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, the addition of a mining slurry called ochre and manure, either alone or in combination, drastically reduced the leaching of several metal pollutants, notably Pb. Nevertheless, the biogeochemical processes involved in the immobilization of metal pollutants remain unknown, preventing the management of this remediation technique from being optimized and its extension to other sites. To fill this gap, a multicomponent mixing model was developed to simulate and forecast the impact of amendments on the leaching of metal pollutants. This model accounts for the following biogeochemical processes: kinetically-controlled dissolution/precipitation reactions, sorption

Introduction

The anthropogenic contribution of metallic contaminants to the aquatic environment is not recent and dates back to the first mining activities, as attested by the 5000-year-old metal contaminations identified in the Rio Tinto in Spain [START_REF] Welty | Rio Tinto estuary (Spain): 5000 years of pollution[END_REF]. Europe was once a major mining region before witnessing a significant decline in mining activities in the late 20th century [START_REF] Wolkersdorfer | Contemporary Reviews of Mine Water Studies in Europe[END_REF]. Consequently, abandoned mining sites are common in European countries and especially in France where the overall amount of tailings is estimated between 90 and 130 Mt (BRGM, 1997). Numerous studies have shown that J o u r n a l P r e -p r o o f abandoned metallic mining sites can deteriorate water quality due to the mobilization of metal contaminants in response to the weathering of tailings [START_REF] Akcil | Leaching behavior of mineral processing waste: Comparison of batch and column investigations[END_REF][START_REF] Gemici | Evaluation of the water quality related to the acid mine drainage of an abandoned mercury mine (Alaşehir, Turkey)[END_REF]Atanacković et al., 2013). This contamination can pose a health risk to residents living near mines [START_REF] Lee | Human risk assessment of As, Cd, Cu and Zn in the abandoned metal mine site[END_REF][START_REF] Park | Blood levels of cadmium and lead in residents near abandoned metal mine areas in Korea[END_REF] and endangers the surrounding ecosystem [START_REF] Sánchez-Chardi | Metal bioaccumulation in the greater white-toothed shrew, Crocidura russula, inhabiting an abandoned pyrite mine site[END_REF][START_REF] Blowes | The pore-water geochemistry and the mineralogy of the vadose zone of sulfide tailings, Waite Amulet, Quebec, Canada[END_REF][START_REF] Thienpont | Multi-trophic level response to extreme metal contamination from gold mining in a subarctic lake[END_REF].

The oxidation of sulfide minerals initially present in tailings exposed to air and water has been identified as the main driver explaining the pollution of environmental compartments (groundwater, surface water and sediments) by metal contaminants.

Following the oxidation of the primary mineral phases, metal contaminant carrier phases such as carbonate and/or sulfate minerals may be formed. Such conditions also lead to the precipitation of Fe-and Mn-oxides sorbing metal contaminants as emphasized by several authors [START_REF] Mccarty | Mineralogy and trace element association in an acid mine drainage iron oxide precipitate; comparison of selective extractions[END_REF][START_REF] Gemici | Evaluation of the water quality related to the acid mine drainage of an abandoned mercury mine (Alaşehir, Turkey)[END_REF]. The occurrence, location and rate of the geochemical reactions are controlled by physical, chemical and biological properties of pore water and gaseous phase [START_REF] Blowes | The pore-water geochemistry and the mineralogy of the vadose zone of sulfide tailings, Waite Amulet, Quebec, Canada[END_REF][START_REF] Roussel | Minerals controlling arsenic and lead solubility in an abandoned gold mine tailings[END_REF]. Previous studies have hinted that metal mobility in tailings is strongly controlled by the pH of pore water [START_REF] Jurjovec | Acid neutralization mechanisms and metal release in mine tailings: a laboratory column experiment[END_REF][START_REF] Jing | Lead leachability in stabilized/solidified soil samples evaluated with different leaching tests[END_REF]Al-Abed et al., 2008;[START_REF] Cappuyns | pH Dependent Leaching Behavior of Zn, Cd, Pb, Cu and As from Mining Wastes and Slags: Kinetics and Mineralogical Control[END_REF].

The mineralogical composition of the tailings directly influences the pH value of pore water.

Silicate minerals, although having a greater overall buffering capacity in comparison to calcite per mole of mineral, exhibit a much slower dissolution, thus limiting their acidneutralization capacity [START_REF] Weber | A methodology to determine the acidneutralization capacity of rock samples[END_REF]. Another important driver of the concentration of dissolved metals is microbial activity. Microorganisms can both immobilize metals by biosorption and reductive precipitation [START_REF] Mchale | Microbial biosorption of metals: Potential in the treatment of metal pollution[END_REF][START_REF] Kashefi | Reductive Precipitation of Gold by Dissimilatory Fe(III)-Reducing Bacteria and Archaea[END_REF] and mobilize them by bioleaching and oxidative dissolution [START_REF] Kelley | Microbiological Oxidations of Minerals in Mine Tailings[END_REF][START_REF] Francis | Microbial dissolution and stabilization of toxic metals and radionuclides in mixed wastes[END_REF]. In older mining sites, the mobilization of metal contaminants from tailings is therefore controlled by complex geochemical patterns in which secondary mineral phases may act as permanent or temporary source and sink terms. Metal contaminants are then often trapped in sulfated phases such as beudantite, anglesite, and plumbojarosite or carbonate phases such as cerussite [START_REF] Courtin-Nomade | Arsenic and lead mobility: From tailing materials to the aqueous compartment[END_REF].
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In order to prevent the mobilization of metal contaminants in aged tailings, stabilization techniques based on using amendments have been developed and applied [START_REF] Kumpiene | Stabilization of As, Cr, Cu, Pb and Zn in soil using amendments -A review[END_REF]. Amendments are inorganic or organic materials that are selected to prevent metal contaminants leaching during infiltration by modifying the physical, chemical and biological properties of tailings in order to enhance sorption, complexation or (co)precipitation of metal contaminants. Furthermore, changes induced by amendments also limit tailings erosion by making plant growth easier. To date, the effects of various kinds of amendment to reduce divalent metal contaminants such as lead (Pb) or zinc (Zn) have been studied. Numerous studies have investigated the effect of biochar, an organic amendment made from biomass via pyrolysis, on aged tailings [START_REF] Fellet | Elements uptake by metal accumulator species grown on mine tailings amended with three types of biochar[END_REF][START_REF] Nandillon | Effect of Biochar and Amendments on Pb and As Phytotoxicity and Phytoavailability in a Technosol[END_REF][START_REF] Norini | The ecodynamic of Pb, Zn, Ba, As and Cd in a contaminated mining technosol amended with biochar and planted with willow and ryegrass[END_REF][START_REF] Lebrun | Effects of biochar, ochre and manure amendments associated to a metallicolous ecotype of Agrostis capillaris on As and Pb stabilization of a former mine technosol[END_REF]. It is used to reduce soil acidity and nutrient leaching in order to promote the immobilization of metal contaminants and plant growth. Another possibility is to mix organic waste such as manure or slurry with marble wastes [START_REF] Zornoza | Carbon mineralization, microbial activity and metal dynamics in tailing ponds amended with pig slurry and marble waste[END_REF][START_REF] Acosta | Phytoremediation of mine tailings with Atriplex halimus and organic/inorganic amendments: A five-year field case study[END_REF]. Organic wastes provide the nutrients necessary for plant growth, while marble wastes tend to increase pH, enhancing the immobilization of metal contaminants. To fully understand the influence of amendments on the behavior of metal contaminants, [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF] set up an original leaching experiment on mine tailings configured to be close to real conditions. The dynamic of natural recharge was reproduced by a regular water supply (every week). This protocol better represents natural conditions, in which the pore water is renewed frequently. The experiment took place over a long period (3 months) in order to better represent the evolution of the system. Leaching was performed on aged mine tailings with or without amendments. When the tailing was not amended, a high Pb concentration was measured in the leachate, mainly caused by acid conditions. The amendments chosen had the advantage of being available near the site. Unlike most studies using only carbonates as amendments to reduce the leaching of metal contaminants, the first amendment used was a sludge called ochre produced from a coal mine water treatment plant. It was mainly composed of iron oxy-hydroxides associated with aragonite. The main effect generated by this amendment was to increase the pH, but also to enhance the sorption J o u r n a l P r e -p r o o f capacity of the tailing, leading to a significant drop in the Pb concentration. The second amendment used was cow manure: this addition is necessary to allow plant growth on the residue, mixed with ochre. Similar results to those obtained with the ochre alone were observed with this mixed amendment. Apart from a slight increase in Pb concentration during the first half of the experiment, a decrease to the base level during the rest of the experiment was recorded. Therefore, [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF] identified promising amendments to reduce Pb mobility in contaminated tailings. Nevertheless, this experiment, though critical for understanding these systems, was essentially qualitative as the nature and the rate of the main biogeochemical processes involved in the immobilization of Pb remain unknown.

A quantitative evaluation of metal contaminant mobility in tailings requires using multicomponent reactive transport models. While these tools have largely helped to determine the relative part of various geochemical processes taking place in tailings, they have been mainly devoted to simulating dissolution rates of sulfides under oxidizing conditions and the associated biogeochemical reactions such as the microbially-driven Fe(II)oxidation reaction, precipitation of sulfate and carbonate minerals or O 2 diffusion in gaseous and aqueous phases [START_REF] Gerke | Modelling the impact of physical and chemical heterogeneity on solute leaching in pyritic overburden mine spoils[END_REF][START_REF] Gerke | Modelling the effect of chemical heterogeneity on acidification and solute leaching in overburden mine spoils[END_REF][START_REF] Mayer | Multicomponent reactive transport modeling in variably saturated porous media using a generalized formulation for kinetically controlled reactions: Reactive transport modeling in variably saturated media[END_REF]. By contrast, they have been less used to simulate the mobility of metal contaminants in aged tailings or to estimate the effects of amendments. The first studies that modelled the behaviour of metal contaminants in aged tailings were based on the assumption of thermodynamic reaction control [START_REF] Harwood | Modelling of leachates from dolomitic mine tailings[END_REF][START_REF] Walter | Modeling of multicomponent reactive transport in groundwater: 2. Metal mobility in aquifers impacted by acidic mine tailings discharge[END_REF], or used simplified kinetic laws such as zero/first-order dissolution rate laws [START_REF] Eriksson | Combined effects of dissolution kinetics, secondary mineral precipitation, and preferential flow on copper leaching from mining waste rock[END_REF]. More recent studies have highlighted a better prediction of metal release in pore water, describing the kinetic dissolution of minerals mechanistically, but some important geochemical processes such as sorption reactions were not taken into account in the simulations [START_REF] Acero | Multiphase flow and reactive transport model in vadose tailings[END_REF][START_REF] Ouangrawa | Reactive transport modelling of mine tailings columns with capillarity-induced high water saturation for preventing sulfide oxidation[END_REF][START_REF] Pabst | Reactive transport modelling of the hydrogeochemical behaviour of partially oxidized acid-generating mine tailings with a monolayer cover[END_REF].

The objective of the present study was to identify and prioritize the nature and the rate of the physical processes and biogeochemical reactions controlling the mobility of dissolved metal contaminants in aged tailings that are stabilized by amendments. To tackle

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

Journal Pre-proof this goal, a multicomponent mixing transport model was built to simulate and predict the results of the leaching experiments done in [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF]. Different biogeochemical processes were explored during the model building in order to describe the experimental data and provide new insight on the reactivity of metal contaminants. The main pollutant targeted by the model was Pb, which was the principal pollutant identified in the tailings.

Simulations of several chemical properties of leachates were also conducted (Zn, SO 4 2-and Ca concentrations as well as pH values). Experimental results obtained for untreated tailings were simulated first. Then, the model was applied to the tailings amended with ochre alone or in association with cow manure.

Methods

Mine tailings

Tailings were sampled at a former mine exploiting Pb and Ag named Roure-les-Rosiers (Puy de Dôme, France, 45°47'29''N 2°49'18''E), a part of the Pontgibaud mining district. It has been exploited since antiquity with a peak of activity in the 19th century before closing in 1901. Granulometric analysis indicated that the tailings were mainly composed of sand (>90%) with a low silt-clay fraction. These tailings had a very low organic matter content, with only 0.09% of total organic carbon measured by Rock-Eval pyrolysis (Thouin et al., 2019).In order to get as much information as possible on the mineralogical assemblage, Chlorine phases such as pyromorphite were not detected.

Leaching experiment

Only a brief description of the leaching experiment is given here; further details can be found in [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF]. Leaching tests at a microcosm scale were performed on tailing samples to simulate the percolation of rainwater. Different additions of amendments were applied to evaluate their effects on the mobility of metal contaminants. The first amendment used was a mining slurry called ochre. As for mine tailings, a more detailed interpretation of XRD done by [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF] revealed the presence of several crystalline phases, namely iron(III) oxide-hydroxide (goethite) and aragonite (Fig. A.7). The large peaks of goethite suggest a poorly crystalline goethite. Zincite is suspected here, a small peak at 2.476 Å between those of aragonite and goethite can be attributed to zincite.

The second amendment used was cow manure, as this type of organic amendment can improve the agronomic properties of the tailings in order to facilitate vegetation growth [START_REF] Sumner | Beneficial use of effluents, wastes, and biosolids[END_REF]. The only crystalline phase identified in cow manure was quartz (Fig. A.7).

The leaching tests were carried out in polystyrene pots (5 cm diameter, 10 cm height) of which the bottoms were perforated to allow the flow of leaching water (Fig. ).

Table 1 Chemical composition of the mineral water (Mont Roucous) and the initial pore water of the tailing alone used for each simulation. b Similar pore water composition for Tailing + Ochre and Tailing + Ochre + Manure.

Multicomponent mixing model

All the numerical simulations were performed using the geochemical PHREEQC code [START_REF] Parkhurst | Description of input and examples for PHREEQC version 3: a computer program for speciation, batch-reaction, one-dimensional transport, and inverse geochemical calculations[END_REF]. The multicomponent mixing transport model was built by using this code, taking transport in aqueous phase and gaseous phase and several geochemical reactions into account. A mixing framework was used to mimic transport. The following geochemical reactions were included in the model: thermo-kinetically-controlled dissolution or precipitation reactions for the primary and secondary mineral phases, surface complexation reactions onto iron oxides and organic matter, and microbial respiration. Most of the thermodynamic data used in the model were taken from the well-known Thermoddem database [START_REF] Blanc | Thermoddem: A geochemical database focused on low temperature water/rock interactions and waste materials[END_REF]. Unfortunately, no value was referenced for some model J o u r n a l P r e -p r o o f parameters. To overcome this gap, these values were calibrated according to measured data. The PEST (Parameter ESTimation) software [START_REF] Doherty | Calibration and uncertainty analysis for complex environmental models[END_REF] was used to assess the uncertainty of the model parameters. The software has been widely used for parameter estimation, sensibility analysis and can be easily coupled with PHREEQC. In order to estimate the value of each parameter, PEST uses the Gauss-Marquardt-Levenberg method based on the comparison between the simulated and observed output variable values. More details on the specificities of the model are given below.

Initial conditions

The mineralogical assemblage and initial pore solution used in the simulations were first determined for the untreated tailings. These model parameters were then updated in order to account for amendment, either by ochre (TO) or by ochre plus manure (TOM).

Assumptions were made based on the previous investigation by [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF], using chemical analysis on solid phases and re-interpreted XRD analysis made on the tailings and the amendments. For each treatment, an appropriate framework was developed to estimate the chemical composition of the initial pore solution as no measurements were available, except for pH value and Pb concentration.

In untreated tailings, two main Pb-bearing mineral phases were detected through XRD, anglesite and beudantite. These mineral phases were also observed by [START_REF] Pascaud | Environmental and health risk assessment of Pb, Zn, As and Sb in soccer field soils and sediments from mine tailings: solid speciation and bioaccessibility[END_REF] in the tailings of the Pontgibaud mine, located about 7 km to the northeast from our site. Beudantite forms a solid-solution between plumbojarosite (sulfate end-member) and segnitite (arseniate end-member). The end-member used in the model was chosen on the basis of its capacity to simulate the reactivity of the main contaminant, namely Pb and the evolution of pH. These parameters were correctly described with plumbojarosite and so depend on this phase. The concentrations of these two phases were fixed using Pb and SO 4 2-concentrations measured in the tailing. However, the proportion of these two phases was optimized due to a lack of information about their relative abundance. XRD J o u r n a l P r e -p r o o f measurements revealed the presence of feldspar in the tailings. The diffractograms suggest the existence of K-feldspar but other types of feldspar are likely to be present in lesser quantities. A small amount (0.1 wt%) of anorthite, being in adequacy with the measurements of CaO carried out on the tailings [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF], was considered in the simulation to describe the reactivity of Ca. The chemical investigation performed on the solid phase revealed that iron oxides were present in the initial material. The absence of detection in XRD measurements suggests a low relative amount i.e. < 5wt%. We assumed that these iron oxides correspond to ferrihydrite in the simulations. Not all the Fe was attributed to ferrihydrite (5%), because other mineral phases may contain it, in particular plumbojarosite.

In order to identify Zn sources in the tailings the saturation index (SI) calculations were established with the chemical composition of the leachate. These calculations have shown that all the Zn-bearing phases listed in the Thermoddem database are far from equilibrium, suggesting that no Zn-bearing phase is present in the tailings. It has been shown that divalent metals such as Zn have the ability to replace Pb present in plumbojarosite [START_REF] Dutrizac | The Behavior of Impurities during Jarosite Precipitation[END_REF] by substitution in environments highly polluted with Zn and in low amounts (< 4wt%).

Low Zn concentrations have also been reported in anglesite [START_REF] Bril | Secondary phases from the alteration of a pile of zinc-smelting slag as indicators of environmental conditions: an example from Swietochlowize, upper Silesia, Poland[END_REF] in a Znsmelting slag context. Therefore, in order to correctly describe the dynamics of Zn in the system and to respect the measurements of total Zn performed in the tailings, a small amount of Zn was assumed to be present in plumbojarosite and in anglesite with the following ratios, 0.5wt% and 0.4wt% respectively. To confirm our assumption, XRD results phase could be present. To be sure that no Zn-bearing phases is present in the tailings,
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Journal Pre-proof more sophisticated spectrometry techniques such as extended X-ray absorption fine structure or the electron dispersive X-ray spectrometry within a scanning electron microprobe should be used. This mineralogical assemblage was used to calculate the chemical composition of the initial pore solution (Table 2). We assumed the pore solution was in thermodynamic equilibrium with the mineralogical assemblage at the beginning of the leaching experiment. The lack of additional information on the composition of the mineralogical phase prevented us from simulating the dynamics of other elements than those controlled by the phases observed in the tailing (Pb, SO 4 2-, Ca and Zn). While one can associate each concentration of these element with a particular phase, in our simulations each of the solution parameters is highly dependent on several geochemical processes as we used a multi-component model in the present study. This model is based on physical laws, implying mass balance and thermodynamic laws.

To calculate the mineralogical assemblage considered to simulate leaching in tailing amended with ochre (TO), we first analysed the mineralogical assemblage of ochre based on the chemical analysis and XRD analysis done on this material. These measurements revealed that ochre, a by-product of coal mine water, exhibited a high Fe content, suggesting the presence of a large amount of iron oxides. X-ray diffractograms revealed the presence of poorly crystalline goethite (Fig. A.7). The surface area used for this phase in our simulations was 200 m² g -1 , which is higher than the surface areas commonly measured in well crystallized goethite and corresponds to a poorly crystalline phase. In order to keep a continuity between the different simulations and to simplify the model, only one of iron oxyhydroxide phase was considered in the simulations, namely ferrihydrite. The amount of ferrihydrite contributed by ochre was calculated by assuming that all Fe present in solid phase was allocated to this mineral phase. Due to the significant amount of Zn in ochre (21,830 mg kg -1 , [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF], Zn-bearing phases were suspected to be present.

Zincite was not clearly identified by XRD but doubts may remain due to the small peak observed at 2.4759 Å. We therefore assumed that Zn was provided by ochre via zincite. The amount of zincite in ochre mineral phase was calculated by assuming that all the Zn J o u r n a l P r e -p r o o f measured in solid phase was allocated to this mineral phase. This represents a small proportion of the ochre (2 wt%), which could explain the difficulty in identifying zincite via XRD.

The leachates obtained in tailing amended with ochre 7 days after the beginning of the experiment exhibited high Ca and SO 4 2-concentrations (see below). XRD revealed the presence of aragonite as Ca-bearing phase (Fig. A.7). The amount of aragonite in ochre was then fixed using the concentration of inorganic carbon measured in the solid phase.

However, no sulfated phase was recorded by XRD analysis. SI calculations made with the chemical composition of the leachate showed that calcium sulfates were close to thermodynamic equilibrium: gypsum (0.08), anhydrite (-0.09) and bassanite (-0.60).

Measurement of total sulfur using an elemental pyrolyser analyzer (Flash 2000, Thermo

Fischer Scientific) has indicated a concentration of 0.69 wt% [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF]. As ochre is produced under oxic conditions, one can assume that the total sulfur detected in the solid phase is under oxidized state. This latter result indicates that the amount of sulfate in ochre is relatively low. We assume that this low concentration prevented the identification of these crystalline sulfate phases by XRD. In order to correctly describe the reactivity of SO 4 2-, gypsum was introduced in our simulations to represent this calcium sulfate. The log K of the reaction was modified to account for this unknown calcium sulfate and in order to better describe SO 4 2-reactivity (Table 2). The amount of gypsum present in the ochre was estimated according to the total S measurements, i.e. 0.69 wt%. These calculations were used to update the mineralogical assemblage calculated for untreated tailings. An adapted framework was used to assess the chemical composition of the initial pore solution. The new mineralogical assemblage (tailing + ochre) was put in contact for 3 days with the initial pore water of the tailing alone, before the start of the experiment. These conditions correspond to the experimental protocol of [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF]. As the newly added phases were not in thermodynamic equilibrium with the pore solution, the chemical composition of the pore water will evolve towards thermodynamic equilibrium during this time period.
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The third treatment (TOM) corresponded to the addition of manure in variable proportions (0.15, 1 and 2wt%) and of 5wt% of ochre. Organic matter provided by manure can be dissolved, releasing organic carbon in solution. The organic carbon concentration in manure was measured by Rock-Eval pyrolysis [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF]. This value was reported in our simulations where 0.065g, 0.43g and 0.86g of organic carbon was used for 0.15, 1 and 2wt% manure respectively. In order to assess the influence of microbial activity on the mobility of metals, microbial biomass was taken into account. The initial microbial biomass values for each proportion were estimated using DNA analysis [START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF] and the microbial growth is then explicitly described (see below). The same framework as the one used for the second condition (TO) was chosen to estimate the chemical composition of the initial pore solution (Table 2). This new mineralogical assemblage (ochre + manure) was then brought into contact for 3 days with the initial pore water of the tailing alone. In order to assess the sensitivity of the model, an uncertainty analysis was carried out on the surface areas of anglesite and plumbojarosite (Table 2). These parameters are the fitted parameters controlling the most the system. The parameter's lower and upper bound were of an order of magnitude compared to the initial fitted value. This analysis was run for the simulation with tailings only (T) then for the simulations TO and TOM with 1% of manure.

Table 2

Mineralogical assemblage used for numerical modelling.

T: tailings without amendment, TO: tailings with ochre, TOM: tailings with ochre and manure. 

Minerals

Boundary conditions

No measurement of the advective flow was recorded during the experiments, preventing the description of the transport processes. Thus, several hypotheses were formulated in order to establish a simplified transport model. Firstly, the displacement of the water in the column was considered to be the result of a piston effect, where the pore water was replaced by the leaching water. Then at each leaching step, a mix was considered with a ratio of 90% leaching water to 10% pore water. After mixing, we assumed that the system remained closed until the next leaching step.

For the first two treatments without organic matter (T and TO), the solution was considered to be in equilibrium with respect to the atmosphere. Due to microbial activity this boundary condition was changed for the third treatment with organic matter (TOM). In order to have a finer description of water-gas exchanges, the solution was brought into contact with a fixed volume of gas without forcing the equilibrium. A mix between the soil gases and the atmosphere was carried out at each step, described as:

(1)

J o u r n a l P r e -p r o o f where is the partial pressure of CO 2 obtained after the conservative mixture, corresponds to the soil fraction CO 2 in the mix with atmosphere with the value of 0.75, is the partial pressure of CO 2 in the soil and corresponds to the partial pressure of CO 2 of the atmosphere (346 ppm).

Sorption

Iron oxides

Sorption reactions on iron oxides were simulated using the model of [START_REF] Dzombak | Surface complexation modeling: hydrous ferric oxide[END_REF], which is based on the generalized two-layer model. This model takes into account both contributions allowing the sorption of cations and anions on the oxide surface, as well as their protonation: (i) the chemical contribution induced by the bond formation between the ion and the atoms present on the surface, and (ii) the electrostatic contribution induced by the surface charge. The equilibrium constant of the complexation reaction is defined as:

( ) (2) 
where is the standard state free energy of the complexation reaction (J.mol -1 ), T the temperature (K) and R the gas constant (8.31 J.K -1 .mol -1 ). The protonation and deprotonation reactions at the ferrihydrite surface are shown in Table A.1. The sorption of three elements (Pb, Zn, Ca) was taken into account in the simulations (Table A.2). It follows a general equation for surface complexation:

(3)

where S is the chemical formula of a surface species, z the charge of a species, A i,j the chemical formulae of the sorbate species and i,j are stoichiometric coefficients.

Organic matter
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Journal Pre-proof Sorption on organic matter can be modeled using WHAM (Windermere Humic Aqueous Model) [START_REF] Tipping | A unifying model of cation binding by humic substances[END_REF]. This model describes the sorption of protons and cations on humic acids via monodentate and bidendate binding sites. The electrostatic term of the reaction follows the theory of the electrical double-layer. The specific surface area (SSA) of humic acids is linked to the ionic strength of the solution according to an empirical relationship [START_REF] Appelo | Geochemistry, groundwater and pollution[END_REF]. For a mean ionic strength of 0.02 M during the third treatment (TOM), the calculated SSA was about 26,300 m² g -1 . Humic acid has a total charge of -7.1 meq g -1 in the WHAM model, which is distributed over eight monodentate sites and twelve bidentate sites. Monodentate sites are composed of four carboxylic sites (nHA carrying a charge of -2.84 meq g -1 humic acid) and four phenolic sites (nHB, charge = -1.42 meq g -1 humic acid) while bidendate sites combine carboxylic and phenolic charges (charge = -2.84 meq g -1 humic acid). The complexation parameters for protons and cations used in the simulation are indicated in Table A.3. The sorption of Pb, Zn and Ca follows this general formula:

(4)

(5)

Dissolution and precipitation

In order to model the dissolution and precipitation of the mineral phases a general transition-state-theory (TST) derived rate law [START_REF] Lasaga | Transition state theory[END_REF]1984) was used :

∑ [ ( ) ( ) ] (6) 
where the rate is in mol s -1 , A is the surface area of the mineral (m²), k is the reaction rate (mol m -2 s -1 ), E j is the activation energy (J mol -1 ), R is the gas constant (J mol -1 K -1 ) and T is the temperature (K). The term ( ) is dimensionless and represents the activity of the i th J o u r n a l P r e -p r o o f
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∏ (7)
where is the reaction order of the i th aqueous species. The reaction order is a value which reflects the influence of a species (H + , OH -, CO 2 , ... ) in the overall rate reaction. The term is also dimensionless and takes into account the distance from equilibrium; the reaction rate will be slower near equilibrium. For a single mechanism:

( ) ( 8 
)
where Q is the activity product and K the equilibrium constant, then the ratio Q/K represents the mineral saturation index. For most minerals, up to 3 mechanisms will control their dynamics, namely those catalyzed by H + (acid mechanism), those catalyzed by OH -(base mechanism), and those taking place in neutral conditions (neutral mechanism). The kinetic parameters used for each mineral phase are listed in Table 3. The precipitation rate constant was derived from the dissolution rate constant considering that precipitation is slower than dissolution. 

Microbial Respiration

In natural systems redox reactions are often catalyzed by microbial activity. Respiring microorganisms use some of the released energy for their growth by synthesizing adenosine triphosphate (ATP) from adenosine diphosphate (ADP) (Jin and[START_REF] Jin | Kinetics of Electron Transfer through the Respiratory Chain[END_REF][START_REF] Jin | A New Rate Law Describing Microbial Respiration[END_REF].

The microbial respiration was then taken into account for the simulations, with organic carbon as electron donor and dioxygen as electron acceptor, according to the reaction:

⇋ (9)
with Log K = 67.84. The value was obtained by calculating the Gibbs free energy of the reaction, using the standard Gibbs free energy of formation from Lange's Handbook of Chemistry [START_REF] Dean | Lange's Handbook of Chemistry[END_REF], considering O 2 and C org with . To describe the kinetic of this microbial respiration reaction, a model based on Monod's formalism with a thermodynamic factor was used. The rate r (mol L -1 s -1 ) of the reaction is then expressed as:

(10)
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where is the rate constant (mol g -1 s -1 ), is the biomass concentration (g L -1 ), and are dimensionless kinetic factors accounting for concentration of chemical species involved in half redox reactions, and is the thermodynamic potential factor. Kinetic factors are defined as:

(11) (12) 
where and are the concentration of the donor and the acceptor species (mol L -1 ), respectively, and and the half-saturation constants (mol L -1 ). The thermodynamic factor accounts for the effect of the thermodynamic driving force and can be described as:

(13

)
where Q is the activity product and K the equilibrium constant of the reaction. The parameters used for the Eq. 10 are k = 7 x 10 -6 mol g -1 s -1 , K D = 3 x 10 -9 M and K A = 3 x 10 -9 M. A linear rate law describes the solubilisation of organic carbon:

(14)
where is the rate constant (s -1 ), with a value of 6 x 10 -7 , is the total organic carbon quantity (mol) and is the insoluble organic carbon quantity (mol). The value was measured in manure, while the value was fitted. Biomass evolution is explicitly described with a Monod rate expression as:

(15)
where r bio is the rate of biomass growth (g L -1 s -1 ), Y is the microbial yield coefficient (g mol -1 ) and b is the first-order biomass decay coefficient (s -1 ). In this simulation Y = 0.5 g mol -1 and b = 10 -7 s -1 .The biomass concentrations used at the start of the simulations correspond to those measured via DNA analyses 7 days after the start of the experiment. For 0.15, 1 and 2wt% manure, the biomass concentration was 7.7 x 10 -3 , 2.2 x 10 -2 and 5.5 x 10 -2 g.L -1 respectively.
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Model performance criteria

The Normalized Root Mean Square Error (NRMSE) was used to compare the model prediction and the measured values:

√ ∑ ( 16 
)
where n is the number of observations, p i the predicted values, m i the measured values and y the mean value of the measured data. The closer the value of NRMSE is to 0, the better the model prediction is. This method still has a limitation as the comparison between the model and the data can only be done at the end of each leaching period, i.e. 7 days.

However, NRMSE is a metric that provides for one parameter the overall goodness-of-fit in a time series. This method is therefore less sensitive to detect punctual discrepancy for a whole time series between modelling and experimental results. [START_REF] Doherty | Calibration and uncertainty analysis for complex environmental models[END_REF].

Results and discussion

Tailings without amendment (T)

The modeled evolution of the Pb concentration in the leachate was compared to the measured values in Fig. 1.a. The model made it possible to properly fit the data (NRMSE = 5.2%). During the experiment, the Pb concentration measured in the leachate remained constant around the high value of 6.5 x 10 -5 M, except for the first leaching step where Pb concentration increased from 4.5 x 10 -5 M to 6.5 x 10 -5 M. In the simulation, the initial Pb concentration of 4 x 10 -5 M increased rapidly, reaching the maximum value of 2.4 x 10 -4 M after 50 minutes. Pb concentration then decreased sharply over the next 9 hours, leading to a concentration more than 2 times lower (9 x 10 -5 M). This decrease continued at a slower rate until the next watering (7 days after the start of the experiment), Pb concentration being
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Journal Pre-proof lowered by 32% (6.1 x 10 -5 M). Immediately after watering, Pb concentration dropped to 3.9 x 10 -5 M, before increasing by 150% (9.6 x 10 -5 M) during the next 3 hours. Pb concentration then decreased by 33% (6.4 x 10 -5 M) over the next 7 days. The Pb evolution after the second leaching step exhibited the same pattern as previously. The modeled evolution of the pH in the leachate is represented with the measured values in .4a). Several studies have shown a link between the dissolution of jarosite and the precipitation of ferrihydrite [START_REF] Welch | Jarosite dissolution II-Reaction kinetics, stoichiometry and acid flux[END_REF][START_REF] Elwood Madden | Jarosite dissolution rates and nanoscale mineralogy[END_REF]. It has also been observed that this precipitation generated an acidification similar to our study, i.e. pH equal to
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Journal Pre-proof 3.5 [START_REF] Smith | Dissolution of lead-and leadarsenic-jarosites at pH 2 and 8 and 20 °C: Insights from batch experiments[END_REF]. Few hours after each watering step, anglesite became oversaturated and incorporated Pb by precipitating (Fig. 2.a); it has been reported that Pb resulting from the dissolution of plumbojarosite can be scavenged by the formation of anglesite [START_REF] Lu | Microbial Oxidation of Sulfide Tailings and the Environmental Consequences[END_REF]. Pb in solution then decreased sharply, plumbojarosite being undersaturated, then decreased less as plumbojarosite approached equilibrium. In order to correctly predict the measured values, smaller surface areas were used for anglesite and plumbojarosite in the simulations than those measured on pure samples, namely 0.03 m² g -1 instead of 0.9 m² g -1 for anglesite [START_REF] Zhang | Formation of Pyromorphite in Anglesite-Hydroxyapatite Suspensions under Varying pH Conditions[END_REF] and 0.07 m² g -1 instead of 2.3 m² g -1 for plumbojarosite [START_REF] Asta | Arsenic removal by goethite and jarosite in acidic conditions and its environmental implications[END_REF]. This can be explained by the soil aggregation phenomenon and the presence of iron oxide coating, only part of the minerals then being accessible in the soil. Likewise, to obtain a good prediction of Pb concentration, the kinetic constants used for anglesite were reduced and they approached the values measured for barite BaSO 4 according to [START_REF] Dove | Crystal chemical controls on the dissolution kinetics of the isostructural sulfates: Celestite, anglesite, and barite[END_REF]. The slight increase in pH during the last 6 days of the leaching step was caused by the dissolution of anorthite that consumed H + , and also released Ca 2+ (Fig. A.2).

During the second leaching step, the processes were similar. Due to dilution with the leaching water anglesite and plumbojarosite dissolved, leading to a significant increase in Pb in solution (up to 9.5 x 10 -5 M). Anglesite became oversaturated and precipitated which decreased the Pb concentration in solution. The dissolution of plumbojarosite at each step helped to maintain an acidic medium (pH=4.2) throughout the experiment. Pb and pH evolutions after the second leaching step were then comparable to that after the first, the mechanisms being identical. The results of the uncertainty analysis performed with PEST indicate a good robustness of the model (Table 2). Pb, Zn, pH and SO 4 2 -were correctly described in the range of values considered, resulting in confidence limits close to the initial value. Anglesite and plumbojarosite were barely kinetically constrained and quickly reached thermodynamic equilibrium. Their behaviour was then mostly independent of their surface area.
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Journal Pre-proof During the first day of the simulation, Zn concentration increased rapidly up to 1.6 x 10 -5 M, i.e. an increase of 100%. The increase continued at a slower rate during the remaining 6 days of the first leaching step, reaching the value of 2.1 x 10 -5 M. Immediately after watering, Zn concentration dropped to a value ten times lower (2.4 x 10 -6 M), before rising up to 4.4 x 10 -6 M after an hour. Then the increase continued more slowly, and at the end of the second leaching step the Zn concentration had increased by 125% (1 x 10 -5 M). Zn evolution was similar for the following leaching steps. To explain the evolution of Zn in solution (Fig. 1.d), 0.5wt% of Zn was incorporated into plumbojarosite and 0.4wt% in anglesite. After the first
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Journal Pre-proof leaching step plumbojarosite was strongly undersaturated, which led to a significant dissolution of this mineral and thereby a significant increase of Zn in solution (up to 2.1 x 10 -5 M) (Fig. 2.a). At the same time, anglesite precipitated, incorporating Zn into its structure. Due to the higher Zn proportion in plumbojarosite, Zn concentration in solution tended to increase.

This increase slowed down after the first day because plumbojarosite was close to equilibrium. After the following leaching step Zn concentration strongly decreased thanks to the dilution effect before increasing again via plumbojarosite dissolution. Due to the low pH of the solution, a small amount of Zn was adsorbed on iron oxides (Fig A.4b). The dynamics of Zn in solution was then mainly controlled by the dissolution of Zn-bearing phases.

Tailings amended with ochre (TO)

When the modeled evolution of Pb concentration in the leachate was compared to measured values (Fig. 3.a), the predictions were found to correctly match the data (NRMSE = 50.4%). The measurements carried out in the leachate revealed that Pb concentration remained constant at around 5 x 10 -7 M, which represents a significant drop of 2 orders of magnitude compared to Pb concentrations measured in the leachate of the tailings alone (around 6.5 x 10 -5 M). The model reproduced this drop well, the value at the start of the simulation being 2 x 10 -7 M. Pb concentration increased by 8% during the first 36 hours, then more slowly at a constant rate of about 5% every 7 days. Concerning pH, the model matched the data very well (NRMSE = 6.4%) (Fig. 3.b). The pH measured in the leachate was 6.7 before increasing to 7.7 and then remained constant. This represented a sharp increase in pH compared to the tailing alone which had a pH of 4. The increase in pH was reproduced in the simulation: the pH value was 7.7 initially, and then remained constant until the end.

Pb concentration in the leachate after the addition of ochre was more than 100 times lower than for the tailing alone (Fig. 3.a). This decrease was mainly explained by the increase in pH induced by the dissolution of aragonite brought by ochre. Although aragonite J o u r n a l P r e -p r o o f and calcite exhibit a similar behaviour and buffering pH range [START_REF] Tipping | A unifying model of cation binding by humic substances[END_REF], aragonite is less common in tailings and therefore less studied, unlike calcite, whose buffering capacity in mine tailings is well known [START_REF] Zhu | Natural Attenuation Reactions at a Uranium Mill Tailings Site[END_REF][START_REF] Gunsinger | Mechanisms controlling acid neutralization and metal mobility within a Ni-rich tailings impoundment[END_REF],

stabilizing the pH at a neutral level. Consequently, more Pb can be adsorbed onto ferrihydrite due to the deprotonation of surface sites (Fig A.5a). In addition, the dissolution of plumbojarosite caused the precipitation of ferrihydrite, increasing the number of sites available for sorption (Fig. 4.c). During the 3 days of contact before the start of the experiment, the pH which was initially 6 increased to 7.7. This caused the dissolution of 85% of the aragonite present in ochre. The dissolution rate of aragonite then decreased because its SI was close to zero, limiting a pH increase. Similar values were observed in a tailing at neutral conditions due to the presence of calcite [START_REF] Gunsinger | Mechanisms controlling acid neutralization and metal mobility within a Ni-rich tailings impoundment[END_REF]. Aragonite also released Ca, and in greater quantities than anorthite (Fig A .3). Following the increase in pH, the dissolution rate of plumbojarosite increased sharply. 90% of the plumbojarosite was dissolved during the 3 days of contact before the start of the experiment, and almost all at the end of the first week (Fig. 4.a). [START_REF] Gunsinger | Mechanisms controlling acid neutralization and metal mobility within a Ni-rich tailings impoundment[END_REF] calculated the saturation index of plumbojarosite in pore water, and observed a stronger undersaturation at neutral pH than at acidic pH. This seems to confirm that plumbojarosite dissolved more strongly at neutral pH when sorption was significant and acted as a sink for Pb in solution. After 7 days, the evolution of Pb concentration was controlled by two phenomena: firstly, the renewal of the pore water caused Pb desorption from ferrihydrite, generating a baseline level around 2.4 x 10 -7 M; secondly, anglesite continued to dissolve at a fairly slow rate, causing a slight increase in Pb over time. It was assumed that the large amount of iron oxide added by ochre coated the minerals, thus reducing the surface area by an order of magnitude for anglesite and plumbojarosite.

J o u r n a l P r e -p r o o f The simulated evolution of Pb presented several patterns at different time scales. The first pattern extended over a period of 7 days and corresponded to a continuous increase in Pb concentration before a sudden drop. For all manure proportions, the increase during the first 7 days was the largest, corresponding to an increase of 95%, 245% and 420% for 0.15, 1 and 2wt% respectively. This phenomenon then slowed down during the last week with an increase of 4%, 5% and 6% for 0.15, 1 and 2wt% respectively. The decrease in Pb concentration occurred immediately after watering. The higher the amount of manure, the more significant the drop was, with variations ranging from 3 to 6%, 10 to 15% and 13 to 18% for 0.15, 1 and 2wt% respectively. The second pattern extended over the entire duration of the experiment and was only significant for 1 and 2wt%. It corresponded to an increase in Pb concentration during approximately the first half of the experiment (28 days) then a decrease during the remaining time of the experiment. Pb concentration changed from 1.9 x 10 -7 M to 8.4 x 10 -7 M for 1wt% and from 1.9 x 10 -7 M to 1.4 x 10 -6 M for 2wt% during the first 28 days. The decrease in concentration was less pronounced, with Pb concentration at 84 days reaching 5.4 x 10 -7 M for 1 wt% and 7.1 x 10 -7 M for 2wt%. The second pattern was quite different for the TOM 0.15 condition. No decrease in concentration was observed; a significant increase took place during the first 28 days then the Pb concentration remained globally constant at a value of 3.7 x 10 -7 M until the end of the experiment. Concerning pH, the model correctly fitted the data: NRMSE = 2.2%, 2.3% and 2.7% for 0.15, 1 and 2wt% manure, respectively (Fig. sharply increased for all the leaching steps. As for Pb, the greater the quantity of manure was, the greater the changes were. The second pattern extended over the three months of the experiment, and corresponded to the pH decrease during approximately the first half of the experiment (28 days) for TOM 1 (from 7.7 to 7.33) and TOM 2 (from 7.7 to 7.22) and only significantly during the first 7 days for TOM 0.15. This decrease was followed by an increase during the remaining time of the experiment, but reaching final pH values lower than the initial ones (7.53 for 1wt% and 7.45 for 2wt%). For 0.15wt% the decrease of pH only occurred during the first week, the pH decreasing from 7.7 to 7.55. The pH rise phase therefore took place over a longer period, reaching a final pH value of 7.64 close to the initial one.

The variation in Pb concentration according to the quantity of manure added cannot be explained by the dissolution of the bearing phases since the dynamic of Pb bearing mineral phases was independent of the amount of manure (Fig. 6.c). Simulations showed that the different Pb concentrations depending on the amount of manure were controlled by pH.

With low added manure (0.15wt%) the measured pH values were similar to those of TO, i.e.

7.7 (Fig. 5.a). With the addition of 1 and 2wt% manure, a slight acidification was recorded (up to 7.2). This acidification was attributed to microbial respiration, enhanced by the addition of organic matter, which released CO 2 in solution. The link between microbial activity in soil and CO 2 production is well known in the literature [START_REF] Stotzky | Microbial Respiration[END_REF]. Moreover, numerous studies have highlighted that the addition of organic amendments increases the production of CO 2 [START_REF] Neilson | Soil Respiration as an Index of Soil Aeration[END_REF][START_REF] Li | Soil CO2 emissions from a cultivated Mollisol: Effects of organic amendments, soil temperature, and moisture[END_REF]. Then, a larger amount of manure allowed the increase of microbial respiration, leading to an oversaturation of CO 2 in solution (Fig. Plumbojarosite was completely dissolved and the dissolution of anglesite was mainly controlled by Pb concentration in solution and kinetically limited. This dynamic was illustrated in Fig. 6.c where the evolution of the Pb-bearing phases was independent of the quantity of manure added and therefore of the intensity of the acidification. The results of the uncertainty analysis carried out with PEST for TO and TOM 1% simulation showed a higher uncertainty than for the simulation of the tailings only (T) (Table 2). The estimated PEST value was similar to the initial value for anglesite but was 28% higher for plumbojarosite. The confidence limits were ± 18% for anglesite and ± 8% for plumbojarosite. These results suggest a greater kinetic control after the addition of amendments, kinetic parameters like the surface area were then more important in the reactivity of the system. However, there are still large gaps in determining precisely these parameters, coating effects may take place when adding amendments.

J o u r n a l P r e -p r o o f The evolution of measured and simulated SO 4 2-concentration was similar to that observed for the TO treatment (Fig. 5.c). The model reproduced the data quite faithfully (NRMSE = 30%, 37% and 45%, for 0.15, 1 and 2wt% manure, respectively). The measured J o u r n a l P r e -p r o o f SO 4 2-concentrations remained globally constant during the leaching experiment for the three proportions of manure, with a variation in the concentrations between 2 x 10 -2 M and 3.5 x 10 -2 M. The dynamics of simulated SO 4 2-were mainly controlled by gypsum (Fig. 6.e), so manure did not affect SO 4 2-concentration in solution.

The predictions of Zn concentration in the leachate produced by the model correctly matched the data, with NRMSE = 42.5%, 27.1% and 34.5% for 0.15, 1 and 2wt% manure, respectively (Fig. 5.d). As for Pb concentration, the measured Zn concentration showed an increase during the first half of the experiment (of 220%, 300% and 290% for 0.15, 1 and 2wt% manure, respectively), then a decrease (of 35%, 29% and 21% for 0.15, 1 and 2wt% manure, respectively). The dynamics of simulated Zn were quite similar to that of Pb. For each proportion of manure, Zn concentration followed a pattern which extended over a period of 7 days, with a continuous increase before a sharp drop between each leaching step. The second pattern, which consisted of an increase and then a decrease in concentration over time, was less predominant for Zn than for Pb. Zn concentration increased during the first 42 days, from 1 x 10 -6 M to 5.2 x 10 -6 M for 1wt% manure and from 1 x 10 -6 M to 7.8 x 10 -6 M for 2wt%. Between 42 and 84 days Zn concentration decreased by 18% for 2wt% manure and while it remained constant for 1wt%. For 0.15wt% manure it increased slightly and continuously, with an increase of approximately 5% between each leaching step. The evolution of Zn can be explained in the same way as for Pb. The first pattern is explained by the renewal of pore water and the mix with the atmosphere, which increased pH and decreased the concentration in solution. The second pattern is explained by the acidification caused by microbial respiration. Then, this microbial activity slowed down due to the decrease in available organic matter. The drop in Zn concentration was less pronounced than for Pb concentration because zincite continued to dissolve (Fig. 6.e), releasing Zn in solution. This also explains the slight increase in Zn observed for TOM 0.15.

As for Pb, Zn adsorbed much more on ferrihydrite than on organic matter (Fig. A.6c and Fig. A.6d). A summary of highlighted processes for the different simulations is illustrated in Fig. 7.
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Conclusion

Leaching data were used to develop a geochemical model that combines the key processes involved in mining soils: adsorption, water-gas exchanges, microbial respiration, dissolution and precipitation. In the case of tailings without amendments, the dissolution of secondary phases such as anglesite and plumbojarosite was the main process controlling Zn bearing phases. Therefore the sorption and desorption mechanisms became the major controls on the metal concentrations in solution. Finally, the addition of organic matter through manure amplified the microbial activity and consequently the production of CO 2 . This led to a slight pore-water acidification (from 7.7 to 7.2) and then a release of metals by limiting their sorption on organic matter and Fe oxides. The quantity of soluble organic matter then decreased, limiting microbial respiration and the release of CO 2 . This study has provided key information on the nature and extent of the biogeochemical processes that control the mobility of metals in aged tailings. This modelling approach can be a valuable decision-making tool in order to provide an optimal management plan for these aged mining sites. In further studies, this geochemical model could be coupled with a detailed water flow model in order to describe precisely the pathway of metal contaminants in this system.
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  -ray diffractograms (XRD) in[START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF] have been interpreted with more caution to assess the mineral phases present in the tailings in order to strengthen the hypotheses underlying the geochemical model. The XRD revealed the main presence of quartz and feldspar, i.e. mineral phases having low interactions with metal contaminants (Fig. A.7). A phyllosilicate has been detected which appears to be muscovite. Sulfated Pb-bearing phases were also identified: anglesite PbSO 4 and beudantite PbFe 3 (AsO 4 )(SO 4 )(OH) 6 , a solid J o u r n a l P r e -p r o o f solution between plumbojarosite Pb 0.5 Fe 3 (SO 4 ) 2 (OH) 6 and segnitite PbFe 3 H(AsO 4 ) 2 (OH) 6 .

a

  Modified concentration to obtain a saturation index close to the thermodynamic equilibrium for the minerals initially present in the tailings.

  issued from[START_REF] Thouin | Microcosm-scale biogeochemical stabilization of Pb, As, Ba and Zn in mine tailings amended with manure and ochre[END_REF] have been interpreted to identify whether Zn-bearing crystalline phases are present in the mineralogical assemblage(Fig. A.7). To simplify the model, Zn trapping in solid phase was considered with anglesite precipitation as we assumed that dissolution and precipitation reactions are identic in term of stoichiometry in our simulations. No Zn-bearing crystalline phase was detected. This absence of detection could confirm our hypothesis. Nevertheless, this result should be taken with caution as it could also indicate that the amount of Zn-bearing crystalline phases is low in tailings or amorphous
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  Fig.1.b, and an overall good fit with the data was observed (NRMSE = 7%), except for the first point at 7 days. A significant drop was recorded over the first 14 days from pH 6 to pH 4, before remaining constant around pH 4. The initial pH value in the simulations was 6, then a sharp drop of almost 2 pH units was observed during the first day, leading to a pH value of 4.15. The pH then rose slightly to the value of 4.2 during the remaining 6 days of the first leaching step.During the first day following the second leaching step a slight acidification was observed, the pH value reaching 4.1, then as before the pH increased up to the value of 4.2. As for the Pb evolution, the pH after the second leaching step exhibited a similar pattern than before.The simulations showed that the main processes controlling the mobility of Pb were the dissolution and precipitation of the carrier phases. During the first leaching step the SI of the Pb-bearing phases (anglesite, plumbojarosite) decreased sharply, whereas they were initially close to zero and thus to equilibrium. This indicated an undersaturation of these minerals with respect to the new solution. Both these minerals dissolved, increasing the Pb concentrations in solution (Fig.1.a). Anglesite quickly reached equilibrium (≈200 seconds) while plumbojarosite was always undersaturated and continued to dissolve (Fig.2.a).Plumbojarosite also released Fe in solution which induced the precipitation of ferrihydrite (Fig.2.b). This precipitation caused a drop in pH to 4.15, which led to the desorption of Pb from ferrihydrite. 80% of the initially sorbed Pb was released during the first days of the simulation, then the quantity of sorbed Pb remained constant until the end of the simulation.(Fig A
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 1 Fig. 1. Evolution with time of (a) Pb concentration, (b) pH, (c) SO 4 2-concentration, and (d) Zn concentration in solution, in the case of leaching experiments with tailings without
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 2 Fig. 2. Modelling of mineral dynamics during the leaching experiment of tailings without
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 34 Fig. 3. Evolution with time of (a) Pb concentration, (b) pH, (c) SO 4 2-concentration, and (d) Zn concentration in solution, in the case of leaching experiments with tailings amended with
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 5 Fig. 5. Evolution with time of (a) Pb concentration, (b) pH, (c) SO 4 2-concentration, and (d) Zn concentration in solution, in the case of leaching experiments with tailings amended with

  5.b). As for Pb concentration, the measured pH values varied according to the proportion of manure. With 0.15wt%, pH remained constant around 7.7. For 1 and 2wt% acidification took place during the first 35 days resulting in a pH of 7.2, then a slight rise in pH was observed during the rest of the experiment reaching a pH of 7.5-7.6.The evolution of the simulated pH followed two patterns similar to those of Pb but in the opposite direction. The first pattern extended over a period of 7 days and corresponded to a continuous decrease in the pH values before a sudden rise. The drop in pH value was greater during the first 7 days with a decrease of 0.15, 0.3 and 0.4 pH units for 0.15, 1 and J o u r n a l P r e -p r o o f Journal Pre-proof 2wt% respectively. This trend slowed down over time, the decrease in pH value observed during the last leaching step being almost zero. Immediately after watering, the pH value

  6.b).During the first leaching step the concentration of dissolved CO 2 increased rapidly due to the high amount of organic carbon available (Fig.6.a). At each leaching step the CO 2 concentration instantly decreased due to the mix between the soil gases and theJ o u r n a l P r e -p r o o fJournal Pre-proof atmosphere. The acidification induced by microbial respiration prevented the sorption of Pb on iron oxides and organic matter, although the sorption of Pb was greater on iron oxides than on organic matter(Fig A.6a and Fig A6b). The amount of soluble organic matter decreased exponentially, limiting microbial respiration and the release of CO 2 . Thus, due to the successive mixtures between soil gases and atmosphere, the concentration of dissolved CO 2 decreased, resulting in the rise of pH. The decrease of the proton concentration allowed a greater sorption of Pb. The reactivity of the Pb-bearing phases remained unchanged.
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 6 Fig. 6. Modelling of mineral dynamics during the leaching experiment for the tailings
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 7 Fig. 7. Impact of geochemical processes on the modeled parameters (pH, Pb, Zn) for the

  metal concentrations (Pb, Zn) in solution. The release of Fe induced by the dissolution of plumbojarosite allowed the precipitation of ferrihydrite which maintained the pH at an acid level (≈4). Surface reactions have a low impact in the overall dynamics due to the acidic conditions. The pH rose significantly (pH = 7.7) by applying mining slurry consisting of Fe oxide-hydroxide combined with minor aragonite to the tailings. A greater quantity of Pb and Zn was sorbed onto Fe oxides due to the reduced competition with protons and the greater number of available sorption sites. This contributed to accelerating the dissolution of Pb and J o u r n a l P r e -p r o o f

  

  

  

  

  

  

  

Table 3

 3 Kinetic parameters used to describe dissolution and precipitation of mineral phases in the

	simulation	J o u r n a l P r e -p r o o f		
	Minerals	Kinetic parameters								
		Acid mechanism			Neutral mechanism		Base mechanism	
		kdiss a		kpre b	E c	n h	kdiss a	kpre b	E c	kdiss a	kpre b	E c	n
	Anorthite e	3.16 x 10 -4 3.16 x 10 -5 16.6 1.41	7.58 x 10 -10 7.58 x 10 -11 17.8	--	--	--	--
	Aragonite f	0.5		0.05	14.4 1	1.54 x 10 -6 1.54 x 10 -7 23.5	3.3 x 10 -4 3.3 x 10 -5 35.4 1 i
	Gypsum g	--		--	--	--	1.62 x 10 -3 1.62 x 10 -4 0	--	--	--	--
	Anglesite	1 x 10	-7 *	8 x 10 -8 *	31.3 d 0.3 d	8 x 10 -9 *	6 x 10 -9 *	31.3 d	--	--	--	--
	Plumbojarosite*	3 x 10	-5	3. x 10 -6	79	0.89	2 x 10 -6	2 x 10 -7	79	1.1 x 10 -10 1.1 x 10 -12 79	0.39 j
	Ferrihydrite*	--		--	--	--	4 x 10 -10	4 x 10 -11	86.5	--	--	--	--

-* Fitted values
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