlet waters continued to decrease regularly with a rate of -21.6 pmol/L/PV between PV 321 and PV 446 against -28.6 pmol/L/PV with a seepage velocity of ~ 3m/d, to reach ~4.42 ± 0.05 nmol/L at the end of experiment. CLD5aH concentrations also continued to decrease. They were ~0.61 nmol/L and decreased with a rate of -3.5 pmol/L/PV to reach 0.18 nmol/L at the end of the experiment.

CLD-3Cl concentrations were below the limit of quantification (i.e., 0.13 nmol/L) before and after increasing the flow rate. Therefore, a reduction from 1.6 hours (with a seepage velocity of 3m/d) to 19 minutes (15 m/d) of the time allowed for the interactions between the CaCl2 10 -2 M solution and the soil did not change the contaminants concentrations in the water exiting the soil column. This shows that a part of CLD and derivatives contained in the soil was rapidly released in solutions when it was in contact with soil and then a slow and progressive desorption occurred. These results are also consistent with the literature that indicates for organic compounds a period of fast desorption kinetics followed by a period of slow kinetics [START_REF] Culver | Modeling the desorption of organic contaminants from long-term contaminated soil using distributed mass transfer rates[END_REF].

Environmental relevance

In Martinique, soils, surface and groundwater are contaminated by CLD. According to the EU "Water Framework" and "Quality of drinking water" Directives (European Union, 1998Union, , 2000) ) and their transposition into French law (French government, 2001), a common and precautionary limit value of 0.1µg/L (i.e., 0.204, 0.219 and 0.258 nmol/L for CLD, CLD5aH and CLD-3Cl, respectively) is applied for each pesticide (including CLD) in drinking water. The threshold value for freshwater organisms is 0.001 µg/L (i.e., 2.04, 2.19 and 2.58 pmol/L for CLD, CLD5aH and CLD-3Cl, respectively). In Martinique, groundwater drainage is a major process of river contamination [START_REF] Arnaud | Groundwater quality assessment, Crisis Management of Chronic Pollution: Contaminated Soil and Human Health[END_REF][START_REF] Charlier | Transport of a Nematicide in Surface and Groundwaters in a Tropical Volcanic Catchment[END_REF][START_REF] Mottes | Hydrological and pesticide transfer modeling in a tropical volcanic watershed with the WATPPASS model[END_REF]. Accordingly, CLD concentrations in the outlet waters of the untreated and treated column are discussed below in relation to the threshold values for drinking water and freshwater organisms.

The circulation of CaCl2 10 -2 M solution in a 20cm-long column containing untreated nitisol led to CLD concentrations in the outlet waters above the two threshold values. CLD concentrations exponentially decreased with time. This trend may be explained by both a reduction of CLD mass in the soil over time due to leaching and its strong interaction with the soil. However, at the end of the experiment (i.e., ~19 years of effective rainfall), concentrations in water were 4.42 nmol/L, i.e., still above the threshold values mentioned above. Assuming that the decrease in CLD concentrations in the outlet waters of the nitisol column remains exponential beyond the 19 years of effective rainfall, CLD concentrations in waters would be < 204 pmol/L and < 2.04 pmol/L after a total of 48 and 93 years of effective rainfall, respectively (Figure 5). These time periods are probably underestimated. Indeed, the fields in Martinique have been tilled at 60 or 70 cm depth since CLD spreading and the thickness of CLD-contaminated soil is greater than 20cm [START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF].

After the ISCR treatment, CLD aqueous concentrations at the outlet of the column are lower, by a factor of 3, than those measured for the untreated soil. However, they are still above the threshold values. CLD concentrations seem to decrease after 0.5 years of effective rainfall. The number of data, however, is not sufficient to define a long-term trend. Based on results obtained in the untreated nitisol column and assuming an exponential decrease of CLD concentrations in the outlet waters over time, 31 and 76 years of effective rainfall would be necessary to decrease CLD concentrations in outlet waters from 5 nmol/L to 0.204 nmol/L and from 5 nmol/L to 2.04 pmol/L, respectively. CLD5aH and CLD-3Cl were also present in the waters that pass through the treated nitisol column with concentrations exceeding the threshold values but they strongly decreased with time due to their lower affinity for the soil compared to CLD. CLD5aH and CLD-3Cl concentrations would be below the threshold value for drinking water after 11 years and 8 months of effective rainfall, respectively. They would be below the threshold value for freshwater organisms after 25 and 5 years of effective rainfall, respectively.

Our data show that a few minutes interaction period between the CaCl2 10 -2 M solution and the soil was sufficient to obtain CLD, CLD5aH and CLD-3Cl concentrations in waters exiting the column above the threshold value for drinking water due to a fast desorption kinetic of CLD and its derivatives. This suggests that waters accumulated on the surface of a contaminated soil may rapidly be contaminated and thereby expose human and animals to contaminants. In addition, the duration of interaction between the solution and the soil can strongly modify the concentrations in CLD and its derivatives in solutions. For instance, we show that CLD-3Cl concentrations in solutions circulating in a low-contaminated soil (~0.175 µmol/kg, i.e., 67.2 µg/kg) were 0.27 nmol/L, i.e., close to the threshold value for drinking water, but after a 64h-interaction period between the solution and the soil, they were 0.46 nmol/L, i.e., well above the threshold value (stop #4; Figure 4). And, 6 months of effective rainfall were then needed to reach a concentration in the outlet waters similar to those measured before the interaction period. Waters that pass through the soil or accumulate on the soil surface may thus be easily contaminated by soil. Furthermore, CLD-3Cl concentrations increased from 1.5 to 6.8 nmol/L after a 2-month interaction period between the solution and the soil (stop #3, Figure 3). The degree of contamination depends on the concentration in soil but also on the duration of the interaction. Soil contamination is a major concern. Several studies show that crops grown in polluted soils can be contaminated by CLD to levels above the maximum residue limit (MRL), the European regulatory threshold [START_REF] Cabidoche | Contamination of harvested organs in root crops grown on chlordecone-polluted soils[END_REF][START_REF] Clostre | Soil type and growing conditions influence uptake and translocation of organochlorine (chlordecone) by cucurbitaceae species[END_REF][START_REF] Clostre | Organochlorine (chlordecone) uptake by root vegetables[END_REF][START_REF] Dubuisson | Impact of subsistence production on the management options to reduce the food exposure of the Martinican population to Chlordecone[END_REF]. Also, farm animals (e.g., ruminants, free-range poultry) may be exposed to CLD through polluted soil ingestion [START_REF] Jondreville | Contamination of free-range ducks by chlordecone in Martinique (FrenchWest Indies): A field study[END_REF][START_REF] Fournier | Toxicokinetics of chlordecone in goats: implications for risk management in French West Indies[END_REF]. The consumption of contaminated foodstuffs is the main source of human exposure to CLD (Mutigner et al., 2016). Thresholds of soil contamination by historical organochlorine pollutants are rarely available for agricultural use of the soil. [START_REF] Clostre | Soil thresholds and a decision tool to manage food safety of crops grown in chlordecone polluted soil in the French West Indies[END_REF] studied the relationship between contamination of the soil and contamination of crops classified into three categories according to their contamination potential: "non-uptakers and low-uptakers", "medium-uptakers", and "high-uptakers". They propose a simple decision tool based on two threshold values for soils: 0.1 mg/kg (i.e., 0.204, 0.219 and 0.258 µmol/kg for CLD, CLD5aH and CLD-3Cl, respectively) for high-uptakers and 1 mg/kg (i.e., 2.04, 2.19 and 2.58 µmol/kg for CLD, CLD5aH and CLD-3Cl, respectively) for medium-uptakers. In the untreated nitisol used in our study, CLD concentration was 3.1 µmol/kg, i.e., above the threshold values. At the end of our experiment (i.e., ~19 years of effective rainfall), ~42% (154 nmols) of the amount of CLD initially contained in the untreated nitisol (362 nmols) left the soil column due to the water circulation. The resulting soil concentration was 1.88 µmol/kg, i.e., still above the threshold for high-uptakers but below the soil threshold for medium-uptakers. Assuming that the decrease in CLD concentrations in the waters exiting the nitisol column is still exponential beyond the 19 years of effective rainfall, a maximum additional amount of 32.3 nmols of CLD would be removed from soil, leading to a minimum CLD concentration of 1.58 µmol/kg in the untreated nitisol. In this case, in the absence of any attenuation mechanisms other than leaching, e.g., no significant (bio)degradation, CLD would persist in soil at level higher than the soil threshold for high-uptakers. A more optimistic scenario would be to assume that the CLD concentration in the outlet waters remains stable at 4.42 nmol/L beyond the 19 years of effective rainfall (Figure 3). In this case, CLD concentrations in soil would be < 0.204 µmol/kg after 51 additional years of effective rainfall. Thus, it would take at least in total 70 years to reach such a concentration in the soil. This period of time is in good agreement with the 6-10 decades calculated by the leaching model WISORCH, based on first-order desorption kinetics, as the duration required for a typical nitisol in the French West Indies to be decontaminated [START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF].

The trial of ISCR treatment that was applied to the soil sample used here succeeded in reducing CLD concentrations in soil to values below the threshold value for mediumuptakers. The residual CLD soil concentration was however still above the threshold value for high-uptakers. Assuming an exponential decrease in CLD concentrations in the waters exiting the nitisol column over time, a maximum additional amount of 112 nmol of CLD would be removed by leaching, leading to a minimal CLD concentration in the soil of 0.56 µmol/kg. If they remain stable at 4 nmol/L beyond the 6 years of effective rainfall, the threshold value for high-uptakers would be reached ~46 years after the ISCR treatment. Although there are large uncertainties about the evolution in CLD concentrations over time in the outlet waters of the treated soil column, these results indicate that CLD would be persistent in the soil at concentrations above the threshold for high-uptakers at least for decades. However, ISCR treatment probably degrades the most easily accessible CLD in the soil, which are also the most available for plants/crops. [START_REF] Mouvet | Décontamination par In Situ Chemical Reduction d'un nitisol et d'un sol alluvionnaire pollués par la chlordécone[END_REF] showed that ISCR treatment applied to a nitisol significantly lowered CLD concentrations in radishes compared to controls (untreated soil). Concentrations in radishes were below the maximum residue limit after treatment, whereas they exceeded it in the untreated soil. ISCR treatment could thus significantly reduce the risk of crop contamination.

ISCR treatment applied here lowered the CLD concentration by ~50% in soil and by a factor 3 in waters that passed through a 20cm long nitisol column. However, concentrations in the soil solutions at 20cm depth would still be above the threshold for drinking water for decades. CLD soil concentrations would also remain for decades above the threshold value for high-uptakers plants. The efficiency of the ISCR treatment, albeit greater for CLD contaminated-soils than any other remediation technique so far, remains therefore to be improved through changes such as the amounts of iron injected, the shape/size of iron, the mixing of iron with other reactive compounds. Furthermore, previous studies showed that the persistence of chlordecone differs between soil types, nitisol, ferralsol or andosol [START_REF] Cattan | A conceptual model of organochlorine fate from a combined analysis of spatial and mid-to long-term trends of surface and groundwater contamination in tropical areas (FWI)[END_REF][START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF][START_REF] Levillain | Analysis of environmental and farming factors of soil contamination by a persistent organic pollutant, chlordecone, in a banana production area of FrenchWest Indies[END_REF]. CLD retention is notably governed by a chemical interaction with soil organic carbon. Carbon contents are highest in andosols.

Nitisol has a low capacity to retain CLD suggesting higher losses by leaching in nitisols, hence a higher risk of aquifer contamination [START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF]. By contrast, soil decontamination by leaching will take centuries for ferralsol and more than half a millennium for andosol [START_REF] Cabidoche | Long-term pollution by chlordecone of tropical volcanic soils in the French West Indies: a simple leaching model accounts for current residue[END_REF]. [START_REF] Woignier | Chlordecone retentioninthe fractal structure of volcanic clay[END_REF][START_REF] Woignier | The pesticide chlordecone is trapped in the tortuous mesoporosity of allophane clays[END_REF] showed that CLD retention in soil may also be explained by a physical interaction with allophane clay microstructure: allophane soils (andosol) retained more CLD than non-allophanic soils (nitisol and ferralsol) containing crystalline clays. They concluded that the allophane structure needs to be taken into account for soil remediation processes. ISCR treatment must therefore be tested on andosols and ferralsols.

The experimental conditions used in this study (e.g., sieved and unstructured soil, saturated condition) are not fully representative of environmental conditions, and therefore the results cannot be directly transposed to the natural environment. An experimental approach with lysimeters containing undisturbed soil, treated or not by ISCR, would provide very valuable information.

Conclusion

The mobility and the transfer of CLD and two of its main derivatives, CLD5aH and a CLD-3Cl, in a nitisol from a banana plantation in Martinique, before and after treatment by ISCR, have been investigated in laboratory using column experiments (20cm long and 2.5cm in diameter).

The circulation of a CaCl2 10 -2 M solution in deionized water, simulating the ionic strength of soil water, in the unstructured nitisol contaminated by CLD (3.1 µmol/kg), releases CLD in the solution at concentrations above the threshold limit for drinking water.

None of the 11 dechlorinated CLD derivative analysed was detected in solutions exiting the untreated soil column, confirming that CLD is not or only slightly degraded in soil despite its presence in the soil for several decades. Soil treatment by ISCR resulted in both a significant reduction in CLD concentrations and the appearance of CLD derivatives, CLD5aH and a CLD-3Cl and, to a lesser extent, a CLD-2Cl and a CLD-5Cl, in waters that pass through the soil column. However, CLD concentrations in solutions would remain above the threshold limit for drinking water for decades. Also, ISCR treatment allowed to lower CLD concentrations in soil to values below the threshold for medium-uptakers but they were still above the threshold for high-uptakers.

Significant differences in the fate of CLD, CLD5aH and CLD-3Cl are observed.

Dechlorination of the molecule leads to increased mobility of the derivatives with respect to Though the retention capacity of nitisol for these molecules is not negligible, the greater mobility of derivatives compared to the parent molecule is likely to induce their transfer to deeper soil layers than those treated by ISCR.

Finally, the increase in the concentrations of CLD and its derivatives in waters during the interruption of the water circulation, while saturation conditions were maintained, shows the potential influence of rainfall on the concentrations likely to be encountered in soil waters or accumulated on the surface. injected (expressed as "pore volume" and "years of effective rainfall" in Lamentin; see text for details). The 48h-interaction period between the CaCl2 10 -2 M solution and the soil is also reported (stop #1; PV 28). It corresponds to an interruption of the circulation of the CaCl2 10 - 2 M solution in the column while solution was maintaining in the soil. 

1.

  Circulation of CaCl2 10 -2 M solution during ~28 PV 2. Stop 1: CaCl2 10 -2 M solution is kept in the soil column for 48 h 3. Circulation of CaCl2 10 -2 M solution during ~57 PV 4. Circulation of the solution containing CaCl2 10 -2 M + CLD + CLD5aH + CLD-3Cl during ~45 PV 5. Stop 2: The solution containing CaCl2 10 -2 M + CLD + CLD5aH + CLD-3Cl is kept in the soil column for 66 h. 6. Circulation of CaCl2 10 -2 M solution during ~47 PV 7. Stop 3: CaCl2 10 -2 M solution is kept in the soil column for 2 months 8. Circulation of CaCl2 10 -2 M solution during ~42 PV 9. Stop 4: CaCl2 10 -2 M solution is kept in the soil column for 64 h 10. Circulation of CaCl2 10 -2 M solution during ~98 PV 11. Circulation of CaCl2 10 -2 M solution during ~128 PV at a seepage velocity of 15m/d At the end of the experiment, a total of ~19 years of effective rainfall was thus injected in the soil column.

FiguresFigure 1 .

 1 Figures Figure 1. CLD, CLD5aH and CLD-3Cl concentrations in waters at the outlet of the untreated (a) and treated (b) nitisol column as a function of the volume of the CaCl2 10 -2 M solution

Figure 2 .

 2 Figure 2. CLD-2Cl, an unidentified molecule and CLD-5Cl levels (expressed as relative peak area) in waters at the outlet of the treated nitisol column as a function of the volume of the CaCl2 10 -2 M solution injected (expressed as "pore volume" and "years of effective rainfall" in Lamentin; see text for details).

Figure 3 .

 3 Figure 3. CLD, CLD5aH and CLD-3Cl concentrations in the outlet waters of the untreated nitisol column as a function of the volume of the solution injected in the column, expressed as "pore volume" and "years of effective rainfall" in Lamentin (Martinique; see text for details) from PV 85. C/C0 ratios (where C0 is the concentration of CLD, CLD5aH and CLD-3Cl injected; i.e., in solution B) are also indicated. Two different solutions (solution A: CaCl2 10 - 2 M, and solution B: CaCl2 10 -2 M + CLD (12 nmol/L) + CLD5aH (28.3 nmol/L) + CLD-3Cl(41.8 nmol/L)) were injected into the column according to the experimental procedure as indicated in the illustration on the top. The interaction periods (stop #2, #3 and #4) between the solutions and the soil are also reported. They correspond to an interruption (64 h, 66 h or 2 months) of the circulation of the solution in the column while solution was maintaining in the soil.

Figure 4 .

 4 Figure 4. Variation of the CLD, CLD5aH and CLD-3Cl concentrations in waters that pass through the untreated nitisol as a function of the volume of CaCl2 10 -2 M solution injected into the column (expressed as "pore volume") between PV 170 and PV 295.

Figure 5 .

 5 Figure 5. CLD concentrations in the outlet waters of the untreated nitisol column as a function of the volume of CaCl2 10 -2 M solution injected in the column, expressed as "years of effective rainfall" in Lamentin (Martinique; see text for details). The dotted line represents the modeled exponential decrease in CLD concentrations. 0.204 and 0.2 nmol/L are the threshold values for the drinking water and for the freshwater organisms.
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TableTable 1 .

 1 Physico-chemical characteristics of the untreated and treated (by ISCR) nitisol studied (mean ± standard deviation, n = 3; see text for details)

Table parameter

 parameter 

		Untreated soil	Treated soil
	C/N ratio	11.6 ± 3.0	9.1 ± 0.7
	P2O5 Olsen (mg/kg)	87.7 ± 8.4	40.7 ± 0.6
	Exchangeable K2O (mg/kg)	1133 ± 47	892 ± 12
	pH water	5.6 ± 0.1	6.1 ± 0.2
	pH KCl	4.5 ± 0.1	5.1 ± 0.2
	CEC (meq/100g)	25.1 ± 1.4	23.1 ± 0.7
	Nitrogen (Dumas)	0.13 ± 0.03	0.14 ± 0.01
	Total Fe (%)	6.8 ± 0.3	8.8 ± 0.3
	Organic carbon (%)	1.4 ± 0.1	1.2 ± 0.1
	Total nitrogen (%)	0.13 ± 0.03	0.14 ± 0.01
	Exchangeable MgO (mg/kg)	748 ± 12	819 ± 6
	Exchangeable CaO (mg/kg)	2449 ± 30	2785 ± 109
	Total carboneous	< 0.1	< 0.1
	Coarse sand (%; 0.2 -2 mm)	5.9 ± 0.4	5.4 ± 0.4
	Fine sand (%; 0.05 -0.2 mm)	5.7 ± 0.8	6.4 ± 0.4
	Coarse silt (%; 0.02 -0.05 mm)	19.0 ± 2.1	18.4 ± 1.8
	Fine silt (%; 0.002 -0.02 mm)	23.6 ± 0.2	24.8 ± 0.6
	Clay (%; < 0.002 mm)	43.1 ± 2.1	42.9 ± 1.6
	CLD concentration (µmol/kg)	3.1 ± 0.24	1.51 ± 0.22
	CLD5aH concentration (µmol/kg)	< 0.08	0.58 ± 0.06
	CLD-3Cl concentration (µmol/kg)	< 0.08	< 0.08
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